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Many different types of CRISPR-Cas nucleases possess biotechnological relevance. For a 
newcomer, the menagerie of Cas proteins may seem overwhelming. It can be challenging to 
decide which type of CRISPR system to employ in one’s research. To help address this issue, I 
compiled these notes. While my guide is certainly not comprehensive, it still covers a wide swath 
of important Cas proteins and may prove valuable as a starting point for those interested in getting 
a sense of the field. One should be aware that the field of CRISPR technology is moving rapidly, 
so some of the nucleases described here might eventually be superseded by newly discovered 
and/or newly engineered Cas proteins. I would also like to mention that since these notes are 
specifically focused on types of Cas proteins, I have omitted direct explanations of some important 
CRISPR technologies such as base editors, prime editors, and dead Cas systems. I also have 
not directly explained important CRISPR-related concepts such as non-homologous end joining 
(NHEJ), homology-directed repair (HDR), and adeno-associated virus (AAV) vectors. I encourage 
the reader to look elsewhere to learn about these subjects since they are vital for having a strong 
understanding of CRISPR biotechnology. I hope that you enjoy reading my notes and find them 
useful for your own scientific endeavors! 
 
SpCas9 
SpCas9 represents one of the first discovered and 
most commonly used CRISPR-Cas proteins.1 It 
comes from Streptococcus pyogenes, a gram-
positive bacterial pathogen. SpCas9 employs two 
nuclease domains to make blunt double-stranded 
cuts in DNA: the HNH domain for cutting the 
strand which pairs with the gRNA and the RuvC 
domain for cutting the other strand. The 
protospacer adjacent motif (PAM) of SpCas9 has 
the sequence 5’-NGG-3’, which limits the target 
sites that the nuclease can find. Though wild-type 
(WT) SpCas9 possesses a problematic level of 
off-target activity, several mutant variants of the 
enzyme have been engineered which give it much 
more precision.2,3 As some examples, a few of 
these (but not all of them) include eSpCas9-HF, 
eSpCas9(1.1), and HypaCas9. The eSpCas9-HF 
and eSpCas9(1.1) enzymes maintain robust on-
target cleavage while reducing off-target effects.3 
The HypaCas9 enzyme has similar properties, but 
with even less off-target effects.2  
 
SaCas9 
At 1053 amino acids in length, SaCas9 is 
significantly smaller than SpCas9 (which is 1368 
amino acids long).4 SaCas9 can be used in 
mammalian cells, employs NNGRRT PAM sites (R 
is A or G), and uses RuvC and HNH domains for 
cutting. But without further engineering, SaCas9 
has lower target specificity even than SpCas9. 



Fortunately, mutant versions of SaCas9 which exhibit improved targeting accuracy have been 
developed. Tan et al. engineered SaCas9-HF, a version of the protein which has much less off-
target activity relative to the WT SaCas9 and retains its on-target activity.4 With such 
improvements, SaCas9-HF can serve as a useful alternative to SpCas9.   
 
LbCas12a 
The LbCas12a enzyme makes staggered cuts using a single RuvC domain (and no HNH domain), 
uses T-rich PAM sites, and catalyzes its own crRNA maturation.5 LbCas12a comes from 
Lachnospiraceae bacterium ND2006. LbCas12a has another remarkable property: the binding 
and cleavage of target dsDNA activates a separate part of the protein which nonspecifically 
cleaves any ssDNA in its vicinity. This nonspecific trans-cleavage activity is thought to occur as a 
result of a conformational change in the LbCas12a protein which exposes its RuvC domain for 
broader ssDNA attack after binding to target dsDNA.6 It should be noted that other type-V Cas 
proteins including AsCas12a (see corresponding section), FnCas12a (from the bacterium 
Francisella novicida), and AaCas12b (from the bacterium Alicyclobacillus acidoterrestris) have 
been shown to exhibit the same capabilities.5 There furthermore exist many RNA-guided RNA-
targeting Cas proteins which possess the same types of abilities.7 There are likely many other 
type-V Cas proteins with these capabilities as well. The activation of type-V Cas proteins to 
perform indiscriminate ssDNA cleavage after exposure to target dsDNA has been exploited as a 
target-induced signal amplification method to develop novel molecular diagnostics.6 
 
