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Abstract

The clustered regularly interspaced short palindromic repeats (CRISPR)-Cas (CRISPR-associated
proteins) is a prokaryotic adaptive immune system that is represented in most archaea and many
bacteria. Among the currently known prokaryotic defense systems, the CRISPR-Cas genomic loci
show unprecedented complexity and diversity. Classification of CRISPR-Cas variants that would
capture their evolutionary relationships to the maximum possible extent is essential for
comparative genomic and functional characterization of this theoretically and practically important
system of adaptive immunity. To this end, a multipronged approach has been developed that
combines phylogenetic analysis of the conserved Cas proteins with comparison of gene repertoires
and arrangements in CRISPR-Cas loci. This approach led to the current classification of CRISPR-
Cas systems into three distinct types and ten subtypes for each of which signature genes have been
identified. Comparative genomic analysis of the CRISPR-Cas systems in new archaeal and
bacterial genomes performed over the 3 years elapsed since the development of this classification
makes it clear that new types and subtypes of CRISPR-Cas need to be introduced. Moreover, this
classification system captures only part of the complexity of CRISPR-Cas organization and
evolution, due to the intrinsic modularity and evolutionary mobility of these immunity systems,
resulting in numerous recombinant variants. Moreover, most of the cas genes evolve rapidly,
complicating the family assignment for many Cas proteins and the use of family profiles for the
recognition of CRISPR-Cas subtype signatures. Further progress in the comparative analysis of
CRISPR-Cas systems requires integration of the most sensitive sequence comparison tools, protein
structure comparison, and refined approaches for comparison of gene neighborhoods.
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1 Introduction

The clustered regularly interspaced short palindromic repeats (CRISPR)-Cas (CRISPR-
associated proteins) modules are adaptive antivirus immunity systems that are present in
most archaea and many bacteria and function on the self-nonself discrimination principle
[1]. These systems incorporate fragments of alien DNA (known as spacers) into CRISPR
cassettes, then transcribe the CRISPR arrays including the spacers, and process them to
make a guide crRNA (CRISPR RNA) which is employed to specifically target and cleave
the genome of the cognate virus or plasmid [2-5]. Numerous, highly diverse Cas (CRISPR-
associated) proteins are involved in different steps of the processing of CRISPR loci
transcripts, cleavage of the target DNA or RNA, and new spacer integration [5-7].
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The action of the CRISPR-Cas system is usually divided into three stages: (1) adaptation or
spacer integration, (2) processing of the primary transcript of the CRISPR locus (pre-
crRNA) and maturation of the crRNA which includes the spacer and variable regions
corresponding to 5" and 3" fragments of CRISPR repeats, and (3) DNA (or RNA)
interference [3, 8, 9]. Two proteins, Cas1 and Cas2, that are present in the great majority of
the known CRISPR-Cas systems are sufficient for the insertion of spacers into the CRISPR
cassettes [10]. These two proteins form a complex that is required for this adaptation
process; the endonuclease activity of Casl is required for spacer integration whereas Cas2
appears to perform a nonenzymatic function [11, 12]. The Cas1-Cas2 complex represents the
highly conserved “information processing” module of CRISPR-Cas that appears to be quasi-
autonomous from the rest of the system (see below).

The second stage, the processing of pre-crRNA into the guide crRNAs, is performed either
by a dedicated RNA endonuclease complex or via an alternative mechanism that involves
bacterial RNase III and an additional RNA species [13]. The mature crRNA is bound by one
(type 1) or several (types I and III) Cas proteins that form the effector complex, which
targets the cognate DNA or RNA [14-19]. The effector complex of type I systems is known
as Cascade (CRISPR-associated complex for antiviral defense) [20].

Because of the enormous diversity of CRISPR-Cas, classification of these systems and
consistent annotation of the Cas proteins are major challenges [5]. Considering the
complexity of the composition and architecture of the CRISPR-Cas systems and the
infeasibility of a single classification criterion, a “polythetic”” approach based on a
combination of evidence from phylogenetic, comparative genomic, and structural analysis
has been proposed [5]. Three major types of CRISPR-Cas systems are at the top of the
classification hierarchy. The three types are readily distinguishable by virtue of the presence
of three unique signature genes: Cas3 in type I systems, Cas9 in type II, and Cas10 in type
III [5]. With several exceptions, all three CRISPR-Cas types contain full complements of
components that are required for the key steps of the defense mechanism. Recently, thanks
to in-depth sequence analysis and structure of the effector complexes from different variants
of CRISPR-Cas systems, common principles of organization and function of the complexes
have been uncovered allowing for further generalization of the CRISPR-Cas classification,
at least for the systems of type I and type III [21-24].

In this chapter we present an overview of the approaches, methods, and further challenges of
CRISPR-Cas subtype classification and Cas protein nomenclature taking into account recent
advances in the understanding of the mechanisms and organization of CRISPR-Cas systems.

2 Phylogenomic Analysis and Classification of CRISPR-Cas Systems

2.1 Annotation of cas Genes by Comparative Analysis of the Encoded Protein Sequences

The sequences of most Cas proteins, with only a few exceptions, such as Casl and Cas3, are
highly diverged, presumably owing to the fast evolution that is typical of defense systems.
Accordingly, classification of cas genes on the basis of protein sequence conservation is a
nontrivial task that requires careful application of the most sensitive available sequence
analysis methods that typically compare frequency profiles (position-specific scoring
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matrices, PSSM) generated from multiple alignments of the analyzed protein families, rather
than individual sequences. The most complete available set of PSSMs corresponding to the
latest accepted nomenclature and classification of the cas gene [5] is currently available
through the CDD database [25]. The list of these PSSMs and the correspondence between
the CDD PSSMs and the respective Pfam and TIGR families also can be found in [5] and at
ftp://ftp.ncbi.nih.gov/pub/wolt/_suppl/CRISPRclass/crisprPro.html. Several servers, widely
used for sequence similarity searches, such as HHpred [26], include mirrors of the CDD
database and thus can also be used for Cas protein annotation. Usually, PSI-BLAST [27] or
HHpred [26] is used to identify similarity of a sequence (e.g., the sequence of a particular
Cas protein) to a library of PSSMs generated from the respective multiple alignments.
Different Cas profiles and different programs vary with respect to the sensitivity and
selectivity when used for searches with the aforementioned programs with default
parameters.

