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Abstract

CRISPR-Cas systems defend prokaryotes against bacteriophages and mobile genetic elements and
serve as the basis for revolutionary tools for genetic engineering. Class 2 CRISPR—Cas systems
use single Cas endonucleases paired with guide RNAS to cleave complementary nucleic acid
targets, enabling programmable sequence-specific targeting with minimal machinery. Recent
discoveries of previously unidentified CRISPR—Cas systems have uncovered a deep reservoir of
potential biotechnological tools beyond the well-characterized Type Il Cas9 systems. Here we
review the current mechanistic understanding of newly discovered single-protein Cas
endonucleases. Comparison of these Cas effectors reveals substantial mechanistic diversity,
underscoring the phylogenetic divergence of related CRISPR—Cas systems. This diversity has
enabled further expansion of CRISPR-Cas biotechnological toolkits, with wide-ranging
applications from genome editing to diagnostic tools based on various Cas endonuclease activities.
These advances highlight the exciting prospects for future tools based on the continually
expanding set of CRISPR-Cas systems.

Introduction

Bacteria and archaea use CRISPR—Cas (clustered regularly interspaced short palindromic
repeats—CRISPR associated) systems to provide immunological memory of prior infections
by bacteriophages and mobile genetic elements (Hille and Charpentier, 2016; Marraffini,
2015; Sorek et al., 2013). CRISPR loci comprise repeating sequences that are interrupted by
short segments of foreign DNA acquired by the CRISPR-Cas system during infection
(Jackson et al., 2017; Sternberg et al., 2016) (Figure 1A). By storing genetic information
from viruses and mobile genetic elements in their CRISPR arrays, host cells are tagged for
rapid immunological response upon subsequent infections by the invader (Barrangou et al.,
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2007). Immunity is conferred following transcription and processing of CRISPR RNAs
(crRNAs) containing the foreign sequence, which guides Cas effector proteins to the
matching region of the invader (Jackson and Wiedenheft, 2015). Following binding, the
target is cleaved by the endonuclease activity of the Cas effector, or through the recruitment
of trans-acting nucleases (Hille and Charpentier, 2016; Marraffini, 2015; Sorek et al., 2013).

In response to ever-evolving selective pressure from their viral invaders, CRISPR-Cas
systems have diversified into a wide-array of cas genes with varied functionalities (Koonin et
al., 2017; Makarova et al., 2015). As a result, Cas effectors are highly diverse, ranging from
single-protein endonucleases (Class 2) to large multi-subunit complexes (Class 1). The two
classes are divided into a total of six types (I-VI) distinguished by the presence of a unique
signature Cas protein, and further subdivided into as many as 32 different sub-types (Koonin
etal., 2017). Type Il, the first known Class 2 system, contains the signature Cas9 effector
protein, which can locate, bind and cleave dsSDNA targets complementary to its guide
CrRNA (Gasiunas et al., 2012; Jinek et al., 2012).

In recent years, Cas9 has become a workhorse for researchers based on its easily
programmable DNA binding and cleavage activity (Wang et al., 2016). Cas9 programming is
achieved by simply changing the sequence of the guide RNA to match the DNA target of
interest. Cas9 has been used extensively for genome editing in a huge variety of organisms
(Doudna and Charpentier, 2014; Hsu et al., 2014). In addition, catalytically dead Cas9
(dCas9) can be used as a specific DNA-binding protein for many applications, including
transcriptional control and live-cell imaging studies (Wang et al., 2016).

The success of Cas9-based technologies has prompted extensive exploration of bacterial
genomes in the hopes of discovering new Class 2 systems for complementary or orthogonal
applications (Burstein et al., 2017; Gogleva et al., 2014; Koonin et al., 2017; Shmakov et al.,
2017, 2015). In the last two years, the number of Class 2 types and sub-types has exploded,
with new systems still likely to be discovered. These include Type V systems containing the
signature DNA-targeting Cas12 (formerly Cpfl or C2cl) effectors and Type VI systems
containing the RNA-targeting Cas13 (formerly C2c2) effectors (Shmakov et al., 2015;
Zetsche et al., 2015). Together, these Class 2 effectors represent the enormous diversity of
CRISPR-Cas systems and immune mechanisms, and offer a formidable toolkit for a large
array of technologies. Here we compare the structures, biophysics and mechanisms of
effector proteins from each Class 2 sub-type. We also examine the uses and potential
applications for each Class 2 effector.

