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Abstract | Class 2 CRISPR—Cas systems are characterized by effector modules that consist of a
single multidomain protein, such as Cas9 or Cpf1l. We designed a computational pipeline for the
discovery of novel class 2 variants and used it to identify six new CRISPR-Cas subtypes. The
diverse properties of these new systems provide potential for the development of versatile tools
for genome editing and regulation. In this Analysis article, we present a comprehensive census

CRISPR-Cas

An adaptive immune system in
archaea and bacteria that
functions by inserting
fragments of foreign genomes
into CRISPR arrays and using
the transcripts of the resulting
spacers as guide RNAs to
detect and inactivate the
cognate genetic elements.
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nomenclature of CRISPR-Cas.

CRISPR-Cas systems provide adaptive immunity in
archaea and bacteria'~®. The structural features and
mechanisms of CRISPR-Cas are described in detail
in several recent reviews®™. In brief, the CRISPR-Cas
response consists of three stages. During the first stage,
known as adaptation, the Cas1-Cas2 protein complex
(which, in some cases, contains additional subunits)
excises a segment of the target DNA (known as the
protospacer) and inserts it between the repeats at
the 5" end of a CRISPR array, yielding a new spacer. In
the expression and processing stage, a CRISPR array,
together with the spacers, is transcribed into a long
transcript known as the pre-CRISPR RNA (pre-crRNA)
and is processed by a distinct complex of Cas proteins
(which, in some cases, involves additional proteins
and RNA molecules) into mature small CRISPR RNAs
(crRNAs). Finally, during the interference stage, a com-
plex of Cas proteins (typically, a modified processing
complex) uses the crRNA as a guide to cleave the target
DNA or RNA. Similarly to other defence mechanisms,
CRISPR-Cas systems have evolved in the context of an
incessant arms race with mobile genetic elements, which
has resulted in extreme diversification of Cas protein
sequences and in the architecture of the CRISPR-cas
loci”*2. Owing to this diversity and the lack of universal
cas genes, a comprehensive classification of CRISPR-Cas
systems cannot be generated as a single phylogenetic
tree, but requires a multifaceted approach that combines
the identification of signature genes with phylogenetic
trees and the analysis of sequence similarity between
partially conserved cas genes, as well as the comparison

of class 2 types and class 2 subtypes in complete and draft bacterial and archaeal genomes,
outline evolutionary scenarios for the independent origin of different class 2 CRISPR-Cas
systems from mobile genetic elements, and propose an amended classification and

of the loci organization'*'*. The latest published classifi-
cation of CRISPR-Cas systems includes two classes that
are subdivided into five types and 16 subtypes'®. Shortly
after this classification, a sixth type and three additional
subtypes were identified'®.

Class 1 CRISPR-Cas systems, which have multisub-
unit effector complexes, are most common in bacteria
and archaea (including in all hyperthermophiles), com-
prising ~90% of all identified CRISPR~-cas loci'®. The
remaining ~10% of CRISPR-cas loci belong to class 2
CRISPR-Cas systems (which use a type IL, type V or type
VI effector protein); these systems are found almost
exclusively in bacteria and have not been identified in
hyperthermophiles'>"”.

CRISPR-Cas systems are characterized by pro-
nounced functional and evolutionary modularity®.
The adaptation module, which is responsible for spacer
acquisition shows limited variation among the diverse
CRISPR-Cas systems". By contrast, the CRISPR-Cas
effector module, which mediates the maturation of
crRNAs, as well as target recognition and cleavage, is
more versatile in gene composition and locus architec-
ture; this led to the two classes of CRISPR-Cas system
being defined based on the organization of their effec-
tor modules'. The effector complexes of class 1 systems
consist of 4-7 Cas protein subunits in an uneven stoichi-
ometry, as exemplified by the CRISPR-associated com-
plex for antiviral defence (Cascade) of type I systems'®-?!,
and the Csm-Cmr complexes of type III systems* . By
contrast, the characteristic feature of class 2 systems is
an effector module that consists of a single, multidomain
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Adaptation

The first phase of the CRISPR
immune response, during
which a piece of foreign DNA is
inserted into a CRISPR array to
become a spacer that is
subsequently used as the
template to produce the
CRISPR RNA (crRNA).

CRISPR RNAs

(crRNAs). Small RNA molecules
that consist of the RNA
complement of a spacer and
parts of the two adjacent
repeats. crRNAs are produced
by processing of the transcript
of the entire CRISPR array
(pre-crRNA); processing is
mediated either by Cas
proteins only (class 1, type V-A
and type VI-A systems) or by
an external RNase, such as
bacterial RNase Ill, in
conjunction with Cas proteins.

Interference

The final phase of the CRISPR
immune response, during
which the target DNA (or less
commonly, RNA) is recognized
by a CRISPR effector through
the bound CRISPR RNA
(crRNA) and cleaved by the
effector nuclease or nucleases.
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protein. The relatively simple architecture of their effec-
tor complexes has made class 2 CRISPR-Cas systems
an attractive choice for use in the new generation of
genome-editing tools**?.

Before the analysis reported here, five (predicted)
class 2 effectors had been described — Cas9, Cpfl, C2cl,
C2c2 and C2c3 — the most common and best studied
of which is the type II effector, Cas9. Cas9 is a crRNA-
dependent endonuclease that contains two unrelated
nuclease domains, RuvC and HNH, which are respon-
sible for cleavage of the displaced (non-target) and target
DNA strands, respectively, in the crRNA-target DNA
complex?*?*-33. Type II CRISPR~cas loci also encode
a trans-acting CRISPR RNA (tracrRNA) that might have
evolved from the corresponding CRISPR and that is
essential for pre-crRNA processing and target recogni-
tion in type II systems®***-*¢, The amino acid sequence
of Cpfl, which is the prototype type V effector, contains
only one readily detectable nuclease domain, RuvC'>*%,
However, structures of Cpf1 in complex with crRNA, or
with both crRNA and target DNA, revealed a second
nuclease domain with a unique fold that is functionally
analogous to the HNH domain of Cas9 (REFS 39,40). An
important difference between Cpfl and Cas9 is that
Cpfl is a single-RNA-guided nuclease that does not
require a tracrRNA. Furthermore, the Cpfl protein
itself is responsible for pre-crRNA processing, although
the nature of its RNase activity is not characterized*'.
Cpfl also differs from Cas9 in its cleavage pattern and
in its protospacer-adjacent motif (PAM), which deter-
mines which targets are cleaved®. These differences
suggest that the discovery of novel class 2 effectors
could enhance the application of CRISPR systems to
genome engineering. Furthermore, the discovery of
two distantly related class 2 effector proteins, Cas9
and Cpfl, suggests that other distinct variants of such
systems could exist. Prompted by these findings, we
developed a computational pipeline to systematically

identify novel class 2 CRISPR~cas loci in genomic and
metagenomic sequences. Using Casl, which is the most
highly conserved Cas protein, as a seed, we identified
three previously unknown class 2 subtypes, two of which
contained effectors that are distantly related to Cpf1 and
were included as additional subtypes in type V; the third
novel class 2 subtype became the newly classified type VI
subtype'®. The expression and ability to cause interfer-
ence of two of these proteins, denoted C2c1 and C2c2,
have been experimentally demonstrated'®*.

