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RNA-guided genetic silencing
systems in bacteria and archaea

Blake Wiedenheft"*t, Samuel H. Sternberg’® & Jennifer A. Doudna' *

Clustered regularly interspaced short palindromic repeat (CRISPR) are essential components of nucleic-acid-based
adaptive immune systems that are widespread in bacteria and archaea. Similar to RNA interference (RNAi) pathways
in eukaryotes, CRISPR-mediated immune systems rely on small RNAs for sequence-specific detection and silencing
of foreign nucleic acids, including viruses and plasmids. However, the mechanism of RNA-based bacterial immunity is
distinct from RNAi. Understanding how small RNAs are used to find and destroy foreign nucleic acids will provide new
insights into the diverse mechanisms of RNA-controlled genetic silencing systems.

on the planet, thriving in habitats that range from hot springs to

humans. However, viruses outnumber their microbial hosts in
every ecological setting, and the selective pressures imposed by these
rapidly evolving parasites has driven the diversification of microbial
defence systems' ™. Historically, our understanding of antiviral immu-
nity in bacteria has focused on restriction-modification systems,
abortive-phage phenotypes, toxin—antitoxins and other innate defence
systems™*’. More recently, bioinformatic, genetic and biochemical stud-
ies have revealed that many prokaryotes use an RNA-based adaptive
immune system to target and destroy genetic parasites (reviewed in refs
6-12). Such adaptive immunity, previously thought to occur only in
eukaryotes, provides an example of RNA-guided destruction of foreign
genetic material by a process that is distinct from RNA interference
(RNAI) (Fig. 1).

In response to viral and plasmid challenges, bacteria and archaea
integrate short fragments of foreign nucleic acid into the host chromo-
some at one end of a repetitive element known as CRISPR (clustered
regularly interspaced short palindromic repeat)"**. These repetitive
loci serve as molecular ‘vaccination cards’ by maintaining a genetic
record of prior encounters with foreign transgressors. CRISPR loci
are transcribed, and the long primary transcript is processed into a
library of short CRISPR-derived RNAs (crRNAs)'**" that each con-
tain a sequence complementary to a previously encountered invading
nucleic acid. Each crRNAs is packaged into a large surveillance complex
that patrols the intracellular environment and mediates the detection
and destruction of foreign nucleic acid targets'>**"*.

CRISPRs were originally identified in the Escherichia coli genome
in 1987, when they were described as an unusual sequence element
consisting of a series of 29-nucleotide repeats separated by unique
32-nucleotide ‘spacer’ sequences’®. Repetitive sequences with a similar
repeat-spacer—repeat pattern were later identified in phylogenetically
diverse bacterial and archaeal genomes, but the function of these repeats
remained obscure until many spacer sequences were recoginized as
being identical to viral and plasmid sequences®*'. This observation
led to the hypothesis that CRISPRs provide a genetic memory of infec-
tion®, and the detection of short CRISPR-derived RNA transcripts
suggested that there may be functional similarities between CRISPR-
based immunity and RNAi***. In this Insight, we review three stages of
CRISPR-based adaptive immunity and compare mechanistic aspects of
these immune systems to other RNA-guided genetic silencing pathways.

B acteria and archaea are the most diverse and abundant organisms

Architecture and composition of CRISPR loci

The defining feature of CRISPR loci is a series of direct repeats
(approximately 20-50 base pairs) separated by unique spacer
sequences of a similar length'"**** (Fig. 2). The repeat sequences
within a CRISPR locus are conserved, but repeats in different CRISPR
loci can vary in both sequence and length. In addition, the number
of repeat—spacer units in a CRISPR locus varies widely within and
among organisms™.

The sequence diversity of these repetitive loci initially limited their
detection and obscured their relationship, but computational methods
have been developed for detecting repeat patterns rather than related
sequences”*****, One of the first-generation pattern-recognition algo-
rithms identified the repeat-spacer-repeat architecture in phylogeneti-
cally diverse bacterial and archaeal genomes, but related structures were
not identified in eukaryotic chromosomes®. Comparative analyses of
the sequences adjacent to the CRISPR loci have revealed an (A+T)-rich
‘leader’ sequence that has been shown to serve as a promoter element
for CRISPR transcription® . In addition to the leader sequence, Jansen
et al.”’ identified a set of four CRISPR-associated (cas) genes known as
cas1-4 that are found exclusively in genomes containing CRISPRs. Based
on sequence similarity to proteins of known function, Cas3 was predicted
to be a helicase and Cas4 a RecB-like exonuclease™.