Table 1 provides information on those signature cas genes for individual subtypes that can
be reliably identified by any program. Unfortunately, search for similarity with many other
Cas families, including several signature genes, may result in a considerable number of false
positives and false negatives. Specifically, such proteins as Cas3’, Cas3”, Cas10, Cas4, and
Cas9 can display similarity to related proteins or domains that are not linked to CRISPR-Cas
system, e.g., diverse helicases in the case of Cas3 and various polymerases and cyclases in
the case of Cas10. Furthermore, many RNA recognition motif-containing proteins that
function as Cas effector complex subunits are similar to each other despite being present in
the loci for distinct CRISPR-Cas subtypes (see Subheading 2.6.2). By contrast, profiles for
the small and large Cas effector complex subunits are not sensitive enough due to extreme
divergence of these proteins even within a single subtype.

In order to increase sensitivity of the searches for these families, distinct profiles for each
subfamily have to be generated. For this purpose, sequences that are not recognized as
known cas genes but are present in the CRISPR-Cas loci have to be clustered using a
clustering method such as BLASTCLUST [28] and then aligned using an appropriate
multiple alignment. Alternatively or additionally, these sequences can be used as queries for
similarity searches using PSI-BLAST and the closely related homologs found in this search
can also be aligned to generate profiles that are then used as queries for a more sensitive
sequence similarity search method, such as HHpred, to detect potential remote sequence
similarity with known Cas families.

2.2 Classification of CRISPR-Cas Systems

Considering technical problems with the sensitivity and selectivity of Cas protein family
profiles and uncertainties of Casl phylogeny and CRISPR-Cas subtype classification
described below, fully automated identification of CRISPR-Cas subtypes in general is not
currently feasible. The best approach to ensure the correct classification is to combine
several sources of information such as Casl phylogeny, identification, and annotation of as
many Cas proteins as possible in the locus in question and, for type II systems, identification
of the trans-activating crRNA (tracrRNA) genes [29]. Table 1 provides a description of the
key features of each subtype that help in the classification of the CRISPR-Cas systems.
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Extra caution should be exercised when introducing new gene names and new subtypes,
because, due to the often extreme sequence divergence of the Cas proteins, the similarity
with already defined genes and subtypes can easily be overlooked. Furthermore, the
abundance of associated genes that are likely to represent (quasi)independent immunity
mechanism and are only loosely linked to CRISPR-Cas loci requires extra evidence to assign
new cas names [30-32].

2.3 A Brief History of CRISPR-Cas System Classification and cas Gene Nomenclature

The original bioinformatic analysis that linked the CRISPR repeats and cas genes proposed
four names for the most conserved and abundant cas genes and their products: Casl, Cas2,
Cas3, and Cas4 [33]. Subsequent analyses of proteins associated with these systems have
shown that the genomes of various CRISPR- containing organisms encode approximately 65
distinct sets of orthologous Cas proteins which can be classified into either 23—45 families
depending on the classification criteria (granularity of clustering) [6, 7]. Two additional core
cas gene names were introduced at this stage, namely cas5 and cas6 [6].

Casl is the most conserved protein that is present in most of the CRISPR-Cas systems and
evolves slower than other Cas proteins [34]. Accordingly, Casl phylogeny has been used as
the guide for CRISPR-Cas system classification. Distinct operon organization of the
CRISPR-Cas models in the genomes also was recognized as an important additional
classification criterion [6, 7]. Eight distinct subtypes were originally proposed and named
after the species whose genomes encoded a typical system of each subtype: Ecoli, Ypest,
Nmeni, Dvulg, Tneap, Hmari, Apern, and Mtube [6]. In addition, the RAMP module (named
after several proteins from the RAMP—repeat-associated mysterious proteins—superfamily
of proteins containing the RNA recognition motif (RRM) domain) was described as a gene
complex that is often present in the genomes along with CRISPR-Cas systems of one of the
aforementioned subtypes but is not linked with a distinct cas/-cas2 gene pair [6].
Consequently, additional protein families specific for each subtype or the RAMP module
received names indicating subtype of their origin. For example, CRISPR subtype Apern
named after the system present in Aeropyrum pernix genome encompasses several specific
genes: csal (CRISPR system Apern gene /), csa2, csa3, and csa4 [6]. Additionally, several
core genes from the subtypes that are sufficiently distinct received a suffix letter, e.g., CasSa
(Cas5 superfamily genes of Apern subtype) [6]. Numerous gene families, for which no clear
link to a particular subtype has been established, received gene symbols with the prefix
“csx” [6].

The accumulating limitations and inconsistencies in the classification and nomenclature of
CRISPR-Cas systems and cas genes, along with the pressing need to accommodate the
rapidly growing data on sequence analysis, and structural and biochemical characterization
of Cas proteins, prompted a team of CRISPR researchers to propose a revision of the
aforementioned classification and nomenclature that is the current standard in the field [24]
and is considered in detail below. However, it should be noted right away that the remarkable
progress in the understanding of the molecular mechanisms of CRISPR-Cas and the
structure of effector complexes as well as the growing number of genomes with numerous
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highly derived variants of CRISPR-Cas systems reveal further problems and challenges that
call for the next update and improvement of this classification in the near future.

2.4 Three Major Types of CRISPR-Cas Systems, Their Subtypes, and cas Gene
Nomenclature

The top level of the current CRISPR-Cas classification hierarchy includes the three major
types (I, II, and III) [5] and the less common but clearly distinct type IV [30, 31]. The
distinction between the CRISPR-Cas types is based on the respective signature genes and
the typical organization of the respective loci. The current CRISPR-Cas classification is
summarized in Table 1 and the description of structural and functional features of core Cas
protein is given in Table 2.

2.4.1 Type | CRISPR-Cas Systems—All type I loci contain the signature gene cas3
which encodes a large protein with a helicase possessing a single-stranded DNA (ssDNA)-
stimulated ATPase activity coupled to unwinding of DNA-DNA and RNA-DNA duplexes
[40]. Often, but not always, the helicase domain is fused to an HD family domain which has
an endonuclease activity and is involved in the cleavage of the targeted DNA [40, 61].
Exonuclease (3'-5") activity on single-stranded DNAs and RNAs has also been reported for
the HD domain from Methanocaldococcus jannaschii [62]. The HD domain is located at the
N-terminus of Cas3 proteins or is encoded by a separate gene within the same locus as cas3
helicase. In the latter case, the helicase is denoted cas3’ and the HD nuclease is denoted
cas3” (Fig. 1 and [5]). In type I-F systems, cas3is additionally fused to the cas2 gene.

