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Abstract

CRISPR-Cas systems provide bacteria and archaea with adaptive immunity against invasion by
bacteriophages and other mobile genetic elements. Short fragments of invader DNA are stored as
immunological memories within CRISPR (clustered regularly interspaced short palindromic
repeats) arrays in the host chromosome. These arrays provide a template for RNA molecules that
can guide CRISPR-associated (Cas) proteins to specifically neutralize viruses upon subsequent
infection. Over the past 10 years, our understanding of CRISPR-Cas systems has benefited greatly
from a number of model organisms. In particular, the study of several members of the gram-
negative Enterobacteriaceae family, especially Escherichia coli and Pectobacterium atrosepticum,
have provided enormous insights into the mechanisms of CRISPR-Cas immunity. In this review,
we provide an overview of CRISPR-Cas systems present in members of Enterobacteriaceae. \We
also detail the current mechanistic understanding of the type I-E and type I-F CRISPR-Cas
systems that are commonly found in enterobacteria. Finally, we discuss how phages can escape or
inactivate CRISPR-Cas systems, and the measures bacteria can enact to counter these types of
events.

Introduction

In 1987, while analyzing the nucleotide sequence of the alkaline phosphatase isozyme
conversion gene /ap in the Escherichia coli K-12 genome, the group of Atsuo Nakata at
Osaka University discovered an “unusual structure” just downstream of the /gp gene,
comprising five 29-bp repeating sequences with dyad symmetry, each separated by a 32-bp
sequence (1). Subsequent analysis uncovered the same repeating sequences in two other
enterobacteria, Shigella dysenteriae and Salmonella typhimurium (2). These early
discoveries preceded the identification of similar loci in a wide range of bacteria and archaea
throughout the 1990s (3, 4). However, the function of these loci remained a mystery for
nearly 20 years. In the early 2000s, bioinformatic analysis of newly available bacterial and
phage genomes facilitated the identification of the extrachromosomal origin of the repeat-
interrupting sequences and the presence of a diverse but conserved set of genes associated
with these loci (5-9). Together, these systems were termed CRISPR-Cas (clustered regularly
interspaced short palindromic repeats-CRISPR associated) to designate the repeat-
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containing locus and the associated genes, respectively. CRISPR-Cas systems were
hypothesized to comprise a bacterial defense mechanism against phage and other mobile
genetic elements (10), which was first experimentally demonstrated in Strepfococcus
thermophilus in 2007 (11). The following year saw the publication of mechanistic CRISPR-
Cas studies from several other organisms (12, 13), including £. coli (14), setting off a wave
of research that has established the mechanistic underpinnings of these immune systems.

Throughout the ~30-year history of the CRISPR-Cas field, from the initial discovery of a
CRISPR locus to the detailed elucidation of each step of immune response, E. colihas been
an ideal and vital model organism for the study of CRISPR-Cas immunity. In this review, we
highlight the central role £. coliand other members of the Enterobacteriaceae family have
played in shaping our mechanistic understanding of adaptive immunity in bacteria.

Overview of CRISPR-Cas immune systems

A functional CRISPR-Cas immune system consists of the CRISPR array, comprising a
series of repeats interspaced by variable “spacer” sequences acquired from invasive nucleic
acids (5-7), and a set of cas genes that serve as effectors for immune response (8-10)
(Figures 1 and 2). The pathway to immunity can be divided into three stages: adaptation,
expression and maturation, and interference (Figure 1). In the adaptation stage, Cas proteins
capture short DNA fragments from “protospacer” regions of invasive nucleic acids and
integrate these fragments as spacers into the host CRISPR array (11, 15, 16). The inserted
fragment forms a genetic memory of the infection for subsequent immunity. During the
expression and maturation stage, the CRISPR array is transcribed into a long pre-CRISPR
RNA (pre-crRNA\) that is further processed to generate CRISPR RNAs (crRNAS) (12, 14).
Each crRNA assembles with Cas effector proteins to form a surveillance complex (17).
During the interference stage, the surveillance complex searches the cell for the target
protospacer based on complementary base-pairing with the crRNA spacer sequence (13, 14,
18). Target binding triggers nucleolytic cleavage and subsequent degradation of the target
nucleic acid (13, 19, 20), thus neutralizing the infection.

CRISPR-Cas systems are extremely diverse due to constant co-evolution with phages and
other mobile genetic elements (21). Despite this diversity, cas/and cas2 are notably
conserved across almost all known CRISPR-Cas systems. Casl1 and Cas?2 are the only Cas
proteins required for genetic recording of infections through spacer acquisition from invader
DNA (15, 16), indicating a common memory generation mechanism across all CRISPR-Cas
systems. In contrast, cas gene families involved in crRNA maturation and interference are
diversified between different CRISPR-Cas systems (21), reflecting different mechanisms for
these stages. Based on signature proteins and cas locus architecture, CRISPR-Cas systems
are currently divided into two classes (class1 and class 2) that are subdivided into six types
(types 1-VI) and 33 subtypes (e.g. types I-A to I-F) (21, 22). Class 1 CRISPR-Cas systems
(types I, Il and 1V) are characterized by multi-subunit surveillance complexes, while class 2
systems (types I, V and V1) utilize single-protein surveillance complexes. The relative
simplicity of the class 2 single-protein effectors make them ideal candidates for repurposing
as biotechnology tools for programmable cleavage of DNA or RNA targets (23). However,
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class 1 systems are far more prevalent in nature, and are present in ~90% of bacteria and
archaea containing CRISPR-Cas systems (24).

Members of the Enterobacteriaceae family commonly contain type I-E and type I-F systems
(Figure 2) (22, 25). These sub-types belong to class 1 and feature multiprotein surveillance
complexes termed Cascade (CRISPR-associated complex for antiviral defense) in type I-E
and Csy (CRISPR system Yersinia) complex in type I-F (Table 1) (14, 26, 27). Type |
systems also feature a signature Cas3 nuclease/helicase protein that is required for target
degradation during interference (19, 28-31). Cas3 is not a member of the surveillance
complex and must be recruited to the complex following target recognition (19, 29, 32, 33).
Thus, type | systems are unique amongst all CRISPR-Cas types in that the surveillance
complex does not directly degrade the target. Here, we focus on the mechanisms of
CRISPR-mediated immunity in types I-E and I-F, with emphasis on the lessons learned
using enterobacteria as model organisms.

Overview of type I-E and I-F systems in enterobacteria

E. coli K-12 contains a type I-E system, and consequently this sub-type has served as a
model system for understanding CRISPR-based immunity (14). The CRISPR-Cas locus in
E. coli K-12 consists of a cas operon (8 genes) and two CRISPR arrays (CRISPR 1 and
CRISPR 2) (Table 1, Figure 2A) (34, 35). Adaptation is mediated by the Cas1-Cas2 complex
(15, 16, 36), while interference requires Cascade and Cas3 (14, 19). Cascade comprises five
stoichiometrically unequal proteins that assemble with a 61-nt crRNA (Table 1) (14, 37).
Surprisingly, under typical laboratory conditions, expression of the £. coli K-12 type I-E
system is strongly repressed by the histone-like nucleoid-structuring (H-NS) protein, a
global transcriptional repressor (34, 38—40). The two promoters that control cas gene
expression (cas3and cas8e promoters) are both at least partially under control of H-NS
(Figure 2A) (34, 38, 40, 41). In addition, the cas8e promoter is repressed by the cCAMP
receptor protein (CRP)-cAMP complex (42). Production of crRNAs is also decreased in the
presence of H-NS, either through the repression of the CRISPR promoters or through the
lack of the Cas6e endonuclease that is required for crRN-A biogenesis (34, 38). Overall,
native expression of the cas operon is insufficient to provide defense against phage infection
or plasmid transformation (34, 40). Therefore, it is unclear how and under what conditions
the E. coli K-12 CRISPR-Cas system can act as a defense mechanism. /n7 vivo studies of E.
coli K-12 CRISPR-Cas immunity have relied on heterologous expression in £. coli BL21-Al
(14, 15, 43, 44), deletion of the /ns gene (34, 40, 44-49), overexpression of the H-NS
antagonist LeuO (40), or replacement of the cas3and cas8e promoters (50-55).
Nevertheless, these studies have provided remarkable insights into the mechanisms of
immune response by the type I-E system.

