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Abstract

Bacteria and archaea have evolved defense and regulatory mechanisms
to cope with various environmental stressors, including virus attack.
‘This arsenal has been expanded by the recent discovery of the versatile
CRISPR-Cas system, which has two novel features. First, the host can
specifically incorporate short sequences from invading genetic elements
(virus or plasmid) into a region of its genome that is distinguished by
clustered regularly interspaced short palindromic repeats (CRISPRs).
Second, when these sequences are transcribed and precisely processed
into small RNAs, they guide a multifunctional protein complex (Cas
proteins) to recognize and cleave incoming foreign genetic material.
This adaptive immunity system, which uses a library of small noncod-
ing RNAs as a potent weapon against fast-evolving viruses, is also used
as a regulatory system by the host. Exciting breakthroughs in under-
standing the mechanisms of the CRISPR-Cas system and its potential
for biotechnological applications and understanding evolutionary dy-
namics are discussed.
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Clustered regularly
interspaced short
palindromic repeats
(CRISPR): hallmark
of CRISPR-Cas
systems

CRISPR-associated
proteins (Cas):
diverse types of
proteins encoded by
cas genes in the vicinity
of CRISPRs

INTRODUCTION

Bacteria and archaea have evolved to cope and
thrive as communities in dynamic environ-
ments that are stressful and fluctuating. These
environmental stressors can be both abiotic
(e.g., nonoptimal temperatures or nutrient lev-
els, redox stress) and biotic (e.g., toxins, viruses,
transmissible genetic elements) in nature. The
abundant presence of viruses in almost all envi-
ronments is a constant threat to the survival of
bacteria and archaea (2, 87, 93, 107). Further-
more, viruses can have high rates of mutation
and recombination, so a successful defense
system has to be multilayered and have the
ability to deal with variable and fast-evolving

CRISPRS AND RNAI: COMMON
DENOMINATORS AND DIFFERENCES

The hypothesis that CRISPR/Cas systems might be an adaptive
immune system was based on in silico analyses that also hinted
at an analogy to the eukaryotic RNA interference (RINAi) mech-
anism (74). Although there are common denominators between
crRNA and RNAi-based mechanisms of action, there are also
significant differences. The molecular commonalities between
CRISPR and RNAi primarily consist of the fact that both are
mediated by small noncoding RNAs which in conjunction with
a ribo-nucleoprotein-complex target sequence-specific cleavage
of nucleic acids. There are functional similarities between the
proteins involved in the biogenesis of small interfering RNAs,
as well as mechanistic and structural commonalities between
the eukaryotic RNA-induced silencing complex (RISC), and the
CRISPR-associated complex for antiviral defense (CASCADE).
One notable difference is the fact that the primary target
for CRISPR-interference is dsDNA, although mRNA can be
targeted by some CRISPR/Cas systems. Some key proteins do
not have direct functional/ structural equivalents, notably the
eukaryotic Argonaute (ARO), and some of the CRISPR universal
and “signature” proteins. Overall, although CRISPR is arguably
most similar to PIWI-interacting RNAs (piRNAs), which protect
genome integrity from parasites such as transposons (103), fur-
ther studies that examine the molecular basis for CRISPR-based
interference will likely expand the list of mechanistic idiosyn-
crasies and notable differences. Nevertheless, evidence of small
RINNA-based defense and regulatory systems in all three domains
of life should foster research that transcend these boundaries.
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predators (2, 41, 66). In this context, the
discovery of a novel adaptive defense system in
bacteria and archaea has generated great inter-
est and encouraged research into the molecular
basis of the mechanism of action, consequently
there have been several recent breakthroughs.
The CRISPR (clustered regularly interspaced
short palindromic repeats)-Cas (CRISPR-
associated proteins) defense comprises a
multistep process by which specific small
fragments of foreign nucleic acids are first rec-
ognized as being nonself and incorporated into
the host genome between short DNA repeats.
Subsequently, these fragments or spacers, in
conjunction with host Cas proteins, are used
as a surveillance and adaptive immune system
by which incoming foreign nucleic acids are
recognized and destroyed or possibly silenced.
The CRISPR-Cas system has primarily been
investigated in its defensive role against foreign
DNA (viruses and plasmids), but its versatile,
modular architecture may allow it to play a reg-
ulatory role in host cells. The apparent parallels
to the eukaryotic RNA interference (RINAi)
system (see sidebar, CRISPRs and RNAI:
Common Denominators and Differences) and
the potential uses in biotechnology have also
generated interest. The CRISPR-Cas system
provides a unique opportunity to observe and
model coevolution between host and virus in
natural environments or in controlled settings
because acquisition and immunity occur on
short time scales and evidence of past genetic
aggressions can be deduced in some cases.
Finally, the ability to dynamically acquire
foreign DNA and subsequently use it to fight
off invading genetic material has elements of
an acquired and heritable immunity system,
reflecting a Lamarckian mode of evolution (64).

We begin with a personal perspective of
the discovery of the CRISPR-Cas system and
then synthesize results in this fast-moving field,
including an attempt to categorize the bewil-
dering variety of Cas proteins and their func-
tions. We focus on bacteria, although studies
with archaea, most of which contain a CRISPR-
Cas system, have provided important insights
into its mode of action, diversity and unique
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characteristics (for reviews with a focus on Ar-
chaea, see 32, 69, 99, 108). We present new
evidence of the regulatory role of CRISPR-Cas
systems in bacteria, which functions via small
noncoding RNAs. The evolutionary implica-
tions of this rapidly evolving, heritable immune
system in prokaryotes and the opportunity it
affords to study the coevolution of viruses and
hosts are discussed. We include a section on
progress in engineering the CRISPR-Cas sys-
tem for biotechnological and epidemiological
applications. Several recent reviews have de-
scribed the experiments that led to the discov-
ery of this new defense system (5, 24, 49, 58,
104, 113) or have focused on the mechanism
of action of the CRISPR-Cas system in bacte-
ria (56, 76) or in archaea (32, 99, 108); others
have examined the CRISPR-Cas system from
an evolutionary perspective (63, 112) or placed
it in the context of the burgeoning small RNA
world (58).

MENAGE A TROIS:
BIOINFORMATICS,
BIOCHEMISTRY, AND
BACTERIOPHAGES

Brief History of the
CRISPR-Cas System

A timeline of unrelated observations made over
the past twenty years provides a compelling
example of the slow but satisfying path from
hypotheses generated solely from sequence
and genome context predictions (73, 80) to
biochemical, structural, and genetic data that
substantiated these initial ideas (11, 30). An
unintended consequence of this trajectory has
been the use of several confusing acronyms and
synonyms [see Makarova (72) and Deveau et al.
(24) for clarification]. Fifteen years elapsed
between the initial report of the presence of
DNA repeat arrays in the intergenic region ad-
jacent to the alkaline phosphatase (iap) gene in
Escherichia coli K12 (52) and the coining of the
CRISPR acronym in 2002, following the obser-
vation that such arrays of repeats were common
in bacteria and archaea (53, 54, 81). In the

1990s, bioinformatics-based tools allowed for
easy identification of these highly conserved ar-
rays of palindromic repeats as bacterial and ar-
chaeal genome sequencing/annotation projects
greatly expanded (16, 47, 48, 59, 60, 62, 77, 81,
84, 98). In hindsight, the meager viral and plas-
mid sequence information available hindered
the interpretation of the genetic content and
potential function(s) of the CRISPRs and even
today remains a limitation. Initial predictions
based on bioinformatic analyses were made
suggesting involvement in chromosome parti-
tioning (81) and DNA repair (73), and the bold
conjecture was put forward by Makarova and
colleagues that the CRISPR-Cas system might
be a defense system akin to eukaryotic RINAi
74).

