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Abstract

Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)-based technology has
revolutionized the field of biomedicine with broad applications in genome editing, therapeutics
and diagnostics. While a majority of applications involve the RNA-guided site-specific DNA
or RNA cleavage by CRISPR enzymes, recent successes in nucleic acid detection rely on

their collateral and non-specific cleavage activated by viral DNA or RNA. Ranging in enzyme
composition, the mechanism for distinguishing self- from foreign-nucleic acids, the usage of
second messengers, and enzymology, the CRISPR enzymes provide a diverse set of diagnosis
tools in further innovations. Structural biology plays an important role in elucidating the
mechanisms of these CRISPR enzymes. Here we summarize and compare structures of three
types of CRISPR enzymes used in nucleic acid detection captured in their respective functional
forms and illustrate the current understanding of their activation mechanism.
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1. Introduction

Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) and CRISPR-
associated proteins (Cas) systems have immensely advanced the field of biomedicine in the

past decade (Barrangou and Doudna, 2016; Zhang, 2019). Found in most archaea and many

bacteria, CRISPR-Cas systems provide an adaptive immunity against bacteriophages and
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other invading predatory mobile genetic elements (MGES) such as plasmids and transposons
(Faure et al., 2019). Such an immunity is achieved in a three-stage process: adaptation

to infection by incorporation of new spacers derived from MGEs, processing of CRISPR
RNA (crRNA) to yield mature guide RNA and interference against target DNA/RNA by
CRISPR-Cas nucleases (Barrangou, 2015; Sorek et al., 2013; Wright et al., 2016; Barrangou
and Marraffini, 2014). The extraordinary programmability of the CRISPR-Cas effectors
through crRNA has found convenient applications in genome editing, therapeutics and more
recently, specific nucleic acid detections (Barrangou and Doudna, 2016; Zhang, 2019; Freije
and Sabeti, 2021; Wang et al., 2020).

CRISPR-Cas effectors are highly diverse in composition, structures and functions
(Makarova, 2020). They have been mainly categorized based upon the architecture of
CRISPR effector modules: Class | comprising multi-subunit effector complexes (Makarova
et al., 2017) and Class Il containing single-subunit effector complexes (Makarova et al.,
2017). Based on features in CRISPR loci, the effectors are also classified into six different
types. Both classes of CRISPR-Cas effectors representing three different types have been
repurposed towards nucleic acid detection applications. The Class 1l enzymes, Casl12 (Type
V) and Cas13 (Type VI), have been predominantly exploited via breakthrough technologies
(Freije and Sabeti, 2021) like DETECTR (Chen et al., 2018), HOLMES (L. et al., 2018),
and SHERLOCK (Gootenberg et al., 2017). On the other hand, recent technologies such

as MORIARTY (Sridhara et al., 2021) and SCOPE (Steens et al., 2021) employ the

Class I systems (Type I11) based on their inherent tandem nucleic acid cleavage activities.
Regardless of the types, the CRISPR enzymes can be programmed with the ability to

base pair with a specific viral nucleic acid sequence that if encountered, will stimulate
trans-cleavage of single stranded DNA or RNA by the CRISPR enzymes (Fig. 1). This
trans-cleavage activity is then harnessed as a reporter for the presence of the viral nucleic
acids. Recent biochemical and structural studies have begun to elucidate the molecular
basis for the trans-cleavage activity of the CRISPR enzymes in order to provide blueprints
for designing and improving unique nucleic acid detection strategies. While this graphical
review focuses on the mechanisms underlying the CRISPR enzyme-based diagnosis, we
direct readers to other excellent comprehensive reviews on CRISPR-Cas structures (Molina
et al., 2020; Stella et al., 2017; Jiang and Doudna, 2017; Swarts and Jinek, 2018).