The potato pathogen Pectobacterium atrosepticum, a member of Enterobacteriaceae,
contains a type I-F system that has been studied extensively both /n vivoand in vitro. The P
atrosepticum CRISPR-Cas locus contains three CRISPR arrays and six cas genes (Table 1,
Figure 2B) (56). In type I-F systems, the casZand cas3 genes are fused into a single open
reading frame (22), indicating a functional connection between the adaptation and
interference stages of CRISPR-Cas immunity. Indeed, Casl1 and the Cas2/3 fusion protein
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assemble into a Cas1-Cas2/3 complex that has been implicated in adaptation (30, 57).
Immunity in type I-F is mediated by the Csy complex, which contains four
stoichiometrically unequal proteins that assemble with a 62-nt crRNA (26, 27, 58). Although
the Csy complex is less well-studied than Cascade, recent structural investigations of the Csy
complex from Pseudomonas aeruginosa have elucidated the mechanisms for target
recognition and binding in type I-F (59, 60). Unlike £. coli, the CRISPR-Cas system in £
atrosepticum is an active immune system that is expressed in typical laboratory conditions
and is activated by CRP-cAMP (Figure 2B) (56, 61). Thus, along with P, aeruginosa, P
atrosepticum has been the primary model organism for the study of type I-F systems.

Although CRISPR-Cas systems are widespread in other enterobacteria, it remains unclear
whether these systems are active immune mechanisms as in 2. atrosepticum, or repressed
systems as in £. coli K-12. In general, expression and regulation of CRISPR-Cas systems
varies substantially by species and sub-type (reviewed in (62)). For example, two recent
studies revealed that CRISPR-Cas systems can be regulated through quorum sensing,
including in the enterobacterium Serratiasp. ATCC39006 (63, 64). Although prediction of
CRISPR-Cas regulation can be challenging, comparison of CRISPR loci can provide
information on the history of immune activity. Differences in spacer sequences at the 5’-end
of the CRISPR array indicate recent adaptation events during infection, while loss of spacers
can also occur over time (65). The rapid evolution of CRISPR arrays enables discrimination
between different strains of a single species, and can also provide insight into their recent
immune activity (reviewed in (66)). CRISPR-based subtyping has been especially useful for
discerning isolates of pathogenic enterobacteria, including plague-causing Yersiniapestis (6,
67), the plant pathogen Erwinia amylovora (68), and food-borne Salmonellaand E. coli
pathogens (69-71). Intriguingly, analysis of CRISPR sequences from diverse Salmonella
and £. colistrains suggest that, similar to £. coliK-12, these systems are repressed by H-NS
and are not currently active immune systems, although they may have been so at some point
in evolutionary history (72-74). Indeed, spacer sequences from £. coli harvested from the
remains of a 42,000-year old mammoth match spacers present in CRISPR arrays of modern
E. coli (75). These observations suggest that the CRISPR-Cas systems of Sa/monellaand E.
coli may function as alternative defense or regulatory mechanisms, as has been suggested by
studies of £. coli K-12 and observed for other organisms (76—79).

Overview of Adaptation Mechanisms

In order to mount a specific immune response against infection, CRISPR immunity must
begin with the acquisition of spacers from the invading genome, a process known as
adaptation (Figure 1). In type | CRISPR-Cas systems, adaptation can occur through two
different routes termed naive and primed spacer acquisition (or priming) (15, 45, 50). Naive
adaptation occurs during infection by an invader that has not been previously encountered.
In the E. colitype I-E system, Casl and Cas2 are the only Cas proteins required for naive
spacer acquisition (15, 16); however, studies of the P aeruginosatype I-F system suggest
that Casl, Cas2/3 and the Csy complex are all required for non-primed adaptation (80).
Primed adaptation occurs when a preexisting spacer is present in the CRISPR array, which
can strongly promote spacer acquisition from the same invader (45, 50, 81). In this type of
adaptation, the surveillance complex recognizes the target and directs spacer acquisition
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against the invader, a process that also requires Casl, Cas2 and Cas3 (or Cas2/3) (50, 80).
Studies in the native P, atrosepticum system indicate that primed adaptation occurs >500-
times more efficiently than naive adaptation (82), suggesting that most spacers are acquired
through priming. Despite the difference between naive and primed adaptation, both
mechanisms can be divided into three steps: the generation of “prespacer” DNA fragments
(Figure 3), the capture of prespacers by the adaptation complex (Figure 4), and the
integration of the prespacer into the CRISPR locus (Figure 5). Although the mechanisms of
prespacer generation and capture varies between naive and primed adaptation, the
mechanism for prespacer integration is thought to be the same. In this section, we
summarize the current understanding of these three stages of adaptation in the type I-E and
type I-F systems.

(a) Prespacer generation

During the first stage of adaptation, short fragments of DNA must be generated to serve as
substrates for capture and integration by the adaptation complex. Importantly, these
prespacers must be preferentially generated from the foreign DNA to limit toxicity of the
immune system. Spacers acquired from the host chromosome cause autoimmunity and cell
death (44). An early study of naive acquisition in £. colirevealed preferential acquisition of
spacers from foreign DNA, even though the system used in the study lacked the CRISPR
interference machinery and therefore had no selective pressure against self-acquisition (15).
This study suggested the presence of an intrinsic mechanism for biasing spacer acquisition
against foreign DNA. A later study in £. coli showed that this bias is at least partially based
on prespacer generation through RecBCD-catalyzed DNA degradation (Figure 3A) (83).
When double-stranded breaks (DSBs) form, RecBCD binds the free DNA ends and
processes it to the nearest Chi site (84). Chi sites are more abundant in the host genome,
resulting in a limited pool of potential chromosomal spacers. Compared to the host DNA,
extrachromosomal DNA from phage or plasmids are replicated more frequently, resulting in
a higher likelihood for stalled replication forks, which are common sites for DSBs (Figure
3B-C) (85-87). In addition, Chi sites are relatively rare in extrachromosomal DNA,
resulting in continuous degradation by RecBCD (Figure 3A). As a result, more potential
substrates for spacer acquisition are generated from extrachromosomal DNA.. Indeed, spacer
acquisition from foreign DNA can be reduced by adding Chi sites into the foreign DNA
(83). Some extrachromosomal DNA, such as phage genomes, enter the host cell as linear
dsDNA (Figure 3D). The free end can be recognized by RecBCD directly, resulting in
continuous degradation and the formation of potential substrates for spacer acquisition.

Although RecBCD has been implicated in spacer generation, naive adaptation can occur in
strains where components of the RecBCD complex are deleted, indicating that other events
can also promote naive adaptation (83). However, spacer acquisition in these deletion strains
is no longer biased toward extrachromosomal DNA, indicating that other spacer generation
mechanisms are equally effective against both host and foreign DNA. The reduced bias of
spacer acquisition from extrachromosomal DNA in RecBCD depleted cells further indicates
that self vs non-self spacer acquisition is directly related to the mechanism by which
substrates are generated during naive adaptation.
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During primed adaptation, prespacer generation is coupled with the interference machinery
(Figure 3E-F) (50, 80). Currently, there are two proposed spacer generation pathways during
primed adaptation. In the interference-dependent pathway, target degradation by Cas3
supplies substrates for primed adaptation (Figure 3E) (51, 54, 82, 88), similar to RecBCD
degradation providing substrates for naive adaptation. Following target binding by the
surveillance complex, Cas3 (or Cas2/3) is recruited by the Cas8 subunit and degrades the
target DNA by unwinding and nicking one strand at various intervals (28, 32, 89, 90). The
products form a pool of potential substrates that can be captured by Casl-Cas2 (52, 88). In
the interference-independent pathway, a priming complex between Cas3 and Cas1-Cas? is
recruited by the surveillance complex following target recognition (Figure 3F) (30, 32, 57,
90). This complex translocates along the DNA and directly excises double-stranded
prespacers from the foreign DNA (32, 90). For both pathways, primed adaptation is
triggered only upon Cascade-target recognition, ensuring that prespacers are derived only
from the foreign DNA. Thus, primed adaptation is inherently biased toward non-self DNA,
and can serve as a mechanism to boost self vs. non-self discrimination during adaptation.

Although the putative Cas1-Cas2-Cas3 priming complex has not been directly observed in
the E. colitype I-E system, several lines of evidence support the interference-independent
pathway. Some target mutations completely block degradation by Cas3, but these targets can
still promote priming in £. coli (32, 46, 47, 91) (discussed further in section “Effects of
target mutations*). Consistently, within the type I-F Cas1-Cas2/3 complex, Casl inhibits
target degradation by Cas2/3 (30), while in the £. colitype I-E system, Cas3 nuclease
activity is blocked when it is recruited to target-bound Cascade in the presence of Casl1-Cas2
(32). These studies suggest that recruitment of Cas3 in conjunction with the Cas1-Cas2
complex prevents processive degradation of the target and instead elicits more precise
prespacer excision (Figure 3F). Primed spacer acquisition studies in type I-F have also
indicated that the helicase activity of Cas2/3 may enable translocation of the Cas1-Cas2/3
complex following recruitment to the surveillance complex, based on the proximity of
acquired spacers to the original target site (80, 82). Recent single-molecule studies of the
Thermodifida fuscatype I-E system confirm this model (90). In this system, target-bound
Cascade directly recruits Cas1-Cas2 and Cas3, and this overall complex translocates
processively along the DNA. Cascade remains bound to the target, so translocation occurs
through extrusion of a DNA loop, similar to DNA looping that has been observed for the £.
colitype I-E system (Figure 3F) (32). This mechanism is thought to allow the priming
complex to search for and excise double-stranded substrates for spacer integration, although
these steps in the process have not yet been demonstrated.