The year 2005 marked a turning point when
three groups independently reported that the
hypervariable spacers showed sequence homol-
ogy to viruses (or bacteriophages) or plasmids
and hypothesized that CRISPRs and associ-
ated proteins could play a role in immunity
against transmissible genetic elements (13, 80,
90). Research groups working with genetically
tractable bacterial systems and available host
and/or viral genomes were soon able to provide
experimental evidence. A report in 2007 docu-
menting the ability of the CRISPR-Cas system
to provide viral resistance (11) and a publication
in 2008 showing the ability of CRISPRs to pre-
vent plasmid transfer (75) provided the impetus
to investigate the mechanism of action, lead-
ing to important new advances. Researchers
also quickly realized the potential of these hy-
pervariable and rapidly evolving genetic loci as
a valuable tool for genotyping closely related
pathogenic or environmentally relevant strains
and this is an area of active research.

THE CAST OF CHARACTERS

Novel Features of the CRISPR-Cas
Defense System

The CRISPR-Cas defense system has the
novel ability to incorporate short sequences
of nonself genetic material known as spacers
at specific locations within CRISPRs in the
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Spacer: small, variable
sequences (flanked by
repeats) in the host
genome that are
acquired from foreign
nucleic acids and play
a role in defense, so
the name is inaccurate
but widely adopted

Bacteriophage:
viruses that infect
bacteria, also known as

phage
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CRISPR locus/array:
region on genome or
plasmid containing
CRISPRs

Leader: 5" end of
crRINA preceding the
first CRISPR repeat,
which can contain long
AT-rich tracts and
include a promoter

Protospacer:
sequence in foreign
DNA which is
acquired as a spacer
into the host genome

Protospacer-
associated motif
(PAM): short
conserved sequence in
the immediate vicinity
of a protospacer that is
required for
acquisition
pre-CRISPR RNA
(pre-crRNA):
full-length transcript
produced from
CRISPR array

CRISPR RNA
(crRNA): small
noncoding RNA
produced by cleavage
of pre-crRNA (also
known as psiRNA or
guide RNA)

Interference:

the process by which
incoming foreign
DNA or RNA is
targeted for
destruction; also
known as adaptive
immunity
CASCADE
(CRISPR-associated
complex for antiviral
defense):
multisubunit protein
complex required for
interference
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host genome. Spacers are transcribed and
processed into small noncoding RNAs, which
in conjunction with specific Cas protein com-
plexes can bind to incoming foreign genetic
material if there is a close or absolute sequence
match between the small RNA and incoming
nucleic acid. This sequence-specific recogni-
tion process culminates in destruction of the
invading nucleic acid and requires several Cas
proteins. The surveillance and attack process
exploits previous exposure to a virus or plasmid
to target incoming foreign DNA (or RNA).
This provides the host heritable immunity to
recently detected foreign DNA and hence has
been termed an adaptive or acquired immune
system. However, some obvious distinctions
between the CRISPR-Cas system and the clas-
sical vertebrate immune response include the
fact that the CRISPR-Cas system can readily
acquire new spacers (or conversely, lose old
spacers) and this time-resolved activity allows
it to respond dynamically to a viral predator
that is also evolving at high rates. Further-
more, spacer-derived immunity is inherited by
daughter cells, reminiscent of a Lamarckian
mode of evolution, which does not occur in
eukaryotes.

A functional CRISPR-Cas system has two
distinguishable components required for activ-
ity (Figure 1). The first easily recognizable
feature is the CRISPR locus/array located on
the genome (either chromosome or plasmid),
which contains the hypervariable spacers ac-
quired from virus or plasmid DNA. The second
feature is a diverse group of cas genes located
in the vicinity of a CRISPR locus, which en-
code proteins (generically called Cas proteins)
required for the multistep defense against inva-
sive genetic elements.

The CRISPR-Cas defense process can be
separated into either two or three stages
(Figure 1). The first stage, referred to as adap-
tation (30, 76), immunization (49), or spacer
acquisition (58, 113), involves the recognition
and subsequent integration of spacers between
two adjacent repeat units within the CRISPR
locus. Spacers appear to be integrated primar-

ily at one end (the leader end) of the CRISPR
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locus; thus, positional information represents a
timeline of spacer acquisition events. To indi-
cate the sequence on the viral genome that cor-
responds to a spacer, the term protospacer was
coined (23). In several, but not all, cases, a very
short stretch of conserved nucleotides in the
immediate vicinity of the protospacer, referred
to as the protospacer adjacent motif (PAM),
or CRISPR motif, appears to be a recogni-
tion motif required for acquisition of the DNA
fragment (24, 79) (Figure 2). This first phase
minimally requires two nucleases, Casl and
Cas2, both of which are universally present in
genomes that have a functional CRISPR/Cas
system and can be considered hallmarks of the
system.

In the second stage, referred to as CRISPR
expression, a primary transcript, or pre-
CRISPR RNA (pre-crRNA) is transcribed
from the CRISPR locus by RNA polymerase.
Next, specific endoribonucleases cleave the
pre-ctRNAs into small CRISPR RNAs
(crRNAs). Based on their function, these small
RNAs have also been referred to as prokaryotic
silencing (psiRNAs) (40, 74) or guide RNAs
(14, 19). In the third and final stage, described
as interference (24) or immunity (30), the
crRNAs within a multiprotein complex, [called
CASCADE (CRISPR-associated complex for
antiviral defense) in particular organisms, such
as E. coli] can recognize and base-pair specifi-
cally with regions of incoming foreign DNA (or
RNA) that have perfect (or almost perfect) com-
plementarity (14). This initiates cleavage of the
crRNA-foreign nucleic acid complex (30). On
the other hand, if there are mismatches between
the spacer and target DNA or if there are muta-
tions in the PAM, then cleavage is not initiated.
In this case, DNA is not targeted for attack,
replication of the virus proceeds, and the host
is not immune to virus attack (Figure 2). This
leads to host lysis, and the released virus can at-
tack other susceptible host cells. T'o operate as a
defense system, all three phases (i.e., spacer ac-
quisition, expression, and interference) must be
functional, but it is important to note that each
of these processes can work independently,
both mechanistically and temporally.
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Figure 1

Features of the CRISPR-Cas adaptive immune system. Stage 1: CRISPR spacer acquisition. Specific fragments or protospacers (with an
adjacent protospacer-associated motif; shown as red bar) of double-stranded DNA from a virus or plasmid are acquired at the leader end
of a CRISPR array on host DNA. A CRISPR array consists of unique spacers (colored boxes; spacers are numbered sequentially with the most
recently acquired spacer having the highest number) interspaced between repeats (black diamonds). Acquisition occurs by a process that
minimally requires Casl and Cas2, encoded in the cas locus, usually located in the vicinity of the CRISPR array. Stage 2: CRISPR
expression. Pre-CRISPR RNA (Pre-crRNA) is transcribed from the leader region by RNA polymerase and further cleaved into smaller
crRINAs that contain a single spacer and a partial repeat (bairpin structures with colored spacers) by Cas proteins. Stage 3: CRISPR
interference. crRNA containing a spacer that has a strong match to incoming foreign nucleic acid (plasmid or virus) initiates a cleavage
event (shown by scissors); Cas proteins are required for this process. DNA cleavage interferes with virus replication or plasmid activity and
imparts immunity to the host. Interference can be mechanistically and temporally separated from CRISPR acquisition and expression
(depicted by wavy white bar across the cell). This figure is based on the CRISPR-Cas system in Streprococcus thermophilus, which represents a
well-studied and relatively simple CRISPR-Cas system.
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a Viral DNA

5'—=ACACTTTGCTACTGCATGCCAAGCAAGTTGATATATTTCTCTTTCTTTATAAGARACGTCGATTACGATCGGTA-3'
3'—TGTGAAACGATGCCGTACGGTTCGTTCAACTATATAAAGAGAAAGAAATATTCTTTGCAGCTAATGCTAGCCAT-5'

v ==

b Host DNA

5'—GTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACAAGCAAGTTGATATATTTCTCTTTCTTTATGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAAC-3'
3'—CAAAAACATGAGAGTTCTAAATTCATTGACATGTTGTTCGTTCAACTATATAAAGAGAAAGARATACAAARACATGAGAGTTCTAAATTCATTGACATGTTG-5"

