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Abstract

The pathway of CRISPR-Cas immunity redefines the roles of RNA in the flow of genetic
information and ignites excitement for next-generation gene therapy tools. CRISPR-Cas
machineries offer a fascinating set of new enzyme assemblies from which one can learn principles
of molecular interactions and chemical activities. The interference step of the CRISPR-Cas
immunity pathway congregates proteins, RNA, and DNA into a single molecular entity that
selectively destroys invading nucleic acids. Although much remains to be discovered, a picture of
how the interference process takes place is emerging. This review focuses on the current structural
data for the three known types of RNA-guided nucleic acid interference mechanisms. In it, we
describe key features of individual complexes and we emphasize comparisons across types and
along functional stages. We aim to provide readers with a set of core principles learned from the
three types of interference complexes and a deep appreciation of the diversity among them.
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INTRODUCTION

The recent discovery of adaptive immunity in prokaryotes conferred by clustered regularly
interspaced short palindromic repeats (CRISPR) and CRISPR-associated (Cas) proteins (3,
8, 18) has excited several scientific communities, including but not limited to those focused
on microbiology, RNA biology, and biotechnology. The CRISPR-Cas loci are widespread in
sequenced genomes of bacteria (~48%) and archaea (~84%). These loci provide microbes
with defense against invading genetic elements in a sequence-specific manner; at a
conceptual level, this defense mechanism is reminiscent of RNA interference in eukaryotes.
The immunity mediated by CRISPR-Cas includes three functional processes: spacer
acquisition, CRISPR RNA (crRNA) maturation, and target interference (Figure 1). The
spacer acquisition step incorporates new spacers from the invading virus or plasmids into the
CRISPR locus, the crRNA maturation step prepares functional crRNAs from the transcript
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of the repeat—spacer array, and the target interference step directs crRNA-guided cleavage of
invading genetic elements. For extensive reviews on the CRISPR-Cas pathway, the reader is
referred to References 5, 21, 35, 53, 77, 84, 86, 88, and 91.

All three functional processes are essential for CRISPR-Cas-mediated immunity and are of
great interest to biotechnology and for industry applications. Both scholarly and practical
interests in CRISPR-Cas biology demand a thorough understanding of its inner workings,
especially the mechanisms that underlie molecular assembly, enzyme specificity, and
regulatory interactions. Over the past several years, functional and structural data on
CRISPR-Cas machineries have rapidly become available, providing unprecedented access to
information about the mechanism(s) of multicomponent protein—nucleic acid assembly and
nucleic acid interference. This review summarizes the biochemical and structural discoveries
related to the machineries responsible for nucleic acid interference mediated by CRISPR-
Cas. Other excellent reviews of the similar and related processes can be found in References
2, 31, 32, 39, 45, 66, 86. In the following sections, we describe the nomenclature, function,
organization, and nucleic acid interference models of all known interference complexes, and
we aim to make mechanistic connections by comparing the available functional and
structural data. We conclude with a discussion of the structural basis for genome editing
applications.

CRISPR-Cas SYSTEMS

Functional CRISPR-Cas loci comprise a DNA repeat—spacer array, a set of casgenes, and a
leader sequence. The locus-specific repeat sequences range from 23 to 48 nucleotides (nt) in
length, and each bears the identity of a particular CRISPR-Cas system and dictates CRISPR-
specific interactions (44). The repeats are interspersed with distinct spacer sequences that are
roughly 24-70 nt long, and some of these sequences match regions of bacteriophage or
plasmid DNA (7, 34, 55, 62). The complementarity between the spacers and the invader
genetic elements is the basis upon which the CRISPR-Cas systems target invaders for
destruction. The leader sequence is believed to direct transcription of the repeat—spacer array
and acquisition of new spacers (63, 94). With only one exception (12), Cas proteins are
responsible for all three functional steps of the CRISPR-Cas immunity (21, 86).

Although the Cas proteins are overwhelmingly diverse (25, 48), bioinformatics and
functional testing have helped to categorize most of them into ten broad superfamilies,
Cas1-Cas10 (49, 50). Casl and Cas2 (11, 94), and possibly Cas4 (47), are involved in the
spacer acquisition step, but their mechanism(s) of action remains uncharacterized. The
crRNA maturation step is carried out by the Cas6 superfamily of endoribonucleases in most
CRISPR-Cas systems (8, 10, 30, 46, 68), but, in systems that lack Cas6, this step is carried
out either by a distinct Cas5 protein, Cas5d (58), or by the host RNase Il in a trans-
activating RNA-dependent manner (12) (Figure 1). During the interference stage, the crRNA
is assembled with specific Cas proteins into CRISPR ribonucleoprotein (crRNP) complexes
(Figure 1). crRNPs that search for but do not cleave target nucleic acids, termed surveillance
crRNPs, recruit additional effector proteins to cleave target nucleic acids. Those that do
cleave target nucleic acids are termed effector crRNPs.
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TYPES AND SUBTYPES

CRISPR-Cas systems are categorized into three major types (1, Il and I11) primarily on the
basis of the phylogeny of the best-conserved casI gene and the combined presence of other
cas genes, and each type is further divided into subtypes (49). All three types share the same
functional paths (Figure 1), but they differ in the methods and machineries used to carry out
these functions (Figure 2). Although types I and type 111 crRNPs are prevalent in both
bacteria and archaea, type Il crRNPs are found only in bacterial organisms. A given
organism may possess one, two, or all of the CRISPR-Cas types; however, in organisms
containing more than one CRISPR-Cas type, neither the interaction among different types
nor the distribution of functional roles is known (9).

The three types of CRISPR-Cas systems produce functional crRNA using different methods.
In the type | and type 111 systems, the crRNA is processed primarily by the Cas6
endoribonuclease. The mature crRNA bears a 7- or 8-nt 5" tag derived from the 3" portion
of the repeat, the guide, and, in the cases where the 3" region is not processed further, a stem
loop derived from the 5" portion of the repeat (10, 22, 30, 67, 68, 72, 74, 81) (Figure 2). In
the type I-C system, in which Cas6 is absent, this process is carried out by the Cas5d
endoribonuclease, and the crRNA bears a similar overall structure but has an 11-nt 5" tag
(58). Both the Cas6 and Cas5d associated with the type | system are typically single-
turnover enzymes and are part of the interference complex (22, 30, 58, 72, 81). The Cas6
associated with the type 111 system often dissociates from the product after processing,
however, and remains independent from the interference complexes (74, 76, 87) (Figure 2).
The type 1l system employs the host RNase 111 endoribonuclease in a frans-activating crRNA
(tracrRNA)-dependent manner and produces crRNAs bearing a 3" tag that remains paired
with the tracrRNA throughout the interference function (Figure 2) (12).

The three CRISPR-Cas types also differ in interference target and in the composition of their
interference complexes. The type | CRISPR-Cas system targets DNA exclusively, whereas
some subtypes of the type Il and type I11 systems target DNA and others target RNA. Both
type | and type Il interference complexes are multi—-Cas protein crRNPs that have a single
RNA subunit (Figure 2). The genes encoding these crRNP proteins are typically arranged as
a cassette or as an operon, but not all proteins encoded within the cassette are part of the
interference complexes. Type Il interference complexes comprise a single Cas9 protein and
two different RNA subunits (Figure 2).

PRINCIPAL BUILDING BLOCKS

The need to define a common set of principal components of crRNPs arises from the
multiple naming systems used for these complexes and the observed similarity in their three-
dimensional organizations. The systematic naming system for the Cas proteins first proposed
by Makarova & Koonin in 2011 (49), and refined in 2013 (50), best reflects the structural
and functional similarities among the different types and subtypes of crRNPs. In their
unified system, type Il crRNPs comprise a single class of protein, Cas9, whereas both type |
and type I11 crRNPs share four fundamental classes of proteins: the large subunit, the small
subunit, Casb, and Cas7 (Figure 2). The large subunit comprises the Cas8 class of proteins
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for type | crRNPs and the Cas10 class for the type 111 crRNPs. These two protein classes
contain polymerase-like features, and proteins belonging to the Cas10 class are often fused
with a histidine—aspartate (HD) nuclease domain. The small subunit in type I and type 111
crRNPs is a small a-helical protein that plays essential roles in complex assembly. Cas5 and
Cas7 are distinct classes of the repeat associated mysterious protein (RAMP) superfamily
that are characterized by the presence of the ferredoxin-like fold (47). The RAMP
superfamily also includes other Cas protein classes such as Cas6 proteins, which process
crRNA (47) and form part of the mature complexes for the subtype I-E, I-B, and I-F crRNPs
because of their tight association with the processed crRNA.

