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The clustered regularly interspaced short palindromic repeats (CRISPR)-Cas 

is a prokaryotic adaptive immune system. The diversity of CRISPR-Cas 

systems can be categorized into two classes (I and II) and six types (I-VI). 

Being one of the six classified CRISPR-Cas systems, type V CRISPR-Cas12a 

systems possess significantly different mechanisms and remain less-

investigated than the well-known type II CRISPR-Cas9 system. Along with 

CRISPR-Cas9, the CRISPR-Cas12a system is a versatile genome engineering 

tool. Structural and enzymatic studies of Cas12a protein provided better 

understandings of its nature and allowed applications beyond genome 

engineering such as, transcriptional regulations (CRISPR activation and 

CRISPR interference), base editing and Cas12a-based DNA detection 

methods. Cas12a is known to possess various uncontrolled DNase activities, 

such as guide RNA-independent random DNase activities and collateral 
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random DNase activities, which some of the previously stated applications 

were developed by either utilizing or inhibiting such properties. However, 

possibility of unknown DNase activity of Cas12a resides, requiring additional 

investigations, such as identifying whether previously reported DNase 

activities are conserved properties of Cas12a protein family and whether they 

are fully regulated in catalytically inactive Cas12a mutants that cannot 

generate RNA-guided double strand breaks. To investigate these matters, two 

new members of Cas12a protein family with low sequence similarities with 

previously known Cas12a protein family members were discovered from 

human endosymbiont metagenome database (named mgCas12a-1 and 

mgCas12a-2 after metagenome-derived Cas12a). Through in vitro 

observations on various enzymatic activities of Cas12a such as, interactions 

with divalent cations, different salt concentrations, compatibility with crRNA 

of various Cas12a proteins and temperature tolerance at low to high 

temperatures, it was shown that the newly discovered mgCas12a variants are 

functionally active Cas12a proteins that can perform RNA-guided target 

DNA cleavage using various divalent cations, exhibit best performance at low 

salt concentration, are compatible with various crRNA forms of Cas12a 

orthologs, and Cas12a ribonucleoprotein can cleave target DNA at 10°C and 

80°C. And through various in vitro assays, I found out that the previously 

known random DNase activities and collateral dsDNase activities of Cas12a 

are conserved properties of Cas12a protein family and identified alternative 

ways for generating collateral DNase activities, which were identified to be 

unique properties of Cas12a. Moreover, I also discovered that catalytically 

inactive Cas12a mutants that cannot generate RNA-guided target DNA 

cleavage possess previously unknown random DNase activities. 

 

Keywords: CRISPR/Cas12a, metagenome-derived Cas12a, DNase activity, 

Temperature tolerance 

Student number: 2015-20424 
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1. General introduction 

 

1.1 History of the CRISPR-Cas genome editing system 

 

The history of widely known CRISPR-Cas genome editing system began in 

1987 when Ishino et al. discovered clusters of repetitive palindromic 

sequences and non-palindromic random sequences were found in Escherichia 

coli. More of these repetitive palindromic sequences and patterns were found 

in other microorganisms such as, Mycobacterium tuberculosis (Embden et al. 

1993), Haloferax mediterranei and Haloferax volcanii (Mojica et al. 1995). 

In 2000, Mojica et al. noticed that these patterns of repetitive palindromic 

sequences and random sequences in between them can be widely found in 

archaea and bacteria, but it wasn’t until 2002 when the term “CRISPR” was 

first used by Jensen et al. 

In 2005, Sequence similarities between spacer (sequences between 

repeat sequences) sequences and bacteriophage’s genetic fragments (Mojica 

et al.) and polymorphisms of spacer sequences in Yersinia petis strains 

(Pourcel et al.) were discovered, providing evidences of the CRISPR’s role 

as a prokaryotic adaptive immune system. Soon after in 2007 and 2008, the 

CRISPR’s role as a prokaryotic adaptive immune system was demonstrated 

by Barrangou et al. and Horvath et al. They have encountered Streptococcus 

thermophilus strains that were susceptible to viral infections and other strains 

with immunity. The surviving strains had spacer sequences that matched with 

the viral DNA fragments. In addition, they identified a several CRISPR-

associated (Cas) proteins, such as Cas9, and demonstrated that a single 

mismatch in spacer sequences could negatively affect the immunity of the 

bacteria, showing the importance of having correct spacer sequences.  
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In 2008, CRISPR as an adaptive immune system was artificially 

demonstrated. Brouns et al. have noticed that the secondary structure of 

CRISPR RNA (crRNA) contained partial sequences of palindromic repeats. 

To test whether the crRNA plays an important role, the team transformed E. 

coli strains with a CRISPR array with fragments of phage lambda and the 

transformants were immune to phage lambda. In the same year, Cas9’s role 

as a nuclease in CRISPR system was demonstrated. Deveau et al. showed that 

the Cas9 nuclease cut target DNA if the DNA had G-rich protospacer adjacent 

motif (PAM) sequence at upstream region. In 2010, the role of trans-

activating RNA (tracrRNA) was identified. Deltcheva et al. identified new 

short RNAs that are almost complementary to 25 base pairs of the CRISPR 

repeats. They discovered that tracrRNA is required for crRNA formation and 

activating Cas9 nuclease. 

Two years later in 2012, Jinek et al. first demonstrated in vitro DNA 

cleavage by RNA-guided reprogrammable SpCas9 (Cas9 from Streptococcus 

pyogenes). Knowing that Cas9 crRNA and tracrRNA have complementarity, 

the team built a chimeric guide RNA that consist of crRNA and tracrRNA 

called, single-guide RNA (sgRNA). Using this engineered sgRNA, they have 

successfully demonstrated the reprogrammable nature of Cas9 and identified 

the two nuclease domains of Cas9 (RuvC nuclease domain and an 

endonuclease domain with histidine and asparagine residues; HNH nuclease 

domain). In 2013, CRISPR-Cas9 mediated genome editing in eukaryotic cells 

was finally achieved by Cong et al. They have demonstrated that Cas9-

mediated DNA damage could activate homology-directed repair mechanism 

in cells, and that the multiplex genome editing is available. 

 Originally discovered by Schunder et al. in 2013, Zetsche et al. in 

2015 have harnessed another powerful genome editing tool, Cas12a 

(previously known as Cpf1, CRISPR-associated endonuclease from 

Prevotella and Francisella 1). With Cas12a variants from sixteen different 

microorganism species, they have not only identified major differences 
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between Cas9, but also showed Cas12a-mediated genome editing in 

eukaryotic cells. 

 In the same year, Shmakov et al. first discovered and functionally 

characterized a new CRISPR Cas protein that targets RNA, not DNA. 

Although Cas13a (formerly known as Class 2 candidate 2, C2c2) was found 

out to be utilizing crRNA only like Cas12a, it was quite different than 

previously discovered CRISPR-Cas endonucleases. Cas13a had no RuvC 

nuclease domain, it had two Higher Eukaryotes and Prokaryotes Nucleotide-

binding (HEPN) domains, which were known to have RNase activities. In 

2016, Abudayyeh et al. have successfully demonstrated the usage of 

LshCas13a (Cas13a from Leptotrichia shahii) as an RNA-targeting CRISPR 

Cas endonuclease. 

Upon functional identifications and fully harnessing CRISPR-Cas9 

endonuclease as a new genome editing tool, attempts to discover and identify 

new CRISPR-Cas endonuclease became more active. To date, over seventy 

Cas9, twenty Cas12a and ten Cas13a orthologs have been functionally 

identified (East-Seletsky et al. 2017 & Collias and Beisel 2021), and more 

Cas endonucleases in metagenomes are waiting to be classified and 

characterized. 

 

1.2  Classification of the CRISPR-Cas system 

 

Ever since the first discovery of CRISPR-Cas system, the number of 

sequence-identified and functionally-identified Cas proteins has been 

expanding rapidly. Each CRISPR-Cas system has its own unique features 

thus sorted into six types from I to VI, but they are first classified into two 

classes: class 1 and class 2 (Table 1) (Makarova et al. 2015). CRISPR-Cas 

systems in class 1, such as type I, III and IV, express their effector Cas 

proteins, which bind to crRNA and target, and cleave target DNA or RNA, in 
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multi-subunit complexes. This may provide easier ways to study the role of 

each Cas protein, but it requires multiple expression and purification 

processes for preparing each Cas protein. On the other hand, CRISPR-Cas 

systems in class 2 such as, type II, V and VI, express their effector Cas protein 

in a single protein, allowing easier way to prepare and use. Already well-

known Cas9 and less well-known Cas12a and Cas13a effector Cas proteins 

belong to this class (Makarova et al. 2020). 

Type I CRISPR–Cas systems are the most prevalent prokaryotic 

adaptive immune systems (Makarova et al. 2015). Type I system utilizes a 

multi-subunit RNA-guided complex called, CRISPR-associated complex for 

antiviral defense (Cascade) for finding and unwinding target DNA 

(Wiedenheft et al. 2011). When target DNA is ready, Cascade recruits Cas3 

nuclease, which is the only Cas protein present in type I CRISPR-Cas system 

(Makarova et al. 2011), for target interference. Although both strands of DNA 

are available for Cas3 to cleave, Cas3 only cleaves the target strand DNA 

(DNA strand with PAM sequence) (Hochstrasser et al. 2014). 

Another CRISPR-Cas system in class 1, Type III CRISPR- Cas 

systems possess an unusual targeting mechanism: it degrades the foreign 

genome and its transcripts. Type III CRISPR-Cas system targets single-

stranded DNA (ssDNA) and RNA involved in transcription, with additional 

degradation activity. During the transcription process where the foreign DNA 

is unwound, and RNA is being transcribed, Cas10, a unique nuclease Cas 

protein only found in type III, cleaves both the ssDNA coding strand and 

ssRNA transcript (Ichikawa et al. 2017 and Pyenson et al. 2017). 

Type IV CRISPR-Cas system is the last member of class 1 system to 

date and the rarest CRISPR system (Makarova et al. 2015 and Koonin et al. 

2017). When first discovered, this system was classified as a new type of 

CRISPR-Cas system since it possessed a unique protein, Cas8 (also known 

as Colony stimulating factor 1; Csf1) and damage inducible gene G (DinG) 

family helicase (Ö zcan et al. 2018), did not have Cas gene responsible for 
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adaptation and target cleavage are absent in this system and also lacked in 

CRISPR arrays (Makarova & Koonin et al. 2015 and Koonin et al. 2017). 

Recently characterized by Ö zcan et al. in 2018, it is now known that Csf5 

(also known as Cas6) is responsible for type IV CRISPR-Cas system possess 

crRNA maturation, but further investigation is needed to characterize the 

functions of type IV system. 

 

 

Table 1. Overview of class 1 and 2 CRISPR-Cas systems. 

Modified data from Makarova et al. 2020. 

 

1.3  Comparative overview of the three class 2 Cas systems: 

Cas9, Cas12 and Cas13 

 

Belonging to class 2 CRISPR-Cas systems, type II, V and VI systems are 

being more widely and actively investigated than class 1 systems since it 

provides easier ways to prepare and manipulate the effector Cas protein. To 

date, there are four, seventeen and five subtypes of type II, V and VI CRISPR 

systems respectively (Figure 1). Type II system consists of Cas9 as an effector 

protein with RuvC and HNH nuclease domains, and sub-categorized into four 

subtypes with variations in the architecture of adaptor modules. Type V 

system consists of ten functionally identified Cas12a~j proteins and other 

functionally unidentified Cas12 proteins that share RuvC nuclease domain 

(Figure 2). Type VI system consists of Cas13 effector protein that share two 

 Type Adaptation 
crRNA 

processing 
Effector protein Target 

C
la

ss
 1

 I Cas1, 2 & 4 Cas6 Cas3, 5, 7, 8 & 11 dsDNA 

III Cas1, 2 & RT Cas6 Cas5, 7, 10 & 11 ssRNA 

IV Cas1 & 2 Cas6 Cas5, 7, 8 & 11 - 

C
la

ss
 2

 II Cas1, 2 & 4 RNase III Cas9 dsDNA 

V Cas1, 2 & 4 Cas12 Cas12 dsDNA 

VI Cas1 & 2 Cas13 Cas13 ssRNA 
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HEPN domains as an RNA targeting nuclease domain and sub-categorized 

into five subtypes (Figure 3) (Makarova et al. 2020). Cas9 of type II, Cas12a 

of type V and Cas13a of type VI CRISPR-Cas systems are already well-

investigated in both mechanism (Table 2) and protein structure. 