AsCas12a 
The AsCas12a protein (also called 
Cpf1) is derived from Acidaminococcus 
sp.,8 which are a group of anaerobic 
gram-negative bacteria. The protein 
exhibits several distinctive features 
compared to Cas9. AsCas12a utilizes a 
T-rich PAM site, unlike Cas9’s G-rich 
PAM. This is useful since it expands the 
possible targets for CRISPR. In 
particular, the T-rich PAM of AsCas12a 
can be useful when dealing with 
organisms that have AT-rich genomes 
such as Plasmodium falciparum. The 
naturally occurring form of AsCas12a 
does not require a tracrRNA, instead its 
CRISPR arrays are processed into just 
crRNAs, which serve to complete the 
functional AsCas12a-crRNA complex. Rather than creating blunt ends, AsCas12a makes 
staggered cuts with 4-5 nucleotide 5’ overhangs. This is useful since it increases the precision of 
non-homologous end joining (NHEJ) repair and allows insertion of DNA sequences at a chosen 
cut site with a desired orientation as specified by the base pairing of the insert with the overhang 
sequences. In addition, the AsCas12a protein employs a single RuvC domain to make its 
staggered cuts and does not have an HNH domain. AsCas12a has a lower tolerance for gRNA-
target mismatches9 compared to SpCas9 and therefore demonstrates greater targeting 
specificity. As a result, AsCas12a shows fewer off-target effects overall. But it also has a lower 
editing efficiency compared to Cas9 proteins, which means that less cells receive any edits upon 
introduction of the AsCas12a. As described with LbCas12a, the AsCas12a protein also can carry 
out nonspecific ssDNA cleavage after it cuts to its target dsDNA. 
 



AsCas12a ultra 
WT AsCas12a possesses high targeting specificity, low off-target effects, and makes 5’ 
overhangs which facilitate correct insert orientation (see the section on AsCas12a). These 
properties represent desirable qualities for therapeutic gene editing, but the low editing efficiency 
of AsCas12a limits its therapeutic potential. Because of this, Zhang et al. (in a collaboration 
between Editas and Integrated DNA Technologies) developed an engineered version of the 
protein which was dubbed AsCas12a ultra.9 This AsCas12a ultra protein was created using 
directed evolution in bacteria. It has two point mutations relative to WT AsCas12a, M537R and 
F870L. These mutations grant the AsCas12a ultra extremely high editing efficiency while 
maintaining the protein’s low level of off-target effects. For a variety of target sites, Zhang et al. 
demonstrated nearly 100% editing efficiency in HSPCs, iPSCs, T cells, and NK cells using 
AsCas12a ultra. They also showed 93% efficiency for simultaneous disruption of three genes in 
T cells. When performing knock-in edits, Zhang et al. achieved efficiencies of 60% in T cells, 50% 
in NK cells, and 30% in HSPCs. These impressive numbers illustrate the utility of AsCas12a ultra 
as a broadly applicable tool for therapeutic gene editing. 
 
AsCas12f1 
The AsCas12f1 protein consists of only 422 amino acids, making it one of the smallest Cas 
proteins known.10 It comes from a type of gram-positive iron-oxidizing bacteria called Acidibacillus 
sulfuroxidans. AsCas12f1 makes staggered double-stranded breaks in target DNA and 
recognizes 5’ T-rich PAMs. Even with minimal engineering (just the construction of gRNA from 
combining its tracrRNA and mature crRNA), Wu et al. showed that AsCas12f1 exhibits usable 
levels of activity in mammalian cells.10 When expressed directly in mammalian cells via a plasmid, 
the protein achieved a maximum indel efficiency of 32.8%. When delivered to mammalian cells 
by AAV-DJ, the maximum indel efficiency was 11.5%. The AsCas12f1 protein possesses 
considerable promise as a compact therapeutic gene editing tool. 
 
Kim et al.’s engineered Un1Cas12f 
At 529 amino acids in length, the Un1Cas12f nuclease represents one of the smallest Cas 
proteins yet discovered.11 This is useful since the small size of Un1Cas12f’s gene allows it to 
easily fit within AAV vectors. It comes from an uncultured archaeon and is classified as a type-V 
CRISPR nuclease, which utilize a C-terminal RuvC domain and do not possess an HNH domain. 
Though the original Un1Cas12f-gRNA complex has very low editing efficiency in eukaryotic cells, 
Kim et al. were able to intensively engineer the gRNA using a rational design strategy and achieve 
an 867-fold improvement of indel frequency in mammalian cells.12 They also showed that the 
Un1Cas12f gene and gRNA gene could be delivered to the cells using AAVs. Because of its small 
size, Un1Cas12f may serve as an excellent scaffold for creating base editors and prime editors 
which fit inside of AAVs. 
 