Subsequent bioinformatic analyses have shown that CRISPR loci are
flanked by a large number of extremely diverse cas genes’>*. The casI
gene is a common component of all CRISPR systems, and phylogenetic
analyses of Casl sequences indicate there are several versions of the
CRISPR system. Providing additional evidence for the classification
of distinct CRISPR types, neighbourhood analysis has identified con-
served arrangements of between four and ten cas genes that are found
in association with CRISPR loci harbouring specific repeat sequences™.

These distinct immune systems have been divided into three major
CRISPR types on the basis of gene conservation and locus organiza-
tion"”. More than one CRISPR type is often found in a single organism,
indicating that these systems are probably mutually compatible and could
share functional components'. Despite the variation in number and
diversity of cas genes, the distinguishing feature of all type I systems is that
they encode a cas3 gene. The Cas3 protein contains an N-terminal HD
phosphohydrolase domain and a C-terminal helicase domain®*****, In
some type I systems, the Cas3 nuclease and helicase domains are encoded
by separate genes (cas3” and cas3’, respectively), but in each case they are
thought to participate in degrading foreign nucleic acids™**** (Fig. 2).
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Type II CRISPR systems consist of just four cas genes, one of which
is always cas9 (formerly referred to as csnl). Cas9 is a large protein
that includes both a RuvC-like nuclease domain and an HNH nucle-
ase domain. Studies in Streptococcus pyogenes and Streptococcus ther-
mophilus have indicated that Cas9 may participate in both CRISPR RNA
processing and target destruction'*'>"”. Two variations of the type I11
system have been identified (known as ITI-A and ITI-B). This division
is supported by the functional differences reported in Staphylococcus
epidermidis and Pyrococcus furiosus'”**. The immune system in S. epi-
dermidis (type III-A) targets plasmid DNA in vivo, whereas the purified
components of the type III-B system in P. furiosus have been found to
cleave only single-stranded RNA substrates in vitro. The functional dis-
tinction between these two closely related systems suggests there could
be other mechanistic differences between the distinct CRISPR subtypes.

Integration of new information into CRISPR loci

Acquisition of foreign DNA is the first step of CRISPR-mediated immu-
nity (Fig. 2 and 3). During this stage, a short segment of DNA from an
invading virus or plasmid (known as the protospacer) is integrated pref-
erentially at the leader end of the CRISPR locus'*". Although metagen-
omic studies performed on environmental samples indicate that
CRISPRs evolve rapidly in dynamic equilibrium with resident phage
populations'***, the type II system in S. thermophilus is currently the
only CRISPR system that has been shown to robustly acquire new phage
or plasmid sequences in a pure culture. Phage-challenge experiments in
S. thermophilus have indicated that a small proportion of the cells in a
population will typically incorporate a single virus-derived sequence at
the leader end of a CRISPR locus'*'**"*>, The CRISPR-repeat sequence
is duplicated for each new spacer seqenced added, thus maintaining the
repeat-spacer-repeat architecture. Although the mechanism of spacer
integration and replication of the repeat sequence is still unknown,
studies in S. thermophilus and E. coli have indicated that several Cas
proteins are involved in the process'*'>*>*’. Mutational analysis of the

CRISPR-mediated interference

cas genes in S. thermophilus demonstrated that csn2 (previously known
as cas?) is required for new spacer sequence acquisition'. This gene is
not conserved in other CRISPR types, which suggests that either the
mechanism of adaptation in S. thermophilus is distinct from the other
types or that there are functional orthologues of Csn2 in other systems.
Furthermore, gene deletion experiments in both S. thermophilus and
E. coli have shown that neither casl nor cas2 genes are required for
CRISPR RNA processing or targeted interference”****. These genetic
studies suggest a role for Cas1 and Cas2 in the integration of foreign
DNA into the CRISPR.