Type Il CRISPR-Cas systems

Type Il CRISPR-Cas systems have been studied extensively, providing an excellent
foundation for comparison with newly discovered Class 2 effectors. Mechanistic differences
between the Type Il Cas9 and the signature effectors of Type V and VI are highlighted in
Figure 1, and underscore the complementary nature of newly characterized Class 2 effectors.
The Cas9 mechanism described herein is for the well-characterized ortholog from
Streptococcus pyogenes (SpCas9). SpCas9 and other orthologs have also recently been
reviewed in detail elsewhere (Jiang and Doudna, 2017).
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Cas9 is a large, multi-domain RNA-dependent endonuclease that targets dsDNA, cleaving
both strands through the activity of separate HNH and RuvC nuclease domains (Gasiunas et
al., 2012; Jinek et al., 2012). Like all Cas effectors, Cas9 relies on a crRNA for guidance to
the complementary strand of the dsDNA target. However, Cas9 is one of a small subset of
Cas effectors that requires a second, trans-acting crRNA (tracrRNA) (Deltcheva et al., 2011;
Jinek et al., 2012). During crRNA biogenesis, the CRISPR locus is transcribed as a long
precursor crRNA (pre-crRNA), and the repetitive regions of the transcript base pairs with the
tracrRNA, leaving the guide spacer region free (Figure 1A-B). The resulting RNA duplex is
cleaved by the host RNase 111 to form a mature dual-RNA that activates Cas9 (Deltcheva et
al., 2011) (Figure 1B). The two RNAs required for Cas9 activation can also be combined
into a single-guide RNA (sgRNA) rendering a two-component system suitable for
biotechnological applications (Jinek et al., 2012).

Upon dual-RNA activation, Cas9 searches for targets by locating the protospacer adjacent
motif (PAM), a short, conserved sequence that is just downstream of the non-complementary
strand of the target dsDNA (Mojica et al., 2009; Sternberg et al., 2014) (Figure 1D).
Recognition of the PAM initiates dSDNA unwinding, enabling crRNA strand invasion and
base pairing with the target (Sternberg et al., 2014). The subsequent formation of an R-loop
proceeds directionally away from the PAM (Szczelkun et al., 2014), and the first 8-10 base
pairs that form between the crRNA and target DNA are disproportionately important for
target recognition and binding (Jinek et al., 2012). Mismatches in this region significantly
reduce Cas9-target binding affinity, while mismatches in the PAM-distal region of the target
are generally tolerated for binding (Kuscu et al., 2014; Singh et al., 2016; Wu et al., 2014).
However, cleavage is inhibited for targets with multiple PAM-distal mismatches based on a
conformational switch that regulates the fidelity of Cas9 (Dagdas et al., 2017; Sternberg et
al., 2015). Structures of Cas9 have revealed that the HNH domain is mobile (Anders et al.,
2014; Jiang et al., 2016, 2015; Jinek et al., 2014; Nishimasu et al., 2014), and the catalytic
conformation is preferentially adopted when Cas9 is bound to a target with perfect
complementarity (Dagdas et al., 2017; Sternberg et al., 2015). Movement of the HNH
domain also allosterically regulates cleavage by the RuvC domain, ensuring high fidelity
cleavage for both strands (Sternberg et al., 2015).

Type V CRISPR-Cas systems

Five additional RNA-guided DNA-targeting Class 2 effectors have been recently discovered
and assigned to the newly designated Type V-A-E (Koonin et al., 2017) (Table 1). Based on
the similarity of domain organization, effectors associated with these five sub-types have
been classified as variants of the Cas12 family. Only Cas12a (formerly Cpfl) and Cas12b
(formerly C2c1) have been extensively characterized both structurally and functionally
(Dong et al., 2016; Gao et al., 2016; Liu et al., 2017a; Shmakov et al., 2015; Stella et al.,
2017; Swarts et al., 2017b; Wu et al., 2017; Yamano et al., 2016; Yang et al., 2016; Zetsche
et al., 2015). Two additional Type V effectors, Cas12d (formerly CasY) and the compact 980
amino acid Cas12e (formerly CasX), have demonstrated RNA-dependent DNA interference
activity in /n vivo studies (Burstein et al., 2017), while activity of Cas12c (formerly C2c3)
has not been established (Shmakov et al., 2015). Intriguingly, several small, uncharacterized
effectors have also been identified (Type V-U1-5), with some as small as ~400 amino acids
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(Types V-U3-4) (Shmakov et al., 2017). While the activity of these putative effector proteins
has yet to be determined, their diminutive size make them highly attractive for potential
biotechnology applications.

Type V domain organization and architecture

A common feature of Type Il and V effectors is the RuvC domain, composed of three motifs
that form a single catalytic domain in the tertiary structure (Figure 2A-C). However, unlike
Type Il effectors, Type V effectors lack HNH domains, substituting it with a previously
uncharacterized nuclease (Nuc) domain (Yamano et al., 2016). Despite the substantial
differences in domain compaosition and their placement in the primary structure, the overall
structures of Cas9 and Cas12 contain several similar features (Figure 3A-F). Both adopt a
bi-lobed architecture comprising two major lobes: a recognition (REC) lobe containing
alpha-helical REC motifs; and a nuclease (NUC) lobe containing the RuvC and HNH/Nuc
domains (Figure 3A, C, E). A positively charged channel formed between the lobes binds
the crRNA-DNA hybrid. The bridge helix (BH), a characteristic feature of Type Il and V
effector proteins, connects the REC and NUC lobes in the tertiary structure. Two additional
domains, the PAM interacting (PI) and wedge (WED) domains, are involved in PAM
recognition, although their structures and sequences vary substantially between different
Class 2 effectors (Yamano et al., 2016).

