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Abstract

Prokaryotic adaptive immune systems use Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPRs) and CRISPR-associated (Cas) proteins for RNA-guided cleavage of foreign genetic elements. The
focus of this review, Type VI CRISPR—Cas systems, contain a single protein, Cas13 (formerly C2c2) that when
assembled with a CRISPR RNA (crBNA) forms a crBNA-guided RNA-targeting effector complex. Type VI
CRISPR—Cas systems can be divided into four subtypes (A-D) based on Cas13 phylogeny. All Cas13 proteins
studied to date possess two enzymatically distinct ribonuclease activities that are required for optimal interference.
One RNase is responsible for pre-crBNA processing to form mature Type VI interference complexes, while the
other RNase activity provided by the two Higher Eukaryotes and Prokaryotes Nucleotide-binding (HEPN)
domains, is required for degradation of target-RNA during viral interference. In this review, | will compare and
contrast what is known about the molecular architecture and behavior of Type VI (A-D) CRISPR—Cas13
interference complexes, how this allows them to carry out their RNA-targeting function, how Type VI accessory
proteins are able to modulate Cas13 activity, and how together all of these features have led to the rapid
development of a range of RNA-targeting applications. Throughout | will also discuss some of the outstanding
questions regarding Cas13's molecular behavior, and its role in bacterial adaptive immunity and RNA-targeting

applications.

© 2018 Elsevier Ltd. All rights reserved.

Introduction

Prokaryotic Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) RNAs and CRISPR-
associated (Cas) proteins act together to function as
an adaptive immune system to protect bacteria and
archaea against foreign genetic elements such as
bacteriophages and plasmids [1-5]. CRISPR—Cas
systems specifically act as RNA-guided programma-
ble nucleases to degrade DNA and/or RNA of
predominately exogenous nucleic acids by harnes-
sing a genetic molecular memory of previous infec-
tions [6—-14]. At the molecular level, mounting this
adaptive response requires three effectively distinct
processes: adaptation, CRISPR RNA (crRNA) bio-
genesis, and interference (for review, see Ref. [2]).
Adaptation (i.e., updating the molecular memory bank
to include information about the most recent infection)
requires the acquisition of foreign DNA sequences
into a CRISPR array. A CRISPR array is repeating
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genomic sequence containing multiple copies of a
short segment of DNA comprising alternating semi-
palindromic repeats and “spacer” sequences, which
are inserted by integrase-like Cas proteins (in most
cases, Cas1/Cas2; for review, see Ref. [15]).

The CRISPR array is then transcribed to generate a
pre-CRISPR-RNA (pre-crRNA), which is then proc-
essed nucleolytically by either Cas proteins and/or
host factors to generate individual mature crRNAs (for
review, see Ref. [16]). These crBNAs then form a
complex with a subset of the system's Cas proteins to
form an “effector” or “interference” complex that
enables crBNA-guided scanning of nucleic acid
present in the cell (DNA and/or RNA depending on
the CRISPR-Cas type) and once sufficient base-
pairing complementarity between the crRNA-spacer
and a target is found, the Cas effector complex is able
to cleave and promote degradation of the identified
nucleic acid molecule, helping to prevent further
infection [2, 3, 6-14].
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CRISPR-Cas systems can be classified into two
general classes based on the protein constituents of
their Cas effector complexes [17]. Class 1 CRISPR-
Cas effector complexes are assembled from a crRNA
and multiple protein subunits, typically encoded by
three to six distinct cas genes [18] . In contrast, Class 2
CRISPR—Cas effector complexes are assembled from
a crBNA, which in some cases also hybridized with
another CRISPR—Cas encoded small RNA known as a
trans-activating crBNA (tracrBNA) [19], and a single
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Cas protein [6, 8, 20-23]. Interestingly, Class 2 systems
are significantly rarer within prokaryotes compared to
Class | systems, with only 10% of CRISPR-Cas loci
within sequenced genomes belonging to Class Il
systems, with almost all within the bacterial kingdom
[24, 25]. Class 1 and Class 2 CRISPR—Cas systems
can be further divided into different types based on the
composition of their Cas protein cache: types |, Ill, and
IV (Class 1), and types Il, V, and VI (Class 2), which to
date are currently subdivided into approximately 30
distinct subtypes (usually denoted using a proceeding
letter, e.g., Type II-A) [26]. The abbreviated nature of
Class Il systems and their ability to be readily
reprogrammed to bind, and/or cleave specific se-
quences of DNA or RNA have resulted a revolution in
genome interrogation and engineering. CRISPR—Cas
proteins have been used to edit genomes, track
molecules in live cells, or perturb the regulation of
specific genes, in a range of organisms [2—4].

The focus of this review, Type VI CRISPR-Cas
systems, can be divided in four subtypes (A-D) based
on the phylogeny of their effector complexes [26—28]
(Fig. 1a). All Type VI systems include a single “effector”
protein, known as Cas13 (formerly C2c2 in type VI-A
systems), that when assembled with crBNA forms a
crBRNA-guided RNA-targeting effector complex
[27-31]. All Cas13 proteins studied to date possess
two enzymatically distinct ribonuclease activities that

Fig. 1. Diversity and functional overview of Type VI
CRISPR—Cas systems. (a) Schematic comparing the archi-
tectures of the genomic loci of known Type VI subtypes. The
phylogenetic tree (adapted from Ref. [28]) is for illustrative
purposes only to highlight general relationships between the
subtypes; branch lengths are not to scale, and evolutionary
distances are not indicated. It should be noted that the
sequence identity is very low (~11-16%) when comparing
Cas13 across type VI subtypes. Gene cartoons are labeled
with gene names and are approximately to scale. The
average size of the Cas13 protein within each subtype is
indicated (* the size shown for Cas13b includes both VI-B1
and VI-B2 subtypes). Gene cartoons outlined with dashed
lines indicate that these genes are not always found within the
indicated Type VI subtype. Abbreviations: HEPN, Higher
Eukaryotes and Prokaryotes Nucleotide-binding domain;
HTH, helix-turn-helix domain; WYL, WYL domain; TM,
predicted transmembrane-spanning region. Within each
CRISPR array, green diamonds represent the CRISPR
repeats, while orange and red rectangles represent the
spacer sequences. (b) Schematic detailing the process of
Cas13 HEPN nuclease activation through complementary
target-RNA binding. The HEPN nuclease domains are
colored in purple and the HEPN active site residues are
shown as spheres in orange, crRNA-repeat is colored green,
the crRNA-spacer is colored red, and the target-RNA is
colored blue. Protein Data Bank coordinates are provided for
each structure used to make this fig. (c) A schematic
highlights that Cas13's HEPN domains once activated can
cleave target-RNAs in both cis- (left, cleaved RNA is colored
blue) and trans- (right, cleaved RNA is colored green). Cas13
coloring is the same as in (b).
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are required for optimal interference [27, 28, 30-32].
One RNase is responsible for pre-crRNA processing to
help form mature Type VI interference complexes [27,
28, 30-32], while the other RNase activity, provided by
the two Higher Eukaryotes and Prokaryotes
Nucleotide-binding (HEPN) domains, is required for
degradation of target-RNA during viral interference
[27-31] (Fig. 1b, c). These properties of Cas13 have
together help to herald the rapid development of a new
generation of RNA-targeting tools for applications in
research and therapeutics [30, 33—-37]. In addition to
Cas13, some Type VI CRISPR—Cas systems contain
additional “accessory” proteins that, while not essential
for Cas13 RNA-guided RNase activity, are able to
modulate RNA interference activity, either positively or
negatively [27, 31] (Fig. 1a).

In this review, | will compare and contrast what is
known about the molecular architecture and behav-
ior Type VI (A-D) CRISPR-Cas13 interference
complexes, how this allows them to carry out their
RNA-targeting function, and how these features
have led to the rapid development of a range of
RNA-targeting applications. Throughout | will also
discuss some of the outstanding questions regard-
ing Cas13's molecular behavior, and its role in
bacterial adaptive immunity and RNA-targeting
applications.

Type VI CRISPR-Cas systems: discovery,
diversity, and abundance

Spurred on by the discovery of Type V CRISPR
systems (containing the effector Cpf1/Cas12) [25,
38-40], which suggested that other Class || CRISPR-
Cas effector proteins beyond Cas9 exist in nature,
Shmakov et al. [20] developed a computational
pipeline to search the whole NCBI WGS database
based on the presence of cas 1 to identify unclassified
candidate Class 2 CRISPR loci. These candidate loci
were then further filtered to identify loci that contained
large uncategorized (>500 amino acid) proteins. This
approach vyielded approximately 50 new CRISPR-
Cas loci that vastly expanded the number of Type V
systems, and first introduced VI-A CRISPR-Cas
systems and a new Class 2 effector, C2c2 (now
known as Cas13), to the world. More recent exten-
sions of this type of approach (but instead using
CRISPR-repeat arrays as an anchor) have expanded
the known Class Il CRISPR-Cas systems to include
to now include at least 13 subtypes (plus five
additional tentative subtypes) [24, 26, 31, 41].
Importantly, these analyses revealed that at the
time, four distinct Type VI CRISPR-Cas subtypes
exist (A, B1, B2, and C, with D to be discovered more
recently, see below) (Fig. 1a). The resident Cas13
within each of these subtypes shares extremely low-
sequence identity with one another, which is practi-
cally limited to the active site motif of the HEPN

domain [26, 31]. This Type VI subtype classification
also highlighted that the HEPN domains can reside at
different positions across the length of Cas13, and
additional features exist in Type VI-B loci, which is
further divided into B1 and B2 subtypes [26, 31].
Specifically, the VI-B1 systems possess an additional
ORF, Csx28, that encodes a small protein with one
putative transmembrane domain (or possibly signal
peptide) and one divergent HEPN domain (Fig. 1a),
while the VI-B2 systems in many cases (but not all)
possess a different ORF, Csx27, that also encodes a
small protein, which appears to contain three to four
predicted transmembrane domains (Fig. 1a). Itis also
worth noting that in many cases, Type VI CRISPR—-
Cas loci lack adaptation genes (cas7/cas2), indicating
that they may utilize adaptation modules from other
CRISPR-Cas loci within the same genome, or have
lost their adaptation modules and are no longer
actively acquiring new protospacers (Fig. 1a). More
work is required within native Type VI CRISPR system
hosts to understand the role of Type VI systems in
nascent adaptive immunity.

Very recently, this Class Il effector discovery
approach was further expanded by two groups that
utilized additional genomics and metagenomics data
sets and an updated bioinformatics pipeline, which
together enabled researchers to case a wider net to
find undiscovered Class |l effector proteins [27, 28].
These searches identified additional Type VI
CRISPR-Cas loci, and excitingly, this led to the
identification of a new subtype, Type VI-D, and an
associated effector protein, Cas13d, which were found
predominately in two bacterial genuses, Eubacterium
and Ruminococcus [27, 28] (Fig. 1a). This subtype,
although most similar to Cas13a [27] and/or Cas13c
[28], only shares minimal sequence identity with
Cas13a and is much smaller than all of previously
discovered subtypes (e.g., median size is ~300 aa or
26% smaller than that of previously identified Cas13
proteins) [27, 28] In addition, much like Type VI-B
systems, a substantial majority Type VI-D systems
were shown to contain associated accessory proteins,
and in this case, these proteins all contained WYL
domains [27], a domain often associated with pro-
karyotic defense systems [42] (Fig. 1a). Experimental
verification of Cas13d's activity showed that the
effector protein behaved in most ways similar to
previously studied Cas13s, with a few small differ-
ences, which | will discuss in more detail below.

