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Abstract

CRISPR (clustered regularly interspaced short palindromic repeats)—-Cas (CRISPR-associated) is
an adaptive immunity system in bacteria and archaea that functions via a distinct self/non-self
recognition mechanism that involves unique spacers homologous with viral or plasmid DNA and
integrated into the CRISPR loci. Most of the Cas proteins evolve under relaxed purifying selection
and some underwent dramatic structural rearrangements during evolution. In many cases,
CRISPR-Cas system components are replaced either by homologous or by analogous proteins or
domains in some bacterial and archaeal lineages. However, recent advances in comparative
sequence analysis, structural studies and experimental data suggest that, despite this remarkable
evolutionary plasticity, all CRISPR—Cas systems employ the same architectural and functional
principles, and given the conservation of the principal building blocks, share a common ancestry.
We review recent advances in the understanding of the evolution and organization of CRISPR-Cas
systems. Among other developments, we describe for the first time a group of archaeal cas? gene
homologues that are not associated with CRISPR-Cas loci and are predicted to be involved in
functions other than adaptive immunity.
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Introduction

The molecular mechanism of CRISPR (clustered regularly interspaced short palindromic
repeats)—-Cas (CRISPR-associated) system, along with R-M (restriction-modification) and
DNA phosphorothioation (DND) systems, is based on the self/non-self discrimination
principle (see [1] and references therein). However, unlike R-M and DND systems that
generally modify their own DNA and destroy unmodified DNA [2,3], the CRISPR-Cas
system retains the memory of previous encounters with infectious agents. This memory is
embodied in short nucleotide fragments matching the non-self DNA that are inserted into an
array of CRISPRs and are then employed to attack and destroy the cognate virus or plasmid
[4-T7]. Therefore CRISPR-Cas is often referred to as a prokaryotic adaptive immunity
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system and its unique ability to inherit the acquired characteristics appears to be compatible
with the Lamarckian mode of evolution [8].

The initial bioinformatic analysis of CRISPR, spacers and Cas proteins led to the prediction
of the involvement of this system in antivirus defence [9-13]. This prediction was
successfully confirmed experimentally [14] and, since then, CRISPR research has evolved
into a dynamic field in microbiology with considerable biotechnology potential [15-17].

The classification and nomenclature of CRISPR-Cas systems is based on a combination of
evidence from phylogenetic, comparative genomic and structural analysis [7]. The major
challenge for this classification is to accommodate the remarkable diversity and fast
evolution of Cas proteins (with the apparent single exception of the Cas1 protein which is
involved in spacer integration and serves as a marker for the CRISPR—Cas systems). This
challenge is not only technical, but also directly related to our ability to understand the basic
mechanisms, principles of organization and the evolution of CRISPR—Cas.

The action of the CRISPR-Cas system is usually divided into three stages. The first stage is
adaptation or insertion of alien DNA spacers into the CRISPR repeat cassettes. It has been
demonstrated that two proteins, Casl and Cas2, are sufficient for this process [18]. The
second stage is expression and processing of pre-crRNA (CRISPR RNA) into short guide
crRNAs that is typically performed by a dedicated mechanism that involves one or several
Cas proteins that form the Cascade (CRISPR-associated complex for antiviral defence) and
in some cases also an RNA component. The third and final stage of the CRISPR-mediated
immunity is interference, when the alien DNA or RNA is targeted by the Cascade with the
bound crRNA guide [19-24]. The recent advances in the study of CRISPR-Cas systems
have been covered in detail in many review articles (e.g. [5,25,26]).

Recently, a new aspect of CRISPR-Cas function has been introduced which has not yet been
validated experimentally [1,27,28]. It is based on the fact that genes encoding homologues
of known toxin domains involved in programmed cell death in bacteria and archaea are
present in the neighbourhoods of the majority of CRISPR-Cas systems [27,28].
Remarkably, one of these components is the ribonuclease Cas2, the second gene present in
most of the CRISPR-Cas systems and usually encoded in the same operon with Casl. This
feature is not unique to CRISPR-Cas systems; a variety of toxin domains is detected in
association with R-M and DND systems [1,27,28]. These observations led to the hypothesis
that in bacteria and archaea there exists a widespread coupling of antivirus immunity and
programmed suicide or dormancy [1,27,28].