The role of Casl in CRISPR-mediated immunity is still uncertain;
however, biochemical and structural data indicate a function for Cas1 in
new-spacer-sequence acquisition® . Casl proteins from Pseudomo-
nas aeruginosa™®, E. coli’* and Sulfolobus solfataricus® have been purified
and studied biochemically. The Casl protein from S. solfataricus has
been shown to bind nucleic acids with high affinity (K; ranging from 20
to 50 nM), but without sequence preference®. The Casl protein from
E. coli also binds to DNA with a preference for mismatched or abasic
substrates”. This observation is consistent with a recent study show-
ing a physical and genetic interaction between E. coli Casl and several
proteins associated with DNA replication and repair™.

Activity assays with Cas1 from P. aeruginosa and E. coli indicate that
Casl is a metal-dependent nuclease. The Casl protein from P. aeruginosa
is a DNA-specific nuclease, whereas the Casl1 protein from E. coli had a
nuclease activity on a wider range of nucleic acid substrates®*. These
in vitro assays suggest that Cas1 proteins interact with nucleic acids in a
non-sequence-specific manner.

Crystal structures for five different Casl proteins are currently avail-
able (Protein Data Bank (PDB) identifiers: 3GOD, 3NKD, 3LFX, 3PV9
and 2YZS)***. Although the amino acid sequences for these proteins are
extremely diverse (less than 15% sequence identity), their tertiary and
quaternary structures are similar. All Casl proteins seem to share a two-
domain architecture consisting of an N-terminal -strand domain and a
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Figure 1 | Parallels and distinctions between CRISPR RNA-guided
silencing systems and RNAi. CRISPR systems and RNAi recognize

long RNA precursors that are processed into small RNAs, which act as
sequence-specific guides for targeting complementary nucleic acids. In
CRISPR systems, foreign DNA is integrated into the CRISPR locus, and long
transcripts from these loci are processed by a CRISPR-associated (Cas) or
RNase I1T family nuclease'®*"**. The short CRISPR-derived RNAs (crRNAs)
assemble with Cas proteins into large surveillance complexes that target
destruction of invading genetic material'>********, In some eukaryotes, long
double-stranded RNAs are recognized as foreign, and a specialized RNase III
family endoribonuclease (Dicer) cleaves these RNAs into short-interfering
RNAs (siRNAs) that guide the immune system to invading RNA viruses’®.
PIWI-interacting RNAs (piRNAs) are transcribed from repetitive clusters in
the genome that often contain many copies of retrotransposons and primarily
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act by restricting transposon mobility””®. The biogenesis of piRNAs is

not yet fully understood. MicroRNAs (miRNAs) are also encoded on the
chromosome, and primary miRNA transcripts form stable hairpin structures
that are sequentially processed (shown by red triangles) by two RNase III
family endoribonucleases (Drosha and Dicer)”. miRNAs do not participate
in genome defence but are major regulators of endogenous gene expression®.
Like crRNAs, eukaryotic piRNAs, siRNAs and miRNAs associate with
proteins that facilitate complementary interactions with invading nucleic
acid targets”****””. In eukaryotes, the Argonaute proteins pre-order the 5
region of the guide RNA into a helical configuration, reducing the entropy
penalty of interactions with target RNAs®. This high-affinity binding site,
called the ‘seed’ sequence, is essential for target sequence interactions. Recent
studies indicate that the CRISPR system may use a similar seed-binding
mechanism for enhancing target sequence interactions’®*”**.
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C-terminal a-helical domain (Fig. 3). The C-terminal domain contains a
conserved divalent metal-ion binding site, and alanine substitutions of the
metal-coordinating residues inhibit Cas1-catalysed DNA degradation™*.
The metal ion is surrounded by a cluster of basic residues that form a
strip of positive charge across the surface of the C-terminal domain. This
positively charged surface may serve as an electrostatic snare to position
nucleic-acid substrates near the catalytic metal ions™ (Fig. 3). The Casl
protein forms a stable homodimer that is formed through interactions
between the two -strand domains, which are related by a pseudo-two-
fold axis of symmetry**°. This organization creates a saddle-like structure
that can be modelled onto double-stranded DNA without steric clashing.
B-hairpins, one from each of the two symmetrically related molecules,
hang on opposite faces of the double-stranded DNA (like stirrups on a

REVIEW

saddle). Although this feature of the Casl structure did not initially stand
out as a potential DNA-binding site, comparative analysis of the avail-
able Casl structures reveals a conserved set of positively charged residues
along each of the B-hairpins that could contact the phosphate backbone.
The two B-hairpins, which are symmetrically related, might participate
in sequence-specific interactions with the CRISPR repeat, whereas the
large positively charged surface on the C-terminal a-helical domain could
account for the high-affinity, non-sequence-specific interactions that have
been observed in vitro.