Beyond phylogenetic characterization, functional
differences within subtypes have been observed. For
example, Seletsky et al. [32] explored the pre-crRNA
processing behaviors of 11 Cas13a homologs and
found that the Cas13a enzyme family comprises two
distinct functional groups (named the U- and A-
cleaving subfamilies) that recognize orthogonal sets
of crRNAs and possess different single-stranded RNA
(ssRNA) cleavage specificities (discussed in more
detail below) (Fig. 1a).
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Cas13 domain organization several orthologs have revealed that Cas13a adopts
a “bi-lobed” globular protein architecture consisting of

Similar to other Class 2 effector proteins, Cas9 and  one crRNA “Recognition” lobe (REC) and one “Nucle-
Cas12, high-resolution structures of Cas13a from  ase”lobe (NUC)[43—46] (Fig. 2a). In step with their very
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different biochemical activities, this is where the
similarity between Cas13 and Cas9/Cas12 ends, as
no additional structural similarity can be detected
between these proteins [43—45]. Indeed, while Cas9
and Cas12 can be defined by the presence of a
common RuvC nuclease domain, whereas Casi13
invariably contains two distinct HEPN nuclease do-
mains [20], which are commonly found in multiple
systems involved in biological conflicts and processing
of cellular RNAs, including (but not limited to) prokary-
otic toxin—antitoxin and abortive infection defense
systems, as well as in KEN (kinase-extension nucle-
ase) domain-containing eukaryotic ribonucleases such
as RNase L and Ire1 (for review, see Ref. [47]). This led
to the initial hypothesis that Cas13 was an RNA-
targeting enzyme [20]. High-resolution structural stud-
ies of Cas13 have allowed for the determination of
domains within the REC and NUC lobes, namely, an N-
terminal domain (NTD) and a Helical-1 domain that
form the REC lobe, and a split HEPN domain that
contains a Helical-2 domain insertion followed by a
Linker/Helical-3 domain, and a second HEPN domain
that together forms the NUC lobe (Fig. 2a) [43—45].
Interestingly, from primary sequence analysis, the
equivalent region to the Helical-1 domain of Cas13a
appears to be absent in the smaller Cas13d family [27,
28], suggesting that Cas13d may rely solely onthe NTD
domain for crRNA direct repeat (DR) recognition or
utilize another part of the protein to carry out the same
function. Indeed, a very recent cryo-EM structure of
Cas13d in complex with its cognate crRNA confirmed
thatthe NTD alone is primarily responsible for DR stem
recognition, with additional contacts contributed by the
HEPN1/2 domain to the lower DR stem [46] (see below
for more details on crRNA recognition and processing).

Type VI crRNA architecture

Like all other CRISPR-Cas systems, crBNAs in
type VI systems are first transcribed as pre-crBNAs
that require processing to generate single mature
crRNA species (for review, see Ref. [16]). In Class 2
systems, there are two ways in which this has been
shown to occur. In Type Il systems, the DR region of
the crRNA hybridizes to a tracrRNA which is then
bound by Cas9 while being recognized by the host

factor nuclease RNase lll, which acts to cleave the
double-stranded RNA region of the repeat:tracrRNA
duplex and generate mature crBNAs:tracrRNA hy-
brids [19]. The requirement for a tracrBNA and
presumably RNaselll activity has been also shown
for Type V-B and Type V-E systems [20, 24]. In
contrast, it has been shown for at least Type V-A
systems and all Type VI systems tested to date that
crRNA processing is carried out by a dedicated RNA
nuclease within Cas12a [48] and Cas13 [30] (Fig. 2a).
Type VI crRNAs adopt a comparatively simple
structure of a DR forming single short hairpin loop
“handle,” which is flanked by a 5 or 3" ~20-30-nt
spacer “guide” sequence (Fig. 2a—c) [20, 26, 29-35].

In high-resolution structures of Cas13a:crRNA binary
complexes (Fig. 2b), the DR forms a stem of five to six
Watson—Crick base pairs, disrupted by an invariant 2-nt
bulge (either AC or AA) and depending on the Cas13a
homolog, a stem—loop region of 7-9 nt [43—45]. From
high-resolution structures of crBNA-bound Cas13a
from Leptotrichia shahii (Lsh) [43], Leptotrichia buccalis
(Lbu) [44], and Lachnospiraceae bacterium (Lba) [45],
the bulge nucleotides are flipped out, adopting a single-
stranded conformation and make specific contacts with
the protein, suggesting that they are important for
crBNA-recognition (Fig. 2b, ¢,). Upstream of the stem—
loop in type VI-A pre-crBNAs is a 5’ 8- to 12-nt single-
stranded region required for initial Cas13 recognition
and downstream pre-crBNA processing [29, 30, 45].
Pre-crRNA processing results in cleavage of this
single-stranded region to a final length of 1-5 nt
depending on the Cas13a ortholog (Fig. 2b) [20, 29,
30, 32, 45]. Downstream of the stem—loop, a 3-to 5-nt 3’
single-stranded region is present and is required for
Cas13a function [29, 30].

Although currently no high-resolution structures of
Type VI-B crBNAs exist, RNA secondary structure
prediction and conservation analysis show that in
contrast to VI-A, VI-C, and VI-D crBNAs, VI-B crBNAs
possess much longer DR stems (~ 9—14 bp in total) with
often several unpaired regions and bulges, and
consequently smaller stem—loops (Fig. 2b) [26, 31,
35]. In addition, some Type VI-B CRISPR loci contain
additional crBNA units with much longer DRs (~88-nt
length) can be processed by Cas13b and form active
interference complexes, the reason for their existence
is currently not understood [31]. Beyond stem—loop

Fig. 2. Structural features of Cas13a and Type VI crRNAs. (a) Lba Cas13a domain organization schematic (left), a
crystal structure of Lba-Cas13a bound to its cognate crRNA (upper right), and a cartoon schematic of the Lba-crRNA
(lower right). HEPN and crRNA-processing nuclease active sites are shown in the crystal structure as spheres and are
labeled in the figure. (b) Schematic highlighting the important similarities and differences between crRNAs from each of the
different Type VI system subtypes. *Spacer length can vary when expressed in E. coli due to trimming by host nucleases;

ranges are shown.

Stems in Type VI-C and VI-D system sometimes contain non Watson—Crick base pairing,

mismatches, or bulges. Known pre-crRNA processing sites are indicated by an arrow. *In Type VI-A systems, the
processing site is different between groups of Cas13 orthologs. (c) Crystal structures of Cas13a-bound crRNAs (for clarity,
only crBNAs are shown) from Type VI-A systems from Lba (left), Lbu (middle), and Lsh (right). The crRNA repeat is shown
in pink, and the crRNA-spacer is shown in blue. Regions where the crRNA is disordered in the crystal structure are shown

using a dotted line.
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structure, the order of the direct repeat relative to the
spacer is also different in Type VI-B systems, with the
direct-repeat stem—loop residing at the 3’ of the spacer,
in contrast to the 5" DR—spacer structure observed in
type VI-A, VI-C and VI-D systems (Fig. 2b) [31]. In
contrast to Type VI-A and VI-B crRNAs, Type VI-C
crBNAs DRs are shorter in length (~30-nt) [20],
suggesting that they may have co-evolved in the
presence of a different adaptation module than VI-A, B,
and D systems. Finally, the most recent addition to the
Type VI family, Type VI-D, contains crRNAs with a 36-
nt DR forming a conserved 8- to 10-nt stem with a 4- to
6-ntloop, a 5- to 10-nt 5’ flanking single-stranded region
(in the pre-crBNA), and a 5- to 7-nt 3’ flanking single-
stranded region that contains a conserved terminal
AAAAC motif (Fig. 2b) [27, 28]. In a very recent cryo-EM
structure of a binary Cas13d:crBNA complex from
Eubacterium siraeum (Es-Cas13d), the DR forms a
stem of 9 bp, six of which are surprisingly formed
through non-Watson—Crick interactions [46]. This stem
is also disrupted by 2-nt bulge and contains a stem-—
loop region of 4 nt, which may suggest that this 2-nt
bulge is a common feature of at least Type VI-A, VI-D,
and perhaps VI-C crRNAs.

It is also worth noting that protospacer matches
have been identified for a few crRNA repeats within
Type VI loci. For example, Smargon et al. [31] found
that 36 crRNA spacers from the Type VI-B systems
in their study matched with 80% or more homology to
unique sequences within phage genomes. Of these,
the vast majority (75%) were complementary to the
coding strand of phage protein genes, suggesting
that in line with the RNA-substrate preference of
Cas13b, they are likely targeting phage mRNAs.
Most recently, when analyzing the spacers within
Type VI-D systems studied, Yan et al. [27] discov-
ered that seven protospacers matched with high
confidence to either dsDNA phage sequences,
prophage regions within other bacterial genomes,
or open-reading frames not associated with pro-
phages in other prokaryotic sequences. More work
needs to be done to understand how mechanistically
Type VI systems elicit antiviral defense within their
host organisms.

crRNA-direct repeat recognition by Cas13

crRBNA-processing Cas proteins and Cas interfer-
ence complexes have evolved to bind their cognate
crBNAs with high affinity and specificity (for review, see
Ref. [16]). This is generally achieved through a
combination of conserved RNA base and structure-
specific contacts. High-resolution structures for Lsh-,
Lbu-, and Lba-Cas13a, and Es-Cas13d have begun to
reveal the requirements for this interaction [43—45]. In
all Cas13a structures, the stem-loop formed by the
crBNA DR is bound between a cleft formed mostly by
an interface between the NTD and Helical-l domains of
Cas13a, and an extensive number of conserved non-

covalent contacts stabilize the interaction between the
phosphate backbone of the crBNA stem-loop and
Cas13a. Additional stabilization is provided by exten-
sive interactions between the 2'-hydroxyl groups of the
crBNA and amino acid side chains that extended NTD,
Helical-1, and HEPN2 domains. crBRNA recognition
requires a large conformation change by apo-Cas13a,
with the Helical-2 domain rotating toward the HEPN2
and Linker domains, generating the crRNA-binding
channel [43]. The more compact Es-Cas13d on the
other hand, as highlighted above, lacks a large portion
of the Helical-1 domain, and in the binary Es-Cas13d:
crRNA structure, the NTD domain is mostly responsible
for contacting the crBRNA DR with a smaller set of
contacts emanating from the HEPN1/2 domains [46]. In
addition, in contrast to all other crRNA structures solved
to date, the Es-Cas13d:crRNA complex chelates an
Mg?* ion within this bulge region using a combination of
contacts from the Cas13d and the crRNA, likely
facilitating additional stabilization of the binary complex
[46].