(b) Prespacer capture and trimming by Cas1-Cas2

Following prespacer generation by RecBCD, Cas3 or other nucleases, the potential
prespacers must be captured by the Cas1-Cas2 complex for integration into the CRISPR
array. Cas1-Cas?2 is a heterohexamer containing a Cas2 dimer sandwiched by two Casl
dimers (Figure 4A-B) (36). The optimal substrate for £. coli Cas1-Cas2 is a 33-bp
prespacer, which contains a central 23-bp double-stranded duplex with 5 nt overhangs on
each side splayed into ssDNA ends by tyrosine wedges in Casl (92, 93). The length of the
central double-stranded duplex is governed by the fixed distances between the two Casl
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wedges. The length of the prespacer is determined by the distance between two Casl
integrase active sites. The 23-bp duplex sits on the flat surface of Cas1-Cas2, which
positions the 3’ ends into the catalytic site of each Casl (Figure 4B-C).

To be recognized by Cas1-Cas2, it has been proposed that sSDNA substrates generated from
naive acquisition (RecBCD degradation) or interference-dependent primed acquisition (Cas3
degradation) must anneal to form double stranded Cas1-Cas2 substrates (Figure 3A, E) (83,
93, 94). Both RecBCD and Cas3 degrade DNA asymmetrically, yielding various length
ssDNA fragments for both strands. These DNA fragments putatively re-anneal to provide a
dsDNA substrate pool for Cas1-Cas2, although it remains unclear whether annealing occurs
spontaneously or is assisted by Cas1-Cas2 or another host factor. Another possibility is that
the Cas1-Cas2 complex initially binds to ssDNA, and then the second strand may be
generated by a DNA polymerase to form a dsDNA (94). Although it has been shown that the
E. coli Cas1-Cas2 complex cannot bind or integrate sSDNA in vitro (16, 95), it is possible
that other host enzymes may assist with the use of these types of substrates. Consistently,
DNA fragments bound by £.coli Cas1-Cas2 /n vivo are resistant to digestion by restriction
endonucleases, suggesting that Cas1-Cas2 can associate with non-dsDNA in vivo (52). In
addition, the Cas1-Cas2/3 complex in the type I-F system can bind short ssDNA substrates
directly with similar affinities as for dSDNA, suggesting that Cas3 can assist with the
capturing of ssDNA by Cas1-Cas2 (57).

Early analysis of protospacers targeted by CRISPR-Cas systems revealed a conserved 3-bp
protospacer adjacent motif (PAM), present in the foreign DNA but not in the spacer within
the host CRISPR array (96). Subsequent studies have shown that the PAM is required for
optimal target binding by Cascade or the Csy complex and cleavage by Cas3 (discussed
further below) (28, 29, 32, 49, 91, 97). The requirement for a PAM during CRISPR
interference necessitates that prespacers be selected from sites with correct PAM sequences
during adaptation. In the £. colitype I-E system this specificity is achieved through intrinsic
PAM recognition by the Cas1-Cas2 complex (Figure 4C), which has high binding affinity
for prespacer substrates with a canonical PAM (5’-CTT-3") (93). However, Cas1-Cas2 can
also capture prespacers with non-canonical PAMs, albeit with lower affinity (83, 98, 99).
Depending on Casl and Cas2 expression level, a substantial fraction (>50%) of acquired
spacers may have non-canonical PAMs (83, 99), resulting in reduced immunity. In contrast,
primed spacer acquisition is highly accurate for selecting protospacers with canonical PAM
sequences, even under high cas gene expression (50, 100). Cas3 preferentially cleaves T-rich
sequences, generating 30—100 nt ssDNA fragments that are enriched for 5’-NTT-3’ PAMs at
the 3’-end (88). Cas1-Cas2 selection of prespacer substrates from this 5’-NTT-3" PAM
enriched pool may account for the higher PAM specificity of primed adaptation.

In P, atrosepticum, both naive and primed adaptation are comparably accurate for selecting
protospacers with correct PAM sequences (5’-GG-3’) (82). This may be due to the native
expression of Cas1-Cas2/3, in comparison to Cas1-Cas2 overexpression experiments
performed in £. coli. It may also reflect a higher intrinsic specificity for PAM sequences by
the type I-F Cas1-Cas2/3 complex in comparison to the type I-E Cas1-Cas2 complex.
Notably, Cascade is highly promiscuous for PAM sequences, and can recognize targets with
>20 different PAMs depending on the crRNA sequence (46, 47, 101). Although the PAM

EcoSal Plus. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xue and Sashital

(c) Spacer

Page 8

specificity of the Csy complex is less well studied, it is possible that both the adaptation and
interference machinery of type I-F have evolved more stringent PAM specificity than their
type I-E counterparts.

Because RecBCD and Cas3 products are generally longer than the optimal prespacer
substrate, it is likely that they must be trimmed to the correct size prior to integration. Both
type I-E and I-F Casl can cleave prespacers site-specifically, albeit with low activity (57,
93). In other type | sub-types, an additional protein, Cas4, is required for efficient prespacer
trimming, which ensures that only processed substrates are integrated (102-105). The lack
of Cas4 in type I-E and I-F suggests that Cas1 alone may be responsible for prespacer
trimming, or that another non-CRISPR-associated factor may be required for optimal
trimming activity. In the £. coli substrate-bound Casl1-Cas2 structure, the 3’-ssDNA ends are
located in the symmetric Casl active sites on either end of the heterohexameric complex,
consistent with cleavage activity of these ends by Casl (Figure 4C) (92, 93). The 5’-ssDNA
ends do not interact with Cas1-Cas2 and are exposed to solvent, suggesting they could
potentially be degraded by other endo-or exonucleases (Figure 4A-B). It is also possible that
re-annealed dsDNA substrates can be processed to suitable protospacer substrates before
binding by Cas1-Cas2 through an unknown mechanism (94).

Prespacer generation and capture are likely more intimately linked during interference-
independent primed adaptation, as the Cas1-Cas2 complex may directly excise and capture
prespacers as part of the priming complex (Figure 3F). It remains unknown whether Casl or
Cas3 nuclease activities is involved in the excision of prespacers through this mechanism,
and whether further trimming of the prespacer is necessary following this excision. It also
remains unclear whether Cas1-Cas2 alone recognizes PAM sequences during this process, or
whether Cas3 and/or Cascade also contribute to PAM selection. In the type Il CRISPR-Cas
system, the Cas9 surveillance complex is an essential member of the adaptation complex and
is required for selection of prespacers with correct PAM sequences (106). Future studies are
required to determine whether Cascade and the Csy complex play similar roles during
primed adaptation in type I-E and I-F systems.

Integration

Once loaded with the prespacer, Cas1-Cas2 recognizes the CRISPR array and catalyzes
spacer integration (Figure 5A). New spacers are integrated at the leader-proximal end of the
CRISPR array (15, 45, 50, 83, 98, 107). This polarization of the CRISPR array can result in
higher abundance of crRNAs containing newly incorporated spacers, ensuring that the most
recent immunization events provide optimal anti-viral response (108). The Cas1-Cas2
complex positions the two 3’-OH groups of the prespacer to catalyze two nucleophilic
attacks on each strand at either end of the leader-proximal repeat (Figure 5A-C) (16, 92, 93,
109, 110). The two transesterification reactions result in two single-stranded repeats flanking
the newly integrated spacer (Figure 5A) (16, 110). This gapped intermediate is putatively
repaired by DNA polymerase | and DNA ligase to yield an intact CRISPR (55).

The Cas1-Cas2 complex must specifically recognize the CRISPR locus to ensure correct
genetic recording for optimal immunity. Early studies of adaptation in £. coli revealed that
the last 60-bp of the leader are essential for spacer acquisition (15), suggesting that the
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adaptation complex recognizes sites within the leader. Subsequent biochemical and
structural studies have shown that Cas1 directly reads the sequence just upstream of the
leader-repeat junction (positions —1 to —4) to ensure newly incoming spacers are inserted at
the leader-proximal repeat instead of other repeat sites (16, 109, 111). An additional protein,
integration host factor (IHF), is also required for efficient and site-specific spacer integration
in both type I-E and I-F systems (57, 107, 112). IHF is a histone-like protein that binds at
positions —9 to —35 of the leader in £. coli (107). The cryo-EM structure of £. coli Casl-
Cas2 and IHF bound to the leader shows that IHF bends the leader DNA by ~180° (Figure
5D-E) (109). This bending directs an upstream recognition motif located at positions —50 to
-55 of the leader close to Casl for a second specificity check prior to integration. Like IHF,
the upstream recognition motif is essential for efficient integration at the leader-repeat
junction (109).