1.1. Structural mechanism of DNA detection by Cas12

Casl2is a Type V effector protein belonging to Class Il. Most known Cas12 enzymes
target double stranded (ds) DNA but recently one subtype, Cas12i, was found to target RNA
(Zhang et al., 2020). To cleave the DNA substrate, Cas12 requires a region in the DNA
(protospacer) complementary to its associated crRNA (spacer) and a stretch of DNA at the 5'
end of the protospacer called Protospacer Adjacent Motif (PAM). Among the Cas12 family
of enzymes, the most studied are Cas12a, also known as Cpf1, and Cas12b, also known as
C2cl. The PAM sequence for Cas12 is mostly thymine rich and located near the 5' end of
the protospacer. While Cas12a enzymes do not require the long and bulky trans-activating
crRNA (tracrRNA) in targeting DNA, Cas12b require tracrRNA to achieve interference
(Stella et al., 2017). Together with the unique features in Cas12 such as being small in size
and processing own precursor CRISPR (pre-crRNA) without the need for Cas6, Cas12 has
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found applications in both genome editing (Zetsche et al., 2017) and nucleic acid detection
(Freije and Sabeti, 2021; Chen et al., 2018; Li et al., 2018; Li et al., 2019).

Structures of Cas12 show that it is a multi-domain protein with a bilobed architecture
(Stella et al., 2017; Swarts and Jinek, 2018). The nucleic acid recognition lobe (REC) is
responsible for wrapping around the heteroduplex formed between the guide RNA and the
target DNA strand and the nuclease (NUC) lobe contains four domains responsible for
PAM recognition and catalysis. The PAM interacting domain (PI) is positioned at the PAM
element to discriminate against self-DNA that lacks the correct PAM sequence and the
nuclease RuvC domain performs the actual cleavage of the DNA. Unlike Cas9 that uses
both the RuvC and the HNH domains to cleave the non-target and the target DNA strand,
respectively, Cas12 employs the single RuvC domain to cleave both.

Remarkably, following cleavage of the dsDNA, Cas12 is activated to cleave single stranded
(ss) DNA non-specifically (Chen et al., 2018; Gootenberg et al., 2018). This is the
mechanistic basis for Cas12 to be employed in nucleic acid detection. By including a
ssDNA oligo flanked by a fluorophore and a quencher pair, Cas12 would cleave the
ssDNA probe oligo, only in presence of a stimulatory DNA bearing both PAM and the
protospacer, thereby eliciting a detectable fluorescence signal (Chen et al., 2018; Li et al.,
2018; Gootenberg et al., 2018) (Fig. 1). Alternatively, the cleaved ssSDNA probe can be
detected using a convenient paper chromatography (Freije and Sabeti, 2021; Gootenberg et
al., 2018).

To elucidate the molecular mechanism of Cas12, various biochemical and biophysical
studies focused on the structural changes in Cas12 upon crRNA and target DNA binding
that lead to both the dsDNA cleavage and the collateral activity. While no structure of Cas12
alone is yet available, a number of crystal and electron cryomicroscopy (cryoEM) structures
of Cas12 bound with crRNA and various crRNA:DNA complexes from several organisms
have been obtained (Nishimasu et al., 2017; Swarts et al., 2017; Yamano et al., 2017; Stella
et al., 2018; Yang et al., 2016; Stella et al., 2017). Among these, the cryoEM study of
Francisella novicida Cas12a (FnCasl12a) captured the crRNA-bound binary complex and
crRNA:DNA-bound ternary complexes in several transitional forms (Stella et al., 2018).
Finally, the study with the active FnCas12a enzyme and a cleavable DNA substrate captured
the form where the target strand is cleaved (Stella et al., 2017). These works show that as
the crRNA:protospacer pairing increases, the REC and the Pl domains continue to approach
the DNA, leading to a final compaction of the FnCas12a (Fig. 2). Binding of the target DNA
promotes insertion of the loop-lysine helix-loop (LKL) of the PI domain into the dSDNA,
which leads to separation of the dsSDNA and formation of the R-loop (Fig. 2). During this
process, the REC domain is significantly reorganized (Fig. 2b) (Nishimasu et al., 2017;
Swarts et al., 2017; Yamano et al., 2017; Stella et al., 2018). Importantly, the catalytic
residues of the RuvC domain, Asp917 and Glu1006 of FnCas12a, remain engaged by two
positively charged residues, Lys1013 and Arg918, respectively, to remain inactive (Fig. 2b).
In the final ternary complex prior to cleavage, these polar interactions are disengaged via a
significant rearrangement of the Lys1013-bearing loop (LBL) (Fig. 2c), freeing the catalytic
residues to form the active site, possibly with metal ions (Stella et al., 2018; Stella et al.,
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2017). The rearrangement in the active site after dSDNA cleavage is believed to be the
molecular mechanism responsible for activation of the collateral DNase activity of Cas12a.

