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Abstract

Genome editing technologies have been revolutionized by the discovery of prokaryotic RNA-

guided defense system called CRISPR-Cas. Cas9, a single effector protein found in type II 

CRISPR systems, has been at the heart of this genome editing revolution. Nearly half of the Cas9s 

discovered so far belong to the type II-C subtype, but have not been explored extensively. Type II-

C CRISPR-Cas systems are the simplest of the type II systems, employing only three Cas proteins. 

Cas9s are central players in type II-C systems since they function in multiple steps of the CRISPR 

pathway, including adaptation and interference. Type II-C CRISPR systems are found in bacteria 

and archaea from very diverse environments resulting in Cas9s with unique and potentially useful 

properties. Certain type II-C Cas9s possess unusually long PAMs, function in unique conditions 

(e.g. elevated temperature), and tend to be smaller in size. Here we review the biology, 

mechanism, and applications of the type II-C CRISPR systems with particular emphasis on their 

Cas9s.

INTRODUCTION

Clustered, regularly interspaced, short, palindromic repeats (CRISPR) systems comprise a 

unique RNA-guided adaptive immune system in many archaea and bacteria.1, 2 From 

enabling genomically encoded movies,3 to being the subject of actual movies, CRISPR and 

its CRISPR-associated (Cas) proteins have captured the imagination of scientists and the 

public alike. CRISPR systems provide immunity against viruses (phages), plasmids, and 

other mobile genetic elements (MGEs) by targeting and destroying their associated nucleic 

acids (usually DNA, sometimes RNA, and sometimes both). Much of the excitement 

surrounding CRISPR-Cas arises from the success in repurposing it for genome editing, as 

described extensively throughout this volume and in other recent reviews.4–6 It has 

successfully been used for genetically modified plants and animals, gene therapy for human 

diseases, and development of research and diagnostic tools.
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Many thousands of CRISPR systems have been identified in bacterial and archaeal genomes.
7 Despite tremendous diversity, the architectures of CRISPR loci share many similarities. A 

typical CRISPR locus consists of a leader sequence (usually A/T-rich), followed by a series 

of identical, short [25–65 bp] repeat sequences8. The CRISPR repeats are interspaced by 

spacer sequences of similar length, which are fully or partially complimentary to MGEs 

(protospacers). This complementarity is the basis of CRISPR interference and immunity: 

CRISPR loci give rise to CRISPR RNAs (crRNAs), which guide the interference machinery 

to its protospacer targets. These crRNA guides are initially transcribed into longer pre-

crRNAs that are then processed into their mature forms. The spacers within the CRISPR 

locus derive from previously encountered MGEs, and are incorporated by a process known 

as adaptation.9, 10

Flanking the CRISPR loci are several cas genes encoding important players in the CRISPR-

Cas pathway. Numerous Cas proteins have been identified to date, and can be categorized 

into adaptation and effector modules based on their functions.11 The only proteins that are 

nearly universal among CRISPR-Cas systems are Cas1 and Cas2, which function in new 

spacer acquisition.9, 10 In contrast, CRISPR effector modules are extremely diverse and form 

the basis of the current classification scheme of different CRISPR systems, which broadly 

groups them into two classes (class I and class II) comprising six types.7 Class I systems 

employ multi-protein effector complexes, whereas Class II CRISPR systems use a single 

effector protein for interference.

The most common and best-understood Class II systems are from type II, which uses the 

Cas9 protein as its effector.12 Cas9 orthologs include an HNH (His-Asn-His) endonuclease 

domain in addition to a RuvC-like endonuclease domain that is split into RuvC-I, -II, and -

III subdomains. Cas9 forms a ribonucleoprotein (RNP) complex with crRNA and a trans-

activating crRNA (tracrRNA), and this complex cleaves DNA in a crRNA-guided fashion.
13, 14 In engineered systems (e.g. for genome editing), the crRNA and tracrRNA can be 

fused into a single-guide RNA (sgRNA).15–18 Of the thousands of Cas9s in current public 

databases, the ortholog from Streptococcus pyogenes strain SF370 (SpyCas9)14, 19 is the 

best understood. Several Cas9 orthologs have been repurposed for genome engineering,20 

with SpyCas9 being by far the most widely used. Type II CRISPR systems are subdivided 

into three subtypes based on the degree of homology between Cas9 proteins, and on the 

presence or absence of an additional Cas protein besides Cas1, Cas2 and Cas9.21 Type II-A 

systems (e.g. in S. pyogenes SF370) also contain Csn2, type II-Bs are distinguished by the 

presence of Cas4, and type II-Cs are generally characterized by the absence of both Cas4 

and Csn2. Recently, additional variants of type II-C CRISPR systems have also been 

identified in archaea that share similarity with type II-C Cas9s but also contain Cas4.22 