In this Analysis article, we expand on our previous
findings'®*? and describe further analysis that we believe
provides a comprehensive census of class 2 effectors in
sequenced bacterial and archaeal genomes. This new
analysis stems from the observation that many known
CRISPR-Cas systems are non-autonomous; that is, they
depend on Casl and Cas2 proteins that are supplied
by other CRISPR-cas loci in the same genome, and, as
such, their loci lack casI (REF. 15) and will not have been
detected in our previous analyses'>'s. We extended the
search for novel class 2 systems by using the CRISPR
array itself as the seed. Consequently, we identified
novel, putative class 2 effectors that were missed in
the previous analyses''® and which belong to at least
three new CRISPR-Cas subtypes. We further discuss
the evolutionary implications of our findings, including
evidence of a crucial role for mobile genetic elements in
the independent origin of different types and subtypes
of class 2 CRISPR-Cas systems.

Comparative genomics and evolution

The previously developed computational pipeline that is
extended in this analysis is shown in BOX 1 and is further
explained in Supplementary information S1 (box). Using
Casl as the seed, two new type V subtypes (effectors that
contain a RuvC-like nuclease domain that is distantly
related to that of Cas9) and one new type VI subtype (a
putative effector that contains two higher eukaryotes and
prokaryotes nucleotide-binding domains (HEPN domains))
were identified'®. When CRISPR was used as the seed to
detect non-autonomous class 2 systems in this analysis,
three new subtypes were detected, including an addi-
tional heterogeneous subtype of putative type V systems
and two subtypes of type VI systems (see Supplementary
information S2 (box), part a). We expect that the
detected variants almost completely represent the diver-
sity of class 2 CRISPR-Cas systems that are detectable in
currently available genomes, given that all large proteins
(that is, putative class 2 effectors) that are encoded near a
casl gene and/or a CRISPR array were analysed in detail
in this work.

Subtypes V-A, V-B and V-Cidentified using a Casl seed:
large multidomain effectors. The distinctive feature of
type II and type V CRISPR-Cas sequences is the pres-
ence of a RuvC-like nuclease domain in their multi-
domain effector proteins. In the type II effector Cas9,
the RuvC-like domain contains an inserted HNH nucle-
ase domain (FICS 1,2). Other than the RuvC-like domain,
the effector proteins of the three type V subtypes do not
share any detectable sequence similarity to each other or
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Effector

A complex of Cas proteins (in
class 1 systems), or a single,
large protein (in class 2
systems), that is involved in
target recognition and
inactivation, and, in most
cases, in the processing of
pre-CRISPR RNA (pre-crRNA).

Class 2 CRISPR—-Cas systems
One of the two major divisions
of CRISPR—Cas that is
characterized by effector
modules that consist of a
single, large protein with
endonuclease activity.

Trans-acting CRISPR RNA
(tracrRNA). An accessory

RNA molecule that is partially
complementary to CRISPR and
is involved in pre-crRNA
processing in type Il and

type V-B CRISPR-Cas
interference.

Higher eukaryotes and
prokaryotes nucleotide-
binding domains

(HEPN domains). An early
name that was given when the
functions of the domains were
not well characterized. An
expansive superfamily of
domains with RNase activity
that are involved in various
defence functions, in particular,
type VI and some class 1
CRISPR-Cas interference.

TnpB proteins

A poorly characterized
superfamily of transposon-
encoded proteins that contain
RuvC-like nuclease domains.
TnpB proteins are the apparent
evolutionary ancestors of

type Il and type V CRISPR-Cas
effectors.

ANALYSIS

Box 1| The computational pipeline for the discovery of class 2 CRISPR—cas loci

We have developed a computational pipeline for the systematic detection of class 2 CRISPR-Cas systems (see the
figure). The procedure begins with the identification of a ‘seed’ that signifies the likely presence of a CRISPR—cas locus
in a given nucleotide sequence (see the figure; the steps in the procedure are numbered in the order in which they
occur). In the previously reported analyses' %, we used Cas1 as the seed, as it is the most common Cas protein in
CRISPR-Cas systems and is most highly conserved at the sequence level®. In this article, we update this part of the
analysis by searching the current sequence databases (Supplementary information S1 (box)). To ensure the maximum
sensitivity of detection, the search was carried out by comparing a Cas1 sequence profile to translated genomic and
metagenomic sequences. After the cas1 genes were detected, their respective ‘neighbourhoods’ were examined for
the presence of other cas genes by searching with ~400 previously developed profiles for Cas proteins and applying the
criteria for the classification of the CRISPR—cas loci®®. In a complementary approach, to extend the search to
non-autonomous CRISPR-Cas systems, the same procedure was repeated using the CRISPR array as the seed. To ensure
that the CRISPR array was detected at a high level of sensitivity, the predictions that were made using the Piler-CR"?
and CRISPRfinder”® methods were pooled and taken as the final CRISPR set (see the figure). This procedure
yielded 47,174 CRISPR arrays, which is more than twice the number of cas1 genes that were detected, reflecting the
fact that many CRISPR-cas loci lack the adaptation module and that numerous ‘orphan’ arrays, some of which seem

to be functional, also exist’.

All loci that were assigned to known CRISPR—Cas subtypes through the Cas protein profile search were discarded from
the subsequent analysis, given that the search aimed to discover new subtypes. Among the remaining cas1 and CRISPR
neighbourhoods, those that encoded large proteins (>500 amino acids) were analysed in detail, given that Cas9 and
Cpf1 are large proteins (typically >1000 amino acids) and that their protein structures suggest that this large size is
required to accommodate the CRISPR RNA (crRNA)-target DNA complex®®*#. The sequences of such large proteins
were then screened for known protein domains using sensitive profile-based methods, such as HHpred, secondary

structure prediction and manual examination of multiple
alignments (Supplementary information S1 (box)). Under
the premise that class 2 effector proteins contain nuclease
domains, even if they are distantly related or unrelated to
known families of nucleases, the proteins that contain
domains that are deemed irrelevant in the context of

the CRISPR—Cas function (for example, membrane
transporters or metabolic enzymes) were discarded. The
retained proteins either contained readily identifiable, or
completely unknown, nuclease domains. The sequences of
these proteins were then analysed using the most sensitive
methods for domain detection, such as HHpred, with a
curated multiple alignment of the respective protein
sequences that were used as the query. The use of sensitive
methods is essential because proteins that are involved in
antiviral defence, and the Cas proteins in particular,
typically evolve extremely fast®>.