Crystallographic studies of Alicyclobacillus acidoterrestris Cas12b (AacCas12b) in both the
DNA-free and DNA-bound forms illustrate a similar mechanism of nucleic acid interactions
as FnCasl2a (Stella et al., 2017; Yang et al., 2016). Unlike FnCas12a, however, local
rearrangements involving two loops in front of the RuvC domain (Lid) were observed upon
dsDNA binding, which may enable target DNA positioning (Fig. 2c). Interestingly, the
AacCas12b structures further show that the target and the non-target DNA strand can be
alternatingly placed into the RuvC catalytic site for cleavage (Fig. 2¢). The indiscriminate
binding of either the target or the non-target DNA implies the possibility that non-specific
ssDNA may also be able to compete with the dsDNA substate for the RuvC active site,
leading to its dsDNA-activated collateral activity.

1.2. Structural mechanism of RNA and DNA detection by Cas13

Cas13 is a member of the Type VI system and also belongs to Class I1. Cas13 is

the first known RNA cleavage effector among the Class Il enzymes and employs the

Higher Prokaryotic and Eukaryotic binding domain (HEPN) as the nuclease for target

RNA cleavage (Abudayyeh, 2016). The target RNA must bear a stretch of sequence
complementary to the guide region of the crRNA associated with Cas13 and in addition,

its 3' protospacer flanking sequence (PFS) region should not fully pair with the 5' tag of the
crRNA, as pairing of these two regions inhibits cleavage (Abudayyeh, 2016; Smargon et al.,
2017; Cox et al., 2017).

Similar to Cas12, Cas13 possesses target-activated collateral activity that degrades single
stranded RNA non-specifically. This is the basis for Cas13a, Cas13b and more recently,
Cas13d, to be used in various diagnostic applications such as SHERLOCK (Gootenberg
etal., 2017), CARMEN (Ackerman et al., 2020), SHINE (Arizti-Sanz et al., 2020). By
including a short RNA oligo flanked by a fluorophore and quencher pair in a Cas13-
mediated reaction, cleavage of the fluorescently labeled RNA probe oligo following target
RNA cleavage would lead to separation of the fluorophore and quencher, and therefore, a
rise in fluorescent signal (Fig. 1). Alternatively, the cleaved RNA probe can also be detected
using convenient paper chromatography (Freije and Sabeti, 2021; Abudayyeh et al., 2019).

Various structural studies of Casl13a systems from Leptotrichia shahii (LshCas13a),
Leptotrichia buccalis (LbuCas13a), and Lachnospiraceae bacterium (LbaCas13a) have
unveiled the conformational changes in Cas13a upon crRNA binding (Liu et al., 2017;

Liu et al., 2017; Knott et al., 2017), and in the case of LbuCas13a, target RNA binding
(Liu et al., 2017). Like Cas12, Cas13a also contains a bilobed architecture with a REC
and a NUC lobe linked by a Linker domain. The NUC lobe contains two HEPN domains
(HEPN1 and HEPN2) for target as well as non-specific RNA cleavage (Fig. 3a). The