Aside from integrating spacers at the correct site, Cas1-Cas2 must also ensure that spacers
are integrated in the correct orientation. The PAM-proximal end of the prespacer must be
integrated at the leader-distal end of the repeat to produce a crRNA targeting the correct
protospacer strand (Figure 5A—-C). Although it has been shown that the presence of a PAM
in the incoming spacer is sufficient for correct orientation /n vivo (113), the mechanism
guiding spacer orientation remains unclear. In £. coli, the first nucleotide of the 5’-CTT-3’
PAM is retained at the 3’-end of the prespacer following trimming (Figure 5B—C). This
cytosine is integrated as part of the new spacer, but functionally serves as the last nucleotide
of the repeat (45, 50, 114). Interestingly, it has been shown that Cas1-Cas2 preferentially
positions prespacer ends containing 3’-cytosines to the repeat-spacer site for nucleophilic
attack, resulting in correct orientation of the incoming spacer (111). However, in the AP,
atrosepticum type I-F system, prespacer trimming occurs adjacent to the 5’-GG-3" PAM, and
no portion of the PAM is retained in the substrate (57). This suggests that PAM-end
processing of the prespacer may not occur until after Cas1-Cas2 orients itself at the CRISPR
(115).

Another factor that may dictate spacer orientation is the order in which the two
transesterification reactions are catalyzed. £. coli Cas1-Cas?2 catalyzes both integration and
disintegration at the leader-repeat junction significantly faster compared to the repeat distal
end /n vitro, indicating that the first attack occurs at the leader-repeat junction to form a half-
site intermediate (Figure 5A, C) (107, 111). The initiation of integration from the leader-
repeat junction may result from stabilizing contacts between Casl and the leader (109).
Consistently, Cas1-Cas2 complexes in the type I-C and Il systems preferentially catalyze
spacer integration at the leader-repeat junction, even in the absence of other host factors
(102, 116, 117). However, £, atrosepticum Casl-Cas2/3 shows no bias toward integration at
either end of the repeat, suggesting that other host factors are required to dictate the
orientation of spacer integration in the type I-F system (57).

After the first nucleophilic attack, Cas1-Cas2 must orient the other 3’ end of the substrate for
the second attack to generate the full-site integration product. Early studies suggested that
the palindromic sequences within the repeat may form a cruciform structure to
accommodate two nucleophilic attacks at either end of the repeat (118). However, Casl-
Cas2 cannot bind a repeat in which the palindromic sequences are swapped (95). The
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swapped repeat also abolishes spacer integration /7 vivo (110). These results suggest that
Cas1-Cas2 recognizes the repeat sequence itself, instead of the putative cruciform structure.
This was further supported by recent structures of £. coli Cas1-Cas2 bound to half-site and
pseudo-full-site integration products (Figure 5D) (109). In these structures, Cas1-Cas2
contacts the duplex repeat instead of a cruciform structure. Interestingly, Cas1-Cas2 interacts
with the repeat in a non-sequence-dependent manner and Cas1-Cas2 binding causes severe
bending and underwinding of the repeat DNA. These structures suggest that Cas1-Cas2
recognizes the repeat through indirect readout based on the sequence-dependent
deformability of the repeat.

Overview of crRNA Maturation and Interference

Following integration of a spacer into the CRISPR array, the CRISPR must be transcribed
and processed to form mature crRNAs (Figure 1, 6) (14, 119). These guide molecules
assemble with Cas proteins to form the Cascade or Csy surveillance complex (Figure 6) (14,
26, 60, 120-122). The complex must search the milieu of the cellular DNA to locate the rare
target sequences, a daunting task that is simplified by first searching for PAM sequences
(Figure 7) (32, 43, 49, 90, 123). Upon location of the correct site, the surveillance complex
unwinds the DNA, facilitating hybridization of the crRNA and target strand of the DNA, and
displacing the non-target strand to form an R-loop (37, 59, 124-128). Formation of the R-
loop locks the complex at the target site and enables recruitment of Cas3, which processively
degrades the DNA (Figure 8) (19, 28, 29, 32, 89, 90, 129, 130). In this section, we discuss
the steps that lead to CRISPR interference.

(8) CRISPR RNA biogenesis and surveillance complex formation

The core component of Cas surveillance complexes is the mature crRNA, which guides the
complex to foreign nucleic acid, triggering immunity (12, 14). CRISPR arrays are first
transcribed into long precursor CRISPR RNA (pre-crRNA), that often contains stem-loops
in the palindromic repeats (Figure 6A). In type I-E and I-F, the pre-crRNA is recognized and
cleaved by a Cas6 endoribonuclease to yield mature crRNA (14, 56, 119, 131-133). Cas6
specifically recognizes the stem-loop within the repeat and cleave at the base of the stem,
ensuring that cleavage only occurs within the repeat sequences of the corresponding pre-
CrRNA (119, 131, 132). Casb6 proteins are metal-independent endoribonucleases that use
general acid/base catalytic mechanisms, in which the nucleophilic attack is initiated by the
deprotonated hydroxyl at the 2’ position of the ribose adjacent to the scissile phosphate
(134).

Following cleavage, the mature crRNA is composed of a single spacer sequence, flanked on
either end by segments of the repeat (Figure 6B). Both the type I-E and I-F Cas6
endoribonucleases have been shown to remain tightly bound to the stem-loop at the 3’-end
of the cleaved crRNA, allowing these subunits to nucleate formation of their respective
surveillance complexes (131, 135). The remaining subunits of the complexes assemble along
the length of the mature crRNA (Figure 6B-F) (26, 37, 59, 60, 120-122, 127, 136). Six
copies of Cas7 subunits polymerize non-specifically along the crRNA to form the backbone
of the complex. Cas5 specifically recognizes the repeat-derived 5’ handle of the mature
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crRNA, capping the Cas7 backbone of the complex. Notably, for the £. coli Cascade
complex, the stoichiometry of Cas7 subunits can be altered by lengthening or shortening the
spacer region within the crRNA (137, 138), indicating that the distance between the Cas5
and Casb repeat-derived binding sites determines the stoichiometry of the complex. In
Cascade, two copies of Cas11 small subunits interact with Cas7 subunits through salt
bridges to form the belly that helps stabilize the crRNA and target DNA (Figure 6C, E) (120,
122, 126-128, 139, 140). While Casl11 subunits are found in surveillance complexes from
sub-types within both type | and 111, type I-F lacks a casi1 gene. Lastly, the Cas8 large
subunit caps the Cas5 end of the complex (Figure 6C—F).

(b) PAM searching and recognition

The first step during interference is target recognition by the surveillance complex (Figure
7A). To initiate timely response against phage, the surveillance complex must be able to
efficiently locate targets among the vast amount of DNA in the cell. At the same time, the
surveillance complex has to avoid targeting complementary sequences in the bacterial
genome. The PAM sequence allows Cascade and the Csy complex to distinguish foreign
targets from the complementary sequence in the CRISPR array (43, 49, 97, 141). Because
there is no PAM present in the CRISPR array, the surveillance complex cannot bind the
CRISPR template strand that is complementary to the crRNA spacer. In E. coli, the last three
base pairs of the repeat protect the CRISPR array from self-targeting. £. coli Cascade has
broad specificity for PAM sequences (46, 47, 101), but it cannot recognize the 5’-CCG-3’
sequence found at the end of the repeat. In particular, the cytosines at the -2 and -3
positions are deleterious to Cascade binding (47, 101). Thus, the end of the repeat sequence
prevents both interference and primed adaptation against the host chromosome (47).

Aside from their importance for self-versus-non-self discrimination, PAM sequences are also
essential for efficient location of the target sequence. An early study of CRISPR immunity in
E. colirevealed that phages could escape interference by developing spontaneous mutations
in the PAM region, as well as the first several positions of the target proximal to the PAM
(49). In addition, PAM sequences were shown to be required for high-affinity Cascade
binding to dsDNA, but not sSDNA, targets (43). These observations suggested a model in
which Cascade first searches for PAM sequences and initiates target unwinding and binding
from that site (Figure 7A). Recognition of sequences that are sequestered within dsDNA
requires at least partial unwinding of the duplex to probe for complementarity with the
crRNA. The “PAM first” model predicts that Cas surveillance complexes only initiate
unwinding at PAM sites that may or may not be located next to the target (43). This strategy
substantially decreases the number of sites at which the DNA must be unwound, minimizing
the time and energy required for target location.