C PrecrRNA

5'-GUUUUUGUACUCUCAAGAUUUAAGUAACUGUACAAC

d 100% match

Endo ribonucleases, e.g. casée

crRNA
5'0H

CASCADE + Cas3

Host spacer AAGCAAGTTGATATATTTCTCTTTCTTTAT
Viral DNA AAGCAAGTTGATATATTTCTCTTTCTTTATAAGAAA

Figure 2

Foreign DNA cleaved

Host immune

v RNA polymerase
7

GCAAGUUGAUAUAUUUCUCUUUCUUUAUGUUUUUGUACUCUCAAGAUUUAAGUAACUGUACAAC-3'

3'P

N\

€ =1 mismatch (in or near PAM)

Host spacer AAGCAAGTTGATATATTTCTCTTTCTTTAT
Viral DNA AAGCAAGTTGATATATTTCTCTTTATTGATTAATAAA

Foreign DNA not cleaved
Host not immune

A closeup of the CRISPR-Cas system. Some of the basic steps in CRISPR-Cas defense are depicted here based on current
understanding of the CRISPR Type I and II systems; other variations are shown in Figure 4. (2) Double-stranded viral DNA ( gray)
with a protospacer ( green) and adjacent protospacer associated motif (PAM, red). (b)) Host DNA with the newly acquired spacer (blue)
flanked by CRISPR repeats (black). Acquisition minimally requires Casl and Cas2. () RNA polymerase transcribes pre-crRNA
(transcription start site not shown); orange arrows mark where cleavage of pre-CRISPR RNA (crRNA) by endoribonucleases can occur
to create mature crRNAs. This step is accomplished by different Cas proteins, depending on the particular CRISPR type. The putative
secondary structure of crRNA is shown below, with a 5’ handle (black) followed by the spacer (b/ue) and a potential hairpin structure at
the 3" end (bairpin in black). (d): A perfect or almost match between crRINA and foreign nucleic acid, initiates a cleavage event within the
protospacer. A number of Cas-encoded proteins, e.g., CASCADE and Cas3, are required for this process. (¢) Mismatches (purple letters)
between crRINA and foreign nucleic acid (either in the protospacer or PAM) prevent cleavage, and interference does not occur. Note
that crRINA basepairs with the complementary strand of target foreign DNA during the interference step (not shown here).

CRISPRdb: CRISPR
database; includes
several tools to
identify and analyze
CRISPRs. Maintained
by Universite Paris
Sud (http://crispr.u-
psud.fr/)

CRISPI: database
that identifies Cas
proteins and
CRISPRs; includes
many features
complementary to
CRISPRdb (http://
crispi.genouest.org/)
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The CRISPR Locus

Although these loci were christened in several
ways, the term CRISPR locus (or CRISPR
array) has now been widely adopted and refers
to a genomic region containing CRISPRs (24).
Dedicated databases (CRISPRdb and CRISPI)
(35, 94) that identify CRISPRs and Cas
proteins on sequenced genomes indicate that
they are present on most archaeal (~90%) and
many bacterial (~50%) genomes or on resident
plasmids. The number of spacers in a particular
CRISPR locus can vary widely, from as few as
one to several hundred (as many as 587 spacers
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at a specific CRISPR locus in the myxobac-
terium Haliangium ochracewrn DSM  14365;
NC_013440) (35). Among different species,
the length of the repeat can vary from 21 bp to
48 bp, whereas spacers are typically between
26 bp and 72 bp (33, 35). The sequence of the
repeat units in different CRISPR loci is not
conserved, although there are partially con-
served sequences such as a GTTTg/c motif at
the 5" end and a GAAAC motif at the 3" end (24,
33,54, 65). Because of the partially palindromic
nature of the repeats, it was hypothesized that
transcripts from these regions may form
stable, highly conserved RINA secondary
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structures (65, 74), and recent structure/func-
tion data supports this (see section entitled
Interference).

Although the majority of genomes contain
a single CRISPR-Cas locus, there are several
examples of bacterial or archaeal species that
harbor multiple CRISPR loci on the chromo-
some. Some bacterial genomes contain as many
as 13-15 CRISPR loci, and archaeal genomes
also harbor numerous CRISPR loci, based on
information available in CRISPRdb (35) and
CRISPI (94). Not all CRISPR loci have adjoin-
ing cas genes; it is possible that only the subset
of CRISPR loci that have adjacent cas genes are
functionally active, whereas the others repre-
sentinactive loci, or that one set of Cas proteins
suffices for the activity of related CRISPR loci
in trans (25, 50). In cases where there are multi-
ple CRISPR loci on a genome, the sequence of
some of the CRISPR repeats may be identical
or very similar, and these may utilize the same
set of Cas proteins (44, 50, 65). CRISPR re-
peats have been classified into atleast 12 groups,
and there appears to be some correspondence
between certain repeats and groups (or sub-
types) of Cas proteins associated with them
(65,72).

Cas Proteins

CRISPR loci often have groups of conserved
protein-encoding genes, named cas genes, in
their vicinity (73). Based on computational
analyses, Cas proteins were predicted to contain
identifiable domains characteristic of helicases,
nucleases, polymerases, and RNA-binding pro-
teins, which led to the initial speculation that
they may be part of a novel DNA repair system
(73). The order, orientation, and groupings of
cas genes appear to be extremely variable, and
this picture grows ever more complex as the
number of annotated genomes increases. At-
tempts to classify Cas proteins have been made,
but this has proven difficult because of the
diversity of the proteins involved (38, 72, 74).
Initially, Jansen’s group identified four gene
families, casI—4 (53), which were then extended
to include cas5 and cas6 (13, 38). Haft and

colleagues (38) defined eight subtypes of Cas
proteins based on the phylogeny of the highly
conserved Casl protein and the operonic orga-
nization of cas genes, which were named after
eight representative organisms that contained
a single CRISPR-Cas locus [e.g., E. coli Cas
proteins were designated csel (CRISPR sys-
tem of E. coli genel); other subtypes included
Aeropyrum (csa), Desulfovibrio (csd), Haloarcula
(csh), Mycobacterium (csm), Neisseria (csn),
Thermotoga (cst), and Yersinia (csy)].

These initial categories, although useful,
cannot easily handle the relationships be-
tween homologous but distantly related Cas
proteins, the extensive variability that exists
in cas operons, or organisms that contain
multiple CRISPR loci. In a new and unified
classification system based on multiple criteria,
including evolutionary relationships of con-
served proteins and cas operon organization,
several groups (72) working on CRISPR-Cas
systems have proposed a consensus view that
the CRISPR-Cas system can be divided into
two partially independent subsystems. The first
consists of an information processing module
and requires the universally present core pro-
teins, Casl and Cas2, which are involved in new
spacer acquisition. The second, or executive,
subsystem is required for processing of primary
CRISPR transcripts (crRNA) and recognition
and degradation of invading foreign nucleic
acid, and is quite diverse. For instance, in
certain CRISPR sub-types, the multisubunit
CASCADE is involved in the processing of
the crRNA, whereas in other types a single
multifunctional protein may play this role. In
addition, there are several repeat-associated
mysterious proteins (RAMPs) that constitute
a large superfamily of Cas proteins. RAMPs
contain at least one RNA recognition motif
(RRM; it is also called the ferredoxin-fold
domain), and some have been shown to be
involved in pre-crRNA processing (14, 19, 26,
42). Based on this classification that integrates
phylogeny, sequence, locus organization, and
content, three types have been distinguished,
Type I, Type 1II, and Type III CRISPR-Cas
systems (Table 1, Figure 3, Figure 4).
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Repeat-associated
mysterious protein
(RAMP): proteins
with RNAse activity
involved in crRNA
processing

Type I, II, and III
CRISPR-Cas system:
new classification of
CRISPR-Cas systems
based on multiple
criteria
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Table 1 Major Cas proteins (Cas 1-Cas 10). For other Cas proteins, please refer to Makarova (72). Blue, red, and purple

designate universal, signature, and type-specific Cas proteins (as in Figure 3).