REC lobe contains three helixrich domains responsible for recognition of the guide RNA
hairpin loop and the crRNA-target RNA helix (Fig. 3b, ¢ & d). In the target-bound ternary
complex structure, 3' PFS is observed to be at the cleft between Helical-1 and the N-terminal
domain (NTD) (Liu et al., 2017; Liu et al., 2017). Binding of a cognate target RNA to
LbuCas13 brings the two HEPN domains together to form a combined catalytic site (Fig.
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3b, 3¢ & 3d). If the 3' PFS would form base pairs with the crRNA, on the other hand, as
illustrated in the structure of a non-cognate target-bound LshCas13a complex (Wang et al.,
2021), the domain motions involving HEPN2 would be inhibited, preventing formation of a
cleavage compatible structure. The target RNA-induced structural transitions form the basis
for activation of the RNase activity in Cas13 (Liu et al., 2017). Similar activation mechanism
applies to Cas13d as illustrated in its target-free and target-bound structures of Eubacterium
siraeum Cas13d (EsiCasl13d) (Zhang et al., 2018), although Cas13d does not seem to require
3' PFS and has a different domain architecture (Fig. 3a). Upon cognate target RNA binding,
the two HEPN domains compact to form the RNA cleavage site (Fig. 3¢, f, & Q).

Interestingly, the activated composite HEPN center does not cleave target RNA at specific
sites. Rather, it cleaves the target RNA non-specifically at a region rich in uridine but distant
to the crRNA:target pairing region (Abudayyeh et al., 2017; East-Seletsky et al., 2016).

This may be achieved by the RNase activity exerted in #rans owing to the surface exposed
catalytic site. The frans-cleavage activity is the basis for Cas13 to be used in nucleic acid
detections (Figs. 1 & 3).

1.3. Structural mechanism of RNA and DNA detection by Type Ill systems

The ability to re-engineer Type 11 systems towards the detection of nucleic acids has been
demonstrated in recent studies towards diagnosing SARS-CoV-2, either by employing a
Csm-Csm6 system (Sridhara et al., 2021; Santiago-Frangos et al., 2021), a Cmr-TTHB144
system (Steens et al., 2021) or a Cmr-NucC hybrid system (Gruschow et al., 2021). This
application depends on the viral RNA-stimulated dual collateral activities in these Type IlI
systems (Figs. 4 & 5). In absence of any target RNA (apo) or upon binding of the self-RNA
(non-cognate target RNA, or NTR), Type I1l effectors remain inactive while in presence of
a viral RNA (cognate target RNA, or CTR), they elicit both cyclic oligoadenylate (cOA)
synthesis and deoxyribonuclease (DNase) activities in their Csm1 (Csm) or Cmr2 (Cmr)
catalytic subunit (You et al., 2019; Jia, 2019; Sridhara et al., 2021; Niewoehner et al.,

2017; Sofos, 2020). The cOA molecules act as second messenger in activating the ancillary
ribonuclease (RNase) Csm6 (Csm) or Csx1 (Cmr) or the deoxyribonuclease NucC (Cmr)
by binding to the CARF (CRISPR-associated Rossmann Fold) sensor domain (Sridhara et
al., 2021; Athukoralage and White, 2021; Kazlauskiene et al., 2017). The tandem nuclease
strategy is not limited to Type IlI-based detection systems. The ability for Cas13a to release
a linear polyadenylate oligo through the primary activation was used to activate Csme,
making the Cas13-Csm6-based detection more powerful (Gootenberg et al., 2018; Liu et
al., 2021). Several structures that represent the various functional forms have been obtained,
allowing the comparison of the active sites, and therefore, elucidation of the mechanism of
activation. We show in Fig. 4a collection of apo, NTR- and CTR-bound Csm structures from
Lactococcus lactis (LICsm) used in MORIARTY (Sridhara et al., 2021) and compare both
the cOAg synthesis (GGDD motif) and DNase (HD domain) centers in these functional
forms (Sridhara et al., 2021). While the cOAg synthesis center experience noticeable
opening as a result of CTR binding that can activate cOAg production (Fig. 4c), minor
changes are observed in the HD center regardless of whether the target RNA is bound (Fig.
4d). This conclusion also holds true to structural studies of the thermophilic Streptococcus
thermophilus and Thermococcus onnurineus Csm complexes (You et al., 2019; Jia, 2019).
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Authors of these studies hypothesize that CTR binding to Csm could alter protein dynamics
of the catalytic subunit Csm1, through changes in other subunits and Csm1 loops, and