In subsequent years, considerable evidence has accumulated in support of the PAM first
model in types I, Il and V, all of which target dsDNA (32, 142-144). Early bulk biochemical
assays of E. coli Cascade revealed that the complex binds “nonspecific” dsDNA that lacks a
target site, interactions that were hypothesized to be part of a PAM scanning mechanism
(Figure 7A) (37, 43). Consistently, the binding efficiency of both Cascade and Csy complex
decreases in the presence of PAM-rich competitor DNA sequences (97, 123). Single
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molecule approaches have confirmed that Cascade and other dsSDNA-targeting surveillance
complexes sample DNA through both nonspecific and PAM-specific interactions (32, 123,
142-144). While these studies suggest that £. coli Cascade searches for PAM sequences via
three-dimensional collisions, single-molecule DNA curtains studies of 7. fusca Cascade
revealed one-dimensional diffusion for that complex based on a conserved positively
charged patch in the Cas8 subunit (90). Although £. coli Cascade may also diffuse along
short stretches of DNA, bulk biochemical and single molecule studies suggest the target
searching process by both Cascade and Csy complexes is accelerated by rapid dissociation
and association rates at nonspecific PAM sites along the dsDNA (32, 97, 123).

The Cas8 subunit is responsible for PAM recognition in both Cascade (Figure 7B,C) and the
Csy complex (Figure 7D,E) (43, 59, 127). Multiple peptide motifs within Cas8 read out the
minor groove of the PAM (59, 127). Specific interactions between Cas8 and PAM sequences
stall the surveillance complex at PAM sites and initiate DNA unwinding (Figure 7A) (32, 90,
123). Two additional motifs in £. coli Cascade have been implicated in nonspecific and
PAM-specific interactions. A lysine-rich P-hairpin in Cas8e helps to position the dsDNA for
PAM readout (123). In addition, two lysine-rich loops in adjacent Cas7s and Cas7g subunits
of the Cascade backbone form a positively-charged vise that contacts the DNA backbone
through nonspecific electrostatic interactions (Figure 7C) (126). This motif is required for
nonspecific DNA sampling and for specific target binding and is thought to hold the DNA in
place during PAM recognition and DNA unwinding (123, 126). Similarly, a positively-
charged cleft comprising regions of Cas8f, Casb and Cas7g creates a vise for positioning
dsDNA during PAM recognition by the Csy complex (Figure 7E) (59).

(c) DNA unwinding and R-loop formation

During PAM recognition, the surveillance complex initiates DNA unwinding, allowing for
interrogation of the adjacent DNA for complementarity with the crRNA. When Cascade
locates a PAM site, favorable interactions between Cas8e and the PAM are thought to enable
dsDNA bending, destabilizing the dsDNA at the PAM-proximal region (43, 123, 126-128).
The subsequent unwinding of the bent dsDNA is helped by the insertion of wedge-like
motifs in both Cas8e and Cas8f (Figure 7C, E) (59, 127). This destabilization may drive
local dsDNA melting, enabling strand invasion and the formation of a crRNA-DNA
heteroduplex to initiate R-loop formation (Figure 7A). Thus, the energy loss during DNA
bending and unwinding is compensated by base pair formation between the crRNA and
target DNA. Notably, every sixth nucleotide of the crRNA-DNA duplex remains unpaired to
accommodate the underwound hybrid duplex in the nucleic acid binding channel (Figure 7B,
D) (46, 59, 121, 136). A recent cryo-EM structure of 7. fusca Cascade captured an
intermediate partial R-loop containing two 5-bp crRNA-DNA stretches (128). Based on this
structure, it was hypothesized that the dsSDNA may melt in 6-bp steps, forming the shorter 5-
bp duplexes en route to full R-loop formation.

Single molecule magnetic tweezers studies have confirmed that DNA melting and R-loop
formation occur in a directional manner (Figure 7A) (124, 125). R-loop formation originates
within the PAM-proximal “seed” region, which acts as the next checkpoint for target binding
following PAM recognition. As a result, the seed sequence is especially important for high-
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affinity target binding by both Cascade and Csy complexes (26, 49). The R-loop expands
from the PAM-proximal to the PAM-distal end by zipping the crRNA and target strand (124,
125). R-loop formation stalls when it meets non-complementary sequence (Figure 7A). In
some cases, the surveillance complex can overcome the non-complementary energy barrier
and continue R-loop formation, triggering further directional unwinding of the target DNA.
Alternatively, the complex may be unable to overcome the energy barrier leading to R-loop
collapse and dissociation from the target. Targets with mismatches at the PAM-proximal
end, especially within the seed sequence, are more likely to dissociate, while mismatches at
the PAM-distal end are tolerated, although they may form unstable partial R-loops.

Complete base pairing between the crRNA and target sequence triggers conformational
changes in both Cascade and the Csy complex, resulting in a highly stable R-loop structure
(59, 127, 128). In Cascade, the Cas7 backbone of the complex remains rigid, while the
Casl1 and Cas8e subunits undergo changes to widen the DNA-binding channel (127). The
Casl11 dimer slides toward the tail of the complex (Figure 7B), pushing down on the alpha-
helical C-terminal domain (CTD) of Cas8e, which moves toward the PAM-interacting N-
terminal domain (NTD) (Figure 7C) (126-128). The non-target DNA strand is stabilized by
the backside of the Cas11 dimer (126, 128, 140). Cascade does not undergo a
conformational change to lock the R-loop until full target binding, as observed in the
Cascade partial R-loop structure and single molecule magnetic tweezers studies (124, 125,
128). The Csy complex also undergoes significant changes upon DNA binding. However,
unlike Cascade, the entire Cas7 backbone of the Csy complex is elongated by ~20A, based
on displacement of each subunit to accommodate the RNA-DNA hybrid (Figure 7D) (59,
60). The Cas8f subunit also rearranges its hook domain, which is involved in dsSDNA
binding (Figure 7E) (59). The non-target strand is stabilized by a domain within the Cas7
subunits, compensating for the lack of Cas11 subunits in the Csy complex.

(d) Cas3recruitment and target DNA degradation

The conformational changes in Cascade and Csy complex lock the R-loop and serve as
recruitment signals for the Cas3 nuclease/helicase (Figure 8). In particular, the
conformational changes that occur within the Cas8e subunit upon R-loop locking are
required for Cas3 recruitment by Cascade (Figure 7C) (33, 91, 127, 140). In some type |
systems, Cas3 and Cas8 are fused into a single protein, similar to the Cas2/3 fusion in type I-
F, indicating the importance of Cas8 in Cas3 recruitment (19). A negative stain electron
microscopy structure of the £. coli Cascade-Cas3 structure confirmed the direct interaction
between Cas8e and Cas3 (29). A recent high-resolution cryo-EM structure of the 7. fusca
Cascade-Cas3 structure revealed that the rotation of the CTD of Cas8e during R-loop
locking is responsible for Cas3 recruitment, through the exposure of a Cas8e region that
directly interacts with Cas3 (Figure 8A-B) (33). Comparison of Cas8e conformations from
the partial and full R-loop structures shows significant clashes between the CTD and Cas3
when Cas8e is in the unlocked conformation (Figure 8B). Although recruitment of Cas2/3
by the Csy complex is less well understood, it is possible that Cas8f hook domain
rearrangement or the elongation of the Cas7 backbone may act as recruitment signals (59).
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Once recruited to the target site, Cas3 is responsible for target degradation (Figure 1, 8C-E).
The N-terminal HD nuclease domain exhibits metal-dependent endonuclease activity against
ssDNA and the C-terminal helicase domain has ATP- and magnesium-dependent 3’-5’
unwinding activity (31, 129, 130, 145). Both activities are required for target degradation
(28). During this process, Cas3 processively unwinds the target DNA using its helicase
activity, cleaving the resulting ssDNA through the activity of the HD nuclease.

Recent structural, biochemical and single molecule studies of type I-E and I-F systems have
elucidated the detailed mechanism of target degradation by Cas3 (Figure 8C-E). Following
recruitment, Cas3 (or Cas2/3) initiates degradation by nicking the non-target strand (Figure
8C) (28, 30, 89). The cryo-EM structure of the full 7. fusca Cascade R-loop revealed that
positions 8-16 of the non-target strand are bulged out and exposed for Cas3 nicking (128).
This nicking activity is ATP-independent and resistant to EDTA for the type I-E Cas3 and
type I-F Cas2/3, respectively (28, 30). The nicked DNA provides a substrate for dSDNA
unwinding by Cas3. A recent single-molecule study of Cas3 unwinding and cleavage
suggested that the initial nick is required to stabilize Cas3 interactions with Cascade,
potentially based on loading of the single-stranded non-target strand into the Cas3 helicase
domain (Figure 8D) (89).