 CRISPR-Cas9 and Cas12a effector Cas proteins, type II and V 

respectively, both target and cleave DNA but they have significant differences. 

Beginning with pre-crRNA processing, RNase III of host cell processes pre-

crRNA into crRNA for Cas9 while Cas12a can do this process by its own 

built-in RNA processing Wedge (WED) domain (Fonfara et al. 2016). Cas9 

and Cas12a both form a ribonucleoprotein (RNP) complex with their 

distinctive guide RNA (gRNA) to recognize and cleave target DNA. Cas12a 

only requires crRNA as a gRNA while Cas9 requires both tracrRNA and 

crRNA since Cas9 cannot undergo conformational changes without tracrRNA 

(Jinek et al. 2012, Jinek et al. 2014 and Nishimasu et al. 2014). When they 

form a ribonucleoprotein (RNP) complex with their gRNA, they are ready to 

search for PAM sequences. PAM-interacting (PI) domains of Cas9 and 

Cas12a recognize different PAM sequences to recognize target binding site: 

Cas9 recognizes a G-rich three-letter 5’-NGG-3’ PAM sequence while 

Cas12a recognizes a T-rich four-letter 5’-TTTV-3’ PAM sequences located 

upstream of gRNA binding site. 

 Once bound to target DNA, Cas9 and Cas12a both unwinds DNA and 

undergo mismatching scanning process during DNA-RNA hybridization (R-

loop formation). Any mismatch between the protospacer sequence of gRNA 

and target DNA would be checked from the first PAM-proximal protospacer 

sequences up to 10 nucleotides for Cas9 (Slaymaker et al. 2016 and Swarts et 

al. 2017) and 20 nucleotides for Cas12a (Strohkendl et al. 2018). Cas9 and 

Cas12a can undo the R-loop formation if they detect mismatches. Unlike 

Cas9, which is lenient to mismatches, Cas12a is very sensitive to mismatches 

thus being more accurate than Cas9 (Kim et al. 2016 and Kleinstiver et al. 

2015). 
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After the R-loop formation, Cas9 and Cas12a undergo 

conformational changes that drive repositioning of the nuclease domains for 

generating double strand breaks (DSBs) on target DNA using their own 

nuclease domains (Jiang et al. 2016 and Swarts 2019). Cas9 uses the two 

nuclease domains to almost simultaneously cleave the DNA. HNH nuclease 

domain binds to and cleave the target strand DNA (DNA strand that crRNA 

hybridizes with) and the RuvC nuclease domain binds to and cleave the non-

target strand of DNA (complementary strand of target-strand) and generate a 

blunt-end cut 3 bases from 3’ of the PAM sequence (Nishimasu et al. 2014 

and Gong et al. 2018). On the other hand, Cas12a only has the RuvC nuclease 

domain with two nuclease sites and it cleaves the non-target DNA strand first 

in order to cleave the target DNA strand and generates 5 nucleotide long 

5’overhang 18 bases from 3’ the PAM sequence (Figure 4 and 5)(Zetsche et 

al. 2015 and Yamano et al. 2016). 

The last type of class 2 CRISPR-Cas system to date is type IV system. 

Cas13a (previously known as C2c2: Class 2 candidate 2), was first discovered 

in 2015 (Shmakov et al.). Unlike previously described other class 2 effector 

Cas proteins such as Cas9 or Cas12a, Cas13a does not have RuvC or HNH 

nuclease domain, Cas13a has two HEPN domains, instead. As expected, 

Cas13a was found out to be a programmable RNA-guided RNA nuclease. 

Another interesting fact of Cas13a is that it does not utilize PAM recognition 

system, it recognizes and binds to a H (non-G) protospacer-flanking site (PFS) 

adjacent to the 3’ of protospacer (Abudayyeh et al. 2016). Once bound to 

target RNA, it undergoes conformational changes and begins to cleave the 

RNA and simultaneously activate its random RNase activity, degrading any 

RNA it encounters (Figure 6) (Liu et al. 2017). 
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Figure 1. Classification of class 2 CRISPR-Cas systems. Class 2 CRISPR-

Cas system consists of three types: type II, V and VI. Type II Cas9 system 

share RuvC and HNH nuclease domains and consists of four subtypes with 

different architecture of adaptor modules. Type V Cas12 system share RuvC 

nuclease domain and consists of seventeen different subtypes with various 

Cas12 (a~j) and other functionally unidentified candidates. Type VI Cas13 

system share HEPN nuclease domain and consists of five subtypes. Figure 

taken from Makarova et al. 2020. 
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Figure 2. Class 2 type V Cas12 family. Cas12 proteins share RuvC nuclease 

domain for cleaving target DNA or RNA. Cas12a~d and h~j can cleave both 

dsDNA and ssDNA. Cas12f can only cleave ssDNA and Cas12g can 

recognize ssRNA. Figure taken and modified from Tong et al. 2021. 

 

 

 

Figure 3. Class 2 type VI Cas13 family. Unlike Cas9 and Cas12 proteins, 

Cas13 proteins share HEPN nuclease domain for cleaving target RNA. 

Figure taken from https://zlab.bio/cas13. 
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Figure 4. Schematic representation of structural changes and target DNA 

cleavage process of Cas9 RNP. When Cas9 forms an RNP complex with 

gRNA and binds to target DNA, the PI domain (dotted circle) becomes 

organized and seed sequences (blue) of guide RNA are aligned with target 

strand (green) for R-loop formation. As R-loop formation progresses, the non-

target strand (blue strand below green) seed region is relocated to near the 

RuvC nuclease domain. With completion of R-loop formation, the HNH 

domain and RuvC domain simultaneously cleaves the target-strand and non-

target strand of DNA respectively. Figure taken from Jiang et al. 2015. 
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Figure 5. Schematic representation of structural changes and target DNA 

cleavage process of Cas12a RNP. Cas12a becomes catalytically active once 

it forms an RNP complex with crRNA and binds to target DNA. Upon the 

arrival of target DNA and binding with PAM sequences, the unwinding of 

target DNA begins simultaneously with R-loop formation, along with 

conformational changes of the recognition lobe. When R-loop formation is 

complete, the RuvC nuclease domain cleaves the non-target strand then target 

strand. Figure taken from Swarts. 2019. 
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Figure 6. Schematic representation of crRNA-guided target RNA 

cleavage of Cas13a. The recognition lobe (blue) binds to pre-crRNA and the 

nuclease lobe (purple) processes the pre-crRNA into crRNA. During this 

process, Cas13a undergoes additional conformational change and becomes 

catalytically active. Upon binding and cleaving target RNA, Cas13a RNP 

undergoes additional conformational change the random RNase activity is 

activated. Figure taken from Liu et al. 2017. 
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Table 2. Comparisons of Cas9, Cas12a and Cas13a. 

Data from Jinek et al. 2012, Zetsche et al. 2015 and Liu et al. 2017. 

 

 

 

 

 

 

 Cas9 Cas12a Cas13a 

Type II V VI 

Pre-crRNA 

processing 

RNase III of 

host cell 
WED domain 

Helical-1 

domain 

guide RNA 
tracrRNA + 

crRNA 
crRNA crRNA 

guide sequence 

length (nt) 
18~24 18~25 22~30 

Total gRNA 

length (nt) 
~100 42~44 52~66 

PAM sequence 

(5’-3’) 
NGG TTTV 3’-H 

Nuclease 

domain 
RuvC & HNH RuvC Two HEPNs 

Cleavage Blunt end 5’ overhang ssRNA cut 

Target DNA DNA RNA 

DNase activity Yes Yes No 

RNase activity Yes Yes Yes 
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1.4 Characterization of Cas12a and its applications 

 

Cas12a seems more precise and accurate than Cas9 in genome editing (Kim 

et al. 2016 and Kleinstiver et al. 2016). However, Cas9 is more actively used 

in genome engineering. Although there are over 20 different functionally 

identified Cas12a members (Zetsche et al. 2015 & 2019 and Collias & Beisel 

2021), only three of them are being actively used: Acidaminococcus sp. 

Cas12a (AsCas12a), Lachnospiraceae bacterium Cas12a (LbCas12a), and 

Francisella novicida Cas12a (FnCas12a) (Zetsche et al. 2015). The discovery 

and functional characterization of additional members in Cas12a 

endonucleases could warrant better understanding of the structure-function 

relationship of Cas12a, especially in investigating the collateral DNase 

activity and whether it is a conserved property of Cas12a. 

Cas12a-based DNA detection methods (Chen et al. 2018, Gootenberg 

et al. 2018 and Li et al. 2018) were developed by using the collateral ssDNase 

activity of Cas12a protein (Sundaresan et al. 2017, Li et al. 2020 and Li et al. 

2018). These DNA detection methods can quickly yield a desired result. 

However, the indiscriminate nature of these DNase activities requires further 

investigation to determine how various they are and how much of them are 

conserved in Cas12a orthologs and the possibility of causing inaccuracy or 

inefficiency. Additionally, it is unknown whether the catalytically inactive 

Cas12a (dCas12a) and DNase-dead Cas12a (ddCas12a) mutants (Fonfara et 

al. 2016, Zetsche et al.2015 and Yamano et al. 2016) have any effect on DNA 

and whether DNase activity is a conserved property of the Cas12a protein 

family. 
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2. Materials and methods 

 

2.1 Searching new members of Cas12a protein family from 

metagenome 

 

Metagenome nucleotide sequence data from the open-access NCBI ftp BLAST 

database (Altschul et al. 1990) 

(ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/env_nt.gz) was obtained in 

November 3rd, 2017 and built into local BLASTp databases. Amino acid 

sequences of 16 Cas12a and several Cas1 proteins were downloaded from the 

UniProt database on the same day. Motifs of Cas12a sequences were predicted 

and saved after alignments of structurally identified Cas12a sequences using 

web MAFFT version 7 (Katoh et al. 2018) with default parameters. The 

CRISPR repeat and spacer were found using MetaCRT with default parameters 

and contigs that had a CRISPR region were selected. Genes were predicted 

using Prodigal with metagenome parameters and those within 15 kb up and 

downstream of the CRISPR region were selected. Local BLASTp was run with 

Cas12a motifs as query, and results were further analyzed for whether they had 

a Cas1 gene beside them or not using local BLASTp with Cas1 as the query. 

Putative Cas12a genes adjacent to Cas1 or with sizes between 800 amino acid 

(aa) and 1,500 aa were filtered. Web BLASTp was run against non-redundant 

(nr) protein sequences with all genes for brief annotation. Sequences not 

starting with methionine were also excluded. All putative Cas12a genes were 

aligned using web MAFFT version 7 using default parameters, and they were 

built into a phylogeny using the neighbor-joining method with pairwise 

deletion and 100x bootstrap in MEGA7. Using the results of brief web 

annotation, genes predicted to be putative Cas12a genes and adjacent genes 

with bootstrap values larger than 50 were picked out. Gene fragments due to 

low quality alignment were discarded after structure-based comparison 

ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/env_nt.gz
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between sequences using ESPript 3.0 (Robert and Gouet 2014). A phylogenetic 

tree of those genes and 16 acknowledged Cas12a genes was constructed again 

using FastTree 2.1 with default parameters and iTOL v4 after an alignment 

with web MAFFT version 7. All analysis codes were written with Python 3 

(https://github.com/physcopatens12/Caspick/tree/master/v1). 