Usually type I systems are encoded by a single operon containing the cas/ and cas2 genes,
genes for the subunits of the Cascade or effector complex, including large subunit, small
subunit (often fused to the large subunit), cas5 and cas7 genes, and cas6 gene that is directly
responsible for pre-crRNA transcript processing. Each gene in the type I system operons is
usually present in a single copy. Several exceptions for effector complex organization are
described in Table 1 and below in the text. Type I systems are currently divided into six
subtypes, I-A to I-F, each of which has its own signature gene and distinct features of operon
organization (Table 1). Unlike other subtypes, I-E and I-F lack the cas4 gene. These
subtypes are related according to the Casl phylogeny (Figs. 1 and 2). Subtypes I-A, I-B, I-C,
I-E, and I-F mostly correspond to the originally proposed ones [6], with the exception of
Hmari and Tneap subtypes that were combined into subtype I-B [5]. Recently, other
diverged variants of several subtypes have been identified; these, however, share several
features with the existing subtypes and thus still could be described within existing
classification, e.g., several type I-C variants and a derived type I-F variant [24] (Fig. 1 and
Table 1). In addition, the number and diversity of stand-alone (not associated with cas/-cas2
gene pair) effector complexes are growing. These “solo” effector complexes are often
present on plasmids and/or associated with transposon-related genes, such as TniQ/TnsD, a
DNA-binding protein required for transposition [63, 64]. Many such cases are derivatives of
subtype I-F (Fig. 1) and some others (e.g., Ava_3490-Ava_3493 Anabaena variabilis ATCC
29413, with genes encoding Cas6, Cas8, Cas5, Cas7) are derivatives of subtype I-C. If a
system includes a derived variant of a known Cas protein family, this family might have an
optional suffix indicating the subtype to which this protein belongs (e.g., Cas6f is a highly
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derived member of Cas6 superfamily specific for subtype I-F). Notably, the phylogenetic
tree of the type I signature protein Cas3 seems to accurately reflect the subtype classification
[65].

2.4.2 Type Il CRISPR-Cas Systems—The signature gene for type II CRISPR-Cas
systems is cas9, which encodes a multidomain protein that combines all the functions of
effector complexes and the target DNA cleavage and is essential for the maturation of the
crRNA [15]. The type II systems are also known as the “HNH” systems, Streptococcus-like
or Nmeni subtype. Every CRISPR-Cas locus of this subtype, in addition to the cas9 gene,
also contains the ubiquitous cas/ and cas2 genes. In addition to these three protein-coding
genes, the vast majority of type II loci also encompass one or two genes for tractrRNA, an
RNA that is partially homologous to the cognate CRISPR [29, 66]. These systems use
cellular (not encoded within the CRISPR- Cas loci) RNase III and tracrRNA for the
processing of pre-crRNA [13]. The large Cas9 protein (~800-1,400 amino acids) contains
two nuclease domains, namely the RuvC-like nuclease (RNase H fold) and the HNH (McrA-
like) nuclease domain that is located in the middle of the protein [24]. Both nucleases are
required for target DNA cleavage [15, 58].

Recently, several crystal structures of Cas9 have been solved including one with an artificial
single-guide RNA (sgRNA) and a target DNA [59, 60]. It has been shown that Cas9 forms a
two- lobed structure, with the target DNA and sgRNA positioned in the interface between
the two lobes. Two loops in both lobes contribute to the recognition of the PAM. A
conserved arginine cluster at the N-terminus of Cas9 belongs to a bridge helix which is
critical for sgRNA: DNA recognition [59]. Outside the RuvC and HNH domains, the Cas9
structure shows no apparent structural similarity to other proteins. The part of the Cas9
protein including both nuclease domains and the arginine-rich cluster probably originated
from mobile genes that are not associated with CRISPR repeats [29]. These mobile genes
themselves appear to descend from a transposon gene known as ORF-B whose role in the
transposon life cycle remains unknown [29]. Due to the significant sequence similarity
between Cas9 and its homologs that are unrelated to CRISPR-Cas, Cas9 cannot be used as
the only marker for identification of type II systems.

Type II CRISPR-Cas systems are currently classified into three subtypes (II-A, II-B, and II-
C), two of which were introduced in the updated classification [5] and one was proposed
recently on the basis of the distinct operon organization [29, 66, 67] (Table 1). Type II-A
systems encompass an additional gene, known as csn2 (Fig. 1), which is considered a
signature gene for this subtype. The Csn2 protein is not required for interference but
apparently has an unclear role in spacer integration [56]. The Csn2 proteins form
homotetrameric rings that bind linear double-stranded DNA through the central hole [68—
71]. This protein has been shown to adopt a highly derived P-loop ATPase fold in which the
ATP- binding site appears to be inactivated [68, 69, 71]. Several highly diverged Csn2
subfamilies have been identified [29], in particular short [68, 69] and long forms [71] for
which structures and biochemical characterization are available [68—71]. Type II-B systems
do not encode the csn2 gene but possess a distinct fourth gene that belongs to the Cas4
family which is also associated with subtypes I-A to I-D (but not I-E and I-F) [5]. The Cas4
proteins possess 5’ -single-stranded DNA exonuclease activity [42] and belong to the PD-
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EDxK family of nucleases [7]. The actual role of the Cas4 proteins in the CRISPR-Cas
systems remains unknown. The recently proposed type II-C CRISPR-Cas systems possess
only three protein-coding genes (cas/, casZ, and cas9) and are common in sequenced
bacterial genomes [29, 30, 66]. Recently, type II systems have been developed into a
powerful genome editing and engineering tool with a major biotechnological potential [72,
73].