Protein

Distribution COG Process Function
Universal COG1518 Spacer acquisition DNAse, not sequence specfic, can bind RNA;
present in all Types; structure available for
several Cas 1 proteins
Universal COG1343, Spacer acquisition Small RNAse specific to U-rich regions;
COG3512 present in all Types; structure available from
Thermus thermophilus and Sulfolobus
solfataricus and others
Type I signature COG1203,COG2254 | Targetinterference | DNA helicase; most proteins have a fusion to
HD nuclease
Type L, II COG1468 Spacer acquisition RecB-like nuclease with exonuclease activity
homologous to RecB
Type I COG1688, RAMP crRINA expression RAMP protein, endoribonuclease involved in
crRNA biogenesis; part of CASCADE
Type I, IIT COG1583, crRNA expression RAMP protein, endoribonuclease involved in
COG5551, RAMP crRNA biogenesis; part of CASCADE;
structure available from P. furiosus
Type I COG1857, crRINA expression RAMP protein, endoribonuclease involved in
COG3649, RAMP crRNA biogenesis; part of CASCADE
Type I Not determined crRNA expression Large protein with McrA/HNH-nuclease
domain and RuvC-like nuclease; part of
CASCADE
Type II signature COG3513 Target interference Large multidomain protein with McrA-HNH
nuclease domain and RuvC-like nuclease
domain; necessary for interference and
target cleavage
Type Il signature | COG1353 crRINA expression HD nuclease domain, palm domain, Zn
and interference ribbon; some homologies with CASCADE
elements
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Type I CRISPR-Cas System

In addition to the presence of the conserved
Casl and Cas2 proteins, Type I is defined by
the ubiquitous presence of a signature protein,
the Cas3 helicase/nuclease. Cas3 is a large
multidomain protein with distinct DNA nu-
clease and helicase activities (102). In addition,
there are multiple Cas proteins that form
CASCADE-like complexes that are involved
in the interference step (Figures 4 and 5).
Many of these proteins are in distinct RAMP
superfamilies (Cas5, Cas6, Cas7). Of the three
systems, Type I, thus far, is the most diverse
with six different subtypes (Type I-A through
Type 1I-F) (72). The Type I CRISPR system is
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believed to target DNA, and cleavage requires
Cas3 [which has a histidine, aspartic acid (HD)
nuclease domain] or Cas4, a RecB-family
nuclease (102). The Type I CRISPR-Cas
system in E. coli is one of the best characterized
(Figures 4 and 5) and recent experiments using
E.coli are described in later sections (14) (57).
Multiple studies in Pseudonionas aeruginosa have
also shed light on the Type I CRISPR-Cas
mechanism of action (42, 118, 119). For
DNA interference, CASCADE associates with
processed crRINA to form a ribonucleoprotein
complex that drives the formation of R-loops
in invasive double-stranded DNA (dsDNA)
(Figure 5) through seed sequence—driven base
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Cas proteins in Type I, II, and IIT CRISPR-Cas systems. Archetypal Type I, II, and III systems are
represented by the operon structure from Escherichia coli, Streptococcus thermophilus, and Pyrococcus furiosus,
respectively. The universally present cas] and cas2 genes required for acquisition are shown in blue.
Signature genes for each type (Type I, cas3; Type 11, cas9; and Type 111, cas10) are shown in red.
Type-dependent genes (i.e., cas4, 5, 6, 7) are in purple, cas8, which is not shown here, is found in Type I-A,
I-B, and I-C. In Type III-B, amrl, 3, 4, 5, 6 are type-dependent genes (Type IIT A has a different set of
type-dependent genes, several of which are repeat-associated mysterious proteins). Type I has six subtypes
(Type IA-IF) and both Type II and III have two subtypes. Type-dependent proteins are typically involved in
expression and/or interference; signature genes are involved in interference. However, there are exceptions
to these categories; see Table 1 for Cas protein functions and Makarova et al. (72) for further details.

pairing. It was recently shown in E. co/i (97) and
P. aeruginosa (119) that CASCADE facilitates
dsDNA target recognition by sequence-
specific hybridization between crRNA and the
target DNA over a 7-8 bp sequence (the seed
sequence) at the 5" end of the spacer (Figure 5).

Type II CRISPR-Cas System

This system is typified by the Cas9 signature
protein, a large multifunctional protein with
the ability to generate crRINA, as well as target
phage and plasmid DNA for degradation (30).
Cas9 appears to contain two nuclease domains,
one at the N terminus (RuvC-like nuclease) and
an HNH (McrA-like) nuclease domain in the
middle section (which might be involved in tar-
get cleavage based on its endonuclease activity)
(Table 1). Type IL is the simplest of the three
CRISPR-Cas types, with only four genes that

compose the operon (this includes cas9, casl,
cas2, and either cas4 or csn2). There are two sub-
types, Type ITA (or CASS4 that includes csn2)
and Type IIB (or CASS4a that includes cas#).
The best-studied Type IT system is that of Strep-
tococcus thermophilus, which has been shown to
provide defense against bacteriophage and plas-
mid DNA (11, 30). It was also recently estab-
lished thata trans-encoded small CRISPR RNA
(tracrRNA) is involved in the processing of pre-
crRNA into crRNA in Type II systems through
the formation of a duplex with the CRISPR re-
peat sequence (22). Mature crRNA, together
with Cas9, interferes with matching invasive ds-
DNA by homology-driven cleavage within the
protospacer sequence, in the direct vicinity of
the PAM (30). Mismatches at the 3’ end of the
protospacer and/or in the PAM allow phages
and plasmids to circumvent CRISPR-encoded
immunity (24, 30).
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Figure 4

Model of Type I, II, and IIT CRISPR-Cas mechanism of action. Transcription of the primary transcript
(pre-crRNA) by RNA polymerase is followed by the production of mature crRNAs. The interference
process is different in the Type L, II, and III systems. In Type I, the multisubunit CASCADE binds
pre-ctRINA, which is cleaved by Cas6e in subtype I-E or by Cas6f in subtype I-F, to create crRINAs with a
typical 8-nt extension or handle at the 5’ end, followed by the spacer (blue) and part of the repeat region,
which can form a hairpin structure at the 3’ end. In Type II, a trans-encoded small RNA (tracrRNA)
base-pairs with the repeat region and is cleaved by host RNase III. Additionally, Cas9 is required for this step
and for subsequent maturation of the crRNA. In Type III, processing of crRNA requires Cas6, but the
crRNAs appear to be transferred to a specific Cas complex (Cmr in subtype ITI-B and Csm in subtype ITI-A).
In subtype ITI-B, the 3" end of crRNA is further trimmed. The final step results in cleavage of targeted
foreign nucleic acid and proceeds differently in all systems. In Type I, crRNA with CASCADE along with
the Cas3 subunit can recognize (via the PAM, shown in red) complementary target DNA and is responsible
for cleavage of target DNA. In Type II, Cas9 along with crRINA can probably target DNA for cleavage (open
orange triangle) in a process that requires the PAM. Subtype IITA can target DNA, whereas subtype III-B can
target RNA and a PAM does not appear to be required for the activity of Type III systems. This figure is
modified from Makarova et al. (72). Filled triangles represent nuclease activity that has been experimentally
demonstrated; open triangles represent activity that has not yet been identified.