 

2.2 Plasmid construction and mutagenesis 

 

The FnCas12a (Addgene plasmid 102565) and commercially synthesized 

mgCas12a variants (Additional data) (Bionics, Seoul, South Korea) were 

cloned into pET28 expression vector using an N-terminus polyhistidine-tag 

and C-terminus biparticle nucleus localization signal (BPNLS) and BamHI 

and NotI restriction enzyme sites. Catalytic residues of mgCas12a were 

determined based on multiple amino acid sequence alignment with 16 

previously known Cas12a proteins and 11 newly identify Cas12a proteins 

from the metagenome to generate dCas12a and ddCas12a mutants. Each 

mutant was generated by PCR mutagenesis using a Gibson Assembly Master 

Mix (New England Biolabs, Ipswich, MA, USA). DNA oligonucleotides used 

in this study are listed in Additional data. 

 

2.3 Protein expression and purification 

 

Each Cas12a and Cas9 protein was expressed in a DE3 Rosetta cell (Merck, 

Darmstadt, Germany). Cells were cultured overnight in 5 mL of TB growth 

media with antibiotics (100 mg/ml kanamycin) and inoculated to 500 mL of 

TB growth media for isopropyl β-D-1-thiogalactopyranoside (IPTG) induction. 

Cell culture was continued at 37°C until the cell density reached 0.6–0.7 OD600. 

Then, the temperature was lowered to 18°C for Cas12a and 24°C for Cas9, and 

0.4 mM of IPTG was added to induce expression. The cells were then 
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incubated for an additional 18 h. Next, the cells were harvested by 

centrifugation and resuspended in 25 mL of lysis buffer (50 mM HEPES-KOH 

with a pH of 7.5 for FnCas12a and SpCas9, pH of 6.5 for mgCas12a-1, and 

pH of 6.0 for mgCas12a-2, 500 mM NaCl, 10 mM imidazole, 5% glycerol, 

and ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor cocktail). 

Then, they were lysed using sonication with 15 s pulses for an hour and a half 

at 40% amplification. The supernatant was then isolated from cell debris by 

centrifugation and syringe-filtered using a 0.2 μm Polyethersulfone filter 

(Bionics, Daejeon, South Korea). Filtered proteins were directly applied to a 

nickel column (HisTrap FF 5 ml, GE healthcare, Chicago, IL, USA) 

equilibrated with a lysis buffer connected to fast protein liquid 

chromatography (FPLC; Ä kta explorer, GE healthcare, Chicago, IL, USA) and 

washed with lysis buffer. Then, each Cas12a and Cas9 protein was eluted with 

a gradient of elution buffer (20 mM HEPES-KOH with the same pH as the 

lysis buffer), 200 mM NaCl for FnCas12a, mgCas12a-2 and SpCas9, 300 mM 

KCl for mgCas12a-1, 400 mM imidazole, 5% glycerol, and EDTA-free 

protease inhibitor cocktail). Fractions were analyzed using sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie blue 

staining. Fractions with Cas12a proteins were collected for concentration using 

a protein concentrator (100,000 NMWL, Amicon). Then, the concentrated 

proteins were applied directly to an equilibrated size exclusion column 

(Superdex 200 Increase 10/300 GL, GE healthcare, Chicago, IL, USA) and 

purified using FPLC at 0.2 μL/min with elution buffer (20 mM HEPES-KOH 

with a pH of 7.5 for FnCas12a and SpCas9, pH of 6.5 for mgCas12a-1, and 

pH of 6.0 for mgCas12a-2, 200 mM NaCl, and 5% glycerol). Each fraction 

was then analyzed using SDS-PAGE followed by Coomassie blue staining. 

Fractions with Cas12a proteins were collected and stored at −80°C with 1 mM 

1,4-Dithiothreitol until further use. The expression and purification of maltose-

binding protein (Addgene plasmid 69929) were performed in an identical 

manner. 
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2.4 Generation of substrate DNAs and guide RNAs 

 

HsCCR5, HsDNMT1, and HsEMX1 genes were amplified from the genomic 

DNA of the HEK293-T cell, and the LsXylT gene was amplified from the 

genomic DNA of Lactuca sativa. Each PCR amplicon was amplified using 

10 μg of template plasmid DNA and cloned in between the M13 forward and 

reverse primer regions in the pUC-based cloning vector (Biofact, Daejeon, 

South Korea). The PCR amplicon of each substrate DNA was amplified and 

purified (Qiagen, Westberg, Germany) for in vitro assays. Both mgCas12a 

and FnCas12a shared an identical component of crRNA: 19 bp-long 5’ handle 

sequence and 23 bp target-specific crRNA sequence. Every crRNA used in 

this study was synthesized by Integrated DNA Technologies, Inc. Sequences 

of crRNAs and gene amplicons are listed in Additional data. 

 

2.5 In vitro assays and quantifications of Cas12a’s enzymatic 

activities 

 

Before forming the Cas12a or Cas9 RNP complex, guide RNA was incubated 

at 95°C for 2 min and room temperature for 30 min to disentangle any mis-

folds and refold them into the correct structure. 25 pmol of Cas12a or Cas9 

protein and 30 pmol of guide RNA (1:1.2 mol:mol ratio) were incubated with 

10 mM of Mg2+ (NEBuffer 1.1 for Cas12a and NEBuffer 3.1 for Cas9) at 

room temperature for 30 min to form Cas12a or Cas9-RNP complexes. A 

measure of 0.2 pmol of substrate DNA was then added to the Cas12a or Cas9 

RNP mixture to perform in vitro cleavage assays under various conditions. 

Reactions were stopped by adding SDS and EDTA (6× purple gel loading dye, 

NEB) and incubating at −20°C for 30 min. Each reaction was then loaded to 

1% agarose gel for DNA electrophoresis and analysis. The intensities of DNA 

bands were measured using ImageJ. Three different equations were used to 
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quantify various enzymatic activities of Cas12a RNP or apoCas12a: Eq. 1 was 

used for quantifying the in vitro enzymatic activity of Cas12a RNP on target 

DNA (IVTar) by measuring the DNA band intensity of the control DNA band 

(DNACtrl) and horizontally-located and treated DNA band intensities (DNAHrz), 

Eq. 2 was used for quantifying the in vitro enzymatic activity of Cas12a RNP 

and apoCas12a on non-target DNA (IVNon-tar) by measuring DNACtrl and 

DNAHrz, and Eq. 3 was used for quantifying the in vitro DNA degradation 

activity DNA (IVDeg) by measuring the smeared area of agarose gel below the 

shorter cleaved DNA product or shorter non-target DNA (DEGSmear) across 

the gel, including the area below the control lane (DEGCtrl). 

 

Equation #1: 𝐼𝑉𝑇𝑎𝑟 =
𝐷𝑁𝐴𝐶𝑡𝑟𝑙−𝐷𝑁𝐴𝐻𝑟𝑧

𝐷𝑁𝐴𝐶𝑡𝑟𝑙
 

 

Equation #2: 𝐼𝑉𝑁𝑜𝑛−𝑡𝑎𝑟 = 1 −
𝐷𝑁𝐴𝐶𝑡𝑟𝑙−𝐷𝑁𝐴𝐻𝑟𝑧

𝐷𝑁𝐴𝐶𝑡𝑟𝑙
 

 

Equation #3: 𝐼𝑉𝐷𝑒𝑔 =
𝐷𝐸𝐺𝑆𝑚𝑒𝑎𝑟−𝐷𝐸𝐺𝐶𝑡𝑟𝑙

𝐷𝐸𝐺𝐶𝑡𝑟𝑙
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3. Results 

 

3.1 Discovery and enzymatic characterization of new Cas12a members  

 

3.1.1 Specifications of the two new members of Cas12a protein family 

 

A total of 42,045 CRISPR array sequences were found in the NCBI BLAST 

env_nt metagenome database using the search pipeline (Figure 7A). Proteins 

around 15 kb of CRISPR arrays were used as the local database for BLASTp 

to query with 16 previously known Cas12a protein sequences, and a total of 

11 new Cas12a candidates were identified (Figure 7B). Two sequences among 

the candidates were entirely identical, and their spacer sequences were the 

same. However, the nucleotide sequences, including the spacer sequences of 

the original contig, were not identical. Another group of two orthologs were 

clustered with Eubacterium eligens Cas12a with 98% pairwise alignment 

similarity. 

The amino acid sequences of 16 different previously known Cas12a 

proteins and 11 new Cas12a proteins found in this study were used to compare 

the domain architectures through multiple amino acid sequence alignment 

(Additional data). Two final Cas12a candidates, mgCas12a-1 and mgCas12a-

2 (CDYX01038443.1_3 and CDZH01035208.1_126, respectively) were 

chosen among the 11 initial candidates after performing 3D structure 

alignment against FnCas12a (PDB ID: 5NG6) and recognizing the 

similarities in DNA-RNA interacting residues of FnCas12a (Stella et al. 

2017). The DNA-RNA interacting residues of both mgCas12a variants had 

minor polymorphisms when compared with those of FnCas12a. Both 

mgCas12a proteins showed identical domain architecture to other previously 

known Cas12a orthologs (Yamano et al. 2016 and Zetsche et al. 2015 with 

differences in the lengths of each domain, except for noticeably shorter REC1 
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and REC2 domains than those of FnCas12a (Figure 8). 

Unlike previously known adaptor Cas modules of type V-A Cas12a 

(Schunder et al., 2013; Vestergaard, Garrett, & Shah, 2014; Zetsche et al., 

2015), only Cas2 and Cas4 were found near the CRISPR locus of mgCas12a-

1, while no adaptor Cas protein was found in the CRISPR locus of mgCas12a-

2 even with the presence of the CRISPR arrays in both (Figure 9). Such an 

absence could suggest the possible placement of adaptor modules in other loci 

of their host species’ genome or the result of the evolutionary process. The 

BLASTn search of the NCBI RefSeq virus genome and plasmid DNA 

sequences to find PAM sequences using spacers in the mgCas12a CRISPR 

array as the search query returned no significant matches. 

To further understand the crRNA structure of mgCas12a, the 

unprocessed direct repeat sequences were observed. The truncation sites of 

two mgCas12a’s pre-crRNA were predicted considering the case of FnCas12a 

(Zetsche et al. 2015). Surprisingly, those two Cas12a orthologs had identical 

direct repeat sequences to FnCas12a, and despite this, their overall amino acid 

sequence identities were under 37% (Table 3 and 4). They all had 36 nt-long 

of unprocessed direct repeats, identical truncation sites (speculative), direct 

repeat sequences, and 23 nt of spacer sequence in crRNA for targeting DNA 

(Table 5 and 6).  

Although these missing adaptor Cas proteins could reside in other 

loci or their absence may not affect the functions of mgCas12a, these proteins 

were expressed and purified using the pET-based expression system to verify 

their enzymatic activities as Cas12a endonuclease (Figure 10A and B). 