Beyond contacts with the stem of the crBRNA DR,
extensive contacts are made by Cas13a with the large
(7-9 nt) crBNA loop. In each of the three currently
available structures of Cas13a in complex with their
cognate crBNAs, the loop regions of each crRNA adopt
a different conformation (Fig. 2c) [43—45]. For Lba-
Cas13a, the crBNA loop is condensed into a helical
stack and only a single adenosine loop nucleotide is
flipped into the solvent [45]. This is in contrast to the
structure of Lsh-Cas13a's crRNA, in which ~ 4 ntin total
are flipped out of the loop [43] (Fig. 2c). In both cases,
several base-stacking and hydrogen binding interac-
tions between nucleotides within loop help to stabilize
its structure, which is further stabilized by extensive
intermolecular interactions with mostly Helical-land to a
lesser extent the NTD domains of Cas13a [43, 45]. This
is not the case with Es-Cas13d and its crRNA, where
the upper portion of the crRNA DR stem and the 4-nt
loop both extend out into solvent and no interactions
between Cas13d and the crRNA are made [46].

In addition to the stem—loop, the mature VI-A crRNA
repeat contains a single-stranded 5’ flank that sits in a
non-A-form conformation inside a shallow surface-
exposed groove at the interface between Helical-1 and
HEPN2 domains [43—45] (Fig. 2a). Here it is stabilized
by a combination of specific hydrogen bonds, stacking
interactions with aromatic residues, and charge—
charge interactions with the crBRNA phosphate back-
bone [43-45]. In the A-cleaving Cas13a sub-family
[32], after pre-crBNA processing, mature crRNAs
maintain a 5-nt 5’ flank that wraps around the exterior
of the protein, with A(-25) and G(-26) stacking with
F1300 and F422, respectively [45]. In addition, the two
conserved adenosine nucleotides are recognized in a
base-specific manner by hydrogen bonds by side
chains from the Helical-l and HEPN2 domains,
suggesting that specific recognition of these adeno-
sines is required to obtain crRNA specificity [45].
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In contrast, most Cas13a homologs from the U-
cleaving subfamily generate a 4-nt 5’ flank, with the only
exception to date being Lsh-Cas13a, which generates
a 1-nt 5’ flank (Fig. 2b). It is less clear about the specific
5" flank nucleotide requirements for the U-cleaving
subfamily, as only a single adenosine (A2) is read out in
a base-specific manner by Cas13a, through a back-
bone carbonyl H-bond at F1102 [44]. Mutation of this
single adenosine (to a guanosine) results in a ~5-fold
decrease in binding affinity between Lbu-Cas13a and
its cognate crBNA [30]. In Lsh-Cas13a, it appears that
only the 5" C(1) is read out by base-specific interactions
with Cas13a side chains [43].

In contrast, nucleotides within type VI-A crRNA's DR
3’ flanking region maintain a nearly perfect A-form
conformation along the ribose-phosphate backbone,
with a slight kink between the last two nucleotides of the
repeat (Fig. 2c) [43—-45]. To maintain this helical
conformation, extensive hydrogen bonds are formed
between conserved side chains from Cas13's HEPN2
domain and phosphate and 2'-hydroxyl groups of the
crBNA backbone [43—46]. Together, the organization
of the DR 3’ flanking region probably serves to correctly
position the 5" end of the spacer for optimal target
recognition. The length of the DR 3' flanking region
differs across the Cas13a family, with the U-cleaving
subfamily possessing a 5-6 nt long flanking region,
whereas this region in the A-cleaving sub family is
generally short (3—4 nt) [32].

The base specificity of the loop and 5" and 3" DR
flanks is underscored by a number of mutational
studies that showed mutation of these nucleotides
resulted in loss of Cas13 activity [29, 30]. In contrast,
the identity of the nucleotides within the crRNA stem
appears to be less important, as long as the base
pairing, structure, and the length of the stem are altered
significantly [29, 30] . Overall, this sensitivity to both
flanking regions of the hairpin is reminiscent of the
sequence and structural motifs required by many Cas6
and Cas5d enzymes (see Ref. [16] for review). Due to a
lack of high-resolution structures or mutational data for
Cas13b and Cas13c, little is known about how they
specifically interact with their crRNA DRs.

Cas13a pre-crRNA processing
mechanism

East-Seletsky et al. [30] were first to demonstrate
that Cas13a possessed pre-crRNA processing
activity, and that this activity did not require the
HEPN nuclease domains. Although initial primary
sequence analysis failed to determine the domain/
active site responsible for this activity, extensive
amino-acid mutagenesis across the length of the
protein enabled the identification of residues in-
volved in Cas13a's pre-crRNA processing activity. It
was found that mutation of a single arginine residue
to alanine (R1079A) within the HEPN2 domain of

Lbu-Cas13a was able abrogate all pre-crRNA
processing activity without effecting HEPN-domain-
mediated RNA cleavage [30]. It was also shown that
the pre-crBRNA catalytic mechanism was (a) single
turnover with the mature-crRNA remaining bound
after cleavage, (b) did not require the presence of
any divalent metals, (c) and resulted in the formation
of 5'0OH and 3’ cyclic phosphate reaction products
[30]. Interestingly, pre-crRNA nucleotide substitu-
tions on both sides of the scissile phosphate affected
processing, suggesting that sequence-specific rec-
ognition is required across the processing site [30].

In contrast, the first high-resolution structure of
Cas13a (from Lsh) bound to a mature-crRNA showed
that while the DR 5’ flank lies in a cleft between Helical-
1 and HEPN2, the pre-crRNA processing active site is
located wholly within the Helical-1 domain, rather than
within the HEPN2 domain [43]. Specifically, Helical-I
residues including a conserved R438, which lies
adjacent to the ribose of C(-27) and non-conserved
K441, are both critical for pre-crRNA processing (and
were confirmed through mutational analysis) [43].
Interestingly, although an extensive number of residues
from the HEPN2 domain are in somewhat close
proximity to the 5" crBNA terminus, individual muta-
genesis of all but one (N1315) of these residues failed
to impair pre-crRNA processing [43].

In light of this apparent contradiction, in a follow-up
study, East-Seletsky et al. [32] carried out further
mutagenesis of Lbu-Cas13a focusing in on the HEPN2
and Helical-1 domains an in attempt to reconcile these
differences in Cas13a pre-RNA processing mecha-
nism. It was concluded that for at least Lbu-Cas13a,
specific residues within mostly HEPN2 and to a lesser
extent the Helical-1 domains play significant roles in
crBNA biogenesis for Lbu-Cas13a [32]. In addition, the
pre-crBNA processing abilities for nine other Cas13a
homologs were determined and all but Lsh-Cas13a
cleaved 4-5 nt upstream of the conserved crRNA-
repeat hairpin (Fig. 2b) [32].

This disagreement is more than likely due to the
divergent pre-crBNA processing activity of Lsh-
Cas13a. The participation of residues from the both
HEPN2 and Helical-l domains in pre-crBNA processing
in Lbu-Cas13a has subsequently been supported by a
high-resolution structure of Lbu-Cas13a bound to a
mutated pre-crRNA [44]. All of the residues previously
identified to be involved in Lbu-Cas13a pre-crRNA
processing [30, 32] were shown to lie in close proximity
to the scissile phosphate [44]. Specifically, the side
chains of R1072, R1079, and K1082 contact the
scissile phosphate group, suggesting that these
amino acids play important roles for pre-crBRNA
processing.

Most recently, an Lba-Cas13a:crRNA crystal struc-
ture and a detailed analysis of the pre-crRNA
processing activity finally help reveal details regarding
the precise catalytic mechanism of crBNA cleavage
[45]. Similar to the previous structures, Lba-Cas13a's
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crBRNA DR 5" ssRNA flank is cradled in a groove
formed by the Helical-1 and HEPN2 domains forming
an acid—base catalytic center for processing [45]. Lba-
Cas13a positions the 5’ flank within the processing
groove where two residues from Helical-1 and HEPN2,
respectively (W325 and N1232), stabilize the ribose 5’
of the scissile phosphate in a distorted C2'-endo
conformation [45]. It has been hypothesized that this
coordination sets up the ribose 2 hydroxyl for
nucleophilic attack on the scissile phosphate, at
which point a number of residues from both Helical-1
and HEPN2, as well as an activated water, participate
in proton transfer to facilitate the formation of a 2'-3'-
cyclic phosphate of the nucleotide 5’ to the cleavage
site leaving behind a mature crBNA with a ribose 5'
hydroxyl [45]. Interestingly, it should be noted that none
of the biochemically implicated residues are within
hydrogen bond distance of the ribose 2" hydroxyl [45].
The pre-crRNA-bound structure revealed that the 2'
hydroxyl of G(—29) contacts N1232 and a single water
molecule that is coordinated by HEPN2 residues
K1305 and K1320. These structural observations led
to the hypothesis that the G(-29) 2’ hydroxyl is
deprotonated by an activated water [45]. Consistent
with this hypothesis, K1305 is surrounded by two
acidic moieties (D1268 and E1235) that may enable
K1305 to act as a general base to activate the
coordinated water [45].

Cas13b and Cas13d also exhibit pre-crRNA pro-
cessing activity, and the cleavage sites have been
mapped using RNA sequencing and in vitro pre-RNA
processing assays (Fig. 2b) [27, 28, 31]. In the case of
Cas13b, the pre-crBNA is processed into a 66-nt
mature crRNA, with a 30-nt 5" spacer followed by the
36-nt 3' DR (Fig. 2b) [31]. Based on the predicted
structures of the repeat, it is predicted that Cas13b pre-
crBNA processing active site recognizes the ssRNA
junction at the base of the stem and cleaves at the ds/ss
junction [31]. On the other hand, Cas13d pre-RNA
processing produces mature crBNA of a similar repeat-
spacer structure to the Cas13a family, specifically
cleaving at the DR hairpin junction (Fig. 2b) [27, 28].
However, unlike Cas13a, which does not require
divalent cations for pre-crRNA processing, it appears
that Rsp-Cas13d's pre-crRNA processing activity is
substantially inhibited in the presence of EDTA [27],
indicating that divalent cations are required for efficient
pre-crBNA cleavage, while interestingly Es-Cas13d
pre-cRNA processing activity is less affected by EDTA
[27, 28]. Recently, this observation was reconciled
when (as noted above) an Mg?* ion was observed
coordinated by the crRNA in cryo-EM structure of the
Es-Cas13d complex, and additional biochemical ex-
periments show that it is required for optimal pre-crBNA
processing [46]. This interesting observation might be
reminiscent of the divalent metal requirements seen
within the Type V effector, Cas12a, where optimal
crRNA binding to Cas13a requires a coordinated Mg?*
[48-50]; however, the catalytic mechanism is strictly

metal ion independent [49]. Given the conservation of
pre-crRNA processing in Type VI-A, B, and D systems,
it is likely that Cas13c will also maintain the ability to
cleave pre-crRNAs. Further biochemical and structural
studies will be required to elucidate whether Cas13b
(and c) shares similarities with Cas13a with respect to
pre-crBRNA processing active site location and
chemistry.