In spite of these structural studies and biochemical results, it is still only
possible to speculate on the role of Casl in the integration of new spacer
sequences, and many steps associated with the integration process still
need to be explained. For example, new spacer sequences are inserted
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Figure 2 | Diversity of CRISPR-mediated adaptive immune systems
in bacteria and archaea. A diverse set of CRISPR-associated (cas)

genes (grey arrows) encode proteins required for new spacer sequence
acquisition (Stage 1), CRISPR RNA biogenesis (Stage 2) and target
interference (Stage 3). Each CRISPR locus consists of a series of direct
repeats separated by unique spacer sequences acquired from invading
genetic elements (protospacers). Protospacers are flanked by a short
motif called the protospacer adjacent motif (PAM, **) that is located on
the 5 (type I) or 3’ (type IT) side in foreign DNA'**"*>**" 1,ong CRISPR
transcripts are processed into short crRNAs by distinct mechanisms. In
type I and III systems, a CRISPR-specific endoribonuclease (yellow ovals
and green circles, respectively) cleaves 8 nucleotides upstream of each
spacer sequence'*'**"** In type I1I systems, the repeat sequence on the 3’
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end of the crRNA is trimmed by an unknown mechanism (green pacman,
right). In type II systems, a trans-acting antisense RNA (tracrRNA) with
complementarity to the CRISPR RNA repeat sequence forms an RNA
duplex that is recognized and cleaved by cellular RNase III (brown ovals)"’.
This cleavage intermediate is further processed at the 5’ end resulting in

a mature, approximately 40-nucleotide crRNA with an approximately
20-nucleotide 3’-handle. In each system, the mature crRNA associates with
one or more Cas proteins to form a surveillance complex (green rectangles).
Type I systems encode a Cas3 nuclease (blue pacman), which may be
recruited to the surveillance complex following target binding”**"*'. A short
high-affinity binding site called a seed-sequence has been identified in some
type I systems”*, and genetic experiments suggest that type II systems have
a seed sequence located at the 3’ end of the crRNA spacer sequence™.
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preferentially at the leader end of the CRISPR, but the mechanism of
leader end recognition is unknown. One simple model suggests that the
leader sequence contains a recognition element that recruits the integra-
tion machinery. It is equally possible that integration relies on single-
stranded regions of the CRISPR DNA that are made available during
transcription. Transcription-associated recombination is involved in
genome stability®, and a mechanism that couples integration together
with transcription would link the process of adaptation to CRISPR RNA
expression, ensuring that spacers from the most recent virus or plasmid
are transcribed first.

The integration machinery must be able to distinguish foreign DNA
from that of the host genome. The molecular cues that are involved in the
distinction of ‘self” from ‘non-self” are still unknown, but sequencing of
CRISPR loci following phage challenge suggests that spacer sequences
are not selected at random">********. Mapping spacer sequences onto
viral genomes reveals a short sequence motif proximal to the protospacer,
which is referred to as the protospacer adjacent motif (PAM). PAM
sequences are only a few nucleotides long, and the precise sequence var-
ies depending on the CRISPR system type®. This variation suggests that
one or more of the Cas proteins associated with each immune system is
involved in PAM recognition, but the mechanism governing this specific-
ity is unknown.

CRISPR RNA biogenesis

Spacer acquisition is the first step of immunization, but successful protec-
tion from bacteriophage or plasmid challenge requires the CRISPR to be
transcribed and processed into short CRISPR-derived RNAs (crRNAs).
crRNAs were first detected by small RNA profiling in Archaeoglobus
fulgidus® and S. solfataricus®. Northern-blot analysis using probes
against the repeat sequence of the CRISPR revealed a ladder-like’ pat-
tern of RNA consistent with a long precursor CRISPR RNA transcript
(pre-crRNA) that was processed at approximately 60-nucleotide inter-
vals. In fact, the 3" ends of cloned crRNAs were mapped to the middle
of the CRISPR repeat®, which suggested that the repeat sequence was
recognized and cleaved.

