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Clustered regularly interspaced short palindromic repeats (CRISPR)-associated proteins (Cas), such as Cas9 and
Cpf1, are RNA-guided endonucleases that target and degrade nucleic acids, providing powerful genomic editing
and molecular diagnostic tools. Cas12b enzymes are distinct effectors; however, their features and catalytic
boundaries require further characterization. We identified BrCas12b from the thermophile bacterium
Brevibacillus sp. SYSU G02855 as a novel ortholog of cas12b. Biochemical analyses revealed that BrCas12b is a
dual-RNA-guided endonuclease with higher optimum reaction temperature than that of other reported mem-
bers of Cas12b. The seed sequence of BrCas12b is only 4 nt in length, indicating that it has greater target mismatch
tolerance than that of previously reported Cas effectors; however, it contains a compensatory effect at the posi-
tion of the cleavage site. Using fluorescence-based detection method to evaluate target cleavage efficiency, we
showed that BrCas12b has robust enzymatic cleavage activity (Keqi/Km (s M™1) = 8.80 x 10'"), which is signif-
icantly higher than that of AacCas12b (Keu/Km (s~ M™1) = 7.56 x 10%) from Alicyclobacillus acidoterrestris. The
results increase our understanding of the catalytic mechanism of Cas12b family members and suggest that
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BrCas12b might be useful in the application of genomic editing and molecular diagnosis.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Almost all archaea and many bacteria possess an adaptive immuno-
logical system that resists invasion of exogenous nucleic acid, such as
virus and plasmids [1-3]. The genetic interference pathway of this im-
munological system consists of clustered regularly interspaced short
palindromic repeats (CRISPR) and CRISPR-associated proteins (Cas)
[4-6]. A CRISPR array consists of small variable spacers, separated by re-
peats. The spacers, as the immunological memory, not evolutionarily
conserved, generally match and originate from mobile genetic ele-
ments, such as viruses and plasmids [5,7]. Typically, small fragments
of the invading genetic elements are directionally integrated into
CRISPR arrays, forming new spacers along a determined direction. Pri-
mary transcripts of the CRISPR array are processed to generate CRISPR
RNA (crRNA), which binds to an effector (Cas protein) and guides the ef-
fector to match the target, achieving target degradation based on its bi-
nary complementary sequence [8,9]. Beyond these common
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characteristics, recent studies have uncovered new functional features
of the CRISPR-Cas system, such as collateral nonspecific degradation of
nucleic acids [10,11] and immunoreaction enhanced by secondary mes-
sengers [12,13].

Phylogenetically, CRISPR-Cas systems are of great diversity and can
be classified into multiple types and subtypes, which in turn are clus-
tered into two classes. The various types in Class 2 originated from the
corresponding types in Class 1. Translocation events actuated multiple
substitutions of the Class 1 proteins to form the various types of the
Class 2 system [14]. This viewpoint is consistent with the shared kernel
characteristics of the CRISPR-Cas system. Significantly, the difference
between Class 1 and Class 2 is the effector complexes, which possess dif-
ferent numbers of Cas proteins. The Class 1 system achieves target de-
struction via a multi-subunit effector, whereas the Class 2 system
contains a single, larger effector to perform target interference [14].
Class 2 effectors are hugely important in genome editing and molecular
diagnosis [15,16].

Enzymes from the Class 2 CRISPR-Cas system, such as Cas9 and Cpf1,
have been harnessed as versatile and reprogrammable molecular tools
for genome editing, transcriptional regulation, and clinical diagnosis
[17-23]. However, only two members of the Class 2 effector proteins
are widely used as gene editing tools: Cas9, the forerunner of the
CRISPR-Cas application, a dual-RNA-guided endonuclease that cleaves
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target DNA and generates blunt-end products via the HNH and RuvC nu-
clease domains [24]; and Cpf1, a single crRNA-guided Cas nuclease that
recognizes dsDNA substrate to produce 5’ staggered ends and possesses
inducible indiscriminate ssDNase activity [10,11,25]. Recently, a new
member of the Class 2 system, CRISPR-C2c1/Cas12b, has been discov-
ered. Distinct from Cas9, the enzyme Cas12b contains only the RuvC do-
main, recognizes the thymine nucleotide-rich protospacer adjacent
motif (PAM), and generates a product containing the staggered end
[26,27]. Unlike the Cpfl enzyme, Cas12b requires dual RNAs as the
guide to recognize target DNA. Most notably, Cas12b has minimal off-
target effects, providing a safer alternative for genomic editing and diag-
nostic applications [28]. However, details of the substrate specificity and
reaction dynamics of the CRISPR-Cas12b system are unknown. The dis-
covery of more members of Cas12b will contribute to a more compre-
hensive understanding of the characteristics of the CRISPR-Cas12b
system.