As Cas3 unwinds the DNA, it remains associated with Cascade (89, 90). Thus, although
Cas3 translocates along the DNA away from the target site, it does so by reeling the non-
target strand of the DNA into its helicase domain and looping out the unwound target-strand
DNA (Figure 8E). Single-molecule studies of DNA reeling revealed that Cas3 unwinds the
DNA in 1-bp steps, but translocates 3-bp at a time (89). During this process, Cas3 repeatedly
loops the DNA, allowing the nickase activity of the HD domain to cleave the non-target
strand at various intervals. Based on the thymidine preference for Cas3 cleavage (88), it is
possible that nicking occurs primarily in T-rich stretches. It has also been proposed that
repetitive reeling may allow Cas3 to generate spacer-length fragments used by Cas1-Cas2
during interference-dependent primed adaptation (89). Once a nick is generated, additional
Cas3 can be recruited to the sSDNA gap and processively degrade upstream of the target in
the 3°-5’ direction, resulting in unidirectional degradation of the target (28, 32).

Although type I-F Cas2/3 is less well understood, a recent biochemical study revealed some
mechanistic differences in comparison to type I-E. Like £. coli Cas3, Cas2/3 nicks the non-
target strand to initiate degradation (30). However, rather than unidirectional degradation of
the non-target strand, Cas2/3 degrades both strands of DNA. As part of the Cas14:Cas2/3,
complex, two copies of Cas2/3 are initially recruited to the Csy complex. Although it is not
clear whether the Cas1-Cas2/3 complex remains partially intact during interference, this
initial stoichiometry suggests that two copies of Cas2/3 may be responsible for reeling and
degradation of both strands of DNA in opposite directions away from the protospacer.
Consistently, while primed spacer acquisition in type I-E is strand biased (45, 50, 100), with
spacers mainly acquired from the same strand as the original protospacer, type I-F priming
occurs from both strands (80-82). Spacers are also acquired preferentially from sites close to
the original protospacer (80, 82), strongly suggesting that prespacers are formed from Cas3
products during bidirectional degradation originating at the target site.
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Cas3 is a non-specific endonuclease, and its expression and activity must be tightly
controlled to ensure that it is activated only upon binding at the correct target site. In £. coli,
Cas3 nuclease activity is apparently attenuated, as nicking events occur rarely in single-
molecule experiments performed at low nM concentrations (89). Complete degradation of a
target requires higher concentrations /n vitro (28, 29), and similarly, rapid interference /in
vivo requires Cas3 overexpression (41). In type I-F, Casl inhibits Cas2/3 nuclease activity
within the Cas1-Cas2/3 complex, and Cas2/3 is only activated upon association with the Csy
complex (30). It is unclear whether a similar mechanism exists in type I-E, although single
molecule studies have suggested that Cas3 cleavage activity is inhibited in the presence of
Cas1-Cas2 (32).

Molecular warfare during CRISPR immunity

CRISPR-Cas systems can provide robust defense against viral infection; however, phages
have multiple mechanisms for avoiding these immune mechanisms. Rapid evolution of
phages can render a spacer sequence obsolete over time, especially as viral particles
harboring escape mutations propagate in the population (49, 146, 147). Indeed, CRISPR
immunity has been shown to be a key factor driving phage evolution (148, 149). Primed
adaptation allows type | CRISPR-Cas systems to counteract escape events (50), through
rapid acquisition of new spacers directed against the invader. In addition, diversity of spacer
sequences within a population of bacteria can limit the ability of phages to escape CRISPR
immunity through the development of single point mutations (147). Therefore, phages have
evolved more sophisticated methods for overcoming CRISPR immunity. Phage-encoded
anti-CRISPR proteins can inactivate the CRISPR-Cas machinery through a variety of
mechanisms, neutralizing the host response and enabling continued infection (150-152). In
this section, we discuss experimental /7 vivo approaches that have been developed to study
CRISPR immune response, the various mechanisms by which phages can escape immunity,
and how CRISPR-Cas systems have evolved to keep up in this molecular arms race.

(a) Experimental approaches toward understanding CRISPR immunity

Our understanding of type I-E and I-F systems has been greatly enhanced by the ability to
study these systems in model Enterobacteria. Most in vivo studies have relied on one of two
approaches to examine CRISPR immune response: phage-challenge or plasmid-based
assays. Each type of assay has several benefits and potential limitations. During phage
challenge, the positive selection of cells that have been immunized makes it easier to detect
rare naive acquisition events than in plasmid-based assays (45, 50). Although methods have
been developed to positively select cells upon spacer acquisition from plasmids (98, 153),
only a few studies have investigated naive acquisition from plasmids at native Cas1-Cas?2
expression levels (82). Nevertheless, plasmid-based adaptation studies are beneficial for
gaining a comprehensive view of spacer acquisition. Because some acquired spacers may
provide more effective immunity than others, the full range of spacer acquisition events may
not be detected during phage challenge as cells with the most effective spacers will dominate
the population. Instead, several studies have relied on adaptation against plasmids coupled
with high-throughput sequencing of the acquired spacers (51, 53, 82, 99, 100, 154). These
analyses have enabled quantification of features from 100,000s of newly acquired spacers,
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including spacer sequence motifs, spacer length, PAM sequences, protospacer location and
source DNA.

An additional benefit of plasmid-based acquisition is that these assays can be performed in
the absence of the interference machinery, which is required for providing the immune
response necessary for cell survival in a phage challenge assay. These types of experiments
are especially useful for determining spacer source, either from the plasmid or the genomic
DNA, without worry of autoimmunity upon acquisition from the genome (99). Because the
interference machinery is required for primed acquisition, these types of experiments can
only be used to study naive acquisition events and often rely on the overexpression of Cas1-
Cas2. When the interference machinery is present, plasmids bearing “priming targets” can
enable high levels of spacer acquisition even at native expression levels (82). Intriguingly,
analyses of primed acquisition from a plasmid target have revealed biased acquisition of
spacers from “hot” protospacer regions (51, 154). It remains unclear whether protospacer
sequence, location or other factors may contribute to preferential acquisition of hot
protospacers.

Plasmid-based assays have also been useful for studying CRISPR interference. During
phage challenge, robust CRISPR interference response is required for cell survival. As
discussed in the next section, phages harboring mutations in the target often escape
immunity through reduction of CRISPR interference (49, 147). Plasmid-based CRISPR
interference assays can detect intermediate levels of interference that could allow for phage
escape (46, 47, 91). These types of experiments have revealed that not all mutations cause
the same level of defect in CRISPR interference. In addition, the use of plasmid-based target
libraries has enabled high-throughput analysis of PAM specificity and mutational tolerance
within the target region (46, 47, 101). These studies highlight the importance of plasmid-
based assays for elucidating the molecular details of CRISPR immunity.

of target mutations

Single mutations in the seed or PAM region strongly inhibit CRISPR interference, and these
locations are the primary sites for spontaneous escape mutations (51). However, these
mutations do not fully abolish the ability of the surveillance complex to recognize the target,
enabling priming to occur from mutated targets for which interference has been reduced or
fully blocked (50). Numerous high-throughput studies have revealed the sequence
requirements for £. coli Cascade-target binding (101, 155), as well as the degree to which
mutations can be tolerated for interference and/or priming (46, 47, 156, 157). These studies
have revealed the promiscuity of PAM recognition by Cascade. Although only a small
number of “canonical” PAM sequences (5-7 depending on spacer sequence) can promote
rapid interference (19, 157), numerous other sequences (>20) can enable primed acquisition
from the target site (46, 47). The Cascade-dsDNA structure explains this promiscuity, as the
PAM is mainly read out through minor-groove contacts that do not provide high sequence
specificity (127, 128). Similarly, seed mutations can also be tolerated to some degree,
although the type of mismatch, location of the mismatch, and sequence of the crRNA all
contribute to the level of tolerance (46, 47). In some situations, up to two seed mutations can
be tolerated (47), while targets with as many as 13 mutations can still trigger priming (46). A
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recent genome-wide investigation in £. colirevealed that Cascade can associate with >100
sites with very limited homology within the host chromosome; however, at least 18 bp are
required to elicit an immune response, ensuring that the chromosome remains protected
against autoimmunity (156).

Priming was initially discovered as a mechanism for overcoming escape mutations (50).
However, subsequent studies in both £. coliand P, atrosepticum have shown that priming is
far more efficient from perfect targets in comparison to targets containing mutations (51,
82). Nevertheless, overall spacer acquisition is relatively rare from unmutated targets in
comparison to targets with a PAM or seed mutation (47). Reduced priming from perfect
targets likely occurs because the source for prespacer substrates rapidly dwindles due to
target degradation by Cas3 (51, 88). Indeed, while low levels of priming can be observed
against perfect targets in £. coli K-12 hins deletion strains where Cas3 expression is limiting
(41, 45, 47), priming against perfect targets cannot be observed through standard PCR-based
methods when Cas3 is overexpressed (50, 51). These results are consistent with a model in
which rapid interference against a perfect target inhibits priming due to consumption of the
prespacer pool. In contrast, mutations in the target slow interference, creating a continuous
prespacer pool and a relative increase in the amount of priming.