The need for crRNAs in CRISPR-mediated defence was demon-
strated initially by investigation of a CRISPR-specific endoribonucle-
ase in E. coli called Cas6e (formerly known as Cse3 or CasE)”. Cas6e
specifically binds and cleaves within each repeat sequence of the long
pre-crRNA, resulting in a library of crRNAs that each contain a unique
spacer sequence flanked by fragments of the adjacent repeats. Mutation
of a conserved histidine blocks crRNA biogenesis and leaves the cell
susceptible to phage infection™.

The Cas6e protein consists of a double ferredoxin-like fold that selec-
tively associates with specific RNA repeats and does not associate with
DNA or CRISPR RNAs containing a non-cognate repeat sequence
18202263 (Big 4). Crystal structures of Cas6e bound to a CRISPR RNA
repeat reveal a combination of sequence- and structure-specific interac-
tions that explain the molecular mechanism of substrate recognition"**.
The repeat sequence of the E. coli CRISPR is partially palindromic, and
the RNA forms a stable (approximately 20-nucleotide) stem loop™*. A
positively charged -hairpin in Cas6e interacts with the major groove of
the RNA duplex, which positions the 3’ strand of the crRNA stem along a
conserved, positively charged cleft on one face of the protein'®*’ (Fig. 4).
RNA binding induces a conformational change that disrupts the bot-
tom base pair of the stem and positions the scissile phosphate within
the enzyme active site for site-specific cleavage®”. CRISPR RNA cleav-
age occurs 8 nucleotides upstream of the spacer sequence, which results
in 61-nucleotide mature crRNAs consisting of a 32-nucleotide spacer
flanked by 8 nucleotides of the repeat sequence on the 5" end (known
as the 5’-handle) and 21 nucleotides of the remaining repeat sequence
on the 3’ end (Fig. 4). Cas6e remains tightly bound to the 3’ stem-loop™
and may serve as a nucleation point for assembly of a large effector com-
plex, Cascade (CRISPR-associated complex for antiviral defence), that is
required for phage silencing in the next stage of the immune system”>***
(discussed later).
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Crystal structures of CRISPR-specific endoribonucleases from two
other immune systems offer additional insights into the co-evolution-
ary relationship between these specialized enzymes and their cognate
RNAs'*"**! (Fig. 4). In P. aeruginosa, Cas6f (previously known as Csy4)
specifically binds and cleaves the CRISPR-RNA-repeat 8 nucleotides
upstream of the spacer sequence, which leaves a similar 8-nucleotide
5"-handle on mature crRNAs". The co-crystal structure of Cas6f bound
to its cognate RNA reveals interesting parallels between the method of
RNA binding used by Cas6fand Cas6e'* ™. Like Cas6e, the P. aeruginosa
Cas6f protein recognizes the sequence and shape of a stable stem-loop
in the crRNA repeat sequence by interacting extensively with the major
groove of the double-stranded RNA. However, the structural elements
responsible for this interaction are distinct between the two proteins'®*°
(Fig. 4). The Cas6f protein has a two-domain architecture, which con-
sists of an N-terminal ferredoxin-like fold similar to that in Cas6e, but
its C-terminal domain is structurally distinct. An arginine-rich helix
in the C-terminal domain of Cas6f inserts into the major groove of the
crRNA duplex, and the bottom of the crRNA is positioned for sequence-
specific hydrogen-bonding contacts in the RNA major groove. These
contacts position the scissile phosphate of the crRNA in the enzyme
active site so that cleavage occurs 8 nucleotides upstream of the spacer
sequence'®” (Fig. 4).

Although Cas6f and Cas6e recognize the sequence and shape of the
crRNA hairpin in their respective systems, CRISPR RNA repeats in
other CRISPR systems are thought to be unstructured®. For example,
the Cas6 protein from P, furiosus associates with CRISPR transcripts that
are expected to contain unstructured repeats™. The specific recognition
of an unstructured RNA repeat requires a distinct mechanistic solution
for RNA substrate discrimination. Remarkably, crystallographic studies
of the Cas6 protein from P, furiosus have revealed the same duplicated
ferredoxin-like fold observed in the Cas6e protein, but with a different
mode of RNA recognition involving the opposite face of the protein
(Fig. 4). In Cas6, the two ferredoxin-like folds clamp the 5’ end of the
single-stranded RNA repeat sequence in place®'. Although the RNA in
this structure is disordered in the enzyme active site, biochemical studies
have shown that cleavage occurs 8 nucleotides upstream of the spacer
sequence'®*, While the nucleotide sequences at the cleavage site vary for
each of the different Cas6 proteins, all Cas6 family endoribonucleases
cleave their cognate RNA 8 nucleotides upstream of the spacer sequence
using a metal-ion-independent mechanism.