Considering possible target DNA sequence-biased in vitro cleavage efficiency, 

four different genes were selected and amplified (HsCCR5; 1706 bp, 

HsDNMT1; 1321 bp, HsEMX1; 1662 bp and LsXylT; 1287 bp) with crRNAs 

constructed based on the crRNA sequence of FnCas12a (Figure 11A). Pre-

assembled mgCas12a RNP (50 pmol mgCas12a: 60 pmol crRNA) and target 

DNA (0.5 pmol) were incubated at 37°C for 1 h to induce crRNA-dependent 
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target sequence-specific DSBs. Both mgCas12a RNPs showed enzymatic 

activities as Cas12a endonucleases (Figure 11B). As both mgCas12a RNPs 

can generate crRNA-dependent target DNA cleavage using FnCas12a’s 

crRNA form, functional relationship of mgCas12a and NaCl concentration 

was then observed. 
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A 
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Figure 7. Mining and characterization of Cas12a orthologs from 

metagenome data. (A) Pipeline for mining Cas12a from metagenome data. 

CRISPR array and Cas proteins were extracted from genebank metagenome 

data. After preprocessing a like size-based cut-off, evolutionary relationships 

with reference Cas12a proteins were analyzed. Two final novel Cas12a 

orthologs were chosen for this research based on their conserved amino acid 

residues and convenience in codon optimization. (B) Unrooted phylogenetic 

tree of metagenome-derived Cas12a and published orthologs constructed 

with iTOL v5. Branch lengths are displayed at each node. 
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Figure 8. Comparison of mgCas12a domain construct. Domain construct 

of FnCas12a and mgCas12a proteins. Protein domains were predicted using 

structure-based alignments with an FnCas12a amino acid sequence. REC 

lobes of mgCas12a proteins are shorter than those of FnCas12a. Sequence 

identifier and GenBank accession numbers are on the right side of the figure. 

WED: wedge domain, REC: recognition domain, PI: PAM interaction domain, 

RuvC: RuvC nuclease domain, BH: bridge helix domain, Nuc: nuclease 

domain.  
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Figure 9. The CRISPR loci of FnCas12a, mgCas12a-1, and mgCas12a-2. 

Unlike other class 2 type V-A CRISPR Cas12a systems, Cas1 was not found 

in the locus of mgCas12a-1, no adaptor Cas protein was found in the locus of 

mgCa12a-2. Seven repeats and six spacers were found in the CRISPR array 

of each mgCas12a locus.  
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A 

 

B 

 

Figure 10. Cas12a protein expression and purification. (A) Cas12a and 

Cas9 expression construct. Each Cas12a and Cas9 protein was expressed in a 

pET28a system with N-terminus 6x His tag and C-terminus BPNLS. 

FnCas12a and its mutants: 151.9 kDa, mgCas12a-1 and its mutants: 148 kDa, 

mgCas12a-2 and its mutants: 149.2 kDa and SpCas9: 160 kDa. (B) Sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis analysis of purified 

Cas12a and Cas9 proteins. 
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Figure 11. New members of Cas12a proteins with incomplete set of 

adaptor Cas proteins remain capable of performing crRNA-dependent 

target DNA cleavage. (A) Sequences highlighted in green indicate T-rich 

PAM sequence and blue indicate binding site of crRNA. From 5’, crRNA 

consists of 19bp-long direct repeat, which is identical to that of FnCas12a, 

followed by 24bp-long complementary sequence for target DNA binding. All 

crRNAs used in this study were designed with the identical manner. (B) In 

vitro DNA cleavage assay using mgCas12a-1 and mgCas12a-2 

ribonucleoprotein (RNP). Both mgCas12a RNPs (50 pmol Cas12a: 60 pmol 

crRNA) showed crRNA-dependent target-specific cleavage activity on the 

purified PCR amplicons (0.5 pmol) of four different genes during 1 h 

incubation at 37 °C. mgCas12a-1 showed cleavage efficiency of 89% at most 

and 96% cleavage efficiency was recorded for mgCas12a-2 (HsCCR5, 

1706bp; HsDNMT1,1321bp; HsEMX1, 1662bp and LsXylT, 1287bp). ◄: 

Cleaved DNA product. 
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Table 3. Amino acid sequence similarities of eleven new Cas12a 

candidates from metagenome against FnCas12a. Each protein sequence of 

11 new Cas12a protein candidates from metagenome was aligned with protein 

sequence of FnCas12a (1,300 aa). Candidates are listed in a decreasing 

similarity order. 

 

 

Table 4. Protein sequence similarities of Cas12a orthologs. Both 

mgCas12a variants have the highest protein sequence similarities with 

FnCas12a and the lowest with AsCas12a. 
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Table 5. Unprocessed direct repeat sequences of FnCas12a and eleven 

new Cas12a candidates from metagenome. Unprocessed direct repeat 

sequences from 11 new metagenome-derived Cas12a candidates were 

compared with that of FnCas12a. mgCas12a-2 (CDYX01038443.1_3) and 

mgCas12a-2 (CDZH01035208.1_126), which are listed right below 

FnCas12a, had the identical number of unprocessed direct repeat sequences 

and identical sequence of processed direct repeats (DR) with that of FnCas12a. 

▽: Speculative truncation site during crRNA processing (Removed sequence 

during DR processing▽DR sequence) 

 

 

Table 6. Direct repeats of the Cas12a variants. Both mgCas12a variants 

and FnCas12a have 20nt long identical direct repeat sequences. Direct repeat 

sequences of AsCas12a, FnCas12a and LbCas12a were obtained from 

Zetsche et al. 2015. 
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3.1.2 mgCas12a can generate RNA-guided target DNA 

cleavage using direct repeats of various Cas12a 

 

Although the consensus direct repeat (5’ handle) sequences of both mgCas12a 

variants were identical to that of FnCas12a’s, mgCas12a’s compatibility with 

direct repeat sequences of As, Lb and FnCas12a was tested to observe 

whether they can utilize direct repeat sequences of other Cas12a and to 

identify which direct repeat sequence they show the best performance with. 

Direct repeat sequences of As and FnCas12a are both 20nt in length and 

LbCas12a uses 21nt-long direct repeat sequence. Direct repeat sequences of 

the three Cas12a are almost identical, with minor variations in the head region 

of the structure (Zetsche et al. 2015) (Figure 12A). In vitro cleavage assay 

results show that both mgCas12a variants are compatible with crRNA 

structures of all three Cas12a orthologs for generating crRNA-guided target 

DNA cleavage (Figure 12B). 

 

3.1.3 mgCas12a under high NaCl concentration yields 

dsDNase-like activity on both target DNA and cleaved 

products 

 

The effect of various NaCl concentrations (0 to 100 mM) on the in vitro 

cleavage efficiency of Cas12a was observed. FnCas12a RNP showed 

consistent cleavage activity through three different NaCl concentrations from 

no NaCl to 100 mM NaCl. Unlike FnCas12a, both mgCas12a RNPs showed 

dsDNase-like activities on target DNA and cleaved products when incubated 

with 50mM and 100 mM of NaCl. Although all of four different target DNAs 

seemed to be cleaved by mgCas12a RNP, the uncleaved target DNA and 

cleaved product DNA seemed to be rather under degradation process rather 

than being cleaved (Figure 13). 
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A 

 

B 

 

Figure 12. Direct repeat (5’ handle) compatibility assay of mgCas12a 

variants. (A) direct repeat sequences of As, Fn and LbCas12a. Sequences 

were obtained from Zetsche et al. 2015. (B) Both mgCas12a variants were 

incubated with crRNAs with each Cas12a’s direct repeat sequences to 

generate target DNA cleavage, and they were capable of cleaving target DNA 

using all three direct repeat sequences from difference Cas12a. ◆: Target 

DNA (HsCCR5; 1706 bp), ◄: Cleaved DNA product. 
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Figure 13. In vitro observation of the relationship between NaCl 

concentration and Cas12a RNP cleavage efficiency. Reaction buffer 

conditioning for Cas12a RNP-mediated in vitro cleavage assay. Each Cas12a 

RNP (25 pmol Cas12a: 30 pmol crRNA) was pre-assembled to target four 

different PCR amplicons (HsCCR5, 1706 bp; HsDNMT1,1321 bp; HsEMX1, 

1662 bp and LsXylT, 1287 bp). Three different reaction buffers with various 

NaCl concentrations (no NaCl, 50mM NaCl and100mM NaCl) were used for 

each reaction at room temperature for 30 min. ◄: Cleaved DNA product 
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3.1.4 mgCas12a metal ion compatibility test 

 

Previous studies have showed that Cas12a RNP can generate DSB using 

various divalent metal ions and it shows different cleavage efficiencies with 

different metal ions (Fonfara et al. 2016, Li et al. 2020; Sundaresan et al. 

2017). To investigate any possible enhancement or reduction in enzymatic 

activities of Cas12a and to understand possible ways to harness and regulate 

enzymatic activities of Cas12a, various in vitro assays with eight different 

metal ions were performed. 

To first identify which metal ion can induce apoCas12a to degrade 

substrate DNA, substrate DNA (HsCCR5) was incubated with various metal 

ions and apoCas12a (Figure 14A). Interestingly, noticeable DNA degradation 

was observed when apoFnCas12a was only given distilled water and certain 

metal ions: MgCl2, CaCl2, FnCl2 and MnSO4. On the other hand, neither 

apo_mgCas12a showed any dsDNase activity with distilled water only and 

showed weak degradation activities when incubated with MgCl2, CoCl2, 

MnSO4 and NiSO4 instead. 

Next, crRNA-dependent target DNA cleavage assay of Cas12a RNP 

with various metal ions was performed to understand the range of metal ions 

that mgCas12a RNPs can utilize to generate DSB (Figure 14B). Both 

mgCas12a orthologs and FnCas12a were able to cleavage the target DNA 

with various metal ions, except only FnCas12a generated DSB using CuSO4 

and none of the Cas12a RNP tested was able to generate DSB using ZnSO4. 

This result possibly suggests that either ZnSO4 simply does not interact with 

Cas12a RNP or it inhibits any enzymatic activity of Cas12a RNP. The 

unexpected target DNA cleavage activity of Cas12a RNP was harnessed when 

incubated with EDTA (Figure 14C). 

Then the previous assay was repeated with additional dsDNA 

(HsDNMT1), which has no binding site, to observe whether the incapability 

of certain metal ions to activate Cas12a RNP would be applied equally to 
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random dsDNase activity observed previously (Figure 14D). As expected, 

noticeable random dsDNase activity on non-target DNA (HsDNMT1)was 

only observed when metal ions with capability to activate Cas12a RNP were 

incubated with. Similar with previous results, both mgCas12a and FnCas12a 

RNP generated DSBs on target DNA (HsCCR5) and noticeable dsDNase 

activities when incubated with the same set of divalent metal ions. Again, 

only FnCas12a was able to utilize CuSO4 for generating DSBs and none of 

the Cas12a RNP incubated with ZnSO4 showed any kind of enzymatic activity. 