thus activate its non-specific DNase activity. This hypothesis has found support in a single
molecule fluorescence microscopy study of the Staphylococcus epidermidis Csm system
(SeCsm) (Wang et al., 2019) and the fact that stand-alone Csm1 subunit is a constitutive
DNase (Jung et al., 2015; Ramia et al., 2014). Fig. 4e also compares structures of the

Cmr complex from Sulfolobus islandicus (SiCmr) in its apo, NTR- and CTR-bound forms.
This work identified a critical change in Cmr3 called Stalk Loop that undergoes correlated
changes when the cognate target RNA is bound, which is believed to play a role in opening
or closing the cOA synthesis site (Sofos, 2020). Note that the Stalk Loop is a unique
structural feature to the Cmr system.

To learn how Csm/Csx/NucC facilitate tandem detection through cOA-mediated enzyme
activation, we also illustrate structures of Csm6 from 7hermococcus onnurineus (ToCsm6
(Jia et al., 2019), Csx1 from Sulfolobus islandicus (SisCsx1) (Molina et al., 2019), and
NucC from Escherichia coli (EcoNucC) (Lau et al., 2020), in their apo and cOA,-bound
forms and compare their RNase/DNase centers (Fig. 5). ToCsm6 forms a dimer with

a single cOA4 binding center while SiCsx1 forms a trimer of dimers with three cOA,4
binding centers (Fig. 5a) (Jia et al., 2019; Molina et al., 2019). Similar dimeric form was
also observed in the cOAg-bound EiCsm6 (Garcia-Doval et al., 2020). Thus, the RNase
center is believed to be made of two HEPN domains, one from each protomer (Fig. 5a).
Structural comparison shows that only minor structural changes are observed in HEPN
when cOA is bound (Fig. 5a), unlike the changes observed in the HEPN domain of the
activated Cas13 (Fig. 3). However, when comparing the structures of cOA4 bound to HEPN
active site likely mimicking ssRNA between an activated and an inactivated (W14A-E337A
mutant) ToCsm, authors observed less optimal phosphodiester bond geometry for cleavage
in the inactivated state (Fig. 5a) (Jia et al., 2019), suggesting a role of cOA, in promoting
correct binding of RNA in the HEPN active site. Garcia-Doval et al. in studying the cOAg-
bound Enteroccocus italicus Csm6 (EiCsm6) proposed that it is possible that the HEPN
domain may experience changes in dynamics when cOAg is bound, which could activate
its RNase activity (Garcia-Doval et al., 2020). Alternatively, based on the observation that
cOA, is bound in two different conformations in the three possible binding sites of the
hexameric SisCsx1 complex (Fig. 5b), Molina et al. propose that the subtle changes in the
hexamerization interface, especially with polar residues-mediated interactions, upon cOA,4
binding are sufficient to activate the RNase activity (Molina et al., 2019). Structural studies
of EcoNucC further support the role of oligomerization in activation. NucC forms a trimer in
absence of cOAg3 but a hexamer in presence of cOA3, which is believed to facilitate binding
of ds DNA substrates (Fig. 5¢) (Lau et al., 2020).

