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CRISPR (clustered regularly interspaced short palindromic
repeats)-mediated virus defense based on small RNAs is a
hallmark of archaea and also found in many bacteria. Archaeal
genomes, and in particular, organisms of the extremely
thermoacidophilic genus Sulfolobus, carry extensive CRISPR
loci each with dozens of sequence signatures (spacers) able
to mediate targeting and degradation of complementary
invading nucleic acids. The diversity of CRISPR systems and
their associated protein complexes indicates an extensive
functional breadth and versatility of this adaptive immune
system. Sulfolobus solfataricus and S. islandicus represent two of
the best characterized genetic model organisms in the archaea
not only with respect to the CRISPR system. Here we address
and discuss in a broader context particularly recent progress
made in understanding spacer recruitment from foreign DNA,
production of small RNAs, in vitro activity of CRISPR-associated
protein complexes and attack of viruses and plasmids in in vivo
test systems.

Introduction

Small RNAs play a key role in cell regulation, stability and
defense in all three domains of life.* Many different types of
small RNAs were identified and their mode of action in gene
regulation, epigenetics and defense were extensively studied in
eukaryotes and prokaryotes over the past years.””

Recently, a new type of small RNAs called ctRNAs (from
CRISPR RNAs, clustered regularly interspaced short palin-
dromic repeats) was discovered in Bacteria and Archaea, which
has been shown to be active against invading genetic elements.'"
This defense system is found in almost every genome of archaea
and in about half of the bacterial genomes (www.crispi.genouest.
org/).'® Although CRISPR-mediated defense is a fundamentally
new process, its mode of action resembles formally the basic prin-
ciples of siRNA activities in Eukaryotes,” "
nition of the invading genetic element, (2) amplification of the

including (1) recog-

effector molecule, (3) processing of the precursor RNA and (4)
targeting of the invader through base-pair recognition. However,
there are also many remarkable differences between the two sys-
tems. For example, crRNAs being processed from a long precur-
sor RNA (pre-ctRNA) transcribed from a CRISPR locus, i.e., a
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DNA region with dozens of unique DNA sequences of 30—45 nt
(called spacers) that are separated by identical direct repeats.?*?’
Upon viral or plasmid invasion, new short DNA sequences from
the invader can be incorporated as spacers in the leader-proximal
part of a CRISPR locus.'>*?% The mechanism of recognition of
the extra-chromosomal element as invader is still poorly under-
stood. However, based on the enzymatic properties of the pro-
teins involved in the recognition/integration of new spacers,**-%
this process unlike the eukaryotic RNAI system, should not
involve the presence of dsRNAs.73¢

The CRISPR Cas system activity can be divided into three
temporally and functionally distinct processes: adaptation,
expression/processing and interference. All these steps involve
different sets of Cas proteins (CRISPR-associated proteins), and
in some systems, endogenous non-cas gene products.”’

During adaptation, two proteins defined as Casl and Cas2
(“core proteins”), ubiquitous to all CRISPR systems, recognize
the invading genetic element and drive the incorporation of new
DNA sequences into the CRISPR locus.* In this way the inva-
sion of an extra-chromosomal element is “recorded” in the host
chromosome allowing the system to be prepared for future infec-
tions of the same invader. Once integrated, the new spacer is co-
transcribed with all other spacers located in the same CRISPR
locus. Transcription initiates at a promoter located within the
leader sequence (upstream of the repeat cluster) and allows the
CRISPR-Cas system to amplify the signal by producing a mul-
titude of crRNAs from a single spacer. CRISPR and Cas expres-

38-40

sion is often under the control of cellular regulators?*%° and seems

to be inducible by abiotic and/or biotic stress.?*442

Upon transcription, the long CRISPR pre-RNA is processed
by other Cas proteins (i.e., Cas6) or by endogenous proteins, to
the short mature crRNAs."*% A mature crRNA is composed of
a spacer derived from the extra-chromosomal genetic element, an
8 nt 5'tag derived from the preceding repeat and a 3'end handle
of variable length that stems from the downstream repeat.!"!34>-%
Once mature, the ctRNA is incorporated into the “interference”
complex formed by several CRISPR-associated proteins and
guides the enzymatic machinery to the targeted foreign nucleic
acid via base-pairing interaction.