Type III CRISPR-Cas System trimming. The universal casI and cas2 genes are

"This system has a number of recognizable fea- mostly in operon-like structures with the rest

tures, including the signature RAMP protein,
Casl10, which is likely involved in the process-

of the cas genes but are not always in the same
operon as the RAMP proteins in the Type III
ing of crRNA and possibly also in target DNA S}.zst.ems..So far, two type IIl systems have been
cleavage (6), and is somewhat functionally anal- distinguished (Type IITA and IIIB). In Pyrococ-

ogous to the Type I CASCADE. The Type IIT % furiosus, a Type IITA system, the target of
CRISPR interference is mRNA (40), whereas

in Staphylococcus epidermidis, a Type I1IB sys-
tem, the target is DNA (75). This highlights

system also contains the signature Cas6, in-
volved in crRNA processing and additional
RAMP proteins likely to be involved in crRNA
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Model of CASCADE function and involvement of seed sequences. (#) Initially, the CASCADE-crRNA complex identifies a
protospacer-PAM region on target DNA. This promotes strand separation, and crRINA hybridizes to the complementary DNA strand
leading to R-loop formation. The single-DNA strand in the R-loop structure is the target of Cas3 nuclease activity resulting in
single-strand breaks in the protospacer. Following cleavage of the first DNA strand, Cas3 helicase activity can possibly displace the
CASCADE-crRNA complex and permit second DNA strand cleavage. This would result in both strands of target DNA being cleaved,
and interference with virus replication or plasmid function. This model is adapted from Sinkunas et al. (102), but also incorporates
information from Wiedenheft et al. (119), Jore et al. (57), Semenova et al. (97). (/) Model of base pairing between crRNA spacer and
target DNA that results in R-loop formation. The process is initiated at the seed sequence adjacent to the PAM and then propagated
along the protospacer region in a 5'— 3’ direction over the complete protospacer region (97, 119). (¢) Structural model of CASCADE
based on Jore et al. (57) showing the stoichiometry and the unusual seahorse architecture of the subunits of CASCADE which includes

CasA, B, C, D, and E.

the polymorphic nature of CRISPR-Cas sys-
tems, even within the Type III systems.

The distribution of the three CRISPR-Cas
systems has some notable features, with the
Type I system being found in both bacteria
and archaea. In contrast, Type II is exclusively
present in bacteria, whereas the Type III sys-
tems appear more commonly in archaea, al-
though it is also found in bacteria (72, 108). Al-
though no large scale detailed distributional or
functional analysis is yetavailable, there are sev-
eral examples of species that contain more than
one CRISPR-Cas type. Horizontal gene trans-
fer (via plasmids that harbor CRISPR-Cas loci
or by other gene transfer mechanisms such as
transposon activity) has been implicated in the
movement of CRISPR-Cas loci across widely
diverged lineages (33, 50, 88).

A PLAY IN THREE ACTS:
MECHANISM OF DEFENSE VIA
CRISPR SPACER ACQUISITION,
EXPRESSION, AND
INTERFERENCE

Current understanding of the mechanism of
action, which is divided into three phases,
CRISPR spacer acquisition, CRISPR locus ex-
pression (including transcription and process-
ing), and CRISPR activity or interference are
described below.

CRISPR Spacer Acquisition

Currently, the best-studied model organ-
isms to investigate the mechanistic aspects
of CRISPR acquisition include E. co/i and
P. aeruginosa (Type 1), S. thermophilus (Type II)

www.annualreviews.org o CRISPR-Cas Systems

283



Annu. Rev. Genet. 2011.45:273-297. Downloaded from www.annualreviews.org
by Stanford University - Main Campus - Lane Medical Library on 08/09/12. For persona use only.

284

and P. furiosus (Type III). The ability to
acquire novel spacers has been experimentally
shown in vivo in S. thermophilus, CRISPR1
and CRISPR3, which represent Type II
systems, and in Streptococcus mutans (114). In
Streptococcus sp. during the natural generation
of phage-resistant strains, one or more spacers
were incorporated into their CRISPR loci (11,
114). These loci evolve via addition of new
spacers at the leader end, following exposure
to lytic phages or plasmid transformation and
may be derived from both sense and antisense
DNA strands (11, 23, 30). Concurrent internal
addition and deletion of spacers appear to
be rare events, whereas iterative additions of
spacers increase both the level and spectrum of
phage resistance in the host (11, 23). Internal
deletions of repeat-spacer units likely occur via
homologous recombination between CRISPR
direct repeats that are physically close on
the chromosome as shown in the archaeon
Sulfolobus sp. (37). When Sulfolobus sp. are
challenged with various plasmid or viral genes,
surviving mutants carried either partial or
whole deletions of CRISPR loci (37). Intu-
itively, it seems disadvantageous and unlikely
that CRISPR arrays grow ad infinitum, and
the balance of polarized additions and internal
deletions has been documented (23), although
the mechanisms by which this occurs have not
been identified. The greater likelihood of in-
ternal deletions occurring toward the trailer or
farther away from the leader end of a CRISPR
spacer array would preferentially delete spacers
that target historically older phages. Con-
versely, this allows preferential conservation
of spacers that provide immunity against con-
temporary phages. Internal deletions, which
typically consist of the removal of several
consecutive repeat-spacer units, have been ob-
served in metagenomic studies (111) and when
the spacer contents of multiple closely related
strains spanning 11 genera were compared (50).

Functionally, the process of spacer acquisi-
tion can be divided into distinct steps involving
(@) recognition of the invasive nucleic acid and
scanning foreign DNA for potential PAMs
that identify protospacers, (b) the generation
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of a new repeat spacer by processing of the
nucleic acid, and (¢) the integration of the new
CRISPR repeat spacer unit at the leader end of
the CRISPR locus. Of these processes, only the
first step has been characterized, and the mech-
anism by which a new spacer is integrated into
the host genome is very poorly understood.
PAMs, also called CRISPR motifs (23), have
been recognized in the direct vicinity of some
protospacers (79). These conserved regions are
short (typically only 2 to 5 nt long) and occur
within 1 to 4 bp of the protospacer sequence,
on either side, depending on the system
(Figure 2). For the CRISPR1 and CRISPR3
systems of S. thermophilus, AGAAW and
GGNG have been identified as PAMs at the
3’ end of the protospacer, respectively (23,
50). Equivalent motifs were identified adjacent
to protospacers of S. mutans, either down-
stream (NGG, NAA) or immediately upstream
(TTC) of the protospacer (114). A similar
TTC sequence immediately upstream of the
protospacer was identified in Xanthomonas (96).
In the archaeon Sulfolobus sp., a CC motif has
been identified (69). Further bioinformatics
analyses of CRISPR spacer—repeat units from
a larger dataset of bacterial and archaeal
species and the corresponding protospacers
should provide a better understanding of the
repertoire of PAMs; whether specific PAMs
are correlated with CRISPR repeats and/or
particular Cas proteins or whether some
CRISPR-Cas systems do not require PAMs,
such as some Type III systems. Currently, such
an analysis is hampered by the limited range of
host-virus systems under investigation and the
lack of an extensive database of viral genomes.

The Casl protein has repeatedly been
linked with involvement in the acquisition
and/or integration of novel spacers in the
CRISPR locus during the acquisition process
(11, 14). This correlation is also consistent
with the coevolutionary pattern and inherent
functional linkage observed between Casl and
specific CRISPR repeat sequences. The crystal
structure of Casl is available from several
organisms (Table 2), including P. aeruginosa
where studies have demonstrated that Cas1 is
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Table 2 Available structures of Cas proteins

Protein Function Organism PDB code (Gene)

Casl Metal-dependent DNA-specific endonuclease Pseudomonas aeruginosa 3god (casl)

Casl Metal-dependent DNA-specific endonuclease Thermotoga maritima 31fx (T'1797)

Casl Metal-dependent DNA-specific endonuclease Aquiflex aeolicus 2yzs

Casl Metal-dependent DNA-specific endonuclease Pyrococcus horikoshii 3pv9 (PH1245)

Casl Metal-dependent DNA-specific endonuclease Escherichia coli 3nke (ygbT)

Cas2 Metal-dependent ssRNA-specific Sulfolobus solfataricus 2i8e;2ivy;3exc (Ss01404)
endoribonuclease; ferredoxin fold

Cas2 Metal-dependent ssRNA-specific Desulfovibrio vulgaris 30q2 (DvuCas2)
endoribonuclease; ferredoxin fold

Cas2 Metal-dependent ssRNA-specific Pyrococcus furiosus 2i0x (PF1117)
endoribonuclease; ferredoxin fold