Though other CARF-fused nucleases have not been repurposed for nucleic acid

detection, mechanistic studies have revealed important insights. Structures of 7reponema
succinifaciens Cardl (TsuCardl) bound with cOA4 reveals a conformational change-
mediated metal coordination mechanism (Rostol, 2021) (Fig. 5d). Rostol et a/. also provide
an excellent discussion about other CARF-fused nucleases for further reading.
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2. Summary

We summarize currently known structural properties of three CRISPR-Cas (or CRISPR-
NucC hybrid) systems with a focus on the principle of how viral nucleic acids or second
messengers stimulate collateral DNase/RNase activities. These remarkable properties have
been exploited in constructing CRISPR-based nucleic acid detection methods. The systems
outlined here seem to share the principle where a distantly bound stimulator can perturb the
active site structures, through either enzyme oligomerization or protein dynamic changes.
Confirmation of this principle requires additional biophysical studies and will open doors for
more innovative nucleic acid detection methods.
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Fig. 1.
Schematic of how Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)

and CRISPR-associated (Cas) (CRISPR-Cas) enzymes are activated by either viral DNA or
RNA and how this property is repurposed for specific detection of nucleic acids. In addition
to the interference activity towards the viral DNA and RNA directly, certain CRISPR-Cas
enzymes elicit collateral deoxyribonuclease (DNase) or ribonuclease (RNase) activities that
are harnessed to cleave fluorescence reporter molecules. The Type 11l CRISPR-Cas enzymes
also possess RNA-activated cyclic oligoadenylate (cOA) synthesis activity that is harnessed
to stimulate the ancillary cOA sensor molecules (Csm6, Csx1, or NucC) that further amplify
fluorescence signals.
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Fig. 2.
Structural comparison of two Cas12 enzymes in the absence or presence of the target DNA

reveals rearranged catalytic sites upon target DNA binding. Domains and nucleic acids are
colored consistently throughout the figure. The crRNA and tracrRNA are colored in black
and the target DNA is in red. The displayed Cas12 structures are orientated identically with
their nuclease domain (Nuc) superimposed. PDB ID for each complex is indicated. Insets
show close-up view of the catalytic site structure in various Cas12a/Cas12b complexes.

(a) Domain organization of Francisella novicida Casl2a (FnCasl2a) and Alicyclobacillus
acidoterrestris Cas12b (AacCasl2b) and a model of the DNA stimulated catalytic processes.
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Each domain is colored in the same scheme as the linear organization bar diagram. Key
features with respect to the activation processes are noted on top of the cartoons. Cas12a
consists of five domains in total: a nuclease domain (Nuc), a nucleic acid recognition
domain (REC, gray), a wedge domain (WED, wheat), a PAM interaction domain (PI, light
blue), and a DNase domain (RuvC, violet). Cas12b contains the same except for the WED
and PI are replaced by the oligo nucleotide binding domain (OBD) and REC is replaced

by the Helical domain. The Cas12a/Cas12b-CRISPR RNA (crRNA, black) complex acts
as a surveillance complex with the unpaired guide region of crRNA resting on the REC
domain. Upon binding to the complementary target DNA (red) containing a protospacer
associated motif (PAM, yellow), the guide-target heteroduplex rearranges the REC domain,
leading to activation of the catalytic RuvC domain. The activated Cas12a/Cas12b cleaves
any DNA non-specifically in the vicinity (frans-cleavage) including the bound target DNA
(cis-cleavage). (b) Cartoon representation and close-up active site views of the FnCas12a
in multiple functional states: binary (crRNA-bound), intermediate, pre-cleavage and post
cleavage ternary complex captured by cryoEM studies. The catalytic residues in FnCas12a,
Asp917, Glu1006 (mutated to GIn1006) and two positively charged residues, Lys1013

and Arg918, are shown in stick models. The loop harboring Lys1013 is named lysine1013-
bearing-loop (LBL) and undergoes large re-arrangement from the pre-cleavage to the post-
cleavage state. This re-re-arrangement plays an important role in freeing up the catalytic
residues Asp917 and Glu1006 to form the active site. (b) Cartoon representation and close-
up active site views of the AacCas12b in multiple functional states: binary (crRNA- and
tracrRNA-bound), target strand-bound ternary complex and non-target strand-bound ternary
complex captured by crystallographic studies. The DNase domain RuvC remains relatively
stationary from DNA-free, to target strand-bound and to non-target strand-bound. Two loops
in front of the active site (Lid) are closed in the DNA-free form but open when either DNA
strand is bound.
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Detailed comparison of the catalytic sites

Structure comparison of two Cas13 enzymes in the absence or presence of the target RNA
reveals rearranged catalytic sites upon target RNA binding. Domains and RNA are colored
consistently throughout the figure. The displayed Cas13 structures are oriented identically
with their HEPN2 domain superimposed. PDB ID for each complex is indicated. Insets
show close-up view of the catalytic site structure in various Cas13a/Cas13d complexes.