Several classifications of the highly divergent CRISPR-cas sys-
tems were proposed based on the type of repeat,”” and/or Cas
proteins encoded near the locus. Haft and colleagues initially
identified several CRISPR type-specific proteins which allowed
the classification into more than 45 families.”* Recently, a new
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classification merged the different CRISPR families into three
major types: type I, type II, type I1I, which can be further subdi-
vided.“® Several CRISPR types can be present simultaneously on
the chromosome of the same organism, indicating that each type
could have different activities against various genetic elements or
nucleic acids. CRISPR systems were extensively studied in dif-
ferent organisms and many molecular details of their activities
were elucidated. CRISPR type I (Escherichia coli, S. solfataricus,
Pseudomonas aeruginosa), type 11 (Streptococcus thermophilus) and
type HIA (Staphylococcus epidermidis) seem to target principally
DNA whereas type IIIB CRISPR (Pyrococcus furiosus, S. solfa-
taricus) might be involved in the targeting of invading RNAs.!*-
15447 Tnterestingly, type II CRISPR are only present in bacterial
genomes™ while type I and IIT CRISPR are widespread within
bacteria and archaea.’? Based on comparative studies, it has been
inferred that intra- as well as interdomain transfer of CRISPR
loci between archaea and bacteria must have occurred.’>* The
latter is particularly remarkable, considering the fundamental
differences of transcriptional and translational mechanisms in
the two domains, as well as of their cell wall structures and trans-
ferable genetic elements.*>°

S. solfataricus and S. islandicus currently represent the most
intensely studied archaea regarding the CRISPR-Cas system.
Expression and genomic arrangements of the CRISPR loci have

48,51-56 1

been analyzed,*® in vivo and in vitro activity of several com-

plexes and proteins have been characterized and crystal structures
53545758 S solfataricus pos-
sesses an extensive and complex CRISPR system, which includes
six different CRISPR loci, two “adaptation” Cas cassettes and
five “interference” Cas protein complexes, the latter belonging
to CRISPR type I (three clusters), CRISPR type IIIA and type
IIIB, respectively. The complexity of the CRISPR-cas systems
might be correlated with the high diversity and abundance of
genetic elements and viruses in archaea: Viruses from eight out

of cas proteins have been solved.**

of 12 structurally and genomically highly divergent virus fami-
lies infect Sulfolobales or closely related thermoacidophilic organ-
isms.” In the 3 Mbp genome of S. solfataricus P2, a total of 344
putatively mobilizable genetic elements can be found that make
up about 10% of the whole genome.” Besides the large num-
bers of mobile genetic elements, genetic tools have been devel-
oped for several Sulfolobus species,**!
and functionally study the virus-host systems
CRISPR-based defense mechanism.'>'%28

which allow to manipulate

0263 a5 well as the

CRISPR Locus Organization in Sulfolobales

Within the Sulfolobales, more than 80 repeat clusters were iden-
tified, with a total of ~4,500 unique spacer sequences.”>**® The
length of individual CRISPR spacers is fairly conserved within
the different CRISPR loci ranging between 3444 nucleotides.
The repeat-clusters can be several kilobases in length carrying
more than 100 different spacers. CRISPR loci are usually con-
served with respect to their repeat sequence and spacer length,
although in some CRISPR loci, repeat sequences are not always
uniform.”® Interestingly, also two self-transmissible plasmids

(pPNOBS8 and pKEF9), which can spread among Sulfolobales,
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carry small repeat-clusters in their genomes. However, they lack
the adjacent cas genes.”