Divergent RNA requirements of Type V systems

Initial mechanistic studies of Type V systems have revealed the RNA requirements of
several Cas12 effectors (Figure 1B-F, Table 1). Like Cas9, Cas12b and Casl12e require both
crRNA and tracrRNA for activation, although it is unknown whether endogenous RNase 11l
is responsible for their processing as in the Type 11 systems (Burstein et al., 2017; Shmakov
et al., 2015). Cas12a has no tracrRNA requirement, utilizing only a single ~44-nucleotide
(nt) crRNA for activation (Zetsche et al., 2015). It is also likely that Cas12c and Cas12d only
require a single crRNA, as no tracrRNA loci have been identified for Type V-C and V-D
CRISPR-Cas systems (Burstein et al., 2017; Shmakov et al., 2015).

The lack of tracrRNA in some Type V systems indicates that pre-crRNA processing occurs
through a different mechanism than in Type Il systems, and indeed crRNA maturation has
been demonstrated to be dependent on cleavage by Cas12a in Type V-A (Fonfara et al.,
2016) (Figure 1B). The pre-crRNA is cleaved within the repeat region, which adopts a
pseudoknot structure (Swarts et al., 2017; Yamano et al., 2016). In the structure of Casl12a
bound to a pre-crRNA, the scissile phosphate is directly positioned between the sidechains
of highly-conserved histidine and lysine residues within the WED domain (Swarts et al.,
2017). Although early studies suggested that pre-crRNA cleavage requires divalent metal
ions (Fonfara et al., 2016), subsequent studies showed that Mg2* ions help stabilize Cas12a
binding to the RNA but are not required for catalysis (Swarts et al., 2017). Cleavage
proceeds through a divalent-metal-ion independent general acid-base catalytic mechanism
based on nucleophilic attack of the adjacent 2"-OH at the scissile phosphate, leading to
formation of a 2”, 3’~cyclic phosphate. This mechanism is reminiscent of metal-independent
Cas5 and Cas6 endoribonucleases that are responsible for pre-crRNA processing in Class 1
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systems (Hochstrasser and Doudna, 2015), an example of the functional convergence that is
commonly observed across CRISPR—Cas subtypes.

A common strategy of RNA-guided protein complexes is the presentation of the guide RNA
in a pre-ordered conformation poised for pairing with the nucleic acid target (Gorski et al.,
2017). As in Type | CRISPR-Cascade and both prokaryotic and eukaryotic Argonaute
complexes, the Type Il and V effectors pre-order the PAM-proximal “seed” region of the
guide in an A-form conformation to facilitate target search (Jackson et al., 2014; Jiang et al.,
2015; Swarts et al., 2017a, 2014; Yang et al., 2016; Zhao et al., 2014) (Figure 3A, C, E). The
binary complexes of Cas9 and Cas12b with sgRNA have pre-organized DNA binding
pockets that can accommodate the RNA:DNA duplex without altering the conformation of
the binding channel (Jiang et al., 2016, 2015; Yang et al., 2016). In contrast, the Cas12a-
crRNA complex must undergo extensive rearrangements to accommodate the DNA, with
concerted conformational changes occurring within the two REC domains upon PAM
recognition (Yamano et al., 2016). These differences likely reflect the scaffolding nature of
the tracrRNA in Cas9 and Cas12b, in which interactions with the RNA secondary structure
position the REC domains prior to DNA binding (Figure 3A, E). The shorter crRNA of
Cas12a lacks interactions with the REC domains, necessitating the rearrangement of the
REC lobe to accommodate the DNA (Figure 3C).

Target binding by Type V effectors

One of the most remarkable features of Cas effectors is their ability to efficiently locate,
unwind and bind dsDNA targets. This process is facilitated through a mechanism based on
PAM-searching and local unwinding, which is common to sub-types in both Class 1 and 2
CRISPR-Cas systems (Redding et al., 2015; Sternberg et al., 2014). By coupling PAM
recognition with DNA unwinding, Cas effectors only locally unwind DNA at possible target
sites, which significantly increases the efficiency of the search process.

Type V systems also require PAM sequences (Table 1), and Cas12 likely employs a similar
mechanism for target searching. Both Type V-A and VV-B effectors recognize T-rich PAM
sequences, and notably these motifs are located just upstream of the non-complementary
strand of the target, the opposite end in comparison to Type Il (Shmakov et al., 2015;
Zetsche et al., 2015) (Figure 1D—F). Cas9 reads the PAM through sequence-specific major
groove interactions of two arginine residues within the dedicated PI domain (Anders et al.,
2014) (Figure 4A). For Cas12, the T-rich PAM helix causes the minor groove to narrow,
enabling PAM readout through sequence- and shape-dependent interactions with both the
major and minor grooves (Yamano et al., 2016; Yang et al., 2016) (Figure 4B-C).