CasMINI 
The CasMINI protein is another engineered CRISPR nuclease derived from Cas12f,13 which 
comes from an uncultured archaeon. This Cas12f is the same as the Un1Cas12f used by Kim et 
al.12 Since Cas12f has little to no editing activity in mammalian cells, Xu et al. used rational design 
to optimize the associated gRNA and employed directed evolution to optimize the protein itself.13 
CasMINI, a 529 amino acid protein, was the end result of these approaches. When CasMINI was 
modified to make dCasMINI-VPR (the VPR is a protein fusion which activates certain genes), it 
performed with comparable efficiency relative to the commonly used dLbCas12a-VPR. In some 
cases, dCasMINI-VPR actually outperformed dLbCas12a-VPR. When dCasMINI was modified by 
fusing base editor (ABE) domains at its N-terminus, the dCasMINI-ABE constructs performed 
base editing at comparable efficiency relative to dLbCas12a-ABE proteins. Because of their small 
sizes, the genes encoding the dCasMINI-ABE designs could easily fit into AAV vectors, though 



Xu et al. did not test this in their paper. Furthermore, even the genes encoding CasMINI prime 
editors should fit into AAV vectors. It should be noted that the most efficient dCasMINI-ABE base 
editing occurred in a narrow window precisely 3-4 bp downstream of the PAM site. When CasMINI 
was tested for its ability to perform gene editing by making indels, it showed significantly improved 
activity over Cas12f, though the editing efficiencies were still fairly low at around 5-10%. 
 
Cas12j 
The Cas12j enzyme, also known as CasΦ, 
comes from the genomes of huge 
bacteriophages of the Biggiephage clade.14 
This is remarkable since CRISPR systems 
have usually been found in bacteria and 
archaea rather than viruses (though the 
prevalence of such machinery in viruses is 
perhaps underestimated). It has been 
hypothesized that Biggiephages use Cas12j 
to cut the DNA of other competing 
bacteriophages. There exist subtypes of 
Cas12j such as Cas12j-1, Cas12j-2, and 
Cas12j-3. All of the Cas12j nucleases are 
small at between 700 and 800 amino acids in 
length. The Cas12j nuclease cuts target 
dsDNA using a single C-terminal RuvC 
domain. Cas12j’s RuvC domain has a small amount of homology to the TnpB protein superfamily 
from which type-V Cas proteins evolved, yet it still shares <7% amino acid identity overall with 
type-V Cas proteins. Cas12j is most closely related to a type of TnpB group which is distinct from 
the type-V enzymes. The Cas12j nuclease catalyzes its own crRNA maturation using its RuvC 
domain (similar to the type-V nucleases). Unlike the type-V Cas proteins, Cas12j uses the same 
active site for both its RuvC cleavage of target DNA and its RuvC processing of the crRNA. It 
employs T-rich PAM sites which have fairly minimal target requirements. For example, the PAM 
of the Cas12j-2 subtype is 5’-TBN-3’ (B = G, T, or C). These minimal requirements give Cas12j 
expanded target recognition capabilities compared to other Cas proteins. Cas12j is active in vitro 
as well as within bacterial, human, and plant cells. Cas12j-2 (with a gRNA) has been observed to 
edit up to 33% of HEK293 cells. Though this may sound somewhat low, it represents an editing 
efficiency comparable to that initially reported for Cas9. 
 
LwaCas13a 
The LwaCas13a protein is a type-VI CRISPR nuclease and it cleaves RNA rather than DNA.15 It 
represents one of the most active types of RNA-guided RNA-targeting Cas proteins. LwaCas13a 
catalyzes the maturation of its own crRNA. The enzyme comes from Leptotrichia wadei, a type of 
anaerobic gram-negative bacteria found in saliva. LwaCas13a has demonstrated around 50%-
80% knockdown of target RNAs in mammalian and plant cells. This is similar to the knockdown 
efficiencies of shRNAs, but LwaCas13a shows much lower off-target effects. When converted 
into dLwaCas13a, the protein can act as an RNA imaging tool. It has also been reported to have 
strong potential for therapeutics as well. One of the most important emerging applications of 
LwaCas13a (and similar Cas proteins) is that they can be used in diagnostics for infectious 
diseases.7 To do this, the LwaCas13a gRNA can be designed to target an RNA sequence from a 
desired pathogen. LwaCas13a can then be mixed with a short reporter RNA oligonucleotide which 
has a fluorophore at one end and a quencher at the other (the fluorophore is quenched by its 
close proximity to the quencher). If the target pathogen RNA is introduced, LwaCas13a will cleave 
said target RNA as well as activate nonspecific trans-cleavage activity (see section on LbCas12a), 



leading to cleavage of the reporter oligonucleotides. When the reporter oligonucleotides are 
cleaved, the fluorophore is released from the quencher, resulting in observable fluorescence. It 
should be noted that many CRISPR-based diagnostics require some form of target nucleic acid 
amplification step to increase signal prior to the usage of a Cas protein like LwaCas13a, though 
ways to mitigate this limitation are undergoing rapid development.16  
 
