Skol

Skolkovo Institute of Science and Technology

Skolkovo Institute of Science and Technology

COMPUTATIONAL APPROACHES FOR DISCOVERY OF NOVEL CRISPR-Cas SYSTEMS

Doctoral Thesis

by

SERGEY SHMAKOV

DOCTORAL PROGRAM IN LIFE SCIENCES
Supervisor
Professor Konstantin Severinov

Co-advisor
Doctor Eugene Koonin

Moscow - 2017

(© Sergey Shmakov 2017)



Abstract

CRISPR-Cas systems are diverse adaptive immunity systems in bacteria and archaea that
can incorporate fragments of foreign DNA (spacers) into host genome CRISPR array, thus
granting protection from future invasions of mobile elements that contain sequence
complementary to the acquired spacer. Discovery and characterization CRISOR-Cas systems
not only provided better understanding of defense systems in prokaryotes, but also was a
cornerstone for revolution in genome editing. Enrolling effector complexes of CRISPR-Cas
class 2 systems - sequence specific nucleases such as Cas9 - greatly improved efficiency and

eased genome editing.

In this study, we covered genomic and metagenomic data to perform exhaustive search
for new CRISPR-Cas systems. We designed a computational pipeline for the discovery of novel
class 2 effector complexes variants. This pipeline uses core features of CRISPR-Cas systems
such as Casl and CRISPR arrays to identify loci of potential novel or known CRISPR systems
and applies heuristic filtering to create a list of potential class 2 effector complexes candidates.
By applying this pipeline, we discovered six novel CRISPR-Cas subtypes: Type V-B, Type V-
C, Type V-U, Type IV-A, Type IV-B, Type IV-C in complete and draft bacterial and archaeal
genomes. We describe the diverse properties of these new systems and offer that they can be
implemented for the development of versatile genome editing and regulation tools. In this work,
we present a comprehensive census of class 2 types and class 2 subtypes for available genomic
data. The census shows almost complete absence of class 2 CRISPR-Cas arrays in archaea and
dominance of Type Il among all identifiable class 2 systems. Finally, we outline plausible
evolutionary scenarios for the independent origin of class 2 CRISPR-Cas systems from mobile

genetic elements, and propose amended classification and nomenclature of CRISPR-Cas.s
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Introduction

Significance of the Work

CRISPR-Cas (CRISPR: Clustered Regular Interspaced Short Palindromic Repeats,
CRISPR-Cas: CRISPR Associated) are diverse adaptive immune systems of archaea and
bacteria (Makarova et al., 2006; Barrangou et al., 2007; Barrangou, 2013; Marraffini, 2015;
Mohanraju et al., 2016). These systems recently attracted much attention due to their unique,
‘Lamarkian’ mode of action (Koonin and Wolf, 2016) that retains memory (spacers) from past
infections and provides specific resistance to these infections via an RNA-guided process that
has been successfully used to create genome editing tools (Ran, Hsu, Wright, et al., 2013). The
structural features and mechanisms of CRISPR-Cas are described in detail in several recent
reviews (Barrangou, 2013; van der Oost et al., 2014; Marraffini, 2015; Mohanraju et al., 2016).

The CRISPR-Cas systems show extreme diversity of Cas protein composition and of
genomic loci architecture (Makarova, Haft, et al., 2011; Makarova et al., 2015). Despite this
diversity, CRISPR-Cas systems share a core set of features, indicative of a common origin.
Most Cas proteins can be grouped into two main functional modules: the adaptation module,
which delivers genetic material into CRISPR arrays to generate CRISPR RNAs (crRNAS); and
the effector module, which recognizes and degrades target sequences. The adaptation modules
are largely uniform across CRISPR-Cas systems and consist of two essential proteins, Casl and
Cas2. By contrast, the effector modules show extreme variability. CRISPR-Cas operation can
be described in terms of adaptation, crRNAs biogenesis and interference stages. During
adaptation the Cas1—Cas2 protein complex (which, in some cases, contains additional subunits)
excises a segment of the target DNA (known as the proto spacer) and inserts it between the
repeats at the 5’ end of a CRISPR array, yielding a new spacer. In the expression and processing
stage (crRNA biogenesis), 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). In the interference stage the effector module proteins,
guided by crRNA, target and cleave invading nucleic acids (Makarova, Haft, et al., 2011,
Makarova, Wolf and Koonin, 2013b). To avoid self-targeting CRISPR-Cas systems use a
protospacer (target sequence complementary to a spacer) adjacent motif (PAM), consisting of
several nucleotides at one of protospacer sides. This motif and its location are distinct for

different CRISPR-Cas systems and is recognized by the effector complex.

The latest classification of CRISPR-Cas systems divides them into two classes, 5 types and
16 subtypes, based on the architecture of the effector modules (Makarova et al., 2015). Class 1
systems, which encompass types | and Il as well as the putative type IV, possess multi-subunit
effector complexes comprised of multiple Cas proteins. Class 2 systems, which encompass type
I and the putative type V, are characterized by effector complexes that consist of a single, large

Cas protein.

The effector complexes of class 1 systems consist of 4—7 Cas protein subunits in an uneven
stoichiometry, as exemplified by the CRISPR-associated complex for antiviral defense
(Cascade) of type | systems (Brouns et al., 2008; Jore et al., 2011; Jackson, Golden, et al.,
2014; Beloglazova et al., 2015), and the Csm—Cmr complexes of type Il systems (Rouillon et
al., 2013; Staals et al., 2014; Osawa et al., 2015; Taylor et al., 2015). For Class 2 the effector
protein of type Il CRISPR-Cas systems is Cas9, a large multi domain nuclease that varies in
size, depending on the species, from ~950 to over 1,600 amino acids and contains two nuclease
domains, a RuvC-like (RNase H fold) domain and an HNH (McrA-like fold) domain
(Makarova et al., 2006) for target DNA cleavage (Barrangou et al., 2007; Garneau et al., 2010;
Deltcheva et al., 2011; Sapranauskas et al., 2011; Gasiunas et al., 2012; Jinek et al., 2012). This
multifunctional protein has been engineered into a key tool for genome editing. Recently, a
second Class 2 effector protein, Cpfl, which contains an RuvC domain, but not an HNH
domain (Schunder et al., 2013; Makarova et al., 2015), has been shown to be an RNA-guided
endonuclease that cleaves the target DNA via a staggered cut (Zetsche et al., 2015). Based on
their unique domain architecture, the Cpfl-containing systems have been categorized as type V
CRISPR-Cas (Makarova et al., 2015).



CRISPR-Cas effectors, such as the crRNA guided nuclease protein Cas9 (Gasiunas et al.,
2012), have significantly improved the efficiency of genome editing due to their relative ease of
use and high specificity (Chen et al., 2014). However, properties of existing effector complexes
are not optimal (Slaymaker et al., 2016), so there is a place and a need for discovery of new
protein families to enrich the capabilities of existing CRISPR-Cas tools. The recently
discovered Cpfl effector complex (Zetsche et al., 2015), which has recently been deployed for
genome editing due of its unique properties (Zetsche et al., 2017), shows that searches of
genomic data can indeed yield new genomic editors with superior properties. Such work has
been carried out with complete genome sequences (Makarova et al., 2015) but incomplete
genomes and metagenomes have not yet been investigated, so additional CRISPR-Cas systems
remain to be found (Makarova et al., 2015). The mode of action of Class 2 CRISPR-Cas
systems has been quite well described (Mohanraju et al., 2016), but the evolution of Class 2
remains unclear. Novel variants may have different properties that can shed light on defense
systems in prokaryotes, virus-host interactions, and the evolution and functioning of CRISPR-
Cas systems, in addition to offering new tools for deployment in experimental research and

medicine.

Project Objectives

The main goal of this project was diversity assessment of Class 2 CRISPR-Cas systems -
systems with a large (> 500aa) single-subunit effector complex - and the discovery of novel
Class 2 genes and protein variants among bacteria and archaea through a thorough study of
available genomic and metagenomic data. To achieve these goal, a computational approach was
designed that uses essential components of CRISPR-Cas systems to search for associated

elements.

Two components were analyzed in genomic data and used as seeds to get new CRISPR-Cas

variants:



1 — Casl: this component was chosen because it is the most conserved gene among
CRISPR-Cas gene families and there are high quality profiles available (Takeuchi et
al., 2012; Makarova and Koonin, 2015) that can be used for protein search. The fact
that phylogeny of Casl correlates with CRISPR-Cas types (Makarova and Koonin,
2015) was considered a useful property as it could help to identify novel systems. The
Cas1 component is essential for CRISPR-Cas systems, since, in order to be adaptive, a
CRISPR-Cas system needs to incorporate new spacers and this is the key function of
Casl. Thus, most CRISPR-Cas loci include this gene (Makarova, Haft, et al., 2011;
Makarova et al., 2015) and casl genes with associated genes coding for unknown

proteins were the target of the search.

2 — CRISPR array: this is a hallmark component of CRISPR-Cas systems and is used as a
storage (or database) for spacers (Mojica et al., 2005). The majority of CRISPR-Cas
loci have CRISPR arrays located adjacent to cas genes (Makarova et al., 2015), so

novel systems may be identified by association with CRISPR arrays.

There are number of standalone casl genes and CRISPR arrays (Makarova et al., 2015)
without any neighboring cas genes, which threatens to complicate the detection procedure by
increasing noise in the neighborhood gene pool. Nonetheless, the majority of casl genes and
CRISPR arrays are localized with other cas genes, helping to reveal unknown cas genes via a

principle of ‘guilt by association’.

The following tasks were set for the purposes of the study:

1. ldentify casl or CRISPR locations in bacterial or archaeal genomes and use them as
seeds. The search would use following software tools: PSI-BLAST (Altschul et al.,
1990) to detect Casl; CRISPRFinder (Grissa, Vergnaud and Pourcel, 2007) and PILER-
CR (Edgar, 2007) to find CRISPR arrays; and available data sets such as GenBank
(Benson et al., 2013) and the Whole Genome Shotgun projects database (WGS)



(‘Database resources of the National Center for Biotechnology Information’, 2016) as a

dataset.

2. Identify Open Reading Frames (ORFs) around seeds using GenMark (Besemer,
Lomsadze and Borodovsky, 2001) and annotate them using CDD (Marchler-Bauer et al.,
2011, 2017) protein profiles and RPS-BLAST (Marchler-Bauer et al., 2013) for further

filtering procedures.

3. Identify the type of CRISPR-Cas system type for cas genes around seeds (if any), using
the classification approach proposed by K.S. Makarova (Makarova and Koonin, 2015) to

filter out known systems or select systems with an incomplete effector complex.

4. Cluster all proteins using the UCLUST software tool (Edgar, 2010) to group proteins and

assess diversity in the protein group.

5. Manually analyze protein clusters using protein domain search tools such as: HHpred
(Soding et al., 2006) and CD-Search (Marchler-Bauer et al., 2017).

6. Select and bioinformatically characterize a list of candidates by defining protein domains
and selecting domains required for a CRISPR-Cas effector complex (such as nuclease
domains or DNA/RNA binding domains).

Steps 1-6 will be used to compile a list of candidates that can be used for experimental
validation in order to detect putative novel CRISPR-Cas systems and their genes. Steps 1-4 will

be sufficient for a comprehensive census of CRISPR-Cas systems in available datasets.

Novelty and Practical Use

This is the first work to study diversity of CRISPR-Cas systems in a wide range of
prokaryotic genomic data, which were available in 2016. Previous works were carried out using
a limited dataset (Makarova et al., 2015). Our work led to the discovery of novel CRISPR-Cas
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systems. These include Type V-B, Type V-C and tentative subgroup Type V-U containing
RuvC nuclease domain (DNA targeting for Type V-B was experimentally validated (Shmakov
et al., 2015), Type VI contains Type VI-A, Type VI-B and Type VI-C; uniquely, these systems
target RNA, experimentally validated for Type VI-A (Abudayyeh et al., 2016) and Type VI-B
(Smargon et al., 2017)).