The majority of the spacers in a CRISPR locus are unique,
although duplicate spacers can also be found in large repeat clus-
ters.’® Different strains of S. solfataricus share many identical
spacers in the leader distal part of the CRISPR locus, whereas
different strains of S. islandicus isolated from geographically dis-
tant hot-springs show no spacer conservations.*® Moreover, only
low CRISPR spacer conservation was found within a popula-
tion of S. islandicus strains isolated from the same hot-spring in
Kamchatka.

Many Sulfolobus species carry several CRISPR loci on their
chromosome, which do not always share the same repeat type.
A particular type of repeat is often associated with a particular
cluster of core proteins (Casl/Cas2). Also, the upstream region
(leader) is often conserved in CRISPR loci that share the same
repeat type.*>>

CRISPR Transcription
and Regulation in Sulfolobales

The leader sequence provides the DNA elements for CRISPR
transcription. In S. acidocaldarius, transcriptional CRISPR start
sites were mapped directly before or 17-21 nt upstream of the
first repeat sequence and they were always preceded by a typical
archaeal BRE/TATA box promoter motif.>>*¢ Along the leader
sequence, additional motifs were found to be conserved between
the different CRISPR families, although the role of these motifs
remains unknown.”

The long pre-ctrRNA transcript covering the full length of
the locus is successively processed by Cas6 into small mature
crRNAs.# Full-length transcripts were detected by northern blot
assay for each CRISPR locus of S. acidocaldarius using oligonu-
cleode probes complementary to different CRISPR spacers and
repeats.’*> Small RNAs of 50-70 nt were also detected, com-
patible with the processing of the pre-crRNA within the repeat
sequence.**>> Furthermore, RNAs of shorter size, i.e., ~40 nt in
length were detected using spacer-specific probes, but not with
repeat-based probes, demonstrating that some crRNAs undergo
a further processing of their repeat by an unknown exonuclease.”
These results were supported by sequencing of crRNAs that co-
purified with the Cmr complex of S. solfataricus.®

Northern blot analysis of CRISPR pre-RNA revealed the
presence of antisense transcripts for each of the S. acidocaldar-
ius CRISPR loci.” Bi-directional transcription was also experi-
mentally verified in S. solfataricus CRISPR loci**>> and was
confirmed by analyzing publicly available transcriptome data.®
However, the loci were primarily transcribed from the leader
strand.”>%¢® Additionally, internal transcription start sites have
also been identified for some Sulfolobus CRISPR loci, probably
caused by the incorporation of spacer sequences carrying pro-
moter-like motifs.”> The presence of bidirectional transcripts
has been found in few archaeal species: Sulfolobus spp, P. furi-
osus and Methanococcus maripaludis.)®”° In bacteria, with the
exception of Clostridium thermocellum, no antisense transcripts
were detected and CRISPR transcription seems to be mostly
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Figure 1. Schematic representation of the CRISPR-Cas systems in Sulfolobus solfataricus. The six CRISPR loci are named from A through F, the small gray
rectangle in front of each locus represents the leader sequence. Loci with the same repeats share the same color. The putative “integration cassette”
Cas1-Cas2 is highlighted with the same color as its adjacent locus. In dark gray, the three CASCADE cassettes located adjacent to a CRISPR locus, and
the Cmr/Csm cassettes near the CRISPR F (light blue) and C (light red), respectively. In white, additional CRISPR-related proteins.

uni-directional.'"**4*70 Although several hypotheses have been
formulated, the biological importance of bidirectional tran-
scription remains unclear and no experimental data have so far
elucidated the role of antisense RNAs in CRISPR regulation or
interference.>”!