In addition to initial Cas13-mediated pre-crRNA
processing, the crRNA-spacer also undergoes addi-
tional processing in vivo. Most crRNA-spacers start off
much longer due to the combined length of the
genomically encoded protospacer (~30-40 nt de-
pending on the locus), and for Type VI-A and -D (and
possibly -C) systems, the additional 3’ constant region
from the downstream DR &' flanking region. Heterol-
ogous expression of crRNA arrays in Escherichia coli
leads to a distribution of crRNA-spacer lengths; for
example, for Lsh-Cas13a, ~ 14- to 28-nt length spacers
were detected [29], while for Es-Cas13d (E. siraeum),
a median spacer length of 23 nt was observed with a
range from 20 to 30 nt [27], and for Ur-Cas13d
(Uncultured Ruminoccocus sp.), a spacer range from
14 to 26 nt was observed [28]. It is likely that host
RNases are responsible for this spacer-trimming
activity. Because of this variability, biochemical and
cell-based experiments have been required to deter-
mine “optimal” minimal crBNA-spacer length and it
appears to vary anywhere from 20 to 22 nt (for Lbu-
Cas13a, Lba-Cas13a, Es-Cas13d, and Lwa-Cas13a)
[27, 28, 30, 33, 45] to 28—-30 nt (for Lsh-Cas13a and a
number of Cas13b orthologs tested in human cells)
[34, 35] depending on which assay (biochemical
versus cell-based) is being used, and which Cas13
ortholog is being tested. Further work is required to
understand the structural and mechanistic details
regarding optimal crBRNA-spacer length. For now, the
crRNA-spacer length needs to be determined empir-
ically for each new Cas13 ortholog in question, as well
as within each specific application.

Finally, one surprising result worth noting is that pre-
crBNA processing activity is not strictly required for
efficient trans-ssRNA cleavage, despite being con-
served in most Cas13a enzymes [32]. This is in contrast
to other CRISPR—Cas systems, where in the absence
of pre-crBRNA processing, CRISPR-Cas interference
complexes are not competent for phage defense [12,
16, 19, 51-53]. In light of this observation, it was shown
that the role of pre-crRNA processing is more subtle—
its function serves to liberate each individual crRNA
from the confines of a long CRISPR array transcript,
relieving RNA folding constraints and potential steric
hindrance of neighboring Cas13a:crRNA-spacer spe-
cies during crBNA loading and/or ssRNA targeting. In
support of this idea, it was shown that in the context of
an unprocessed pre-crBNA containing six distinct
mature-crBNAs, the rate of Cas13a target-RNA
HEPN-nuclease cleavage activity by a crRNA-
processing inactive mutant was significantly reduced
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for all crBNAs sequences within the pre-crRNA array
relative to wild-type Cas13a, and was more pro-
nounced with each successive crBNA within the
array, with the last crRNA resulting an 85% reduction
in HEPN nuclease activity relative to WT Lbu-Cas13a
[32].

The mechanism Cas13 RNA-target search
and the role of crRNA-spacer organization

A hallmark of a majority of nucleic-acid guided,
nucleic-acid targeting complexes studied to date is the
presence of a so-called “seed” region within their guide
sequence that helps direct the target-search process
and stabilize the initial hybridization of the guide-strand
to the target nucleic-acid [54, 55]. In high-resolution
structures of guide-RNAs bound to their effector
complexes, this seed region is often observed as a
partially pre-ordered guide, often in an A-form or
pseudo A-form helical conformation, which is often
thought to reduce the entropic penalty incurred by
guide: target binding hybridization [54, 55]. For
example, guide pre-ordering by the argonaute proteins
has been shown to increase the on-rate of RNA-guide
RNA-target hybridization relative to “naked” RNA, and
also increase the sensitivity to mismatches (particular-
ly in the seed region), thus improving the specificity of
the molecular interaction [56]. Similarly, a number of
CRISPR—Cas interference complexes employ a sim-
ilar approach to facilitate target search and increase
sensitivity to mismatches (for review, see Ref. [54]).

In early work, Abudayyeh et al. [29] explored the
effect that mismatches between crRNA-spacer of
Lsh-Cas13a and a target-RNA had on the HEPN
nuclease activity of Lsh-Cas13a. They revealed that
mismatches in the middle of the crRNA-spacer led to
the largest reductions in HEPN nuclease activity;
however, it was not clear whether this effect was due
to an initial binding defect, or due to the effect that
mismatches have on the ability of RNA binding to
activate the HEPN nuclease. It has been previously
shown that these two processes can often be
decoupled in RNA-guided complexes (e.g., argo-
naute [56, 57] and Cas9 [55, 58]).

Following on from this early work, and as discussed
above, several high-resolution structures of Cas13a
and Cas13d proteins have been solved in the presence
of a crRNA. Interestingly, all of these structures have
posed an interesting conundrum regarding the forma-
tion of an expected “pre-ordered” segment within the
spacer. In the high-resolution structure of Lsh-Cas13a,
unambiguous electron density was observed for
almost half of the nucleotides of the 28-nt crRNA-
spacer segment, predominately at the very 5" and 3'
ends of the crBNA-spacer (Fig. 2c) [43]. Specifically, 4
ntimmediately 3’ of the 3'- flanking DR extend out in a
single-stranded conformation, and bind in the cleft
formed by the HEPN1 and Helical-2 domains [43]. This

conformation is then interrupted by a U-turn conforma-
tion at nt 4-5, resulting in nt 69 binding inside a groove
formed by the Linker and HEPN2 domains [43]. The
following 8—10 nt, which constitute the central region of
the crBNA-spacer, appear to be disordered. The
presence of partial, discontinuous density, allowed
Liu et al. [43] to hypothesize that the central region is
bound in a shallow/wide-open, solvent-exposed
groove formed between the NTD and Helical-2
domains. Unambiguous electron density of the 3
portion of the crBNA-spacer revealed that this portion
is housed in a groove within the larger subdomain of the
NTD domain (Fig. 2c) [43]. Overall, the 28-nt crRNA-
spacer in this structure adopts a non-helical conforma-
tion with its 5" and 3’ portions buried within Cas13a and
its central portion exposed to solvent. Based on this, a
novel mode of target search was proposed by Liu et al.
[43], whereby a solvent-exposed disordered “lasso” is
responsible for initial target binding and hybridization in
this region drives a conformation change that exposes
the 5" and 3" segments of the crRNA-spacer for a
complete guide—target interaction. This mode would
indeed represent a novel way for a RNA-guided protein
to search for its targets [54]. Alternatively, given that the
effect of mismatches on target-RNA binding has not
been tested for Lsh-Cas13a, the central region might
instead be required for HEPN activation rather than the
initial target search and this structure of Lsh-Cas13:
crRNA may instead represent a “closed” conformation,
or that “seed” ordering is a meta-stable phenomenon
and was not captured in this structure.

More recent structural studies of Lbu- and Lba-
Cas13ain complex with crRNA have revealed several
similarities to Lsh-Cas13a and some differences with
respect to guide organization within Cas13a (Fig. 2c).
Both Lbu- and Lba-Cas13a also contort their crRNA-
spacer into a distorted U-turn configuration, with some
small differences observed in the overall trajectory of
the crBNA-spacer [44, 45]. In the Lba-Cas13a: 24-nt
spacer structure, 13 consecutive nucleotides from the
5’ end of the crRNA repeat could be unambiguously
modeled into the electron density, whereas the 11
remaining spacer nucleotides are disordered in the
structure. In the ordered crRNA-spacer region, Knott
et al. [45] observed that HEPN1/2, Helical-2, and
Helical-3 make a number of conserved contacts with
the sugar-phosphate backbone of the crRNA-spacer.
Interestingly, the 3’ end of the ordered region of
crRNA-spacer, nt 11-13, which forms part of the
central “seed” region previously identified, exits the
NUC lobe forming an A-form conformation that
appears more solvent accessible than the preceding
10 ntof the crBRNA-spacer. Interestingly, the part of the
crBNA-spacer emerging from the NUC lobe adopts a
similar conformation in the second structure of Lba-
Cas13a (containing a 20-nt spacer), as well as in the
Lsh-Cas13a:crRNA structure [43, 45].

In the Lbu-Casi3a:crRNA structure, one of the
most surprising differences observed compared to
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the Lba- and Lsh-Cas13a structures is the even
more complete ordering of the central region of the
crRNA-spacer (Fig. 2c) [44]. In this structure, crRNA-
spacer nt 9—15 are ordered close to an A-form helical
conformation by an interaction between their sugar-
phosphates and residues that line the surface of the
Helical-2 domain [44]. This conformation orients the
Watson—-Crick edges of the central portion of the
crRNA-spacer toward the solvent, potentially facili-
tating the target search process. One large caveat
here is that this ordering might be an artifact due to nt
9-15 forming intramolecular mismatched base pairs
with nt 22-26 of the same crRNA-spacer, which
naturally could order these crRNA-spacer nucleo-
tides close to an A-form conformation. One might
hypothesize that this structure more closely repre-
sents a “pseudo-ternary” complex given that the
“seed” region of the spacer-crRNA is engaged in
base-pairing interactions not so dissimilar to the
eventual interactions it will have with complementary
target-RNA. Therefore, the question remains: is this
“guide-folding/organization” a general feature of
Cas13a (or Lbu-Cas13a for that matter), or is it a
crRNA-spacer sequence and a length-specific phe-
nomenon? That is, in terms of length, is Lbu-Cas13a
also able to engage in crRNA-spacer intramolecular
base-pairing when the length of the spacer is 20-nt
as opposed 28-nt? Particularly, given we know that a
20-nt spacer is sufficient for maximal cleavage
activity.

Surprisingly and in contrast to all the Cas13a:crRNA
structures solved, the crBNA-spacer within the very
recent Cas13d:crRNA cryo-EM structure adopts yet
another different structure. Instead of forming a kinked
“U-turn” structure, the entire spacer is organized in an
extended pseudo-helical structure and held in a
solvent exposed channel by extensive backbone and
2' hydroxyl contacts by the Helical1/2 as well as the
HEPN1/2 domains [46]. This arrangement is perhaps
more reminiscent of the extended seed regions
observed for some Hfg-binding sRNAs (for review,
see Ref. [54]), rather than what is generally observed
with argonaute or CRISPR—-Cas systems. Taken
together, all the structural studies to date on Cas13in
complex with a crBNA suggest that the crBNA-spacer
may exist in multiple conformations, and potentially
only some of which can be captured in high-resolution
structures.

Cas13 and crRNA conformational change
upon target-RNA:crRNA duplex formation

In the absence of target-RNA, Cas13a—crRNA
complexes exhibit negligible HEPN-nuclease activity,
suggesting that the Cas13a and its HEPN domains
exist in an auto-inhibited conformation that prevents
non-discriminate RNA cleavage (Fig. 1b) [29, 30].
Recently, a structure of Lbu-Cas13a:crRNA in com-

plex with a completely complementary target-RNA
revealed for the first time how Cas13a:crRNA recog-
nizes a ssRNA target, and the large conformation
change required to accommodate a 28-bp crRNA:
target-RNA duplex [44]. The availability of both a
binary crRNA-bound Cas13a complex and a ternary
RNA target-bound complex enables us to track the
movements of each Cas13a domain (Fig. 3a), as well
as conformation change within the crRNA upon stable
target-RNA binding (Fig. 3b). In Cas13, the Helical-2
and HEPN1 domains undergo significant movement,
while the NTD, Helical-1, and HEPN2 domains
experience less movement when comparing the binary
and ternary structures (Fig. 3a). In particular, the
Helical-2 domain rotates away from the HEPN2
domain, allowing the HEPN1 domain to rotate relative
to the HEPN2 domain, bringing the two halves of the
HEPN active site which reside in HEPN1 and HEPN2
close enough together to form a catalytically compe-
tent active site capable of ssSRNA cleavage (Fig. 3a, ¢)
[44]. The crRNA also experiences significant confor-
mation change upon stable binding of a complemen-
tary target-RNA (Fig. 3b). Most noticeable is the large
change observed in the position of both the 3' DR
ssRNA flank and the crRNA-spacer within the Cas13a
complex. The 3" DR ssRNA flank experiences a
dramatic shift from a near A-form conformation in the
binary complex to a distorted with alternately flipped
consecutive bases making a number of stacking and
base-specific contacts with the HEPN-1 and HEPN-2
domains [44]. Ultimately, this large conformational shift
results in an overall 15-A movement of the first 5
phosphate of the crRNA-spacer toward the NTD and
Helical-2 domains (Fig. 3b) [44]. Downstream of the 3’
DR ssRNA flank, the crBNA-spacer reorients from a
highly distorted U-turn conformation in the binary
complex to forming close to a regular A-form helix
with the target-RNA in the ternary complex (Fig. 3b)
[44]. Once this conformation change has occurred, the
resultant crBNA-spacer:target-RNA duplex is sur-
rounded almost wholly by the nuclease lobe with two
alpha helices of the Linker domain and a beta-hairpin
of the HEPN2 forming a “lock” over a central positively
charged channel formed by the lobe [44]. Of the 28-nt
crBNA-spacer:target-RNA duplex that is formed, only
the first 24 bp is encompassed by Cas13a, and the last
4 bp does not make any contact with Lbu-Cas13a [44].