2.4.3 Type lll CRISPR- Cas Systems—All type III systems possess the signature gene
casl0which encodes a multidomain protein containing a palm domain similar to that in
cyclases and polymerases of the PolB family [74, 75]. Thus, this protein originally was
predicted to be a polymerase [76]. Recently, the structure of Cas10 has been solved and four
distinct domains have been identified [53, 77]: the N-terminal cyclase-like domain that
adopts the same RRM fold as the palm domain but is not predicted to possess enzymatic
activity, a helical domain containing the Zn-binding treble clef motif, the palm domain that
retains the catalytic residues and is predicted to be active, and the C-terminal alpha helical
domain resembling the thumb domain of A-family DNA polymerase and Cmr5, a small
alpha helical protein present in some of the type III CRISPR-Cas systems. Cas10 is the large
subunit of effector complexes of type III systems. Each type III locus also encodes other
subunits of effector complexes such as one gene for the small subunit, one gene for a Cas5
group RAMP protein, and usually several genes for RAMP proteins of the Cas7 group (Fig.
1 and see Subheading 2.6.2). Often Cas10 is fused to an HD family nuclease domain that is
distinct from the HD domains of type I CRISPR-Cas systems and, unlike the latter, contains
a circular permutation of the conserved motifs [7, 76]. Type III CRISPR-Cas systems often
do not encode their own cas/ and cas2 genes but use crRNAs produced from CRISPR arrays
associated with type I or type II systems [14, 78]. Nevertheless, in many genomes that lack
type I and type II systems, cas/, cas2, and cas6 genes are linked to a type III system that
accordingly is predicted to be fully functional [31]. Currently, there are two subtypes within
type III, III-A (former Mtube subtype or Csm module), and III-B (former RAMP module or
Cmr module), which are clearly related but could be distinguished by the presence of
distinct genes for small subunits of effector complexes, csmZ2 and cmr5, respectively (Fig. 1,
Table 1, and Subheading 2.6.3). The subtype III-A loci often possess cas/, casZ, and casé
[31] and have been shown to target DNA [79], whereas most of the III-B systems lack these
genes and therefore depend on other CRISPR-Cas systems present in the same genome. The
type III-B CRISPR-Cas systems have been shown to target RNA [14, 23, 47].

The composition and organization of type III CRISPR-Cas systems are much more diverse
compared with type I systems. The diversity is achieved by gene duplications and deletions,
domain insertions and fusions, and the presence of additional, poorly characterized domains
that presumably are involved in either effector complexes or associated immunity. At least
two of the type III variants (one of type III-A and the other of type III-B) are relatively
common (Fig. 1 and Table 1). The distinguishing feature of the type III-B variant is the
apparent inactivation of the palm/cyclase domain of Cas10 whereas the type III-A variants
typically encompass a Cas10 gene lacking the HD domain and additionally contain an
uncharacterized gene homologous to all1473 from Nostoc sp. PCC 7120 [24]. Both type 111
variants are typically present in a genome along with other CRISPR-Cas systems.
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2.4.4 Type IV CRISPR- Cas Systems—Type IV CRISPR-Cas systems, found in several
bacterial genomes, often on plasmids, can be typified by the CRISPR-Cas locus in
Acidithiobacillus ferrooxidans ATCC 23270 (operon AFE_1037- AFE_1040). Similar to
subtype III-A, this system lacks cas/ and cas2 genes and often is not associated with
CRISPR arrays. Moreover, in many bacteria, this is the only CRISPR-Cas system, with no
CRISPR cassette detectable in the genome. The type IV systems possess an effector
complex that consists of a highly reduced large subunit (csf7), two genes for RAMP proteins
of the Cas5 (csf3) and Cas7 (csf2) groups, and, in some cases, a gene for a predicted small
subunit [24]. The csf7 gene could be considered a signature gene for this system (Fig. 1 and
Table 1). There are two distinct subtypes of type IV systems, one of which contains a DinG
family helicase csf4 [80], whereas the second subtype lacks DinG but typically contains a
gene for a small alpha helical protein, presumably a small subunit [24]. Type IV CRISPR-
Cas systems could be mobile modules that, similar to type III systems, could utilize crRNA
from different CRISPR arrays once these become available. However, other mechanisms
such as generation of crRNA directly from alien RNA, without incorporation of spacers in
CRISPR cassettes, cannot be ruled out.

The classification of CRISPR-Cas systems outlined above more or less adequately covers
the representation of these systems in sequenced bacterial and archaeal genomes. However,
considering the rapid evolution of CRISPR-Cas, these variants might represent only the
proverbial a tip of the iceberg with respect to the true diversity of prokaryotic adaptive
immunity. As a case in point, two novel CRISPR-Cas systems have been recently identified
in the genomes of Thermococcus onnurineus and Ignisphaera aggregans [81]. Based on
some marginal similarities, these loci could be tentatively assigned to type I and type III,
respectively; however, they do not contain any signature genes described above that would
allow one to classify them into any known subtype. Similarly, classification of certain type I
systems, such as the one from Microcystis aeruginosa (MAE_30760-MAE_30790) and
several other species [82], is hampered by the apparent absence of signature genes of the
known type I subtypes. Accumulation of such “unclassifiable” variants raises the possibility
that the current principles of CRISPR- Cas system classification might have to be
reconsidered to take into account the challenge of the ever-increasing diversity.

2.5 Phylogeny and Genomic Associations of Cas1

The endonuclease Casl1 is an essential Cas protein that ensures the unique ability of CRISPR
systems to keep memory of previous encounters with infectious agents. Casl and Cas2 form
a hetero- hexameric complex that is necessary and sufficient for spacer integration [10—-12,
83]. However, only the enzymatic activity of Casl is required for spacer integration by the
Cas1-Cas2 complex whereas the activity of Cas2 is dispensable indicating that this protein
has a structural role in spacer acquisition [11].

To date, three Cas1 proteins, from Escherichia coli, Pseudomonas aeruginosa, and
Archaeoglobus fulgidus, have been experimentally characterized and their structures have
been solved [35, 37, 84]. It has been shown that Cas1 protein forms a homodimer and is a
metal-dependent nuclease that cleaves ssDNA and dsDNA. The Cas1 monomer consists of
two domains, with the C-terminal a-helical catalytic domain and the mostly beta-stranded
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N-terminal domain that is probably involved in dimerization and interaction with other
proteins, in particular Cas2 [35, 37, 84].

Casl is the most conserved Cas protein and its phylogeny generally correlates with the
organization of CRISPR-Cas system loci; accordingly, until recently, Cas1 has been
considered the signature for the presence of CRISPR-Cas systems in a genome [5-7].
However, as pointed out above, recently it has been found that many genomes that lack a
cas! gene possess Cas loci that encode apparently active effector complexes and thus might
function in a Casl-independent fashion. The examples of systems lacking cas/ include the
type IV systems, described above, subtype III-B, and a variant of subtype I-F (Fig. 1).