The CRISPR-Cas systems discovered in the course of this work can be used for various
applications, such as genome editing, where specificity for DNA or RNA is needed. The novel
Type V systems are distinguished from the well-studied CRISPR-Cas Type Il (Cas9) by having
a different protein architecture, and are also distinguished from the recently characterized Type
V-A (Cpfl) (Zetsche et al., 2015) by their reliance on tracrRNA (transactivating crRNA).
RNase domains in Type VI could be used to target or track RNA molecules. The small size of
the predicted effector proteins in Type V-U means that they could be packed into smaller
delivery vehicles (viral capsids) in genome editing. These systems also have different sequence

specificity in interference and PAM sequence motif.

Recent research showed the applicability of Cas13a (Type VI-A) from Leptotrichia wadei
for very specific nucleic acid detection (Gootenberg et al., 2017). There is potential for
detecting various viral strands and pathogenic bacteria, and for tumor cell identification using

this novel method. More exciting application of new systems are likely to follow soon

Personal Contribution

The greater part of the research was carried out by the author. The computational discovery
pipeline was designed to prospect microbial genome sequence diversity so that previously
undetected CRISPR-Cas variants could be identified. Various bacterial and archaeal databases
were analyzed to detect CRISPR arrays and casl genes (seeds). Loci around seeds were

annotated and analyzed for the presence of unknown genes that are associated with CRISPR-
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Cas components such as casl and CRISPR arrays. Candidates for novel CRISPR-Cas systems

were selected, initially characterized and proposed for experimental validation.

o a0k~ w D PE

Material for Defense

Design of a computational discovery pipeline for Class 2 CRISPR effectors
Discovery of six novel CRISPR-Cas systems

An updated classification of CRISPR-Cas systems, including six new subtypes
A comprehensive census of Class 2 systems in prokaryotic databases
Hypothesis of the possible origins of CRISPR-Cas Class 2 systems

Possible applications of the discovered CRISPR-Cas systems

Authenticity and Validation of Results

The results were presented at a scientific conference and published in international peer-

reviewed journals.

Publications:

1.

Shmakov S, Smargon A, Scott D, Cox D, Pyzocha N, Yan W, Abudayyeh OO,
Gootenberg JS, Makarova KS, Wolf Y1, Severinov K, Zhang F, Koonin EV. Diversity
and evolution of Class 2 CRISPR-Cas systems. // Nature Reviews Microbiology. 2017.
15(3):169-182

Smargon AA, Cox DB, Pyzocha NK, Zheng K, Slaymaker IM, Gootenberg JS,
Abudayyeh OA, Essletzbichler P, Shmakov S, Makarova KS, Koonin EV, Zhang F.
Casl13b Is a Type VI-B CRISPR-Associated RNA-Guided RNase Differentially
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Regulated by Accessory Proteins Csx27 and Csx28. // Molecular cell. 2017. 65(4):618-
630.e7.

3. Abudayyeh OO, Gootenberg JS, Konermann S, Joung J, Slaymaker IM, Cox DB,
Shmakov S, Makarova KS, Semenova E, Minakhin L, Severinov K, Regev A, Lander
ES, Koonin EV, Zhang F. C2c2 is a single-component programmable RNA-guided
RNA-targeting CRISPR effector. // Science. 2016. 353(6299):aaf5573.

4. Shmakov S, Abudayyeh OO, Makarova KS, Wolf Y1, Gootenberg JS, Semenova E,
Minakhin L, Joung J, Konermann S, Severinov K, Zhang F, Koonin EV. Discovery and
Functional Characterization of Diverse Class 2 CRISPR-Cas Systems. // Molecular Cell
2015. 60(3):385-97.

Poster presentations were made at the Genome Engineering 4.0 (USA, May 2016), CRISPR
2016 (Israel, May 2016) and CRISPR 2017 (Bozeman, USA, June 2017) international

conferences
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Review of Literature

CRISPR-Cas systems

Mode of action

CRISPR (clustered regularly interspaced short palindromic repeat)-Cas (CRISPR
ASsociated proteins) are adaptive immune systems of archaea and bacteria (Makarova et al.,
2006; Barrangou et al., 2007; Barrangou, 2013; Marraffini, 2015; Mohanraju et al., 2016).
About 90% of archaea and 40% of bacteria have this defense system (Bhaya, Davison and
Barrangou, 2011; Makarova et al., 2015). These systems provide defense against viral DNA
(Makarova et al., 2006; Barrangou et al., 2007) and RNA (Hale et al., 2014) in a three-stage
process: adaptation, biogenesis of crRNA and interference. A schematic representation of these
processes is given in Figure 1 and they have been quite thoroughly explained in recent reviews
(Marraffini, 2015; Mohanraju et al., 2016).
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Figure 1. Schematics of CRISPR-Cas system function (reproduced with permission from Nature Reviews
Microbiology (Samson et al., 2013)). Three main functions of CRISPR-Cas systems are shown: Adaptation
(acquisition of new spacers in the CRISPR locus), Biogenesis of crRNAs (expression and maturation of crRNA),

and CRISPR-Cas interference (recognition and cleavage of foreign DNA or RNA).

Adaptation is the process of incorporation of new spacers into a CRISPR array. Casl and
Cas2 proteins (the core of an adaptation module) form a structure of two Casl dimers and one
Cas2 dimer (Nufiez et al., 2014), and this complex binds to a protospacer (Nufiez, Harrington, et
al., 2015; Wang et al., 2015). Recent studies suggest that protospacers come from the leftovers
of double-strand break (DSB) repair machinery (exonuclease RecBCD complex (Levy et al.,
2015)) action, which provides single-stranded DNA pieces that are located between chi

(GCTGGTGG motif) sites on a chromosome or a plasmid (Dillingham and Kowalczykowski,
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2008). The mechanism of insertion of a new spacer into a CRISPR array varies between
different CRISPR-Cas types (Amitai and Sorek, 2016).

For Type I-E systems, the Cas1-Cas2 complex alone is sufficient for integration of spacers
(‘Yosef, Goren and Qimron, 2012). The complex works as an integrase by providing nicks at
ends at the first repeat (the repeat closest to a leader, a conserved upstream AT rich sequence) in
the CRISPR array (Nufiez, Lee, et al., 2015). For Type 11-A systems, Cas9 is also necessary for
adaptation. The presence of the effector complex is essential and probably responsible for PAM
specificity of the adaptation process (Heler et al., 2015; Wei, Terns and Terns, 2015). New
spacers are preferentially incorporated at the leader-end presumably because the leader is
recognized by the adaptation complex (Hille and Charpentier, 2016,Barrangou et al., 2007;
Garneau et al., 2010; Jinek et al., 2012).

Two modes of adaptation are observed in Type | CRISPR-Cas systems: naive (non-primed)
and primed. Naive adaptation requires only the adaptation module to acquire new spacers. In
cases where the CRISPR array already contains a spacer similar to the sequence of the invading
phage, adaptation becomes much more efficient (Datsenko et al., 2012; Swarts et al., 2012;
Savitskaya et al., 2013; Shmakov et al., 2014). This mode is called ‘primed adaptation’.
Cascade effector, Cas3 nuclease-helicase that cleaves the target sequence, and the adaptation
module proteins are all needed for this process (Datsenko et al., 2012; Swarts et al., 2012;
Savitskaya et al., 2013). Primed adaptation has been observed in Type I-B (Li et al., 2014) and
Type I-E (Datsenko et al., 2012; Swarts et al., 2012; Savitskaya et al., 2013; Shmakov et al.,
2014), and Type I-F (Richter et al., 2014) systems.

Biogenesis of crRNAs is a process of expression and maturation of crRNA. At this stage a
CRISPR array is transcribed into pre-crRNA, which is then sliced into smaller pieces between
30 and 65 nt in length each containing a spacer and parts of repeats on one or on both ends
(Brouns et al., 2008; Charpentier et al., 2015). The mechanism of crRNA generation varies
between CRISPR-Cas systems. Systems with the cas6 gene coding for metal-independent

endoribonuclease that cleaves repeat sequences in RNA transcript (Carte et al., 2008; Marraffini



16

and Sontheimer, 2010a) have crRNAs that consists of an 8 nt part of a repeat on 5’ ends, the
spacer itself and part of a repeat on 3’ ends, which may form a hairpin in some systems (Jore et
al., 2011). In some systems Cas6 may remain associated with the transcript after cleavage, or
may be associated with effector complexes (Haurwitz et al., 2010; Wiedenheft, Lander, et al.,
2011; Rollins et al., 2015). Cas6 can work in-trans with CRISPR arrays of different systems
located in the same genome (Majumdar et al., 2015). In some systems Casbd substitutes Cas6 to

carry out the same function (Nam et al., 2012).

Systems that have a single subunit effector complex (Cas9 or Cpfl) process the CRISPR
array transcript using effector complex. Systems with Cas9 carry out biogenesis of crRNA
using host RNase I11 and tracrRNA (trans acting CRISPR RNA) encoded close to CRISPR loci.
These short RNAs have partial complementarity to repeats and form duplexes with a repeat
sequences of pre-crRNA (Deltcheva et al., 2011; Jinek et al., 2012; Charpentier et al., 2015).
After pre-crRNA cleavage, the complex of tracrRNA and crRNA, binds Cas9 and causes a
conformational change that allows Cas9 to seek and cleave target DNA (Deltcheva et al., 2011;
Gasiunas et al., 2012; Jinek et al., 2012). Systems with Cpfl lack tracrRNA; instead their
effectors possess an RNase activity and are able to process the pre-crRNA creating crRNA with

a spacer and a part of the repeat that forms the 5° hairpin (Fonfara et al., 2016).

Interference is a process of introducing a break into foreign DNA or RNA by an effector
complex bounded with crRNA, with subsequent degradation of the target (Brouns et al., 2008;
Garneau et al., 2010). To avoid self-targeting (cleavage of CRISPR array) CRISPR-Cas systems
that cleave DNA, in addition to spacer-protospacer complementarity, check for a valid PAM
(Protospacer Adjacent Motif) at the target site. It has been shown that there are special parts of a
spacer, namely the Seed region (an 8-nt spacer region close to the PAM), and that
complementarity in the Seed region is most important for protospacer recognition (Semenova et
al., 2011; Wiedenheft, van Duijn, et al., 2011; Sternberg et al., 2014). Details of the
recognition, cleavage and degradation of a target DNA or RNA are different in different

effector complexes.
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CRISPR-Cas Type | effector complexes, which consist of various Cas proteins in different
systems (Makarova et al., 2015), seek for a PAM sequence and then melt DNA at the seed
position of the crRNA guide and form an initial, short R-loop with crRNA (Jore et al., 2011;
Redding et al., 2015). In case of mismatch in the seed position, the R-loop formation stalls and
this halts the interference by forbidding Cas3 docking (Blosser et al., 2015). It may instead
trigger primed adaptation by accepting the Cas1-Cas2, Cas3 complex (Redding et al., 2015). In
case of a match, formation of an R-loop extending over entire spacer-protospacer length is
followed by Cas3 docking to the complex and DNA degradation (Makarova et al., 2006;
Brouns et al., 2008; Rutkauskas et al., 2015).