In addition to the stably bound protein factors, type I, and possibly type I11-A, crRNPs
recruit additional effector proteins to cleave their DNA targets. Type | crRNPs recruit the
Cas3 nucleasehelicase for cleavage of target DNA after substrate binding, and this protein is
thus a key component of the holo-complexes (Figure 2). Note that Cas3 also contains the
same HD nuclease domain as that in the Cas10 protein, suggesting a frequent exchange of
domains among Cas proteins. The identity of the effector protein for the type I11-A crRNP
remains elusive owing to limited biochemical data. A recent study showed that
Staphylococcus epidermidis type 111-A crRNP achieves DNA targeting in a transcription-
dependent manner (23). In this case, the HD domain associated with the Cas10 subunit may
be responsible for cleaving DNA (23, 65). Alternatively, type I11-A crRNP recruits an
unidentified effector protein to cleave DNA. The stable assemblies for both type 111-B
(RNA-cleaving) and type I1-A (DNA-cleaving) crRNPs are associated with catalytic
activities. Cas7 is believed to be the catalytic subunit of the 111-B crRNPs, and Cas9 bears a
RuvC domain and an HNH-like nuclease domains that are responsible for DNA cleavage.

DISCOVERY

Works from laboratories across the globe have resulted in isolation and biochemical
characterization of representatives of type I, type Il, and type 111 crRNPs. In all cases,
bioinformatics analysis provided the initial guidance in the search for interference activities,
and such analysis has made selective purification and reconstitution possible. In
combination, traditional biochemical purification methods and modern sequencing and mass
spectrometry techniques ultimately led to the isolation and characterization of nucleic acid—
targeting crRNPs.

Among all types of crRNPs, the first to be isolated was a type I-E surveillance complex
termed Cascade (CRISPR-associated complex for antiviral defense) isolated from
Escherichia coliby Brouns et al. in 2008 (8). This complex was purified from cells
overexpressing the CRISPR locus with a single affinity tag incorporated in various cas
genes, and it was shown to contain five Cas proteins and a ~57-nt crRNA (8). The five
proteins, CasA (also called Csel or Cas8), CasB (also called Cse2 or small subunit), CasC
(also called Cse4 or Cas7), CasD (also called Cas5e), and CasE (also called Cse3 or Cas6e)
(Figure 2) are encoded by an operon containing casA-cask. Cask is the endoribonuclease
responsible for processing crRNA by the Cascade (8). Specific gene knockout followed by
phage resistance assay demonstrated the essential function of each protein against viral
infection in vivo (8). The Cascades of type I-A (46), I-C (58), and I-F (92) were later
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isolated in a similar manner and found to contain analogous protein subunits, with two
exceptions. The type I-C and type I-F Cascade contain only three (Csd1, Csd2, and Cas5d)
and four (Csyl, Csy2, Csy3, and Csy4) subunits, respectively, although both complexes also
contain a crRNA-processing endoribonuclease. The type I-C endoribonuclease Cas5d shares
RNA recognition properties with both Cask and CasD of type I-E, and these shared
properties led to a provocative model in which Cas5d plays the roles of both Cask and CasD
(58). The type I-F Cascade lacks the CasB-equivalent subunit but its Csy1 subunit appears to
contain a CasB-equivalent domain (92), suggesting a conserved Cascade organization.

The type 1l effector crRNPs were first demonstrated to have an in vivo DNA interference
function in 2007 and 2010 (3, 18). In 2012, two different groups (19, 40) subsequently
characterized the subunit composition and in vitro DNA cleavage activity of the
Streptococcus pyogenes and Streptococcus thermophilus type 11-A crRNPs. Type 11-A
crRNPs contain a single protein subunit, Cas9 (also Csnl), a crRNA of 39-42 nt in length,
and a tracrRNA of ~75 nt. The tracrRNA base pairs with the repeat region of the crRNA and
is required for crRNA processing by the host RNase I11 in the presence of Cas9 (12, 24).
Jinek et al. (40) further demonstrated that for the type I1-A system, the crRNA and tracrRNA
may be linked into a single guide RNA (sgRNA) by a tetraloop without affecting its DNA
interference function, making this complex the simplest DNA interference complex known.
A type 11-B crRNP from Francisella novicida was reported around the same time, and this
complex regulates endogenous gene expression in order to promote bacterial virulence
without requiring catalytic centers for DNA cleavage (42, 70). The type I1-B crRNP is
believed to target MRNA and to contain Cas9, a tracrRNA of ~91 nt, and a small CRISPR/
Cas-associated RNA (scaRNA) of ~48 nt (70), although the £ novicida Cas9 is also able to
cleave DNA in vitro using its tracrRNA and crRNA (16). Several other type Il systems
similar to the £ novicida crRNP also contribute to pathogenesis of their host bacteria (70).
The type 1l effector crRNPs are considered one of the most important discoveries in
CRISPR-Cas studies, and these discoveries have resulted in an explosion of applications in
many areas of biology.

The first antiplasmid immunity function by a type 11 crRNP was reported in 2008, when it
was described for the type 111-A Csm (Cas subtype Mycobacterium tuberculosis antiviral
complex) from S. epidermidis (52). Affinity purification of the crRNA-containing Csm later
resulted in identification of five associated Csm proteins (Csm1-Csmb5) all encoded from the
cas10-csmoperon and a 31-67-nt crRNA (28, 29). The native Csm from Su/folobus
solfataricus (Sso) was also purified by a combination of affinity and ion exchange methods,
but this complex was shown to contain eight Csm proteins and a crRNA (69). Surprisingly,
one recent study showed that a type I11-A Csm cleaves RNA rather than DNA in vitro (80).
In 2009, Terns and colleagues (27) isolated another type 111 crRNP, the type 111-B Cmr (Cas
module RAMP antiviral complex), from the cell extract of the archaeon Pyrococcus furiosus
(Pf). Interestingly, the Cmr was also shown to have RNA cleavage (27). The PfCmr contains
six proteins, Cmr1-Cmr6, all of which are encoded from a tightly linked RAMP module
(named after the predominant presence of RAMP proteins), and one of two distinct crRNAsS,
a 45-mer and a 39-mer species (27). Two other Cmrs were later isolated from 7hermus
thermophilus (Tt) (79) and S. solfataricus (95) and were found to have the same core
composition, although the two complexes varied somewhat in the size of the crRNA and the
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number of Cmr proteins. The TtCmr has the same Cmr1-Cmr6 subunits as in the PfCmr,
along with a 40- or 46-mer crRNA (79). In addition to containing Cmr1-Cmr6, the SsoCmr
also has an Sso-specific Cmr7 protein (95). The precise size of the SsoCmr-associated
crRNA has not been characterized, but it was estimated to be ~46 nucleotides (95). Similar
to the PfCmr, both TtCmr and SsoCmr have RNA cleavage activities in vitro.

FUNCTIONS

The process of RNA-guided nucleic acid destruction begins with assembly of functional
crRNPs and ends with the capture and cleavage of the target nucleic acids. Similar to other
ribonucleoprotein particles, this process involves intricate protein—protein, protein—-nucleic
acid, and nucleic acid-nucleic acid interactions, and it requires enzymatic activities that
break the phosphodiester bond. In addition to these shared processes, the three types of
crRNPs also exhibit type-specific functions, which we describe below.

Most crRNPs target DNA for destruction; type 11-B and type I11-B crRNPs are believed to
also target RNA. The in vitro RNA cleavage activity of the type 111-B complex has allowed
us to learn its functional properties. Both a region of ~31-38 nt (depending on the size of
crRNA) that is complementary to the guide region of the crRNA and a correctly assembled
multisubunit Cmr were shown to be necessary and sufficient for RNA cleavage. Importantly,
two of the three reported Cmrs exhibit the ability to make regularly spaced excisions, and
this ability may be explained by two possible models of assembly (26, 64, 79). The first
model is a single Cmr assembly bearing regularly spaced RNA cleavage centers. The second
entails multiple Cmr assemblies of a regular size, each of which contains a single RNA
cleavage center. Current structural data are consistent with the former model, but they do not
exclude the latter. RNA cleavage by the Cmrs requires divalent ions, but the cleavage
products are consistent with a metal-independent mechanism, suggesting that the metal ions
play a structural rather than catalytic role.

In contrast to the type 111-B crRNPs, the type I, type 1I-A, and type I11-A crRNPs target
DNA in vivo. Both type I1-A and type I11-A crRNPs were recently shown to also have RNA
cleavage activity in vitro (60, 80), however, suggesting an RNA binding and cleavage
mechanism that may be related to that for DNA. The DNA targeted by these crRNPs
contains a sequence segment (protospacer) that is complementary to the guide region of the
crRNA (spacer). During interference, the guide region of the crRNA pairs with the
complementary strand of the protospacer to form a structure called an R-loop while a protein
or proteins cleave both the complementary and the noncomplementary strands. Importantly,
because the crRNA is also complementary to its encoding DNA, the crRNPs must be able to
distinguish the self DNA from the invader DNA. The type I11-A crRNP is believed to
discriminate its own DNA on the basis of the repeat sequences flanking the complementary
spacers (52). For type | and type 1l crRNPs, a 2-5-nt segment adjacent to the protospacer
[protospacer-adjacent motif (PAM)], as well as the paired crRNA, is sufficient for crRNPs to
control this specificity (13, 54). Protospacers lacking a PAM remain intact when challenged
by crRNPs. Finally, the type | and type I11-A DNA-targeting crRNPs must recruit effector
proteins that perform the actual DNA cleavage.
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Recent structural and biochemical data have provided important insights about each of the
functions described above. Intricate molecular interaction networks and large molecular
motions have been observed. Successful studies of distinct crRNPs have revealed unique
mechanisms that are pertinent to individual complexes. However, comparisons of the overall
and subunit structures have revealed surprising mechanistic links among remotely related
crRNPs, including links between those that target DNA versus RNA.