In the present paper we combine the recent advances in comparative genomics, protein
sequence and structure analysis of CRISPR—Cas systems to describe a scheme of their basic
structural and functional blocks, origin and evolution.

Basic structural and functional blocks of CRISPR-Cas systems

We have recently proposed a unifying scheme of the architectures of CRISPR-Cas systems
on the basis of experimentally established functions of the Cas proteins and domains and
recent /n silico predictions [28] (Figure 1). Largely, the delineated building blocks
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correspond to the three functional stages of the CRISPR-Cas immune response and also
encompass the putative associated immunity components that are predicted to be involved in
dormancy or programmed cell suicide coupled with the CRISPR response [1,27,28].

The block responsible for spacer integration, or the adaptation stage, consists, in the strictest
sense, of the Casl protein only. Casl is an endonuclease that adopts a unique a-helical fold
[29]. The cas gene is usually present in operons with other cas genes, and is associated with
all Type I and Il systems, many systems of subtype I11-A and a few subtype I11-B systems.
As Casl is essential for adaptation, those Type 111 systems that lack the casZ gene apparently
employ the protein provided /n frans by another CRISPR—Cas system within the same
organism [10,19,30]. However, Casl was not detected within the highly reduced Type U
CRISPR-Cas systems, and the functional mode of this derived CRISPR-Cas variant remains
unclear [30]. The status of the Cas2 protein is somewhat ambiguous. There are controversial
data on the enzymatic activity of Cas2 proteins from different bacteria and archaea. Initially,
Cas2 proteins from six diverse organisms were characterized as ribonucleases [31].
However, Cas2 from Desulfovibrio vulgaris does not appear to be an active nuclease [31a]
(PMID 21139194), whereas for Cas2 from Bacillus halodurans, DNase activity has been
reported [31b] (PMID 22942283). Although both Casl and Cas2 are required for spacer
acquisition [18], it appears unlikely that the enzymatic activity of Cas2 is involved. To our
knowledge, the critical experiment with Cas2 proteins mutated in the predicted nuclease
catalytic site so far has not been reported. Therefore Cas2 is probably best classified as one
of the associated immunity components (see below).

Two distinct mechanisms are employed for the processing of the pre-crRNA transcript, the
second stage of the CRISPR response that is associated with the second essential building
block of CRISPR—Cas. In Type | and Type I11 systems, this process requires a dedicated
ribonuclease. In most cases, this protein belongs to the Cas6 family of RAMPs (repeat-
associated mysterious proteins) [30,32—34]. In some cases, however, Cas6 is apparently
substituted for by other catalytically active RAMPS, such as Cas5 in subtype IC [35]. In the
subtype I-E CRISPR-Cas, for which the processing mechanism was first characterized in
detail, the Cas6 endonuclease is a subunit of the Cascade complex which also includes Cas5
family RAMPs as well as a large and a small subunit [36]. However, Type Il systems use a
seemingly unrelated mechanism that involves cellular RNAse 111 that is not encoded within
the CRISPR—Cas loci and performs unrelated functions in RNA processing [37], a
separately encoded small tracrRNA (transactivating crRNA) that is homologous with a
cognate CRISPR repeat, and an unknown domain of Cas9, the multidomain protein that is
the signature of the Type Il CRISPR-Cas [37].