Subtypes II-A, -B and -C comprise ~55%, ~3% and ~41% of type II systems identified in 

public sequence databases.21

Among type II CRISPR subtypes, type II-C is the simplest, as well as the most diverse.21 

Intriguingly, type II-C CRISPR-Cas systems are particularly prevalent in human pathogenic 

and commensal bacteria, suggesting a possible role in virulence for these CRISPR-Cas 

systems. (However, this could reflect a sequencing bias towards human pathogens.) A 

common feature of all type II systems (as well as Types I and V) is the requirement of a 
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protospacer adjacent motif (PAM) sequence for target engagement and cleavage. PAM 

recognition by Cas9’s PAM interaction domain (PIDs) is required before the initiation of 

dsDNA cleavage.23 PAMs for type II-C Cas9s are often longer than those of type II-A and -

B systems. Longer PAMs are predicted to lower target site density (usually a disadvantage), 

though this could be accompanied by an increase in native targeting accuracy (usually an 

advantage).

The abundant and varied type II-C CRISPR-Cas systems could add considerably to the Cas9 

genome editing repertoire, but have been relatively underexplored. Here we review type II-C 

CRISPR-Cas9 biology (including adaptation, pre-crRNA processing, interference, and 

potential roles in virulence), as well as structure, mechanism, and utility in genome editing.

THE BIOLOGY OF TYPE II-C CRISPR-CAS SYSTEMS

Much of the basic biology of type II-C CRISPR systems remains uncharacterized. Despite 

sharing the three stages of adaptation, expression and interference commonly associated 

with other CRISPR-Cas varieties, the limited studies on II-C systems have revealed 

intriguing distinctions between this subtype and others.

Adaptation

Adaptation is the first step in the deployment of CRISPR defenses against MGEs. The best 

characterized adaptation machineries are from the type I-E system of Escherichia coli (E. 
coli), and the type II-A systems of S. pyogenes and Streptococcus thermophilus.9, 10 In all of 

these systems, the universal adaptation proteins, Cas1 and Cas2, form a complex to capture 

snippets of DNA from the invader and integrate them into the CRISPR locus. In type I-E 

CRISPR systems, Cas1 and Cas2 form a heterohexameric complex consisting of two Cas1 

dimers and one Cas2 dimer. In E. coli, both Cas1 and Cas2 are required for robust 

integration both in vitro24 and in cells.25 Unexpectedly, Cas9 proved to be required for 

adaptation in two Type II-A systems, at least in part to enforce PAM specificity during 

spacer acquisition.26, 27 Csn2 was also found to be required for type II-A adaptation.26, 27 

For type II-B adaptation, Cas4 is thought to play a role in adaptation as it is an essential 

component of the adaptation module in type I-B adaptation,28 but its necessity in Type II-B 

adaptation has not been proven. The general lack of both csn2 and cas4 from type II-C loci 

raises intriguing questions about type II-C adaptation mechanisms.

There have not been any definitive studies of native adaptation in type II-Cs. The only 

published report of type II-C adaptation in the laboratory employed Campylobacter jejuni, 
and this system was unusual in that adaptation was only observed in the presence of a phage-

encoded Cas4-like protein in virus-host “carrier” co-cultures.29 Intriguingly, the apparently 

phage-Cas4-induced adaptation events involved primarily host-chromosome-derived spacers, 

suggesting that the phage Cas4 was functioning to subvert host defense. It has not yet been 

shown that native type II-C systems (without Cas4) are capable of acquiring new spacers on 

their own, though the nearly universal occurrence of Cas1 and Cas2 (but not other adaptation 

Cas proteins) in type II-C systems suggests that these proteins may be sufficient for 

adaptation, as in type I-E systems. Alternatively, a non-Cas host factor could play an 

unknown role in type II-C adaptation.
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In all systems studied to date, spacer acquisition is usually directional, with new spacers 

added to the leader-proximal end of the array.9, 10 This pattern held true in the type II-C C. 
jejuni system,29 and is most likely the case with other type II-C systems. For example, in 