 Lastly, another similar in vitro assay was repeated but with two non-

target substrate DNAs (HsCCR5 and HsDNMT1) only by assembling Cas12a 

RNP with HsEMX1 targeting crRNA (Figure 14E). Interestingly, all three 

Cas12a RNPs showed noticeable dsDNase activities when incubated with 

MgCl2. Although previous results showed that these Cas12a RNPs were 

compatible with various metal ions for generating DSB, only MgCl2 was able 

to activate the random dsDNase activity. 
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D 

 

E 

 

Figure 14. crRNA-independent and crRNA-dependent DNase activities 

of Cas12a occur in metal ion-dependent manners. (A) Observation of 

crRNA-independent random DNase activity of Cas12a using various metal 

ions. Only FnCas12a showed slight crRNA-independent random DNase 

activities when incubated with MgCl2, CaCl2, FeCl2 and MnSO4 ●: substrate 

DNA: (HsCCR5; 1706bp). (B) mgCas12a RNPs cleaved target DNA using 

various metal ions. Both FnCas12a and mgCas12a-2 RNPs were able to 

cleave the target DNA without presence of any metal ion. FnCas12a RNP was   
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able to generate DSB  was able to cleave target DNA using all provided 

metal ions except for ZnSO4. mgCas12a-1 RNP could not generate DSB when 

incubated with either CuSO4 or ZnSO4. mgCas12a-2 RNP showed the 

identical metal ion interactions with that of mgCas12a-1 RNP. None of the 

Cas12a RNPs were able to generate DSB when ZnSO4 was present. ◆: Target 

DNA (HsCCR5; 1706 bp), ◄: Cleaved DNA product. (C) Inhibition of 

crRNA-mediated target DNA cleavage of Cas12a by EDTA. Presence of  

EDTA inhibited the activity of Cas12a RNP when there was no MgCl2, and 

incubating EDTA and MgCl2 together reduced the activity of Cas12a. (D) 

Metal ion-dependent in-trans DNase activity of Cas12a RNP. Similar with 

figure 3c, Cas12a RNPs were assembled to target HsCCR5 only and both 

HsCCR5 and HsDNMT1 (non-target DNA) were provided, but various metal 

ions were used to observe metal ion-dependent in-trans DNase activity of 

Cas12a RNP. Identical sets of metal ions that activated Cas12a RNP from 

figure 4a cued in-trans DNase activities of different Cas12a RNPs. ◆: Target 

DNA (HsCCR5; 1706 bp), ●: Non-target DNA: (HsDNMT1; 1321bp). ◄: 

Cleaved DNA product. (D) Observation of substrate DNA length-dependent 

random DNase activity of Cas12a RNP using various metal ions. HsEMX1 

targeting Cas12a RNPs were provided with two different non-target DNAs 

(#1, HsCCR5; #2, HsDNMT1) with identical set of metal ions used previously. 

FnCas12a and mgCas12a-2 RNP showed DNase activities on both non-target 

DNAs when incubated with MgCl2. ●: Non-target DNA #1 (HsCCR5; 1706 

bp), ■: Non-target DNA #2 (HsDNMT1; 1321bp). 
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3.1.5 Cas12a ribonucleoprotein cleaves target DNA at a broad 

range of temperatures 

 

Temperature-tolerance of Cas12a RNPs at low and high temperatures was 

observed by inducing the generation of crRNA-dependent target DNA 

cleavage at 10°C and 80°C separately. Surprisingly, all three Cas12a RNPs 

were able to cleave the target DNA (HsCCR5) at 10°C and 80°C (Figure 15A 

and B). The results were plotted and examined against the previous assays 

performed at 37°C. FnCas12a RNPs maintained significantly similar activity 

rates on the target DNA at all three temperatures from 1 to 30 min of 

incubation. However, both mgCas12a RNPs showed temperature-dependent 

activity rates. FnCas12a RNPs maintained consistent activities at all three 

temperatures, while mgCas12a-1 and mgCas12a-2 RNPs showed similar 

activity rates at 37°C and 80°C, with up to two-fold decreases in activity rates 

at 10°C The highest cleavage efficiency point (30-min) was reached by 

FnCas12a RNP in all three temperatures (0.76, 0.78 and 0.76 at 10°C, 37°C 

and 80°C respectively), which were 3.4-fold and 2.8-fold higher, 2.7-fold, 

1.7-fold higher and 1.5-fold and 1.2-fold higher than mgCas12a-1 and 

mgCa12a-2 at 10°C, 37°C and 80°C respectively (Figure 15C). These results 

show that mgCas12a and FnCas12a may undergo different conformation 

based on temperatures, and they can generate DSBs on DNA at low and high 

temperatures. 
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Figure 15. Cas12a generates double-strand breaks (DSBs) on target DNA 

at low and high temperatures. (A) In vitro observation of Cas12a RNP-

mediated sequence-specific DNA cleavage activity at 10 °C. All three Cas12a 

ribonucleoproteins (RNPs) remained active and generated DSBs on target 

DNA (HsCCR5) at 10°C. (B) In vitro observation of Cas12a RNP-mediated 

sequence-specific DNA cleavage activity at 10°C. All three Cas12a RNPs 

remained active and generated DSBs on target DNA (HsCCR5) at 80 °C. ◆: 

Target DNA (HsCCR5; 1706 bp) for Cas12a RNP, ◄: Cleaved products). (C) 

Quantification of Cas12a-mediated target DNA cleavage activity at 10, 37 

(from Figure 2B) and 80 °C. The cleaved target DNA band intensity ratio was 

calculated. Unpaired two-tailed Welch’s t-tests with unequal variance was 

performed for Figure A and B, and Figure 2B. **P <0.01, ***P <0.001, 

****P <0.0001. Error bars indicate the mean ± standard deviation from 

independent in vitro assays (n = 3). 
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3.2 Observation of conserved DNase activities in Cas12a protein 

family 

 

3.2.1 crRNA-dependent and independent dsDNase activities 

are conserved in mgCas12a orthologs 

 

Since mgCas12a orthologs can generate crRNA-dependent target DNA 

cleavage under various conditions, in vitro cleavage efficiencies of mgCas12a 

orthologs in comparison with FnCas12a and SpCas9 were observed to further 

investigate any visually identifiable traces of DNase activities by allowing 

elongated reaction time (from 1 min to 24 h) (Figure 16A). The results were 

statistically visualized by measuring the band intensity of the remaining target 

DNA (Figure 16B).  

Among the three different Cas12 RNPs, FnCas12a first digested all 

target dsDNA (HsCCR5) within 4 h of the reaction point, followed by both 

mgCas12a RNPs in 12 h. In the first minute, FnCas12a RNP cleaved an 

average of 65% of target dsDNA, which is 2.5-fold faster activity than that of 

mgCas12a-1 (26%) and 1.8-fold faster activity than that of mgCas12a-2. 

Notably, both mgCas12a RNPs were able to generate DSBs from the first 

minute of the reaction point, but they did not completely digest the target 

DNA until the 12-h reaction point. This could indicate possible slow turn-

over rates of mgCas12a RNPs. Another difference between FnCas12a and 

mgCas12a was patterns of cleaved dsDNA products. In the FnCas12a RNP 

treatment, both DNAs cleaved from the substrate degraded gradually, while 

the shorter DNA fragment (PAM proximal cleaved DNA) disappeared more 

quickly. In contrast, in both mgCas12a treatments, the two DNAs remained 

intact for longer. All the Cas12a RNPs showed complete removal of the DNA 

after 12 h possibly due to collateral DNase activity, as reported previously (Li 

et al. 2020, Murugan et al. 2020, Nguyen et al, 2020 and Sundaresan et al. 
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2017), whereas Cas9 RNP-treated target DNA and its cleaved products 

remained intact throughout the entire assay. This difference in collateral 

DNase activities on product dsDNA suggests that mgCas12a and FnCas12a 

may undergo different post-cleavage catalytic pathways. 

Next, each Cas12a protein was incubated with substrate DNA only to 

observe whether the previously reported crRNA-independent dsDNase 

activity is also conserved in mgCas12a orthologs (Figure 17A). After 12 h, 

all three Cas12a proteins degraded the substrate dsDNA. FnCas12a first 

showed noticeable random dsDNase activity at the 1-h reaction point, 

followed by both mgCas12a RNPs at the 4-h reaction point. FnCas12a and 

mgCas12a-2 first completely degraded the dsDNA at the 12-h reaction point, 

followed by mgCas12a-1 at the 24-h reaction point (Figure 17B). SpCas9-

treated substrate DNA again remained intact. These results may indicate that 

the absence of crRNA may have kept Cas12a and dsDNA apart at first but 

could not prevent the unknown activator from triggering sequence-

independent random DNase activity of Cas12a. 
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Figure 16. Cas12a RNP causes degradation and disappearance of 

substrate DNA. (A) In vitro observation of Cas12a and Cas9 RNP-mediated 

sequence-specific target DNA cleavage activity. Pre-assembled Cas12a or 

Cas9 RNP (25 pmol Cas12a:30 pmol gRNA) to target HsCCR5 was incubated 

with purified PCR amplicon of HsCCR5 (0.5 pmol) up to 24 h at 37°C. Both 

target and cleaved DNA products eventually all disappeared when treated 

with Cas12a RNP, where Cas9 RNP-generated cleaved product DNA 

remained throughout reaction time. ◆: Target DNA (HsCCR5; 1706 bp), ◄: 

Cleaved DNA product. (B) Quantification of Cas12a RNP-mediated 

sequence-specific in vitro DNA cleavage activity. Cleaved target DNA 

(HsCCR5) band intensity ratios were calculated. Error bars indicate the mean 

± standard deviation from independent in vitro assays (n = 3).  
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Figure 17. Cas12a causes degradation and disappearance of substrate 

DNA. (A) In vitro observation of apoCas12a-mediated random dsDNase 

activity. Each apoCas12a or apoCas9 (25 pmol) was incubated with substrate 

DNA (HsCCR5; 0.5 pmol) from 1 min to 24 h at 37 °C. Cas9-treated substrate 

DNA remained intact throughout the incubation whereas Cas12a-treated 

substrate DNA eventually all disappeared. ●: Substrate DNA HsCCR5; 1706 

bp. (B) Quantification of apoCas12a-mediated dsDNase activity. Remaining 

substrate DNA (HsCCR5) band intensity ratios were calculated. Error bars 

indicate the mean ± standard deviation from independent in vitro assays (n = 

3).  
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3.2.2 Collateral trans-dsDNase activity is a conserved 

property of Cas12a 

 

Previous results indicate that crRNA-independent random dsDNase activity 

is also conserved in mgCas12a. Two different PCR amplicons, a target DNA 

(HsCCR5) and a non-target DNA (HsDNMT1), were incubated with each 

Cas12a or Cas9 RNP to observe the previously reported collateral trans-

dsDNase activity of Cas12a (Fuchs et al, 2019 and Smith et al. 2020). 

Interestingly, in vitro cleavage efficiencies of all three Cas12a RNPs were 

significantly improved when a non-target DNA was present. Compared with 

previous results (Figure 18A), there were 1.4-fold, 1.3-fold, and 1.8-fold 

increases in target DNA cleavage by FnCas12a, mgCas12a-1, and mgCas12a-

2, respectively, at the 1-min incubation point. 

Though there were variations in occurring time of dsDNase activity, 

all three Cas12a RNPs showed trans-dsDNase activities. FnCas12a RNP first 

showed such dsDNase activity at 30-minute reaction point, followed by 

mgCas12a-1 RNP at 1-hour and mgCas12a-2 RNP 12-hour reaction point. 

FnCas12a RNP first completely degraded the non-target DNA (HsDNMT1) 

at 4-hour reaction point, followed by mgCas12a-2 at 12-hour and mgCas12a-

1 at 24-hour reaction point, whereas Cas9 only cleaved the target DNA and 

left the non-target intact throughout the assay (Figure 18B and C). 

Another interesting result was that a DNA smearing effect (Huang, 

Fasco, & Kaminsky, 1996) was observed in all in vitro assays, indicating that 

DNA degradation was in progress. The smeared area below the shorter 

cleaved DNA product first vertically spanned out then the intensity became 

concentrated at lower areas of agarose gels. In other words, DNA fragments 

incubated with Cas12a RNP were constantly being degraded by Cas12a RNP 

until they were fragmentized into smaller pieces. The collateral trans-

dsDNase activity of Cas12a RNP was visualized in this result, showing that 

the degradation of non-target DNA never occurred prior to target DNA 
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cleavage in all cases. The intensities of smeared area on agarose gels were 

measured and FnCas12a RNP yielded the steepest growth of smeared area’s 

intensity concentration and marked the highest (0.7) at 4-hour reaction point, 

which was 3.2-fold and 1.8-fold higher than that of mgCas12a-1 and 

mgCas12a-2 respectively (Figure 18D). This result also suggests that the 

collateral trans-dsDNase activity could be a conserved property of Cas12a. 
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Figure 18. Cas12a ribonucleoprotein (RNP) possesses collateral trans-

dsDNase activity on non-target DNA when incubated with target DNA. 