Note that the depicted procedure for the discovery of
class 2 CRISPR—Cas systems, at least in principle, is
expected to be exhaustive, because all loci that contain a
gene that encodes a large protein (that is, a putative class 2
effector) in the vicinity of cas1 and/or CRISPR are analysed
in detail. The assumption of the structural requirements for
aclass 2 effector, which underlie the protein size cut-off
that is used, and the precision of cas1 and CRISPR
detection, are the only limitations of this approach.

BLAST, basic local alignment search tool.

to Cas9. However, the only available crystal structures
of class 2 effectors, specifically those of Cas9 and Cpfl,
reveal that they have a common structural framework
(see above)***. The structures of the putative, large, type
V effectors that were discovered using the casl seed,
namely those of the subtype V-B and subtype V-C, are
unsolved, but the subtype V-B effector C2c1 was shown
to have robust interference activity'®. All of the class V
effectors that were identified at this stage share a similar,
large size (typically, 1,000-1,300 amino acid residues)
and a single common domain, the RuvC-like endonu-
clease domain, although the sequence similarity between

0‘ Find seeds by running BLAST or searching for ‘
CRISPR
}
— 1[ List of seed coordinates J
|
2[ Extracting sequences in the vicinity of the seeds J
3[ Olpen reading frame (ORF) detection ]
4[ OlRF annotation with protein profiles }

!

‘ Loci evaluation: CRISPR type identification, ‘

protein clustering

|

Manual curation of clusters
Domain detection using: HHpred, CD-search

|

7[ List of selected candidates ]

—

Evaluate and validate candidates

the effector proteins of different subtypes is extremely
low. It is likely that all type V effectors adopt similar
bilobed structures that hold together the crRNA and
target DNA, although the effector proteins of different
subtypes do not seem to be directly related.

The search for homologues of the type II and type V
effectors showed that the RuvC-like nuclease domains
are related to TnpB proteins, an extremely abundant
but poorly characterized family of nucleases that are
encoded by many autonomous (that is, those that
encode an active transposase, denoted TnpA, and medi-
ate their own transposition) and even more numerous
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Class 1 systems (types I, lll and V) Subtype Species in which
system identified
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:—:l:@:>=>l [ XY ] I N 17660 NLA 17680
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? cas4 casl cas2 tracrRNA CRISPR
RquI I, 10
v DNA? o
\ >\ \ > l<>l<>l ve @ Oleiphilus sp.
casl 75 CRISPR A3715_16885
c2c
Tentative RuvC-1, 11, 11l [I<>l<>l] Gt itids
> V-U1 . ordonia otitidis
c2c4 CRISPR GOOTI_RS19525
RuvC-1, I, 11l
) [BOBRON] | >600aminoacids v @ Cyanothece sp. PCC 8501
czcs CRISPR - PCC8801_4127
RuvC-L, 11, 111 o
:Z> I<>l<>l L Anabaena variabilis
205 [ CRISPR | V-Us @ ‘ava 2196
RuvC-1, I, 1l . Lo
— B h HD-771
= 1) [1o1oN v-us @ Bacillus thuringiensis
il CRISPR -
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RuvC-I, 11, 11l . .
allh Rothia dentocariosa M567
:I:E>[I<>I<>l] V-Us @ [ IMPREF0734 01201
c2c9 CRISPR
HEPN HEPN
I s et 3 0 T | Leptotrichia shahi
ffffffff VI-A
RNA g casl cas2 CRISPR . B031_RS0110445
HEPN HEPN
I— y——-—-:‘>[l<>l<>l} VI-C . Fusobacterium perfoetens
Vi RNA? _ CRISPR T364_RS0105110
HEPN HEPN HEPN
E-:-::>m> Prevotella b
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’ c2c6 CRISPR -
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L Il ) E-:-:> polol Bergeyella zoohelcum
RNA? V82 @ LMPREF9699_02005

Figure 1| The updated classification scheme for class 2 CRISPR-Cas
systems. The class 1 systems are collapsed; all other systems shown are
class 2 systems. New class 2 systems that were discovered using the
computational pipeline in this study (see BOX 1) are indicated with blue
circles for those that were described previously*® and with red circles for
those that are presented here for the first time. For each class 2 system
subtype, as well as for the five distinct variants of the provisional
V-uncharacterized (V-U) subtype, the locus organization and the
domain architecture of the effector and accessory proteins are
schematically shown. RuvC-l, RuvC-Il and RuvC-lll are the three distinct
motifs that contribute to the nuclease catalytic centre; numerals in the
figure correspond to the respective RuvC motif. The portions of Cas9
proteins that roughly correspond to the recognition lobe and the
protospacer-adjacent motif (PAM)-interacting domain are shown by
maroon and pink shapes, respectively. The proposed new systematic
gene names are shown in bold type in red boxes. Provisional gene names

CRISPR

for effector protein candidates are shown below the respective shapes
as follows: C2c1-10, class 2 candidate proteins 1-10; for subtype V-A,
the previously introduced vernacular cpf1 is indicated. For subtype VI-A,
cas1 and cas2 are shown with dashed contours to indicate that only
some of these loci include the adaptation module. For the V-U5 variant,
the inactivation of the RuvC-like nuclease domain is indicated by a
cross. The specific strains of bacteria in which these systems were
identified and locus tags for the respective protein-coding genes

are also indicated. The abbreviation TM indicates a predicted
transmembrane helix. The predicted type of target, namely DNA or
RNA, is indicated for each subtype. A question mark next to the target
indicates that the activity is only predicted and has not been
demonstrated experimentally. The target is not indicated for the type
V-U systems because their RNA-guided interference capacity is
questionable, which is additionally emphasized by shading. tracrRNA,
trans-acting CRISPR RNA.
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\ <« Figure 2 | The domain architecture of class 2 CRISPR
0 500 1,000 1,500

effector proteins. For the type Il and subtype V-A
effectors, the crystal structures (indicated here by their
RCSB Protein Data Bank (PDB) accession numbers

2’5589” (5CZZ and 5B43, respectively)) are available and the
PDB accession corresponding domain architectures are shown in detail.
number 5CZZ For the remainder of the proteins, the grey areas indicate
structurally and functionally uncharacterized portions.
RuvC-l, RuvC-Il and RuvC-lll, as well as higher eukaryotes
Type V-A and prokaryotes nucleotide-binding | (HEPN I) and HEPN I,
Cas12a (Cpfl) denote the catalytic motifs of the respective nuclease
PDB accession domains of the CRISPR effectors. The bridge helix
number 5B43 . . .
corresponds to an arginine-rich region that follows the
RuvC-I motif. Other domains shown in the figure are
denoted as follows: PAM interacting, protospacer-adjacent
Type V-B motif (PAM)-interacting domain; HNH, HNH family

Cas12b (C2c1)

Type V-C
Cas12c (C2c3)