Two other distinct blocks are related to interference. One of these blocks encompasses the
multiprotein Cascade complex which binds the crRNA and the target DNA that is then
cleaved. After the seminal discovery of the subtype I-E Cascade in Escherichia coli [36],
Cascade-like complexes were identified for the subtypes I-F, I-C and 111-B [22,23,34,35,38].
Sequence and structure comparisons indicate that the Cascade-like complexes of Type I,
Type I11 and Type U systems are homologous and generally consist of four components:
large subunit, small subunit, Cas5 group RAMPs and Cas7 group RAMPs [30]. The large
subunit is directly involved in target recognition, several identical or different Cas7 subunits
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bind crRNA and Cas5 probably interacts with both the large subunit and one of the Cas7
subunits, although the role of Cas5 has not been characterized in detail [22,23,34,35,38].
The function of the small subunit remains obscure. In Type Il systems some unknown
domains of Cas9 are responsible for both target recognition and crRNA binding [20].
Obviously, a DNase or a RNase is required to cleave the target. In Type | systems, an HD
family nuclease has been shown to cleave DNA, and a homologous domain, present in many,
but not all, Cas10 proteins is predicted to cleave DNA in DNA targeting Type 111 systems
[30,39-41]. However, RNA cleavage by subtype I11-B CRISPR-Cas is predicted to be
catalysed by an enzymatically active RAMP [30]. In Type | systems, the HD domain is often
fused to the Cas3 helicase which is also required for the target DNA cleavage [39]. In many
Type 111 and subtype I-D systems, the HD domain is part of the Cas10 protein, the large
subunit of the Cascade-like complex [30]. In contrast, Type Il systems employ an unrelated
target DNA cleavage mechanism that employs the RuvC-like and the HNH (His-Asn-His)
nuclease domains of Cas9 [20].

Finally, the CRISPR-Cas systems contain the associated immunity block that is described in
detail in a separate section below. In addition, several Cas proteins currently cannot be
assigned to any of these major blocks with confidence. These, for example, include Csn2,
the marker gene for subtype I1-A and the DinG-like helicase associated with some systems
of Type U (Figure 1).

Comparative analysis of the modular organization of the CRISPR—Cas systems reveals
remarkable plasticity whereby the blocks are either dispensable or can be replaced by
homologous or analogous components. As mentioned above, such replacements are
especially pronounced in Type Il systems. Subtype I11-B systems often lack Cas1 and/or
Casb6 that are often encoded in Type | systems in the same genome. Such subtype 111-B
systems apparently depend on crRNAs produced by other systems. Casl, CRISPR arrays or
modules responsible for transcript processing, or DNA target cleavage are not associated
with Type U systems whose mechanism and function remain to be characterized. Thus the
only module that is invariably present in all CRISPR-Cas systems is involved in crRNA
binding (Figure 1). Below we briefly discuss the evolution of the components of three of
these building blocks: Casl, Cascade-like complexes and programmed cell death/dormancy
machinery associated with CRISPR—Cas systems.

Evolution of Casl

The endonuclease Casl and the CRISPR array embody the unique feature of CRISPR-
systems, the ability to keep memory of encounters with infectious agents. Casl is closely
associated with the ribonuclease Cas2. Both genes are present in all fully functional
CRISPR-Cas systems. It has been shown that both proteins and a single CRISPR repeat are
required and sufficient for spacer integration [18]. It appears, however, that Casl possesses
all the required enzymatic activities, especially given that only DNA, and not RNA, is
involved in spacer acquisition, whereas Cas2 might perform a distinct function (see
discussion below).
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Casl phylogeny and operon organization are important for the classification of the subtypes
of CRISPR-Cas systems [7]. The number of Casl proteins in the database of completely
sequenced genomes more than doubled since 2011, so it is interesting to update the analysis
of this family. At least one Casl protein is present in 953 of the 2262 available (as of 20
March 2013) archaeal and bacterial genomes. All Cas1 proteins detected were clustered by
sequence similarity and 205 representatives (one from each cluster) were selected to
represent the family in a further in-depth analysis (Figure 2). We also reconstructed a
phylogenetic tree for the entire set of Casl proteins with a few fragments discarded (the
Newick notation for both trees are available with the Supplementary Online data at http://
www.biochemsoctrans.org/bst/041/bst0411392add.htm) and analysed their genomic
neighbourhoods (Supplementary Table S1 at http://www.biochemsoctrans.org/bst/041/
bst0411392add.htm). Figure 2(A) shows the phylogeny of the Casl family. Consistent with
previous observations [7], most of the known Type | and Type Il subtypes of the CRISPR-
Cas systems are monophyletic, with a few exceptions in subtypes I-D, I-B and I-C. In
contrast, Casl proteins associated with both Type I11 subtypes do not form monophyletic
groups, especially in the case of subtype I11-B. This observation is consistent with the
previous conclusion that the majority of subtype I11-B CRSIPR-Cas systems are not
independent and have to be associated with other subtypes. Apparently, the same is partly
true for subtype I11-A, although there are many genomes that possess only this system, and
even if they encode other systems, usually subtype I11-A encompasses its own casi—cas2
gene pair. Notably, a large fraction of Casl diversity is concentrated within subtype I11-A,
suggesting that this is a fast-evolving system.