Neisseria spp., the least conserved spacers were found closest to the A/T-rich sequence 

(presumably a leader) between Cas2 and the first repeat, suggesting more recent acquisition 

than the more conserved spacers at the other end of the array.30, 31

CRISPR RNA Biogenesis

In most CRISPR systems (including type II-A19), a single pre-crRNA transcript spanning 

the CRISPR locus is initiated from the leader region, and the pre-crRNA must be processed 

to yield individual crRNAs.32 In contrast, many if not most type II-C arrays possess internal, 

independent promoters embedded in each repeat sequence, yielding nested sets of pre-

crRNAs of varying length31, 33 (Figure 1A). An evolutionary advantage of this mode of 

crRNA biogenesis remains to be established, though the use of multiple internal promoters 

(as opposed to a single flanking promoter) could serve to maximize crRNA expression 

levels, or limit the effects of fortuitously incorporated terminators on the expression of 

downstream spacers.

TracrRNAs include an “anti-repeat” region that hybridizes with repeat sequences within type 

II pre-crRNAs.19 Processing involves endonucleolytic cleavage of both strands of the pre-

crRNA:tracrRNA duplex by the host factor RNase III, and RNase III is essential for 

CRISPR immunity in the type II-A system of S. pyogenes.19 In contrast, type II-C 

interference in N. meningitidis is unaffected by the deletion of rnc (the gene encoding 

RNase III).31 As with repeat-embedded internal promoters, the advantages (if any) of this 

processing independence is not known.

Type II-C diversity

Of the ~4,000 Cas9 orthologs currently in the NCBI database, ~1,500 are type II-C.21 These 

type II-C systems are found in diverse bacterial species that grow in extremely different 

environments, from acidic hot springs in Yellowstone National Park (Acidothermus 
cellulolyticus), to the respiratory tract of pigs (Pasteurella multocida) to waste waters in 

Thailand (Tisterilla mobilis). This environmental breadth likely drives the evolution of the 

unique and diverse Cas9 orthologs observed. In fact, an analysis of type II-C systems reveals 

substantial sequence diversity among components of type II-C loci, including their Cas9 

orthologs.34 This sequence diversity also appears to be reflected in structural diversity, as 

discussed in greater depth below.

Effects of type II-C CRISPR systems on virulence

Type II CRISPR systems appear to be overrepresented in pathogens and commensals.34 In 

the case of pathogens, nucleases have been shown to play various roles in pathogenicity. In 

fact, the presence of type II CRISPR loci can be associated with higher pathogenicity. The 

first mechanistic example of a type II CRISPR system conferring virulence was in the type 

II-B system of Francisella novicida, where Cas9 (FnoCas9) was found to play a role in the 

downregulation of a surface bacterial lipoprotein, facilitating evasion of innate immunity.35 

Similarly, C. jejuni strains encoding cas9 exhibit increased virulence, and supplying Cas9 to 
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strains lacking an endogenous CRISPR locus enhances their pathogenicity.36 This could 

potentially be explained by the regulation of surface-expressed sialylated 

lipooligosaccharides (LOS) by Cas9.36

THE STRUCTURES, ACTIVITIES, AND MECHANISMS OF TYPE II-C CAS9 

PROTEINS

Domain architecture of type II-C Cas9s

Despite the tremendous diversity of type II-C Cas9s, their domain organization is similar to 

those of other subtypes (Figure 1B). The N-termini of type II-C Cas9s start with the catalytic 

RuvC-I domain. The RuvC domain is responsible for the cleavage of the displaced (crRNA-

noncomplementary) strand of the protospacer. The arginine-rich bridge helix (BH) follows 

the RuvC-I domain and has previously been implicated in guide RNA recognition, especially 

in the region that pairs with the target DNA nucleotides that are nearest the PAM (the “seed” 

region). The α-helical recognition (REC) lobe is composed of several REC domains that are 

involved in the recognition of RNA, DNA, or both. Next, the HNH domain, which cleaves 

the crRNA-complementary DNA strand, is found sandwiched between the RuvC-II and 

RuvC-III domains. Lastly, the highly divergent wedge domain (WED), in conjunction with 

the PAM-interacting domain (PID), serves to recognize the diverse PAMs found in type II-C 

systems. Despite having a domain architecture that is relatively similar to that of other Cas9 

subtypes, type II-C Cas9s tend to be smaller, especially within the REC and PI domains.