The decreased rate of interference for mutant targets can be caused by multiple factors.
Target mutations can elicit alternative binding modes by Cascade that may favor priming
over interference (91, 158). For mutations in the PAM and the first few nucleotides of the
seed, the Cas8e subunit adopts an alternative conformation that prevents Cas8e locking and
inhibits direct recruitment of Cas3, leading to decreased rate of interference (54, 91).
Recruitment of Cas3 may also be impaired due to dissociation of Cas8e, as has been
observed for 7. fusca Cascade binding to PAM and seed mutants (159). Consistently, for
some PAM mutants, interference is completely blocked both /n vivo and /n vitro (29, 32, 47,
91, 158), suggesting that Cas8e is fully non-functional in Cas3 recruitment. These types of
targets can still promote priming, and likely do so through the interference-independent
pathway (32, 47, 91). It has been proposed that the alternative conformation of Cas8e when
bound to PAM mutant targets prevents direct Cas3 recruitment in the absence of Cas1-Cas2,
but favors indirect loading of Cas3 in the presence of Cas1-Cas2 (32, 91). Thus, the
unlocked Cas8e conformation may promote the formation of a priming complex that can
translocate and search for prespacers, as has been observed for the £. coliand T. fuscatype
I-E systems (32, 90).

However, it is likely that the alternative conformation of Cas8e does not account for all
priming. Cascade can form fully locked R-loops at targets containing seed mutations that are
further from the PAM (54). In these cases, the kinetics of target binding and R-loop locking
are reduced, which contributes to slower target degradation and an increase in primed
adaptation. It was recently proposed that priming at fully locked R-loops occurs mainly
through the interference-dependent pathway, based on the observation that priming rates are
similar regardless of Cascade conformation (54). It is also likely that Cas1-Cas2 can be
recruited at fully locked R-loops, as has been observed for both the type I-E and I-F system
(30, 32, 90). These observations support a previously described model in which Cas3 can be
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recruited alone or in conjunction with Cas1-Cas?2 at fully locked R-loops, but can only be
recruited in the presence of Cas1-Cas2 at R-loops with unlocked Cas8e (91).

(c) Population-based avoidance of escape mutations

Primed adaptation can counteract phage evolution and provide broader specificity against
closely related phages. Another benefit of priming is the ability to generate a population
with a diverse set of spacer sequences (82, 100). Naive adaptation is rare, and stringent
selective pressure for cells that have acquired or inherited spacers from an infectious virus
likely results in a limited number of spacers present in the population. Primed adaptation is
more rapid, and can occur from either perfect or mutated targets, allowing various cells in
the population to acquire different spacer sequences.

Spacer diversity is critical for ensuring bacterial populations can limit phage propagation. A
study of the type I-F P, aeruginosa system revealed that populations with diverse CRISPR
arrays are able to drive phage to extinction, while phages persist when the bacterial
population contains a limited number of spacers (147). Viral persistence can be attributed to
development of escape mutants, which are more likely to occur if only a limited number of
mutations must be present to escape the few spacers present in the bacterial population.
However, as the number of spacers increases, the likelihood of a virus developing mutations
to escape all spacers decreases. While a single mutation may allow a phage to escape from
individual cells, the population as a whole will provide continued immunity through the
presence of other spacers against unmutated regions of the phage genome. These insights
explain the diversity of CRISPR arrays in environmental samples and highlight the
importance of multiple adaptation mechanisms for providing robust immunity.

(d) Anti-CRISPR proteins

While escape mutation provides one potential line of defense against CRISPR-Cas systems,
phages have also evolved anti-CRISPR proteins that directly inactivate the bacterial immune
response (reviewed in (152)). Anti-CRISPR genes were first discovered in prophages of 2
aeruginosa PA14 (150). These prophages were found to render the PA14 type I-F system
incapable of providing defense against normally CRISPR-sensitive phages. Specifically,
genes located within a variable region of the prophage genomes proved to be the
components necessary to inactivate CRISPR-Cas immunity. Since this initial discovery, anti-
CRISPR genes have been found against several sub-types within type | and Il systems from
diverse bacteria and archaea, including several members of Enterobacteriaceae (160-165).
These genes generally encode small proteins (50-150 amino acids) with little sequence
similarity to other proteins or to each other, highlighting the selective pressure that has
driven their evolution.

Biochemical and structural studies have revealed that immune inactivation by anti-CRISPR
proteins commonly occurs by blocking the interference stage (59, 60, 151, 166-171).
Various anti-CRISPR proteins have been shown to inhibit target binding by the surveillance
complex, often through DNA mimicry (59, 60, 151, 167, 169, 171). In addition, anti-
CRISPR proteins that bind directly to Cas3 can prevent recruitment to the target-bound
surveillance complex (151, 166). Despite these mechanistic insights, it remained unclear
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how phages could express enough anti-CRISPR proteins to inactivate the CRISPR system,
which would likely already be expressed and ready to launch an interference response
during phage infection. Two recent studies confirm that phages must build tolerance to
CRISPR interference over time, through the expression of anti-CRISPR genes from multiple
phage genomes (172, 173). Thus, early infection events are likely to result in phage
neutralization through CRISPR interference, but continued exposure to the phages will
eventually enable expression of sufficient levels of anti-CRISPR proteins for inactivation.
Similar to CRISPR-Cas systems, which provide benefit to a community of bacteria while
often sacrificing individual cells, anti-CRISPR mechanisms require population-level
response to mount a counterattack against CRISPR immunity.

Conclusions

The type I-E and I-F systems of enterobacteria and other proteobacteria have served as
important model systems to understand the molecular mechanisms of CRISPR-Cas systems.
Studies in £. coliand P, atrosepticum have provided the foundation of our knowledge of type
I CRISPR-Cas systems, and have revealed several key similarities and differences between
subtypes. In the future, these model organisms will continue to be indispensable for
answering mechanistic questions that remain unresolved. They will also be critical for
solving a longstanding mystery in the field: What is the endogenous role of the CRISPR-Cas
systems of the most well-studied enterobacteria, £. coliand Salmonella? Beyond
mechanistic studies, understanding how, and under what circumstances, these systems
function in £. coli may uncover new roles for CRISPR-Cas systems beyond host defense.
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Figurel.
Overview of the three stages of type | CRISPR-Cas systems. CRISPR-Cas operons contain

CRISPR arrays and CRISPR-associated (cas) genes. In the adaptation stage, short DNA
fragments generated from phage DNA are captured by the adaptation complex. Following
trimming of excess DNA, the adaptation complex integrates these fragments into the
CRISPR array. During the expression and maturation stage, the CRISPR array is transcribed
into long pre-CRISPR RNAs (pre-crRNAS). The pre-crRNAs are cleaved within the repeat
regions to generate mature CRISPR RNAs (crRNAs). Each crRNA assembles with Cas
proteins to form a surveillance complex. During the interference stage, the surveillance
complex recognizes the target by complementary base-pairing with the crRNA sequence.
Target binding triggers recruitment of a nuclease, which catalyzes degradation of the target
nucleic acid.
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Figure2.
CRISPR-Cas operons of £. coliK-12 and P, atrosepticum. A. Type I-E CRISPR-Cas operon

of E. coli K-12. Promoters are shown as arrows. Repressors of the cas3and cas8e promoters
are indicated. B. Type I-F CRISPR-Cas operon of £ atrosepticum. CRISPR 1 is expressed
on the minus strand. Activator of the casZ promoter, which controls expression of all cas
genes, is indicated.
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Figure 3.
Prespacer generation during CRISPR-Cas adaptation. A. During naive adaptation, RecBCD

products serve as substrates for the Cas1-Cas2 adaptation complex (gold). The abundance of
Chi sites (magenta) prevents accumulation of DNA fragments from the host genome, while
lack of Chi sites in foreign DNA leads to a larger pool from this source. B-C. Replication
forks are common sites for double-strand breaks (DSB), which are initiation sites for
RecBCD degradation sites. Higher-copy foreign DNA contains more replication forks, and
therefore leads to more DSBs and RecBCD recruitment. D. Phage DNA is often injected in a
linear form, and these ends are subject to degradation by RecBCD. E-F. Two potential
mechanisms for primed adaptation. E. During interference-dependent primed adaptation, the
surveillance complex (light blue) directs Cas3 (dark blue) degradation of the foreign DNA.
Cas3 products create a DNA fragment pool that provides prespacer substrates for Casl-
Cas2. F. During interference-independent primed adaptation, both Cas3 and Cas1-Cas2 (or
Casl-Cas2/3) are recruited to the target-bound surveillance complex. The Cas3 helicase
domain extrudes a DNA loop as the priming complex searches for prespacer substrates and
excises them, either through the nuclease activity of Casl1, Cas3 or both subunits.
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Figure 4.