The presence of several putative regulatory motifs within the
leader sequence, and the high energetic cost related to the pos-
sible constitutive expression of a long non-coding RNA (pre-
ctRNA) in the absence of an invading genetic element, speaks
for a complex transcriptional regulation of the CRISPR locus.
In E. coli, CRISPR locus and associated Cas gene transcription
is under the control of the repressor H-NS, which binds particu-
lar DNA motifs within the leader sequence and in the promoter
of some cas genes silencing their expression.” Transcription can
be restored only in the presence of the transcriptional activator
LeuO.% Within Sulfolobales (or other archaea), no such type of
regulation has so far been demonstrated. However, Deng and co-
workers identified a protein, Cbpl (SS00454), which directly
interferes with the CRISPR locus transcription by binding to the
CRISPR DNA repeats of S. solfataricus and of the conjugative
plasmid pNOB8.7"> Mutation and expression studies performed
in S. solfataricus and S. islandicus, respectively, imply a role of this
protein in the transcriptional regulation of the CRISPR locus.”!
Cpbl-knockout mutants of S. islandicus showed strong reduction
in CRISPR pre-crRNA levels (> 600 nt) compared with the wild-
type strain and a Cbpl complemented strain.”! Conversely, over-
expression of the Cbpl protein in S. so/fataricus strain P2 revealed
higher pre-ctRNA (> 600 nt long) transcription levels compared
with the wild-type strain.”

Cbpl showed different binding affinity depending upon the
repeat type, with higher affinity to the repeat sequence of locus
C and D. In contrast to its enhancing activity on the leader
transcript, no increase of CRISPR antisense transcripts and a
decrease in transcription starting at internal sites was detected.”!
Interestingly, microarray analysis of Su/folobus P2 cells overex-
pressing Cbpl showed significant reductions of the SSO1101
transcript, encoding one of the few proteins found to be involved

www.landesbioscience.com

in biofilm formation in Sulfolobales sp.’*’> As postulated by the
authors, the reduction of expression of proteins involved in bio-
film formation could be a synergistic mechanism to block invader
colonization of the neighboring cells.”* If correct, this would
imply another difference to the eukaryotic RNAIi system in
which the interference signal can spread from cell to cell through
the whole organism helping the recognition and the targeting of
the invaders even in cells located very distantly from the infec-
tion site.”

Taken together, the above results indicate a role of Cbpl in the
transcriptional regulation of Sulfolobus CRISPR loci, although its
mode of action is still not fully understood.

Complexity and Adaptation of
the Sulfolobus CRISPR-Cas System

Locus A and B of the six CRISPR loci (termed A through F)
in S. solfataricus share the same repeat and similar leader
sequences,”®> which are distinct from those shared among loci
C, D and E. In the proximity of locus A, B, C and D, two “adap-
tation” cassettes (Casl-Cas2) are present (Fig. 1). The originally
suggested classification by Lillestol and co-workers (2009), which
comprised eight different CRISPR families for archaea, was based
on leader sequences, repeat type and Casl gene phylogeny.*®>>>¢
Since it has been shown that Casl is involved in the integration of
new spacers,??° this first classification could also reflect different
spacer acquisition mechanisms of the different archacal CRISPR
families, whereas the classification of Makarowa et al.?® is based
primarily on the phylogeny of Cas proteins involved in the pro-
cessing and interference process.

Although it is still unknown how the CRISPR system dis-
criminates the extra-chromosomal element from the host chro-
mosome during acquisition of new spacers, this process has
been demonstrated under laboratory conditions for E. coli,**®
S. thermophiles” and, recently, S. solfataricus.*® The process was
shown to be dependent on a small recognition motif called PAM
(protospacer adjacent motif)'*'#7> located in the vicinity of the

RNA Biology 673

Do not distribute.

I0Science.

©2012 Landes B



(23 Cbp1
b pre-crRNA pre-crRNA
= ~
17,1 g - N NG
w CRISPRA-B ,_:-g-v: - RSPRCDE | oy gy gy CRISPRF P& (g -
Q.
x
w
B]
) Cas6 Proteins > — W _/Q
= —
= e ¥ _
w crRNAs Pool p— —
O —_— . —— — —
o — —— —
o
o
Exonuclease l l
CASCADE
q ;D] |E]
w cmr H ) Csm
o — : — L : o
= i 1
w H 1
oc i i Pd
w | I 27
L i i s
oc ] ' /
w i i ViralmRNA /
[ i 1 G
: | ISR
== J ! ! g ¥ PlasmidDNA
C Viral mRNA ! Jp— ! , SESETE
P, - }‘ o <: ? C DNAvirus
(RNAVE { \ ' \
R ! NS ! )
. DNA virus H
i i
: \ ! &
i v i
o

archaeal RNA viruses.