The new tree reveals several unexpected results. The first one is the non-monophyly of the
Type Il system, whereby Casl sequences of subtype 11-B form a clade within the subtype I-
A branch. Interestingly, in this subtype, the casZ gene seems to form an operon with the cas4
gene, suggesting that subtype 11-B is a remnant of an ancestral fusion between a subtype I-
A-like system and an element possessing RuvC and HNH nuclease domains [30].

The second unexpected finding is the discovery of two distinct Cas1 groups, mostly from
Methanomicrobia, that are not associated with any CRISPR—Cas systems (Figures 2A and
2B). Previously, casi genes have been described exclusively as CRISPR-Cas components.
The Casl sequences from the first stand-alone group are encoded in all known
Methanomicrobiales and do not show any indications of HGT (horizontal gene transfer). In
contrast, the second group shows a patchy distribution in Methanomicrobia (with three
copies in Methanoregula boonei) and several representatives are found in 7haumarchaeota
and Aciduliprofundum boonei (an archaeon affiliated with Thermoplasmatales in the
ribosomal protein tree [42]), suggestive of multiple HGT events. There is no apparent
conserved gene context for the first group of solo casZ genes, whereas most of the casz
genes of the second group belong to a conserved neighbourhood that includes a diverged
PolB-like polymerase, an HNH nuclease and two HTH (helix—turn—helix) domain-
containing proteins. Moreover, both Cas1 and PolB-like proteins are fused to related Xre
family HTH domains (Figure 2B). The functions of the non-CRISPR-associated cas! genes
remain unknown, although the observation of DNA repair phenotypes in casZ-knockout
mutants of £. coli might provide a clue [43].
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Finally, an examination of cas gene fusions and operonic associations emphasizes
previously under-appreciated connections to genes involved in programmed cell death/
dormancy and transcription regulation (Figure 2C), suggestive of functionally important
interactions between Casl and the respective systems (see below).

Evolution of Cascade-like complexes

We have previously proposed a parsimonious evolutionary scenario whereby a small number
of evolutionary events could explain the emergence of the CRISPR—Cas system types and
subtypes [28,30]. The apparent homology of Cascade-like complexes of Type I, Il and U
systems implies that the majority of these complexes encompass four classes of components:
large subunit, small subunit and two distinct RAMPs of the Cas5 and Cas7 families [30].
However, owing to the high sequence divergence, the evidence of the presence of some of
these components in all CRISPR-Cas systems was weak, being based often only on
secondary structure predictions and analysis of gene context. At this time, several key
structures of Cas proteins and Cascade complexes have become available, allowing us to put
the previous predictions to test. In particular, the structures or stoichiometry of four
Cascade-like complexes have been determined, namely the subtypes I-E, I-F, I-A and 111-B
[22,23,34,35,38].

In all cases, either all four or three (subtype I-F in which the small subunit is either missing
or fused to the large subunit) classes of subunits were detected. As predicted, there is only
one Cas5 group RAMP in each complex and several subunits that belong to the Cas7 family.
As predicted, the structure of the Cas5 group RAMP from subtype I11-B system (Cmr3)
encompasses two RRMs (RNA-recognition motifs) and is strikingly similar to Cas6 [44]. In
all Cascade complexes that have been studied in detail, the Cas5-like RAMP interacts with
the large subunit, whereas Cas7 binds crRNA [22,23,38,44], which is also compatible with
our prediction. We further proposed that in subtype I-C systems Casb is catalytically active
and could functionally replace Cas6, which is now validated experimentally [35]. Structures
of the small subunits have been solved for subtype I-E (PDB code 2ZCA, Cse2), I-A (PDB
code 3ZC4, Csab) and subtype 111-B systems (PDB code 2ZOP, Cmr5), and structural
similarity has been clearly established between the N-terminal domains of Csel and Cmr5
and the C-terminal domains of Csel and Csa5 [45], in strong support of the homology
between the Cascade-like complexes of Type I and Type Il systems. Moreover, the Cmr5
structure also seems to resemble the C-terminal a-helical domain of Cas10 (PDB code
4DO0Z) [46] which is compatible with our hypothesis on the origin of Cascade from a
Cas10-like protein [28,30].