Conversely, it has been recently shown that cas/ is a component of predicted self-
synthesizing transposable elements, dubbed casposons, where it is always associated with a
DNA polymerase of the B family and variable sets of diverse genes [85]. Furthermore, in
some other archaeal genomes from the Methanomicrobiales lineage, cas/ is linked neither to
casposons nor to CRISPR-Cas system and its function in these organisms remains obscure
[31, 85]. Figure 2a presents a scheme of the Casl phylogeny published before [31]. The two
groups of Casl that are not associated with CRISPR-Cas systems form two separate
branches deep in the Casl1 tree. Their relationships with branches that correspond to Casl
groups associated with known CRISPR-Cas systems are not resolved. Consistent with
previous analyses, most of the known type I and type II subtypes form distinct branches.
However, only subtypes I-E, I-F, II-A, and II-B are strictly monophyletic whereas the other
subtypes show multiple deviations from the classification scheme [31]. In contrast, Casl
proteins associated with both type III subtypes do not form monophyletic groups suggesting
that these systems are compatible with a wide range of Casl proteins acquired from other
CRISPR-Cas types. The number of genomes that possess only subtype III-A CRISPR-Cas is
growing fast whereas subtype III-B systems associated with Casl and Cas2 remain rare [31].
Accordingly, much of the diversity of Cas1 is concentrated within subtype III-A (Fig. 2a)
[31]. Another important observation is the polyphyly of the type II systems whereby Cas1
sequences of type II-B form a clade within the type I-A branch. The origin of the other type
II-B genes from within type I is also supported by phylogenetic analysis of Cas2 and Cas4
proteins [29]. Generally, these findings confirm that effector complexes of CRISPR-Cas can
function in association with “information processing”” modules of different origin.

The cas/ gene is often found either fused or located in the same predicted operons with a
number of enzymatically active domains or predicted transcriptional regulators (Fig. 2b).
Many enzymatic domains linked to Cas1 do not belong to any Cas families and are known
components of various defense systems that possess either RNase or DNase activity (see
Subheading 2.5). Thus, it appears that the expression and activity of Casl proteins are
tightly controlled and coupled to programmed cell death/dormancy mechanisms [1, 30, 86].

One of the most puzzling connections of Casl is to a gene called cpf/ (see description at
http://www.jcvi.org/cgi-bin/tigrfams/HmmReportPage.cgi?acc=TIGR04330), which encodes
a large protein (about 1,300 amino acids), an uncharacterized protein. This gene is found in
several diverse bacterial genomes, typically in the same locus with cas/, cas2, and cas4
genes and a CRISPR cassette (for example, FNFX1_1431-FNFX1_1428 of Francisella cf.

Methods Mol Biol. Author manuscript; available in PMC 2018 April 16.


http://www.jcvi.org/cgi-bin/tigrfams/HmmReportPage.cgi?acc=TIGR04330

1duosnuep Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Makarova and Koonin Page 10

novicida Fx1). Thus, the layout of this putative novel CRISPR- Cas system appears to be
similar to that of type II-B. Furthermore, similar to Cas9, the Cpf1 protein contains a readily
identifiable C-terminal region that is homologous to the transposon ORF-B and includes an
active RuvC-like nuclease, an arginine-rich region, and a Zn finger (absent in Cas9).
However, unlike Cas9, Cpf1 is also present in several genomes without a CRISPR-Cas
context and its relatively high similarity with ORF-B suggests that it might be a transposon
component. If however this is a genuine CRISPR-Cas system and Cpf1 is a functional
analog of Cas9 it would be a novel CRISPR-Cas type, namely type V. Hopefully this
interesting system will be experimentally studied in the near future.

2.6 Principles of Organization of CRISPR-Cas Surveillance and Effector Complexes

2.6.1 General Features of Effector Complex Organization—The effector
(surveillance) complex of CRISPR-Cas systems is involved in pre-crRNA processing
(except in type III) and crRNA- guided targeting of foreign DNA or RNA. This complex
contains from one (type II CRISPR-Cas systems) to several proteins and binds crRNA and
DNA. Specific recognition of the DNA sequence matching the spacer (termed the
protospacer) within the respective crRNA is necessary for the Cascade to form an R-loop
and recruit a nuclease to cleave the target DNA. In addition, in type I and II systems
recognition of a flanking PAM (protospacer adjacent sequence) is required. To date, the
structure and organization of several effector complexes from different CRISPR-Cas systems
of both type I and type III have been studied in detail. These include the Cascade complex
from E. coli (subtype I-E) [20, 43, 44], Csy complex (subtype I-F) from P, acruginosa[19],
a(rchaeal) Cascade from S. solfataricus (subtype I-A)[87], subtype I-C complex from
Bacillus halodurans [39], Csm-complex from S. solfataricus (subtype II-A) [45], and Cmr
complexes (subtype III-B) from Thermus thermophilus [22] and Pyrococcus furiosus [23].
The analysis of these complexes revealed striking similarities in their organization despite
the absence of sequence similarity between the majority of the constituents. These findings
are consistent with previous predictions that have been made using comparative genomic
methods [24, 30].

A general scheme of effector complex organization related to type I and type III systems is
shown in Fig. 3a and reflects the following observations. Effector complexes consist of one
large subunit, several small subunits, one Cas5 family protein, and several Cas7 family
proteins. Cas5 and large and small subunits are usually encoded by a single gene each in
both type I and type III systems, although large and small subunits are likely fused in several
type I subtypes (Fig. 1) [24]. The Cas7 group proteins are encoded by a single gene in the
respective type I system loci and by several separate genes in type III systems (Fig. 1).
Functionally, Cas7 is involved in crRNA binding, and Cas5 in binding the 5"-handle of
crRNA and interaction with the large subunit and the proximal Cas7 protein. The large
subunit participates in DNA binding and recognition of the PAM sequence [17, 18, 22, 23,
43,45, 88]. The Cas6 proteins, which are directly involved in pre-crRNA processing, usually
do not belong to the effector complex but could be loosely associated with some of them
[20]. A strong interaction has been detected between the Cas7 and Cas5 proteins and loose
association has been identified between the large and small subunits when encoded by
separate genes [17, 19, 45, 88]. It has been proposed that, in addition to crRNA-guided DNA
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targeting, type I-E Cascade can migrate along the DNA molecule, facilitating the selection
of fragments to be incorporated into the CRISPR locus [83].

Four distinct subunits of the effector complexes of type I and type III CRISPR-Cas contain
RRM domains, which consists of a four-stranded antiparallel f-sheet (arranged as
B4P1P3P2), with two B-helices located after f1 and B3 in a BaPPap ferredoxin-like fold [7,
54]. The type III large subunit, Cas10, contains two RRM domains, one of which is a
polymerase/cyclase palm domain predicted to be active, whereas the other one is an
inactivated version of the palm domain [53, 77]. The CasS5 proteins typically contain two
RRM domains, with the C-terminal domain degraded in several subfamilies; the Cas7
proteins possess a single RRM domain; and the Cas6 proteins encompass two RRM domains
[24, 30]. It has been hypothesized that the RAMP proteins evolved from the large subunit by
duplication and specialization [24, 31]. The type II effector complex consists of a single
multidomain protein, Cas9, that binds crRNA and tracrRNA. Similarly to the type I and type
IIT complexes, the type II effector complex (Cas9) scans DNA, recognizes PAM, and forms
an R-loop (see Subheading 2.4.2).