Figure 2. Overview of the CRISPR-Cas system from Sulfolobus solfataricus (SSO). CRISPR expression and processing in (A and B) and CRISPR interfer-
ence in (C-E). CRISPR EXPRESSION: (A) Representation of the different CRISPR loci in Sulfolobus solfataricus. Leader transcriptional start sites are indicat-
ed. In dark red the CRISPR regulator Cbp1, which binds specifically CRISPR repeats influencing CRISPR transcription.”’ Putative internal transcriptional
start sites are reported for locus F. (B) The pre-crRNA is recognized by Cas6 and processed.** The four orthologous Cas6 proteins are colored based on
their proximity to the respective Cas module. An unknown exonuclease could be involved in the processing of the crRNAs before these are integrated
into the Cmr complex. CRISPR INTERFERENCE: different crRNAs are loaded into the different protein complexes. (C) CRISPR type IlIA: Csm module, due
to its similarity with the S. epidermidis system its most probable target is dsDNA.”> Question marks denote possible, but still unknown functions of the
complex. (D) CRISPR type IA: The three CASCADE complexes interact with crRNAs coming from different loci targeting extra-chromosomal DNA.* (E)
CRISPR type Il1B: the Cmr module binds crRNAs lacking the 3'end of the repeat® cleaving RNAs. Question marks denote putative, but still not identified

protospacer DNA in the foreign genetic elements, i.e., adjacent to
the segment that is incorporated as a new spacer.

In S. solfataricus, active uptake of new spacers was demon-
strated after challenging the host with environmental samples. In
her study, Erdmann found that only locus C, D and E (CRISPR
family I) incorporated new spacers. While the inactivity was
expected for locus F (family I), which lacks the Casl and Cas2
genes and the leader sequence upstream of the CRISPR locus, >
it was more surprising that no spacers were acquired by CRISPR
loci A and B (family II), which show a complete integration cas-
sette formed by Cas4, Casl and Cas2, and which were already
shown to be active during the interference process.”*'* The newly
acquired spacers were incorporated after the first repeat in locus
C and D similar to the adaptation mode found in E. coli.”
Unexpectedly, new spacers were also integrated at different posi-
tions within the CRISPR locus E.?® All these three CRISPR loci
(C, D and E) carry the same direct repeat, underlining the possi-
bility that different integration mechanisms could be active in the
different CRISPR families.?® Remarkably, almost all of the newly
integrated spacers were found to match plasmid-like sequences
and no viral spacers; although the presence of plasmids and
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viruses in the same culture was demonstrated.?® This result sug-
gests a bias toward the incorporation of plasmid-like sequences
in the CRISPR family I, although previous bioinformatic analy-
ses of the spacers located within S. solfataricus and S. islandicus
CRISPR loci do not indicate preferential integration of plasmid-
derived sequences.?*”

The incorporation of “exclusively” plasmid-derived spac-
ers could be explained by the presence of a CRISPR-resistant
virus and an aggressive conjugative plasmid in the enrichment
26287176 T is not difficult to think that the co-evolution-
ary arms-race between host and invaders could have led to the
selection of mechanisms to avoid CRISPR interference or/and
to block the incorporation of new spacers.”” Integration of the

culture.

viral genome into the host chromosome or modification of the
nucleic acid via e.g., methylation, could represent simple but
effective mechanisms to avoid CRISPR spacer integration and
interference.