Here, we report a novel Cas12b homolog obtained from Brevibacillus
sp. SYSU G02855 (GenBank accession number: MN744355), a new spe-
cies isolated from a hot spring in Tibet, China by high-temperature di-
rectional screening. Amino acid sequence analyses show that the
BrCas12b protein shares a 34% sequence identity with the previously re-
ported AacCas12b protein from Alicyclobacillus acidoterrestris [26].
BrCas12b possesses a number of features, such as higher optimum reac-
tion temperature, greater target mismatch tolerance, and robust DNA
cleavage efficiency, which make this novel enzyme a model to further
our understanding of the workings of the Cas12b system.

2. Materials and methods
2.1. BrCas12b identification, expression, and purification

BrCas12b was identified via genomic sequencing data obtained from
Brevibacillus sp. SYSU G02855, which was isolated from a hot spring. In
the CRISPR-Cas system identification pipeline, the profile of Cas1 was
used as the query in a basic local alignment search tool (BLAST) search
against the BrCas12b genome, with an E-value cut-off of 0.01 and low-
complexity filtering disabled [14]. The cas1 gene was used as an anchor
for scanning and identifying possible loci within the 20-kb region
around the cas1 gene; this region was extracted and translated using
GeneMarksS [29]. Predicted proteins were annotated using the National
Center for Biotechnology Information non-redundant protein database
with the PSI-Blast program. Protein sequence alignments were con-
ducted using the MUSCLE program [30]. The FastTree program was
used to perform a phylogenetic analysis [31]. The secondary structure
of the protein was predicted using Jpred4 [32].

The full-length BrCas12b gene was amplified by PCR using Q5 High-
Fidelity DNA Polymerase (NEB) and the primers 5’-
taagaaggagatatacatATG(Ndel)CCTGTAAGAAGCTTCAAAGTAAA-3’ (for-
ward) and 5’-ccctcgggtagggcaactagt(Spel)gcatctcccgtgatgcaCTGAAG
TTGCTCTCGCAGCTT-3’ (reverse). Brevibacillus sp. SYSU G02855 geno-
mic DNA was used as the template. The PCR product was introduced
into a pTXB plasmid via the Ndel/Spel site to construct a fusion protein
expression cassette between BrC2c1 and a self-cleaving affinity tag
consisting of an Mxe intein portion and the chitin-binding fragment.
The constructs were controlled by sequencing.

Recombinant BrCas12b protein was generated in the Escherichia coli
BL21 (DE3) (Takara). The strain harboring the expression vector was
cultured in lysogeny broth medium containing 100 pg/mL ampicillin
at 37 °C. When the ODggg reached 0.5-0.6, IPTG was added to a final con-
centration of 0.5 mM. The cells were then incubated for 4 h at 28 °C. The
cells were collected by centrifugation at 10,000 xg for 5 min at4 °C, and
the pellet was stored at —80 °C.

Cells expressing the BrCas12b protein were resuspended in lysis
buffer (20 mM Tris/HCl pH 8.0, 2 mM Na,-EDTA, 1.2% Triton, and
1 mM PMSF) and incubated at 37 °C for 30 min. The treated cells were
then crushed by ultrasonication, and the cell fragments were

fractionated using 5 M NaCl, 10% (v/v) glycerol, 0.1 mmol/L DTA, and
1 mmol/L DTT. The elution products, including BrCas12b, were collected
and concentrated to 5 mg/mL, and stored at —80 °C.

2.2. Bacterial RNA sequencing

Twenty milliliters of Brevibacillus sp. SYSU G02855 was harvested at
the log phase of growth, centrifuged, and resuspended in 1 mL of lysis
buffer (20 mM Tris, pH 8.0, 2 mM Na,-EDTA, 1.2%Triton, 20 mg/mL lyso-
zyme). RNA was then extracted, using an RNAprep Pure Cell/Bacteria Kit
(TIANGEN). The purified RNA was then treated with DNase I (TAKARA),
and the 3’ end was dephosphorylated using T4 polynucleotide kinase.
Ribosome RNA was eliminated using the bacterial Ribo-Zero rRNA Re-
moval Kit (Illumina). RNA libraries were generated from the rRNA-
depleted RNA using the NEBNext Small RNA Library Prep Set for
[llumina (New England Biolabs) and size selected using PippinPrep
(Sage Science). The prepared libraries were then sequenced on a
MiSeq system (Illumina).