2.6.2 Three Major Families of RAMPs—Exhaustive sequence analysis, supported by
the analysis of the growing collection of structural data, indicates that RAMPs can be
classified into three families, the largest of which includes the Cas7 proteins (Fig. 3b). In the
majority of CRISPR-Cas systems, processing of pre-crRNA is catalyzed by dedicated
endoribonucleases that belong to the Cas6 family of RAMPs. Among all RAMP families,
the Cas6 family has been characterized in most detail, both structurally and biochemically.
This protein shows remarkable plasticity of the catalytic mechanism and RNA recognition
modes [48-50]. The type member of the Cas6 family is the protein from the archaeon
Pyrococcus furiosus [47, 51, 54]. The P, furiosus Cas6 contains two RRM domains with a G-
rich loop located at the C-terminus of the second RRM domain and the catalytic triad
consisting of histidine, tyrosine, and lysine located within the first, N-terminal RRM domain
[51]. The conserved catalytic histidine is located within the alpha helix that follows the first
core beta strand of the N-terminal RRM domain. Many Cas6 subfamilies contain the
catalytic histidine in the same position but other arrangements of catalytic residues have
been detected as well [48, 49, 54]. The cleavage of the pre-crRNA occurs within a CRISPR
repeat at the 5" side of the phosphodiester bond, generating a 5 end hydroxyl group and
either a 3" phosphate (Cas6 from Pseudomonas aerugi-nosa) or a2’, 3" end cyclic
phosphate group (Cas6e), and yields a crRNA of approximately 60 nt in size [19, 52, 89].
The majority of the Cas6 proteins show substantial sequence conservation and belong to the
core of the Cas6 family (COG1853/COG5551) but several are highly divergent, e.g., those
associated with I-E (Cas6e) and I-F (Cas6f) CRISPR-Cas subtypes (Fig. 3b). The latter is
the most derived Cas6 protein with a severely degraded C-terminal RRM domain [24, 52,
54].

The Cas7 proteins form the backbone of effector complexes that play the key role in binding
and protecting the crRNA guide sequence. The Cas7 family proteins typically contain one
RRM domain that is structurally similar to the N-terminal RRM domain of Cas6 and two
distinct, albeit highly variable, subdomains [54, 87, 90]. The majority of the Cas7 family
proteins associated with type III systems contain the characteristic G-rich loop, the structural
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marker of the RAMP superfamily (Fig. 3b). These proteins are diverse and could be present
in several copies in the type III loci (Fig. 1). The Cas7 family proteins associated with type
IIT systems are apparently prone to aggregation, forming multidomain proteins (e.g., Cmrl
family or Psta_1142 from Pirellula staleyi or HMPREF9137_2396 Prevotella denticola).
Several subfamilies of the Cas7 family (Cmr4, CsmS5, and Csm3) possess a conserved
histidine that is structurally equivalent to the catalytic histidine of Cas6 required for pre-
crRNA cleavage, suggesting that these Cas7 proteins are active RNases (Fig. 3b) [24]. This
hypothesis is compatible with the demonstration of the RNA cleavage activity of the Cmr
complex of 7. thermophilus [22].

The Cas5 family proteins bind the 5’-handle of crRNA and provide the interaction interface
for the large subunit and the Cas7 proteins. Similarly to the Cas6 family, most of the Cas5
proteins contain two RRM domains [24, 46, 54, 91] although the C-terminal domain is
severely deteriorated in many Cas5 proteins associated with type I systems (Fig. 3b) [24].
The G-rich loop is easily detectable in the first RRM domain and often is present also in the
second RRM domain in those Cas5 group RAMPs that are associated with type III systems
(Fig. 3b) [24, 54]. Usually, only one Cas5 protein is encoded in a CRISPR-Cas locus (Fig.
1). These proteins, especially those associated with type III systems, are prone to structural
rearrangements and fusions (e.g., Rcas_3293 from Roseiflexus castenholzii represents fusion
of Cas5 and Cas7 group RAMPs). Some proteins are assigned to the Cas5 family
provisionally, based on the general principles of organization of effector complexes because
they do not share any similarity with known Cas proteins (Fig. 3b) [24]. Among the Cas5
family members, there are also proteins with a conserved N-terminal histidine (e.g., Csm4
subfamily). However, RNase activity has been experimentally demonstrated only for the
Cas5 proteins that are associated with type I-C systems; these proteins have a different set of
catalytic residues compared with Cas6 and are directly involved in pre-crRNA processing
[39, 46].

2.6.3 Small Subunits—Typically, the small subunit is an alpha-helical protein containing
up to eight predicted alpha helices. The small subunits are encoded by a separate gene in all
type III CRISPR-Cas systems, in some type I systems, such as I-A and I-E, and one variant
of type IV (Fig. 1). Analogous to the large subunit, the small subunits are highly diverse,
such that different families often show no detectable sequence similarity to each other. In the
majority of type I systems, large subunits contain a 4—6 alpha helical C-terminal extension
that appears to complement the absence of a small subunit gene. Accordingly, it has been
hypothesized that these proteins represent a fusion of the large and small subunits (Figs. 1
and 3b, d) [24]. In the effector complexes that include the small subunit as a separate
component, there are usually several small subunit genes [17, 18, 20, 22, 23, 43, 45, 87, 92].
Recently, the structure of the small subunit Csa5 of type I-A from . solfataricus has been
reported [54, 55]. Comparison of these structures sheds new light on the evolution of the
small subunits by demonstrating the evolutionary connection between small subunits of type
I and type III systems [54, 55]. Structural comparison revealed that CmrS5, the small subunit
of subtype III-B, corresponds to the N-terminal domain of Cse2, the small subunit of type I-
E, whereas Csa5 partially corresponds to the C-terminal domain of Cse2 [54, 55]. In
addition, Csa$5 has a unique beta-stranded extension which is absent even in the proteins that
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belong to the same protein family (Fig. 3b). The relationships of these proteins to other
distinct families of predicted small subunits, such as Csm?2 (type III-A) and RHA1_ro10070
(type IV), remain to be elucidated (Fig. 3b).