In her experiment, Erdmann reported the integration of hun-
dreds of new spacers into the CRISPR loci increasing our under-
standing of the protospacer adjacent motif (PAM) in Sulfolobus.
The mapping of the newly acquired protospacer on the plasmid
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genome has confirmed the short di-nucleotide sequence GG for
loci C, D and E as PAM, the same di-nucleotide sequence previ-

ously identified by bioinformatic analyses.?2%>71.75.76

CAS Protein Complexes of Sulfolobus

Clusters of genes encoding CRISPR-associated proteins that pro-
vide the enzymatic machinery of the system are present in the
proximity of CRISPR loci. On the S. solfataricus chromosome,
two “integration cassettes,” five “interference complexes” as well
as other CRISPR-related proteins are encoded near the different
loci. Loci A-B, C-D and F carry in their proximity a cas cas-
sette with high similarity to the CASCADE complex found in
E. coli,*® additionally a Csm and Crm cassette (the latter formerly
also referred to as RAMP proteins and according to Makarova
et al.,? now referred to as CRISPR type III A or B module) can
be found in the vicinity of CRISPR C and F, respectively'*>?
(Fig. 2).

The Type I CRISPR is the most diverse type with six dif-
ferent subtypes and its principle characteristic is the presence of
the Cas3 protein, a helicase-nuclease involved in the targeting
and degradation of foreign ssDNA.”® CRISPR type I was inten-
sively studied in E. coli and P. auruginosa.””-** In those systems,
a long precursor CRISPR RNA is processed to ctRNA by Cas6,
an endonuclease which recognizes and cleaves the pre-crRNA
transcript at a particular site within the repeat. Once formed,
the ctRNA guides a complex of several Cas proteins called
CASCADE (CRISPR associated complex for antiviral defense)'!
to the target DNA, blocking the invasion of genetic elements that
carry DNA sequences (protospacer) complementary to the guide
ctRNA. In the CRISPR type I, the pairing between crRNA and
its target and the presence of a PAM site” are essential condi-
tions for an efficient DNA degradation.'** The presence of PAM
originally identified as being essential for de-novo spacer acqui-
sition was demonstrated to be an essential feature also for the
interference process in CRISPR type I systems.” Furthermore,
in vivo and in vitro studies have demonstrated the importance
of the first seven to eight nucleotides at the 5'end of the crRNA
(“seed” sequence) during the recognition process.”*' Mutations
in the seed sequence are not tolerated and lead to a loss of immu-
nity. In S. solfataricus, three different CASCADE complexes are
located in the proximity of CRISPR locus A-B, C-D and F.

Two of the Cas proteins located near the CRISPR locus C
and D show high similarity to those of the E. coli CASCADE
complex. This Cas cluster encodes proteins homologous to
CasC (Csa2; SSO1442 also known as Cas7) and CasD (Cas5a,
SSO1441), which co-purify in S. solfataricus with the processed
ctRNA and can bind specifically ctRNAs and recognize single-
stranded DNA when expressed and purified from E. coli.** The
complex binds crRNAs of 60-70 nt in length and sequencing of
the cloned small RNA fragments revealed the presence of full
repeat-spacer units with 8 nt of the repeat at the 5-end of the
spacer sequence followed by the unique spacer with the remain-
ing 16-17 nt of the repeat at its 3'end.** Interestingly, the crRNAs
that co-purified with the archaeal aCASCADE originated from
all the different S. solfataricus CRISPR loci and not only from
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the adjacent loci C and D, indicating that this complex might be
able to exert its activity with all or most crRNAs of the organism.

The Cas7(Csa2)-Cas5a complex (CASCADE) also co-puri-
fied with Cas6 (SSO1437), Csa5 (SS01443) and possibly with
Csa4.% Cas6 even seemed to be physically linked with the Cas7-
Cas5a complex and was directly involved in the processing of the
direct repeat, as previously described for Cas6 proteins from the
archaeon P. furiosus and from E. coli."" >4