Distances are measured between the sidechains of two catalytic (or mutant) residues.

(a) Domain organization of Leptotrichia buccalis Casl3a (LbuCas13a) and Eubacterium
siraeum Cas13d (EsiCas13d) and a model of crRNA-guided target-RNA cleavage by Cas13.
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Casl3a consists of six domains in total: N-terminal domain (wheat), Helical-1 (light blue),
Helical-2 (gray), HEPNL1 (violet) and HEPN2 (light pink) and Linker (pale cyan) domain.
The more compact Cas13d contains the same except for the Linker domain arranged in a
different linear sequence order. The Cas13a/Cas13d-CRISPR RNA (crRNA, black) complex
acts as a surveillance complex with the unpaired guide region of crRNA resting on Helical

2 (Cas13a) or Helical 1 (Cas13d) domain. Upon binding to the complementary target RNA
(red) containing a non-complementary 3' protospacer flanking sequence (3' PFS, yellow), the
guide-target duplex rearranges the Helical and the HEPN domains, leading to formation of
the catalytic site as the HEPN1 domain comes closer to the HEPN2 domain. The activated
Cas13a/Cas13d cleaves any RNA non-specifically in the vicinity (frans-cleavage) including
the bound target RNA 5' distal to the complementary region (c/s-cleavage). Two possible
modes of frans-cleavage are illustrated. (b) Cartoon representation of the LbuCas13a-crRNA
binary complex and close-up view of the active site. (c) Cartoon representation of the
LbuCas13a-crRNA-target RNA ternary complex and close-up view of the active site indicate
a more compact active site. (d) Movement of the HEPN1 domain relative to the HEPN2
domain upon target RNA binding in both cartoon representation and close-up view. (€)
Cartoon representation of the EsiCas13d-crRNA binary complex and close-up view of the
active site. (f) Cartoon representation of the EsiCas13d-crRNA-target RNA ternary complex
and close-up view of the active site indicate a more compact active site. Note the mutations
in the active site. (g) Movement of the HEPN1 domain relative to the HEPN2 domain upon
target RNA binding in both cartoon representation and close-up view.
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Fig. 4.
Structure comparison of the Type I11 CRISPR-Cas enzymes in the apo, self-RNA-bound

(noncognate RNA target, or NTR), and the viral RNA-bound (cognate RNA target, or CTR)
states indicates rearrangement of the cyclic oligonucleotide (cOA) synthesis site (GGDD
motif) but minor changes in the DNase site (HD domain). Domains and RNA are colored
consistently throughout the figure. CRISPR RNA (crRNA) is in black, and the target RNA
is in red. The displayed Csm (111-A) and Cmr (111-B) structures are orientated identically
with their PALM1 of the Csm1/Cmr2 subunit superimposed. PDB ID for each complex

is indicated. (a) Schematic assemblies of the Csm/Cmr complexes in apo, NTR-bound