(A) In vitro observation of Cas12a or Cas9 RNP-mediated trans-DNase 

activity on non-target DNA. When incubated with Cas12a RNP, non-target 

DNA degraded overtime along with target DNA and cleaved DNA product, 

whereas Cas9 RNP only cleaved the target DNA and did not show noticeable 

effect on non-target DNA. ◆: Target DNA (HsCCR5; 1706 bp), ●: Non-target 

DNA (HsDNMT1; 1321 bp), ◄: Cleaved DNA product. (B) Quantification of 

Cas12a RNP-mediated sequence-specific DNA cleavage activity. Cleaved 

target DNA band intensity ratios were calculated. (C) Quantification of 

Cas12a RNP-mediated collateral trans-dsDNase activity. Remaining non-

target DNA band intensity ratios were calculated. (D) Quantification of 

Cas12a-RNP mediated DNA degradation activity. Degraded DNA intensity 

ratio in smeared area below the shorter cleaved product was calculated. The 

highest intensity point of smeared area below shorter cleaved DNA product 

was reached by FnCas12a RNP (0.7) at 4-hour reaction time, which was 3.2-

fold and 1.8-fold higher than that of mgCa12a-1 and mgCas12a-2 respectively. 

Graphs in Figure B~D represent measurements from Figure A. Unpaired two-

tailed Welch’s t-test with unequal variance was performed. ***P < 0.001 and 

n.s. indicates not significant. Error bars indicate the mean ± standard 

deviation from independent in vitro assays (n = 3).  
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3.2.3 Indiscriminate random dsDNase activity of Cas12a RNP 

can be activated without target DNA cleavage 

 

To further investigate the random dsDNase activity of Cas12a RNP, 

especially whether the collateral trans-dsDNase activity would occur without 

cleaving target DNA and observe any DNA length-dependent DNase activity, 

two different non-target dsDNAs of different lengths were incubated with 

Cas12a or Cas9 RNP (Figure 19A). Interestingly, Cas9 RNP-treated non-

target DNAs both remained intact throughout the assay and both FnCas12a-

RNP and mgCas12a-2 RNP showed dsDNA-length-dependent non-target 

dsDNase activity, while mgCas12a-1 RNP showed parallel dsDNase activity 

on both non-target dsDNA. When incubated with FnCas12a and mgCas12a-

2 RNPs, HsCCR5 was degraded within 12 h of incubation, followed by 

mgCas12a-1 at 24 h of incubation. HsDNMT1, another non-target substrate 

DNA, was degraded within 4 h of incubation when incubated with FnCas12a 

RNP, followed by mgCas12a-2 RNP at 12 h and mgCas12a-1 at 24 h of 

incubation (Figure 19B and C). 

Unlike the previous assay (Figure 14A) where Cas12a RNPs were 

provided with a target and a non-target DNA, Cas12a RNPs in this assay were 

only provided with two different non-target DNAs without any binding site. 

The previously observed DNA smearing effect was observed again in this 

assay and was measured again in an identical manner, except areas below the 

shorter non-target DNA were measured this time. FnCas12a RNP again 

yielded the steepest growth of smeared area’s intensity concentration and 

marked the highest (0.79) at 2-hour reaction point (earlier than the previous 

result in D), which was 4.3-fold and 2.2-fold higher than that of mgCas12a-1 

and mgCas12a-2 respectively. Both mgCas12a orthologs also generated 

smeared areas with minor differences (Figure 19D). These results showed that 

the cleavage of target DNA is not the only way to generate random dsDNase 

activity of Cas12a RNP. 
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Figure 19. Cas12a ribonucleoprotein (RNP) possesses random dsDNase 

activity on non-target DNAs. (A) In vitro observation of random dsDNase 

activity of Cas12a or Cas9 RNP. Both Cas12a and Cas9 RNP (25 pmol 

Cas12a:30 pmol gRNA) were assembled to target HsEMX1 amplicon were 

incubated with two different non-target DNAs (0.5 pmol each). Both non-

target DNAs with different lengths were degraded when incubated with 

Cas12a RNP overtime, whereas Cas9 RNP-treated non-target DNAs 

remained intact. ●: Non-target DNA #1: HsCCR5 (1706 bp), ■: Non-target 

DNA #2: HsDNMT1 (1321 bp). (B) and (C) Quantification of Cas12a RNP-

mediated non-specific DNase activity on non-target DNAs. Figure B 

represents calculated ratio of remaining non-target DNA #1 and C represents 

the identical values of non-target DNA #2. (D) Quantification of Cas12a-RNP 

mediated non-target DNA degradation activity. Degraded DNA intensity ratio 

in smeared area below non-target DNA #2 was calculated. The highest 

intensity point of smeared area below shorter cleaved DNA product was 

reached by FnCas12a RNP (0.79) at 2-hour reaction time, which was 4.3-fold 

and 2.2-fold higher than that of mgCa12a-1 and mgCas12a-2 respectively. 

Graphs in Figure B~D represent measurements from Figure A. Unpaired two-

tailed Welch’s t-test with unequal variance was performed. ****P < 0.0001 

and n.s. indicates not significant. Error bars indicate the mean ± standard 

deviation from independent in vitro assays (n = 3). 
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3.3. Observation of unknown DNase activities in catalytically 

inactive Cas12a mutants  

 

3.3.1 Catalytically inactive Cas12a mutants possess random 

dsDNase activity 

 

Catalytic residues of Cas12a responsible for generating DSBs were identified 

in previous studies (Swarts et al. 2017, Yamano et al. 2016 and Zetsche et al. 

2015). Catalytic residues of mgCas12a variants for generating DSB on target 

DNA were identified by multiple amino acid sequence alignment with other 

Cas12a orthologs (Additional data and Figure 20A) to generate catalytically 

dead Cas12a (dCas12a) and DNase-dead Cas12a (ddCas12a) mutants. With 

these Cas12a mutants that cannot perform crRNA-guided target DNA 

cleavage, further in vitro assays were performed to identify and characterize 

the previously unknown random dsDNase activities that could possibly 

remain in Cas12a mutants that are supposedly inactive. 

As expected, none of the dCas12a RNPs and ddCas12a RNPs 

generated DSBs on target DNA but both showed unexpected dsDNase 

activities and total degradation of target DNA (Figure 20B and C). 

Degradation of target DNA was first observed when incubated with 

dmgCas12a-2 RNP at 30-min incubation time, followed by dFnCas12a RNP 

at 2-h and dmgCas12a-1 RNP at 4-h of incubation (Figure 20D). 

Since supposedly inactive Cas12a mutant RNPs showed unexpected 

dsDNase activities, the dsDNase activity is crRNA-dependent by observing 

the interaction between the same DNA, which will be called “substrate DNA” 

since no crRNA was used, and mutant Cas12a proteins (Figure 20E and F). 

DNase activities were observed throughout all assays again and the order of 

substrate DNA degradation was similar to that in Figure B: both 

ddmgCas12a-2 RNPs (30 min), followed by ddFnCas12a RNP (2 h). An 
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identical complete degradation pattern was also observed: both dmgCas12a-

2 RNPs (12 h), followed by dmgCas12a-2 RNP (24 h) while dFnCas12a RNP 

did not completely degrade the substrate DNA within the given reaction time 

range. These results suggest that catalytically inactive Cas12a mutants 

possess unknown random dsDNase activities in crRNA-dependent and 

crRNA-independent manners. 
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Figure 20. Random dsDNase activity remains in dCas12a and ddCas12a. 

(A) Locations of Cas12a catalytic residues responsible for generating DNA 

double-strand breaks. Partial domain architectures of Cas12a are shown to 

indicate catalytic residues, which are pointed with arrows (RuvC: RuvC 

nuclease domain, BH: bridge helix domain). (B) and (C) In vitro observation 

dCas12a RNP and ddCas12a RNP-mediated random dsDNase activity. Figure 

B represents an in vitro assay with dCas12a RNP and C represents an in vitro 

assay with ddCas12a RNP. None of the dCas12a or ddCas12a RNPs generated 

DSB, but target DNA (HsCCR5) was degraded overtime in all assays. Each 

dCas12a or ddCas12a RNP was assembled with crRNA to target HsCCR5. ◆: 

Target DNA (HsCCR5; 1706 bp). (D) Quantification of dCas12a and 

ddCas12a RNP-mediated random DNase activity. Remaining target DNA 

(HsCCR5) band intensity ratios were calculated. (E) and (F), Observation of 

random dsDNase activity of apo_dCas12a (A) and apo_ddCas12a (B). ●: 
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substrate DNA: (HsCCR5; 1706bp). (E), dFnCas12a and dmgCas12a-2 first 

showed random dsDNase activities (30 m) followed by dmgCas12a-2 (4 h). 

Complete degradation of substrate DNA (HsCCR5) was first achieved by 

dFnCas12a and dmgCas12a-2 (12 h), followed by dmgCas12a-1 (24 h). (F), 

Observation of random dsDNase activity of apo_ddCas12a. All three 

ddCas12a mutants showed random dsDNase activities at 4 h, while FnCas12a 

first achieved complete degradation of substrate DNA at 12 h, followed by 

both ddmgCas12a (24 h). 
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3.3.2 Observed dsDNase activities of Cas12a and catalytically 

inactive Cas12a mutants are properties of Cas12a 

 

Although the newly discovered random dsDNase activities of catalytically 

inactive Cas12a mutants could be due to innate properties of Cas12a itself 

and previous assays with wildtype SpCas9 did not show any trace of dsDNase 

activity, identical in vitro assays were repeated with maltose-binding protein 

(MBP) to make sure that there was no DNase contamination during protein 

purification process. MBP was expressed and purified in identical process that 

Cas12a and Cas9 proteins went through. Result of in vitro assay with MBP 

showed no sign of DNA degradation, suggesting that there was no DNase 

contamination during the protein purification process and the previously 

observed dsDNase activities are enzymatic characteristics of Cas12a protein 

(Figure 21A-C). 
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Figure 21. Cas12a proteins used for in vitro assays were not DNase 

contaminated. (A) SDS-PAGE analysis of maltose-binding protein 

purification. MBP was expressed in pET28a expression system where Cas12a 

was expressed. (B) and (C). Observation of possible DNase contamination 

during protein purification process. Substrate DNA (HsEMX1) was incubated 

with MBP over time (B) and no DNA degradation was observed. Substrate 

DNA (HsEMX1) was incubated with MBP and HsEMX1 targeting crRNA 

over time (C) and DNA degradation was not observed again. 
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4. Discussion 

 

11 new members of the Cas12a protein family were originally discovered 

from human metagenome database and two final candidates with conserved 

CRISPR arrays and low Cas12a protein sequence similarity with other 

previously known Cas12a proteins were chosen. The final candidates were 

named mgCas12a-1 and mgCas12a-2 (metagenome-derived Cas12a) because 

there is no clear evidence of their origins. According to previously identified 

members of Cas12a protein family, mgCas12a-1 and mgCas12a-2 showed the 

highest matching sequence similarity with ErCas12a (Cas12a from 

Eubacterium rectale) and ClCas12a (Cas12a from Clostridium sp.) 

respectively. 