Upon PAM recognition, local destabilization of the DNA duplex is facilitated through a
“phosphate locking” mechanism that is conserved in all Cas effectors that bind dsDNA
(Anders et al., 2014; Hayes et al., 2016; Yamano et al., 2016; Yang et al., 2016). Residues
within phosphate lock loops stabilize the phosphate group of the PAM-proximal
deoxyribonucleotide in a rotated conformation that distorts the target strand and allows for
base pairing with the complementary crRNA ribonucleotide (Figure 4). Formation of the
RNA:DNA heteroduplex is stabilized through backbone interactions within the cleft formed
between the REC and NUC lobes. Interestingly, although the Cas12a crRNA guide region is
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24 nt, 4 nt longer than Cas12b, RNA:DNA heteroduplex formation is interrupted after 20
base pairs by the insertion of an aromatic sidechain, resulting in a duplex that is the same
length as in Cas12b (Swarts et al., 2017b; Yamano et al., 2016) (Figure 1F-G, 3D, F).

R-loop formation is also dependent on stabilization of the separated non-target strand to
prevent reannealing with the target strand. In Cas9, the PAM-proximal region of the non-
target strand is bound within a tight channel through the NUC lobe, which places the strand
within the RuvC active site and positions the scissile phosphate for cleavage (Jiang et al.,
2016) (Figure 3B). Notably, in Cas12a and Cas12b crystal structures, much of the non-target
strand is disordered beyond the first few PAM-proximal nucleotides, suggesting that the
central region of the strand does not interact stably with the protein (Swarts et al., 2017b;
Yang et al., 2016) (Figure 3D, F). Instead, the non-target strand may be stabilized through
interactions on the PAM-distal end, near the cleavage site. Consistent with this model, a
short section of the PAM-distal region has also been observed in the Cas12b RuvC active
site (Yang et al., 2016) (Figure 3F, 5B). The relative lack of stabilizing interactions with the
single-stranded non-target region suggests that Cas12 R-loop formation may be less
energetically favorable than for Cas9. Intriguingly, genome editing studies have indicated
that Cas12a is more specific than Cas9 (Kim et al., 2016; Kleinstiver et al., 2016b), which
could be a consequence of lower Cas12a off-target binding affinity. Future studies of R-loop
formation energetics will be vital for understanding the relative specificities of Cas9 and
Cas12 effectors.

Target cleavage by Type V effectors

A consequence of the divergent domain organization and PAM locations is the substantial
differences in cleavage sites by Cas9 and Cas12 endonucleases (Figure 1D-F). While Cas9
produces blunt cuts proximal to the PAM (Gasiunas et al., 2012; Jinek et al., 2012) (Figure
1D), both Cas12a and Cas12b generate staggered cuts at the PAM distal end of the target
DNA (Yang et al., 2016; Zetsche et al., 2015) (Figure 1E-F). Cas9 cleavage of the target and
non-target strands is mediated by the metal-ion dependent HNH and RuvC endonuclease
domains, respectively (Gasiunas et al., 2012; Jinek et al., 2012). Similarly, the RuvC domain
in Cas12 is required for cleavage, although the lack of HNH domain has obscured the exact
catalytic mechanism of dsSDNA cleavage for these effectors. The Nuc domain has been
hypothesized to be the second endonuclease site, and early studies of Cas12a implicated this
domain in target strand cleavage (Yamano et al., 2016). However, mutations in the RuvC
active site block cleavage of both dsDNA strands (Swarts et al., 2017b; Yamano et al., 2016;
Zetsche et al., 2015), and structures of Cas12b reveal that both strands can be individually
accommodated in the RuvC active site (Yang et al., 2016) (Figure 5A-B). These data
suggest that the RuvC domain may be the sole endonuclease in Cas12 effectors, while the
Nuc domain may be critical for positioning the scissile phosphates for cleavage but may not
contribute directly to catalysis (Swarts et al., 2017Db).

Structural studies of Cas12b provide important clues as to how these effectors may use a
single active site to cleave each strand (Yang et al., 2016). When the target strand is
elongated past the end of the 20-bp RNA:DNA duplex, the single-stranded PAM-distal end
adopts a kinked conformation that places the scissile phosphate into the active site (Figure
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5A). However, the target strand cleavage site is past the end of the R-loop and likely double-
stranded (Figure 1F), and it remains unclear if and how the PAM distal dsDNA helix is
unwound to expose the target strand for cleavage. For the non-target strand, a short segment
of the PAM-distal end also travels through the RuvC domain (Figure 3F, 5B), although the
exact mechanism dictating cleavage site selection has not been determined. While Cas9
guides the non-target strand to the RuvC active site through extensive interactions within the
NUC lobe (Figure 3B), the apparent lack of interactions between Cas12 and the central
region of the non-target strand obscure the mechanism of strand placement in the active site.
It is possible that non-target cleavage site selection may be guided by interactions with the
dsDNA helix flanking the PAM-distal end of the R-loop. Indeed, such interactions have been
observed for Cas12a, where the flanking dsDNA is bound at the end of the REC/NUC
channel (Swarts et al., 2017b) (Figure 3D).

It remains unclear how Cas12a cleaves both strands using a single active site. The crystal
structures of both the pre-cleavage and post-cleavage forms show that the scissile phosphates
of both strands are almost 30 A away from the RuvC catalytic site (Stella et al., 2017;
Swarts et al., 2017b; Yamano et al., 2016) (Figure 3D). It is therefore likely that further
conformational changes are essential for the RuvC domain to cleave both strands, and that
Cas12a may use a similar strategy to Cas12b to accommodate each strand in the active site.