ASSEMBLY

Studies of crRNPs by electron microscopy, X-ray crystallography, native mass spectroscopy,
and biochemical techniques have revealed atomic or near atomic resolution models for
several crRNPs belonging to each of the three main types. These structural models have
provided important insights into crRNP assembly and function. Owing to the structural
relatedness between type | and type I11 crRNPs, we discuss their assembly principles
together, and we discuss those for the type Il crRNP separately.

The preparation of homogeneous specimens in large quantities has been crucial to the
success of the structural studies cited here. In all reported cases, recombinant proteins from
bacterial expression systems and a combination of synthetic and in vitro transcribed RNA
were used to assemble the complexes. However, assembling these complexes, including the
crRNA, within the expression hosts using coexpression strategies has proven to be much
more helpful and, in some cases, necessary. For the six-component type I-E Cascade
complex, a plasmid bearing the gene encoding Cas8 and a tandem repeat—spacer array was
cotransformed into expression E£. coli cells with another plasmid bearing the operon
encoding Casb, Cas6, Cas7, and the small subunit (38, 57, 96). For the multicomponent type
I11 complexes, either native purification (80) or subcomplex purification followed by
assembly with synthetic RNA on gel filtration columns proved to be effective (6, 64, 78, 79).
For the type 11 Cas9 protein, bacterial expression worked sufficiently well for protein
production despite its large size, but the challenge of constructing the appropriate RNA and
DNA molecules had to be overcome via nucleic acid engineering (41). A minimal chimera
RNA between the crRNA and tracrRNA was found to be fully functional and was employed
in structural studies (1, 59).

Type | and Type lll: Helical Assembly

Single-particle cryo-electron microscopy (cryoEM) and X-ray crystallographic studies have
revealed detailed subunit arrangement and interaction information (33, 38, 43, 57, 90, 96).
Combined EM, X-ray crystallographic, and mass spectrometry data for the type 111-B Cmr
(6, 64, 78, 79) are now available, as are negative-stained EM data for the type I11-A Csm
(69). In addition, crystal structures are available for many individual subunits of both type |
and type I11 crRNPs (Table 1). These studies show that, despite having distant phylogeny,
the type | and type I11 crRNPs share a surprisingly similar architecture. Analysis of the
available crystal structures of individual subunits across type | and type 111 crRNPs suggests
a propensity for a common helical assembly and for binding single-stranded crRNA. Type-
specific differences have also been observed that may explain functional variations among
CrRNPs.
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Type | and type |11 crRNPs are elongated in shape with a distinct head and a base flanking a
helical body (Figure 3). The crRNA lies linearly along a central channel through the major
groove of the helical assembly, and its 5° and 3" ends are anchored in the base and the head
of this assembly, respectively. This architecture has been compared to the shapes of
seahorses or sea worms (31). The four principal protein classes are arranged similarly in
space in the crRNP structures regardless the type (Figure 3). Each crRNP contains a single
copy of the large subunit, one or two Cas5 proteins, and varying numbers of copies of the
small subunit and the Cas7 proteins. The most-conserved region of the crRNPs is the base,
which comprises the large subunit and Cas5. The least-conserved region is the head, which
comprises type-specific components. The head of the type I-E Cascade is formed by the
crRNA-processing endonuclease Cas6 bound to the 3" hairpin of the crRNA, whereas those
of the type I11-A and type 111-B complexes are formed by heterogeneous Cas7 proteins
(Figure 3).

The most represented protein class in type | and type 111 crRNPs is the Cas7 class that forms
the major helical backbone of the Cascade, the Csms, and the Cmrs (Figures 3 and 4, 7.1-
7.6). Both the type I-E Cascade and the type I11-B Cmrs contain six copies of Cas7, which
may be either the same or different (Figure 4). Cascade contains six identical Cas7 proteins
(CasC) (Figures 3 and 4, 7.1-7.6) (38, 57, 96), whereas the Cmr contains three different
Cas7 proteins [Cmr4 (four subunits), Cmrl (one subunit), and Cmr6é (one subunit)] (6, 64,
78, 79). The Sso type I11-A Csm contains eight Cas7 proteins, which belong to five different
subclasses (69), and the TtCsm contains seven Cas7 subunits, which belong to two different
subclasses (80). However, the overall size and shape of the SsoCsm and the TtCsm are
similar to those of the Cmr (Figure 3) (6, 69). The second multirepeat protein is the small
subunit, which is represented either two or three times among the crRNPs (Figures 3 and 4,
S.1-S.3). The small subunit forms the second backbone of the central body that
complements the contour of the Cas7 backbone (Figures 3 and 4).

The similarity in assembly between the type | and type I11 crRNPs is further supported by
structural similarities among the individual principal building blocks. The large subunits of
both type I-E (Cas8) and type 111-B (Cas10) crRNPs are multidomain and are dominated by
helical secondary structures (Figure 5). Similarly, the small subunit is exclusively helical in
both types (Figure 5). Both Cas7 and Cas5 belong to the RAMP superfamily, which includes
proteins that are characterized by the ferredoxin-like fold and have structures that are
comparable to that of a right hand (Figures 4, 6, and 7). The ferredoxin-like fold forms the
core of the protein, or the palm. A long B-hairpin protruding between the second and the
third core B-strands comprises the thumb, and a helical insertion between the first and the
second core B-strands forms the fingers. Casb proteins seem to lack the fingers domain,
suggesting that this domain is specific to Cas7 (Figures 4 and 6). The helical assembly of
crRNPs arises from the filamentous characteristics of theCas7 family of proteins. Cas7 can
self-assemble in a head-to-tail (or thumb-to-palm) fashion and can thus extend indefinitely
in the absence of competing interactions (Figures 4 and 7). Structural studies of an isolated
type 111-B Cas7 and a Cas7-small subunit complex (Cmr4—Cmr5) support this structural
property (6, 64, 78). The fact that crRNPs possess defined numbers of Cas7 subunits implies
that the interactions between Cas7 and the base and head subunits must be stronger than its
self-interactions.
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Cas3 is the effector protein of the type | crRNPs and is associated with the crRNPs upon
binding of cognate double-stranded DNA (dsDNA) (61). Cas3 belongs to the SF2 family of
helicases and, not surprisingly, contains structural features of this family of enzymes (39)
(Figure 3). Cas3 is placed near the base of the type I-E Cascade on the back surface of the
large subunit (Figure 3).

Type II: Bilobe Architecture

Four crystal structures of the type 1l crRNP principal component, Cas9, from S. pyogenes
(Sp) and Actinomyces naeslundii (An) have been obtained. These structures belong to Cas9
of type I11-A and type 11-C subtypes and include the apo structures of SpCas9 and AnCas9
(41), a structure of SpCas9 bound with an sgRNA and a 20-nt single-stranded DNA
(ssDNA) (59), and the structure of SpCas9 bound with an sgRNA and a double-stranded
DNA (dsDNA) substrate (1). Cas9 is a large protein (~100-190 kDa) with multiple
juxtaposed domains belonging to two major lobes: a recognition (a-helical) lobe and a
nuclease lobe. The nuclease lobe is further divided into three regions of interest: a RuvC-like
domain, an HNH-like domain, and a PAM-interacting domain (PID) (Figure 8). The apo Il-
C Cas9 structures contain most of the nuclease lobe but only a partial recognition lobe (41).
Upon binding nucleic acids, the recognition lobe reorganizes to engage them by undergoing
a drastic conformational change (Figure 8).

crRNA RECOGNITION

Crystal structures of the £. colitype I-E crRNP in the presence and absence of ssDNA and
an atomic model of the 2. furiosus type 111-B crRNP have provided insights into crRNA
recognition, and, more importantly, how these two distantly related crRNPs share a similar
crRNA recognition mechanism. In contrast, the crystal structures of the S. pyogenestype I1-
A crRNP reveal a drastically different crRNA recognition mechanism.

Type | and Type Il crRNPs: Thumb Grips

So far, only one crystal structure among all type I and type 11 crRNPs allows detailed
analysis of crRNA binding to crRNP proteins. The Wiedenheft and Wang laboratories
independently obtained the crystal structure of the £. coli Cascade bound with a crRNA (38,
96), and the Bailey laboratory obtained the structure of the £. coli Cascade bound with a
crRNA and the cognate sSDNA (57). These important structures have advanced our
understanding of crRNA recognition by type | crRNPs.