The diversity within type II-C PIDs suggests the recognition of divergent PAMs. This is 

demonstrated by type II-C Cas9 PAMs defined to date (Figure 1C). Interestingly, type II-C 

Cas9 orthologs in closely related species (e.g. C. jejuni and C. lari) can have highly 

dissimilar PAMs. Another interesting aspect of some type II-C Cas9 orthologs is that their 

associated PAMs can extend relatively far from the crRNA-complementary sequence (often 

up to 8 nt). The long PAMs may influence target site choice and off-target effects of type II-

C Cas9s, as discussed further below.

Structural insights into type II-C Cas9s

In the past few years, crystal structures of several Cas9s have been solved. These include 

SpyCas9 and another type II-A ortholog from Staphylococcus aureus (SauCas9), as well as 

the type II-B FnoCas9.37–43 These crystal structures have provided us with crucial 

information about the structural basis for sgRNA recognition, DNA recognition and DNA 

cleavage, especially for SpyCas9, which has been solved in various functional states (apo, 

guide-loaded, and DNA-bound).37, 39–41, 43 In contrast, the structures of type II-C Cas9s are 

not as well characterized. The first type II-C Cas9 to be crystallized, from Actinomyces 
naeslundii (AnaCas9), was solved to 2.2 Å resolution, though its crRNA and tracrRNA were 

not included in the crystal.39 AnaCas9 adopts a conserved bilobed structure comprising of 

the REC lobe and the nuclease (NUC) lobe (Figure 2B). The divergent REC lobe is 

significantly smaller than that of SpyCas9 and SauCas9. In fact, the majority of differences 

observed between type II-C Cas9s and those of other subtypes are found within the REC 

lobe, and it may be a primary reason for the distinct properties of type II-C Cas9s. The 
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domains comprising the NUC lobe show conserved folds as seen in SpyCas9 and SauCas9, 

except for the WED domain.

Since AnaCas9 was crystallized in its apo form, the structure did not provide mechanistic 

insights into sgRNA loading or PAM/protospacer recognition. However, the crystal structure 

of CjeCas9, the smallest functional Cas9 identified to date, was recently solved, though with 

its HNH domain deleted.45 The crystal structure consists of CjeCas9ΔHNH, its 93 nt sgRNA, 

and a partially duplexed target DNA. Again, the CjeCas9ΔHNH complex adopts a bilobed 

structure with the REC lobe and NUC lobes connected by the conserved bridge helix. As 

with SpyCas9 and SauCas9, the R-loop is found in the cleft between the two lobes. The R-

loop is extensively recognized by both the REC and NUC lobes in a sequence-independent 

fashion. The bridge helix recognizes the seed region of the spacer sequence. The majority of 

these interactions are with the sugar-phosphate backbone of the sgRNA, which underscores 

the ease of Cas9’s programmability. The phosphate lock loop (PLL) of CjeCas9, found 

between RuvC and WED domains, contacts the +1 phosphate of the crRNA-complementary 

DNA strand (between the R-loop and the PAM) via Glu790 and Thr791. As described for 

SpyCas9 and SauCas9, these interactions may cause the +1 phosphate to be rotated, 

contributing to dsDNA unwinding. Consistent with this hypothesis, the T791A mutation 

resulted in loss of CjeCas9’s dsDNA cleavage activity. The sgRNA’s repeat:anti-repeat 

duplex is also recognized by the REC lobe, WED domain, and bridge helix.

A surprising finding from the CjeCas9 crystal structure was the tertiary structure of the 

tracrRNA. Secondary structure prediction of CjeCas9’s sgRNA suggests the presence of a 

repeat:anti-repeat duplex followed by two stems (I and II) (Figure 2A). However, the crystal 

structure shows the sgRNA to contain additional pairing interactions at the 3′ end.45 This 

end (A86-C93) of the tracrRNA folds back onto stems I and II to form an unusual triple 

helix. The PI domain, bridge-helix, and phosphate lock loop make several base-specific 

contacts with the tracrRNA. A63, A76, and U80 are particularly interesting because they are 

stabilized by hydrogen bond interactions with at least three amino acids (aa) each, and adopt 

a flipped-out conformation, which is also important for CjeCas9 mediated dsDNA cleavage. 

The structure of CjeCas9 sgRNA has significant implications for the structures of other type 

II-C Cas9s. The majority of computationally predicted type II-C sgRNA structures include 

similar paired regions with a repeat:anti-repeat duplex followed by three stems (Figure 2A). 