In general, class 2 type V-A CRISPR Cas12a systems have Cas1, 2 

and 4 as a set of adaptor module for acquiring foreign genetic fragments to 

gain immunity. It is unclear whether the unfound adaptor Cas proteins for 

both mgCas12a proteins are actually absent or located in different loci, or 

simply lost during sequence assembly. However, both mgCas12a proteins had 

pristine CIRPSR arrays that share identical direct repeat sequences with 

FnCas12a, suggesting that either the organisms using the mgCas12a system 

lost certain adaptor proteins during the evolutionary process or relocated them 

to different loci. This could be a result of their close evolutionary relationship, 

which can be seen in the phylogenetic tree, and it suggests that the mutation 

speed of the nucleotide sequence in the Cas12a region is significantly faster 

than that in the CRISPR array region. 

It is hard to pinpoint the reason behind the differences between 

FnCas12a and mgCas12a variants in in vitro cleavage efficiencies. However, 

the shortness of the REC1 and REC2 domains of both mgCas12a variants 

could be affecting their enzymatic activities. The REC1 domain of FnCas12a 

is 315 amino acids long, while that of mgCas12a-1 is 269 amino acids long 

and that of mgCas12a-2 is 270 amino acids long. Additionally, the REC2 
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domain of FnCas12a is 254 amino acids long, while that of mgCas12a-1 is 

218 amino acids long and that of mgCas12a-2 is 216 amino acids long, which 

could be causing malfunctions in target DNA recognition and further 

processes for generating DSBs on target DNA (Stella et al. 2017 and Swarts 

et al. 2017). 

In vitro assay results in this study show that Cas12a-mediated DNase 

activity, which is similar to star activity (Nasri & Thomas. 1986 and Bitinaite 

& Schildkraut. 2002), is a conserved property of Cas12a protein, which can 

occur regardless of the presence of target DNA or even in an apoCas12a form 

(Sundaresan et al. 2017, Li et al. 2020 and Li et al. 2018). This DNase activity 

is not limited to ssDNA: it seems to be collateral trans-dsDNase activity 

(Fuchs et al. 2019 and Smith et al. 2020) or random dsDNase activity 

depending on conditions. Although the investigation of such activities was 

performed in vitro and observed in FnCas12a and mgCas12a variants only, 

the random DNase activity on dsDNA could be a conserved enzymatic 

property of Cas12a, as it was reported previously in other Cas12a orthologs 

and observed in the newly discovered mgCas12a variants that have low 

protein sequence similarity.  

The inhibition of Cas12a RNPs from generating DSBs on target DNA 

by mutating the catalytic residues of Cas12a proteins was successful, the 

random DNase activity remained in all Cas12a mutants. Catalytic residues 

responsible for generating DSB on target DNA were identified in previous 

studies (Zetsche et al. 2015, Yamano et al. 2016; Stella et al. 2017 and Swarts 

et al. 2017), but there was no clear result or indication on which residue is or 

residues are responsible for generating the random DNase activities of Cas12a 

so far. This random dsDNase activity was repetitively observed in Cas12a 

only when Cas9 was also tested in parallel, suggesting that these random 

DNase activities, either crRNA-dependent or independent, are conserved and 

unique properties of Cas12a protein specifically. 

It is an intriguing phenomenon that Cas12a possesses uncontrolled 
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DNase activities in vitro; host microorganism simply cannot coexist with 

CRISPR-Cas12a system unless the DNase activity of Cas12a is somehow 

harnessed within the cell’s system. Although it is not clear why such property 

is conserved in Cas12a protein family, it is possible that host microorganism 

with CRISPR-Cas12a system that fails to protect itself from bacteriophage 

might undergo cell death or apoptosis (CRISPR-Cas12a system becomes in 

vitro during this stage) and use this property to remove traces of viral genetic 

information, thus providing last sterilization for other microorganisms nearby. 

Recent study has shown that the indiscriminate ssDNase activity of Cas12a 

did not affect in vivo genome editing of mouse embryos (Wei et al. 2021). 

Further investigation is needed to identify and understand how these various 

in vitro random DNase activities of Cas12a does not affect genetic materials 

when delivered to living cells for genome editing purpose, and what factors 

mask the activities to protect the genetic material. 
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5. Additional data 

 

List of primers used in this study 

Cas12a cloning (pET28a) 

Gene Direction Sequence (5' to 3') 

FnCas12a 
F TGCGGCCGCATGTCAATTTATCAAG 

R TGCGGCCGCTTGGTTATTCCTATTCT 

mgCas12a-1 
F CGCGGATCCATGAACAATGGCACC 

R GTGCGGCCGCCAGATACCGCTT 

mgCas12a-2 
F CGCGGATCCATGGGCAAAAACCAA 

R GTGCGGCCGCCCCGCGCTCT 

Target gene cloning (pUC19) 

HsCCR5 
F GGTGGTGGCTGTGTTTGCG 

R CAGAGGCCATCCTCACCCTGAC 

HsDNMT1 
F GCTGCTCTCGAACTCCTGGCC 

R GTCAGCCAAGGCCACAAACACC 

HsEMX1 
F GTGGGGACAGAAGGTCTGGAGC 

R TCTGGGGCTGGAGCTGGATG 

LsXylT 
F ATATTGGAGGTGTTTCTTGCCTGA 

R CCCACAATAACAGAAGCATCTTGAA 

Target gene amplification for in vitro assay 

HsCCR5 

HsDNMT1 

HsEMX1 

LsXylT 

F GTAAAACGACGGCCAGTGAATTGT 

HsCCR5 

HsDNMT1 

HsEMX1 

R CAGGAAACAGCTATGACCATGATTACG 

LsXylT R TACAATTTGTTTCGTTTCGTCTAT 

Cas12a mutagenesis 

dCas12a 

ddCas12a 

F #1 CTGGTGGACAGCAAATGGGTCGCG 

R #2 GCCGCCGGCCTTTTCTCGAGTGC 

dFnCas12a 

R #1 
AGTAAGCTAAATGTCTTTCACCTCTAG

CTATACTTAA 

F #2 
AGAGGTGAAAGACATTTAGCTTACTAT

ACTTTGGTAG 

ddFnCas12a R #1 
CCAAAATTTAAATCCGCAAAAACCAC

AATAGC 
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F #2 
TGGTTTTTGCGGATTTAAATTTTGGATT

TAAAAGAGGG 

dmgCas12a-1 

R #1 
CGTATATCAGGTTCCGTTCGCCGCGGG

CAATCCCGAT 

F #2 
CGCGGCGAACGGAACCTGATATACGTA

TCCGTGATCG 

ddmgCas12a-1 

R #1 
CTTTCTTAAAACCATAAGAAAGATCTG

CCATGGCGAT 

F #2 
GATCTTTCTTATGGTTTTAAGAAAGGC

CGCTTCAAGG 

dmgCas12a-2 

R #1 
CCCGCTTGAAACCATAATTCAAATCCG

CCATGGCGAT 

F #2 
GATTTGAATTATGGTTTCAAGCGGGGC

CGCTTTAAAG 

ddmgCas12a-2 

R #1 
CGTAGATCAGATTCCGCTCACCGCGAG

CAATGCCGAT 

F #2 
CGCGGTGAGCGGAATCTGATCTACGTG

TCCGTTATTG 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



 

 66 

List of guide RNAs used in this study. Each guide RNA consists of target 

binding site (guide sequence), which is underlined, and crRNA of FnCas12a 

or chimeric crRNA and tracrRNA of SpCas9. 

crRNAs used for in vitro assays (5’-3’) Target Gene 

AAUUUCUACUGUUGUAGAUGGAGUGAAGGGAGAGU

UUGUCAA 
HsCCR5 

AAUUUCUACUGUUGUAGAUGCUCAGCAGGCACCUG

CCUCAGC 
HsDNMT1 

AAUUUCUACUGUUGUAGAUUCCUCCGGUUCUGGAA

CCACACC 
HsEMX1 

AAUUUCUACUGUUGUAGAUUCUUCAUCCUCAAUUC

CAUCACC 
LsXylT 

  

sgRNA used for in vitro assays (5’-3’)  

AGUUUACACCCGAUCCACUGGTTTTAGAGCTAGAAA

TAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGA

AAAAGTGGCACCGAGTCGGTGCTTTT 

HsCCR5 
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List of PCR amplicons used for in vitro assays (5’-3’). Bold nucleotides 

indicate Cas12a or Cas9 RNP binding site and underlined bold nucleotides 

indicate PAM sequence. 

 

HsCCR5: 

aaggaaacagctatgaccatgattacgccaagcttggtaccgagctcggatccactagtaacggccgccag

tgtgctggaattcgcccttcagaggccatcctcaccctgacctgagggctgttggtggtctccttgccctaaat

gctcatccttcctgaccctcctttggccacagagtaaaccttctgcaacaccaaccaggatctccctgctcagc

tcatgacttagacggagcaatgccgtcaaggttcttcatgatctagccttgtccttcctccccatgtcttcccaac

cagctctgtctccttctacagccaagcttgcccatgcagtgcttgcagtgaggcttctgtctttgccagcaatag

atgatccaactcaaattccttctcatttaagaagcttccccagctctcccaggccacaagtctctcgcctggttct

aagtcagtgaaacttattaaccataccttggaggggaaatcacacatgaaaagtgtcatttctttactaatcatat

tcatgtcttttctccccatagcaagacaaagacctgttttaaacacatttacaacctatatgttgccttgtactaggt

aaaaagttgtacatttctgaaataattttggtatttctgttcagatcactaaactcaagaatcagcaattctctgag

gctttcttttaaatatacataaggaacTTTCGGAGTGAAGGGAGAGTTTGTCAAT

aacttgatgcatgtgaaggggagataaaaaggttgctatttttcatcaacatattttgatttggctttctataattga

tgggcttaaaagatctaatctactttaaacagatgccaaataaatggatgaatcttagaccctctataacagtaa

cttccttttaaaaaagacctctcccaccccacccccagcccaggctgtgtatgaaaactaagccatgtgcaca

actctgactgggtcaccagcccacttgagtccgtgtcacaagcccacagatatttcctgctCCC(GGG)

CAGTGGATCGGGTGTAAACTgagcttgctcgctcgggagcctcttgctggaaaataga

acagcatttgcagaagcgtttggcaatgtgcttttggaagaagactaagaggtagtttctgaacttctccccga

caaaggcatagatgatggggttgatgcagcagtgcgtcatcccaagagtctctgtcacctgcatagcttggtc

caacctgttagagctactgcaattattcaggccaaagaattcctggaaggtgttcaggagaaggacaatgttg

tagggagcccagaagagaaaataaacaatcatgatggtgaagataagcctcacagccctgtgcctcttcttct

catttcgacaccgaagcagagtttttaggattcccgagtagcagatgaccatgacaagcagcggcaggacc

agccccaagatgactatctttaatgtctggaaattcttccagaattgatactgactgtatggaaaatgagagctg

caggtgtaatgaagaccttctttttgagatctggtaaagatgattcctgggagagacgcaaacacagccacca

ccaagggcgaattctgcagatatccatcacactggcggccgctcgagcatgcatctagagggcccaattcg

ccctatagtgaatcgtattacaattcactggccgtcgttttac 

 

HsDNMT1: 

ttaaaacgacggccagtgaattgtaatacgattcactatagggcgaattgggccctctagatgcatgctcgag

cggccgccagtgtgatggatatctgcagaattcgcccttgctgctctcgaactcctggcctcaactaatccac

ctgccttggcctcccaaagtgctgggattacaggcgtgagccactgctcccagccccacgtgtctttgtctca

agtctttctgaagctcttcaaaggcccagtgacttgtggctgtggggcgggatgatgggccagttggagggt

ccaaggatcttgtgctggaagggttttgggcccatgtgagcaggaccagaacccttccccaaggggtgcaa



 