2.3. RNA sequencing analysis

Producing reads were identified on the basis of their associated
barcodes and aligned to the appropriate RefSeq reference genome
using the Burrows-Wheeler Aligner (BWA) [33]. Paired-end alignments
were used to extract entire transcript sequences using Galaxy (https://
usegalaxy.org), and these sequences were analyzed using Geneious
8.1.8. For the remaining loci, putative tracrRNA (trans-acting CRISPR
RNA) were identified based on the presence of an anti-direct repeat se-
quence. Anti-direct repeats were identified using Geneious 8.1.8. The
transcriptional start sites of crRNA and tracrRNA were predicted using
the BPROM (www.softberry.com) and ARNOLD (rna.Ilgmors.upsud.fr/
toolbox/Arnold/) programs, respectively. RNA folding was analyzed
using NUPACK software.

24. In vitro transcription and purification of RNA

In vitro transcription was carried out using a Thermo Scientific Tran-
script Aid T7 High Yield Transcription Kit. The target template, carrying
aT7 promoter sequence (Supplementary Table S1), was amplified using
thermal cycling. The crRNA and tracrRNA products were gel-purified
and stored at —70 °C.

2.5. PAM screen

To analyze the requirement of the PAM, we generated random PAM
libraries consisting of oligonucleotides constructed by Integrated DNA
Technologies (IDT) and integrated into pMD19-T plasmids (TAKARA).
The synthesized oligonucleotides (Supplementary Table S2) contain a
spacer 1 sequence upstream that was modified by addition of a random
7 nt sequence. Before integration into the plasmid, the inserting oligo-
nucleotides were made double stranded by annealing in a thermocycler
at 95 °C for 5 min, with gradual cooling to 4 °C. The dsDNAs were
inserted into pMD19-T vectors using DNA ligase. Top10 E. coli cells
were transformed using the recombinant vector, after which the cells
were harvested, and the plasmid DNA was isolated using a GenStar
StarPrep Plasmid Miniprep Kit. The purified plasmids were digested
by BrCas12b-dual RNA complexes at 62 °C for 90 min in vitro. Next,
the products of digestion were loaded onto a 1.0% agarose gel and sep-
arated by electrophoresis. Bands of supercoiled plasmid DNA were ex-
cised from the gel and purified. The plasmid library was sequenced
using an Illumina MiSeq with 150 single-end cycles. We performed
the sequencing of the plasmid libraries before or after the treatment,
and used the overlap of two sequences to identify the required PAM.
The high-frequency patterns were identified by statistical analysis and
demonstrated by electrophoresis on 1.0% agarose gel containing SYBR
safe DNA Gel Stain (Thermo Fisher Scientific).
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2.6. In vitro cleavage assays

Plasmid templates were generated by cloning a PAM-spacer 1 com-
ponent into a pMD19-T plasmid, followed by purification using a
StarPrep Plasmid Miniprep Kit (GenStar). Linear DNA templates were
produced by PCR amplification of the corresponding plasmids and puri-
fied using a StarPrep PCR & DNA Fragment Purification Kit. The dual-
RNA was pre-annealed by heating at 95 °C for 5 min followed by gradual
cooling to room temperature. The in vitro DNA cleavage assays were car-
ried out in a cleavage buffer consisting of 100 mM NaCl, 50 mM Tris-HCI,
10 mM MgCl,, and 100 pg/mL BSA. The reaction mixture contained 8 nM
Cas12b protein, 20 nM crRNA-tracrRNA complex, and 1 pg of template
DNA in cleavage buffer, incubated at 62 °C for 1 h. This temperature
was used for all reactions unless otherwise noted. The enzyme reactions
were carried out in a thermocycler with the following procedure: 25 °C
for 2 min, 62 °C for 60 min, then hold at 4 °C. To determine the optimal
temperature for BrCas12b, a cleavage assay was conducted over a wide
range of temperatures (30-80 °C) for 1 h in cleavage buffer. For the
metal-dependent cleavage assay, cleavage buffer containing 2 or
10 mM CaCl,, NiSQ4, BaCl,, MnCly, CoCl,, or PbCl, was used in place of
buffer containing MgCl,. The template, containing a spacer 1 sequence
and a TTT-patterned PAM, was incubated in cleavage buffer with 8 nM
BrCas12b and 20 nM pre-annealed dual-RNA at 62 °C for 1 h. The prod-
uct was analyzed by electrophoresis on a 1.5% agarose gel containing
SYBR Safe DNA Gel Stain.