At least some of these sgRNA structures may be drastically different in the tertiary form as 

seen for CjeCas9. Therefore, predictions of sgRNA structures will require experimental 

validation.

Comparison of the apo AnaCas9 with sgRNA- and DNA-bound CjeCas9 reveals some 

intriguing structural insights (Figure 2B). A striking observation from the AnaCas9 structure 

is that the catalytic site of the HNH domain is located approximately 30 Å away from the 

RuvC catalytic core, suggesting that the apo AnaCas9 is present in an inactive state for 

RNA-guided dsDNA cleavage. It has previously been shown that SpyCas9 undergoes several 

conformational changes within the REC and HNH domains upon sgRNA loading and DNA 

binding.46–48 Similar conformational changes, especially the rearrangement of HNH 

domain, may accompany sgRNA and DNA binding to type II-C Cas9s. In fact, the overlay 

of the apo AnaCas9 and the CjeCas9:sgRNA:DNA complex shows that, similar to SpyCas9, 
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the REC2 domain of type II-C Cas9s may also undergo a conformational change to 

accommodate the docking of the HNH domain in the catalytic core (Figure 2B).

Structural basis for PAM recognition in CjeCas9

The CjeCas9 crystal structure provides us with our first glimpse into the structural basis of 

PAM recognition in type II-C Cas9s.45 Although the optimal PAM sequence of CjeCas9 for 

mammalian genome editing was found to be NNNNRYAC (on the crRNA-

noncomplementary strand),49 the structures used targets containing AGAAACCG or 

AGAAACAG as the PAMs, and these targets were found to be cleavable by CjeCas9 in 
vitro.45 The crystal structure displays no base-specific interactions with N1-N3 of the PAM 

linker. The A4 is recognized via a water-mediated hydrogen bonding interaction between 

Thr913 and N7 of A4. This interaction, if conserved, should confer specificity for purine at 

this position, since N7 is only found in purines. However, the water-mediated interaction 

could also be formed with -NH2 or =O at the C4 position in pyrimidines. There is a potential 

for steric hindrance with the methyl group of a thymine when at N4, but such hindrance does 

not appear to affect mammalian editing, suggesting either that the water-mediated 

interaction is not conserved, or exerts limited cost in efficiency. The N7 atom of A5 is 

recognized by a direct hydrogen bond from Ser915, which explains why both G and A are 

tolerated at this position. The specificity at position 6 of PAM appears to be due to base-

specific recognition of the N7 atom of the Watson-Crick partner of the base at position -6 

(with negative numbers referring to the crRNA-complementary strand). This suggests that 

only G or A can be tolerated at position -6, thus explaining the preference for C or T as the 

complementary base at position 6. Similarly, the base at the -7 position is recognized by 

Arg866, either by hydrogen bonding to the O6 and N7 of G-7 (for the AGAACCG PAM) or 

in the case of the AGAACAG PAM, O4 of T-7. This could explain why A is preferred at 

position 7 for genome editing in mammalian cells,49 but it is unclear why C is not similarly 

favored. Moreover, the crystal structure does not reveal any interactions between CjeCas9 

and the C-8:G8 base-pair. This may be because G8 instead of the optimal base at this 

position (i.e. C8) was used. It is likely that additional PAM interactions may be evident in 

the presence of the optimal PAM. Lastly, it is noteworthy that other type II-C Cas9 orthologs 

studied to date also require both strands of the duplex DNA to recognize PAM and license 

cleavage.50 This is in contrast to SpyCas9, which only recognizes the crRNA-

noncomplementary strand of the PAM.14, 43

Type II-C Cas9 orthologs as RNA-guided nucleases (RGNs) that cleave dsDNA

Much of the interest in type II-C Cas9s stems from their potential utility in genome editing, 

which requires robust dsDNA cleavage activity. However, it has been documented that type 

II-C Cas9s cleave dsDNA at a lower rate than some type II-A Cas9s such as SpyCas9.51 For 

example, Corynebacterium diphtheriae Cas9 (CdiCas9) cleaves dsDNA ~70–90-fold slower 

than SpyCas9 (Table 1).51 Similar observations have also been reported for other type II-C 