Cas2 Metal-dependent ssRNA-specific Thermus thermophilus Izpw (Tth1823)
endoribonuclease; ferredoxin fold

Cas3 Endonuclease (HD domain) Thermus thermophilus 3sk9 (TTHB187)

Cas3 Endonuclease (HD domain) Methanocaldococcus jannaschii 354L

Cse2 (CasB) Alpha helical protein, in CASCADE complex Thermus thermophilus 2zca (TTHB189)

Cas6 Endoribonuclease that generates guide RINA Pyrococcus furiosus 3i4h, 3pkm (cas6)

Cas6e (CasE) RNA-binding protein with ferredoxin fold, Thermus thermophilus 1wj9 (TTHB192)
RAMP protein

Cas6f (Csy4) Endoribonuclease processing crRNA Pseudomonas aeruginosa 2xli, 2xlj, 2xlk (csy4)

Cmr5 Cmr complex, Type ITTA Thermus thermophilus 2zop (ttCmr5)

Csm6/Csa3 HTH-type transcriptional regulator Sulfolobus solfataricus 2wte (Sso1445)

Csa3 HTH-type transcriptional regulator Sulfolobus solfataricus 3QYF(Ss01393)

a homodimeric, metal-dependent DNAse that
can process double-stranded DNA (dsDNA)
to a size of ~80 bp (42, 118). Casl also has
the ability to interact with proteins involved
in DNA recombination and repair, and can
resolve Holliday junctions, implicating its dual
involvement in CRISPR function and in DNA
repair (10). This is consistent with the proposed
role of Cas1 in addition or removal of CRISPR
repeat—spacer units and reconciles the initial
prediction that Cas proteins were involved in
DNA repair (73). The structure of Cas2 (which
is often genetically associated with Casl) from
Sulfolobus solfataricus (12) and other organisms
has also been resolved and was reported to
have a RNA recognition domain and exhibit
endoribonucleic activity (Table 2). It has been
implicated in new repeat-spacer acquisition
and integration, although this requires further
experimental validation. In addition to Casl, it

was shown thatin S. thermophilus, Csn2 is neces-
sary for the acquisition of novel spacers follow-
ing exposure to phages (11) or plasmids (30).

CRISPR Locus Expression

We have differentiated expression into two
steps: CRISPR locus transcription/regulation
and crRNA processing, both of which are re-
quired for interference to occur.

CRISPR locus transcription and regulation.
Transcription ofa CRISPR locus into a primary
transcript, or pre-ctRNA, has been examined in
a few organisms. These include the workhorse
gram-negative bacterium E. coli (14, 89, 92),
the plant pathogen Xanthomonas oryzae (89), the
thermophilic bacterium 7. thermophilus (3), and
two archaeal species, P. furiosus (39) and the cre-
narchaeon Sulfolobus (69).
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In E. coli, it appears that CRISPR loci are
transcribed at constitutively low levels (89), but
it is not yet known if this is generally true in
most organisms. In 7. thermophilus, CRISPR
expression levels can be induced in the presence
of a phage toward the peak of infection near the
beginning of host cell lysis. This is corroborated
by proteomic characterizations in which peak
amounts of Cas proteins are concurrent with
phage proteins synthesized following phage
challenge (70). Microarray analysis of the 12
CRISPR loci in T. thermophilus demonstrated
a complex pattern of induction that was partly
dependent on the small molecule cAMP in con-
junction with the catabolite regulator protein
(3, 101). In the few bacterial species that have
been examined so far, unidirectional transcrip-
tion occurs from the 5" leader end and promot-
ers lie upstream (3, 92). In contrast, detailed
transcript analyses of CRISPR loci from the ar-
chaeon Sulfolobus have shown that transcription
initiates just upstream from the first repeat, but
that bidirectional transcription of the CRISPR
locus also occurs (68, 69). Generally, cells
appear to exhibit constitutive levels of Cas pro-
teins and pre-crRNA, but under certain condi-
tions it is possible to regulate these levels, sug-
gesting that there is the option of a background
defensive monitoring of invasive nucleic acid
occurrence, as well as the flexibility to mount a
more concerted counter-attack when necessary
(see section titled The Expanding Repertoire).

crRNA processing. Once pre-crRNA  has
been transcribed, it is processed by endonucle-
olytic cleavage into smaller units that typically
contain a single spacer flanked by partial
CRISPR repeats. In the archaea P. furiosus
(39) and Sulfolobus sp. (69), it has been demon-
strated that the processed crRINA units, after
undergoing complete processing, consist of a
single spacer flanked by partial repeats on both
sides. The cleavage of pre-crRINA occurs at the
base of the hairpin formed by the palindromic
CRISPR repeats, typically yielding a crRNA
with an 8-nt tag or handle at the 5 end and
a less well-defined boundary at the 3" end (14,
19, 42). In Pyrococcus furiosus, Cas6 is involved
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in the processing of pre-crRNA into crRNA
units (19). In E. co/i, a multimeric complex
CASCADE consisting of CasABCDE pro-
cesses pre-crRNA (14), whereas in P. zeruginosa
the protein Csy4 is responsible for cleavage
(42). Several studies are currently investigating
the molecular basis for crRNA biogenesis
across all three CRISPR/Cas system types,
as well as the patterns that drive constitutive
expression, regulated transcription and overall
abundance of crRNA in bacteria and archaea.
Preliminary results suggest that CRISPR loci
are constitutively expressed, can be induced by
viral challenge, and often constitute quantita-
tively dominant amounts of small RNAs in the

cell (22).

CRISPR Interference

The processed crRNA, together with specific
Cas proteins, form a CRISPR ribonucleopro-
tein (crRNP) complex that facilitates spacer
base pairing to the target or matching invasive
nucleic acid. The crRNA serves as a guide
(hence the term guide RNA has also been used)
to allow for specific base pairing between the
exposed crRNA within the ribonucleoprotein
interference complex and the corresponding
protospacer on the foreign DNA (14, 86). It
is likely that crRNA interacts directly with
complementary sequences in the target. The
unique occurrence of the PAM sequence on
the invading foreign DNA (and conversely, its
absence in the host spacer sequence) is likely
to play a dual role: first, in spacer selection and
acquisition and second, in the interference pro-
cess for discrimination of self versus nonself,
which highlights its importance. Indeed, it has
been demonstrated that despite perfect matches
between spacer and protospacer sequences, mu-
tations in the PAM can circumvent CRISPR-
encoded immunity (23, 30, 95). In archaea,
PAMs are likely to be involved in crRINA-
mediated targeting (37), which is consistent
with crRNA-directed RNA cleavage reported
in P. furiosus (19). Expanding the spectrum
of identified PAMs will be an important step
forward that requires greater sequence infor-
mation about host spacers and corresponding
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viral genomes. Given the current paucity of
complete viral genomes and the fact that they
evolve quickly, this is a challenge for future
studies.

The CRISPR-Cas system is versatile and
has the ability to interfere with foreign ds-
DNA and single-stranded (ss) mRNA. This is
reflected by the bewildering diversity of Cas
proteins and their enzymatic activity in var-
ious species (72) (Table 1). Most early evi-
dence suggested that dsDNA was the primary
target of CRISPR-encoded defense or immu-
nity in bacteria, and in S. thermophilus, specific
CRISPR spacers were found to match coding
or template strands of dsDNA phages (11, 13,
23). Marraffini & Sontheimer (75) substanti-
ated this observation when they demonstrated
thatinserting a self-splicing intron into a proto-
spacer had an impact on CRISPR-encoded im-
munity in S. epidermidis. The CRISPR system
prevented uptake of the native plasmid, whereas
the intron-containing variant could be conju-
gated into the host (75). This was later con-
firmed in the S. thermophilus Type II system,
with compelling biochemical evidence showing
that dsDNA from phages and plasmids were
directly cleaved by Csnl (Cas9) in the vicin-
ity of the PAM (30). On the other hand, it
was also established that ssRNA was the pri-
mary target of the CRISPR-Cas system in the
Type I system of the archaeon P. furiosus (40)
and that mRNA was also the likely targetin the
archaeon Sulfolobus (32). Both these Type III
CRISPR-Cas systems contain genes encoding
RAMP proteins, suggesting that these systems
canacton RNA. However, a large number of ar-
chaeal species contain more than one CRISPR-
Cas system, which would expand the repertoire
of targets that can be recognized by an organism
and add more levels of regulatory control.