2.7. Cleavage efficiency assay based on fluorometric measurements

The fluorometric measurement method was performed as described
previously with modifications [34]. The ssDNA probes were labeled
with 6-FAM at the 5’ site and with BHQ1 at the 3’ site (Supplementary
Table S1). The dsDNA beacons were generated from ssDNA probes
annealed in a thermocycler at 95 °C for 5 min, with gradual cooling to
4 °C. The fluorometric experiments were performed using beacons in
cleavage buffer with the BrCas12b complex at 62 °C. The fluorescence
emission was measured at 520 nm with excitation at 498 nm. The initial
fluorescence of the samples was subtracted from the final fluorescence
results to allow for comparisons among different conditions. The fluo-
rescence reading obtained under background conditions, in the absence
of the BrCas12b enzyme, was subtracted from the sample fluorescence
reading to generate background-subtracted fluorescence results. Linear
regression analysis and enzyme dynamic analysis were conducted using
GraphPad Prism 8.

2.8. Defining the minimum target range

We designed a series of truncated spacer 1 sequences (Supplemen-
tary Table S3) from the 3’ end and integrated them into the pMD19-T
plasmid. The template was amplified from this recombinant plasmid
by PCR using linearized primers. The PCR products were purified using
the StarPrep PCR & DNA Fragment Purification Kit. The reaction mixture
contained 8 nM Cas12b protein, 20 nM crRNA-tracrRNA complex, and
1 pg template DNA in cleavage buffer and was incubated at 62 °C for
1 h. The product was analyzed by electrophoresis on a 1.5% agarose
gel containing SYBR Safe DNA Gel Stain.

2.9. Seed sequence identification

We used the spacer 1 sequence from the BrCas12b locus as the target
sequence for design of a series of mutated sequences (Supplementary
Tables S4, S5). These mutated sequences were integrated into the
pMD19-T plasmid, which was then linearized and PCR amplified to pre-
pare the templates. The PCR products ware purified using the StarPrep
PCR & DNA Fragment Purification Kit. The reaction mixture contained
8 nM Cas12b protein, 20 nM crRNA-tracrRNA complex, and 1 pg tem-
plate DNA in cleavage buffer and was incubated at 62 °C for 1 h. The

product was analyzed by electrophoresis on a 1.5% agarose gel contain-
ing SYBR Safe DNA Gel Stain.

3. Results
3.1. Identification and structural analysis of BrCas12b

Brevibacillus sp. SYSU G02855 genome was found to contain a novel
member of the Cas12b family, named BrCas12b, following traditional
naming protocols. The CRISPR-BrCas12b locus is composed of a full
CRISPR array containing 16 unique spacers separated by 36-nt long re-
peats and a cluster consisting of the BrCas12b, Cas4-1, and Cas2 genes
(Fig. 1A). This cluster exhibited gene overlap between the 5’ end of
Cas4-1 and 3’ end of BrCas12b (Fig. 1A). Analyses of the amino acid se-
quences showed that the BrCas12b protein had 34% sequence identity
with the previously reported AacCas12b protein from A. acidoterrestris
(Fig. S1). Surprisingly, the BrCas12b protein is smaller (1089 amino
acids) than the previously discovered Cas12b proteins (AacCas12b:
1129 amino acids (aa); AaCas12b: 1129 aa; AmCas12b: 1146 aa;
AkCas12a: 1147 aa) [28,35]. An alignment analysis predicts that the C-
terminal portion of BrCas12b should adopt a mixed alpha helix/beta
strand mode (Fig. S2) and contain an RuvC-like domain (Figs. S2, S3). Al-
though BrCas12b exhibits a lower identity value than other reported
Cas12b proteins, the computational analysis of the BrCas12b loci sug-
gests that the novel homolog satisfies the structural characterization
of the CRISPR-Cas12b system.