Despite advances in our understanding of crRNA biogenesis, the
diversity of cas genes has obscured identification of the protein fac-
tors responsible for CRISPR RNA processing in some systems. Type II
immune systems consist of four cas genes, none of which have a detect-
able sequence similarity to known CRISPR-specific endoribonucleases.
Recently, a different CRISPR RNA processing mechanism has been
reported that involves RNase-1II-mediated cleavage of double-stranded
regions of the CRISPR RNA repeats"’. The first indication of this mecha-
nism came from deep sequencing of RNA from S. pyogenes. An abundant
transcript containing a 25-nucleotide sequence that was complemen-
tary to the CRISPR repeat was identified. This RNA, termed tracrRNA
(trans-activating CRISPR RNA), is coded on the opposite strand and just
upstream of the CRISPR locus. Genetic and biochemical experiments
demonstrated that tracrRNA and pre-crRNA are co-processed by RNase
11T, which produces cleavage products with a 2 nucleotide 3’ overhang'”.
Invivo processing of CRISPR RNAs required Cas9 (previously known as
Csnl), although a precise role for this enzyme in RNA processing has not
yetbeen defined. The essential role of cellular proteins that are not solely
involved in CRISPR-mediated defence, such as RNase I, indicates that
different host factors may be involved as ancillary components of these
immune systems.

crRNA-guided interference

The third stage of CRISPR-mediated immunity is target interference
(Fig. 2). Here crRNAs associate with Cas proteins to form large CRISPR-
associated ribonucleoprotein complexes that can recognize invading
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Figure 3 | Steps leading to new spacer integration. a, The Casl protein
forms a stable homodimer where the two molecules (green and grey) are
related by a pseudo-two-fold axis of symmetry (PBD ID: 3GOD)***". This
organization creates a saddle-like structure in the N-terminal domain,
in which B-hairpins (blue) from each symmetrically related molecule
hang (like stirrups) that are separated by approximately 20 A, and may
interact with the phosphodiester backbone of double-stranded DNA. An
electrostatic surface representation (bottom) reveals a cluster of basic
residues (blue) that form a positively charged strip across the metal-
binding surface of the C-terminal domain. This strip may serve as an
electrostatic trap that positions DNA substrates proximally to catalytic

nucleic acids. Foreign nucleic acids are identified by base-pairing interac-
tions between the crRNA spacer sequence and a complementary sequence
from the intruder. Phage- and plasmid-challenge experiments performed
in several model systems have demonstrated that crRNAs complementary
to either the coding or the non-coding strand of the invading DNA can
provide immunity"**>****% This is indicative of an RNA-guided DNA-
targeting system, and indeed a pathway for DNA silencing has recently
been demonstrated in S. thermophilus'>. DNA sequencing and Southern
blots indicated that both strands of the target DNA are cleaved within
the region that is complementary to the crRNA spacer sequence””. This
mechanism efficiently eliminates foreign DNA sequences, which have
been specified by the spacer region of the crRNA, but avoids targeting
the complementary DNA sequences in the CRISPR region of the host
chromosome. The mechanism for distinguishing self from non-self is
built into the crRNA. The spacer sequence of each crRNA is flanked by
aportion of the adjacent CRISPR repeat sequence, and any complemen-
tarity beyond the spacer into the adjacent repeat region signals self and
prevents the destruction of the host chromosome”.