CRISPR-Cas Type Il effector complexes can target DNA with Csm proteins (for Type Il11-
A CRISPR-Cas systems) (Marraffini and Sontheimer, 2008) and RNA with Cmr proteins (for
Type I11-B systems) (Hale et al., 2009; Staals et al., 2013; Zebec et al., 2014). Csm and Cmr are
transcription-dependent nucleases (Staals et al., 2014; Tamulaitis et al., 2014); they recognize
MRNA by complementarity with crRNA, then cleave RNA and/or transcribed DNA (Deng et
al., 2013; Goldberg et al., 2014; Peng et al., 2015; Samai et al., 2015; EImore et al., 2016;
Estrella, Kuo and Bailey, 2016). Csm3 or Cmr4 (Type | Cas7 analogs) build a protein backbone
along crRNA spacer path (Taylor et al., 2015) and cleave the target RNA into 6-nt pieces.
Binding of a Cmr complex to complementary DNA activates Cas10 cleaving activity (Spilman
et al., 2013; Samai et al., 2015; Taylor et al., 2015; Elmore et al., 2016; Estrella, Kuo and
Bailey, 2016). The main distinguishing feature of Type Il is that it does not require PAM for
interference. It was proposed that, in order to avoid self-immunity, Cmr-related complexes rely
on recognition of CRISPR repeats that block self-interference (Marraffini and Sontheimer,
2010b; van der Oost et al., 2014). However, another study shows that some Type-Il1 systems
need an RNA PAM (Elmore et al., 2016).

CRISPR-Cas Type Il (cas9 gene) and Type V (cpfl gene) are single-subunit crRNA
effector complexes. Cas9 protein with crRNA forms a crRNP (CRISPR ribonucleoprotein
complex) complex, which is responsible for recognition and degradation of target DNA

(Gasiunas et al., 2012). These actions take place in different parts of the effector complex
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(Nishimasu et al., 2014). A PAM at 3’ of the protospacer is needed for melting upstream DNA
that allows R-loop formation and cleavage in case of spacer-protospacer complementarity
(Sternberg et al., 2014) (recently a single-stranded targeting Cas9 was found (Zhang et al.,
2015), which does not require a PAM). Match in the spacer seed region (12nt closer to PAM),
which forces further DNA melting and crRNA-DNA heteroduplex formation, activates Cas9
nuclease sites (HNH and RuvC) by triggering conformational change in the protein, allowing
Cas9 to introduce a blunt-end double-strand break close to the 3’ end of the protospacer
(Nishimasu et al., 2014; Sternberg et al., 2015). Cpf1 is another single-subunit effector complex
that introduced DSB into a DNA target. Bioinformatical approaches show that Cpfl lacks an
HNH nuclease domain and a second nuclease domain or that the cleavage mechanism has not
yet been characterized. Its structure was resolved recently (Yamano et al., 2016). A unique
feature of Cpfl, compared with Cas9, is that it lacks tracrRNA and introduces staggered double-

stranded breaks outside the protospacer (Zetsche et al., 2015; Yamano et al., 2016).

CRISPR-Cas discovery timeline

CRISPR-Cas systems were discovered quite recently and quickly acquired popularity and
underwent quite thorough characterization. The first observations of unusual repetitive
structures appeared 30 years ago and there has been a boom since 2012-2013, when CRISPR-

Cas began to be applied to genome editing tasks (see Figure 2)
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Figure 2. Number of publications per year mentioning CRISPR. The histogram shows the number of
papers published per year with the keyword ‘CRISPR’, according to NCBI Pubmed and manual tag assignment.
The timeline for different periods is shown below the histogram, with the most significant results described in
text. The period shown in red pinpoints the crucial discovery that CRISPR-Cas is a prokaryotic immunity system.

Clusters of repeats separated by spacers were first observed in Escherichia coli in 1987
during study of the iap gene (Ishino et al., 1987) and CRISPR array structure (the actual term
was not used at the time) was described in 1989 (Nakata, Amemura and Makino, 1989).
However, no functions for these loci were proposed at the time. The same nucleotide structures
were later observed in different bacteria and archaea (Hoe et al., no date; Hermans et al., 1991,
Mojica et al., 1995; Bult et al., 1996), but the observations did not arouse any great interest. The
abundance and significance of CRISPR arrays were shown in 2000 (Mojica et al., 2000). Two
independent studies were made in 2002, one concerning an abundant gene family that was
supposed to have DNA repair functionality (Makarova et al., 2002) and another showing
linkage of these genes to CRISPR arrays (Jansen et al., 2002). The latter study also introduced
the ‘CRISPR’ acronym. Increasing volumes of prokaryotic sequence data led to the crucial
breakthrough in 2005, when studies detected the similarity of spacers to phage and plasmid

sequences and proposed that this similarity is what gives immunity to infections (Bolotin et al.,
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2005; Mojica et al., 2005; Pourcel, Salvignol and Vergnaud, 2005). Some 45 protein families
linked to CRISPR were observed at the time (Haft et al., 2005). A year later, in 2006, the RNA
interference mechanism was proposed as the mode of action of CRISPR-Cas systems
(Makarova et al., 2006). Evidence and proof of the action of CRISPR-Cas as an immune system
followed in 2007 (Barrangou et al., 2007). Later studies described the organization and details
of CRISPR-Cas action: that it is RNA mediated (Brouns et al., 2008), that it targets DNA
(Marraffini and Sontheimer, 2008) and RNA (Hale et al., 2009), that the Protospacer Adjacent
Motif is required for some systems (Mojica et al., 2009). Details of pre-crRNA transcription

and processing were also revealed (Haurwitz et al., 2010).

After 2010 came a period of unification of knowledge and further characterization of
CRISPR-Cas building blocks. The first classification of CRISPR-Cas systems was provided in
2011 (Makarova, Haft, et al., 2011). In the same year cryo-electron microscopy showed how
Cascade complex building blocks are arranged with crRNA in crRNP (Wiedenheft, Lander, et
al., 2011). In 2011 Type Il systems were further characterized by discovery of the role of RNase
I11 in processing of pre-crRNA and tracrRNA (Deltcheva et al., 2011). Different modes of
adaptation were described in 2012 (Datsenko et al., 2012), improving the understanding of

Kinetics of infection of cells with CRISPR-Cas systems.

Studies were carried out in 2012 that sparked a revolution in genome editing based on
programming of Cas9 to enable cleavage of designated DNA (Jinek et al., 2012; Qi et al.,
2012). This was followed in 2013 by works showing genome editing in human (Cong et al.,
2013; Jinek et al., 2013; Mali et al., 2013), bacteria (Gasiunas et al., 2012; Jinek et al., 2012)
and yeast cells (DiCarlo et al., 2013). These advances resulted in the first clinical trials of
CRISPR-Cas genetically modified cells, which were approved in 2016 (Cyranoski, 2016;
Reardon, 2016).
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CRISPR-Cas classification

CRISPR-Cas is one of the actors in a never-ending ‘arms race’ between bacterial/archaeal
hosts and viruses, which forces great diversity in genes, CRISPR-Cas loci composition and
mechanisms of action among CRISPR-Cas systems (Makarova et al., 2015). However, these
systems share common features and classification has recently been made based on these
features (Makarova, Haft, et al., 2011; Makarova et al., 2015). There are two levels of

classification: by class, and by type/subtype (Makarova et al., 2015).

Separation of CRISPR-Cas systems by classes is based on structure of the effector complex

(see Figure 3).

multi-subunit crENA-effector complex

o EEDEDEDED D EDED

single-subunit crRNA-effector complex

cess D

Figure 3. Separation of CRISPR-Cas systems into two classes (reproduced with permission from Science
(Mohanraju et al., 2016)). Two classes of CRISPR-Cas systems are shown: Class 1 contains systems with
multiprotein effector complexes, while Class 2 contains single-protein effector complexes. Proteins of effector
complexes are shown in reddish colors, and the gradations of red represent different biochemical functions.
Accessory proteins are shown with broken outlines. The adaptation module (casl, cas2) genes are located at the

end of the loci.

Class 1 CRISPR—Cas systems, which have multi-subunit crRNA-effector complexes (Type
I, Type IlI, Type 1V), are most common in bacteria and archaea (including in all

hyperthermophiles), comprising ~90% of all identified CRISPR—Cas loci (Makarova et al.,
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2015). Functional roles are split between proteins of the effector complexes. The remaining
~10% of CRISPR-Cas loci belong to Class 2 CRISPR—Cas systems (which use Cas9 and Cpfl
effector proteins). These systems are found almost exclusively in bacteria (a few instances of
Cpf1 are found in archaea) and have not been identified in hyperthermophiles (Chylinski et al.,
2014; Makarova et al., 2015). All activities (except for adaptation) of the Class 2 systems are
processed by a single protein (Cas9, Cpfl).

The second classification level for CRISPR-Cas systems is classification by types, which
uses signature genes and gene architecture to distinguish 5 types and 16 subtypes of CRISPR-

Cas systems (see Figure 4).
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Clostridium kluyveri DSM 555
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Bocillus halodurans C-125
BHO336-BHO342

Geobacter sulfurreducens
GEUD051=-G5U0054
G005 7-G5U0058

Cyanothece sp. PCC 8E02
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Yersinia pseudotuberculosis YPII
YPK_1644=YPK_1649
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Legionella pneumophila str. Paris
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Streptococcus thermophilus
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Neisseria lactamica 020-06
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Francisella cf. novicida Fx1
FMFX1_1431-FNFX1_1428

Figure 4. CRISPR-Cas classification by types and subtypes (reproduced with permission from Nature

Reviews Microbiology (Makarova et al., 2015)). Figure 4 shows two classes of CRISPR-Cas, consisting of five

types and 16 subtypes. Loci are shown for each subtype, with genes represented by arrows. Colors represent

homologous genes. Systematic gene names are shown under the arrows with the common gene name (for

example, cas7 and cmrl for Type I11-B). Genes marked with a cross have inactivated large subunits of their

effector complexes. Genes or domains involved in interference are shown on a brown background. Genes that are

not present in all systems have broken outlines.
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Class 1 CRISPR-Cas systems are divided into Type I, Type Il and Type 1V with 12
subtypes. The signature of Type | systems is the cas3 gene, coding for a single-stranded DNA
(ssDNA)-stimulated superfamily 2 helicase, which is responsible for unwinding double stranded
DNA or RNA-DNA duplexes (Sinkunas et al., 2011; Gong et al., 2014; Huo et al., 2014). Cas3
may contain an HD nuclease domain (or this domain might be located in an protein encoded by
an adjacent gene), which is responsible for target DNA cleavage (Mulepati and Bailey, 2011;
Sinkunas et al., 2011). Seven subtypes of Type | have been identified: Type I-A to Type I-F and
Type I-U (U stands for uncharacterized; the mechanism of action for this system remains
unknown (Makarova et al., 2015)). All subtypes shown in Figure 4 are defined by unique
combinations of Cas proteins. In most cases, Type | system genes are located in one operon in
the genome, except for Type I-A and Type I-B (Vestergaard, Garrett and Shah, 2014). The
phylogenetic tree of the Cas3 protein reflects classification of Type | (Jackson, Lavin, et al.,
2014), and a more detailed study has led to the proposal of a polyphyletic origin of these
systems (Makarova et al., 2015).