In addition to questions regarding the conformational rearrangements required for cleavage,
another important question is whether target and non-target cleavage by the RuvC domain
occurs sequentially or in a random order. These two questions will be critical for
understanding whether the putative conformational changes that dictate cleavage of each
strand help to regulate cleavage fidelity, as has been observed for the Cas9 HNH domain
(Dagdas et al., 2017; Sternberg et al., 2015). It is possible that the single-active-site
mechanism may provide more stringent control of Cas12a cleavage fidelity, resulting in the
higher specificity observed in genome editing experiments (Kim et al., 2016; Kleinstiver et
al., 2016b). Future studies of this mechanism will help to illuminate these disparate
specificities, and could facilitate the design of Type V effectors with higher specificity, as
has been achieved for Cas9 (Chen et al., 2017; Kleinstiver et al., 2016a; Slaymaker et al.,
2016).

Type VI CRISPR-Cas systems

Of the recently discovered CRISPR-Cas systems, Type VI contains the most highly
divergent effectors both in sequence and in function (Abudayyeh et al., 2016; Shmakov et
al., 2015) (Figure 1G, 2D). Cas13, the signature effectors of Type VI systems, targets and
cleaves RNA rather than DNA, the only CRISPR-Cas systems to target RNA outside of the
Class 1 Type 111 systems (Abudayyeh et al., 2016; Tamulaitis et al., 2017). To date, three
Type VI sub-types (VIA-C) have been discovered (Koonin et al., 2017) (Table I), with the
founding type VI-A and corresponding Cas13a effector (formerly C2c2) the best
characterized to date.
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Type VI domain organization and architecture

Similar to the other Class 2 effectors, Cas13a adopts a bilobed structure consisting of the
crRNA recognition (REC) and nuclease (NUC) lobes (Liu et al., 2017b, 2017c) (Figure 2D,
3G-H). However, consistent with its divergent functional role, Cas13 has no sequence or
structural similarity with other Class 2 effector proteins, lacking the signature RuvC domain
common to both Cas9 and Cas12 effectors. Instead, Cas13 endoribonucleases contain two
Higher Eukaryotes and Prokaryotes Nucleotide-binding (HEPN) RNase domains that are
also a characteristic feature in Csmé6 proteins of the Class 1, type I11-A system (Abudayyeh
et al., 2016; Niewoehner and Jinek, 2016) (Figure 2D).

Activation of Cas13a by crRNA

Casl3a is activated by a single crRNA and, similar to Cas12a, is required for pre-crRNA
processing (East-Seletsky et al., 2016). The location of the pre-crRNA processing active site
varies between different Cas13a orthologs that belong to two separate clades, and is found in
either the helical 1 domain or in a region of the HEPN2 domain that is distinct from the
target-cleavage active site (East-Seletsky et al., 2017; Liu et al., 2017b, 2017c). The different
sites of cleavage may be related to the length of the repeat-derived 5° handle. Nevertheless,
the active sites are similar in both domains, comprising arginine and lysine residues that
surround the scissile phosphate (Liu et al., 2017b, 2017c). Cas13a cleaves pre-crRNA in a
metal-ion-independent fashion, likely proceeding through a mechanism similar to Type |
Cas6 and Cas12a enzymes (Hochstrasser and Doudna, 2015, Swarts et al., 2017).

Upon cleavage, the crRNA remains bound to Cas13a and forms multiple contacts with the
protein (Liu et al., 2017b, 2017¢c). The 5"-end of the guide spacer is buried within the NUC
lobe, while the central region forms extensive backbone contacts with the protein but is
otherwise solvent exposed. In this configuration, the central region of the spacer is presented
for nucleation of target binding (Figure 3G). Consistent with these structural observations,
functional studies have suggested that Cas13a has a central seed region, as mutations in the
middle of the target is more deleterious than mutations at either end (Abudayyeh et al.,
2016). This mechanism stands in strong contrast to Cas9 and Cas12 effectors that present
terminal PAM-proximal regions of the spacer for RNA:DNA heteroduplex nucleation (Jiang
et al., 2015; Swarts et al., 2017b; Yang et al., 2016) (Figure 3A, C, E).

Target binding by Type VI effectors

The central seed region reflects the unique target-binding properties of Cas13 effectors that
stem from targeting single-stranded rather than double-stranded nucleic acids. Cas13 has no
requirement for a double-stranded unwinding mechanism. Consistently, Cas13 targets do not
contain PAM sequences (Abudayyeh et al., 2016), which are associated with dsSDNA
unwinding in Type I, Il and V systems. Similarly, the RNA-targeting Type 111 effectors are
the only other characterized CRISPR—-Cas systems to use a PAM-independent mechanism
for target recognition (Tamulaitis et al., 2017).