However, not all CRISPR systems target DNA. In vitro experiments
using enzymes from the type ITI-B CRISPR system of P. furiosus have
shown that this system cleaves target RNA rather than DNA*. All DNA
targeting systems encode a complementary DNA sequence for each
crRNA in the CRISPR locus and therefore require a mechanism for distin-
guishing self (CRISPR locus) from non-self (invading DNA). In contrast,
systems that target RNA may not be required to make this distinction
because most CRISPR loci are transcribed only in one direction and thus
do not generate complementary RNA targets. CRISPR systems that tar-
get RNA may be uniquely capable of defending against viruses that have
RNA-based genomes. However, adaptation of the CRISPR in response
to a challenge by an RNA-based virus will probably require the invading
RNA to be reverse-transcribed into DNA before it can be integrated into
the CRISPR locus.

Rep@

metal ions (green sphere). b, CRISPR adaptation occurs by integrating
fragments of foreign nucleic acid preferentially at the leader end of the
CRISPR, forming new repeat-spacer units in the process. Protospacers
are chosen non-randomly and may be selected from regions flanking the
protospacer adjacent motif (PAM). Coordinated cleavage of the foreign
DNA and integration of the protospacer into the leader-end of the CRISPR
occurs through a mechanism that duplicates the repeat sequence and
thus preserves the repeat-spacer-repeat architecture of the CRISPR locus.
Although the protein components required for this process have not been
conclusively identified, Casl and other general recombination or repair
factors have been implicated (blue ovals)*>***.

Cas proteins directly participate in target binding. Recent bio-
chemical studies have shown that CRISPR-associated complexes
facilitate target recognition by enhancing sequence-specific
hybridization between the CRISPR RNA and complementary target
sequences”’. A short high-affinity binding site located at one end of
the crRNA spacer sequence governs the efficiency of target binding,
and viruses that acquired a single mismatch in this region were able
to escape detection by the immune system®. This high-affinity bind-
ing site is functionally analogous to the ‘seed’ sequence (Fig. 1) that
has been identified in eukaryotic microRNAs (miRNAs)*. Struc-
tural and biochemical studies have shown that Argonaute proteins
facilitate target recognition by pre-ordering the nucleotides at the
5’ end of the miRNA in a helical configuration®. This pre-ordering
reduces the entropic penalty that is associated with helix forma-
tion and provides a thermodynamic advantage for target binding
within this region. A similar mechanism may occur during crRNA
target binding, providing an interesting example of convergent evo-
lution between CRISPR-based immunity in prokaryotes and RNAi
in eukaryotes (Fig. 1).

Structural and biochemical studies have been performed on
CRISPR-associated complexes isolated from three different type I
CRISPR systems®*”*, These complexes seem to share some gen-
eral morphological features, but the precise special arrangement of
the Cas proteins and their interactions with the crRNA have been
unclear. Sub-nanometre-resolution structures of the CRISPR-asso-
ciated complex from E. coli (Cascade) have recently been determined
using cryo-electron microscopy”®. This complex is comprised of an
unequal stoichiometry of 5 functionally essential Cas proteins and
a 61-nucleotide crRNA*****, The structure reveals a sea-horse-
shaped architecture in which the crRNA is displayed along a helical
arrangement of protein subunits that protect the crRNA from deg-
radation®. The 5" and 3’ ends of the crRNA form unique structures
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Figure 4 | Diverse mechanisms of CRISPR RNA biogenesis. CRISPR
RNA repeats are specifically recognized and cleaved by diverse
mechanisms. In type I CRISPR systems, Cas6e (PDB ID: 2Y8W) and Cas6f
(PDB ID: 2XLK) recognize the major groove of the crRNA stem-loop
primarily through electrostatic interactions using a f-hairpin and a-helix,
respectively'®'**. Cleavage occurs at the double-stranded-single-stranded
junction (black arrows), leaving an 8-nt 5’-handle on mature crRNAs. In
type II CRISPR systems, tracrRNA hybridizes to the pre-crRNA repeat

to form duplex RNAs that are substrates for endonucleolytic cleavage by
host RNase IIT (PDB ID: 2EZ6), an activity that may also require Cas9

(ref. 17). Subsequent trimming (red arrows) by an unidentified nuclease

that are anchored at opposite ends of the Cascade complex, dis-
playing the 32-nucleotide spacer sequence for base-pairing with
complementary targets.