Type V-U1 C2c4
Type V-U2 C2c8
Type V-U5 C2c5*

endonuclease domain, zinc finger domain with a CXXC..
CXXC motif (dots represent the variable distance between
the two pairs of cysteines); HTH, putative DNA-binding
helix-turn—helix domain; NUC, nuclease domain. The
proteins and domains are shown approximately to scale.
For each protein, the corresponding number of amino
acidsis indicated, and a ruler is shown on top of the figure
to guide the eye. For the functionally characterized
full-length effectors, the proposed new nomenclature
(Cas12 and Cas13)isindicated, whereas for the
uncharacterized putative effectors of type
V-uncharacterized (V-U), only the provisional names are

& N indicated. When, and if, functional evidence of a bona
PUEHINRSIN ) )
& 4(4\294 O fide CRISPR response is reported for these effectors,
I APFRIAT Y they should be referred to as Cas12 proteins with the
~400 Type V-U4 C2c9 di ifving | Th ive V-U1. V-U2
Type V-U3 C2c10  corresponding specifying letters. The putative V-U1, V-
and V-U5 effectors are larger than the typical TnpB
R N proteins, whereas the V-U3 and V-U4 effectors are in the
<8$ (8% 6% <8$ characteristic size range of TnpB. The asterisk at C2¢5
NS R L350 indicates that this putative effector protein contains
I = I D gfselgg?CZd) replacements of the catalytic residues of the RuvC-like
nuclease domain and lacks the zinc finger.
\ NN
S S
AR Q ]
KK KK

[[= I =>1-224 I:ype VL'BC The closest relatives and possible ancestors of Cas9
as13b (C2c4) were identified on the basis of readily detectable sequence
N . similarity and on the presence of the HNH insert in the
Qe\ qe\ Qé\ Qé\ RuvC-like nuclease domain of a distinct family of TnpB
¥ ¥ XK e Tvoe VIC proteins that was denoted IscB (insertion sequences
‘ H = H = : gapsem ¢ (C2¢7) Cas9-like protein B)""*. It is difficult to confidently trace

non-autonomous (that is, those that consist solely of the
tnpB gene and rely on transposases from other elements
for their transposition) bacterial and archaeal transpos-
ons®# (FIC. 3a). In addition to the RuvC-like nuclease
domain, TnpB proteins contain a predicted, positively
charged, long a-helix that seems to be the counter-
part to the bridge helix, which is a common feature of
Cas9 and Cpf1 (FIG. 2). Thus, similar to the class 2 effec-
tors, the TnpB proteins are predicted to bind to RNA.
Moreover, it has been reported that a TnpB protein
from the haloarchaeon Halobacterium salinarum binds
to short overlapping sense transcripts of its own gene®.
Biochemical and biological characterization of TnpB
should shed light on the evolution of the functions of

class 2 CRISPR-Cas effectors.

adirect connection between type V effector proteins and a
particular group of TnpB proteins, because type V effec-
tor proteins show less similarity to TnpB proteins than
Cas9 shows to IscB proteins. Nevertheless, the effectors
of the three subtypes of type V systems are similar to
different TnpB families, which suggests independent ori-
gins of the effectors of different type V subtypes from the
pool of tnpB genes'.

Subtype V-U identified using a CRISPR seed: small
putative effectors. The search for CRISPR-cas loci that
lack the adaptation module (that is, loci that were iden-
tified with a CRISPR seed but not with a casI seed; see
BOX 1) yielded several additional variants of putative
type V systems (FICS 1,2) that might help to explain how
CRISPR-Cas effectors evolved from TnpB. The putative
effector proteins of these loci, which we have provision-
ally assigned to subtype V-U (where the ‘U’ stands for
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‘uncharacterized’; see below), share two features that dis-
tinguish them from type I and type V effectors that are
found at CRISPR-cas loci that contain Casl (FIC. 2). First,
these proteins are much smaller than class 2 effectors

that contain Casl, comprising between ~500 amino
acids (only slightly larger than the typical size of TnpB)
and ~700 amino acids (between the size of TnpB and the
typical size of the bona fide class 2 effectors). Second,

Porphyromonas gingivalis W83 [=:=DL{I<>IOI}

Protein with a predicted
transmembrane domain
and potential HEPN domain ™

! Porphyromonas gingivalis ATCC 33277 CRISPR
B, A V-U3 %6 |
Bacillus, 3 Prevotella buccae D17 3
glosgndlum, ! Prevotella intermedia ATCC 25611 [=:=:>=[I<>I<>I} 3 <
uminococcus I =)
J V-U2 3 95) Prevotella pleuritidis FO068 3 )
94 ; I P
2 2 5 Cyanobacteria ! Prevotella intermedia 17 =
ﬁ%?* v-u1 | : |
9 — Chanobacteria Mycobacterium, | |:Prevotella saccharolytica FO055 [=:=:>=[I<>I<>I} !
B : B ﬁg;gﬁgfﬁws, 3 * Prevotella saccharolytica JCM 174841 3
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Figure 3| Phylogenies of the type V and type VI-B effectors.

a| A maximum-likelihood phylogenetic tree of TnpB nucleases, including
the putative type V-uncharacterized (V-U) effectors that have a predicted
active RuvC domain (Supplementary information S1 (box)). The major
subtrees of transposon-encoded TnpB proteins are collapsed and
indicated by triangles; some of these large groups include tnpB genes
that are adjacent to CRISPR arrays, but these do not show evolutionary
stability and thus cannot be identified as effectors. The four distinct
evolutionarily stable groups of CRISPR-associated TnpB assigned to
subtype V-U are shown by red triangles. Altogether, the tree includes
1,770 unique TnpB sequences, 403 of which are TnpB proteins that are
encoded next to TnpA (autonomous transposons); 168 of these tnpB
genes are adjacent to CRISPR arrays, and of these, 49 are assigned to
four variants of subtype V-U (none of these belongs to autonomous
transposons). In the subtrees that include the subtype V-U variants,
bootstrap values (percentages) are shown for those subtrees that include
the distinct V-U variants. For each type V-U variant, the bacterial taxa that

™
Protein with four predicted

transmembrane domains ™ M

harbour the majority of the respective loci are indicated. Dominant
bacterial or archaeal lineages, if there are any, are indicated in the
triangles. For the complete tree and accession numbers of all sequences,
see Supplementary information S2 (box), part c and part h. b | Phylogenetic
tree of the subtype VI-B Cas13b effector proteins. The tree was
constructed as in part a, and the bootstrap values that are larger than
70% are indicated. The organization of typical cas13b loci for selected
representatives (specifically those that are shown in bold) is schematically
shown on the right. Variant 1 and variant 2 correspond to the two major
branches of the tree and differ with respect to the domain architectures
of the second smaller protein encoded in the locus; the domain
architectures of these putative accessory proteins are shown above (for
variant 1) and below (for variant 2) the respective loci schematics. The
CRISPR arrays are shown schematically in brackets. TM indicates a
predicted transmembrane domain, shown by blue boxes. Higher
eukaryotes and prokaryotes nucleotide-binding (HEPN) domains are
shown as maroon boxes. A, diverse archaea; B, diverse bacteria.
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these putative effectors show a higher level of similarity to
TnpB proteins than the larger type I and type V effectors
(see Supplementary information S3 (figure)). In particu-
lar, three groups of TnpB homologues, which are included
here in subtype V-U (denoted V-Ul, V-U2 and VU-5),
showed evolutionary stability in terms of sequence con-
servation, consistent association with CRISPR arrays
and presence in distinct groups of bacteria (FICS 1,2; see
below). A more detailed examination showed that, within
each of these groups, in closely related bacterial genomes
the respective loci were genuinely orthologous, as
indicated by the gene synteny conservation.