The 5’ tag of the crRNA (8 nt) is the key element of specificity. The backbone of the first
eight nucleotides is bent into an S-shape; nucleotides 1-4 form the lower arc, and
nucleotides 5-8 form the upper arc. The 5 tag is completely engulfed by Cas5, Cas7.6 (the
Cas7 subunit closest to Casb), and to some degree, the L1 loop of the large subunit (Figure
4). The lower arc forms a tight loop that lies parallel to the first helix (a.1) of the Cas5 palm
domain. The upper arc bends less sharply and is pressed against the a1 helix of Cas7.6 by
the B-hairpin thumb domain of Cas5 from below (Figure 4). The nucleobases of the first six
nucleotides are engaged in close contact with the surrounding proteins. The first nucleotide
interacts extensively with Cas7.6, the second and third interact with Cas5, and the fourth,
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fifth, and sixth interact with the L1 loop of the large subunit. These combined interactions
likely impart the specificity required for crRNA association and explain the necessity of
protein complex formation for specific binding of crRNA.

The guide (spacer) region of the crRNA extends along the helical contour formed by the six
Cas7 repeats and is fixed on the protein surface by a set of spectacular thumb-to-palm
interactions among the Cas7 proteins (Figure 4). The thumbs are spaced evenly along the
RNA with a 6-nt spacing (Figure 4). Each thumb inserts into the helical stack of the bases
and presses the phosphate backbone against the a1 helix of the Cas7 above, thereby
splaying every sixth base, and this splay is accompanied by a sharp kink of the phosphate
backbone at this position (Figure 4). The contacts established between the RNA and proteins
are nonspecific and thus can accommodate any sequences.

Comparison of the Casb and Cas7 protein structures between the type | and type 111 crRNPs
suggests these proteins share a similar crRNA binding mechanism (Figures 6 and 7).
Superimposition of RNA-free type 111-B, I-A, I-D, and I11-A Cas7 structures with the
structure for RNA-loaded type I-E Cas7 of Cascade (7.6) reveals striking similarities among
the thumb and palm domains of these proteins, and these similarities are likely to preserve
the thumb-to-palm (or thumb grip) principle observed in £. coli Cascade (Figure 6).
Similarly, superimposition of the RNA-free type I11-B Cas5 structures with the RNA-bound
type I-E Cas5 structure shows that although the thumb and palm elements of type I11-B Cas5
are often disordered in isolation, these elements are likely engaged in similar interactions
with the 5" tag of the cognate crRNA (Figure 7). Interestingly, locations of the predicted
thumbs of Casb and Cas7 in the assembled Cmr match those of regularly spaced al hook
densities (64), supporting a preservation of the observed interactions between the thumb and
the small subunit in the type 111-B Cmr.

Type II: Bilobe Clamp

The principles of RNA interaction with the type 11 Cas9 protein are revealed by three
significant SpCas9 structures (the apo structure, the sSDNA- and sgRNA-bound structure,
and the dsDNA and sgRNA-bound structure) (1, 41, 59). The key elements recognized by
the Cas9 of the type Il crRNP include the repeat:antirepeat hybrid formed between the
crRNA, the sgRNA, and the first stem loop of the tracrRNA, although the last two stem
loops of the tracrRNA also play some roles in stabilizing the crRNP (40, 59). The
repeat:antirepeat hybrid contains 10 bp interrupted by a 2,4-nucleotide internal loop (Figure
8). The duplex is buried at the interface between the two lobes of Cas9 and the first helical
segment of the recognition lobe. The internal loop also contacts residues from the
recognition lobe. The guide region (base paired with ssDNA) is engulfed in a sequence-
independent manner by the arginine-rich bridge helix that connects the recognition lobe and
the nuclease lobe, the recognition lobe, and the HNH-like domain (Figure 8). The 10-12 nt
near the repeat interact most extensively with the bridge helix, which provides the structural
basis for the so-called seed interaction for binding substrate DNA near the PAM sequence
(82) in much the same way as the seed interaction observed at the guide—repeat junction for
Cascade does (92). The second and third stem loops of the tracrRNA interact with residues
from the PAM-interacting domain and the RuvC-like domain (Figure 8) (59). These two
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stem loops are not required for Cas9 function but can dramatically increase its catalytic
efficiency (40, 59).

TARGET RECOGNITION

Type | and Type lll: Base Pairs with a Stretch

Most known effector and surveillance complexes target dSDNA for interference, although
the type I-E Cascade and the type I11-A Csm can bind complementary ssRNA (80, 90). For
the crRNA to gain access to the complementary strand of a dsDNA, the dsDNA must
unwind. Furthermore, the crRNPs must also specifically recognize the PAM motif to
distinguish self DNA from foreign DNA. The crystal structures of £. coli Cascade bound to
ssDNA (57) and the combined EM and crystal structure models of the PfCmr (6, 64) have
provided insights into how the substrate DNA or RNA binds to the type | and type 111
CrRNPs.

In the ssDNA-bound Cascade, the bound crRNA is partially exposed to solvent owing to the
interdigitized thumb grips (Figure 4) and is thus unable to base pair with a target DNA. In
addition, the phosphate backbone of crRNA closely follows the contour of the central
filament, restricting the way in which the target can be paired with the crRNA. Interestingly,
Cascade, and most likely the Cmr (with RNA substrate), overcomes these challenges via
segmented base pairing. The bound crRNA-ssDNA heteroduplex deviates largely from the
standard B- or A-form and does not hybridize continuously. The entire duplex is
underwound and stretched longitudinally to match the entire assembly contour. Base pairing
is interrupted every 6 bp by the inserted thumb B-hairpin, leading to an irregular and
discontinuous RNA-DNA heteroduplex (Figure 4). The regularly disrupted base pairing is
consistent with the fact that mutations occurring every 5 bp in target DNA are tolerated in
vivo (73).

Each segment of 5 bp has a similar structure as a result of having similar interactions with
the Cas7 repeats (Figure 4), suggesting that the protein assembly dictates the features of the
target interactions. Strikingly, substrate binding is accompanied by a notable domain rotation
of the large subunit and as much as 16 A sliding of the two small subunits toward the base
(Figures 3 and 4), demonstrating that DNA hybridization is a dynamic process.

In the combined EM and crystal structural models of the PfCmr, a similar irregularity in the
crRNA-RNA hybrid must occur, imposed by the helical contour and by the structural
similarity between its Cas7 and that of Cascade (64) (Figures 4 and 7). Thus, the basic
features observed in the Cascade crRNA-DNA hybrid are likely to be conserved between
type I and type 111 crRNPs.

Given that the 5" end of the Cascade-bound guide region has the strongest affinity for DNA
(92), hybridization likely first takes place near the PAM sequence. This hybridization leads
to small subunit sliding and large subunit rotation, then to hybridization of the next segment
and perhaps to more small subunit sliding and large subunit rotation (Figure 94). The cycle
continues until the last segment is hybridized. Single-molecule experiments showed that
base pairing is not stable until the last base pair at the distal end is formed (22), suggesting
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the importance of complete base pairing in DNA cleavage. It is believed that irregular and
discontinuous base pairing allows for better mismatch detection and more accurate substrate
capture than a single hybridization event does (57). This principle of heteroduplex formation
has been compared to that facilitated by the DNA recombination protein RecA (57, 86).

Self Versus Foreign: The Protospacer-Adjacent Motif Meets the Phosphate Lock

DNA-targeting crRNPs must recognize and utilize the PAM sequence to prevent self-
targeting. In vitro DNA binding studies of type I-E Cascade on dsDNA binding have shown
that the R-loop forms only when PAM is present (75, 89). The use of a DNA substrate
bearing the PAM sequence in both strands of the target DNA showed that the PAM sequence
is preferentially recognized in the complementary strand (89). Similar studies with type Il
Cas9 complexes also demonstrated the importance of the PAM sequence in DNA
interference (15, 16, 40). The type Il crRNPs recognize the PAM sequence on the
noncomplementary strand of the dsDNA rather than on the complementary strand (20, 40),
however, suggesting a mechanistic difference between these systems at this step.

The nucleic acid structure captured by X-ray crystallography that most closely resembles an
R-loop structure is that for the type Il Cas9 bound with dsDNA, and this structure sheds
light on how the PAM facilitates R-loop formation (1). To obtain the structure of a PAM-
interacting Cas9 complex, a partially active Cas9 containing a defective HNH-like domain
and an active RuvC-like domain was incubated with an 83-nt sgRNA and a dsDNA substrate
bearing the TGG PAM sequence on its noncomplementary strand. In the crystal structure,
the RuvC-like domain cleaved the noncomplementary strand but left its 3" cleavage product
intact, allowing examination of PAM—-Cas9 interactions. The duplex containing the PAM
sequence lies at an ~120° angle to the SgRNA-DNA heteroduplex, which is coaxial with the
crRNA-tracrRNA duplex (Figure 8). Unlike the irregular crRNA-DNA heteroduplex
observed in the type I and type 111 crRNPs, the SgRNA-DNA hybrid maintains a regular A-
form helix, likely owing to its short length. The substrate strand is engaged in sequence-
independent interactions mostly with the recognition lobe.