2.6.4 Large Subunits—Multiple lines of evidence coming from in silico analysis of Cas
proteins suggest that, the absence of significant sequence similarity notwithstanding, the
large subunits present in most of the type I CRISPR-Cas systems could be homologous to
Cas10 proteins, which contain two palm/cyclase domains, one of which is predicted to be
enzymatically active (Fig. 3d) [24, 31]. Recent structures of effector and surveillance
complexes from both major subtypes are compatible with this inference [19, 22, 23, 39, 45,
87, 88]. The crystal structures of two distinct large subunits have been solved, namely those
of Casl10, the large subunit of type III systems [53, 77], and CasA (Csel or Cas8e) of
subtype I-E [16]. The core domains of Cas10 are the N-terminal cyclase domain, Zn finger
containing the treble clef domain, cyclase (palm) domain with the characteristic catalytic
motif “GGDD,” and the C-terminal alpha helical bundle (Fig. 3d). This arrangement is
reminiscent to “Fingers,” “Palm,” and “Thumb” domains present in DNA polymerases of
different families [93]. In Cas10, these four regions are arranged into four distinct domains,
whereas Csel displays a much compact architecture where traces of the putative ancestral
domain architecture are barely identifiable [31]. Major structural rearrangements of this type
could have been anticipated even before these structures became available because the large
subunits of different type I systems substantially differ in size and even seem to be missing
in some systems (e.g., [-C variant, Table 1 and Fig. 3d) [24, 31].

Variations of the domain architecture and inactivation of the catalytic palm domain could be
identified even within the Cas10 family. Some representatives lack the HD domain, a
nuclease that is typically fused to Cas10 at the N-terminus (e.g., Caur_2291 from
Chloroflexus aurantiacus), and the palm domain appears to be inactivated in many subtype
III-B variants, e.g., MTH326 from Methanothermobacter thermautotrophicus) (see details in
[24]).

An exhaustive comparison of multiple alignments and predicted secondary structures of the
large subunits of type I and type III systems revealed several shared features, such as a Zn
finger in the middle of the protein sequence in the Cas8a, Cas8b, Csel, and Csfl families,
conserved beta-hairpin in the region roughly corresponding to the palm domain, and an
alpha helical region at the C-terminus of the proteins compatible with the alpha helical
bundle of Cas10 (Fig. 3d) [24]. However, direct comparisons detect no sequence similarity
between Cas10 and any large subunits of type I systems, and moreover, many large type I
subunits share no significant sequence similarity with each other, suggestive of extremely
fast divergence of these proteins. An unusual variant of the large subunit denoted that
Cas10d is associated with type I-D. This protein appears to be structurally similar to Cas10
and even contains an N-terminal HD domain but the latter has a circular permutation of the
catalytic motifs which seems suggestive of its origin from the HD domain of Cas3 protein
(Fig. 2) [24].
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2.7 Potential Associated Imnmunity Genes and Regulatory Components

Many DNA-targeting defense systems contain previously overlooked components that are
implicated in programmed cell death (PCD)/dormancy [1, 30, 31, 86, 94]. Experimental data
on coupling between immunity and PCD is scarce, having been demonstrated only for the
Escherichia coli anticodon nuclease (ACNase) PrrC which contributes to the T4 phage
exclusion mechanism as a component of the RM type Ic system Prrl [95]. A general
hypothesis for the apparent integration of the two defense strategies has been proposed [1,
30, 31, 86, 94]. Specifically, a toxin associated with an immunity system, such as CRISPR-
Cas, could act either as a dormancy inducer, which prevents fast virus propagation and could
“buy the time” for the activation of the primary immune system, or, alternatively, as a toxin
that causes altruistic suicide when immunity fails [86]. CRISPR-Cas systems are especially
rich in genes encoding proteins associated with PCD [30, 31]. In particular, two core Cas
proteins, Cas2 and Cas4, belong to families of nucleases that commonly function as toxins
in toxin-antitoxin systems which are responsible for PCD in prokaryotes [1, 30, 86]. It has
been shown that Cas2 forms a specific complex with Casl that is required for spacer
acquisition by CRISPR-Cas but mutation of a residue predicted to be required for nuclease
activity of Cas2 did not affect this step [11]. Thus, it appears likely that Cas1 and Cas2
modulate each other’s activities, where the putative toxic nuclease activity of Cas2 is
unleashed only under genotoxic stress caused by infection that is not controlled by
immunity. Both Cas2 and Cas4 are fused with several other Cas proteins but not with
effector complex components (Fig. 4). In several bacteria, an apparently inactivated Cas2 is
fused to a 3'=5" exonuclease of the DEDDh family [7], suggesting that the lost nuclease
activity of Cas2 could be replaced by an unrelated enzyme. Cas4 proteins of two distinct
families are often present in the same operon (e.g., PAE0079- PAEQ0S2 in Pyrobaculum
aerophilum str. IM2) suggestive of functional differentiation (Fig. 4). A variety of other Cas
proteins and proteins that are sporadically present within CRISPR-Cas loci are fused to or
encoded next to Casl, indicating that there are multiple ways to control the activity of this
key Cas protein (Fig. 2b) [31]. One of such Casl fusions involves a reverse transcriptase for
which cell toxicity has been recently demonstrated [96] (Fig. 2b).

Many more genes seem to be specifically associated with type III CRISPR-Cas systems.
However, all these families have been identified in other genomic contexts as well. The
largest superfamily of such proteins includes members of COG1517 that typically consist of
a CARF domain (CRISPR-Cas-associated Rossmann- fold domain), an HTH domain [97,
98], and various effector domains, most of which are predicted to be active RNases and
DNases [5, 7, 32] (Fig. 4). The HEPN domain containing a characteristic RxxxxH motif, the
most abundant effector domain present in such families as Csm6 and Csx|1, is a predicted
ribonuclease [94]. Notably, the great majority of the COG1517 members associated with
type III CRISPR-Cas systems contain effector domains [32]. The COG1517-related genes
are often found in the same operon with other genes encoding uncharacterized proteins that
contain conserved potential catalytic residues and could represent novel families of
nucleases (Fig. 4) [32]. Another abundant uncharacterized family typically contains the
WYL domain (named after the respective conserved amino acid residues) and an HTH
domain and thus reminds the core domain organization of COG1517. Both WYL and CARF
domains are predicted to bind yet unidentified ligands, most likely nucleotides, and thus
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regulate the expression and/or activity of CRISPR-Cas systems via an allosteric mechanism
[32]. Indeed, one of the WYL domain-containing proteins has been shown to regulate the
expression of the CRISPR- Cas locus in Synechocystis sp. PCC6803 [99]. A plausible
possibility seems to be that these regulators mediate the functional coupling of the CRISPR-
Cas immunity with dormancy induction and PCD.