3.2. In vitro characterization of BrCas12b DNA cleavage activity

For biochemical characterization of BrCas12b, we synthesized the
BrCas12b protein from the Escherichia coli BL21 heterogeneous expres-
sion system, which was purified to obtain 5 mg BrCas12b protein for
further experiments (Fig. S4). All known type V-B CRISPR systems re-
quire dual-RNA (tracrRNA and crRNA)-guided endonuclease systems
to achieve virus removal [28,35,36]. Using RNA sequencing, we con-
firmed that the crRNA consists of a 27-nt direct repeat and 38-nt spacer
(@Rigms5A), and that the tracrRNA was significantly expressed and proc-
essed to 99 nt (Fig. S5B).

Given that the protospacer-adjacent motif (PAM) region plays a cru-
cial role in target recognition, and that the PAM of the Cas12b family is
located in the 5’ direction of the target DNA, we further explored the re-
quirement for PAM in BrCas12b interference via an in vitro plasmid in-
terference assay (Fig. 1B). We generated a PAM screening library of
pMD19-T plasmids containing an inserted protospacer 1 sequence and
an additional 7-nt random sequence upstream of the protospacer.
Using a BrCas12b cleavage assay, we distinguished between cleaved
plasmids with and those without addition of Cas12b, demonstrating
that both TTN and TNT patterns were efficiently cleaved (Fig. 1C).
Referencing the conditions of in vitro cleavage assay of AacCas12b, we
found that purified BrCas12b with a tracrRNA-crRNA component was
able to cleave target DNA containing a spacer 1 sequence (Fig. 1D), indi-
cating that BrCas12b is a tracrRNA-crRNA-guided endonuclease that
degrades both plasmid and linear DNA. Next, we determined the
metal ion dependence of BrCas12b and found that BrCas12b activity
was dependent on divalent metal ions, including Mg2™, Ca®*, Ba®™,
Co**, and Mn?™ (Fig. S6).

We further identified the cleavage site of BrCas12b from Sanger
sequencing data of the dsDNA ends after cleavage. The results
imply that BrCas12b cleaves dsDNAs, producing staggered ends at
the distal position of the PAM. Specifically, cleavage occurred after
the 16th base on the non-targeted (+) strand and after the 23rd
base on the targeted (—) strand (Fig. 1E). This cleavage pattern dif-
fers from that of Cas9, which produces blunt ends, but is similar to
that of the Cpf1 system.
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3.3. Active temperature range of BrCas12b AacCas12b, as the bacterium Brevibacillus sp. SYSU G02855 was culti-
vated at higher temperatures than those for A. acidoterrestris. To validate
Compared with the reference temperature (55 °C), which is the op- this hypothesis, an assay of the active temperature range was per-

timal reaction temperature of the AacCas12b protein, we investigated formed to define the optimal DNA cleavage temperature of BrCas12b.
the active temperature range of BrCas12b. The BrCas12b enzyme ap- Between 30 °Cand 80 °C, the temperature assay indicated that BrCas12b
peared to be active at temperatures above the active range of maintains nuclease activity at higher temperatures compared with
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Fig. 2. Detection of Cas12b enzyme cleavage efficiency using a fluorescence resonance energy transfer-based assay. A, Evaluation of the validity of the fluorescence detection method. Blue
diamond, fluorescence intensity representing BrCas12b catalysis; gray open diamond, fluorescence intensity without BrCas12b catalysis and background fluorescence intensity (FI); n = 3
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AacCas12b (Figs. 1F, S8B), with maximal cleavage activity between

48 °C and 68 °C. Between 61 °C and 65 °C, BrCas12b cleavage activity
was considerably greater than that of AacCas12b (Fig. 1F).

3.4. Robust DNA cleavage activity of thermophilic BrCas12b

The template cleavage efficiency of AacCas12b was significantly
lower than that of BrCas12b based on the in vitro active temperature
assay. However, the optical densities of the gel electrophoretic bands
obtained in this assay may not accurately reflect the efficiency of
Cas12b enzymes for cleaving target DNA, which is influenced by the
gel concentration, DNA stain, imaging equipment, and other factors.
To resolve this problem, we introduced and optimized a fluorometric
assay method for accurate measurement of Cas12b activity, based on a
conventional method used to investigate the kinetics of the Cas9 effec-
tor complex assembly [34].