Instead, Cas13 effectors display differential targeting based on protospacer flanking sites
(PFS) (Abudayyeh et al., 2016; Smargon et al., 2017) (Table 1). For the well-characterized
Leptotrichia buccalis Cas13a, targets flanked by G on the 3" end are cleaved with lower
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efficiency than targets with A, C or U at that position (Figure 1G). Notably, the last
nucleotide of the 5" repeat-derived handle within the crRNA (-1 position) is a C, suggesting
that PFS non-complementarity is important for targeting. The ternary structure of Cas13a in
complex with crRNA and target ssRNA reveals that the 3° PFS nucleotide in the target RNA
is bound within a cleft between the NTD and helical 1 domain, preventing base pairing
between the non-guide region of the crRNA and target RNA (Liu et al., 2017b). A potential
base pair between the PFS and 5’-handle could disrupt crRNA conformation or target
binding leading to the observed defects in target cleavage.

Upon target binding, the Cas13a crRNA forms an extended A-form helix with the target
RNA that is bound in a positively charged channel within the NUC lobe (Liu et al., 2017b)
(Figure 3H). To accommodate the duplex RNA, the NUC domain undergoes significant
structural rearrangements that bring the catalytic residues of the two HEPN domains into
close proximity. The two HEPN domains form a single active site that cooperate in cleaving
the target sSRNA (Figure 5C), as mutation of either domain is sufficient to block cleavage
activity (Abudayyeh et al., 2016). In the binary Cas13a-crRNA complex, the active site
residues of the HEPN domains are >5 A further apart, preventing promiscuous RNA
cleavage (Liu et al., 2017b, 2017c¢). In this way, target binding activates Cas13a for sSRNA
cleavage by correctly positioning the HEPN domains to create a functional active site.

Collateral ssRNA cleavage by Type VI Cas13 effectors

Interestingly, unlike Cas9 and Cas12, the Cas13a ternary complex does not cleave the target
at a specific site, instead cleaving non-specifically at U-rich regions (Abudayyeh et al., 2016;
East-Seletsky et al., 2016). This suggests that the target may be cleaved in trans by
neighboring Casl13a enzymes, a model supported by recent structural studies (Liu et al.,
2017b). In addition to target-RNA cleavage, activated Cas13 can degrade non-target RNA
through a promiscuous, “collateral” cleavage activity (Abudayyeh et al., 2016). The active
site of the activated dual-HEPN domains is solvent-exposed (Figure 5C), allowing easy
access for collateral RNA cleavage (Liu et al., 2017b). Cas13a has been shown to cleave
non-specific RNAs once activated by binding the target. This non-specific activity can occur
in cfs at other regions of the targeted RNA, as well as on non-target RNAs provided in frans
(Abudayyeh et al., 2016; East-Seletsky et al., 2016) (Figure 1G).

It is unclear whether Cas13 has a mechanism for distinguishing host- and phage-derived
transcripts during collateral RNA cleavage. Promiscuous RNA cleavage may therefore
damage host cells, leading to cellular dormancy or programmed cell death to slow the spread
of infection amongst the population (Abudayyeh et al., 2016). Type VI systems also contain
mechanisms for regulating Cas13 cleavage that could provide further control to reduce
damage against host cells or induce programmed cell death. In Type VI-B systems, the host
cas operon encodes one of two accessory protein, Csx27 or Csx28. Intriguingly, these
proteins regulate Cas13b function, as Csx27 inhibits target RNA cleavage while Csx28
enhances collateral RNA cleavage (Smargon et al., 2017). The inhibitory activity of Csx27 is
intriguingly similar to phage-encoded anti-CRISPR proteins that turn off Cas effector
activity, providing phage an advantage in the host-pathogen interaction (Borges et al., 2017).
The presence of a regulatory inhibitor in Type VI systems suggests that host expression of
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anti-CRISPR-like proteins may be wider-spread mechanisms for regulation of CRISPR—Cas
activity.

Recent studies have revealed an immune mechanism in the Class 1 Type I11-A system that
parallels the target-activated collateral cleavage by Cas13 (Kazlauskiene et al., 2017;
Niewoehner et al., 2017). In this system, the multi-subunit Csm effector complex binds RNA
transcripts that match the guide crRNA. Upon target binding, the Csm complex Cas10
subunit converts ATP into a cyclic oligoadenylate. This signaling molecule then binds and
activates the non-specific CRISPR-associated ribonuclease Csm6, which cleaves phage-
derived transcripts leading to enhanced immunity. Thus, in both the Type Il and VI systems,
potentially promiscuous RNases are activated only in the presence of invader target RNA.

Applications based on Type V and VI systems

The fundamental mechanistic understanding of Type V and VI systems has enabled rapid
development of biotechnology tools based on Cas12a and Cas13a (Gootenberg et al., 2017;
Hur et al., 2016; Tang et al., 2017; Zetsche et al., 2017). The distinct mechanisms of Cas9
and Cas12a increases the functionality of CRISPR-Cas genome editing, while the
orthogonal RNA-targeting activity of Cas13a allows for tool development in creative new
directions.

Type V applications

Differences at every level of Cas9 and Cas12 mechanism contribute to the complementary
nature of the two tools, and provide several potential advantages in the case of Cas12a
(Figure 1D-E). While Cas9 sgRNAs are large (~100 nt), the single, short Cas12a crRNA
provides a significant advantage, especially for the production of synthetic guide RNAs. The
shorter size of both Cas12a and the crRNA are also attractive for viral delivery systems. In
addition, the unique mechanism for Type V-A crRNA processing provides an additional tool
when using Cas12a for biotechnology. Because Cas12a processes its own crRNAs, it can be
used to process multiple crRNAs from a single transcript for multiplex gene editing (Zetsche
et al., 2016; Zhong et al., 2017). The difference in PAM requirements also substantially
increases the range of genome editing targets. Cas12a is especially useful for editing AT rich
genomes and target genes due to its T-rich PAM sequence.