CRISPR-Cas Type Il systems are characterized by the presence of Cas10, a multidomain
protein, which contains an RNA recognition domain (Palm domain) and is often fused with an
HD nuclease domain (different from the HD domain in Type | (Makarova et al., 2006)). This
protein is the largest of the Type 11l Cas proteins and is very diverse (Makarova et al., 2015).
Casb and several Cas7 proteins are also present Type Il systems. There are four Type |11
subtypes — Type I11-A to Type 111-D — with distinct gene sets (see Figure 4). All of these
systems have been found to co-transcriptionally target DNA (Marraffini and Sontheimer, 2008;
Deng et al., 2013; Goldberg et al., 2014; Peng et al., 2015; Samai et al., 2015) and RNA (Hale
et al., 2009, 2012; Spilman et al., 2013; Staals et al., 2014; Tamulaitis et al., 2014; Samai et al.,
2015). Phylogenetic analysis of cas10 gives results that are compatible with the classification of
Makarova et al., 2015. In some cases Type Il systems lack an adaptation module and it was
proposed that these systems may use crRNAs produced from systems CRISPR arrays
(Makarova et al., 2015).
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Type IV is a putative CRISPR-Cas system that has not been functionally characterized yet.
This system lacks casl and cas2 genes. In many cases there is no CRISPR array nearby in the
genome or there is even no CRISPR array in the genome at all. A Type IV locus usually
encodes Casb, Cas7 and the signature Csfl protein (see Figure 4) (Makarova et al., 2015). It is
also predicted that it might rely on crRNAs produced from CRISPR arrays of other systems

Class 2 Type Il CRISPR-Cas systems are specified by the cas9 gene, which is a single
subunit effector. Type Il systems are simplest in terms of gene count: there is only cas9 and the
adaptation module (casl, cas2 and cas4). Cas9 targets DNA with two different nuclease
domains, HNH and RuvC (Jinek et al., 2012), and is involved in adaptation (Heler et al., 2015;
Wei, Terns and Terns, 2015). The hallmark of the Type Il system is tracrRNA — a short RNA
that is encoded inside the CRISPR-Cas locus, and forms a crRNA-tracrRNA complex via
complementary to repeat sequence. It is needed to process pre-crRNA and becomes part of the
complex with Cas9 (Chylinski, Le Rhun and Charpentier, 2013; Briner et al., 2014; Chylinski et
al., 2014). It was proposed, based on sequence similarity, that Cas9 originated from an IscB
transposable element (Chylinski et al., 2014). This complicates detection of Type Il systems
since an adaptation module must be found near a cas9-like gene before it can be asserted that it
Is part of a CRISPR-Cas system. There are three Type Il subtypes — Type 1I-A, Type II-B and
Type 1I-C (the most abundant CRISPR-Cas system in bacteria (Makarova et al., 2015)) — and
these systems have distinct loci compositions (see Figure 4). According to sequence homology,
Type I1-A and Type 11-B are monophyletic, while Type I1-C have a distinct origin (Chylinski et
al., 2014; Makarova et al., 2015).

Class 2 Type V is a CRISPR-Cas system that has been recently discovered and
characterized (Schunder et al., 2013; Zetsche et al., 2015; Fonfara et al., 2016) with cpfl as a
signature gene. The usual locus composition consists of cpfl and an adaptation module (casl
and cas?2) (see Figure 4). Class 2 Type V stands apart from Type 11 Cas9 systems for several
reasons: it has different origin (it is homologous to proteins from the 1S605 transposon family
(Makarova et al., 2015)); it has different protein structure (it has a RuvC nuclease domain, but
lacks an HNH domain (Makarova et al., 2015; Yamano et al., 2016)). Also it does not use
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tracrRNA and thus processes pre-crRNA differently (Fonfara et al., 2016). Unlike Type II, this

system was also found in archaea (Vestergaard, Garrett and Shah, 2014).

Origins of CRISPR-Cas genes

Modular structure of CRISPR-Cas systems and study of these modules suggests an
explanation for the origin of CRISPR-cas genes. The most conserved and most abundant is the
adaptation module that consists of casl, cas2 and (for some systems) cas4, which, upon
merging with cas10, gave birth to the ancestral Class 1 CRISPR-Cas system (Mohanraju et al.,
2016) (see Figure 5).

cas10-like ancestral adaptive immunity system
(o I
; — fusion of casposon with cas10-like gene involved

in innate immunity

. i o e O — CRISPR repeats evolved from terminal repeats of casposons

— acquisition of Cas2-like toxin from toxin-antitoxin system

__ casposon _
R

adaptation effector

il i T ancestral Class 1 system

[N cas 1 >casz> [cass > o case > — fission of Cas10-like protein and duplication of RRM domains
ancestral Type | system ‘
— origin of Cas8 by inactivation of Cas10 NOscaac "‘\ ancestral Type ”I system
— acquisition of Cas3 helicase i T
— HD domain transferred from Cas10 to Cas3 " T — duplication of Cas7

small subunit small subunit C Iass 1
N c== D cas2> [easf > > o6 > s> D,

systems

Figure 5. Suggested evolutionary scenario for the origin of CRISPR-Cas systems (reproduced with
permission from Science, adapted from (Mohanraju et al., 2016)). This figure shows the latest theory as to the
possible origin of Class 1 CRISPR-Cas systems through the merging of various genetic components. Genes are
represented by arrows; genes on a gray background are thought to have been present in original loci but were lost
during evolution of CRISPR-Cas systems. Green background shows a CRISPR-Cas adaptation module and blue
background represents effector complex genes. TR stands for terminal repeats, TS for terminal sequences and HD

for an HD-family endonuclease.
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It is suggested that the casl gene, which has nuclease and integrase functions (their origin
is determined by homology with casposons, which are self-synthesizing transposons (Krupovic
et al., 2014, 2016; Hickman and Dyda, 2015)), should have been inserted close to the cas10
homolog, which contained RNA binding nuclease domains and also served as an immunity
system (Mohanraju et al., 2016). It is proposed that the CRISPR array-like structures are
remnants of inverted terminal repeats of the transposon (Koonin and Krupovic, 2015). The cas2
gene, which originated (as detected by homology) from a toxin-antitoxin complex (Makarova,
Aravind, et al., 2011; Makarova, Wolf and Koonin, 2013b), was either in the casposon or in the
immunity locus (the target of the casposon). It is proposed that cas10 originated from a merger
between a Cas10-like nuclease and one or more RRM (RNA Recognition Motif) folds of a
polymerase of cyclase proteins, which evolved together with casl and cas2 and gave rise to an
ancestral CRISPR-Cas system (Makarova, Aravind, et al., 2011; Makarova, Wolf and Koonin,
2013Db) (see Figure 5).

Class 1 CRISPR-Cas systems, are the most abundant in both bacteria and archaea
(Makarova et al., 2015), suggesting that the ancestral CRISPR-Cas system had the same
architecture (Mohanraju et al., 2016). CRISPR-Cas Type | and Type I11 were derived by
recombination and influx of new genes from mobile elements into the ancestral system. The
suggested scenario for the Type | system is: inactivation of cas10 (origin of cas8) and
acquisition of Cas3-like helicase with transfer of the HD nuclease domain. The Type |1l system,
which arose from the same causes (recombination and influx of new elements from defense

islands (Makarova, Wolf, et al., 2011)), have duplicated the cas7 gene in the locus.

It has been suggested that Class 11 systems (all subtypes of Type Il and Type V) are the
result of replacement of the Class 1 effector complex by nuclease proteins that originate from
various mobile genetic elements (Mohanraju et al., 2016). It was shown in recent studies that
the cas9 gene has parts, which are homologous to IscB transposases (Kapitonov, Makarova and
Koonin, 2015), which have RuvC and HNH nuclease domains, whereas Type V have RuvC and

do not have a detectable HNH domain or close homology to cas9 or IscB (Zetsche et al., 2015).
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Application of CRISPR-Cas systems

CRISPR-Cas systems have been found to be a highly efficient (Chen et al., 2014) and easy-
to-use programmable tool for genome editing of prokaryotes and various eukaryotes including
plants and animals. The techniques of genome editing with CRISPR-Cas systems have been
described in numerous reviews (Ran, Hsu, Wright, et al., 2013; Hsu, Lander and Zhang, 2014;
Barrangou and Doudna, 2016; Mohanraju et al., 2016). The first genome editing with a
CRISPR-Cas Type Il effector complex was shown on human cells in 2013 (Cho et al., 2013;
Cong et al., 2013; Jinek et al., 2013; Mali et al., 2013). In these studies, Cas9 was shown to be a
tool that can be programmed by sgRNA (single guide RNA, which is an artificial RNA
construct containing: a hairpin (handle for Cas9), a terminator sequence and a spacer sequence)
to make double stranded breaks into DNA, which can be used to introduce indels using non-
homologous end joining DNA repair machinery or for the insertion of new DNA material by
providing templates for homology directed repair (see Figure 6). Although Cas9 proved to be
efficient, it has limitations, due to PAM and/or target sequence specificity. But several variants
of Cas9 recognizing different PAMs have been characterized and used (Deveau et al., 2008;
Horvath et al., 2008; Zhang et al., 2013). New artificially modified variants of Cas9, which
have improved specificity due to reduction of interaction with non-specific DNA sites, have
also been introduced (Kleinstiver, Pattanayak, et al., 2016; Slaymaker et al., 2016). Another
workaround for increasing specificity or reducing off-target events has been achieved by
creating Cas9 dimer (Mali, Esvelt and Church, 2013; Ran, Hsu, Lin, et al., 2013), a protein, in
which the nuclease sites have been mutated so that each dimer can introduce only one nick.
Cas9 dimer requires two sites to achieve recognition, so it increases the sequence specificity of

the complex.

Genome editing operations that are often performed with CRISPR-Cas effector complexes
(Bortesi and Fischer, no date) include: gene knockouts by introduction of a double-strand break

(DSB) with Cas9, causing frame shifts arising after non-homologous-ends-joining (NHEJ)



DNA repair; insertion of new DNA material with NHEJ after introduction of a DSB; insertion

of new material after inducing a DSB with homologous recombination (HR) by adding a DNA

template for HR; and gene modification by template with HR. These operations are shown in

Figure 6.
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Figure 6. Common techniques of genome editing with Cas9 (reproduced with permission from

Biotechnology Advances (Bortesi and Fischer, no date). Genome editing with Cas9 (represented by scissors) is

shown in the Figure. Four scenarios are described: a) gene knockout by indels frameshift; b) insertion of a new

gene; ) gene modification by means of a template; d) gene insertion from template DNA with homologous

recombination

The general approach for genome editing includes the following operations:

1. Search for a sequence or sequences with a valid protospacer adjacent motif, which

can be targeted using the selected variant of Cas9.

2. Minimizing off-target effects of the effector complex (by selecting a unique sequence

in the genome and a sequence composition that is most preferable for the chosen
Cas9 (Doench et al., 2016)).

3. Design and synthesis of required sgRNA.
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4. Making the Cas9/sgRNA construct.
5. Delivery of the complex into the cell or group of cells.
6. Validation of results.

Genome editing is not the sole application of CRISPR-Cas effector complexes. Inactivated
variants of Cas9 or dead Cas9 (dCas9), which have disrupted HNN and RuvC nuclease domains
and are therefore unable to introduce DSB, can be used for site-specific, non-nuclease activities,
such as: activation of transcription or transcription repression (Bikard et al., 2013; Gilbert et al.,
2013; Konermann et al., 2013; Qi et al., 2013); as a fluorescent label (Chen et al., 2013); or for
recruiting histone modification proteins (Hilton et al., 2015; Kearns et al., 2015). Recent studies
show potential for using CRISPR-Cas effector complexes to create logic circuits for
activation/repression cascades (Kiani et al., 2014; Nissim et al., 2014), as well as AND (logical
conjunction) circuits for detection of bladder cancer cells by activation of luciferase (Liu et al.,
2014). Sequence-specific anti-microbial techniques have been introduced, based on the delivery
of Cas9 by bacteriophages that destroy antibiotic resistance plasmids (Bikard et al., 2014), and
antiviral systems that can suppress hepatitis B or HIV-1 have also been described (Ebina et al.,
2013; Hu et al., 2014; Ramanan et al., 2015). Another approach shows that CRISPR-Cas
effector complexes can be used for loss-of-function genetic screening for positive and negative
selection in mammalian cells: a large pool of sgRNA is produced, targeting the regions of
interest, then a large pool of mutants is generated by introducing Cas9 (Gilbert et al., 2014;
Shalem et al., 2014; Wang et al., 2014; Konermann et al., 2015).