In the fluorometric assay, a mixture of 7 nM BrCas12b and 10 nM
crRNA, pre-annealed with equimolar tracrRNA, was added to a solution
containing 250 nM beacons (dsDNA) and incubated at 62 °C for 15 min.
The resulting fluorescence intensity was significantly higher in the
BrCas12b-catalyzed group than the control group, which lacked the
BrCas12b enzyme (Fig. 2A). We further evaluated the fluorescence in-
tensity using two types of beacons, ssDNA and dsDNA, and found a lin-
ear relationship between the fluorescence intensity gradient and the
concentration of beacons (Fig. 2B).

Using this fluorophore quencher reporter assay, we investigated the
kinetics of the cleavage reaction using various substrates. We assembled
BrCas12b with cr/tracrRNA and crRNA-complementary ssDNA (target
strain), dsDNA, or non-target strain SSDNA. We used the AacCas12b sys-
tem as a comparison. Both the dsDNA and target ssDNA groups exhib-
ited robust increases in fluorescence intensity during the reaction

(Fig. 2B). Analysis of the Michaelis—-Menten reaction kinetics indicated
that BrCas12b has a strong affinity for dsDNA. When the substrate was
dsDNA, the keq/Kin value (8.80 x 10! s=! M~!) was approximately
three orders of magnitude greater for the BrCas12b system than the
AacCas12b system (7.56 x 108 s=!' M) (Fig. 2C). We conclude that
the novel BrCas12b system has robust target DNA cleavage efficiency,
rendering it a promising tool for gene manipulation.

3.5. Defining the minimum target range

In our previous research, we adopted a conservative strategy in our
target cleavage assays by using the full length of the spacer as the target
region. Here, we investigated the minimum required target range by
using truncated protospacers derived from a template (Fig. 3). We cre-
ated a series of templates that were truncated in the 3’-to-5’ direction.
The templates for various truncated protospacers were used in in vitro
cleavage assays and the products were purified by electrophoresis.
The cleavage efficiency decreased significantly when the protospacer
was shortened to 16 nt. This contrasts with similar experiments with
other Cas12b family members, specifically Cas12b from
A. acidoterrestris and Bacillus thermoamylovorans (evolutionarily close
to BrCas12b), which require a minimum of 20 nt of protospacer length.

3.6. Identification of the seed sequence from CRISPR-BrCas12b system

In the CRISPR-Cas system, DNA cleavage is dependent on recognition
of the PAM-proximal sequence, referred to as the “seed sequence”, and
introduction of a single point mutation in this sequence will abolish
CRISPR-mediated immunity [37]. To determine whether target hetero-
geneity impacts BrCas12b cleavage activity, comparative analyses of
in vitro interference by A. acidoterrestris Cas12b were performed. We
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Fig. 3. Determination of the minimum target region. The targets contain multiple truncated protospacers which were truncated in the 3’-to-5’ direction. The cleavage products were loaded

in Agarose gel and separated by electrophoresis.
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designed and synthesized a series of single point mutations in the
protospacer, which served as the substrate for cleavage activity assays
of Cas12b from A. acidoterrestris and Brevibacillus sp. SYSU G02855.
The results showed that BrCas12b required a small, rigorously consis-
tent region of target DNA, with a length of only 4 nt, at a distance
3-6 nt downstream of the PAM (Fig. 4A). Surprisingly, both A1T and
A2T substitutions in the protospacer, introducing a mismatch in the
seed, decreased the efficiency of BrCas12b cleavage activity (Fig. 4B).
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On this basis, we next investigated how the base composition at po-
sitions 1 and 2 in the protospacer affected the efficiency of target DNA
cleavage. Substitutions A1C, A1G, A2C, and A2G significantly decreased
the cleavage efficiency, particularly when the pyrimidine nucleotide
was cytidine, but still allowed cleavage (Fig. 4B, C). By contrast, the
AacCas12b complex strictly requires a 6-nt seed region immediately ad-
jacent to the PAM site and is low-fault-tolerant (Fig. S8C). Substitution
at the PAM-distal region position 16 (A16C and A16G) also significantly
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Fig. 4. Identifying the seed sequence of BrCas12b. A, In vitro cleavage of mutational target with a series of single point mutations in protospacer. The nucleotide sequences represent the
mutational region. Mutated nucleotides are highlighted in red. The cleavage products were resolved by Agarose gel electrophoresis and visualized by SYBR-Safe staining. B, Determining
the effects of substitutions at PAM adjoining range in vitro cleavage assay. C, Agarose gel electrophoresis analysis shows that the deletions of position 1 or 2 in protospacer block the target
DNA cleavage. D, Analysis cleavage efficiency of single point mutations shows that the mutations both A16T and C18G can reduce cutting efficiency significantly. E, In vitro cleavage assay of

double stranded DNAs containing substitution at the PAM-distal region position 16 and 18.
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reduced the cleavage efficiency (Fig. 4D, E), presumably because of ob-
struction at the target DNA cleavage site.