and CTR-bound forms as observed by cryo-electron microscopy (cryoEM). Corresponding
subunits represented by colored solids are labeled. The two catalytic sites are labeled by
GGDD for the cOA,, (n = 3, 4, 5, or 6) synthesis and HD for the deoxyribonuclease (DNase)
site, respectively; (b) Cartoon representation of the cryoEM structures for the Lactococcus
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Jactis Csm (LICsm) with the two catalytic sites and other key elements labeled. The PALM
1 domain is circled; (c) Viral RNA activates cOAg synthesis activity of LICsm through
opening the GGDD active site. Comparison of the GGDD active site in the apo, the NTR-
bound, and the CTR-bound forms when all three structures are aligned using their PALM 1
domain. In comparison with the GGDD catalytic loop, that in the NTR-bound moved up by
1.4 A while that in the CTR-bound moved up by 2.9 A. (d) The DNase active site of LICsm
undergoes minor change in different functional forms. Comparison of the HD active site in
the apo, the NTR-bound, and the CTR-bound forms when all three structures are aligned
using their PALM 1 domain. It has been proposed that the viral RNA-activated DNase is

a result of dynamic changes in the HD domain. (e) Cartoon representation of the cryoEM
structures of the Sulfolobus islandicus Cmr (SisCmr) with the two catalytic sites and other
key elements labeled. Unlike LICsm, SisCmr uses the Stalk Loop of its Cmr3 subunit as

a sensor to trigger changes in the cOA,, synthesis site (GGDD) upon CTR binding. Like
LICsm, while the HD site itself undergoes minimal changes, those in surrounding loops
accompanying protein dynamics changes could explain activation of the DNase activity.
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Fig. 5.

St?uctural comparison of Csm6, NucC, and Card1 in absence or presence of cyclic
oligoadenylates (cOA, where n = 3, 4 or 6) reveals rearranged catalytic sites upon cOA,
binding. Domains are colored consistently throughout the figure. The displayed Csmé/
NucC/Card1 structures are orientated identically with one of their respective catalytic
domains superimposed. PDB ID for each complex is indicated. Insets show close-up

view of the catalytic site structure in various Csm6/NucC/Card1 complexes. (a) Cartoon
representation of Thermococcus onnurineus Csmé (ToCsm6) in absence and presence of
cOA, and close-up views of the active sites. The three domains, CARF, LINKER, and
HEPN are labeled and colored in two different shades for the two protomers. The composite
active site is formed by both HEPN domains of the homodimer, and in presence of cOAy,
both the CARF and HEPN sites of ToCsmé6 are bound with the ligand. Though the geometry
of the active site has only minor changes, the sugar phosphate backbone of cOA,4 bound to
ToCsm6 HEPN differs between the activated (wild-type) and the inactivated (W14A-E337)
form, which implies that single stranded RNA substrates interact with the catalytic residues
differently when ToCsm is activated by cOA4. (b) Cartoon representation of Su/folobus
fslandicus Csx1 (SisCsx1) in absence and presence of cOA4 and close-up views of active
sites. The three domains, CARF, LINKER, and HEPN are labeled and colored in two
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different shades for each dimer subunit. While most Csm6 seem to form a dimer, SisCsx1
forms a hexamer regardless of whether it is bound to cOA,. It is believed that cOA,4
binding alters the oligomerization interfaces (pink arrows) that allosterically activate the
three composite enzymatic centers to cleave RNA. (c) Cartoon representation of Escherichia
coli NucC (EcoNucC) in absence and presence of cOA,4 and close-up views of the active
sites. The B-strands carrying the catalytic residues are colored in pink and the rest is in
cyan. Significantly, cOAs-free NucC is a trimer while cOAs-bound NucC is a hexamer,
which facilitates its DNase activity by forming an extended DNA binding surface with a
pair of active sites. The active site residue Asp73 was mutated to asparagine, which led

to the loss of the bound Mg?*. (d) Cartoon representation of Treponema succinifaciens
Card1 (TsuCardl) in absence and presence of the activating cOA4 or deactivating cOAg
and close-up views of the active sites. The three domains, CARF, LINKER, and REase
(Restriction Endonuclease), are labeled and colored in two different shades for each dimer
subunit. Significantly, the cOA4-free or cOAg-bound TsuCard1 dimer has a wide separation
between the two REase domains that is compacted by the binding of cOA,4 with a slightly
rearranged active site for binding the catalytic Mn2*.
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