In view of the identification of these smaller CRISPR-
associated TnpB homologues, we ran the pipeline
(BOX 1) with the requirement for the minimal length
of the protein adjacent to the CRISPR array removed,
and examined the results for the presence of additional
TnpB homologues. Numerous CRISPR-associated TnpB
homologues were detected in the size range that is typi-
cal of the transposon-encoded TnpB, that is, ~400 amino
acids (Supplementary information S2 (box), part a).
Most of these loci were not evolutionarily conserved
and were thus of questionable functional relevance.
However, we additionally detected two distinct groups
of such smaller CRISPR-associated TnpB (V-U3 and
V-U4) with characteristics that are similar to those of
the three subtype V-U groups that have intermediately
sized CRISPR-associated TnpB (FIGS 1,2; Supplementary
information S4 (figure)).

Notably, the genes for the putative effectors of sub-
type V-U showed signs of purifying selection on protein
sequences (as indicated by the low values of the non-
synonymous to synonymous nucleotide substitutions,
dN/dS), which was found to be particularly strong for
the subtype V-U3 group (Supplementary informa-
tion S2 (box), part b, and Supplementary information S4
(figure)). Taken together, these observations imply that
the respective TnpB homologues have CRISPR-dependent
functions and, in our view, justify the designation of the
respective loci as subtype V-U.

For the larger bona fide type V effectors, low sequence
conservation precluded reliable phylogenetic analysis,
whereas a robust tree could be constructed for the smaller
CRISPR-associated homologues, together with the
typical transposon-encoded TnpB (see Supplementary
information S1 (box) and Supplementary information
S2 (box), part c). The topology of this tree indicated that
four of the five distinct variants of subtype V-U (here-
after referred to as subtypes V-Ul, V-U2, V-U3, V-U4
and V-U5) originated from different TnpB families
(FIG. 3a), which is in agreement with the hypothesis of
the independent evolution of different class 2 subtype
effectors from transposon-encoded nucleases. The fifth
variant (subtype V-U5), which is found in various cyano-
bacteria, consists of diverged TnpB homologues that
have several mutations in the catalytic motifs of their
RuvC-like domain and was accordingly not included in
the phylogeny here. Of the five stable variants, subtype
V-Ul is found in diverse bacteria, whereas the remaining
subtypes are largely limited in their spread to particular
bacterial taxa (FIC. 3a; Supplementary information S2
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(box), part d). We further extended this evolutionary
analysis to all putative type V effectors by building a
cluster dendrogram based on the distances that were
derived from profile-to-profile comparisons of the
respective protein sequences (Supplementary informa-
tion S1 (box)). The results suggest that the effectors of
each of the identified subtypes, as well as the five distinct
variants in subtype V-U, originated independently from
different TnpB families (Supplementary information S5
(figure)).

The subtype V-U TnpB-like proteins are too small
to adopt a bilobed structure of sufficient size to accom-
modate the crRNA-target DNA complex, as the typical
class 2 effectors do, and, therefore, are unlikely to function
in that capacity without additional partners. Furthermore,
the subtype V-U loci lack any additional cas genes (FIG. 1),
which, together with the above structural considera-
tions, calls for caution in predicting that they have fully
fledged CRISPR activity. Nevertheless, the evolutionar-
ily stable association of at least five distinct subtype V-U
variants with CRISPR arrays implies that at least some
of these proteins do carry out CRISPR-dependent bio-
logical functions. Such functions might involve a typical
CRISPR response that is aided by Cas proteins from other
loci and/or by additional non-Cas proteins. Remarkably,
the CRISPR arrays that are associated with group V-U3,
which is mostly found in bacilli and clostridia, contain
several spacers that match the genomic sequences of
bacteriophages that infect these bacteria (Supplementary
information S2 (box), part e). Furthermore, the sets of
spacers in each subtype V-U group were completely dif-
ferent, even between closely related bacterial genomes
(Supplementary information S2 (box), part e), which
implies active spacer turnover. The diversity of the
spacers and the presence of the phage-specific spacers
in group V-U3 imply that at least some subtype V-U
variants are functional CRISPR-Cas systems that are
engaged in anti-phage adaptive immunity. Many of the
complete genomes that contain group V-U3 and group
V-U4 loci lack any additional CRISPR-Cas systems
(Supplementary information S2 (box), part f), which
makes it puzzling as to how these systems acquire their
spacers. Alternatively, some of the subtype V-U systems
might have distinct regulatory roles that do not require
the formation of a ternary complex with the crRNA and
the DNA target; indeed, several non-defence functions
of CRISPR-Cas have been described. This possibility is
particularly plausible for the V-US5 variant, which seems
to encompass a catalytically inactive TnpB homologue
(FIC. 2, denoted C2c¢5*; Supplementary information S3
(box)). Furthermore, in genomes that contain the group
V-U2 and group V-US5 loci, along with other CRISPR-
Cas systems, the CRISPR sequences that are associ-
ated with the former loci are unique (Supplementary
information S2 (box), part f), which suggests that these
subtype V-U systems have distinct functions.

Subtypes VI-B and VI-C identified using a CRISPR
seed: RNA-targeting CRISPR-Cas. The signature of
type VI systems is the presence of an effector protein that
contains two HEPN domains (FICS 1,2). HEPN domains
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are common in various defence systems, the experimen-
tally characterized of which, such as the toxins of numer-
ous prokaryotic toxin—antitoxin systems or eukaryotic
RNase L, all have RNase activity***’. Therefore, the first
putative type VI effector, denoted C2¢2, was predicted
to function as an RNA-guided RNase'®. Subsequently,
this prediction was experimentally validated, and
the type VI effectors were shown to protect against the
RNA bacteriophage MS2 (REF. 42). In addition, a novel
feature of C2¢2 is that, once primed with the cognate
target RNA, the effector becomes a promiscuous RNase
that has a toxic, growth-inhibitory effect on bacteria.
These findings demonstrate a coupling between adap-
tive immunity and programmed cell death (or dormancy
induction) that was previously predicted through com-
parative genomic analysis® and mathematical model-
ling®. More recently, the C2c2 protein was shown to
mediate not only interference but also the processing of
pre-crRNA®.