Multiple contacts are also made by Lbu-Cas13a to
the crRNA-spacer once duplexed with a target-RNA.
These are mostly clustered within two specific regions
of the crBRNA-spacer. The largest cluster, encompass-
ing nt 7-15 and the central region of the crRNA,
interacts via its sugar-phosphate backbone with at least
12 residues from the Helical-2, HEPN1, and Linker
domains [44]. The second much smaller cluster
encompasses nt 18-20 and 23-24 and again interacts
via sugar-phosphate backbone with residues from the
Helical-2 and Linker domains [44]. Collectively, these
clusters are likely to be involved in a combination of
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stabilizing the bound duplex, and also detecting the
presence of a stable A-form crRNA-spacer and
transmitting this information to permit a conformational
change to form an active HEPN-nuclease. This can be
emphasized by the fact that the single-amino-acid
mutations in several residues in these clusters results in
reduced target-RNA cleavage [44]. Conversely, nt 2—6
of the crRNA-spacer do not make any direct contacts
with LbuCas13a in the ternary complex, and this is
recapitulated in biochemical experiments mismatches
where multiple mismatches between the crRNA-
spacer and target-RNA at spacer nucleotide positions
2-5 resulted in no defectin HEPN-nuclease activity [59]
(see below for more details).

Looking across the length of target-RNA, contacts
are made with the Helical-2, Linker, and HEPN1
domains via sugar-phosphate sequence-independent
contacts. It appears that the highest density of contacts
made by Cas13a occurs in at the 3’ distal end of the
crBRNA-spacer—target-RNA interaction (i.e., 5" of nt 16—
21" of the ssRNA; see Fig. 3d), and again, the
importance of base pairing in this distal region is also
exhibited in biochemical assays where mismatches in
the 18" to 20’ region lead to large defects in HEPN-
nuclease activity [59] . Beyond this large cluster of
contacts, several otherimportant contacts are made to
the target-RNA by Cas13a. From mutational and
biochemical studies, the most important of these is
(1) R1335, which makes contacts with 2" hydroxyl of
the target-RNA nucleotide 13’ (within the “seed”
region) and when mutated to alanine leads to a large
defect in HEPN-nuclease activity, and (2) S786, which
is shown to make contacts with the “switch region”
nucleotides responsible for HEPN activation [59].
Finally, another interesting observation is that only 21
nt of the target-RNA are specifically contacted/
recognized by Lbu-Cas13a [44]. This may explain
why Lbu-Cas13a can use short crRNA-spacers (on
order of 21 nt) without significant loss of HEPN-
nuclease activity.

The Protospacer Flanking Sequence

It is well understood that there is a requirement for
Cas interference complexes to detect the presence of
a protospacer adjacent motif (PAM) sequence flank-
ing a dsDNA target site to prevent interference
complexes from cleaving their own CRISPR genomic
loci (as PAM sequences are not found in the flanking
repeat sequences) [60]. With this in mind, Abudayyeh
et al. [29] asked whether Cas13a exhibits any
equivalent sequence preference for nucleotides flank-
ing each crBNA target site. They discovered that for
Lsh-Cas13a, the first nucleotide flanking 3’ end of the
protospacer exhibited a strict preference for A, U, or C
(H) and not G (Fig. 3d). This result was confirmed
through in vitro RNA cleavage experiment that
showed that the presence of a G nucleotide in this

position significantly reduced HEPN-nuclease activi-
ty, while A, U, and C led to maximal activity [29].
Intelligently, the authors decided to call this sequence
preference a “Protospacer Flanking Site” (PFS) rather
than a “Protospacer Adjacent Motif” (PAM), in order to
avoid confusion with the defined role of a PAM in
preventing “self” CRISPR genomic loci damage, given
that target- versus self- discrimination should be
dispensable when targeting RNA [29].

Since the initial report of a PFS preference for Lsh-
Cas13a, PFS preferences have been also confirmed
to exist for several other Cas13 enzymes. Using in
vitro cleavage assays, Lwa-Cas13a was initially
shown to possess a slight ‘H' PFS preference, albeit
robust HEPN-nuclease activation was still observed
with G-PFS-containing ssRNA targets in Cas13a-
based RNA detection assays [33]. Later studies by the
same authors indicated that when using a bacterial
PFS screen [34] or a human cell line plasmid library
screen [35], Lwa-Cas13 does not exhibit any detect-
able PFS preference and that targeting G-PFS
containing ssRNAs in human cells does not result in
any defect in targeting efficiency [34, 35]. This was
also shown to occur with Lbu-Cas13a, where no
detectable PFS preferences were observed using in
vitro cleavage assays [30] or high-throughput mis-
match target binding screens [59]. Thus, it is likely that
different Cas13a homologs possess different sensi-
tivities to a 3' PFS and it might also depend the target
sequence context and the sensitivity of the assay
being used.

The PFS requirements for Cas13b enzymes are
also similarly as varied. Initially, it was shown using
both an E. coliessential gene and a Kanamycin gene
library screen that for two different Cas13b's from
Bergeyella zoohelcum and Prevotella buccae that
botha D (A, U or G) 5 PFS and a NAN or NNA 3' PFS
are required for optimal RNA targeting (Fig. 3d) [31].
This result was confirmed using in vitro RNA cleavage
assays, which highlighted that a cytosine 5 PFS
inhibits HEPN-nuclease activity, while the presence of
an adenosine in the second or third 3' PFS position led
to optimal HEPN-nuclease activity [31]. This addition-
al requirement of a 5' PFS is not all that surprising
given the inverted Type VI-B crRNA-spacer-repeat
orientation relative to Type VI-A crRNAs (Fig. 3d).
More recent efforts used a bacterial screen to identify
PFS preferences for an additional 13 Cas13b
homologs. This experiment revealed that a mixture
PFS preferences with some Cas13bs exhibits only a
5" PFS preference, while others seemed to require
both a 5" and a 3’ PFS [35]. Conversely, in the same
study when mismatched target library experiments
are carried out for Cas13b from Prevotellasp. P5-125
in a human cell line, almost all PFS combinations
resulted in robust target cleavage, indicating that a
preferred PFS is not required for efficient target-RNA
cleavage in this assay [35]. In contrast to Cas13a or
Cas13b, no PFS sequences were detected using a



Review: Cas13-containing Type VI CRISPR-Cas Systems

77

bacterial screening strategy for any Cas13d orthologs
studied to date [27, 28]. Currently, nothing is known
about whether PFS preferences exist for Cas13c
enzyme family.

It is worth highlighting that when PFS screens are
done at the level of target-RNA binding (as opposed to
HEPN-nuclease cleavage), no evidence for sequence
restrictions at either the 5" and 3’ flanking sequences is
observed for both Lbu-Cas13a [59] or dPsp-Cas13b
[35], suggesting that a disfavored PFS may inhibit
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network of H-bond interactions between crRNA C-1,
amino acid residues from the Cas13a HEPN1 domain
(especially S786), and multiple target-RNA phosphates
[44], which together we have hypothesized to be likely
required for efficient HEPN-nuclease activation [59].
Interestingly, the same conserved crRNA DR cytosine
(C-1) is flipped and held away from the target-RNA in
the Eu-Cas13d target-bound structure and thus unable
to aberrantly participate in any target-RNA base pairing.
This might explain why Cas13d does not appear to
have a PFS requirement [46].

Itis important to note that this is not the first instance
where the “avoidance” of a particular nucleotide
(rather than an affinity for a defined motif) has been
observed for CRISPR-Cas systems. For example,
the DNA targeting modality of Type IlI-A CRISPR-
Cas systems prevents self-targeting through a mech-
anism that requires mismatches between the 5’
repeat-derived region of the crRNA and the target
DNA strand for activation of the DNA nuclease, such
that when the 5" constant region from the crRNA is
paired with target DNA the nuclease is inhibited
[61-66]. And perhaps even more similar to Cas13a,
RNA cleavage by the Cmr complex (Type III-B
system) from S. solfataricus requires mismatches
between the 3' end of the target-RNA and the 5’
repeat-derived constant region [66]. However, much
like Cas13, this discrimination may be more of a
structural “quirk” of the enzyme rather than necessary
for self- versus non-self-recognition.

Taken together, while it is clear that some
sequence restrictions likely exist for sequences
flanking the ssRNA protospacer targets for Cas13,
the ability to detect these preferences varies widely
depending on which assay is used to detect them,
and at this stage, it is not clear whether the PFS has
any physiological role. Further work is needed to
understand if and how PFS preferences are able to
modulate interference efficacy within Type-VI
system hosts.

HEPN domain conservation,
conformation change, and
collateral cleavage

When the first amino acid sequences for Cas13 were
published, the HEPN domains were only conserved
domains in Cas13a that could be identified by primary
sequence analysis, and were thus important in the
initial hypothesis that Cas13 was an RNA-targeting
enzyme [20]. Approximately 40 distinct families of
HEPN domains exist based on sequence conserva-
tion, are typically 100—-120 amino acids long, and adopt
4-helical “up-down” fold [47]. These domains are
primarily characterized by the presence of a conserved
amino acid motif often positioned at the end of helix-3
and in the loop connecting helix-3 and helix-4, with a
consensus sequence of R-X; g-H where the amino
acid after R is typically polar (often N, D, or H). Many
HEPN domains also contain an additional conserved
acidic residue, typically as part of an E-X3-[KR] motif
[47]. It has been shown for several HEPN domain-
containing ribonucleases that the R-X,4_g-H motif within
HEPN domain is required for a metal-independent
RNase catalytic activity that generates a product with a
3’ terminal 2'-3’ cyclic phosphate [47, 67—73] . It has
been hypothesized that the conserved histidine within
this R-X,4_g-H motif acts as a base to activate a 2'OH to
carry out a nucleophilic attack of the RNA phosphodi-
ester backbone, while the conserved arginine could
either act to stabilize the pentavalent transition state
intermediate or position the backbone of the RNA
substrate [47].