The strong link between the activity of var-
ious Cas proteins and the sequence of CRISPR
repeats appears to be so specific that there is
little apparent crosstalk between the different
CRISPR-Cas systems; inactivation of a specific
cas encoding gene cannot be rescued by the ac-
tivity of other Cas proteins. This is also con-
sistent with observed coevolutionary patterns

between the sequences of CRISPR repeats and
cas genes (50), and appears to hold for both the
acquisition of spacers and for the interference
process (11, 30). Thus, it seems likely that the
diversity in Cas proteins is likely responsible
for differential DNA versus RNA targeting and
that some RAMPs might be specifically respon-
sible for target RNA interference.

Initial experiments indicated that per-
fect sequence identity was required between
spacer and protospacer sequences for CRISPR-
encoded immunity to occur because the pres-
ence of a single nucleotide polymorphism in
the protospacer or in the PAM sequence ab-
rogated the defense response of the host (11,
23) (Figure 2). However, followup experiments
in other systems have shown that in certain
cases even several mismatches between spacer
and protospacer still allowed for the immune
response to occur (30, 96). Thus, in some
cases, degeneracy in recognition can be toler-
ated, whereas in others, single nucleotide muta-
tions in the virus genome can thwart CRISPR-
encoded defense. The key appears to lie in the
location of potential mismatches relative to the
cleavage site. Mutations that are distant from
the cleavage site do notimpact activity, whereas
mismatches occurring in the PAM or in the di-
rect vicinity of the cleavage site have a strong
impact (18, 30, 97). One can theorize that the
short PAM sequences may be easily eroded by
mutations; however, the rate at which this hap-
pens in the environment has not been tested.
Preliminary results in S. thermophilus seem to
indicate that mutations in phage genomes that
circumvent CRISPR-encoded immunity may
be costly given that the majority of mutations
are either nonsynonymous or deleterious (23).
Likewise, some circumstantial evidence points
to independent acquisition of effective spacers
targeting critical and highly conserved regions
with stringent and sequence-dependent func-
tionalities. Although PAM-dependent sam-
pling of protospacers seems implicated in spacer
selection, it remains to be determined whether
there is strand specificity or other features that
guide spacer selection and acquisition rates in
different organisms.
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THE EXPANDING REPERTOIRE:
CRISPR-MEDIATED ACTIVITY
IN REGULATION

AND DEVELOPMENT

To date, the majority of research has focused
on the novel ability of the CRISPR-Cas system
to provide immunity against invasive genetic
elements (virus or plasmid) via small noncod-
ing RNAs that are derived from CRISPR loci.
Yet, with the discovery of RNA interference
(RNAI) in eukaryotes and the ever-expanding
repertoire of roles of small noncoding RINAs
in eukaryotes, it has become obvious that small
RNAs can be multifunctional and versatile (29,
55, 61). Likewise, there is growing evidence
of the diverse regulatory roles that small non-
coding RNAs play in bacteria (34, 116). The
flexibility and diversity of the CRISPR-Cas
system as well as its proven ability to target
RNA suggest that the system has the ability
to regulate or silence transcript levels within
the cell, although to date, such evidence is
sparse. The presence of a transcribed CRISPR
spacer that matches histidyl-tRINA synthetase
was shown to contribute to attenuated histidyl-
tRNA pools in the cell, with consequences for
the synthesis of histidine-rich proteins (4), but
it is unclear if this is a widely used regula-
tory mechanism in bacteria. A bioinformatics-
based approach searching for evidence of the
presence of self DNA in CRISPR arrays lo-
cated a few examples, albeit at a very low fre-
quency, which could represent errors in acquisi-
tion rather than a widely used regulatory system
(106).

Recent reports indicate that the Casl pro-
tein (Ygb'T) of E. coli exhibits nuclease activity
against both single-stranded and branched
DNAs, replication forks, and 5 flaps, and
interacts with RecB, RecC, and RuvB of the
DNA repair system, suggesting it may have a
dual role and functions in the CRISPR-Cas
defense system but can also function in DNA
repair (10). It was also shown in E. coli that
the CRISPR-Cas system was triggered under
specific conditions in which misfolded proteins
accumulated in the membrane (86), so it
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was speculated that the CRISPR-Cas system
could provide a defense against defective
protein accumulation. It is unclear if this is
a special case or whether this could hint at
the potential use of the CRISPR-Cas system
for a more widespread surveillance system in
bacteria undergoing stress conditions (either
via virus attack or because of other environ-
mental stresses). Regulation of the multiple
CRISPR-Cas systems in E. coli has also been
investigated, and a recent study demonstrated
that in E. co/i K12 transcription from the casA
and CRISPR I promoters is repressed by heat-
stable nucleoid-structuring protein (H-NS)
(92), which is a global repressor of transcription
in many gram-negative bacteria. In a follow-up
study, Westra et al. (117) provided experimen-
tal evidence that when LeuO (a LysR-type
transcription factor) binds to two sites flanking
the casA promoter and the H-NS nucleation
site, it results in derepression. Thus, in E. coli
H-NS and LeuO appear to be antagonistic
regulators of CRISPR-based immunity (117),
although the implications of this regulatory
loop in the context of phage infections in
natural environments awaits further study (25).
In P. aeruginosa, the CRISPR loci appear to
be involved in lysogeny-dependent inhibition
of biofilm formation (18, 119), and CRISPR
activity has also been implicated in swarming of
myxobacteria (115), indicating that CRISPR-
Cas systems may be involved in functions other
than defense. We anticipate that there will be
other examples of how this versatile system has
been coopted for other cellular functions as
other organisms are examined.

ALL THE WORLD’S A STAGE:
BIOTECHNOLOGICAL
APPLICATIONS AND
EVOLUTIONARY IMPLICATIONS
OF THE CRISPR-CAS SYSTEM

Strain Typing and
Epidemiological Studies

Incoming spacers are rapidly acquired at the
leader end of the CRISPR array, so they provide
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a time-resolved window of spacer acquisition.
Therefore, these hypervariable and rapidly
evolving genetic loci provide a valuable tool for
genotyping of strains, also known as spoligotyp-
ing. This feature has been used for genotyping
and epidemiological studies of pathogenic My-
cobacterium tuberculosis (1, 15, 36, 121), Yersinia
pestis (20, 90), Corynebacterium diphtheriae (82,
83), P. aeruginosa (18), Legionella (21) Streptococ-
cus pyogenes (48, 78), and Salmonella sp. (71), and
for industrially relevant organisms such as lac-
tobacilli and streptococci (50, 51). CRISPR loci
provide the ability to segregate nearly identical
strains over time or within clonal populations
(8,11, 51). The degree of spacer polymorphism
in terms of both number of unique spacers and
spacer arrangements usually correlates with the
activity level of a given locus; thus, in cases when
there are multiple CRISPR loci in the genome,
itis important to choose a genetically polymor-
phic locus.

The temporal and spatial hypervariability of
CRISPR spacers can also be exploited to re-
solve population level genotypes in complex
samples where strain diversity is difficult to de-
termine, as was shown in Leptospirillum popula-
tion analyses in acid mine drainage acidophilic
biofilm samples (8, 111). Similar observations
were made in natural samples containing mixed
and dynamic populations of Sulfolobus sp. (45,
46) and Symechococcus sp., (44) and also in hu-
man subjects, where streptococci population,
exposed to phage predation, showed signifi-
cant changes (91). Such approaches could mon-
itor complex, dynamic systems over time to
identify ancestral relationships or infer events
such as blooms, selective sweeps, and bottle-
necks. It is likely that active and hypervari-
able CRISPR loci will be increasingly used
in complex metagenomic studies to genetically
characterize microbial population content and
dynamics (7, 105). As the understanding of
the role viruses play in shaping bacterial and
archaeal communities grows, we foresee that
CRISPRs will not only assist in resolving pop-
ulation dynamics of the microbes, but also shed
light on the coevolutionary dynamics between
host and virus (7, 31, 44).