The differences in active sites and cleavage site selection between Cas9 and Cas12a are also
significant for genome editing applications. Following DNA cutting by the Cas effector,
endogenous DNA repair mechanisms introduce mutations, either through the error-prone
non-homologous end joining (NHEJ) mechanism or through specific homology directed
repair (HDR) pathways if a template is provided (Doudna and Charpentier, 2014). The
staggered cuts produced by Cas12a may additionally allow for directional insertion of gene
fragments with complementary “sticky ends”, similar to traditional restriction enzyme
cloning methods (Zetsche et al., 2015). It has also been proposed that Cas12a may help to
promote HDR, which occurs less frequently than NHEJ (Zetsche et al., 2015). Because
Casl2a cleaves at the PAM-distal end, indels formed through NHEJ will be less disruptive
for further Cas12a targeting, enabling multiple cutting events at the same site that could
improve the chances of repair through HDR.
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Specificity is a critical consideration as genome editing technologies mature to the stage
where they may be used in human therapeutics. Off-target studies of Cas effectors have
revealed that Cas9 can produce significant off-target edits at sites with high homology to the
target (Tsai and Joung, 2016), while Cas12a has very low or non-detectable off-target editing
activity (Kim et al., 2016; Kleinstiver et al., 2016b). Although several high-fidelity variants
of Cas9 have been engineered (Chen et al., 2017; Kleinstiver et al., 2016a; Slaymaker et al.,
2016), the intrinsic higher specificity of Cas12a is an attractive quality for genome editing
applications. Conversely, it is likely that Cas9 may provide broader defense in endogenous
CRISPR-Cas immunity, as the relatively relaxed specificity may enable continued targeting
of rapidly evolving phage.

Apart from genome editing, catalytically dead Cas9 (dCas9) has been widely used as a
programmable DNA-binding protein, enabling in situ imagining of genomic loci (Shao et
al., 2016) and precise control of transcription through repression or activation (Wang et al.,
2016). Recent studies demonstrated that DNase-dead Cas12a can also be used for gene
regulation in bacteria and plants (Tang et al., 2017; Zhang et al., 2017), suggesting that a
wider range of applications will also be enabled by dCas12a.

Type VI applications

The orthogonal activity of Type VI Cas13 provides exciting new opportunities for
applications based on programmable RNA targeting. Cas9 has been adapted for RNA
binding and cleavage, but requires an additional short DNA complementary to the PAM
region for activity (O’Connell et al., 2014). In contrast, Cas13a requires only the crRNA to
target an RNA of interest, providing a simpler system with an array of potential applications
based on site-specific RNA binding or cleavage. Catalytically dead Cas13a could be used to
bind mMRNAs to modulate processing or translation, or to visualize RNA movement and
localization.

The unique collateral cleavage activity of Cas13a provides an additional functionality that
has been exploited for nucleic acid detection based on a signal released upon collateral
cleavage of an RNA reporter. Early studies of Cas13a utilized a quenched fluorescent RNA
reporter to release a signal upon detection of a target RNA within a complex mixture of
RNA sequences. Upon binding to the target, Cas13a collaterally cleaves the reporter,
producing a fluorescent signal only upon detection of specific RNA molecules (East-
Seletsky et al., 2016). These early studies revealed the potential for highly sensitive RNA
detection, enabling precise detection of picomolar quantities of RNA. More recently, Cas13a
has been further developed into SHERLOCK (Specific High-Sensitivity Enzymatic Reporter
UnLOCKIing), a diagnostic tool that enables precise, rapid and sensitive detection of nucleic
acid in environmental or clinical samples (Gootenberg et al., 2017). In this system, nucleic
acid samples are first amplified then transcribed to produce target RNA for detection by
Casl3a. In initial studies, SHERLOCK could be used to discriminate between closely
related Zika and Dengue viruses, detect pathogenic bacteria, and identify mutations in cell-
free tumor DNA with attomolar sensitivity (Gootenberg et al., 2017). Although Cas13a tool
development is still in its infancy, the results are already remarkable and indicate the
potential for another powerful CRISPR-based tool.
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Future prospects

CRISPR-Cas systems have already provided an impressive set of applications, and the future
discovery and characterization of divergent systems will undoubtedly lead to further
expansion of CRISPR-based tools. While Cas12a and Cas13a have had an immediate impact
on technology development, other newly discovered Class2 effectors, including Cas13b, are
still in the initial stages of characterization. It remains to be seen whether they will be useful
for biotechnological applications. The continued combination of detailed molecular studies
and tool development will be vital for defining the mechanistic differences that could further
enhance the CRISPR-Cas toolkit.
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Figure 1. Mechanisms of Class 2 effectors
(A) Schematic of CRISPR array. Type Il and V-B operons also contain tracrRNA loci, which

is sometimes expressed from the opposite strand. Types V-A and VI contain only the
CRISPR array. (B,C) Processing mechanisms for crRNA. (B) Type 1l crRNA:tracrRNA
duplexes are cleaved by RNase I11. It is unknown whether RNase 111 also processes Type V-
B dual-RNA. (C) Cas12a and Cas13 process pre-crRNAS to produce mature guide crRNA.
(D-G) Targeting mechanisms of Class 2 effectors. PAM or PFS locations and sequences are
shown in yellow. SpCas9 PAM sequence is shown in (D). (D-F) N: A, C,Gor T. (G) H: A,
CorU.