HEPN domains have also been found in several
other CRISPR-Cas proteins including Csx1 [72, 73]
and Csm6 [71] (which both reside in type Type-lil
systems), and more recently, a putative divergent
HEPN was hypothesized to exist in Csx28 [26, 31].
Interestingly, both Csx1 and Csm6 do not interact
directly (or form part of) with the interference complexes

Fig. 3. Conformation change in Cas13a and its bound crRNA upon target-RNA recognition. (a) Crystal structures of

Lbu-Cas13a:crRNA complex (left) and Lbu-Cas13a:crRNA:target-RNA complex (right), with each domain colored as
indicated. In the center is a vector representation of the Cas13a conformational change that occurs upon target-RNA
binding. Vector length represents the magnitude of the conformational change between to the two states. (b) An overlay of
the crystals structures of the Lbu-crRNA when bound by Cas13a alone (“binary complex crRNA,” colored from blue to red
going 5’ to 3') or in complex with a target-RNA (“ternary complex crRNA,” colored gray; target-RNA is omitted for clarity).
Inset: a zoomed region of the 3' DR flank region highlighting the large conformational change that occurs upon target-RNA
binding. (c) A close-up overlay of the HEPN-nuclease active site from Lbu-Cas13a highlighting the conformation change
that occurs in HEPN1 after target-RNA binding leading to the activation of HEPN-nuclease activity. HEPN1 is shown in
maroon, HEPN2 is shown in yellow. Active site residues in HEPN2 in both of these crystal structures have been mutated to
alanine. (d) A schematic of the crRNA:target-RNA interaction highlighting important elements required for stable target-
RNA binding and/or HEPN-nuclease activation. PFS, Protospacer Flanking Sequence. The PFS is indicated for orthologs
where a PFS has been shown to regulate HEPN-nuclease cleavage activity. The asterisk “*” denotes that the requirement
for a PFS is not always observed, as appears to be dependent on the Cas13 ortholog studied and assay used to measure
its effect. “Mismatch hypersensitive regions” are outlined with a gray dotted box and indicated the region where
mismatches between the crRNA-spacer and the target-RNA result in the largest defect in target-RNA binding and/or
HEPN-nuclease activation for a number of homologs within each subtype. *Cas13d mismatch-sensitivity experiments
have only been carried out for Es-Cas13d (see Ref. [46]).



Review: Cas13-containing Type VI CRISPR-Cas Systems

79

from their respective CRISPR—Cas systems but rather
act as auxiliary endoribonucleases that act to amplify
the nuclease activities of the interference complex
[71-76]. A striking commonality exists across most if
not all HEPN-domain proteins (i.e., Csm6, Csx1, and
eukaryotic ribonucleases RNase L and Ire1) experi-
mentally studied to date: the HEPN domains all appear
to require dimerization to be active nucleases [47,
67—73]. Upon HEPN dimerization and in some cases
additional ligand-driven conformational change, it has
been proposed that the two R-X,;_g-H motifs become
closely juxtaposed leading to the formation of a
composite active site that is able to bind substrate
RNA asymmetrically [68, 70, 71].

Thus, it was very exciting to see that when the first
Cas13 sequences were released and analyzed [20],
the only conserved domains within these proteins that
could be identified were not one but two HEPN
domains. Indeed, shortly after this initial discovery,
several biochemical studies of Cas13a [29, 30] and
Cas13b [31] were able to show that both HEPN
domains were required for RNA cleavage, as single-
point mutations in either HEPN domain completely
abrogated RNA cleavage [29—-31]. These biochemical
analyses also revealed several other interesting
mechanistic features regarding the HEPN-nuclease
activity. Perhaps most fundamentally, it was shown that
upon recognition of a complementary target-RNA
through base-pairing interactions with the crBNA, the
HEPN domain was able to cleave ssRNA but not
dsRNA, ssDNA, or dsDNA [29-31], and when folded
structures are present in an RNA target, Cas13
preferentially cuts at non-base-paired ssRNA regions
[29]. Furthermore, it has been shown that Lsh-Cas13a
[29], Lbu-Cas13a [30], and a number of closely-related
homologs prefer to cleave mostly after uridines [32],
while a distinct clade exhibits a preference for cleavage
after adenosines [32]. Similarly, the first Cas13b protein
tested (Bz) was also shown to have a substrate
preference for uracil and to lesser extent cytosines [31].

More recently, library cleavage screens were used to
further refine our understanding of cleavage prefer-
ences for several Cas13a and Cas13b homologs [36].
From di-nucleotide screens, it was found that several
Cas13 homologs displayed orthogonal substrate pref-
erences to the extent that Lwa-Cas13a, Cca-Cas13b,
Lba-Cas13a, and Psm-Cas13b only exhibited activity
on only one of the following dinucleotides AU, UC, AC,
and GA, respectively [36]. This feature is useful for RNA
detection applications (discussed in more detail below).
These orthogonal preferences could be extended to
RNA hexamer substrates for some Cas13 homologs
[36], suggesting that the HEPN domains may exhibit
specificity for nucleotide identity beyond the active site
cleft. Recently, Es-Cas13d was shown to have a
preference for cleaving after uracils, displaying low but
detectable activity on other nucleotide substrates [28].
To date, nothing is known about Cas13c HEPN-
nuclease preferences. What was also evident from

these HEPN-nuclease studies is that a wide range of
HEPN-nuclease activities are observed (several orders
of magnitude) across the Cas13 family [29-32, 34, 35],
but it is currently unclear precisely what differences at
the protein or crRNA sequence level are responsible for
this large variation in nuclease activity.

As already noted, HEPN-nucleases have been
generally thought not to require the presence of
metal ions for catalytic activity; thus, it was a surprise
when it was first shown that Cas13's HEPN-nuclease
activity strictly requires the presence of a divalent metal
ion [29, 30], and in most cases the preference is Mg?*,
with some Cas13 homolo%s displaying an additional
preference/flexibility for Ca=*, Ni2*, or Mn?* [36]. This
suggests that either the HEPN domains within Cas13
are divergent and have evolved a catalytic requirement
for metal ions or that the presence of metal ions helps
stabilize substrate binding. The latter hypothesis is
significantly more attractive because the products of
the Cas13 HEPN-nuclease cleavage (5'-hydroxyl and
2'-3' cyclic phosphate) [36] are only known to be
generated through a metal-independent mechanism
(for review, see Ref. [77]). Interestingly, as discussed
above, an Mg?* ion was found coordinated by both
Cas13d and its crRNA in a recent cryo-EM structure,
and while this appears to be unique to Cas13d, at least
in the structures solved so far, it likely contributes to the
ability for Cas13d to target-RNA efficiently [46].
Nevertheless, the role of metal ions in promoting
Cas13 HEPN-nuclease cleavage needs further study.

The most striking observation from the early bio-
chemical studies was the pattern of the cleavage
products generated by Cas13 in the in vitro cleavage
experiments. Cas13 rapidly generates multiple RNA
cleavage products, many of which were outside the
crBNA-spacer:target-RNA duplex (in contrast to Cas9).
In addition, an accumulation of increasingly smaller
cleavage products over the course of the cleavage
reaction and concomitant decrease in larger products
was observed [27-31], suggesting that even when
these larger products are released from the bound
target-RNA, they continue to be cleaved by the
enzyme. The combination of this observation, and the
observation that targeting RFP mRNA in E. coli with
Lsh-Cas13 programmed with an RFP-targeting crRNA
leads to a sizeable growth defect [29], prompted a
closer look at the HEPN-nuclease behavior of Cas13.

To study this phenomenon in more detail, in vitro
RNA cleavage experiments were designed where in
addition to Cas13:crBNA and a complementary
target-RNA, non-complementary RNAs were added
into the reaction to see whether they could also be
cleaved [29, 30]. It was very clear that once Cas13:
crRNA binds to a complementary target-RNA (a.k.a.
an “activator-RNA”), the HEPN-nuclease becomes
active and is able to cleave not only the target-RNA in
cis but also any other RNA present in trans, including
non-complementary RNAs, as well as unbound
complementary target-RNAs or target-RNAs bound
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to other Cas13:crBNA molecules (Fig. 1c) [29, 30].
Mutation to either HEPN domain active site residues
abrogated this activity confirming that the HEPN-
nuclease was responsible for both “cis” and “trans”-
RNA cleavage [29, 30]. This activity has been
collectively referred to as “collateral cleavage.” Col-
lateral cleavage is also a feature of Cas13b [31] and
Cas13d [27, 28]. Although Cas13c HEPN-cleavage
activity has not been biochemically interrogated yet, it
is expected also possess this activity, given its
similarity to Cas13a.

Much like the relatively indiscriminate cleavage of
viral and host RNAs by toxin—antitoxin systems, Type
[l HEPN-containing CRISPR proteins Csm6 and
Csx1 described above, as well as the eukaryotic
RNase-L system, it has been hypothesized that this
collateral activity exhibited by TypeVl CRISPR—Cas
systems has evolved as a robust mechanism to
induce a short dormancy-like state in cells to allow for
sufficient time for adaptive immunity to be activated,
and/or additionally induce suicide or permanent
dormancy to prevent or reduce phage burst size in
lieu of successful immunity [29, 30, 47, 78]. More work
is required to understand the role/function of Cas13's
“collateral cleavage” in the broader context of
immunity.

Fascinatingly, so far this “collateral cleavage” effect
has not been observed when Cas13 has been used to
target-RNA in either human or plant cell lines [34, 35,
37], suggesting that there is something fundamentally
different relative to bacteria regarding either the
behavior of Cas13 within the context of a human or
plant cell, the cellular environment (RNA concentra-
tion, availability and/or protection of RNA by second-
ary structure or bound proteins) or the regulatory
response toinitial ‘cis’ target-RNA cleavage by the cell.
Given the ability for RNase-L (which also contains a
type of HEPN domain) to readily induce significant
collateral RNA degradation within human cells
[79-81], the most favorable hypothesis is the latter
one, that is, the cell is able to rapidly inactivate Cas13
through its response to the generation of a cleaved
“cis” target-RNA. This hypothesis also raises the
possibility that collateral cleavage may not be a
predominate mechanism in some bacterial hosts,
given the diversity in host RNA degradation mecha-
nisms across bacterial phyla (for review, see Ref. [82]).
More work needs to be done to understand rates of
cis- versus trans-cleavage in highly purified systems,
as well as in the cellular milieu to further understand
this interesting phenomenon.

In all Cas13a structures solved to date, the two
HEPN domains are expectedly found close in three-
dimensional space, with their active-site residues
solvent exposed on the external surface of protein
facing away the crRNA:target duplex (Figs. 1b, ¢
and 2a) [43-45]. In these structures, the HEPN1
domain is interrupted by the insertion of the helical-2
domain, and thus, HEPN1 can be considered as

HEPN?1I-Il (Fig. 2a). This split nuclease architecture is
reminiscent of the split RuvC architecture in Type I
interference proteins Cas9 [83] and Cpf1/Cas12 [84],
and in both cases, this architecture possibly evolved as
a means to conformationally control catalytic activity.
HEPN1-Il is then followed by the Linker [43, 44] or
Helical-3 domains [45], which connect HEPN1-Il to the
second HEPN domain (HEPN2). The Linker/Helical-3
domain varies in length between the different homo-
logs: 271 amino acids in Lsh-Cas13a, compared to
129 and 133 in Lba- and Lbu-Cas13a, respectively. Itis
currently unclear what the exact role of the expanded
Lsh-Cas13a Linker/Helical-3 domain is, but it may be
hypothesized that it helps accommodate the longer
crRNA-spacer required for optimal Lsh-Cas13a
activity.