Microbial Populations, Population
Dynamics, and the Modeling of the
CRISPR-Associated Arms Race

CRISPR loci provide information about the
exposure to foreign genetic elements and in-
sight into the relationships between bacteria
or archaea and their biotic environments. A
key feature of the CRISPR defense system is
that CRISPR loci can rapidly acquire novel
spacers. Phages also have the ability to mutate
their genomes, allowing them to circumvent
the host CRISPR-encoded immunity system,
which relies on close matches between spacers
and incoming nucleic acid. Phages may escape
CRISPR spacers by either mutating or delet-
ing bases in the protospacer and/or the PAM
(23, 30), or by shuffling sequences targeted by
CRISPR spacers (8). These rapid evolution-
ary dynamics can provide important insights
into genome evolution of both the host and
phage populations (but see References 109, 110
for a different perspective). They set the stage
for mathematical modeling of their evolution-
ary interplay (43) and short- or long-term ex-
perimental analyses of phage-host coevolution.
These experiments can be carried out in closed,
controlled laboratory conditions or in open en-
vironmental systems (67, 112).

Natural Defense and Immunity
Against Phages and Plasmids

The ability of the CRISPR-Cas system to tar-
get plasmids that contain antimicrobial resis-
tance markers and to target sequences from an-
tibiotic resistance genes has been documented
(30). Consequently, the CRISPR-Cas system
provides a natural means to develop strains re-
fractory to the uptake of plasmids that carry
undesirable genes. There is potential to de-
velop CRISPRs in strains so as to preclude up-
take and prevent dissemination of undesirable
genetic elements such as prophages, antibiotic
resistance markers, and pathogenicity islands
(27, 85, 100). Indeed, given the negative cor-
relation between the occurrence of CRISPR
and acquired antibiotic resistance in multidrug-
resistant enterococci, the CRISPR-Cas system
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appears able to mitigate the spread of mobile el-
ements, notably plasmids and prophages, which
account for up to 25% of pathogenic Enterococ-
cus faecalis (85). This functionality could be ex-
ploited to reduce the dissemination of antimi-
crobial resistance genes and virulence factors in
widely distributed bacterial pathogens, such as
methicillin-resistant Staphylococcus aureus (76).

The negative effect of CRISPR-encoded
immunity on plasmid occurrence and dissem-
ination is apparent in the relative scarcity of
plasmids in dairy S. thermophilus, as compared
with Lactococcus lactis. Both species have compa-
rable genome size, and identical environments
where phages are a recurring problem, but the
former relies primarily on chromosomally en-
coded CRISPR loci, whereas the latter is mostly
dependent on CRISPR-independent strategies
that are widely encoded on plasmids, such as re-
striction modification systems and abortive in-
fection systems (2, 24, 66). As the mechanistic
understanding of CRISPR-Cas defense rapidly
grows, it is important to place it in the con-
text of other important host defense systems,
such as abortive infection, toxin-antitoxin, and
restriction-modification (66). Furthermore, the
little-appreciated role of phage ecology (2) and
the fledging field of viral ecogenomics will need
to be integrated into our understanding of the
evolution of the CRISPR-Cas systems (9, 28,
87, 93).

SUMMARY POINTS

Prospects for Developing
CRISPR-Enabled Technologies

The potential to harness the natural ability of
the CRISPR-Cas immune system to develop in-
creased phage resistance in vitro provides an
experimental framework to iteratively build up
phage resistance for perennial use of valuable
cultures and domesticated industrial microbes.
Further, the unique spacer combination ob-
tained through several consecutive rounds of
CRISPR mutant screening can be seen as a nat-
ural genetic tag for valuable proprietary strains.
Although there are several examples in the lit-
erature that highlight the functional features
of the CRISPR-Cas defense system in a vari-
ety of organisms, it is important to note that
their propensity for mutations, deletions, and
loss of cas genes has resulted in loss of func-
tion in a large array of CRISPR loci (50).
There is evidence that the CRISPR-Cas sys-
tem can be moved by horizontal transfer and
conversely that they can also be rapidly lost
(or reorganized) from an organism (33, 44, 88).
There are examples of CRISPR loci located
on plasmids, and transposons and insertion se-
quences are known to flank CRISPR loci (33,
44, 50), so these loci also represent compelling
examples of various driving forces in the evo-
lution of genomes, including horizontal gene
transfer.

1. Bacteria and archaea have evolved several mechanisms to deal with abundant, evolving

virus populations and invasive genetic elements such as plasmids. The recently discovered

CRISPR-Cas system utilizes exposure to foreign nucleic acids to subsequently target
and destroy incoming related viruses or plasmids. This provides the host with heritable
resistance, and hence it has been termed an adaptive immune response system.

2. This novel and widely occurring defense system can incorporate specific small fragments
of foreign nucleic acids into the host genome between conserved short DNA repeats
known as CRISPRs. Later, these fragments or spacers are transcribed and processed into

small RNAs, which, in conjunction with Cas proteins, are used to recognize and destroy

nonself nucleic acid.
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3. CRISPR-Cas systems have been identified in most archaeal (~90%) and many bacterial
(~50%) genomes and on resident plasmids. Most genomes contain a single CRISPR-Cas
locus, but can also harbor multiple CRISPR loci.

4. The CRISPR-Cas system has recently been categorized into three types (T'ype I, 11, and
IIT) based on phylogeny, sequence, locus organization, and content of the CRISPRs and
associated cas genes (which encode various DNases, RNases, and other proteins).

5. The CRISPR-Cas defense process can be operationally distinguished into three phases:
spacer acquisition, CRISPR expression, and CRISPR interference, which are temporally
separated. Each step requires one or more Cas proteins, and deciphering the role and
structure of specific Cas proteins is an area of active research.

6. In addition to defense against incoming viruses or plasmids, CRISPRs may play a role in
host regulatory and developmental processes.

7. The hypervariable CRISPR spacers have been effectively used in pathogen and environ-
mental genotyping and in the future may have broader applications.

FUTURE ISSUES

1. Many mechanistic aspects of the defense system remain unclear. Of these, the details of
the acquisition process and whether PAMs are universally required for recognition still
need significant experimental input. What controls the size of CRISPR loci? Are specific
proteins involved in orchestrating loss of CRISPR spacers, or is it a stochastic process? A
clearer understanding of how both RNA and DNA can be targeted by the Cas proteins
is work for the future.

2. A few well-developed model systems have been successfully used for the characterization
of the basic mechanisms of CRISPR-Cas mediated defense, but to appreciate the full
scope of CRISPR-Cas mediated function will require exploring a wide range of geneti-
cally tractable model systems.

3. Several open questions pertain to the distribution of the CRISPR loci in varied environ-
mental niches. For example, many genomes contain multiple functional CRISPR-Cas
loci. What are the evolutionary driving forces for the concurrent maintenance of multiple
functional systems? Do they provide additive immunity, and are CRISPR-Cas loci more
common in environments with certain characteristics, e.g., high population sizes or high
temperatures? Conversely, why do certain bacterial species lack this versatile and robust
defense system? Some of these questions will benefit from targeted metagenomic studies
as well as theoretical modeling approaches.

4. The features of CRISPR-Cas systems readily lend themselves to a broad range of appli-
cations, notably leveraging hypervariability for strain typing and epidemiological studies,
resolving the content and dynamics of complex microbial communities, building natural
defenses against viruses and plasmids, engineering immunity against undesirable genetic
elements, and expanding the shelflife of industrial workhorses and other organisms being
developed for biotechnological applications.
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