Prespacer trimming during adaptation. (A) Schematic illustration of £. coli Cas1-Cas2
bound to 23-bp duplex with splayed ends. Individual subunits of Casl are showed in orange
or gold, individual subunits of Cas2 are shown in light or darker blue, DNA substrate is
shown in gray, PAM is shown in yellow. The 3’-overhangs, one of which contains the PAM,
are located in the Casl active sites, suggesting trimming of these ends may be carried out by
Casl. The 5’-overhangs are exposed, and may be trimmed by another factor. The trimmed
product is a prespacer containing a 23-bp duplex with 5-nt 3’-overhangs containing exposed
3’-hydroxyl groups. B. Structure of the Cas1-Cas2 complex bound to an untrimmed
substrate (PDB 1D: 5DQZ) (93). Colored as in A. C. Close-up of Casl active site recognition
of 5’-CTT-3’ PAM (yellow) region of untrimmed prespacer. Hydrogen-bonding interactions
are shown with dashed lines. The boxed region shows the scissile phosphate, which is
coordinated by the catalytic histidine and aspartate residues of the HD domain. Following
cleavage, only the cytosine is retained as the last nucleotide of the trimmed substrate.

EcoSal Plus. Author manuscript; available in PMC 2020 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Xue and Sashital

Page 34

A B N )
CRISPR array Leader-proximal integration
prespacer i
= repea i
o- =——-OH - sp%cer integrate = -
leader : \
Half-site intermediate ,~PAM end repeat deformed
==-0OH
o—
Leader-distal integration
Full-site (gapped) intermediate - ’
e Half-site intermediate PAM end
SEEL NS < / R
pol
CRISPR array with new spacer
integrate

D prespacer E Cas1 dimer
11X% :

Figure5.
Integration of prespacers during adaptation. A. Schematic overview of integration process in

E. coli. A 3’-OH group of the prespacer attacks the backbone at the leader-proximal end of
the first repeat within the CRISPR array, forming a half-site intermediate. The end of the
prespacer containing the cytosine from the PAM attacks at the leader-distal end of the
opposite strand of the repeat, forming a full-site intermediate. The single-stranded repeats on
either end of the integrated spacer are filled by DNA polymerase I, and the nicks are ligated
to create and intact CRISPR array. B-C. Schematic of leader-proximal and leader-distal
integration by E. coli Cas1-Cas2 (colored as in Figure 4). Cas1-Cas2 senses the sequence-
dependent deformation of the repeat to facilitate integration at the correct sites within the
repeat. D-E. Cryo-EM structure of Cas1-Cas2 bound to half-site intermediate containing
IHF-bound leader (PDB 5WFE) (109). IHF (dark and light green subunits) binds positions
-9 to —-35 of the leader (pink) and bends the DNA by ~180°. This bending brings the
upstream binding element (UBS, turquoise) into proximity of the leader-proximal Casl
dimer, an interaction that ensures integration at the leader-proximal repeat.
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Figure®6.
Expression and maturation of crRNAs and assembly of Cascade and Csy surveillance

complexes. A. The product of transcription of the CRISPR is a pre-crRNA containing stem-
loops within the repeats. Cas6 endoribonucleases (pink) recognize the stem-loops and cleave
at the base to form mature crRNAs. B. Cas6 subunits remain bound to the stem-loop at the
3’-end of the crRNA following cleavage. Six Cas7 subunits (blue) assemble along the length
of the crRNA spacer (red), and the Cas5 subunit (purple) caps the Cas7 backbone by
specifically recognizing the 5’-repeat-derived handle. In type I-E Cascade, two subtype-
specific subunits, Cse2 (orange), assemble on the belly of the complex. The Cas8 subunit
(green) caps the complex on the Cas5 end. C. Schematic of assembled Cascade (C) or Csy
(D) complex. Subunits are colored as in B, except for Cas8e (C) or Cas8f (D), which are
shown in green outline. E-F. Structures of fully assembled £. coli Cascade (PDB ID 4TV X)
and AP, aeruginosa Csy (PDB ID 6B45) complex (59, 120).
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Figure 7.
Target search and R-loop formation by Cascade and Csy complexes. A. Overview of target

search by E£. coli Cascade. Non-specific interactions at sites with no PAM or PAMs adjacent
to non-matching sequences result in rapid dissociation. At PAM sites, Cascade can initiate
unwinding to enable crRNA strand invasion. At partially matching target, R-loops can form
directionally away from the PAM until a mismatch is encountered. Depending on the
location and thermodynamic barrier of the mismatch, the R-loop can stall, continue to form
or Cascade can dissociate. At a perfect target, complete R-loop formation leads to Cascade
locking and a highly stable interaction. B. Structure of £. coli Cascade bound to dsDNA
(PDB ID 5H9F, colored as in Figure 6) (127). The Casl11 subunits move down along the
belly during R-loop locking. The non-target strand is stabilized through interactions with
Cas8e. C. Close-up of Cas8e-PAM and Cascade-dsDNA interactions. A glutamate residue
acts as a wedge to facilitate DNA unwinding. The PAM is read through minor-groove
interactions with Cas8e. Lys-rich loops in Cas7s and Cas7g subunits act as an electrostatic
vise to hold the dsDNA during unwinding. The Cas8e CTD four-helix bundle moves toward
the N-terminal domain during R-loop locking. D. Structure of P, aeruginosa Csy complex
bound to dsDNA (PDB ID 6B44, colored as in Figure 6) (59). The Cas7 backbone elongates
by ~20 A upon DNA binding. E. Close-up of Cas8f-PAM and Csy-dsDNA interactions. A
lysine residue acts as a wedge to facilitate DNA unwinding. The PAM is read through
minor-groove interactions with Cas8f. Several positive residues in Cas7g, Cas8f and Casb
stabilize interactions with the dsDNA. The Cas8f hook elongates to accommodate the
dsDNA.
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Target degradation by Cas3 during CRISPR interference. A. Structure of type I-E 7. fusca
Cascade-dsDNA following Cas3 recruitment (PDB ID 6C66) (33). Cascade and DNA are
colored as in Figures 6 and 7, Cas3 is shown in cyan (helicase and C-terminal domains) and
dark blue (HD nuclease domain). Cas3 senses the conformation of Cas8e following R-loop
locking. Comparison of Cas8e structure in the locked (PDB ID 6C66, green) and unlocked
(PDB ID 5U07, gray) conformations (33, 128). Prior to R-loop locking and movement of the
CTD, a loop and helix of the Cas8e CTD would cause steric clashes with the Cas3 nuclease
domain. C-E. Schematic of £. coli Cas3 DNA reeling and degradation. C. Following its
recruitment to the R-loop, Cas3 nicks the non-target strand. D. The nicked strand is loaded
into the Cas3 helicase domain, stabilizing the Cas3-Cascade interaction. E. The Cas3
helicase domain reels the non-target strand, while the target strand is extruded and forms a
ssSDNA loop. The HD nuclease domain can nick the non-target strand intermittently, creating
products that could serve as prespacer substrates for Cas1-Cas2 (Figure 3E), or it can release
the DNA and repeat the reeling motion. In type I-F systems, two Cas2/3 molecules may be
recruited to the Csy-complex, allowing for bidirectional degradation of both strands of the
DNA.
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Table 1.

Cas proteins of type I-E and I-F CRISPR-Cas system.

Name Sub-type specifica Function
I-E I-F
Casl Casl Casl Integrase subunit of adaptation complex
Cas2 Cas2 Cas2/3 | Structural scaffold of adaptation complex
Cas3 Cas3 Nuclease/helicase for target dsSDNA unwinding and degradation
Cas5 Casb Casb Cascade/Csy subunit that recognizes 5’-handle of crRNA
(CasD) (Csy2)
Casé Casé Cas6f | Cascade/Csy subunit required for crRNA maturation
(Cse3) (Csy4)
(CasE)
Cas7 Cas7 Cas7 Cascade/Csy subunit forming backbone of complex, six copies present in complex
(Csed) (Csy3)
(CasC)
Cas8 Cas8e Cas8f Cascade/Csy complex subunit that recognizes PAM sequence and recruits Cas3 (or Cas2/3)
(Csel) (Csyl)
(CasA)
Casll Casll N/A Cascade small subunit (SS), stabilizes non-target strand in R-loop, two copies present in complex
(SS)
(Cse2)
(CasB)

a . . .
Alternative names are shown in parentheses when applicable.
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