The major surprise came from the structure and biochemical analysis of the large subunit of
the I-E system (PDB codes 4AN8 and 4H3T, Csel) that shows no structural similarity with
Cas10 (PDB code 3UR3), the large subunit of subtype I11-B, at least when analysed with
conventional structure comparison methods [21]. However, visual inspection of both
structures suggests that they nevertheless share a common architectural layout of domains
and subdomains (Figure 3A). Although we could not identify a palm-like RRM in this
protein, it seems that the characteristic £2-£3 hairpin is conserved and is located exactly
where it has been predicted [30]. Dramatic structural rearrangements are common among
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Cas proteins. For example, extensively reorganized C-terminal RRMs are present in Cas5
and Cas6f [30]. We also detected several distant homologues of large subunits that appear to
have lost more than half of the protein, e.g. Csfl in Type U systems or CsaX in subtype I-A
[30]. Thus the most parsimonious interpretation of the available data still might be that Csel
is homologous with Cas10, but severely rearranged.

Given these apparent extraordinary structural rearrangements of Cas proteins, it is tempting
to speculate on some even deeper relationships. Thus it cannot be excluded that Cas7, the
only RAMP that contains additional subdomains and, in several cases, a zinc-finger module,
could be a rearranged homologue of Cas10-like proteins (Figure 3A). Then a more detailed
scenario of early evolution of the Cascade-like complex can be proposed whereby a series of
duplications of an ancestral protein containing two RRMs and an a-helical domain,
followed by several rearrangements, gave rise to all Cascade subunits (Figure 3B).

Programmed cell death/dormancy systems associated with CRISPR-Cas

On the basis of the analysis of gene neighbourhoods and domain composition of the
numerous extremely diverse defence systems of prokaryotes, we have recently proposed a
hypothesis on the coupling of antivirus immunity and programmed suicide/dormancy
[1,27,28]. Under this hypothesis, a toxin associated with an immunity system, such as
CRISPR-Cas, could act either as an inducer of dormancy, which prevents virus reproduction
and could “buy the time’ for the immune system to jump into action, or as a ‘dead man’s
switch’ that is released when immunity fails, by analogy with many abortive infection
systems [27]. As pointed out above, the casZ gene often associates with genes encoding
(predicted) toxins, most commonly Cas2, but also Cas4 and others (Figure 2C). These
associations seem to suggest that, in addition to its key roles in adaptation, Cas1 might
function as an antitoxin to different toxins, thereby providing the connection between
immunity and dormancy/cell suicide.

Additional observations along the same lines involved the specific link between the
COG1517 genes and Type 11l CRISPR-Cas systems. The COG1517 family of proteins
typically consist of a Rossmann-like domain and an HTH domain [47,48] and are associated,
although not strictly, with CRISPR-Cas loci [7,13]. A more detailed analysis of genomic
neighbourhoods (K.S. Makarova and E.V. Koonin, unpublished work) suggests a strong link
between COG1517 and Type 1l1 CRISPR—Cas systems (Figure 4A). Furthermore, Type Il
systems are specifically associated with COG1517 family proteins that possess a third
‘effector’ domain. In most cases, the effector domains are homologous with known toxins of
several families or PD-(D/E)XK nucleases which belong to the same superfamily as Cas4
(Figure 4B) [1]. More than half of the “‘effector’ domains identified belong to the HEPN
(higher eukaryotes and prokaryotes nucleotide-binding) domain superfamily (Figure 4B) and
are predicted to be active ribonucleases [49]. In particular, this group includes the large
Csm6 family that is strongly associated with subtype I11-A systems [7,10]. COG1517-related
genes are also linked to genes of several uncharacterized families, in particular Csx20 and
Csx19 (Figure 4C) that also might possess toxin activity.
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Taken together, these observations seem to suggest that a separate ‘associated immunity’
module is present in the vast majority of the CRISPR—Cas systems. Most likely, this module
is not directly involved in the CRISPR—-Cas molecular machinery, but rather mediates the
functional coupling of the CRISPR—Cas immunity with dormancy induction and
programmed cell suicide. Some of the proteins of this module might physically interact with
Cas proteins that would function as antitoxins, as could be the case for Cas1 and Cas2.