Cas9 orthologs such as AceCas9.52 While this could be problematic for genome editing, it 

likely contributes to the naturally low levels of off-targeting by type II-C Cas9s, even when 

efficient on-target editing is achieved.49, 53, 54 Decreasing the rate of reaction has been noted 

as one potential strategy to increase the specificities of RGNs.55 A second strategy to 

increase the specificities of RGNs is by increasing koff, thereby potentially decreasing the 
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binding affinities of RGNs towards dsDNA. Such approaches have been used to improve the 

accuracy of SpyCas956, 57 (as well as ribozymes58 and Argonaute proteins59), though 

whether the mutations designed to increase SpyCas9’s koff actually had that effect has 

recently been questioned.47 Target DNA affinities for type II-C Cas9 orthologs are not as 

well defined as those of SpyCas9, but the measured KD value of NmeCas9 for a dsDNA 

target (~70 nM)60 is within 3- to 10-fold of those measured for SpyCas9 (0.5–25 nM, 

depending on the experimental method and the specific target sequence used)14, 46, 51 (Table 

1).

It is likely that the slower dsDNA cleavage rates observed, and in some cases lower affinities 

for dsDNA binding, are due in part to lower DNA unwinding activities of type II-C Cas9s. 

Evidence in support of this hypothesis comes from in vitro cleavage experiments performed 

on dsDNA substrates containing mismatches.51 For example, CdiCas9 cleaves fully matched 

dsDNA ~70-fold more slowly than SpyCas9 for the same dsDNA. On the other hand, a 2 nt 

mismatch at the first two crRNA-complementary nts at the PAM-proximal end (introduced 

via mutation of the crRNA-noncomplementary strand) brings the cleavage rate of CdiCas9 

to within 2-fold of that of SpyCas9 for the same substrate.51 The cleavage rate of the two 

substrates is not changed when SpyCas9 is used, indicating that initial unwinding does not 

contribute to the rate-limiting step for SpyCas9. Similarly, the rate of NmeCas9 induced 

cleavage increases ~10-fold when an analogous 2 nt bulge is introduced (A. M., unpublished 

results), whereas AceCas9 cleaves a 1-nt-bulged dsDNA ~2-fold faster than a fully 

complementary substrate.52 These findings indicate that type II-A Cas9s have robust DNA 

unwinding activities, whereas type II-C Cas9s are weaker at strand separation, though in 

some cases still capable of mammalian genome editing.

Type II-C Cas9s as RNA-guided, ssDNA-cleaving endonucleases

While the dsDNA cleavage activities of type II-C Cas9s appear to be lower compared to 

SpyCas9, they do, however, possess ssDNA cleavage activities that are comparable to 

SpyCas9 (Table 1). CdiCas9 and SpyCas9 both cleave ssDNA in a crRNA-guided fashion 

with a cleavage rate of ~0.2 min−1.51 Similarly, the reported rate constant of ssDNA cleavage 

for AceCas9 is also comparable to that of SpyCas9.52 The similar ssDNA cleavage rates are 

also reflected in the binding affinities for target ssDNA (e.g. KD ~50 nM for both CdiCas9 

and SpyCas9).51 Zhang et al.50 used NmeCas9 to characterize the substrate requirements of 

this ssDNA cleavage activity of NmeCas9 in greater depth, finding that tracrRNA, the repeat 

region of the crRNA, and a PAM consensus in the target are dispensable for the reaction. 

They also found that the tracrRNA-independent ssDNA cleavage activity of NmeCas9 

requires active site residues within the HNH domain since the tracrRNA independent 

cleavage of ssDNA is abolished when HNH catalytic residues are mutated. Multiple 

cleavage sites were found 2–4 nts away from the 5′-most (with respect to the DNA strand) 

bps of the RNA:DNA duplex, and required the duplexed region to be at least 17–18 bp long. 

Perhaps the most intriguing aspect of this ssDNA cleavage activity is that it does not require 

a guide RNA to be pre-loaded into NmeCas9: it could cleave RNA:DNA heteroduplexes that 

were pre-formed in solution, an activity that was termed “DNase H” (by analogy with 

RNase H).50 The physiological significance of the DNase H activity – e.g., in cleaving 
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ssDNA genomes of filamentous bacteriophages, or ssDNA intermediates in natural 

transformation – has not been established.