Cas13bt 
Kannan et al. identified Cas13bt1 and Cas13bt3 as useful RNA-targeting CRISPR nucleases 
since Cas13bt has some activity in human cells.17 Cas13bt1 and Cas13bt3 are small at just 804 
amino acids and 775 amino acids respectively. It should be noted that Cas13bt also exhibits 
nonspecific nonspecific trans-cleavage activity (see section on LbCas12a) after cleaving its RNA 
target, which may allow its usage in diagnostics. Kannan et al. took advantage of the small sizes 
of Cas13bt1 and Cas13bt3 to develop compact RNA base editors. They fused an ADAR2 
hyperactive adenosine deaminase catalytic domain onto dCas13bt1 and dCas13bt3. The 
resulting constructs were respectively named REPAIR.t1 and REPAIR.t3 and were shown to 
facilitate adenosine to inosine conversion in target RNAs. They also fused an ADAR2dd cytidine 
deaminase domain (which was itself created through directed evolution) onto dCas13bt1 and 
dCas13bt3. The resulting constructs were respectively named RESCUE.t1 and RESCUE.t3 and 
were shown to facilitate conversion of cytosine to uracil in target RNAs. Due to the small sizes of 
Cas13bt enzymes, all of these RNA base editors were small enough to fit inside of AAV vectors 
even alongside gRNA encoding sequences. The authors demonstrated successful AAV-mediated 
delivery to cells, but the editing efficiencies were low, so further optimization will likely be 
necessary. 
 
CasX 
The CasX nuclease represents a distinct type of Cas protein which does not share much 
sequence similarity with other types of CRISPR enzymes except for a RuvC domain.18 It is an 
RNA-guided DNA-targeting endonuclease which has minimal nonspecific trans-cleavage activity. 
Using its single RuvC domain, CasX creates staggered cuts (with about 10 nucleotide overhangs) 
in dsDNA complementary to its gRNA and adjacent to its TTCN PAM sites. CasX nucleases are 
<1000 amino acids in length, which is smaller than Cas9 and Cas12a. This could be useful for 
AAV-mediated delivery of CasX systems. 
There are different subtypes of CasX which 
come from different bacteria. Two of the 
known subtypes are DpbCasX (from 
Deltaproteobacteria) and PlmCasX (from 
Planctomycetes). DpbCasx can act in human 
cells, though it shows limited gene editing 
efficiency. PlmCasX generally has better 
efficiency at performing in human cells and 
can often achieve targeted disruption of 
genes in around a third of transfected cells. 
While this level of disruption is still modest, it 
is similar to the levels originally found with WT 
Cas9 enzymes before they were optimized for 
gene editing. 
 
Un1Cas12f (previously known as Cas14a) 
The Cas12f proteins represent a class of small CRISPR nucleases (400-700 amino acids in 
length) that are capable of RNA-guided cleavage of ssDNA or dsDNA depending on whether the 
gRNA or crRNA includes a PAM. They employ a RuvC domain for cleavage and do not possess 



an HNH domain. There are various subtypes of Cas12f, but Un1Cas12f (previously Cas14a1) has 
been studied in the most detail. Un1Cas12f was first reported to selectively cleave ssDNA and 
not dsDNA.19 It was also initially reported to not require a PAM site for targeting. Without the 
constraint of needing a PAM site for targeting, Un1Cas12f has broader possibilities for which 
ssDNA sequences can be targeted. However, later research revealed that Un1Cas12f can cleave 
dsDNA when a 5’ T-rich PAM sequence is included in the gRNA or crRNA.20 As with many other 
types of Cas proteins, Un1Cas12f exhibits nonspecific nonspecific trans-cleavage activity of 
dsDNA (see section on LbCas12a) after cleaving its target DNA, which grants it utility as a 
component of diagnostics.  
 
DiCas7-11 
The Cas7-11 protein is an RNA-guided RNA-targeting CRISPR nuclease.21 It is named Cas7-11 
because it arose evolutionarily from a fusion of a protein known as Cas7 with a protein known as 
Cas11. The DiCas7-11 enzyme comes from the gram-negative sulfate-reducing bacteria 
Desulfonema ishimotonii (there also exist similar types of Cas7-11 from other species). An 
important advantage of DiCas7-11 is that it does not have a toxic effect on host cells (bacterial or 
mammalian). By comparison, RNA knockdown technologies including shRNA, LwaCas13a, 
PspCas13b, and RfxCas13d typically cause around 30-50% host cell death. DiCas7-11 shows 
similar knockdown efficiencies compared to these other RNA knockdown technologies while 
demonstrating no detectable cellular toxicity. Unfortunately, DiCas7-11 is also fairly large at 1602 
amino acids, making it difficult to package into AAV vectors. One more application of Cas7-11 is 
RNA editing. The creation of a dDiCas7-11 fused to a base editor domain has enabled RNA 
editing in mammalian cells. 
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