The recent discovery of Cpfl (Zetsche et al., 2015) — another CRISPR-Cas Class 2 protein
— showed that there is a place for new effector complexes in genome editing or other
applications of sequence specific nucleases. Cpfl has the same or better off-target properties (D.
Kim et al., 2016; Kleinstiver, Tsai, et al., 2016) and it can be used in a simplified process of
genome editing. It does not require tracrRNA (Zetsche et al., 2015), so the complexity of
effector complexes is reduced,; it is able to process its own CRISPR array (Zetsche et al., 2015),

which makes multiple targeting easier (there is no need to provide multiple sgRNA genes; only
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one CRISPR array with required spacers is needed); and Cpfl nuclease creates sticky ends
(Zetsche et al., 2015), which can be used to insert new DNA more efficiently (Mohanraju et al.,
2016).

The problems that remain to be solved for the application of CRISPR-Cas effectors include
the efficient and tissue-specific delivery of CRISPR-Cas effectors as well as ethical questions of
genome editing applications (Mohanraju et al., 2016). Advances in delivery technology, which
include the use of smaller Cas9 (Ran et al., 2015), delivery by nanoparticles (Platt et al., 2014),
delivery by electroporation (Qin et al., 2015) and delivery by micropinocytosis (D’ Astolfo et
al., 2015), show the need for new site-specific nucleases. CRISPR-Cas class 1 effector
complexes, which are not widely used for genome editing, may attract future attention for this

reason.
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Materials and Methods

Dataset

A search for novel CRISPR-Cas systems was carried out on various prokaryotic data sets.
In the first part of the study, the search for casl associated proteins used WGS and NT NCBI
databases (‘Database resources of the National Center for Biotechnology Information’, 2016).
For the CRISPR associated protein search in the second part of the study a separate prokaryotic
database was assembled. Archaeal and bacterial genome sequences were downloaded from the
NCBI FTP site (ftp://ftp.ncbi.nlm.nih.gov/genomes/all/) in March 2016. For incompletely
annotated genomes (coding density less than 0.6 coding DNA sequence per kbp) the existing
open reading frames annotation was discarded and replaced with annotation by Meta-GeneMark
(Besemer, Lomsadze and Borodovsky, 2001) with the standard model MetaGeneMark _v1.mod
(Heuristic model for genetic code 11 and GC 30). Altogether the database includes 4,961
completely sequenced and assembled genomes and 43,599 partially sequenced genomes
(altogether represented by 6,342,452 contigs, composed from 33,803 unique taxonomic group

and 12,528 unique species, coding 182,301,555 proteins).

Pipeline for Annotation of CRISPR-Cas Loci

The pipeline takes a list of locations (coordinates in the corresponding nucleotide sequence)
of the seed features (casl or CRISPR) as input. Two types of seeds were used: locations of casl
genes in the NCBI, NR and WGS database (‘Database resources of the National Center for
Biotechnology Information’, 2016) and locations of CRISPR arrays in the WGS and
prokaryotic genome database. CRISPR and casl seed sets were not merged and were used
separately. TBLASTN searches (Altschul et al., 1997) with E-value cutoff of 0.01 and low

complexity filtering turned off were run against NR and WGS with the Casl profiles (Makarova
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and Koonin, 2015) as queries, resulting in the identification of 20,766 loci. The CRISPRfinder
(Grissa, Vergnaud and Pourcel, 2007) and PILER-CR (Edgar, 2007) programs were used with
default parameters to identify CRISPR arrays in the WGS database (47,174 loci found) and in
the prokaryotic genome database (45,373 loci found). Sequences including up to 10 kbp

upstream and downstream from the seed features were extracted.

Open Reading Frame (ORF) annotation was performed using Meta-GeneMark (Zhu,
Lomsadze and Borodovsky, 2010) with the MetaGeneMark_v1.mod standard model (Heuristic
model for genetic code 11 and GC 30). All ORFs were further annotated using RPS-BLAST
(Marchler-Bauer et al., 2002) searches with 30,953 profiles (COG, pfam, cd) from the NCBI
CDD database (Marchler-Bauer et al., 2013; ‘Database resources of the National Center for
Biotechnology Information’, 2016) and 217 custom Cas protein profiles 10. The CRISPR-Cas
system (sub)type identification for all loci was performed using procedures, which have been

previously described (Makarova and Koonin, 2015; Makarova et al., 2015).

For casl seeds from NR and WGS databases, partial and/or unclassified loci that
encompassed proteins larger than 500 amino acids were analyzed on a case-by-case basis.
Specifically, each predicted protein encoded in these loci was searched against the NCBI non-
redundant (NR) protein sequence database using PSI-BLAST (Altschul et al., 1997), with a cut-
off e-value of 0.01 and with composition based-statistics and low complexity filtering turned
off. Each non-redundant protein identified in this search was searched against the WGS
database using the TBLASTN program (Altschul et al., 1997). The HHpred program was used
with default parameters to identify remote sequence similarity using as the queries all proteins
identified in the BLAST searches (Soding et al., 2006). Multiple sequence alignments were
constructed using MUSCLE (Edgar, 2004) and MAFFT (Katoh and Standley, 2013).

Later, a clustering approach was implemented for casl and CRISPR seeds (see Clustering).
Potential candidates were selected out of all permissive clusters constructed from proteins from
the seed loci using the size threshold (> 500aa) and distance to seed (genes closest to the seed
were preferred); the selection of candidates was limited to those that were located within 4

genes from the seed; clusters that contained more homologs outside the seed loci than in those
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loci were discarded. Additional prediction of protein domains was performed using the CD-
search (Edgar, 2010) and HHpred (S6ding et al., 2006).

The identified candidates were used as queries for a PSI-BLAST search against the NCBI
NR and NCBI WGS databases for the casl seeds, and NCBI WGS and prokaryotic databases
for the CRISPR seeds in order to obtain additional loci that were added to the seed list. The

evaluation procedure was then repeated until convergence occurred.

Clustering and Phylogenetic Analysis

To construct a non-redundant, representative sequence set, sequences were clustered using
the NCBI BLASTCLUST program (Wheeler and Bhagwat, 2007)
(ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html) with the sequence identity threshold of
90% and length coverage threshold of 0.9. The longest sequence was selected to represent each
cluster. Permissive clustering of sequences was performed using UCLUST (Edgar, 2010), with

sequence similarity threshold of 0.3.

Multiple alignments of protein sequences were constructed using MUSCLE (Edgar, 2004)
and MAFFT (Katoh and Standley, 2013) programs. Sites with the gap character fraction values
> 0.5 and homogeneity < 0.1 (Yutin et al., 2008) were removed from the alignment.
Phylogenetic analysis was performed using the FastTree program (Price, Dehal and Arkin,
2010), with the WAG evolutionary model and the discrete gamma model with 20 rate

categories.

Relationships within diverse sequence families were established using the following
procedure: initial sequence clusters were obtained using UCLUST (Edgar, 2010) with a
sequence similarity threshold of 0.5; sequences were aligned within clusters using MUSCLE
(Edgar, 2004). Then cluster-to-cluster similarity scores were obtained using HHSEARCH
(S6ding, 2005) (including trivial clusters consisting of a single sequence each) and a UPGMA

dendrogram was constructed from the pairwise similarity scores. Highly similar clusters
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(pairwise score to self-score ratio >0.1) were aligned to each other using HHALIGN (Sdding,
2005) and the procedure was repeated iteratively. At the last step, sequence-based trees were
reconstructed from the cluster alignments using the FastTree program (Price, Dehal and Arkin,
2010) as described above and rooted by mid-point; these trees were grafted to the tips of the

profile similarity-based UPGMA dendrogram.

Protospacer Analysis

The initial pool of 488,437 spacers in the CRISPR arrays was reduced to 268,409 unique
sequences. The MEGABLAST program (Zhang et al., no date) (word size 18) was used to
search for protospacers in the virus subset of the NR database (Tax1D:10239) and the
prokaryotic genome database. The maximum number of mismatches for a spacer with length |
was limited to max(0, 1—22). All MEGABLAST hits that target CRISPR arrays as well as all
eukaryotic virus sequences were discarded. This procedure produced 63,939 hits to prokaryotic
genomes and 5,095 hits to prokaryotic viruses. The 33,480 ORFs that contained or intersected
with the detected protospacers were used as BLASTP queries to search the virus database. All

ORFs with strong hits (e-value <10-6) were classified as originating from (pro)viruses.

Synteny Analysis of Subtype V-U loci

Protein sequences encoded by genes in the vicinity (£3 genes) of the Type V-U effector
genes were extracted and clustered using UCLUST (Edgar, 2010) with similarity threshold of
0.3. Genes were annotated by the cluster IDs; each locus was represented as a set of genes and
unordered gene pairs. A weighted Jackard similarity coefficient was calculated for all pairs of
loci as previously described (Makarova et al., 2015), a locus similarity graph was constructed
with a similarity threshold of 0.61 (e-0.5), and connected components (subsets of highly similar

loci) were extracted.
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Analysis of Selection in the Evolution of Class 2 Effector Genes

Nucleotide and protein sequences of the effector genes were collected; clusters of identical
protein sequences were reduced to a single representative; remaining sequences were clustered
using UCLUST (Edgar, 2010) with a similarity threshold of 0.67. The sequences from each
cluster were aligned, and a phylogenetic tree was constructed as described above and rooted
using a modified midpoint procedure. Sub-alignments of protein sequences, corresponding to
sub-trees with mean depth <0.1, were extracted and converted to the nucleotide sequence
alignments. Pairwise dN, dS and dN/dS values were obtained using the codeml program of the
PAML package (Yang, 2007). Sequence pairs with 0.0002< dN <1.0 and 0.0002< dS <1.0 were

selected, and the dN/dS values were calculated.
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Results and Discussion

Part 1: Novel lass 2 CRISPR-Cas Systems

The computational pipeline for the discovery of Class 2 CRISPR—Cas loci

We developed a computational pipeline for the systematic detection of Class 2 CRISPR-

Cas systems (see Figure 7).
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Figure 7. CRISPR effector discovery pipeline for search of CRISPR or Casl associated
proteins. The computational pipeline for the discovery of Class 2 CRISPR—Cas loci is shown. The

actions performed in the study are described in the text below.

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 Figure 7; the steps in the procedure are
numbered in the order in which they occur). In this study, new CRISPR-Cas systems were
discovered by searching the current sequence databases (see Dataset in methods). casl was used
as the seed, as it is the most common Cas protein in CRISPR—Cas systems and is most highly
conserved at the sequence level (Takeuchi et al., 2012). To ensure the maximum sensitivity of
detection, the search was carried out by comparing a Casl sequence profile with translated
genomic and metagenomic sequences. After the casl genes were detected, their respective
‘neighborhoods’ were examined for the presence of other cas genes by searching for Cas
proteins using ~400 previously developed profiles and applying the criteria for the classification
of the CRISPR—Cas loci (Makarova et al., 2015). 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 (Edgar, 2007) and CRISPRFinder
(Grissa, Vergnaud and Pourcel, 2007) methods were pooled and taken as the final CRISPR set
(see Figure 7). This procedure yielded 47,174 CRISPR arrays, which is more than twice the
number of casl 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 (Almendros et al., 2016).

All loci that were assigned to known CRISPR—Cas subtypes through the Cas protein profile
search were discarded from the subsequent analysis, since the aim of the search was to discover
new subtypes. Among the remaining casl and CRISPR neighborhoods, those that encoded large
proteins (>500 amino acids) were analyzed in detail, given that Cas9 and Cpf1 are large

proteins (typically >1000 amino acids) and that their protein structures suggest that this large
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size is required to accommodate the complex between CRISPR RNA (crRNA) and target DNA
(Nishimasu et al., 2014, 2015; Fonfara et al., 2016). The sequences of such large proteins were
then screened for known protein domains using sensitive profile-based methods, such as
HHpred (S6ding et al., 2006), secondary structure prediction and manual examination of
multiple alignments (see Methods). Based on 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 analyzed using the most sensitive methods
for domain detection, such as HHpred (Soding et al., 2006), 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 defense, and the Cas proteins in
particular, typically evolve extremely fast (Takeuchi et al., 2012; Makarova, Wolf and Koonin,
2013a).