TYPE II-C CAS9 ENZYMES AND GENOME ENGINEERING

Although SpyCas9 is the most widely used, it is only one of the many Cas9s that function in 

type II CRISPR systems. Multiple Cas9 orthologs have already been validated for eukaryotic 

genome editing including type II-A Cas9s from S. thermophilus (SthCas9) and S. aureus 
(SauCas9).15–18, 61–63 Among type II-C Cas9s, NmeCas9, CjeCas9 and Geobacillus 
stearothermophilus Cas9 (GeoCas9) have been validated for genome editing in mammalian 

cells.49, 53, 54, 60, 61, 64, 65 Compared to SpyCas9, all three of these Cas9 orthologs have 

longer crRNA spacer lengths (22–24 nt, vs. 20 nt for SpyCas9) and longer PAMs.

A significant attribute of most type II-C Cas9 orthologs is their compact size (<1,100 aa) 

compared to, for example, SpyCas9 (1,368 aa) and FnoCas9 (1,629 aa) (Figure 1C). 

NmeCas9 (1,082 aa) was the first <1,100 aa Cas9 to be validated for genome editing,61, 65 

and the type II-A SauCas9 (1,053 aa),63 CjeCas9 (984 aa),49 and GeoCas9 (1,087 aa)60, 64 

have since followed. The size of Cas9 is especially important for in vivo delivery using a 

viral vector such as adeno-associated virus (AAV), which has a cargo capacity of ~4.7 kb. 

This capacity precludes the packaging of SpyCas9 with its sgRNA into a single AAV vector, 

but enables type II-C Cas9s (as well as SauCas9) to be delivered in such an all-in-one 

format.49, 63

NmeCas9

NmeCas9 has a canonical 5′-NNNNGATT-3′ PAM,31 although considerable variation from 

this consensus is permissive in vitro and in bacteria,50 and several PAM variants are 

functional in mammalian cells as well.53, 54, 61, 65 Moreover, wild-type (i.e., non-engineered) 

NmeCas9 exhibits extremely clean off-target profiles in mammalian cells,53 even when 

editing sites whose guides are highly prone to off-targeting with SpyCas9.54 Catalytically 

inactive NmeCas9 (dNmeCas9) has been an effective RNA-guided DNA binding platform, 

including when fused to transcriptional activator and repressor domains,61 the histone 

demethylase LSD1,66 the histone acetyltransferase p300,67 as well fluorescent proteins for 

live-cell imaging.68

CjeCas9

At 984 aa, CjeCas9 is among the smallest Cas9 orthologs identified to date. Its PAM was 

initially defined as NNNNACA45, 69, and for several years, no reports emerged regarding its 

efficacy in mammalian genome editing. More recently, Kim et al. used a 10-nt randomized 

PAM library to define targeting requirements, and found an additional nt (NNNNRYAC) to 

contribute to editing efficiency.49 When genome-wide CjeCas9 editing specificity was 

compared to that of SpyCas9 and SauCas9 (using sites that were edited at comparable 

frequencies), CjeCas9 showed much lower off-target cleavage at multiple tested sites (on 

average 10-fold less).49 This report further established CjeCas9 all-in-one AAV vectors as 

effective delivery vehicles for genome editing, e.g. in the eye, again with little or no off-

targeting, even after eight months post-delivery.49
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GeoCas9

Most Cas9 orthologs analyzed to date have temperature restrictions on their activities, since 

they have been developed from mesophilic species. This prevents their uses in applications 

that require thermostable reagents. Harrington et al. reported a Cas9 from the thermophile G. 
stearothermophilus.60, 64 GeoCas9 is smaller than SpyCas9 with a reduced REC lobe 

(Figure 1C), similar to other compact type II-C Cas9 orthologs. GeoCas9 maintained 

cleavage activity at temperatures ranging to 70°C whereas SpyCas9 dramatically lost 

activity beyond the 35–45°C temperature range.64 Besides the temperature tolerance, 

GeoCas9 is more resistant to protein degradation in human plasma than SpyCas9, allowing 

accumulation of Cas9 to effective concentration to achieve efficient genome editing when 

delivered in vivo via injection into bloodstream.64

TYPE II-C ANTI-CRISPR PROTEINS

In nature, phages outnumber bacteria ~10-to-1, indicating that they have evolved effective 

countermeasures against host defenses such as CRISPR-Cas. As a new addition to the 

genome engineering toolbox, naturally-occurring protein inhibitors [anti-CRISPR (Acr) 

proteins] of Cas9 have been identified for several type II-C Cas9s, including NmeCas9,70 

CjeCas9 and GeoCas9.60 Acrs were also discovered for type II-A Cas9 orthologs, including 

SpyCas9.71 Anti-CRISPR proteins could be useful as off-switches for genome editing and 

other Cas9-based applications that require enhanced spatial, temporal, and conditional 

control over Cas9 activity.72 For more extensive discussion of Acr proteins, including those 

from type II-C systems, see the review by Bondy-Denomy elsewhere in this issue.