The structure of Cascade bound to a 32-nucleotide target sequence”
reveals a concerted conformational change that could be a signal for
recruiting Cas3. Cas3 — the trans-acting nuclease of type I CRISPR sys-
tems — may function as a target ‘slicer’ in a similar way to Argonaute in
RNAi pathways™***”, Although Cas3 was implicated previously in the
process of self versus non-self discrimination, recent studies have dem-
onstrated that Cascade recognizes the PAM directly and that mutations
in the PAM decrease Cascade’s affinity for the target*. The importance
of the PAM is highlighted by the recovery of phage and plasmid escape
mutants, which frequently contain a single mutation in the PAM'**'"%%,
The structure of Cascade indicates that the PAM is positioned near the
‘tail’ of the sea-horse-shaped complex. High-resolution structures and
mutational analysis of the nucleic acid and protein components in this
and related systems are needed to determine the mechanisms of target
authentication and degradation.

Applications of CRISPR structure and function

The sequence diversity of CRISPR loci, even within closely related
strains, has been used for high-resolution genotyping and forensic medi-
cine. This technique, known as spoligotyping (spacer oligotyping), has
been applied successfully to the analysis of human pathogens, including
Mycobacterium tuberculosis”', Corynebacterium diphtheriae” and Salmo-
nella enterica”. Spoligotyping was developed long before the function
of CRISPRs was understood, but now that studies have begun to reveal
the biological function and mechanism of CRISPR-mediated genetic
silencing, new opportunities for creative applications have emerged.
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removes leftover repeat sequences from the 5’ end. Cas6 (PDB ID: 3PKM)
in type III-B CRISPR systems specifically recognizes single-stranded
RNA, upstream of the scissile phosphate, on a face of the protein opposite
that of the previously identified active site residues'**"**. The remainder of
the repeat substrate probably wraps around the protein (red dashed line)
to allow cleavage 8 nucleotides upstream of the repeat-spacer junction.
Subsequent 3’ trimming (red arrows) generates mature crRNAs of two
discrete lengths. The N-terminal domain of all Cas 6 family proteins
adopts a ferredoxin-like fold (light blue).The C-terminal domain of Cas6
and Cas6e also adopts a ferredoxin-like fold but the C-terminal domain of
Cas6f is structurally distinct (dark blue).

Laboratory strains of bacteria are grown in high-density bioreactors for
many different applications in the food industry, and they are becoming
increasingly important in the production of biofuels. CRISPR systems
offer a natural mechanism for adapting economically important bacteria
for resistance against multiple phages.

The biochemical activities of various Cas proteins may have use-
ful applications in molecular biology in much the same way that DNA
restriction enzymes have revolutionized cloning and DNA manipulation.
A wide range of CRISPR-specific endoribonucleases that recognize small
RNA motifs with high affinity expand the number of tools available for
manipulating nucleic acids. In addition, a crRNA-guided ribonucleopro-
tein complex in P, furiosus was shown to cleave target RNAs". Site-specific
cleavage of target RNA molecules could have a range of uses, from gen-
erating homogeneous termini after in vitro transcription to targeting a
specific intracellular messenger RNA for inactivation in a similar way to
RNAI. CRISPRs also provide a new mechanism for limiting the spread of
antibiotic resistance or the transfer of virulence factors by blocking hori-
zontal gene transfer'>". In addition, CRISPRs participate in a regulatory
mechanism that alters biofilm formation in P. aeruginosa™”. Although
the clinical relevance of CRISPRs remains to be demonstrated, the oppor-
tunities for creative implementation of this new gene-regulation system
are perceivably vast.

Future directions of CRISPR biology

The discovery of some of the fundamental mechanisms of CRISPR-
based adaptive immunity has raised new questions and highlighted the
areas with the greatest potential for future research. Although CRISPR
RNA processing and targeting steps are now understood in some detail,
how and when target sequences are identified during a phage infection

© 2012 Macmillan Publishers Limited. All rights reserved



or plasmid transformation are still unclear. Furthermore, why DNA or
RNA target sequences are chosen, and their fate once they are bound
to a crRNA-targeting complex is not well understood. In addition, the
mechanisms by which foreign sequences are selected and integrated
into CRISPR loci are almost entirely unknown. Some CRISPR loci seem
to be considerably more active than others, at least under laboratory
conditions, so selection of the model organisms will be important. The
diversity and prevalence of CRISPR systems throughout microbial com-
munities ensures that new findings and applications in this field will be
forthcoming in the years ahead. m
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