The search for CRISPR~-cas loci using the CRISPR
seed identified two additional large putative effectors
that contained two HEPN domains and which we
assigned to subtype VI-B and subtype VI-C, respectively
(accordingly, the C2c2-encoding loci became subtype
VI-A). This classification of the type VI systems into sep-
arate subtypes is justified by the extremely low sequence
similarity between the three groups of effectors, which
is practically limited to the catalytic motif of the HEPN
domain, the different positions of the HEPN domains
with the large protein sequences, and the additional fea-
tures of the locus architecture in the case of subtype VI-B
(FIGS 1,2; Supplementary information S2 (box), part d).
Specifically, the two distinct variants of subtype VI-B
(variants VI-B1 and VI-B2) both encode additional pro-
teins that contain predicted transmembrane domains;
VI-B1 encodes four of these and VI-B2 encodes one
(FIC. 3b; Supplementary information S2 (box), part d).
Phylogenetic analysis of the effector proteins suggests
that the VI-B1 and VI-B2 variants diverged during evo-
lution in accordance with the distinct architectures of
the associated predicted membrane proteins (FIC. 3b;
Supplementary information S2 (box), part d). VI-B1
systems that contain several transmembrane domains
might localize to membranes and thus could include
membrane-associated RNA-targeting systems, which
would be a novel feature in the biology of CRISPR-
Cas. Furthermore, the single-transmembrane protein
of variant VI-B2 encompasses an additional HEPN
domain, which is the third one in the type VI system
(FIC. 3b; Supplementary information S2 (box), part d,
and Supplementary information S6 (figure)).

Given that all of the putative type VI effectors that
have been discovered so far are similar in size to the
active class 2 effectors of subtype VI-A*, even the loci
that lack cas1 are likely to be functional CRISPR-Cas
systems that rely on adaptation modules from other
loci in the same genome. Moreover, given that RNA
viruses only represent a minor part of the prokaryotic
virome®, type VI systems might primarily elicit toxin
activity in response to the active transcription of foreign
DNA. This mechanism might not be limited to type VI

systems, given the presence of HEPN domains in poorly
characterized Cas proteins in many other CRISPR-Cas
systems. Indeed, the RNase activity of the HEPN-
containing Csm6 and Csx1 proteins in type III systems
has been demonstrated>*®, although their functions in
the CRISPR response remain to be studied.

Census of class 2 CRISPR-cas loci

The design of our CRISPR-Cas discovery pipeline implies
that the analysis described in this article has identified
nearly all variants of class 2 systems present in the bac-
terial and archaeal genomes that are currently available
(BOX 1). Given that the current databases include only a
small proportion of the entire inferred microbial diversity
of the biosphere®**, the discovery of new CRISPR-Cas
subtypes, or even of novel CRISPR-Cas types, is likely.
However, such novel variants are expected to be either
extremely rare or limited in their spread to specific groups
of microorganisms that are, at present, poorly sampled.

Comprehensive census of class 2 CRISPR-cas loci in
bacteria and archaea. We were interested in a com-
prehensive census of class 2 types and subtypes in the
current set of complete bacterial and archaeal genomes.
To this end, we constructed sequence profiles for the
effectors of all identified class 2 subtypes (two separate
profiles were used for the variants V-Ul, V-U2 and
V-U5; the V-U3 and V-U4 variants were not included
in the census because, in database searches, they can-
not be readily distinguished from transposon-encoded
TnpB) and compared these with the proteins that are
encoded in the 4,961 completely sequenced prokaryotic
genomes and 43,599 partial prokaryotic genomes that
are available from the National Center for Biotechnology
Information (NCBI) database (Supplementary informa-
tion S1 (box)). This procedure should detect almost all
instances of each effector, including highly diverged var-
iants. The neighbourhoods of the respective genes were
then examined for the presence of CRISPR arrays and
additional cas genes, as described previously™.

The most remarkable observation is the substantial
dominance of type II, which is represented in about
8% of bacterial genomes, among the class 2 systems
(TABLE 1). Both type V and type VI are more than an
order of magnitude less abundant, which is in agree-
ment with the expectation that the CRISPR-Cas types
and subtypes that remain to be discovered are rare
variants'®. An intriguing question is whether the type II
CRISPR-Cas system provides a substantial fitness
advantage, perhaps being more efficient in defence
and/or incurring a lower cost than other class 2 variants.
Most of the class 2 subtypes are represented in taxo-
nomically diverse bacteria, and, furthermore, for type II
and subtype V-A, the effector tree topologies differ from
the topology of the species tree'”*. These observations
indicate that horizontal gene transfer might be a key
process in the evolution of CRISPR-Cas. However, it
is notable that the relatively abundant subtype VI-B
seems to be restricted to the phylum Bacteroidetes,
which perhaps reflects a unique aspect of the biology
of these bacteria. Similarly, the V-US5 variant, which
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Table 1| A comprehensive census of class 2 CRISPR-Cas systems in bacterial and archaeal genomes

Effector*

Number of loci in
bacterial and archaeal
genomes

Representation

Other cas genes

Percent of loci that
contain CRISPR array

Subtype

1} V-A V-B V-U" VI-A VI-B VI-C

Cas9 Casl12a (Cpfl) Cas12b C2c4, C2c5; five Casl3a Cas13b (C2c6) Casl3c(C2c7)

(C2c1) distinct subgroups  (C2c2)
(V-U 1-5)

© 3,822 intotal 70 18 92 30 94 6

© 2,109 [I-A

*1301I-B

*1,57311-C

® 10 unassigned

Diverse bacteria Diverse Diverse Diverse bacteria Diverse Bacteroidetes Fusobacteria and
bacteriaandtwo bacteria bacteria Clostridia
archaea

85% cas1 and 70% cas1 and 65% casl, None 25% cas1 None None

cas2;55%csn2;  cas2;55%cas4  cas2 and and cas2

3% cas4 cas4

65% 68% 60% ~50% 73% 90% 83%

“The subtype V-uncharacterized (V-U) loci were originally identified on the basis of the adjacency of tnpB genes to CRISPR arrays and the evolutionary conservation
of this association. Then, this putative subtype of class 2 CRISPR-Cas systems was expanded by searching for homologues of the respective effector proteins,
irrespective of their adjacency to CRISPR arrays. Hence, only about half of the V-U loci include CRISPR. *Both the proposed systematic Cas names and the
provisional vernacular names are used for the effectors, with the exception of type Il effectors, which have only systematic names, and type V-U effectors, to which
a systematic name has so far not been assigned.

contains an inactivated TnpB homologue, is limited to
cyanobacteria (see above), and could be involved in a
distinct cyanobacterial regulatory pathway. As has been
previously noted'*", and is emphasized by this expan-
sion of the diversity of class 2 systems, apart from the
identification of subtype V-A in mesophilic archaea in
two instances, class 2 systems are unique to bacteria.
The exclusion of class 2 systems from archaea, particu-
larly from hyperthermophiles in which class 1 systems
are ubiquitous, implies that there is a major functional
distinction between the two classes of CRISPR-Cas
system, the nature of which remains enigmatic.