The PAM helix is nestled in a positively charged groove formed between the C-terminal
domain (CTD) and the Topo-homology domain (collectively, the PID) (Figure 8). The PAM
nucleotides TGG remain base paired (Figure 8). There is only slight tightening of the
binding pocket on Cas9 compared with its PAM-free structure, suggesting a preformed
PAM-binding channel. The structure identifies the DRKRY motif on a p-hairpin of the CTD
in SpCas9 as the PAM-interaction unit, where the pair of arginine residues forms hydrogen
bonds with the major groove edges of the two guanine nucleotides. The nucleotides on the
target strand are not recognized by Cas9, providing the structural basis for the tolerance of
mismatches in the PAM on this strand. The specific PAM-Cas9 interaction triggers local
structural changes that destabilize the adjacent base pairing (Figure 8). In particular, a sharp
kink in the target strand immediately downstream of the PAM motif is formed (Figure 8).
The Kkink is necessary for the target strand to transition from pairing with the nontarget
strand to pairing with the sgRNA. Nearby serine and lysine residues recognize the kinked
phosphate group (called the phosphate lock) (Figure 8), which drives the conformational
change of the target strand necessary for R-loop formation (Figure 9).
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Although the protein elements interacting with the TGG PAM sequence are conserved in
some type II-A Cas9 species, these elements can be different in or completely absent from
others (1, 15, 16). Furthermore, the sequences and locations of the PAM vary widely (16).
Thus, the principle learned from the SpCas9 studies may need to be revised once more
Cas9-PAM interactions are observed.

TARGET CLEAVAGE

Various crRNPs employ different mechanisms to cleave target nucleic acids. The catalytic
centers for the type | and type Il crRNPs are readily identified and confirmed on the basis of
both sequence homology to known nucleases and in vitro biochemical and structural studies.
However, those associated with type I11 crRNPs are more difficult to discern because of the
lack of clear homology and high-resolution structures. Thus, we summarize below the
known mechanisms of how type | and type 1l crRNPs cleave target DNA and the predicted
mechanisms of how type I11-B crRNPs cleave RNA.

DNA Cleavage: Something Borrowed

The type | surveillance crRNPs do not display DNA cleavage activities; rather, they recruit
Cas3-related effectors to cleave the target DNA. Many type | Cas3 proteins are large
helicase—nuclease combinations, but some contain two separate interacting polypeptides
[Cas3” being the helicase and Cas3” being an HD nuclease]. A structure of a Cas3- and
dsDNA-loaded Cascade was determined using cryoEM methods (33), and an atomic model
of the complex was then constructed based on this structure using the ssDNA-loaded
Cascade crystal structure (57). The modeled Cas3- and dsDNA-loaded Cascade shows that
the PAM-proximal dsDNA is situated between the fingers domains of Cas7.6 and Cas7.5,
and the complementary strand pairs with the bound crRNA while the noncomplementary
strand traverses a positive path composed of the helix bundle of the large subunit and the two
small subunits. This binding model places a region near the PAM sequence of the displaced
noncomplementary strand on Cas3 and therefore predicts that the noncomplementary strand
is nicked and further degraded by Cas3. Consistently, in vitro DNA cleavage experiments
have shown that in the absence of ATP, only the noncomplementary strand is cleaved,
whereas in the presence of ATP, both strands are cleaved processively (75).

The mechanism of how Cas3 interacts with and cleaves ssSDNA was learned from recent
crystal structures of Thermobifida fusca (type 1-C) Cas3 bound with an ssDNA substrate and
various nucleotides (37). The nuclease domain of Cas3 belongs to the family of metal-
dependent HD nucleases, and its structure indeed resembles that of other HD proteins (37,
56). Cas3 has four domains: the HD domain, a RecA-like domain 1, a RecA-like domain 2,
and a CTD. The two RecA-like domains form the helicase core, and the HD domain and the
helicase core are arranged linearly with respect to the bound ssDNA, the 3" and 5" ends of
which are anchored in the HD domain and the helicase core, respectively (Figure 3). The 3’
terminal phosphate group of the ssDNA is engaged in coordination interactions with two
bound metal ions and is believed to be cleaved via a nucleophilic attack mediated by a
metal-coordinated water molecule. The fact that ATP is required for Cas3 to cleave both
DNA strands processively suggests that a large rearrangement in Cas3-bound Cascade is
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powered by ATP hydrolysis and is necessary for Cas3 to access the complementary strand.
There is also some evidence indicating that negative supercoil in DNA can increase the
efficiency of Cascade cleavage, perhaps via efficient conformational change and strand
separation (89).

The type 1l Cas9 proteins also use well-characterized nuclease domains, the HNH-like and
the RuvC-like domains, to cleave DNA. The HNH-like domain contains the hallmark ppa-
metal active site, which typically comprises a coordinated metal; a water molecule; and
aspartate, asparagine, and histidine residues. The coordinate metal ion is not observed in the
currently known Cas9 structures owing to mutation of the catalytic histidine. Studies of
other HNH nucleases suggest that the histidine acts as a general base to activate the water
molecule, allowing it to attack the scissile phosphate in the in-line displacement reaction.
The metal ion coordinated by the aspartate and asparagine residues and the oxygen atoms of
the scissile phosphate stabilizes the phosphoanion transition state and the leaving group (83).
The RuvC domain is also a well-characterized nuclease domain that contains two metal ions,
two aspartate residues, a glutamate residue, and a histidine residue. In general, the two
metals are simultaneously coordinated with a nonbridging oxygen of the scissile phosphate
and a carboxylate group, enabling an activated hydroxyl group (typically water) to attack the
scissile phosphate in the in-line displacement reaction (93). The current Cas9 structures still
lack the detailed interactions between the DNA substrate and the nuclease domains at the
active sites needed to confirm the proposed catalytic mechanisms.

RNA Cleavage: Shaping the Scissile Phosphate

Unlike the type I, type 11, or type 111-A effector/surveillance complexes that target DNA, the
type I11-B Cmr targets complementary RNA for destruction. Both the TtCmr and the PfCmr
can make three, four, or five cuts, depending on the organism(s) and guide RNA used,
although four cuts seem to be the most dominate product (6, 26, 64, 79). The last cleavage
site (that closest to the 3" end) on the target RNA is always 5 nt away from the last paired
target nucleotide, and each of the remaining sites is located 6 nt upstream of the preceding
site. The SsoCmr also cleaves RNA, but its cleavage pattern is somewhat different from that
observed for the other two Cmrs. The SsoCmr does not cleave at regularly spaced sites;
rather, it cleaves preferentially within AU-rich regions. The Sso complex also requires an
unpaired flap at the 3" end of the target nucleic acid, but the sequence of this flap is not
important for cleavage. In addition, the SsoCmr cleaves both its guide RNA and its target
RNA, and this activity depends on the presence of a 3" overhang of the target RNA (95).

The fact that Cmrs cleave the target RNA at sites with a 6-nt spacing and the observation
that the crRNA-DNA hybrid bound within Cascade has a 6-bp periodicity (38, 57, 96) may
not be a coincidence. The four cleavage sites are reasonably attributed to the four Cas7
subunits that are separated by 6 bp of stretched RNA (64) (Figure 9¢), a notion supported by
modeling and mutagenesis studies. Furthermore, the observed set of striking a.1 hook
structures is believed to act analogously to the Asp-Arg/Lys-Trp triad of the Cas7 that
penetrates the cRNA-ssDNA duplex with regular 6-bp spacing (96). The distorted RNA
bases at this 6-nt spacing have important implications for breakage of the phosphate
backbone because the bases that are flipped outward facilitate formation of the necessary in-
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line conformation at the upstream scissile phosphate and can thus enhance the rate of bond
breakage at these sites.

Despite the consistency between the structural data and the evenly spaced cleavage sites, the
four Cmr4/four cleavage site model does not satisfactorily explain cleavage at three or five
sites (26, 64, 79). Although the varying Cmr4 subunit model accounts for these cleavage
sites better than the four Cmr4/four cleavage site model does (Figure 9¢), the assemblies
corresponding to varying Cmr4 subunits have not been captured by experiments, suggesting
a high stability of the four-Cmr4 assembly. Alternatively, other Cas7 proteins may play a
role in cleavage in some organisms, and the activity of a given Cmr4 may depend on its
location within the helical assembly. Answers to these unresolved issues await high-
resolution structures of the Cmr holo-complex.