S. solfataricus possesses four Cas6 homologs located in the
proximity of the three putative CASCADE complexes and one in
the vicinity of the Csm module.** One of those (heterologously
expressed) Cas6 proteins (§502004), which is encoded adja-
cent to the CASCADE complex of locus F, showed the ability to
cleave specifically within the direct repeats in a sequence-specific
manner.* The presence of four different Cas6 genes in S. solfa-
taricus, primarily located at the beginning or at the end part of
the different Cas cassettes, reinforces the observation that each
Cas6 protein is linked to one of the different CASCADE and/or
Csm complexes. But the presence of crRNAs derived from all the
different CRISPR loci in the CASCADE complex analyzed from
Lintner and co-workers rises the possibility that a single Cas6
gene can recognize repeats from all different CRISPR loci.*
Remarkably, a recent publication has shown that in S. islandi-
cus REY15A, three different Cas interference cassette complexes
(CRISPR type I and two type IIIB) co-exist with a single Cas6
protein. This observation suggests that in some CRISPR-Cas
systems, a single Cas6 protein can interact with different Cas
interference complexes or that the pre-ctRNA processing by Cas6
takes place without a physical interaction between Cas6 and the
interference complexes.®?

Additionally, during the isolation of the Sulfolobus CASCADE
complex, paralogous proteins of Cas7 (Csa2; SSO1399) and
Cas5a (SSO1400) genes were co-purified.* The ability of a single
CASCADE complex to interact with crRNAs coming from all
different CRISPR loci and the possibility of the formation of
“mixed” CASCADE complexes, underline the complexity of the
Sulfolobus CRISPR-Cas system. This complexity could be impor-
tant to add further versatility and flexibility to the system. The
possibility that the different interference complexes could use any
spacers located on the CRISPR chromosome might increase the
flexibility of the immune system. Furthermore, the presence of
multiple putative CASCADE cassettes and Cmr/Csm modules,
not only constitutes an extended protection for the cell, but is also
a fertile source for the evolution of new CRISPR-Cas variants.

In vitro, the Sulfolobus CASCADE showed the ability to
bind single-stranded DNA upon interaction with a ctRNA, but
did not convey DNA cleavage.*® However, in vivo studies in
Sulfolobus demonstrate that CRISPR crRNA-based DNA cleav-
age indeed occurs.!*

The presence of several CRISPR types suggests a specializa-
tion of the different complexes in targeting different extra-chro-
mosomal elements and/or nucleic acids. The type III CRISPR
system has been intensively studied from Staphylococcus epidermis
(CRISPR type I1IA),” P. furiosus'® and, recently, S. solfataricus®
(CRISPR Type IIIB). It is characterized by the presence of Cas10

proteins possibly involved in crRNA processing and nucleic
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acid targeting. Furthermore, it usually contains a Cas6 protein
shown to be important for ccRNA maturation. Interestingly, the
CRISPR type IIIA system targets DNA in vivo but not RNA,"
whereas the type IIIB system of the archaea Pyrococcus and
Sulfolobus (Cmr module SS01986-92) cleaves RNA in vitro.!’#
Both type IITA and IIIB have shown no need for PAM sequences
to cleave RNA or DNA, respectively."** Nevertheless, a recent
study on one of the two Cmr complexes of S. islandicus REY15A
(Cmr-a), which is phylogenetically very distant from the pre-
vious Cmr complexes analyzed in vitro, demonstrates that type
IIIB CRISPR-Cas systems can also target DNA in vivo, although
its activity seems to be dependent on protospacer transcription.®?

The Cmr complex of Sulfolobus, like the CASCADE, showed
the ability to interact with spacers from many CRISPR loci,
but it interacted preferentially with ctRNAs transcribed from
CRISPR A and D.* Additionally, the ctRNAs that co-precipi-
tated with the Cmr complex showed the characteristic 8 nt 5'tag
but a shorter, often completely absent 3' handle, as previously
observed in Pyrococcus furiosus, although the trimming of the
ctRNA handle seems to involve a different mechanism in that
archaeon.” This result fits with Cas6 cleavage of the repeat fol-
lowed by exonucleolytic digestion of the spacer 3" handle from an
unknown nuclease.”