It is to be noted that this procedure for the discovery of Class 2 CRISPR—Cas systems
should, at least in principle, 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 casl and/or CRISPR are
analyzed in detail. The assumption of the structural requirements for a Class 2 effector, which
underlie the protein size cut-off that is used, and the precision of casl and CRISPR detection,

are the only limitations of this approach.



DNA

DNA

DNA

DNA

DNA

DMNA?

Tentative

Vi

RMNA

RNA?

RNA?

RNA?

40

Class 1 systems (types I, lll and IV)

RuvC-l HNH 1l ’ : = [ . moRol
casg cas cas? 1rachNA CRISPR
RuvC-l I HNH
I s | I [ 367 1 |
cas9 * casl cas2 csn2 lracEN.!;\ CRISPR j|
RuvC-l I HNH 1l
o — m [>=l L3 o ]
cas9 cas? tracrRNA CRISPR
RuvC-, II;, Nug; Il To1ol
| N —— —
lcasi2al cas4 casl cas? CRISFR
cpfl
RuvC-, 11, 111
[— ) | >=. [ 3% & ]
? cas4 cas? tracrRNA CRISPR
RuvC-, Il 111
| >I [ [ >[l""]
casl casiZc CRISPR
clc3
RuvC-1, II, 1l
[——r 0 [ |
cZc4 CRISPR
RuvC-L, I, 11l
|:|:|:> [ 5e3 52 | >600 amino acids
cZc8 CRISPR
RuvC-1, 11, Ill
m———ad 1o 1o [N
cZcs CRISPR
RuvC-, 11, 111
]
CLC
il ~400 amino acids
RuvC-1, I, 11l
m——Y o o |
c2ch CRISPR
HEPN HEPN , moNoN
casi3a _;:;:;1" CRISPR
clec?
M[unﬂ
‘casi3c CRISPR
cZecy HEPN
HEPN HEPN
EoRON|
[.m CRISPR
clch
T™ . HEPN HEPN

150 — | 57 XY |

CRISPR

cZch

Subtype

=
=

-A

I-C

<

5 @

ve @

vul @

vu2 @

vus @

v-u3 @

vus @

vi-A @

vi-c @

vi-B1 @

vi-B2 @

Species in which
system identified

Legionella pneumophila str. Paris
lpp0160-lpp0163

Streptococcus thermophilus
str0657-str0660

Neisseria lactamica 020-06
NLA_17660-NLA_17680

Francisella cf. novicida Fx1
FNFX1_1431-FNFX1_1428

Alicyclobacillus acidoterrestris
NO07_06525

Oleiphilus sp.
A3715_16885

Gordonia otitidis
GOOTI_R519525

Cyanothece sp. PCC 8801
PCC8801_4127

Anabaena variabilis
Ava_2196

Bacillus thuringiensis HD-771
BTG_31928

Rothia dentocariosa M567
HMPREF0734_01291

Leptotrichia shahii
B031_R50110445

Fusobacterium perfoetens
T364_R50105110

Prevotella buccae
HMPREF6485_RS00335

Bergeyella zoohelcum
HMPREF2699_02005



41

Figure 8. 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 Figure 8) are indicated, with blue circles
for those that were identified by association with casl and red circles for those that were identified by
association with CRISPR. 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-I, RuvC-1l and RuvC-Il1I are the
three distinct motifs that contribute to the nuclease catalytic center; 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 for effector protein candidates are shown below the respective shapes as
follows: C2¢1-10, Class 2 candidate proteins 1-10; for subtype V-A, the previously introduced
vernacular Cpfl is indicated. For subtype VI-A, casl and cas2 are shown with broken outlines 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.
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Figure 9. The domain architecture of Class 2 CRISPR 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 (5CZZ and 5B43, respectively)) are available and the corresponding domain
architectures are shown in detail for novel proteins (PDB numbers shown in orange). For the remainder
of the proteins, the grey areas indicate structurally and functionally uncharacterized portions. RuvC-I,
RuvC-I11 and RuvC-Il11, as well as higher eukaryotes and prokaryotes nucleotide-binding | (HEPN I) and
HEPN 11, denote the catalytic motifs of the respective nuclease domains of the CRISPR effectors. The
bridge helix 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 motif (PAM)-interacting
domain; HNH, HNH family 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 acids is 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) is indicated, whereas only the provisional names are
indicated for the uncharacterized putative effectors of type V-uncharacterized (V-U). When, and if,
functional evidence of a bona fide CRISPR response is reported for these effectors, they should be
referred to as Cas12 proteins with the corresponding specifying letters. The putative V-U1, V-U2 and
V-U5 effectors are larger than the typical TnpB proteins, whereas the V-U3 and V-U4 effectors are in
the characteristic size range of TnpB. The asterisk at C2c5 indicates that this putative effector protein
contains replacements of the catalytic residues of the RuvC-like nuclease domain and lacks the zinc
finger.
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Figure 10. 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 (see Methods). 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 belong 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 harbor the majority of the respective loci are
indicated. Dominant bacterial or archaeal lineages, if any, are indicated in the triangles. For the

complete tree and accession numbers of all sequences, see Supplementary Information Box 2 (parts ¢
and 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.



46

Subtypes V-B and V-C identified using a casl seed: large multidomain effectors

The distinctive feature of type Il and type V CRISPR-Cas sequences is the presence of a
RuvC-like nuclease domain in their multidomain effector proteins (Makarova et al., 2015). In
the type 1l effector Cas9, the RuvC-like domain contains an inserted HNH nuclease domain
(See Figures 8, 9). 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 to Cas9. However, the
only crystal structures of Class 2 effectors that are available (at the time of the study),
specifically those of Cas9 and Cpf1, reveal a common structural framework (see Figure 9)
(Dong et al., 2016; Yamano et al., 2016). The structures of the putative, large, type V effectors
that were discovered using the casl seed, namely those of the subtype V-C, are unsolved, but
the subtype V-B effector C2c1 was solved (Yang et al., 2016; Liu et al., 2017) and shown
experimentally to have robust interference activity (Shmakov et al., 2015). All of the class V
effectors that have been identified to date share a similar, large size (typically, 1,000-1,300
amino acid residues) and a single common domain — the RuvC-like endonuclease domain (see
Figure 9) — although the sequence similarity between the effector proteins of different subtypes
is extremely low. It is likely that all type V effectors adopt similar bilobed structures that hold
the crRNA and target DNA together, although the effector proteins of different subtypes do not

seem to be directly related.
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Figure 11. Domain Architectures and Conserved Motifs of the Class 2 Effector Proteins.
Types Il and V: TnpB-derived nucleases. The top panel shows the RuvC nuclease from Thermus
thermophilus (PDB: 4EP5) with the catalytic amino acid residues denoted. An alignment of the
conserved motifs in selected representatives of the respective protein family (a single sequence for
RuvC) is shown underneath each domain architecture. The catalytic residues are shown by white letters
on a black background; conserved hydrophobic residues are highlighted in yellow; conserved small
residues are highlighted in green; in the bridge helix alignment, positively charged residues are in red.
Secondary structure prediction is shown underneath the aligned sequences: H denotes a helix, and E
denotes extended conformation (P strand). The poorly conserved spacers between the alignment blocks

are shown by numbers.

The TnpB homology regions of C2c1 and C2c3 contain the three catalytic motifs of the
RuvC-like nuclease (Aravind, Makarova and Koonin, 2000), the region corresponding to the
arginine-rich bridge helix, which is involved in crRNA-binding by Cas9, and a counterpart to
the Zn finger of TnpB (the Zn-binding cysteine residues are conserved in C2c3 but are missing
in the majority of Cpfl and C2c1 proteins; Cpfl and C2c1 contain multiple insertions and
deletions in this region suggestive of functional divergence) (see Figures 9, 11; Supplementary
information S1 and S4). The conservation of the catalytic residues implies that the RuvC
homology domains of all these proteins are active nucleases. The N-terminal regions of C2c1
and C2c3 show no significant similarity to each other or any known proteins. Secondary
structure predictions indicate that both these regions adopt a mixed o/p conformation
(Supplementary information S1 and S4). Thus, the overall domain architectures of C2c1 and
C2c3, and in particular the organization of the RuvC domain, resemble Cpf1 but are distinct
from Cas9 (see Figure 11). Accordingly, it was proposed that the C2c1 and C2c3 loci are best
classified as subtypes V-B and V-C, respectively, with Cpfl-encoding loci now designated
subtype V-A.

The C2c1 system from Alicyclobacillus acidoterrestris ATCC 49025 (Aac) was
experimentally characterized by Feng Zhang lab (Shmakov et al., 2015). The CRISPR array

was found to be actively transcribed in the same orientation as the cas gene cluster and shows
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robust processing of crRNAs that are 34 nt in length, with a 5* 14-nt direct repeat (DR) and a
20-nt spacer. It was also identified that an abundant 79-nt small RNA is encoded between the
cas2 gene and the CRISPR array and transcribed in the same orientation as the CRISPR array.
The internal region of this RNA contains a sequence complementary to the processed CRISPR
repeat sequence (anti-repeat), suggesting that this transcript is the tracrRNA. In silico co-folding
of the processed 14-nt CRISPR repeat with this putative tracrRNA predicts a stable secondary

structure.

The search for homologues of the type Il 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 (i.e., which encode an active
transposase, denoted TnpA, and mediate their own transposition) and even more numerous non-
autonomous (i.e. which consist solely of the tnpB gene and rely on transposases from other
elements for transposition) bacterial and archaeal transposons (Bao and Jurka, 2013; Pasternak
et al., 2013; Kapitonov, Makarova and Koonin, 2015) (see Figure 10a). In addition to the
RuvC-like nuclease domain, TnpB proteins contain a predicted, positively charged, long a-helix
that seems to be the counterpart to the bridge helix, which is a common feature of Cas9 and
Cpfl (see Figures 9, 11). Thus, similar to the Class 2 effectors, 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 (Gomes-
Filho et al., 2015). Biochemical and biological characterization of TnpB should shed light on

the evolution of the functions of Class 2 CRISPR—Cas effectors.

The closest relatives and possible ancestors of Cas9 were identified on the basis of readily
detectable sequence similarity and the presence of the HNH insert in the RuvC-like nuclease
domain of a distinct family of TnpB proteins that was denoted IscB (insertion sequences
Cas9-like protein B) (Chylinski et al., 2014; Kapitonov, Makarova and Koonin, 2015). It is

difficult to confidently trace a direct connection between type V effector proteins and a
particular group of TnpB proteins, because type V effector proteins show less similarity to

TnpB proteins than Cas9 shows to IscB proteins. Nevertheless, the effectors of the three



50

subtypes of type V systems are similar to different TnpB families, which suggests independent

origins 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
identified with a CRISPR seed but not with a casl seed; see Figure 7) yielded several additional
variants of putative type V systems (Figure 8, 9, 10a) that might help to explain how CRISPR-
Cas effectors evolved from TnpB. The putative effector proteins of these loci, which we have
provisionally assigned to subtype V-U (where the ‘U’ stands for ‘uncharacterized’; see below),
share two features that distinguish them from type Il and type V effectors that are found at
CRISPR—Cas loci containing Casl (see Figure 8). 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, these putative effectors show a higher level of
similarity to TnpB proteins than the larger type | and type V effectors (see Supplementary
information S3). In particular, three groups of TnpB homologues, which are included here in
subtype V-U (denoted V-U1, V-U2 and VU-5), showed evolutionary stability in terms of
sequence conservation, consistent association with CRISPR arrays and presence in distinct
groups of bacteria (see Figures 8, 9; see below). A more detailed examination showed that,
within each of these groups, the respective loci in closely related bacterial genomes were

genuinely orthologous, as indicated by the gene synteny conservation.