The type 111-A Csm was shown to cleave RNA in the same manner as the type I111-B Cmr
does (80). Furthermore, the Csm was recently shown to target DNA in a transcription-
dependent manner (6). Given that these two complexes have a similar overall assembly,
especially with respect to the arrangement of the Cas7 subunits (80), the Csm is believed to
bind and cleave RNA according to the same principle as the Cmr. Thus, the Csm may use its
ability to bind RNA in locating target DNA (Figure 94), making it a dual-substrate cleavage
CrRNP.

APPLICATIONS

One of the most exciting prospects in the research on CRISPR-Cas immunity is development
of new biotechnology that serves the needs of basic research and those of clinical
applications. Both the CRISPR-Cas system as a whole and individual enzymes have been
exploited for these purposes, which range from generating phage-resistant bacterial products
(4) to altering specific genetic sequences in animal cells (85). The most powerful yet simple
tool to have emerged from the CRISPR-Cas research to date is the Cas9-based genome
editing system. Cloning customized sgRNA together with Cas9 in transfecting vector
systems allows simultaneous delivery of the type Il crRNP to cells that can then cleave
almost any desired DNA target. The utility of the Cas9—sgRNA nuclease in eukaryotic cells
is based on its ability to produce RNA-guided double-stranded breaks in genomes. These
breaks can be repaired either by the error-prone process of nonhomologous end-joining or
by the precise process of homology-directed repair. The superb adaptability and power of the
programmable RNA-guided nuclease have been demonstrated in multiple organisms and cell
types (for reviews on this topic, see References 36, 51, 71, 85).

Despite its promises and its rapid gain in popularity as a major genome editing tool, the
Cas9-sgRNA system still has several limitations. A notable fraction of off-target nucleic
acid degradation has been documented (17). A large sgRNA screening across multiple genes
in different organisms suggests that the PAM sequence in use is not completely optimized
(14). Although efforts using modified Cas9 resulted in fewer off-target effects, better
systems with higher stringency are required for safe applications. Continued improvement in
the Cas9 enzyme itself through either protein or tracrRNA engineering provides one solution
to the problem. Alternatively, Cas9 enzymes from other species or multisubunit systems,
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such as the type I-E Cascade and the type 111-A crRNP, that have tighter requirements for the
PAM sequence used could be developed to eliminate the off-target activities.

Targeting DNA alone may limit our ability to achieve full knockout owing to splice variants
or inaccessible chromatin structures. In cases in which the cellular contexts do impact Cas9
accessibility, RNA interference (RNAI) or CRISPR-Cas RNA-targeting complexes such as
the recently characterized PAM-dependent RNA-cleaving Cas9 system (60) may be used.
Moreover, the type 11-B Cas9 and the type 111-B Cmr may be combined with the Cas9-
SgRNA nuclease to achieve the best gene silencing result. As our basic knowledge on
various CRISPR-Cas interference systems grows, newer and safer biotechnology tools are
expected to emerge.

CONCLUDING REMARKS

The crRNPs carry out nucleic acid silencing function by a variety of methods that were
initially thought to be unrelated. Although this observation remains true for type Il crRNPs,
structural and mechanistic connections between type | and type 111 crRNPs, as well as
among type 111 subtypes, are now evident. Despite a distant phylogeny, the protein subunits
that compose both type I type I11 crRNPs may be categorized into four principal classes that
construct a similar architecture characterized by helical repeats. More importantly, the ways
in which the crRNAs, and possibly the target nucleic acids (regardless of whether they are
DNA or RNA), interact with the assembled crRNPs are strikingly similar. This mode of
nucleic acid interaction is believed to result in both fidelity and silencing efficiency. The
segmented target—guide base pairing cycle has a low tolerance for mismatches and allows
multiple cleavage of the target.

Critical interactions that allow the crRNP to distinguish self from foreign DNA and that lead
to a following testable model have been observed only in the case of the type Il Cas9 crRNP.
A pair of arginine residues stabilize the two guanine nucleotides of the PAM sequence,
resulting in a kinked phosphate backbone of the complementary strand that is stabilized by
the phosphate lock loop. The phosphate lock promotes unwinding of the DNA that in turn
pairs with the guide RNA. Although innovative biologists are using sophisticated screening
methods to quickly identify the most efficient and broadly applicable Cas9 technology,
theoretical studies that may help validate and predict experimental results should also be
undertaken, and, more importantly, such studies are needed to understand the fundamental
basis for the observed cellular effects. Given the available crystal structures and the growing
amount of experimental data on Cas9 specificity, these studies are now within reach.

Many questions surrounding the CRISPR-Cas pathway remain unanswered. Given the fact
that both RNA and DNA may be cleaved by many crRNPs, what are the true interference
targets of the CRISPR-Cas immunity process in cells? How do the multisubunit crRNPs
recognize the correct PAM sequence? How do type I11-A crRNPs achieve transcription-
dependent DNA targeting? Do the energetics of PAM—-Cas9 interactions support the
formation of a DNA-RNA three-way junction of the R-loop? Do the energetics of
segmented pairing support its hypothesized beneficial effect to fidelity? What defines the
length of the helical assemblies of crRNPs? Would multicomponent systems also be a good
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choice for genome editing and RNA silencing? Do all crRNPs have roles in prokaryote
development and in the virulence of pathogens? Continued mechanistic studies of crRNPs
may reveal surprising answers to these questions.

Acknowledgments

Glossary

This work was supported by National Institutes of Health grant R0O1 GM099604 to H.L.

Clustered regularly inter spaced short palindromic repeats (CRISPR)
prokaryotic DNA loci that store invader genetic elements used for defending against
invaders

Repeat
a short and repetitive DNA element within the CRISPR locus; often palindromic but can be
nonpalindromic

Spacer
a unique short DNA element flanked by identical repeats within the CRISPR locus; often

match genetic elements of invaders

crRNP
ribonucleoprotein particles formed between Cas proteins and crRNA that perform crRNA-
guided surveillance or cleavage of nucleic acids

CRISPR-Castypes
a categorization system based on the phylogeny of Casl and the cas gene combinations
within a given CRISPR locus; an organism may contain more than one type

Repeat associated mysterious proteins (RAM Ps)
proteins containing a ferredoxin-like fold and a glycine-rich loop; these proteins are the most
abundant type of Cas protein

HD domain
a nuclease domain containing arrangements of histidine and aspartate residues, typically H
—HD—D or HD—H—D

CRISPR-associated complex for antiviral defense (Cascade)
the first reported CRISPR antiviral complex; belongs to the type I-E CRISPR-Cas system

crRNA, tracrRNA, and sgRNA
type-specific small RNAs derived from CRISPR-related loci used by Cas proteins in guiding
RNA processing or nucleic acid interference

Cas subtype Mycobacterium tuberculosis antiviral complex (Csm)
type I11-A under the unified system; first demonstrated DNA interference CRISPR-Cas
system
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Cas module RAMP antiviral complex (Cmr)
type I11-B under the unified system; first demonstrated RNA interference CRISPR-Cas
system

Protospacers
exogenous nucleic acid elements with sequences that are complementary to those of
CRISPR spacers

R-loop
a three-stranded structure in which an RNA is hybridized to a complementary DNA strand,
resulting in displacement of the noncomplementary strand

Protospacer-adjacent motif (PAM)
a highly conserved and system-specific 2-5 nucleotide motif flanking one side of the
protospacer that triggers DNA interference

RuvC-like domain
a nuclease domain with an RNase H fold that contains two metal ions and a combination of
histidine, aspartate, and glutamate residues

HNH-like domain
a nuclease domain containing the hallmark ppa-metal active site formed by a metal ion and
a combination of histidine, asparagine, and aspartate residues

Phosphate lock
a protein element in Cas9 that stabilizes the severely kinked phosphate backbone of the first
DNA nucleotide paired with the SgRNA
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Figure 1.
Overview of the CRISPR-Cas immunity pathways and their associated Cas proteins. In the

spacer acquisition step, DNA segments are incorporated into the repeat—spacer array near the
leader sequence. Casl and Cas2, and Cas4 in some organisms, are believed to be responsible
for this process. Cas6, and in some cases Cas5d or endogenous RNase 111, is the primary
enzyme that processes precursor crRNA transcripts to generate mature crRNA. Additional
maturation steps may take place in some systems, but these steps have not yet been
characterized. During the target interference step, crRNA and the remaining Cas proteins
assemble into three different types of ribonucleoprotein particles (crRNPs) that destroy
invader nucleic acids and spare self nucleic acids. Abbreviations: Cas, CRISPR-associated;
CRISPR, clustered regularly interspaced short palindromic repeats; crRNA, CRISPR RNA.
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Figure 2.