Comparing the Lbu-Cas13a binary cryo-EM struc-
ture to the ternary crystal structure reveals that the
HEPN1 domain rotates inward moving closer to the
crBNA-spacer:target-RNA duplex, which results in
approximately 15-A movement of H477 of HEPN1
toward the corresponding catalytic residues R1048
and H1053 within the HEPN2 domain (Fig. 3c) [44]. In
addition, a loop from HEPN2 (residues ~990-1007)
that helps to shield H477 from the HEPN1 active site
half from solvent moves to allow H477 to gain access
to the catalytic site cleft [44]. Similarly, in the Lba-
Cas13a:crBNA binary structure, the conformation of
the second alpha helix of HEPN1 is distorted such that
the histidine (H605) from of the RX,_gH moitif is buried
away from the putative active site cleft, obscured
beneath a loop of HEPN2 [45]. Given that this residue
is required for HEPN-nuclease catalytic activity [45],
the second helix from HEPN1 must also reorient upon
activator-RNA binding to reveal H605 to the active site.
The same HEPNT1 histidine (H602) in the Lsh-Cas13a
crystal structure is also concealed from the active site
cleft by a loop from the HEPN2 [43] and a similar mode
of activation is seen in Cas13d [46], suggesting that
this auto-inhibition by the HEPN2 loop might be a
conserved feature of HEPN-nuclease activation in
Cas13 proteins.

Understanding Casi13's target-RNA
binding and cleavage specificity

Our first understanding of the specificity require-
ments of Cas13a was revealed exploring the effect
that mismatches between the crBNA-spacer and the
ssRNA-activator had on the ability of Lsh-Cas13a to
cleave target-RNA [29]. Using MS2 phage infection
assays, it was found that single mismatches between
a targeting crRNA-spacer and the target MS2 RNA
genome in most cases did not affect Lsh-Cas13a's
ability to inhibit phage infection [29]. Interestingly,
mismatches at positions 5 and 17 of the crRNA-
spacer appeared to cause the largest effect, with close
to a 10-fold decrease in phage resistance [29]. When
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consecutive tandem mismatches were introduced into
the crBNA-spacer, the interference defect was much
more pronounced, with the largest effect occurring
with double mismatches toward the center of the
spacer (~1000-fold reduction in phage resistance)
with smaller to no defects toward each end of the
crRNA-spacer [29]. This observation was also con-
firmed using in vifro RNA cleavage assays with
crRNA-spacers containing consecutive double and
triple mismatches [29] (Fig. 3d).

More recently, the RNA-cleavage specificities of
another Cas13a homolog (Lwa-Cas13a) and a Cas13b
homolog (Psp-Cas13b) were tested in human cell lines
using either mismatched crRNA-spacers to a number
of transcripts [34] and/or a plasmid library that
expresses RNA-targets containing single and double
mismatches across the crRNA-spacer complementary
region [34, 35]. It was found that both of these proteins
also exhibited a mismatch-sensitive “seed” in the
central portion of the crBNA-spacer. For Lwa-
Cas13a, both studies generally agreed that the central
region of the crRNA-spacer exhibits the greatest
sensitivity to mismatches [34, 35]; however, the
magnitude and precise location of maximal sensitivity
differ between assays and RNA targets, suggesting
that additional parameters such as spacer/target
sequence composition probably play a role in modu-
lating specificity. In addition, while a 21/24-nt crRNA-
spacer (depending on the in vitro assay) was sufficient
for maximal activity for in vitro RNA cleavage, in cells
shortening the crBNA-spacer below 28-nt reduces the
on-target-RNA cleavage efficiency by a factor of two,
suggesting that additional parameters (e.g., crRNA-
loading) may dictate the crRNA-spacer length require-
ment in human cells [34, 35]. It is worth noting that an
understanding of Lwa-Cas13a mismatch sensitivities
(atleast in the crRNA-repeat proximal region) has been
previously utilized for SNP detection [33]. For Psp-
Cas13b, plasmid mismatch library experiments
showed that “mismatch-sensitive” region roughly ex-
tends from spacer nt 12-26 (for a 30-nt spacer),
suggesting also that while the very central portion of the
crBNA-spacer (positions ~14—18) possesses the
largest sensitivity to mismatches, the region proximal
to the crRNA-repeat (positions 18—26) is more sensitive
to mismatches than the crRNA-repeat distal region
(positions 1-12) (Fig. 3d) [35]. These results may
suggest a different mode of crRNA-spacer organization
in Cas13b complexes and further work is required to
fully understand Cas13b's RNA-targeting specificity.
During revision of this review, Es-Cas13d's in vitro
mismatch tolerance was also reported, and it was
found that the mismatch-sensitive region extends all
the way from crRNA-spacer positions 1-16, which fits
well with the how the crRNA is organized within the
complex (see above). It will be exciting to see whether
this holds for multiple Cas13d homologs [46].

Cas13 HEPN-cleavage specificity within the context
of human RNA knockdown experiments has also been

analyzed. In an experiment targeting a Gluc reporter
transcript in human cells, both Lwa-Cas13a and Psp-
Cas13b exhibit high efficiency (an average of 40.1%
and 92.3% knockdown, respectively) and remarkable
specificity with negligible significant off-target-RNA
knockdown events detected (zero and one off-target
detected for Lwa-Cas13a in [34, 35], respectively). This
level of specificity is striking, particularly when com-
pared to a guide-matched short-hairpin RNA (shRNA)
knockdown, which exhibited hundreds of significant off-
targets [34, 35]. Lwa-Cas13a RNA knockdown spec-
ificity was also tested for endogenous KRAS and PPIB
transcripts, and although knock down efficiencies were
low (27.1% and 29.2% knockdown, respectively), in
both cases no significant off-target was detected.
Notably, a similarly impressive level of efficiency and
specificity was also observed for Cas13d when used to
knockdown B4GALNT and ANXA4 RNA transcripts in
HEK293T cells [28].

Given the interest in Cas13 as not only a tool for
specific RNA-cleavage but also a tool specific RNA
binding, there is a need to understand what the
minimal base-pairing requirements (in terms of total
number and position of base pairs) for stable RNA
association. With this question in mind, Tambe et al.
[59] used a combination of in vitro high-throughput
sequencing-based and traditional biochemical assays
to study the relationship between stable crRNA-
mediated RNA-target binding and HEPN domain
nuclease activation. It was found that Cas13a's
crRNA-guided RNA binding affinity and HEPN-
nuclease activity are differentially affected by the
number and position of mismatches between the
crBNA and activator-RNA. In particular, mismatches in
some regions are able maximally active HEPN-
nuclease activation despite lower binding affinities,
while mismatches in other regions of the crRNA-
spacer promote tight binding but are unable to activate
the HEPN-nuclease [59]. This observation highlights
not only the presence of an interesting plasticity in
targeting RNA that may be integral to maintaining an
adaptive response to rapidly mutating phage se-
quences, but also that care needs to be taken when
thinking about optimal target site design and the range
of likely off-targets when designing crRNAs for RNA-
binding versus RNA-cleavage applications.

Type VI accessory proteins modulate
Cas13 nuclease activity

A number of CRISPR-Cas systems contain ORFs
within their genomic loci that do not appear to be
required for spacer acquisition, pre-crBNA processing
or nucleic-acid interference [17, 85-87]. This includes
Type VI systems, which contain an array of different
‘accessory’ proteins within close vicinity of their
CRISPR loci. This notably includes the recently
designated Csx27 and Csx28 Cas proteins, which
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coincide with two distinct branches of the phylogenetic
Cas13b tree [20, 31]. These two variant Type VI
systems are currently categorized as VI-B1 and VI-B2
systems, respectively [20, 31]. Almost all VI-B2
systems contain a Csx28 ORF, while Csx27 is only
present in approximately 50% of VI-B1 systems. Both
of this ORFs display no identifiable protein sequence
similarity to other Cas proteins and are not found in any
other CRISPR—Cas systems [20, 31]. The only features
that can be predicted for both proteins are the presence
of one (Csx28) or multiple (Csx27) transmembrane-
spanning regions (TMs) [31], which could be indicative
of an inner membrane location in Gram-negative
bacteria (in which all type VI-B systems reside).
Smargon et al. tested this prediction by heterologously
expressing N- or C- terminus RFP-tagged Csx27 from
B. zoohelcum and Csx28 from P. buccae in E. coli, but
found that neither of these constructs exhibited distinct
membrane localization when observed under a fluo-
rescence microscope. Given, the demonstrated pre-
dictive power of bacterial subcellular localization
algorithms (for review, see Ref. [88]), further experi-
mental validation is required to completely rule outinner
membrane localization, particularly for Csx27. In
addition to these transmembrane segments, Csx28
also possesses a predicted divergent HEPN domain at
its C-terminus [26, 31].

To understand the role of Csx27 and Csx28 in
modulating Cas13b interference activity, Smargon et
al. [31] co-expressed either Csx27 or Csx28 and
Cas13b in the presence of either a MS2 targeting or
non-targeting crRNA, and tested their effect on
Cas13b's interference ability in a MS2 drop plaque
assay. They found that while Csx27 or Csx28 did not
influence interference alone, when co-expressed with
Cas13b and a targeting crRNA, Csx27 was able to
inhibit Cas13b's interference activity by at least 2 (and
up to 5) orders of magnitude, while conversely, Csx28
enhanced interference by up to 4 orders of magnitude
[31]. Interestingly, Bz-Csx27 was able to inhibit both its
associated Cas13b and Pb-Cas13b (which contains
an associated Csx28 but not a Csx27 protein) [31],
suggesting that Csx27 has broad inhibitory properties
that can function across multiple Type VI-B systems.

In terms of mechanism, a suitable hypothesis is that
Csx28 dimerizes to bring its two HEPN domains
together to form a composite RNase active site, much
like what is observed with Csm6, Csx1, and all other
HEPN domain proteins studied to date [47, 71-73, 76] .
Once dimerized and/or activated, Csx28's active HEPN
domains may also act as a non-specific RNA nuclease
significantly boosting the efficacy of the Cas13b driven
anti-viral response. For Csx27, it is less clear how it
might be inhibiting Cas13b at the molecular level, but
given the evidence that despite the presence of multiple
TMs, Csx27 localizes to the cytoplasm, it is plausible
that it harnesses these hydrophobic helices to tightly
associate with Cas13b and inhibit its activity, similar to
what is observed in some toxin-anti-toxin systems [89].

Alternatively, it is also equally possible that in its host
organism, Csx27 indeed localizes to the inner mem-
brane and acts to tether Cas13b to the cytoplasmic side
of the inner membrane. Upon infection, Csx27
responds and releases its inhibitory hold on Cas13b
in preparation for interference. Given the widespread
presence of putative TMs within Cas accessory
proteins, the use of membrane association by
CRISPR-Cas systems to improve the fight against
mobile genetic elements seems plausible [90].