 68 

tgcccaggttgtcctccatctgagcaggggctggcagtacacctgcccccgggccttgggcctgggtgtcc

acatcaggcattgcccttctcccctcctgcaggtgggcaatgccgtgccaccgcccctggccaaagccattg

gcttggagatcaagctttgtatgttggccaaagcccgagagagtgcctcaggtatggtggggtgggccagg

cttcctctggggcctgactgccctctgggggtacatgtgggggcagttgctggccaccgttttgggctctggg

actcaggcgggtcacctacccacgttcgtggccccatctttctcaaggggctgctgtgaggattgagtgagtt

gcacgtgtcaagtgcttagagcaggcgtgctgcacacagcaggcctttggtcaggttggctgctgggctgg

ccctggggccgtttccctcactcctgctcggtgaaTTTGGCTCAGCAGGCACCTGCC

TCAGCtgctcacttgagcctctgggtctagaaccctctggggaccgtttgaggagtgttcagtctccgtg

aacgttcccttagcactctgccacttattgggtcagctgttaacatcagtacgttaatgtttcctgatggtccatgt

ctgttactcgcctgtcaagtggcgtgacaccgggcgtgttccccagagtgacttttccttttatttcccttcagct

aaaataaaggaggaggaagctgctaaggactagttctgccctcccgtcacccctgtttctggcaccaggaat

ccccaacatgcactgatgttgtgtttttaacatgtcaatctgtccgttcacatgtgtggtacatggtgtttgtggcc

ttggctgacaagggcgaattccagcacactggcggccgttactagtggatccgagctcggtaccaagcttg

gcgtaatcatggtcatagctgtttcctg 

 

HsEMX1: 

gaggaaacagctatgaccatgattacgccaagcttggtaccgagctcggatccactagtaacggccgccag

tgtgctggaattcgccctttctggggctggagctggatgcccgtgtcattaagagagagacttttattattccca

tagggaagggggacactggggatcactaaactacagtggtgcctggaaaataaattaaaacagaaatgcat

caaaacaaaagggagattggagacacggagagcagctgggaggctgcggtggcgggcgggcccgccc

aggcaggcaggctctccgaggagaaggccaagtggtcccaggcctcagccagcccattgcttgtccctct

gtcaatggcggccccgggcttcaagccctgtggggccatgactccaggcctccccaaagcctggccaggg

agtggccagagtccagcttgggcccacgcaggggcctggccagcagcaagcagcactctgccctcgtgg

gtttgtggttgcccaccctagtcattggaggtgacatcgatgtcctccccattggcctgcttcgtggcaatgcg

ccaccggttgatgtgatgggagcccttcttcttctgctcggactcaggcccttcctcctccagcttctgccgttt

gtacTTTGTCCTCCGGTTCTGGAACCACACCttcacctgggccagggaggga

ggggcacagatgagaaactcaggaggcccccagagcagccactggggcctcaacactcaggctgagct

gagagcctgatgggaagactgaggctacatagggttaggggccccaggccggggtcccctctgaccagct

gctcccatgggtctaacattcacagaaggggatggcagggcaggaagaggacacagtgggccagagag

aagggtggttttcctgttcctctcaaacaaagggtcacagagctgctgtgcatcctagctcctctagccccagc

aaagccaagccaaggtggaggagtgcaggctctggaagccggcagacatgggactctacgagtttctaga

ggagagatcataatcgcttcttcacagagtggatgtgagtagtaaatgagagagcctatgacccactgcgtg

ggttcccatgatctcccacagggcctaaagtggacaccaccccacgggccagccccatgctcttttccatac

agagaggcagaatgggcatggtttcataactaggaggtggtgtttatatcaagagcagtgcctggacagcca

gactatccctgggggcacagaacccgctgctagagactccaacctcacacactgtgtggtctccttcagggg

aggctttcttagcaacctcatgtagctctctcccacccctcatcagaggctggagctgggcaggtggggggc
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cttgtccctcaggtgccagctcctcagggtagtccgaaatccaccagtgagacctcattctccttggacagac

aaggacagggaggaagcgggtctgagggcagcattctgcccttcacgggcagctccagaccttctgtccc

cacaagggcgaattctgcagatatccatcacactggcggccgctcgagcatgcatctagagggcccaattc

gccctatagtgaatcgtattacaattcactggccgtcgttttac 

 

LsXylT: 

gtaaaacgacggccagtgaattgtaatacgattcactatagggcgaattgggccctctagatgcatgctcgag

cggccgccagtgtgatggatatctgcagaattcgcccttAtattggaggtgtttcttgcctgatggtttgagaat

gaggaagcgtacgacaacattgcaaggcaaagagccaaggaggggatagggcagggagtcgatgagtt

gcaggggagagtgaaaggggtgtcgacagcgaagaggggaggctgggggttgccggcaggatgaactt

attagaacttgtagtggtacaaacacgtgaggggtgaggcgttgctttgttaccttttaaaacataggtgagcc

ggtgattcgttttgaggaaaaaggcaaaaaataataggaaaaaaaaaattagaagaaaaagcaaggaaatg

aactgaaagtggggggtagatgaagcatcaacaagactaggaggaaactgcaacgactgatgaagatgaa

caccaaatccctaaaactcatcatcTTTCTCTTCATCCTCAATTCCATCACCcttta

cctctacttctcttctcaccccgattacttccgccgccgccgtacaacccaaaacattcctaattccataccaca

attccactcaccctttcccgatcgcacccatcttgtttctttgtcaaattccaataaaccctggcccatcttgccttc

ttacctcccttggtctttaacccctaacatctcttttagatcctgtgaagcctattttggtaatggattcactcatcgt

gtcgatctgctcaagccctcgcctgaaagtaaccgtaaagtgggtaaagatggaagaggatggttccggtg

cttttatagtcagactttgcggagttccatatgcgagggcggaacgatgcggatgcatccagacaaaattaag

atgtccgctggtggggaggtattggagagtgtgattggcaggggggaggaggaagagttgccggagtttg

aattcggagcctttgatctggaggttactgggaattccaagaatcatggtaagaagcttgctactgagggttttt

tgaacgaatatttgcagaaaggagagatctcaagacatactatgcgcgacttgatcgattcaattcagttagtt

ggcgccaatgaatttgagtgctctgaggtaagggtattccattctgtttgcagttacttttaactgaatacttgtttc

gtaatgaatgaactccggctgatcattaattgctatagacgaaacgaaacaaattgta 
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Multiple amino acid sequence alignment of Cas12a proteins. Amino acid 

sequences of 16 previously known Cas12a variants (FnCas12a, SsCas12a, 

LiCas12a, PcCas12a, Lb2Cas12a, LbCas12a, MbCas12a, PmCas12a, 

CMtCas12a, EeCas12a, AsCas12a, PdCas12a, PbCas12a, PbCas12a, 

Lb3Cas12a, BpCas12a) and 11 newly identified Cas12a variants were aligned 

(CDYX01038443.1 represents mgCas12a-1 and CDZH01035208.1 

represents mgCas12a-2). 
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7. 요약 (국문초록) 

 

CRISPR-Cas 시스템은 세균 또는 고세균과 같은 원핵생물의 적응 

면역 시스템이다. 이 시스템은 이미 잘 알려진 Cas9이나 Cas12a와 

같은 DNA를 절단하는 단백질의 발현 방식에 따라 2개의 클래스 

중 하나로 분류될 수 있다. Cas9이나 Cas12a같은 DNA를 절단하는 

단백질이 하나의 단백질로 발현되는 시스템은 Class 2에 속하며, 다

수의 단백질로 각각 발현돼 복합체를 이루어 DNA를 절단하는 형

태는 Class 1에 속한다. 시스템마다의 특성에 때라 I부터 VI까지 총 

6가지의 하위 타입으로 다시 분류된다. Cas9은 타입 II에 속하며, 

Cas12a의 경우 타입 V에 속한다. Cas12a와 Cas9은 본래 기능인 유

전체편집을 넘어 다방면으로 응용이 가능한 유용한 도구이다. Cas9

과 마찬가지로 Cas12a 또한 단백질의 구조, 작동 메커니즘, 단백질

의 촉매 잔기 등 단백질의 근본적인 성질에 대한 파악이 이루어졌

기 때문에 이를 응용한 전사의 억제/유도 (transcriptional regulation), 

단일염기치환 (base editing), DNA 감지법 (DNA detection) 등 다양한 

방면에서의 응용이 가능하게 되었다.  

 현재 Cas12a 관련 연구는 AsCas12 (Acidaminococcus 유래 

Cas12a) 와 LbCas12a (Lachnospiraceae bacterium 유래 Cas12a) 를 위

주로 진행되고 있다. 오늘날까지 Cas12a 단백질로써 기능이 확인된 

Cas12a 동원체는 그 종류만 20가지가 넘지만, FnCas12a (Francisella 

novicida 유래 Cas12a) 과 같이 AsCas12a 또는 LbCas12a보다 유전

체편집을 위한 단백질로써의 기능이 비교적 부족하다는 이유로 크

게 주목받지 못하고 있다. Cas12a 단백질은 다양한 DNA 분해기능

을 갖고 있는 것으로 알려져 있는데 이 기능을 억제하거나 조절하

여 앞서 언급된 Cas12a 기반 응용기술들이 개발될 수 있었다.  
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 기존에 알려진 Cas12a 단백질을 통한 연구보다 신규한 

Cas12a 단백질을 발굴하여 위 연구를 진행하는 Cas12a 단백질에 

대한 본질적인 이해에 더 이바지할 수 있기 때문에 인간의 내생세

균 메타게놈에서 총 11종의 기존 Cas12a 단백질의 아미노산 서열

과 40% 미만의 일치율을 보이는 신규 Cas12a 단백질 후보군들을 

발굴하였고 FnCas12a와 비슷한 특성을 갖지만 36%라는 낮은 단백

질 유사도를 보이는 2종의 최종 후보군들을 선별하였다. 선별된 

신규 Cas12a 단백질들은 각각 Eubacterium rectale 그리고 

Clostridium sp.에서 발굴된 Cas12a 단백질과 높은 유사도를 갖지만 

발굴에 사용한 메타게놈에서 이들의 전장 유전체 서열(whole 

genome sequence)을 찾을 수 없었기에 메타게놈 (metagenome)에서 

유래하였으므로 mgCas12a-1 그리고 mgCas12a-2로 명명하였다.  

본 연구에서는 새롭게 발굴한 mgCas12a 단백질이 NaCl의 

농도가 낮을 때 안정적 활성을 가지며, 다양한 이가이온을 이용해 

DNA를 절단할 수 있고, As, Fn 그리고 LbCas12a 단백질 특이적 

crRNA와 호환성을 가지며 섭씨 10도 그리고 80도에서도 DNA를 

안정적으로 절단할 수 있다는 것을 규명하였다. 더 나아가 이미 

알려진 Cas12a 단백질의 무작위적 DNA 분해기능이 mgCas12a에서

도 나타나는 것을 확인하였고 Cas9 단백질은 해당 기능이 없는 것 

또한 확인하여 무작위적 DNA 분해현상은 Cas12a 단백질의 고유한 

특성이라는 것을 규명하였다. 또한 기존 선행연구에서 밝혀진 

DNA 절단에 관여하는 Cas12a 단백질의 아미노산 잔기를 치환하여 

DNA를 절단하지 못하는 돌연변이 Cas12a 단백질에서도 무작위적 

DNA 분해기능이 남아있는 것을 확인하였다. 

 

주요어: CRISPR-Cas12a, 메타게놈 유래 Cas12a, DNA 분해기능, 저온 

및 고온 안정성 
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