The principal components of the three types of interference complexes. Proteins are
represented by colored bars, and crRNA are represented by lines. Type | and type 111 crRNPs
share the same four fundamental protein classes (large subunit, small subunit, Cas5, and
Cas7). The large subunit is Cas8 for type | crRNPs and Cas10 for type 11l crRNPs, and Cas5
and Cas7 are distinct classes of the repeat associated mysterious protein (RAMP)
superfamily. Type | crRNPs recruit an effector protein, Cas3, for DNA cleavage. The
effector protein for the DNA-targeting type 111 crRNPs is not yet known, although Csm1 and
Csmb6 are the speculated effector proteins for type 111-A, and Cmr4 is believed to be the
effector protein of the type 111-B crRNP. The guide region of the crRNA is shown in red, and
the region derived from the repeat sequences is shown in black. The type Il crRNPs
comprise Cas9, a crRNA, and a frans-activating RNA (tracrRNA). The crRNA and the
tracrRNA maybe covalently linked by a stem loop (dashed line), resulting in a single guide
RNA (sgRNA). The names of other individual Cas proteins used in specific crRNPs that
have been identified so far are listed under the cartoon for each type. Abbreviations: Cmr,
Cas module RAMP antiviral complex; Csm, Cas subtype Mycobacterium tuberculosis
antiviral complex (Csm).
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Figure 3.

Architectural similarities between the type I and type I11 crRNPs. Electron microscopy
densities are segmented for each complex and are colored according to the same scheme as
that used for protein subunits in Figures 1 and 2. The crRNA is colored in red, and the target
nucleic acids are colored in magenta. Various crRNPs belonging to different types are
manually superimposed and displayed in the same orientation. The segment corresponding
to a specific Cas protein is labeled by only the numerical component of the protein name
(e.g., 10 indicates Cas10). Subunits that are repeated multiple times are labeled by the
numerical name of the subunit followed by a number specifying the order of the repeat (e.g.,
7.6 indicates the sixth Cas7). The small subunit is labeled S, S.1, S.2, or S.3. In the case of
the type I11-A crRNP, the exact number of repeats has not been determined for either Cas7 or
the small subunit, so the corresponding densities are labeled “7” and “S,” respectively. The
reader is referred to Table 1 for additional information. Abbreviations: Cas, CRISPR-
associated; crRNA, CRISPR RNA; crRNP, CRISPR ribonucleoprotein; ds, double-stranded;
E. coli, Escherichia coli, P. furiosus, Pyrococcus furiosus, ss, single-stranded; S. solfataricus,
Sulfolubus sofataricus, T. thermophilus, Thermus theromphilus.
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T. fusca Cas3

Stag +ssDNA

Figure 4.
Crystal or combined electron microscopy (EM) and crystal structures of the type I-E

Cascade (a,6,¢), the type I11-B Cmr (d), and the effector protein, Cas3 (€). Cas7 subunit
repeats are colored in alternating dark blue and light blue. The large subunit and the small
subunit are colored in yellow and green, respectively. Cas5 is colored in orange. The crRNA
is colored in red and the target is colored in magenta. (&) The crystal structures of the
Escherichia coli Cascade without a bound substrate DNA (PDB IDs: 4U7U and 1VY8); (b)
The crystal structure of the £. coli Cascade with a single-stranded DNA (ssDNA) bound
(PDB ID: 4QYZ). The direction of movement of the small subunit proteins upon binding of
the ssDNA substrate is indicated by an arrow. The Cas3 binding site on the Cascade as
determined by an EM method (see Figure 3) is indicated by an open circle. (¢) The
arrangement of the thumb B-hairpins of Cas5 and Cas7 repeats on the crRNA:ssDNA hybrid
(PDB ID: 4QYZ). The Cas5 thumb interacts with the 5 tag in a sequence-specific manner.
The Cas7 thumbs insert into the crRNA:ssDNA heteroduplex, causing every sixth base pair
to unwind. (d). The EM structure of the type I11-B Cmr fitted with crystal structures of the
Cas10-Cas5 heterodimer (PDB ID: 4K4K), the Cas7 filament (PDB ID: 4RDP), and the
small subunit (PDB ID: 4GKF) with the EM density removed. A portion of the crRNA is
modeled based on crRNA-Cascade interactions that have been adjusted for the different
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symmetry relationships among the Cas7 repeats of the Cmr. The locations of the Cmrl
(“7.2™) and Cmr6 (“7.1) proteins are indicated by models from Cmr4 proteins (7.3-7.6) and
are labeled with quotation marks. (€) The crystal structure of 7hermobifida fusca Cas3
bound with an ssDNA (PDB ID: 4QQW). Colors are arbitrarily assigned to individual
domains. Cas3 first binds and cleaves the noncomplementary strand using its histidine—
aspartate (HD) domain and then processes the complementary strand using an
uncharacterized mechanism. (#) Cartoon representation of the key features of type | and type
I11 crRNP assemblies. Cas3 binding applies to only type | crRNPs. Abbreviations: Cas,
CRISPR-associated; Cascade, CRISPR-associated complex for antiviral defense; Cmr, Cas
module RAMP antiviral complex; crRNA, CRISPR RNA; crRNP, CRISPR
ribonucleoprotein; CTD, C-terminal domain; PDB, Protein Data Bank; RAMP, repeat
associated mysterious protein.
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Figureb5.

Similar structural classes of the large and small subunits between the type | and type IlI
crRNPs. The large subunit proteins are shown in yellow, and the small subunit proteins are
shown in green. The crRNP subtype and the PDB ID are indicated below the structure for
each protein. Table 1 contains additional information about these proteins. The L1 loop of
the Escherichia coli Cas8 protein has been shown to interact with the protospacer-adjacent
motif (PAM) sequence to prevent destruction of “self” DNA. The histidine—aspartate (HD)
domain of Cas10 is not included in the crystal structure, and its position is indicated only on
the basis of sequence connectivity. The bound ATP molecule in the Cas10 protein is shown
in the stick model. The physiological importance of the ATP binding site on Cas10 remains
unclear. D1-D4 refer to domains 1-4, respectively. Abbreviations: Cas, CRISPR-associated;
crRNP, CRISPR ribonucleoprotein; PDB, Protein Data Bank.
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Figure®6.
Similar Cas7 structures between type | type 111 CRISPR-Cas systems. Currently known Cas7

structures are superimposed with that of type I-E (PDB ID: IVY8, chain G) with bound
crRNA. The type and the PDB ID for each Cas7 structure are indicated below it. Table 1
contains additional information about these structures. Dashed lines indicate disordered
regions in the crystal structures. The thumb hairpin loop is often disordered in RNA-free
Cas7 structures, but this loop is expected to be stabilized in a manner similar to that depicted
in the type I-E Cas7 structure (PDB ID: 1VY8, chain G). The right hand representation of
the Cas7 structure is shown at the lower right, and key regions of this structure are labeled.
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Figure7.
Similar Cas5 structures between the type | and type 1l CRISPR-Cas systems. Currently

known Cas5 structures are superimposed with that of type I-E (PDB ID: 1VY8, chain H)
with bound crRNA. The type and the PDB ID for each protein are indicated below the
appropriate structure. Table 1 contains additional information about these structures. Dashed
lines indicate the disordered regions in the crystal structures. The thumb hairpin loop is often
disordered in RNA-free Cas5 structures, but this loop is expected to be stabilized in a
manner similar to that depicted in the type I-E Casb structure (PDB ID: 1VY8, chain H).
The right hand representation of the Cas5 structure is shown at the right, and key regions of
the structure are labeled.
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Figure 8.
Structures of Cas9 and its complexes with RNA and DNA substrates. The domain color

scheme is indicated at the lower right. Cas9 has a bilobe organization comprising the
recognition lobe (gray) and the nuclease lobe (dark blue, light blue, and yellow) connected
by an arginine-rich bridge helix (green). Large rearrangements of the recognition lobe are
observed upon binding of the single guide RNA (sgRNA) and the complementary single-
stranded DNA (ssDNA). More moderate arrangements are observed when double-stranded
DNA (dsDNA) bearing the protospacer-adjacent motif (PAM) sequence associates.
Additional information about the structures is found in Table 1. (/ef?) Structure of the apo
Streptococcus pyogenes (Sp) Cas9. (middle) Structure of SpCas9 bound with sgRNA and a
complementary ssDNA. (right) Structure of SpCas9 bound with an sgRNA and a dsDNA
substrate bearing the TGG PAM sequence. The PAM-Cas9 interactions are depicted in the
inset. A pair of arginine residues forms nucleobase-specific hydrogen bonds with the PAM
nucleotides GG. As a result, the +1 nucleotide of the complementary DNA strand splays out
of the helical stack and pairs with the guide RNA. The phosphate backbone kink is stabilized
by the phosphate lock loop.
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Figure.
Nucleic acid target binding and cleavage models for type I, type Il, and type 111 crRNPs. Red