Very recently, a new family of Cas accessory
proteins was discovered to reside within Type VI-D
system loci [27]. These proteins were all shown to all
contain one or multiple WYL domains [27]. WYL
domains are approximately 170 amino acids long, are
very frequently found at the C-terminal of a helix-turn-
helix (HTH) or ribbon-helix—helix (RHH) DNA-binding
domains, and are often associated within prokaryotic
defense systems [42]. WYL-domain-containing pro-
teins have been shown to act as crRNA transcriptional
repressors within a Synechococcus Type I-D
CRISPR—Cas system[91], as well as a ssDNA binding
domain that modulates ATPase/helicase activity of the
non-CRISPR-related Pif1 helicase [92]. In contrast to
these activities, RspWYL1 (WYL1 from Ruminococcus
sp.) type VI-D CRISPR—Cas system was shown to
stimulate Cas13d-driven collateral RNA cleavage in
both bacterial negative selection screens and in in vitro
RNA cleavage assays, but exhibited no RNA cleavage
activity in the absence of Cas13d:crRNA and a
complementary target-RNA [27].

Further studies are required to understand how Cas
accessory proteins such as WYL1 and Csx28 are able
to enhance total RNA cleavage rates when target-
RNA-activated Cas13 is also present. Finally, it is
interesting to note that WYL-domain containing pro-
teins also appear to be associated with other Class Il
CRISPR systems, particularly Type I, V and VI-A and
B systems, suggesting that this domain has been
widely adopted by CRISPR-Cas systems to regulate
their activity [26]. That said, Koonin and colleagues
have wisely suggested to exercise caution when
wondering whether to consider these genes as bona
fide components of CRISPR—Cas loci given that many
CRISPR—Cas loci belong exist in “islands” that contain
a range of other highly-mobile genes such as toxins—
antitoxins, transposases, and components of other
defense systems [17].

Biotechnological and therapeutic
applications of Cas13 RNA targeting

The ability to direct a protein to a specific RNA
sequence in a programmable manner to degrade the
RNA or help to localize tethered effector domains (e.g.,
GFP or splicing factor domains) would enable a wide
variety of ways to specifically regulate RNAs to
investigate or manipulate any aspect of their function
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[93]. In 2014, it was first shown that that CRISPR—Cas9
in Streptococcus pyogenes, the revolutionary genome
editing tool also binds and cleaves RNA in a
programmable manner [94]. Building on this discovery,
RNA-targeting Cas9 has already been used to image
RNA transport [95], alter protein expression [96], and
eliminate aberrant RNAs in myotonic dystrophy patient
cells [97] and in a mouse model [98]. Recently, several
studies have shown that other CRISPR—Cas9 ortho-
logs or CRISPR-associate argonaute proteins may be
even better suited to RNA targeting applications
[99-102]. However, even with special sgRNA design
rules that promote RNA versus DNA recognition [94],
one concern with using Cas9 to target-RNAs is that
they also retain the ability to interact with DNA,
potentially leading to unintended off-target DNA binding
and/or cleavage. With this in mind, the discovery of
Cas13, which only targets RNA has led to a new era of
excitement around the development of RNA-targeting
tools for research and therapeutics.

The first set of applications developed has involved
the use of the “collateral cleavage” activity of Cas13's
HEPN-nuclease for ultrasensitive RNA detection [30,
33, 36]. This system relies on the use of a short
quenched-fluorescent reporter RNA that when cleaved
by an RNA-target-activated Cas13 molecule leads to a
large increase in fluorescence, and due to the robust
multiple turnover nature of Cas13 enables thousands of
reporter cleavage events per single target-RNA binding
event, acting to substantial amplify the initial “detection”
event [30]. This initial demonstration of Cas13-based
sensitive RNA detection has since been extended to
incorporate pre-amplification of the input nucleic acid
sample substantially increasing the sensitivity of the
approach to the point where it outperforms current
state-of-the-art RNA detection technology, achieving
attomolar detection with single-nucleotide specificity, all
while being extremely cost effective [33]. Furthermore,
the authors were able to demonstrate that this
methodology (named SHERLOCK; Specific High-
Sensitivity Enzymatic Reporter UnLOCKIing) can be
carried out using freeze dried reagents deposited on
paper strips potentially enabling rapid, low cost point-of-
care diagnostics for the detection of a range of maladies
from viral infection to cancer diagnosis [33]. More
recently, further developments to the SHERLOCK
platform have harnessed the orthogonal crBNA re-
quirements and HEPN-nuclease cleavage preferences
of Cas13a and Cas13b to develop multiplexed
detection, the use of accessory proteins (e.g., Csm6)
to boost the output signal, as well as alternative
detection modalities compatible with colorimetric lateral
flow detection devices such that RNA sequences can
be detected with very high sensitivity without the
requirement of a fluorimeter [36, 103].

Beyond RNA detection, there has been a number of
newer applications developed focusing on the use of
Cas13 as tool to observe and manipulate RNA biology
in live cells. Cas13a, Cas13b, and most recently

Cas13d have all been shown be proficient for targeted
RNA knock down in human and plant cells [28, 34, 35,
37]. All Cas13s tested for human RNA knockdown to
date have demonstrated remarkably high specificity,
exhibiting negligible and significantly less off-targets
compared to matched RNAi (shRNA) target se-
quences [28, 34, 35]. These studies have also
effectively harnessed the ability of Cas13's crRNA-
processing activity to enable the knockdown of several
transcripts in parallel from a single pre-crBNA transcript
[28, 34, 35].

Discussed in further detail earlier in this review, it was
fascinating to observe a lack of collateral activity inin all
of these studies, suggesting a fundamental difference
in the behavior of Cas13 and/or cellular response to
initial Cas13 activity in eukaryotic cells. Itis important to
note that there is a disagreement between which
Cas13 subtype is the most efficacious for RNA-
targeting activities: one study comparing Cas13b to
Cas13a demonstrated that Cas13b was significantly
more active for RNA knockdown across a large range
of sequence contexts [35]; while on the other hand, a
more recent study found that Cas13d was more active
than both Cas13a and Cas13b, with Cas13b exhibiting
the poorest activity [28]. Future studies will need to
reconcile these differences and aim to understand
more completely why some Cas13 subtypes are able
to more efficiently target a larger RNA sequence space
with the human transcriptome. In combination with
these studies, future biochemical and structural studies
are also required to help us to garner a better
understanding of the differences in crRNA-loading
and organization, target-RNA binding, and cleavage
specificity, as well as intrinsic differences in HEPN
nuclease activity, between Cas13 subtypes and
homologs. Together, these studies will allow us to
understand how these properties may influence Cas13
activity with respect to applications development.

Mutation of the HEPN-nuclease domain results in a
Cas13 variant (dCas13) that can specifically bind RNA
without cleaving it [29-31]. This has resulted in the
development of several additional exciting applications
including tracking of bulk movement of RNA transcripts
to the cytoplasm and stress granules [34], the use of
Cas13b—ADAR2 fusion proteins to enact site-specific
adenosine-inosine editing to recode cellular RNAs [35],
and most recently the use of Cas13d (both with and
without fusion to a hnRNP A1 glycine-rich domain) to
promote exon exclusion and effect alternative splicing
outcomes [28]. There is no doubt that improvements on
these demonstrations will continue to occur, as well as
the development of new applications directly observing
and/or manipulating various aspects of post-
transcriptional regulation (e.g., splicing, polyadenyla-
tion, RNA transport, RNA translation) both with allele/
SNP-specific resolution and with transcriptome-wide
scalability through the use of large crRNA library and
orthogonal Cas13 proteins. Given the breakneck
speed at which such applications are being developed,
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Cas13 has already proven itself to be a more widely
applicable platform for RNA-specific applications than
its predecessors ushering in a new era of possibilities to
observe and manipulate RNA biology for research and
therapeutic applications.

Perspectives

Recent bioinformatics approaches have discovered
a startling array of new CRISPR—Cas systems, further
expanding the known CRISPR “universe” to include
Type V and VI systems and a number subtypes within
[20, 2628, 31]. This has expanded not only the
“CRISPR—Cas toolbox” for new and exciting molecular
biology tools for gene editing and RNA manipulation,
but also our understanding of the many ways prokary-
otes can protect themselves from mobile nucleic acid
invaders. Beyond cataloging new CRISPR—Cas sys-
tems, a number of recent studies have highlighted that
the mechanisms of CRISPR—Cas-driven immunity are
more sophisticated and nuanced than previously
appreciated. For example, recent studies highlighted
amplification of the antiviral response by Cas10
“second messenger’ generation to control Csm6
activity [74, 75] as well as the role of effector proteins
such as Csx27/Csx28 [31] and WYL proteins [27] in
regulating Cas13 function. Together these studies
suggest that prokaryotes have evolved to ways to
tune their antiviral response, likely in order to remain
permissive to the horizontal gene transfer of potentially
beneficial traits.

The studies detailed in this review have rapidly
revealed a large amount about how a number of Cas13
subtypes are able to bind and cleave ssRNA in a
crRNA-dependent mechanism, and how this behavior
can be utilized for RNA diagnostics and RNA manip-
ulation in a range of organisms. Despite these
advances, a number of interesting fundamental ques-
tions and challenges surrounding Type VI system
function still remain. Foremost, a number of questions
surround the role and scope of “collateral cleavage”
within hosts that harbor Type-VI systems. While it is
clear that this non-specific RNase activity is both
directly observed biochemically and indirectly observed
in the case of E. coli heterologous expression
experiments, it is not clear how rampant this collateral
activity is across the diversity of different bacterial
hosts, particularly given the lack of collateral activity
observed in all eukaryotes tested to date, and the
known differences in RNA degradation mechanisms
(and thus response to Cas13 cleavage) not only
between eukaryotes and prokaryotes and but also
between different bacterial phyla. In the case where
collateral cleavage (versus specific phage RNA de-
struction) is a predominate mechanism by which Type
VI-containing hosts clear viral infection, it will be also
interesting to see whether all RNAs are equally targeted
non-specifically to induce global shutdown of cellular
metabolism, or there is a somewhat more nuanced

response where particularly susceptible RNAs are
cleaved initially and result in induction of dormancy/
programmed cell death, before the entire RNA pool is
depleted (e.g., as is seen with RNase L [79, 81]).

In terms of the mechanistic details of Cas13 function,
there are a number of things we do not understand; this
includes but is not limited to (a) understanding how the
HEPN domains are activated with respect to the target
search process, guide organization, and conforma-
tional dynamics; (b) how the active site is organized,
that is, which active-site residues from HEPN1 versus
HEPN2 are directly involved in catalysis; (c) the
molecular interactions that determine substrate cleav-
age specificity; and (d) how at the molecular level are
accessory proteins such as Csx27, Csx28, and WYL1
able to modulate Cas13 activity, direct or indirectly. A
greater understanding of these processes may lead to
a rationale for engineering Cas13 proteins with altered
HEPN-nuclease substrate preference, greater speci-
ficity, and new approaches to further activate or inhibit
Cas13 activity.

Finally, it also going to be exciting to see a range of
new Cas13-based applications developed. | anticipate
we will soon see Cas13 applied in a number of exciting
new ways, including but not limited to transcriptome-
wide library screens to down-regulated gene expres-
sion at the RNA level potentially with more specificity
than current RNAI/CRISPRIi approaches, modulation of
various aspects of RNA metabolism (splicing, trans-
port, polyadenylation, translation, degradation), as well
as the observation of these processes with allele
specificity using fluorescently-tagged Cas13 proteins.
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