3 Conclusions and Outlook

The advances of comparative genomic analysis reveal unprecedented complexity of the
CRISPR-Cas systems. The classification of CRISPR-Cas systems into three types and ten
subtypes introduced some order into this striking diversity and provides the essential
template for genome annotation and evolutionary studies. However, it is already perfectly
clear that new types and subtypes of CRISPR-Cas have to be introduced. Moreover, this
classification system, however refined and improved, can capture only part of the complexity
of CRISPR-Cas organization and evolution, due to the intrinsic modularity and evolutionary
mobility of these immunity systems, resulting in numerous recombinant variants. In
particular, although Casl is the most conserved Cas protein, in terms of both presence in the
great majority of CRISPR-Cas loci and sequence conservation, Casl phylogeny is of limited
utility of CRISPR-Cas classification because of the extensive shuffling of the
“informational” and “executive”” modules. One possible way to achieve greater flexibility in
CRISPR-Cas classification is to analyze these modules separately and explicitly recognize
recombinants. However, gene and domain shuffling is extensive also within the modules so
that we expect CRISPR classification to remain challenging for the foreseeable future.
Above and beyond this organizational complexity of CRISPR-Cas systems, most of the cas
genes evolve rapidly, which complicates the family assignment for many Cas proteins and
the use of family profiles for the recognition of CRISPR-cas subtype signatures. Clearly, to
achieve progress in the comparative analysis of CRISPR-Cas systems integration of the most
sensitive sequence comparison tools with protein structure comparison is essential.
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Classification and organization of CRISPR-Cas systems. Typical operon organization is

shown for each CRISPR-Cas subtype. For each CRISPR-Cas subtype, a representative

genome and the respective gene locus tag names are indicated. Homologous genes are color

coded and identified by a family name. Names follow the classification from [5]. See also

details in [30]. Names in bo/d are proposed systematic names; “legacy names” are in regular

font. Abbreviations: LS large subunit (including subfamilies of Cas10, Cas8, Csel, Csyl),

S$S small subunit (including Cmr2, Cmr5, Cse2). Genes coding for inactivated large subunits

are indicated by crosses. Genes and domain components for effector complexes are

highlighted by pink background
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Fig. 2.

Phgylogeny of Casl and its associations with other genes. (a) Schematic representation of
Cas1 phylogeny (the complete tree and details of the tree reconstruction are available in

[31 ]). The branches are colored according to the automatic assignment of cas/ genes to
CRISPR-Cas subtypes based on the analysis of ten up- and ten downstream genes. (b) Casl
fusions and operonic associations

Methods Mol Biol. Author manuscript; available in PMC 2018 April 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Makarova and Koonin

Page 23

b RAMP superfamily

Cas7
i roup

1

]

I

1 3

o 00 oo

& 33 8586

2 RS 55“-‘
b

{ pE 08s

b d — Csel (I-E)
L] ] i Csy1 (I-F}
_ C-terminal domain - & CasBb, Cshi (1-B)
- Cas10, Cme2 (I-B) ! {
- -] C-terminal domains = * Cantc; Ced) [10)
Cas8c, Csd1 {I-C) T E Casgb, Cst1 (1-8)
== Cmrs (111-8) b= 8 Caséh, Cmx1 (1-B)
[ =) Cse2 (I-E) E— Cst (IV)
N | | CasBa2, Csad/Csxd (1-A)
[—I”] Csas(l-A) o = 87 Cas10d (-0
Csma2 (III-A) | [ Cas10, Csx11
| ——3 Cas10, Cam? (-4
RHA1_ra10070 (IV) et
=] Cas10, Cmi2 (1Il-B)
HD nucloase  Cyclasa Zn-binding  Palmicyclase C-terminal
RAM fold trebile clef RAM fold aehadical

domain bundia

Fig. 3.

General organization of effector complexes in different types of CRISPR-Cas systems. (&)
The generalized model of subunit composition of effector complexes of type I, III, and IV
systems. Color coding is the same as in Fig. 2. The subunits that belong to the RAMP
superfamily are shown by dashed circles. (b) Classification of the RAMP superfamily into
three families. The tree-like scheme of RAMP relationships is based on the sequence
similarity, structural features, and neighborhood analysis. Unresolved relationships are
shown as multifurcations and tentative assignments are shown by broken /lines. Glycine-rich
loops are shown by green lines. The conserved histidines, suggesting catalytic activity of
some of the RAMP proteins, are shown by yellow lines. Protein families shown to be active
ribonucleases are marked by an asterisk. The deteriorated RRM domain is shown by the
gray rectangle (i.e., Csf2 and Csc2). The predicted ancestral domain configuration is shown
for each major node. (C ) Domain organization of the small subunits of different subtypes of
type I, III, and IV CRISPR-Cas systems. Homologous domains are color coded. Dashed
outline empty boxes show that the structure similarity of these small subunits is unknown.
The gray box shows a unique beta-stranded insertion. (d) Domain organization of the large
subunits of different type I and III CRISPR-Cas systems. The palm-like domains of Cas10
proteins with intact cyclase/polymerase catalytic motifs are shown with a black outline. The
letter “S” marks the regions that could be homologous to small subunits of Cascade
complexes encoded as separated genes in type III systems, I-E subtype, and some systems of
the I-A subtype
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Fig. 4.

Agsociated immunity components of CRISPR-Cas systems. CRISPR-Cas gene names follow
the nomenclature and classification from [5] and are shown in bo/d. An identifier of the
sequence profile from COG and PFAM databases is provided when available. Examples of
proteins for each distinct family are provided in the form of locus tag and organism name.
The PDB code is shown in red when available. The genes are depicted as block arrows and
domains as block squares . Homologous genes and domains are shown by arrows of the
same color. The following domain names are indicated above the corresponding shape when
shown for the first time: PD-(D/E)xK, restriction endonuclease superfamily protein,
predicted DNA nuclease; HTH, DNA-binding helix-turn- helix domain; HEPN, HEPN
domain, see details in [94]; RelE, RelE superfamily protein, predicted ribonuclease; PIN,
PIN superfamily ribonuclease; 6H, helical middle domain in some of the COG1517
superfamily proteins
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