SUMMARY AND PERSPECTIVES

Many aspects of type II-C CRISPR-Cas systems remain to be explored. While important 

advances have been made to understand type II-C CRISPR-Cas biology, there is still much 

to be discovered regarding spacer acquisition, and the mechanisms underlying Cas1 and 

Cas2 function. Recent advances have also been made to understand the structural basis of 

type II-C effector functions, but conformational changes associated with sgRNA recognition 

and DNA recognition have not been fully explored. The biochemical basis for their high 

genome editing accuracy has also not been fully dissected. Direct measurement of the 

dsDNA unwinding activities of these Cas9s, and the role of this activity in mismatch 

discrimination, will likely increase our understanding of the basis for the minimal off-

targeting observed. Given the small fraction of known type II-C orthologs that have been 

explored and the novel PAM specificities that they have already enabled, it is likely that type 

II-C systems have much more to add to our genome editing repertoire.
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KEYWORDS

CRISPR–Cas9 Clustered, regularly interspaced, short, palindromic repeats 

- CRISPR associated genes (CRISPR/Cas) is a prokaryotic 

adaptive immune system. Cas9 is an endonuclease in type 

II CRISPR systems that introduces a specific double-

stranded break, guided by a CRISPR RNA (crRNA, 

complementary to the target DNA sequence) and trans-

activating crRNA (tracrRNA)

sgRNA A single-guide RNA is a chimeric RNA that is a fusion of 

crRNA and tracrRNA

PAM A protospacer adjacent motif is a short target DNA 

sequence element adjacent to the sequence that is 

complementary to the crRNA

RuvC One of Cas9’s two nuclease domains composed of 

sequentially discontinuous subdomains (e.g., RuvC-I, 

RuvC-II, and RuvC-III) that cleaves the crRNA-

noncomplementary strand of the target DNA

HNH The His-Asn-His domain is the other nuclease domain that 

catalyzes cleavage of the target DNA strand that is 

complementary to the RNA guide

REC The Recognition domain of Cas9 consists of multiple 

alpha-helical lobes that are mainly responsible for making 

contacts with guide RNA and target DNA

PID The PAM interacting domain of Cas9 is required for 

recognition of PAM prior to DNA cleavage

Adaptation The recognition of target DNA from foreign sources such 

as bacteriophages, and the incorporation of a fragment of 

the invading genome as a new spacer sequence into the 

CRISPR array

Interference The final stage of CRISPR/Cas immunity in which Cas 

proteins, in complex with a crRNA, identify and degrade 

target nucleic acids

DNase H activity An activity exhibited by type II-C Cas9s, in which the 

DNA strand of an RNA:DNA hybrid duplex is cleaved by 

the HNH domain, without a requirement for a PAM or a 

tracrRNA
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Figure 1. 
Characteristics of type II-C CRISPR-Cas systems. (A) A typical type II-C CRISPR locus 

contains a tracrRNA, three cas genes, and the CRISPR array. The spacer sequences in the 

array are depicted as diamonds, repeat sequences are shown as squares, and the internal 

promoters are shown as arrows. (B) The domain architecture of type II-C Cas9s. The 

individual domains are colored separately and labeled. (C) A phylogenetic tree of in vitro 
validated type II-C Cas9s. The reported PAMs and the protein sizes of Cas9s are also listed. 

Cas9s validated for mammalian editing are also marked as Y (Yes) or N (No).
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Figure 2. 
Structures of representative type II-C Cas9s and their sgRNAs. (A) The predicted secondary 

structures of sgRNAs from NmeCas9, GeoCas9, and CjeCas9 are shown. Secondary 

structures were predicted using mFold. 44 The secondary structure of CjeCas9 as seen in the 

crystal structure45 is also shown. (B) From left to right: crystal structures of 

CjeCas9:sgRNA:DNA,45 apo AnaCas9,39 and overlay of CjeCas9 and AnaCas9. The 

individual domains are colored and are labelled separately. The structures are depicted as 

cartoons, and were rendered in PyMol using coordinates from pdb entries 4OGE and 5X2H.
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