4. Discussion

In this study, we identified a novel member of the V-B type CRISPR-
Cas family from Brevibacillus sp. SYSU G02855 (BrCas12b), representing
anew enzyme tool for genome editing and clinical diagnosis with inter-
esting characteristics.

BrCas12b protein is a relatively compact protein (1089 amino acids),
compared with SpCas9 and AsCas12a, suggesting that it may be deliv-
ered more easily into cells. Moreover, BrCas12b is derived from a non-
pathogenic microorganism, unlike SpCas9 (from Streptococcus
pyogenes) and SaCas9 (from Staphylococcus aureus) [38], offering a dis-
tinct safety advantage for therapeutic genome editing in human genetic
diseases.

The BrCas12b enzyme is capable of binding and cleaving target DNA
at high temperatures due to its stability, a feature that makes it suitable
for development as a diagnostic tool. Various CRISPR effectors, including
Cas13a, Cas12a and Csm6, have been developed into a series of clinical
diagnostic platforms that depend on isothermal amplification to achieve
initial amplification of specific target nucleic acids [39]. However, these
diagnostic methods are executed in two steps, because the temperature
requirement for template melting and that for mesophilic effector activ-
ity do not overlap. Therefore, a thermophilic enzyme active at template
melting temperatures, such as BrCas12b, will simplify the operation of
environmental and laboratory equipment and will be conducive to de-
ployment in areas without laboratory infrastructure. This protein can
realistically meet the demands of an ideal diagnostic test for use in the
developing world [40].

Moreover, BrCas12b has a short seed sequence requirement, which
we experimentally defined as a 4-nt sequence. This short sequence dif-
fers distinctly from the reported seed sequence of the AacCas12b en-
zyme (18 nt), although the two share 34% sequence identity. This
result distinguishes BrCas12b from other types of CRISPR-Cas systems;
e.g., subtype I-B from Haloferax volcanii requires a 10-nt seed sequence
[41], subtype I-E from Escherichia coli requires a 7-nt seed sequence
[37], subtype I-F from Pseudomonas aeruginosa requires an 8-nt se-
quence [42], subtype II-A from Streptococcus pneumonia requires a 12-
nt sequence [43], and subtype V-A from Francisella novicida requires a
5-nt sequence [25]. These differences indicating that the pattern recog-
nition of BrCas12b targets is dissimilar to that of other effectors. More-
over, substitution at position 16 in the protospacer can rescue the
target cleavage; perhaps mutation of the cleavage site destroys the R-
loop complex. Such conservation is observed with other Cas12b family
members, including AacCas12b and BthCas12b [44]. Even though the
natural function of this difference remains unclear, we propose that
thermophilic BrCas12b contains a specific pattern for target matching.
Elucidation of the mechanism of this matching process might strongly
increase cleavage specificity and reduce off-target activity in genome
editing.

Although this work is based on systematic characterization of the
novel BrCas12b protein, revealing its promising applications, one issue
requires further investigation. As noted above, BrCas12b has strong
DNase activity (Keq/Km = 8.80 x 10" s7' M™1) at its optimal tempera-
ture range, up to 62 °C, but this temperature is not suitable for mamma-
lian genome editing. A similar dilemma was encountered with Cas12b
protein from Bacillus hisashii (BhCas12b), and researchers utilized ratio-
nal engineering of BhCas12b to address this limitation and increase its
dsDNA cleavage activity at 37 °C [28]. Following this strategy, further
experiments should be designed to promote adaption of the tempera-
ture range of BrCas12b for genome editing of mesophilic organisms.
Moreover, in the process of rational engineering of BrCas12b, we can ex-
plore its thermophilic evolutionary basis and molecular mechanism.

In conclusion, our findings expand the epistemic range of the Cas12b
family and fill the void of a thermophilic Cas12b enzyme. We believe

that BrCas12b is an advantageous model for in-depth analysis of the
high-temperature adaptability of the Cas12b family and its mechanism
of targeting matches, and we anticipate that continued exploitation of
the BrCas12b enzyme will provide a useful tool for genome editing
and clinical diagnosis.
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