crosses indicate DNA or RNA cleavage sites. (&) Model of type | crRNP function. Upon
recognition of the protospacer-adjacent motif (PAM) sequence on the complementary strand,
the surveillance complex allows the so-called seed base pairing between the crRNA and the
complementary DNA to occur. This pairing triggers sliding of the small subunit toward the
base of the crRNP and domain rotation in the large subunit, freeing the downstream guide
RNA for additional base pairing. This process continues until the ultimate formation of the
R-loop. Cas3 is then recruited to the region in which the noncomplementary strand wraps
around the helix bundle domain of the Cas8 protein, where itmakes the first excision. (4)
Model of type 1l crRNP function. The DNA duplex is inspected by the Cas9 crRNP until the
PAM sequence is recognized. A PAM sequence—interacting element such as the pair of
arginine residues of the SpCas9 engages the PAM nucleotides, triggering unwinding of the
adjacent base pairs and splaying of the first substrate nucleotide. The DNA—crRNA base
pairing forms and is made possible by a stabilizing interaction between the severely kinked
phosphate backbone and the phosphate lock loop of Cas9, and the pairing propagates while
the DNA substrate unwinds. The HNH-like domain cleaves the complementary strand while
the RuvC-like domain cleaves the noncomplementary strand. (¢) Model of type 111-B crRNP
function. The crRNP has a stable assembly with multiple Cas7 repeats that may facilitate
cleavage of the RNA base paired with the crRNA. The alternative model of multiple
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assemblies with varying Cas7 repeats is not depicted. Numbered subunits indicate respective
proteins (e.g., 3 indicates Cas3, 8 indicates Cas8). Abbreviations: crRNA, CRISPR-RNA;
crRNP, CRISPR ribonucleoprotein; PID, PAM-interacting domain; S, small subunit; Sp,
Streptococcus pyogenes, tractRNA, frans-activating RNA.
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List of crystal and electron microscopy (EM) structures of CRISPR ribonucleoproteins (crRNPs) and subunits *

crRNP or PDB ID
subunit name | Subtype and species (resolution) Components Notes
Crystal structures
Cascade |-E Escherichia coli K12 4U7U 3.0 A) Cas8, Casb, Cas6, Cas7, First crystal structure of
(Ec) small subunit, crRNA multisubunit CRISPR-Cas crRNP
Cascade I-E Escherichia coli K12 1vVY8 (3.2 A) Cas8, Casb, Cas6, Cas7, First crystal structure of
(Ec) small subunit, crRNA multisubunit CRISPR-Cas crRNP
Cascade |-E Escherichia coli K12 4QYZ (3.0 A) Cas8, Casb, Cas6, Cas7, First crystal structure of
(Ec) small subunit, crRNA, multisubunit CRISPR-Cas crRNP
sSDNA bound with an ssDNA substrate
Cas3 I-C Thermobifida fusca 4QQW (2.7 A) | Cas3, Fe3* DNA, First Cas3 structure
YX(Th
4QQX (3.3A) | cas3, Fe¥, ATP First Cas3 structure
4QQY (3.1 A) | cas3, Fe3* ADP First Cas3 structure
4QQZ (2.9 A) | Cas3, Fe®*, DNA, ANP First Cas3 structure
Cas7 (Csa2) 1-A Sulfolobus 3PS0 (2.0 A) Cas7 First type I-A Cas7 structure
solfataricus P2 (Ss0)
Cas7 (Cmr4) 11-B Pyrococcus furiosus | 4RDP (2.8 A) Cas7 First type I11-B Cas7 structure
DSM 3638 (Ph
Cas7 (Csc2) 1-D Thermofilum 4TXD (1.8 A) Cas7 First type I-D Cas7 structure
pendens (Tp)
Cas7 (Csm3) 111-A Methanopyrus 4ANOL (2.4 A) Cas7 First type I11-A Cas7 structure
kandleri (MK)
Cas5 (Casbd) I-C Bacillus halodurans 4F3M (1.7 A) Cas5 First type I-C Cas5 structure; first
(Bh) Cas5 protein to show RNA
processing activity
Cas5 (Cmr3) WI-B Pyrococcus furiosus | 4H4AK (2.8 A) Cas10, Casb Second type 111-B Cas5 structure; al
DSM 3638 (PhH helix observed; thumb disordered
Cas5 (Cmr3) 11-B Pyrococcus furiosus | 3W2W (2.5 A) | Cas10, Cas5 Second type I11-B Cas5 structure;
DSM 3638 (PhH thumb B-hairpin observed; al
helix disordered
Cas8 (Csel, I-E Acidimicrobium 4H3T (2.0 A) Cas8
CasA) ferrooxidans DSM
10331 (Acf)
Cas10 (Cmr2) | W-B Pyrococcus furiosus | 3UNG (2.3 A) | Cas10 First type 111-B Cas10 structure;
DSM 3638 (PhH ATP and metal binding observed
Small subunit | 111-B Pyrococcus furiosus | 4GKF (2.1 A) | Cmr5
(Cmr5) DSM 3638 (Ph
Small subunit | 111-B Thermus 2Z0P (2.1A) | Cmr5
(Cmr5) thermophilus HB8 (T?)
Small subunit | 111-B Archaeoglobus 20EB (1.6 A) Cmr5
(Cmr5) fulgidus (Af)
Small subunit | I-E Thermobifida fusca 4H79 (1.9 A) CasB
(CasB) ()
Small subunit | 1-A Thermus 4H7A (2.6 A) CasB
(CasB) thermophilus (T?)
Cas9 II-A Streptococcus 4UN3 (2.6 A) Cas9, sgRNA, PAM- First Cas9 bound with a
pyogenes SF370 (Sp) containing PAM-containing dsDNA
dsDNA
4UN4 (2.4 A) Cas9, sgRNA, PAM-
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crRNP or PDB ID
subunit name | Subtype and species (resolution) Components Notes
containing dsDNA with
2-nt mismatch
4UNS5 (2.4 A) | Cas9, sgRNA, PAM-
containing dsDNA with
3-nt mismatch
Cas9 II-A Streptococcus 4008 (2.5 A) Cas9, sgRNA, ssDNA First Cas9 structure bound with
pyogenes (Sp) sgRNA and ssDNA
Cas9 II-A Streptococcus ACMP (2.6 A) | Cas9 First apo Cas9 structures (I1-A and
pyogenes SF370 (Sp) 11-C)
4CMQ 3.1 A) | cas9, Mn2*
Cas9 11-C Actinomyces 40GE (2.2 A) Cas9
naeslundii (An)
40GC (2.8 A) | cas9, Mn2*
EM structures
Cmr 11-B Thermus EMD-2418 Cas10, Casb, three First EM structure revealing a
thermophilus (T?) 22 A) different Cas7s (Cmr1, helical feature, six Cas7 repeats, and
Cmr4, and Cmr6), small the base structure
subunit, crRNA
Cmr 111-B Pyrococcus furiosus | EMD-6165 Casl0, Casb, three First EM structure revealing the
DSM 3638 (Ph EMD-6166 different Cas7s (Cmrl, location of the HD domain and the
15 A) Cmr4, and Cmr6), small al hooks
subunit, crRNA, ssRNA
EMD-6167 Cas7 (Cmr4), small
(12 A) subunit
Csm 111-A Sulfolobus EMD-2420 Cas10, Casb5, five different | First EM structure of a type I11-A
solfataricus (Ss0) 30A) Cas7s, small subunit, complex
CrRNA
Csm HI-A Thermus EMD-6122 Casl0, Casb, two different | Second EM structure of a type I11-A
thermophilus (T?) (21 A) Cas7s (Csm3 and Csm5), complex
small subunit, crRNA
Cascade |1-E Escherichia coli K12 EMD-5314 Cas8, Casb, Cas6, Cas7, First high-resolution EM structure.
(Eo) (8.84A) small subunit, crRNA Six Cas7 repeats observed
Cascade |1-E Escherichia coli K12 EMD-5315 Cas8, Casb, Cas6, Cas7, Discontinuous RNA duplex was
(Ec) 92A) small subunit, crRNA, observed
SSRNA
Cascade |1-E Escherichia coli K12 EMD-5929 Cas8, Casb, Cas6, Cas7, Conformational changes in the small
(Eo) 9A) small subunit, crRNA, and large subunits observed
dsDNA
Cascade |-E Escherichia coli K12 EMD-5930 Cas8, Casb, Cas6, Cas7, First structure reporting the
(Eo) (20 A) small subunit, crRNA, locations of the dsDNA and the

dsDNA, Cas3

Cas3 binding site

Page 36

*

Abbreviations: Cas, CRISPR-associated; Cascade, CRISPR-associated complex for antiviral defense; Cmr, Cas module RAMP antiviral complex;
Csm, Cas subtype Mycobacterium tuberculosis antiviral complex; crRNA, CRISPR RNA,; ds, double-stranded; HD, histidine—aspartate; PAM,
protospacer-adjacent motif; PDB, Protein Data Bank; RAMP, repeat associated mysterious protein; sgRNA, single guide RNA; ss, single-stranded.
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