Origins of class 2 CRISPR-Cas systems. In an exten-
sion of the previous hypothesis on the independent
origins of the effectors in different types and subtypes
of class 2 CRISPR-Cas systems, we use the findings
on incomplete type V loci to propose a more specific
evolutionary scenario (FIG. 4). As discussed above, at
least five distinct variants within subtype V-U show a
substantial degree of evolutionary stability and con-
sistent association with CRISPR arrays, and typically
contain TnpB homologues that are intermediate in size
between the compact transposon-encoded TnpB pro-
teins and the large class 2 effectors (FIGS 2,3b). These
groups of TnpB homologues might represent interme-
diate stages in independent pathways to the emergence
of new CRISPR-Cas variants. The other CRISPR-tnpB
associations are not evolutionarily conserved and are
likely to result from more or less random insertions of
tnpB genes next to CRISPR arrays; some of these loci
could represent the earliest stages of the evolution of
CRISPR-Cas systems.

All subtype V-U loci lack adaptation modules,
which suggests that the first stage of the evolution of
new class 2 CRISPR-Cas systems involves the random

insertion of a TnpB-encoding element next to an orphan
CRISPR array (FIG. 4). At the next stage of evolution, the
association between CRISPR and a TnpB derivative
would become fixed in the microbial population, con-
ceivably owing to the emergence of a novel function,
the exact nature of which remains to be understood.
This would be accompanied by an increase in the size
of the protein through internal duplications and/or the
insertion of additional domains (FIC. 5). The final stages
include further growth of the effector protein, resulting
in the typical bilobed structure, and, in some cases, its
association with an adaptation module through recom-
bination with a different CRISPR-cas locus (FIG. 4).
Compatible with this scenario, the Casl proteins of dif-
ferent subtypes of type II and of type V are homologous
to different subtypes of type I'®. The fact that no subtype
V-U loci contain casI and cas2 genes, whereas many of
the loci that encode typical large effector proteins do,
strongly suggests that the adaptation modules came last.

The above scenario might be challenged in regard to
the directionality of evolution: the possibility could be
considered that the transposon-encoded TnpB protein
actually evolved from class 2 effectors. However, the
scenario in which transposon-encoded TnpB is
the ancestral form (FIC. 4) seems much more likely. First,
TnpB-encoding transposons (autonomous and non-
autonomous, including some that have lost mobility)
are far more abundant across a broad range of bacteria
and archaea than class 2 CRISPR-Cas systems, which
are relatively rare and limited in their spread to a subset
of bacterial phyla (see above; TABLE 1; Supplementary
information S2 (box), part d). Second, and perhaps
more important, the class 2 effectors are much larger
and more complex than TnpB proteins, which makes
them unlikely ancestral forms. Third, the TnpB pro-
teins are encoded in transposons, which, through
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their mobility, are well suited to move into the vicin-
ity of CRISPR arrays; by contrast, CRISPR-Cas sys-
tems lack active mobility mechanisms. Finally, the
observations that are reported here on the phylogeny
of TnpB, in which the CRISPR-associated variants are

lodged among the transposon-encoded proteins (FIC. 3a),
imply the ancestral status of TnpB.

Hypothetically, a similar scenario could apply to the
type VI systems (FIC. 4). A comprehensive database search
for HEPN domain-containing proteins that are encoded
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in the vicinity of CRISPR arrays failed to identify any
evolutionarily stable configurations that might have been
analogous to subtype V-U, whereas it detected numerous
members of the HEPN-containing Cas protein families,
Csm6 and Csx1 (Supplementary information S2 (box),
part g). Thus, it seems possible that, during evolution,
type VI systems recruited one of the HEPN-containing
Cas proteins, which was followed by duplication of the
HEPN domain and further expansion of the protein to
the typical size of a class 2 effector (FIG. 4). However, the
possibility that type VI effectors directly originate from
HEPN-containing toxins cannot be ruled out; further
screening of new genomes and metagenomes for likely
ancestors of the two HEPN domain proteins should
establish the origin of type VI effectors.

Amended classification and proposed nomenclature.
The systematic search for novel class 2 CRISPR-cas loci
described here led to a major expansion of the known
diversity of these systems. Instead of the two types and
four subtypes that were included in the latest classifica-
tion', there are now three types and at least 10 subtypes
(FIG. 1). Some uncertainty remains, owing to the lack of
functional data on subtype V-U, but it seems likely that
evolutionarily stable and apparently functional variants
that are currently grouped into this provisional sub-
type, particularly V-U3, will eventually be ‘upgraded’
to subtypes in their own right. The functional charac-
terization of V-U variants will provide a more precise
classification, although it is likely that many V-U loci do
not encode typical active CRISPR-Cas systems. Given
the comprehensive nature of the search described here
(BOX 1), we expect that the new variants will be extremely
rare or restricted in their spread to particular groups of
bacteria and archaea that are not adequately represented
in current sequence databases.

We believe that the expansion of the CRISPR-Cas
classification calls for a corresponding change to the
nomenclature, in which at least the experimentally
characterized effectors and their homologues are given
new names that correspond to numbered Cas proteins
(FIG. 2; TABLE 1). Thus, the type V effectors would become

< Figure 4| Possible routes of evolution for class 2 CRISPR-Cas systems. The figure
depicts the three-step pathway of the evolutionary ‘maturation’ of type I, type V and
type VI CRISPR-Cas systems. The systematic and/or provisional gene names are
indicated below the respective ‘mature’ effector protein schematics and the proposed
intermediate forms of type V systems. The first step involves the random insertion of a
TnpB-encoding or insertion sequences Cas9-like protein B (IscB)-encoding transposon
or a higher eukaryotes and prokaryotes nucleotide-binding (HEPN) domain
RNase-encoding gene next to a CRISPR cassette for type Il, type V and type VI systems,
respectively. During the second step, the functional connection between this protein
and the CRISPR array is established and co-evolution begins, in particular, in the form of
the accumulation of specific insertions that facilitate CRISPR RNA (crRNA) binding. For
type V systems, the intermediate forms that correspond to the first and second step are
identified as different type V-uncharacterized (V-U) variants. Additional components of
the system could have originated during the second step, such as trans-acting CRISPR
RNA (tracrRNA) in the case of type Il systems. During the third step, further insertions
lead to increased specificity of crRNA and target binding, and enable interactions
with accessory proteins, such as Csn2 for type lI-A and a protein with predicted
transmembrane (TM) domains for type VI-B. The adaptation module is only inserted into
some of the class 2 CRISPR—cas loci during the third step. TS, target site.
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Casl2a, Cas12b and Casl2c, and those of type VI would
become Casl3a, Cas13b and Casl3c (numerical conti-
nuity with Cas9 is not possible because Cas10 and Cas11
are already used for other proteins)'®. We currently
refrain from renaming the putative subtype V-U effec-
tors until functional evidence of a bona fide CRISPR
response for these effectors is reported, at which time
we propose that they are referred to as Cas12 proteins.