Conclusion

Sequencing of numerous diverse archaeal and bacterial genomes together with the
determination of the structures of many Cas proteins provides for increasingly detailed
reconstructions of the modular organization and evolutionary relationships of the CRISPR—
Cas systems. The emerging overarching theme seems to be the combination of the extreme
diversity of the sequence and structures of Cas proteins, as well as the compositions and
genomic organization of the CRISPR-Cas loci, with the remarkable structural unity that
provides for relatively simple evolutionary scenarios. Indeed, the entire diversity of the Cas
proteins appears to be based on diversification and embellishment of only a few basic
domain types, above all the RRM that comes in a striking variety of incarnations and
combinations with other domains. The second key generalization is the tight link between
the CRISPR-Cas adaptive immunity systems and various toxin/antitoxin systems, which
implies tight co-ordination of immune response with dormancy and programmed cell suicide
in archaea and bacteria.
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Figure 1. The principal building blocks of CRISPR-Cas system types
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Gene names and other identifiers follow the current nomenclature and classification [7,30].
An asterisk indicates the putative small subunit that might be fused to the large subunit in
several Type | subtypes [30]. Dispensable genes are indicated by broken outlines.
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Figure 2. The Casl family evolution and functional associations
(A) The Casl family phylogeny. The PSIBLAST program [50] was used to retrieve

homologues of the Casl family from 2262 completely sequenced genomes in the NCBI nr
database. The BLASTCLUST program [51] (length coverage cut-off, 0.8; score density
threshold, 1.0) was used to select 205 representative sequences. The multiple alignment was
built using the MUSCLE program [52] with default parameters. The FastTree program [53]
(JTT evolutionary model, discrete gamma model for site rates with 20 rate categories) was
used for tree reconstruction. The branches are coloured according to the assignment of Casl
genes to system subtypes based on the analysis of ten upstream and ten downstream genes.
X denotes systems of unknown type or those that are predicted to be derivatives of the
respective system (when coloured). (B) Phylogeny of the two solo Cas1 families. The
conserved gene neighbourhood of the second group is shown underneath the trees. (C) Casl
fusions and operonic associations.
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Figure 3. Putative common architectural organization of central Cascade components and the
evolutionary scenario for the Cascade origin

(A) The subdomain architectures of Csel, Cas10 and Cas7. The similarly coloured domains
could be homologous but dramatically rearranged. The small subunit of subtype 111-B that
could be homologous with C-terminal helical domain of Cas10 is also shown. (B)
Evolutionary scenario for the origin of the Cascade-like complex. Homologous domains or
subdomains are colour-coded and identified by a family name, which follow the modified
classification [30]. This scenario is a modification of the previously described one [28].
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Figure 4. COG1517, a dormancy/programmed cell death system component associated with
CRISPR-Cas systems of Type |11

(A) CRISPR-Cas-associated ‘effector’ domains. The bottom pie chart shows the breakdown
of 314 CRISPR-Cas-positive genomes by the system types. The pie charts at the top show
the breakdown of the respective sectors with respect to the presence of at least one
COG1517 family protein and the presence or absence of an ‘effector/toxin’ domain in these
proteins. (B) Effector/toxin domain fusions. HD and PD-(D/E)xK are DNA nucleases, and
PIN, RelE and HEPN are ribonucleases. The number of fusions identified is indicated in
parentheses. (C) Uncharacterized gene families associated with COG1517 genes in putative
operons. The number of operons predicted is indicated in parentheses.
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