In view of the identification of these smaller CRISPR-associated ThpB homologues, we ran
the pipeline (see Figure 7) removing the requirement for the minimal length of the protein
adjacent to the CRISPR array, and examined the results for the presence of additional TnpB
homologues. Numerous CRISPR-associated ThpB homologues were detected in the size range

that is typical of the transposon-encoded TnpB, that is, ~400 amino acids (Supplementary
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information S2 (box), part a). Most of these loci were not evolutionarily conserved and were
thus of questionable functional relevance. However, two distinct groups of such smaller
CRISPR-associated TnpB (V-U3 and V-U4) were additionally detected, having characteristics
similar to the three subtype V-U groups with intermediately sized CRISPR-associated TnpB
(see Figures 8, 9; Table 1). Notably, the genes for the putative effectors of subtype 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; see Table 1), which was found to
be particularly strong for the subtype V-U3 group (Supplementary information S2 (box), part b,
Table 1). 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.

no. of dN/dS
sequence
system gene pairs 1st quartile  median 3rd quartile
H-A cas9 2239 0.12 0.19 0.25
I1-B cas9 67 0.21 0.32
I-C cas9 2756 0.08 0.12 0.19
V-A cas12a 48 0.13 0.21
V-B cas12b 4 0.1 0.17 0.25
V-U1 c2c4 4 0.14 0.22
V-Uz2 c2c8 3 0.08 0.25 0.30
V-U3 c2¢10 14— 0.12
V-U4 c2c9 11 0.15 0.36
V-U5 c2ch 16 0.15 0.16 0.19

VI-A cas13a1 8 0.27 0.41
VI-B cas13b 515 0.34

VI-C cas13az2 3 0.28 0.28 0.31

Table 1. Strength of purifying selection for Class 2 effector protein families. The three quartiles
of the distribution of the dN/dS ratio, estimated for sequence pairs with 0.0002 < dN < 1.0 and 0.0002 <
dS < 1.0 (see Methods for details) are given. The background color highlights the scale from low (blue)
to high (red) values.
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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 Methods and
Supplementary information S2 (box), part c). The topology of this tree indicated that four of the
five distinct variants of subtype V-U (hereafter referred to as subtypes V-U1, V-U2, V-U3, V-
U4 and V-U5) originated from different TnpB families (see Figure 10a), 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
cyanobacteria, 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-U1 is found in diverse bacteria, whereas the
remaining subtypes are largely limited in their spread to particular bacterial taxa (see Figure
10a; Supplementary Information S2 (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 (see
Methods). 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

(see Figure 12).
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The subtype V-U TnpB-like proteins are too small to adopt a bilobed structure of sufficient
size to accommodate 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 (see Figure 8), which, together with the above
structural considerations, suggests that any prediction of their fully fledged CRISPR activity
should be cautious. Nevertheless, the evolutionarily 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 biological 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 different, 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-defense functions of CRISPR—Cas have been
described (Westra, Buckling and Fineran, 2014). This possibility is particularly plausible for the
V-U5 variant, which seems to encompass a catalytically inactive TnpB homologue (see Figure
9, denoted C2c¢5*; Supplementary information S3 (box)). Furthermore, in genomes that contain
the group V-U2 and group V-U5 loci, along with other CRISPR-Cas systems, the CRISPR
sequences that are associated with the former loci are unique (Supplementary information S2

(box), part f), which suggests that these subtype V-U systems have distinct functions.
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Subtypes VI-A, VI-B and VI-C identified using a casl and CRISPR seeds: RNA-targeting

CRISPR—Cas multidomain effectors

The signature of type VI systems is the presence of an effector protein that contains two
HEPN domains (see Figures 8, 9). HEPN domains (Higher Eukaryotes and Prokaryotes
Nucleotide-binding) are common in various defense systems, among which those that have been
experimentally characterized, such as the toxins of numerous prokaryotic toxin—antitoxin
systems or eukaryotic RNase L, all have RNase activity (Grynberg, Erlandsen and Godzik,
2003; Anantharaman et al., 2013; Makarova et al., 2014). Therefore, the first putative type VI
effector, denoted C2c2, found by association with casl, was predicted to function as an RNA-

guided RNase.

Database searches detected no significant sequence similarity between C2c2 and any
known proteins. However, inspection of multiple alignments of C2c2 protein sequences
revealed two conserved R(N)xxxH motifs that are characteristic of HEPN domains (Grynberg et
al., 2003; Anantharaman et al., 2013). Additionally, a conserved glutamate embedded in a
strongly predicted long a-helix and corresponding to the similar motif of HEPN domains was
identified (see Figure 13).
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Figure 13. Type VI: predicted RNases containing two HEPN domains. The top alignment
blocks include selected HEPN domains described previously and the bottom blocks include the catalytic
motifs from the putative type VI effector proteins. The catalytic residues are shown by white letters on a
black background; conserved hydrophobic residues are highlighted in yellow; conserved small residues
are highlighted in green; in the bridge helix alignment, positively charged residues are in red. Secondary
structure prediction is shown underneath the aligned sequences: H denotes a-helix and E denotes
extended conformation (B-strand). The poorly conserved spacers between the alignment blocks are

shown by numbers.

The HEPN superfamily includes small (~150 aa) a-helical domains with extremely diverse
sequences but highly conserved catalytic motifs shown or predicted to possess RNase activity
(Anantharaman et al., 2013). Searching the Pfam(Marchler-Bauer et al., 2002) database using
the HHpred program (S6ding et al., 2006) and the C2c2 sequences as queries detected similarity
to HEPN domains for both putative nuclease domains of C2c2, albeit not at a highly significant

level. Importantly, however, these were the only HHpred-generated alignments in which the
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R(N)xxxH motifs were conserved. The identification of HEPN domains in C2c2 proteins is
further supported by secondary structure predictions, which indicate that each motif is located
within compatible structural contexts, and the predicted a-helical secondary structure of each
putative domain is consistent with the HEPN fold (see Figure 13). Outside of the two HEPN
domains, the C2c2 sequence is predicted (see Methods) to adopt a mixed a/p structure without
discernible similarity to any known protein folds (Supplementary information S5). Given the

unique predicted effector of C2c2, these systems were qualified as a type VI CRISPR-Cas.

Subsequently, RNA targeting prediction was experimentally validated, and the type VI
effectors were shown to protect against the RNA bacteriophage MS2 (Abudayyeh et al., 2016).
In addition, a novel feature of C2c2 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 adaptive immunity and programmed cell death
(or dormancy induction) that was previously predicted through comparative genomic analysis
(Makarova et al., 2012) and mathematical modelling (Iranzo et al., 2015). More recently, the
C2c2 protein was shown to mediate not only interference but also the processing of pre-crRNA
(East-Seletsky et al., 2016).

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 separate 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 features of the locus architecture in the case of subtype
VI-B (see Figures 8, 9 Supplementary information S2 (box), part d). Specifically, the two
distinct variants of subtype VI-B (variants VI-B1 and VI-B2) both encode additional proteins
that contain predicted transmembrane domains; VI-B1 encodes four of these and VI-B2
encodes one (see Figure 10b; Supplementary information S2 (box), part d). Phylogenetic

analysis of the effector proteins suggests that the VI-B1 and VI-B2 variants diverged during
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evolution in accordance with the distinct architectures of the associated predicted membrane
proteins (see Figure 10b; Supplementary information S2 (box), part d). VI-B1 systems that
contain several transmembrane domains might localize to membranes and could thus 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 (see Figure 10b;

Supplementary information S2 (box), part d, and Supplementary information S6 (figure)).

Type VI-B was experimentally characterized (Smargon et al., 2017) and shown to be
functional and possess RNase activity. It was shown that VI-B1 and VI-B2 are able to regulate
RNA interference (VI-B1 represses it and VI-B2 enhances it).

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 Casl 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 (Koonin, Dolja and Krupovic, 2015), 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 Il systems has been demonstrated (Niewoehner and
Jinek, 2016; Sheppard et al., 2016), although their functions in the CRISPR response remain to
be studied.
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Part 2: Class 2 Census and Amended Classification

Comprehensive census of Class 2 CRISPR—Cas loci in bacteria and archaea

Comprehensive census of Class 2 types and subtypes in the current set of complete
bacterial and archaeal genomes was provided in our study. 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-U1, V-U2 and V-U5; the V-U3 and V-U4 variants were not included in the
census because, in database searches, they cannot 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 (‘Database resources of the
National Center for Biotechnology Information’, 2016) (see Methods). This procedure should

detect almost all instances of each effector, including highly diverged variants.

The neighborhoods of the respective genes were then examined for the presence of CRISPR
arrays and additional cas genes, as described previously (Makarova et al., 2015). The most
remarkable observation is the substantial dominance of type Il among the Class 2 systems. It is
represented in about 8% of bacterial genomes (see Table 2). Both type V and type VI are less
abundant by more than an order of magnitude, which is in agreement with the expectation that
the CRISPR—Cas types and subtypes that remain to be discovered are rare variants (Makarova
et al., 2015).
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Subtype
1l V-A V-B v-Uur VI-A VI-B VI-C
Effector* Cas9 Cas12a (Cpf1) Casl1zb C2c4,C2c5; five Cas13a Cas13b(C2c6) Casl3c(C2c7)
(C2c1) distinct subgroups  (C2c2)
(V-U 1-5)
Number of loci in ® 3,822 intotal 70 18 92 30 94 6
bacterial and archaeal ¢ 2,1001-A
genomes *13011-B
*1,57311-C
* 10 unassigned
Representation Diverse bacteria Diverse Diverse Diverse bacteria Diverse Bacteroidetes Fusobacteria and
bacteriaandtwo bacteria bacteria Clostridia
archaea
Other cas genes 85% cas1 and 70% cas1 and 65%casl, None 25% cas1 None None
cas2;55%csn2;  cas2;55%cas4  casZ and and cas2
3% cas4 cas4
Percent of loci that 65% 68% 60% ~-50% 73% 90% 83%

contain CRISPR array

Table 2. A comprehensive census of Class 2 CRISPR-Cas systems in bacterial and archaeal

genomes.

*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

An intriguing question is whether the type 11 CRISPR—Cas system provides a substantial
fitness advantage, perhaps being more efficient in defense and/or incurring a lower cost than

other Class 2 variants.

Most of the Class 2 subtypes are represented in taxonomically diverse bacteria, and,
furthermore, for type Il and subtype V-A, the effector tree topologies differ from the topology
of the species tree (Chylinski et al., 2014; Zetsche et al., 2015). These observations indicate that
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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-U5 variant, which 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 (Makarova, Haft, et al., 2011; Makarova et al., 2015), and is emphasized by
this expansion 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, particularly from hyperthermopbhiles 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.

Amended classification of Class 2 CRISPR—cas systems

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 classification (Makarova et al., 2015), there are now three types
and at least 10 subtypes (see Figure 8). 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 subtype, particularly V-U3,
will eventually be ‘upgraded’ to subtypes in their own right. The functional characterization 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 (see Figure 7), it is expected 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.
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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 (see Figure 8; table 2). Thus,
the type V effectors would become Cas12a, Cas12b and Casl2c, and those of type VI would
become Cas13a, Cas13b and Cas13c (numerical continuity with Cas9 is not possible because
Cas10 and Casl1 are already used for other proteins) (Makarova et al., 2015). Putative subtype
V-U refrained from renaming it’s effectors until functional evidence of a bona fide CRISPR
response for these effectors is reported, at which time it was proposed that they be referred to as

Casl12 proteins.

Part 3: Evolutionary origins of novel CRISPR-Cas systems

In an extension 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 (see Figure 14).
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Figure 14. 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 of sequences of 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 I1-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
stands for target site.