Applications in genome engineering

Most applications of CRISPR systems have focused on
the programmable DNA-targeting activity of Cas9. The
cleavage activity of Cas9 can be harnessed for genome
editing, including gene knockout and precise edit-
ing through homology-directed repair. Catalytically
inactive (‘dead’) variants of Cas9 have been used for
transcriptional control®, epigenetic modulation® and
imaging®°*. All of these advances notwithstanding,
Cas9 has its limitations, due to the potential for off-target
effects, challenges that are associated with delivery and
the difficulty of targeting RNA rather than DNA. Thus,
alternative tools for CRISPR-mediated editing are in
high demand.

Although functional characterization of the class 2
subtypes is far from complete, even at this stage, remark-
able functional diversity is apparent. The manifestations
of this diversity include different targets (dsDNA for
type II and type V, but RNA for type VI); the require-
ment for tracrRNA (type II and subtype V-B, but not
subtype V-A or type VI, require this), the sequence of
the PAM and the type of cut that is introduced into the
target nucleic acid (FIC. 5). This functional diversity is
a major incentive for further characterization of dif-
ferent class 2 systems, as it creates opportunities for
the enhancement and expansion of the capabilities of the
genome editing toolbox for research, biotechnology and
medicine®. The use of Cas12a (better known as Cpfl)
from the type V-A family of effectors has already yielded
simpler, single RNA-guided and more specific enzymes
than Cas9 for genome-editing applications®**%¢-"°, as
well as offering an alternative PAM that would facili-
tate genome editing in AT-rich genomes, such as the
genome of Plasmodium falciparum.

The continued exploration of CRISPR effector diver-
sity, such as the recently characterized type VI-A effec-
tor Casl3a (previously known as C2c¢2)*, also opens
the door for the development of new RNA-guided
RNA-targeting technologies that enable the pertur-
bation, modulation, modification and monitoring of
specific RNA transcripts in cells. The development of
an efficient programmable RNA-binding protein (for
example, of a ‘dead’ Cas13a that has mutated HEPN
domains) could rapidly advance our existing under-
standing of RNA biology. Such a tool would enable the
sensing of different cellular states, the manipulation
of translation, and tracking of RNA levels and local-
ization in live cells. Although Cas9 has been mod-
ified to provide some RNA-targeting capabilities”,
this system requires the delivery of chemically modi-
fied DNA, which limits its use for many applications,
including genome-wide screening or virus delivery.
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Nuclease tracrRNA  PAM Substrate  Cleavage
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Cas13a(C2c2)

collateral activity

Figure 5 | Functional diversity of the experimentally characterized class 2 CRISPR-Cas systems. For each type of the
class 2 CRISPR-Cas systems (and two subtypes in the case of type V), a schematic of the complex between the effector
protein, the target, crRNA and, in the case of type Il and type V-B systems, trans-acting CRISPR RNA (tracrRNA), is shown.
The position of the protospacer adjacent motif (PAM) or the protospacer flanking site (PFS) is indicated by a red bar. The
small red triangles show the position of the cut, or cuts, in the target DNA or RNA molecule. dsDNA, double-stranded

DNA; ssRNA, single-stranded RNA.

Upon binding to a complementary RNA target, Cas13a
engages both specific and nonspecific RNase activities,
and induces growth inhibition in Escherichia coli”".
This feature complicates the use of Cas13a for specific
RNA knockdown, but potentially could be harnessed
for other applications, such as the selective ablation of
cell types based on expression profiles. It remains to be
investigated whether the nonspecific RNase activity
of Casl3a can be inactivated independently of its tar-
get-specific activity and whether other type VI effectors,
such as Cas13b, have similar properties. Further min-
ing of CRISPR-Cas systems, and, more broadly, of the
diversity of bacterial and archaeal defence systems and
of mobile genetic elements, is expected to enable new
applications in biotechnology. In particular, program-
mable integrases or transposases that have yet to be dis-
covered would be powerful tools for targeted genomic
integration and rearrangement.

Concluding remarks

The genomic analysis that is presented here expands the
diversity of class 2 CRISPR-Cas systems. In particular,
the inclusion of non-autonomous CRISPR-Cas systems
that lack the adaptation module, combined with the

search of expanded genomic and metagenomics data-
bases, led to the discovery of three new subtypes which,
together with our previous analysis, increases the num-
ber of class 2 subtypes from 4 to 10. Furthermore, at
present, one of the new subtypes, V-U, is a collection of
diverse variants, some of which are expected to become
new subtypes once they have been functionally charac-
terized. It seems especially notable that the newly dis-
covered class 2 systems all fall into the two previously
defined subclasses: those that cleave the non-target
strand of the target dsSDNA using a RuvC-like nuclease
and those that attack RNA targets using a two HEPN
domain RNase. The apparent repeated emergence of
these CRISPR-Cas variants might reflect strict demands
for protein structure to accommodate the crRNA and
the target molecule, to which only a few protein folds
are conducive.

The new class 2 variants show some unprecedented
functional features; for example, subtype V-A does not
require a tractrRNA, whereas other variants, such as
subtype VI-A (and probably all type VI systems), exclu-
sively target RNA and seem to induce a toxic response
in bacterial cells. Subtype V-U is expected to show even
more unusual properties. This functional diversity
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provides the potential for the development of new, ver-
satile genome-editing and regulation tools. We provide
indications that different class 2 types and subtypes
independently originate from mobile elements that
encode diverse TnpB proteins (type II and type V) and
from HEPN domain-containing proteins (type VI) that
ultimately originate from mRNA-cleaving toxins. The
remarkable diversity notwithstanding, we believe that
the computational pipeline that is applied here provides
for a nearly exhaustive identification of class 2 systems.
Additional variants that remain to be found will be either
extremely rare or confined to bacterial phyla that are cur-
rently unknown or poorly sampled. However, as shown by
the example of type VI, despite the rarity and/or narrow
spread of such variants, their biological features could be
of major interest and potential value for new applications.

Note added in proof

While this article was in press, several new findings per-
taining to the novel class 2 CRISPR-Cas systems described
here were published. The structure of Cas12b (C2cl)

ANALYSIS

in complex with crRNA, tracrRNA and the DNA tem-
plate was solved independently in two laboratories,
and the enzymatic mechanism of this effector protein and
the structure of its cut were elucidated’®””. Cas12b
cleaves both target and non-target strands using its
RuvC-like nuclease domain, which successively accom-
modates each strand to produce a seven-nucleotide
staggered cut with 5" overhangs. In addition, the ter-
tiary structure of Casl3a (C2c2) was determined;
this confirmed that Cas13a has two HEPN domains
that form the site that cleaves targets and identified a
distinct catalytic site that is responsible for cleaving
pre-crRNA”. The RNA-guided RNA-targeting VI-B1 and
VI-B2 systems have also been characterized’ and it was
demonstrated that, similarly to Cas13a, Cas13b proteins
have collateral RNase activity that is activated by target
recognition and, furthermore, that they are differentially
regulated by accessory proteins that are encoded within
the VI-B1 and VI-B2 loci. Finally, two new CRISPR
variants that belong to type V were discovered in the
genomes of uncultivated bacteria®.
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