Mol Cell. Author manuscript; available in PMC 2018 October 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Murugan et al.

Page 18

A NUC lobe
T 1 .
REC1-3 Cas9
P = I3 NS S QO
0 of;
~ REC lobe @,40 & Q:?o &
B NUC lobe
™ r L T 1 ;
—;“P Cas12a
% S > 3 o
&o | REC1/2 (15)\ Q Q,Q'\\ §QQ, §J\ S 40’\\
REC lobe <& &S &
C NUC lobe
r‘-| —_— . , |
NREC1 Pl REC1 | » > 7oL REC2 | » > o Cas12b
Q Q'\ o & Q'\ Q()’ '\\\ d\
N R Q9A T Q94 S Qg@ S
REC lobe
D , NUC lobe |
T e Cas13a
| NTD HEL1 | > a S & o
> N N Nag
REClobe & & ég* S &

Figure 2. Domain arrangement of Class 2 effectors
Domains comprising recognition (REC) lobe and nuclease (NUC) lobes are labeled. PI:

PAM interacting, WED: wedge domain, BH: bridge helix, Nuc: nuclease domain, HEPN:
Higher Eukaryotes and Prokaryotes Nucleotide-binding, HEL: Helical.

Mol Cell. Author manuscript; available in PMC 2018 October 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Murugan et al.

Page 19

tracrRNA
I T-DNA
NT-DNA

” PAM-distal
«—dsDNA helix

B crRNA
tracrRNA

I T-DNA
NT-DNA

I HEL1
[ NTD
N HEPN1
[ HEPN2
Bl HEL2

Linker
B crRNA

Il T-RNA

Figure 3. Structures of Class 2 effector binary and ternary complexes
(A) SpCas9 with sgRNA (PDB 4ZT0) and (B) SpCas9-sgRNA bound to dsDNA (PDB

5F9R). (C) Francisella novicida Casl2a (FnCasl2a) bound to crRNA (PDB 5NG6) and (D)
FnCasl12a-pre-crRNA bound to dsDNA (PDB 5NFV). (E) Alicyclobacillus acidoterrestris
Casl12b (AacCas12b) bound to sgRNA (PDB 5U34) and (F) AacCas12b-sgRNA bound to
dsDNA with extended non-target strand (PDB 5U33). (G) Leptotrichia shahii Cas13a
(LshCas13a) bound to crRNA (PDB 5WTK) and (H) Leptotrichia buccalis Cas13a
(LbuCas13a) and crRNA bound to target ssSRNA (PDB 5XWP). T-DNA: Target DNA strand,
NT-DNA: Non-target DNA strand, T-RNA: Target RNA strand.

Mol Cell. Author manuscript; available in PMC 2018 October 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Murugan et al. Page 20

ﬁo‘ +1 non-target target--cir;jﬁf \\
/ - ° | =
$ ) ~

CV s, ‘f’

G(-Z‘;:’ Rl Phosphate lock

T .:'P'C@( 2) loop
£ o S3)

PAM )S'i;f
recognltlon (o "

\ e 4
é target::crRNA \

+1 non-target XY
7

bt

&

.7 PAM
recognltlon

2)4-( /é\ N uA( 2)
‘CJ Phosphate lock

1 loop
Fo R 2
\ e e
K :"_/-“\PAM recognition J
é +1 nofnﬂ-target target: chNA \
f?\\ !
{'PAM recognltlon Y .)~
= 4\‘,"* s /\
U s i~ ¢ o dipa
- A('2) ) \
Phosphate lock
loops

QJ y==*=="BAM recognition J

Figure 4. PAM recognition and phosphate locking mechanisms in Type Il and V effectors
Close-ups of PAM regions for (A) SpCas9 (PDB 5F9R) (B) FnCas12a (PDB 5NFV) (C)

AacCas12b (PDB 5U33). (A) SpCas9 reads the G-rich PAM sequence through major groove
interactions. (B,C) FnCas12a and AacCas12b read T-rich PAM sequences through sequence
and shape-specific interactions in major and minor groove. All three effectors stabilize the
rotated phosphate of the PAM-proximal deoxyribonucleotide using a phosphate lock loop.
Residues from the effectors are colored by domain as in Figure 3.
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non-target

Figure 5. Class 2 effector active sites
(A-B) Cas12b active sites with (A) target strand (PDB 5U30) or (B) non-target strand (PDB

5U33) accommodated in RuvC active site. (C) Solvent exposed Cas13a HEPN1/2 domain
active site (PDB 5XWP).
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