As discussed above, at least five distinct variants within subtype V-U show a substantial
degree of evolutionary stability and consistent association with CRISPR arrays, and typically
contain TnpB homologues that are intermediate in size between the compact transposon-
encoded TnpB proteins and the large Class 2 effectors (see Figure 9, 10b). These groups of
TnpB homologues might represent intermediate 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 ThpB-
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encoding element next to an orphan CRISPR array (see Figure 14). At the next stage of
evolution, the association between CRISPR and a TnpB derivative would become fixed in the
microbial population, conceivably owing to the emergence of a novel function, the exact nature
of which is not yet understood. This would be accompanied by an increase in the size of the
protein through internal duplications and/or the insertion of additional domains (see Figure 14).
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 recombination
with a different CRISPR—Cas locus (see Figure 14). Compatible with this scenario, the Casl
proteins of different subtypes of type Il and of type V are homologous to different subtypes of
type | (see Figure 15). The fact that no subtype V-U loci contain casl and cas2 genes, whereas
many of the loci that encode typical large effector proteins do contain them, strongly suggests

that the adaptation modules came last.
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Figure 15. Phylogenetic tree of Casl. The tree was constructed from a multiple alignment of 1498
Casl sequences which contained 304 phylogenetically informative positions. Branches, corresponding
to Class 2 systems are highlighted: cyan, type II; orange, subtype V-A; red, subtype V-B; brown,
subtype V-C; purple, type VI. Insets show the expanded branches of the newly identified (sub)types.
The bootstrap support values are given as percentage points and shown only for several relevant
branches. The complete tree in the Newick format with species names and bootstrap support values and
the underlying alignment is available at ftp://ftp.ncbi.nih.gov/pub/wolf/_suppl/Class2/. See also
Methods.

The above scenario might be challenged in regard to the directionality of evolution: it is
conceivable that the transposon-encoded TnpB protein actually evolved from Class 2 effectors.
However, the scenario in which transposon-encoded TnpB is the ancestral form (see Figure 14)
seems much more likely for several reasons. 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 comprehensive census; table 2;
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 proteins are encoded in transposons, which, through their
mobility, are well suited to move into the vicinity of CRISPR arrays; by contrast, CRISPR—Cas
systems 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 (see Figure 10a), imply the ancestral status of TnpB.

Hypothetically, a similar scenario could apply to the type VI systems (see Figure 14). A
comprehensive database search for HEPN domain-containing proteins that are encoded 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).

So it seems possible that, during evolution, type VI systems recruited one of the HEPN-
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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 (see Figure 14). However, the
possibility that type VI effectors originate directly 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.

Part 4: Possible Applications for Novel CRISPR-Cas Systems

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 editing through homology-directed repair. Catalytically inactive
(‘dead’) variants of Cas9 have been used for transcriptional control (Chavez et al., 2016),
epigenetic modulation (Thakore et al., 2016) and imaging (Chen et al., 2013; Knight et al.,
2015; Nelles et al., 2016). 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.
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Figure 16. 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-
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Although functional characterization of the Class 2 subtypes is far from complete, even at

this stage, remarkable functional diversity is apparent. The manifestations of this diversity
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include different targets (dASDNA for type 11 and type V, but RNA for type V1), the requirement
for tracrRNA (type 11 and subtype V-B require it, but not subtype V-A or type VI), the sequence
of the PAM and the type of cut that is introduced into the target nucleic acid (see Figure 16).
This functional diversity is a major incentive for further characterization of different 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 (Hsu, Lander and Zhang,
2014). The use of Casl2a (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 (Zetsche et al., 2015; Fonfara et al., 2016; Hur et al., 2016; Kleinstiver,
Tsali, et al., 2016; Li, Zhao and Wang, 2016; Y. Kim et al., 2016), as well as offering an
alternative PAM that would facilitate genome editing in AT-rich genomes, such as the genome

of Plasmodium falciparum.

The continued exploration of CRISPR effector diversity, such as the recently characterized
type VI-A effector Cas13a (previously known as C2c2) (Abudayyeh et al., 2016), also opens
the door for the development of new RNA-guided RNA-targeting technologies that enable the
perturbation, 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 understanding of
RNA biology. Such a tool would enable the sensing of different cellular states, the manipulation
of translation, and tracking of RNA levels and localization in live cells. Although Cas9 has been
modified to provide some RNA-targeting capabilities (O’Connell et al., 2014), this system
requires the delivery of chemically modified DNA, which limits its use for many applications,

including genome-wide screening or virus delivery.

Upon binding to a complementary RNA target, Cas13a engages both specific and
nonspecific RNase activities, and induces growth inhibition in Escherichia coli (Abudayyeh et
al., 2016). This feature complicates the use of Cas13a for specific RNA knockdown, but could
potentially 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
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Cas13a can be inactivated independently of its target-specific activity and whether other type VI
effectors, such as Cas13b, have similar properties. Further mining 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,
programmable integrases or transposases that have yet to be discovered would be powerful tools

for targeted genomic integration and rearrangement.

Recent study shows one example of an application for the discovered Cas13a (Gootenberg
et al., 2017). In this study it was shown that C2c2 can be used for CRISPR-based diagnostics to
detect DNA or RNA at the attomolar level and single-base mismatch level. This method was
able to detect specific strains of eukaryotic viruses and specific tumors, and to distinguish
pathogenic bacteria. These properties can be used in a field-based application to detect various

viruses or pathogens, DNA/RNA quantitation etc.
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Conclusion

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 six new subtypes, increasing the number of Class 2 subtypes from
4 to 10. Furthermore, one of the new subtypes, V-U, is at present a collection of diverse
variants, some of which are expected to become new subtypes once they have been functionally
characterized. It is especially notable that the newly discovered 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-B requires tracrRNA, while VV-A does not require it, whereas other variants, such as
subtype VI-A (and probably all type VI systems), exclusively 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 offers potential for the development of new, versatile
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
Il and type V) and from HEPN domain-containing proteins (type VI) that ultimately originate
from mRNA-cleaving toxins. Notwithstanding this remarkable diversity, 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 currently 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.
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Research results

. A computational pipeline was created to search for CRISPR-Cas Class 2 systems in

genomic and metagenomic prokaryotic databases.

. Six novel CRISPR-Cas Class 2 systems, including a collection of unknown V-U
variants, were found: subtypes V-B, V-C, V-U with RuvC nuclease domains; and VI-A,
VI-B, VI-C with HEPN RNase domains. These systems were computationally and
experimentally characterized. Three subtypes were experimentally validated by
collaborators and the results matched the predictions: V-B was shown to be a tracrRNA
dependent CRISPR-Cas effector complex that provides defense against DNA targets
(Shmakov et al., 2015); VI-A and VI-B were shown to provide defense against RNA
viruses (Abudayyeh et al., 2016; Smargon et al., 2017).

. Amended classification of CRISPR-Cas systems was proposed, to include the six

discovered subtypes.

. A comprehensive census for CRISPR-Cas Class 2 systems was provided, showing the
prevalence of Class 2 systems among bacteria and archaea in up-to-date known genomic

sequences.

. Possible evolutionary origins of Class 2 systems were described, showing the path from

transposons to mature (or possibly immature for Type V-U) CRISPR-Cas systems.

. Possible biotechnological applications, including genome editing, were proposed for the

novel CRISPR-Cas systems.
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Supplementary information

All ad hoc software developed in this project is unavailable due to dependencies on NCBI

infrastructure used to optimize computational efforts.

Links for supplementary information are given due to big size or inappropriate format (for

text document) of supplementary files. Supplementary information placed on NCBI FTP site.

Supplementary information S2

Files located on following site:
ftp://ftp.ncbi.nlm.nih.gov/pub/wolf/ suppl/CRISPRclass2ZNRM/

Description for files located on FTP site:
Supplementary information S2 (box, part a) (MS Excel):

Pipeline output for all protein families associated with CRISPR arrays. Protein clusters £10
kb vicinity of CRISPR arrays, their annotation (if any) and representative sequences. All

clusters are sorted by the relative frequency of genes in the CRISPR loci.

Supplementary information S2 (box, part b) (MS Excel):

Pipeline output for all protein families associated with CRISPR arrays. Protein clusters £10
kb vicinity of CRISPR arrays, their annotation (if any) and representative sequences. All

clusters are sorted by the relative frequency of genes in the CRISPR loci.

Supplementary information S2 (box, part c):


ftp://ftp.ncbi.nlm.nih.gov/pub/wolf/_suppl/CRISPRclass2NRM/
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Class 2 loci. For each Class 2 effector gene the surrounding genomic locus is given.
Protein-coding genes and CRISPR arrays are shown. Genes annotated in GenBank are
identified with GenBank locus tags; genes annotated de novo are identified by contig IDs and

gene numbers.

Supplementary information S2 (box, part d):

TnpB family FastTree in the newick format. Complete tree used for the Figure 3A is
provided. Sequences are denoted by a local GI number, species name and those that are located
next to CRISPR array marked by “CRISPR” prefix. More details on the sequences could be

found in supplementary information S2 (box, part g).

Supplementary information S2 (box, part €) (MS Excel):

CRISPR array spacers. Unique spacers were retrieved from all CRISPR arrays in
supplementary information S2 (box, part a). Similarity searches were performed using
MEGABLAST (see Figure 7) Hits are annotated as follows: Spacer ID (column 1) includes
contig 1D where this spacer was found, CRISPR coordinates and position number of the spacer
in CRISPR array separated by underscore. For the hits (column 2,3,4) coordinates of best spacer
hit (contig ID, hit start position, hit end position) are shown. Brief information about hit identity
and annotation is provided (column 5) as follows: “Intergenic” stands for hits that do not target
ORFs or viruses. “ORF” for hits into ORF that do not have good hits in virus contigs, “Virus”

for hits that targets viruses.

Supplementary information S2 (box, part f) (MS Excel):

CRISPR-Cas systems and CRISPR arrays in the genomes with Type V-U system. For each

complete genome that contains at least one V-U representative all CRISPR-Cas loci, CRISPR



103

arrays and sequences or repeats are provided. Loci are annotated according to the CRISPR-Cas

system classification. VU genes are indicated.

Supplementary information S2 (box, part g) (MS Excel):

HEPN domain proteins in the CRISPR vicinity. All protein containing HEPN domains from
the known families located in the vicinity of CRISPR arrays are listed. The following
information is provided: gene ID and location, HEPN family, CRISPR-Cas system type (if any),

sequence cluster ID.

Supplementary information S2 (box, part h) (MS Excel):

Sequences used for analysis of type V systems and TnpB family. For each sequence that
was used for reconstruction of the phylogenetic tree (Figure 2 and Figure 7) and profile
dendrogram (supplementary information S3) the following information is provided: TnpB
sequence ID and its coordinated in the genome, cluster ID, subfamily description, Genome ID

and species name and association with CRISPR array (if any).

Supplementary information S1: Multiple alignment of C2c1 protein family
Supplementary information S4: Multiple alignment of C2c¢3 protein family
Supplementary information S5: Multiple alignment of C2c2 protein family
Merged into one supplementary file, see S4, S5, S6 figures in:

ftp://ftp.ncbi.nih.gov/pub/wolf/ suppl/Shmakov/SupplementS1 4 5.pdf



ftp://ftp.ncbi.nih.gov/pub/wolf/_suppl/Shmakov/SupplementS1_4_5.pdf
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Supplementary information S3: Multiple alignment of representatives from five V-U

families.

ftp://ftp.ncbi.nih.gov/pub/wolf/ suppl/Shmakov/SupplementS3.pdf

Supplementary information S6 (figure): Membrane proteins associated with Cas13b genes

ftp://ftp.ncbi.nih.gov/pub/wolf/ suppl/Shmakov/SupplementS6.pdf



ftp://ftp.ncbi.nih.gov/pub/wolf/_suppl/Shmakov/SupplementS3.pdf
ftp://ftp.ncbi.nih.gov/pub/wolf/_suppl/Shmakov/SupplementS6.pdf
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