The presence of the ctRNA 8 nt 5'tag and an unpaired
sequence at the 3' end of the protospacer were pre-requisites for
the Cmr-mediated RNA cleavage in vitro. Furthermore, no need
of PAM sequences in the targeted RNA was necessary. Not only
cleavage of the target RNA was observed in Sulfolobus but also a
concomitant cleavage of crRNA albeit at lower levels. RNA cleav-
age sites were mapped on AU dinucleotides® and the absence of
AU sites in the target RNA abolished cleavage. Interestingly,
cleavage of the Cmr complex in the archaeon Pyrococcus follows a
different mechanism, as the cutting site is located at a fixed posi-
tion measured from the 3'end of the cognate crRNA."

Targeting the Invader: In Vivo Studies

CRISPR-mediated immunity was recently demonstrated and
characterized in vivo in Swulfolobus cells using recombinant
viruses' and plasmids,”” respectively, which contained proto-
spacer sequences compatible with crRNAs of the chromosome.
Spacers of CRISPR locus A and D conferred immunity against
extra-chromosomal elements carrying homologous protospacers
whereas spacers located in the CRISPR locus F did not.'! The
absence of interference activity of S. solfataricus CRISPR F can
be correlated with its lower pre-RNA transcription that might
in turn be caused by the absence of a leader sequence.®®>>¢%
Nevertheless, processed ctRNAs of this potentially “inactive”
locus were found in the co-purified CASCADE crRNA pool.*
The DNA targeting activity of the Sulfolobus CRISPR sys-
tem was quantified and characterized in detail. Both viruses
and plasmids carrying perfectly matching protospacers showed
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transformation/transfection efficiencies that were orders of mag-
nitudes lower than those of control vectors or were not even
detectable.!' Furthermore, challenging the CRISPR system
with perfectly matching protospacers under selective pressure, led
to partial deletion of the respective CRISPR locus.!? Similarly,
an artificial miniCRISPR locus encoded on the incoming virus
and targeting an endogenous non-essential gene was not stable in
culture and underwent extensive recombination that led to loss of
the targeting spacers.' Taken together, these results indicate that
DNA was targeted by the CRISPR-Cas system. Interestingly,
few nucleotide mutations between crRNA and protospacers
did not strongly abolish the DNA interference.'”>'* The system
tolerated up to four mutations at the 3'half of the crRNA and
a more recent study in our laboratory demonstrates that many
more mutations are tolerated by the system (Manica et al., sub-
mitted). Despite the high tolerance of the CRISPR-Cas system
for mutations located at the crRNA 3'half, only six mutations in
the crRNA 5'half (“seed” sequence region) are sufficient to abol-
ish the interference (Manica et al., submitted). These findings
support the observation made by Semenova and co-workers* in
E. coli, where the first 8 nt of the crRNA 5'half (seed) were crucial
for ctRNA-target recognition.

Conclusion

Viruses, plasmids and other mobile genetic elements have been
described in most archaea, but occur in extraordinary numbers
and diversity in members of the genus Sulfolobus. It might there-
fore not be too surprising that species of this genus also harbor
extensive and diverse CRISPR loci that help to defend against or
cope with these elements. While it seems ad hoc unfavorable to
study specific functions of the archaeal immune system in such a
complex genomic context, the studies made in Sulfolobus clearly
demonstrate the advantages of this complexity: the activity of
clusters from different CRISPR families can be directly com-
pared and their interactions studied, as demonstrated for spacer
recruitment, recombination of loci, CASCADE complex forma-
tion and crRNA sorting. Specificity of proteins from different
CRISPR families can be investigated in parallel and both DNA
degradation (so far demonstrated only in vivo) and RNA deg-
radation (so far only demonstrated in vitro) of invading nucleic
acids can be studied in the same system. It will be important to
obtain more mechanistic details on these functions in the future
and to analyze the ecological relevance of the virus defense sys-
tem for the host organisms and their invading genetic elements.
Equally important will be the investigation of CRISPR systems
in other genetically and/or biochemically tractable archaea in
order to obtain a comprehensive picture of the function of diverse
and abundant CRISPR RNAGs in archaea.
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