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ABSTRACT

Cas12e proteins (formerly CasX) form a distinct subtype of Class Il type V CRISPR-Cas effectors. Recently,
it was shown that DpbCas12e from Deltaproteobacteria and PlmCas12e from Planctomycetes can
introduce programmable double-stranded breaks in mammalian genomes. Thus, along with Cas9 and
Cas12a Class Il effectors, Cas12e could be harnessed for genome editing and engineering. The location
of cleavage points in DNA targets is important for application of Cas nucleases in biotechnology.
DpbCasi2e was reported to produce extensive 5-overhangs at cleaved targets, which can make it
superior for some applications. Here, we used high throughput sequencing to precisely map the DNA
cut site positions of DpbCas12e on several DNA targets. In contrast to previous observations, our results
demonstrate that DNA cleavage pattern of Casl12e is very similar to that of Casl12a: DpbCas12e
predominantly cleaves DNA after nucleotide position 17-19 downstream of PAM in the non-target
DNA strand, and after the 22" position of target strand, producing 3-5 nucleotide-long 5'-overhangs.
We also show that reduction of spacer sgRNA sequence from 20nt to 16nt shifts Cas12e cleavage
positions on the non-target DNA strand closer to the PAM, producing longer 6-8nt 5'-overhangs.
Overall, these findings advance the understanding of Cas12e endonucleases and may be useful for
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developing of DpbCas12e-based biotechnology instruments.

Introduction

RNA-guided effector nucleases from Class II CRISPR-Cas
bacterial defence systems are widely used as biotechnology
instruments. These enzymes found numerous applications in
targeted genome editing, regulation of transcription, and epi-
genetic modulation [1]. SpCas9 nuclease from Streptococcus
pyogenes was the first Cas nuclease used for genome editing in
eukaryotes [2,3]. It belongs to type II of Class II CRISPR-Cas
nucleases and remains the best-characterized and most widely
used Cas protein to date [1,4]. In addition to SpCas9, other
type II Cas nucleases were successfully used in genome engi-
neering [5-8].

Besides Cas9 enzymes, CRISPR-Cas effectors of other Class II
types have found biotechnological applications [9,10]. Thus,
Casl2a proteins belonging to type V-A CRISPR-Cas effectors
possess specific features distinguishing them from the Cas9
proteins, due to their distinct domain organization. For instance,
unlike Cas9, Casl2a is able to catalyse maturation of crRNA in
the absence of other factors, which facilitates multiplex genome
editing [11,12]. In 2017 Burstein et al. discovered new Cas
protein belonging to Class II type V-E CRISPR-Cas systems -
Casl2e (formerly CasX) [4,13]. Although Casl2e proteins

demonstrate some similarities to Casl2a in domain organiza-
tion, which will be discussed later, Casl2e and Casl2a effectors
are quite distinct. For instance, in opposite to Casl2a which
requires only crRNA for DNA recognition, Casl2e are dual-
RNA-guided effectors (Fig. 1) [4,13].

In 2019 Jun-Jie Liu et al. using electron microscopy
determined the domain composition of DpbCasl2e protein
from Deltaproteobacteria and also, demonstrated that
DpbCasl2e, as well as PlmCasl2e from Planctomycetes, have
genome editing activity in human cells [14]. Analysis of
DpbCasl2e-sgRNA-DNA complex revealed non-target-
strand binding (NTSB) and target-strand loading (TSL)
domains [14]. The TSL domain is located in a position analo-
gous to that of the so-called ‘Nuc’ domain in Casl2a [14,15].
These domains perform similar functions in Casl2e and
Casl2a enzymes: after non-target DNA strand cleavage by
the RuvC domain, they bend sgRNA-DNA duplex. This con-
formational change allows the target DNA strand to be
cleaved by the RuvC domain [14]. Thus, both Casl2e and
Casl2a, rely on a single nuclease domain for double stranded
DNA cleavage, in contrast to Cas9, which uses distinct
domains, HNH and RuvC, to cleave each DNA strand
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Figure 1. Cas12a and Cas12e belong to Class Il Type V CRISPR-Cas effectors, subtypes V-A and V-E, correspondingly.

In contrast to Cas12a, Cas12e enzymes require tracrRNA in addition to crRNA for DNA target recognition. crRNA indicated in red, tracrRNA indicated in green. PAM
sequences are shown with blue rectangles. SpCas9 — Cas9 from Streptococcus pyogenes (1,368 amino acids), AsCas12a — Cas12a from Acidaminococcus sp. (1,307
amino acids), DpbCas12e - Cas12e from Deltaproteobacteria (986 amino acids). The pairing between DNA and RNA molecules, as well as indicated positions of DNA

cleavage sites shown are schematic.

[14,16,17]. In Casl2e and Casl2a, a large structural change
alters accessibility of DNA strands for the RuvC nuclease and
in this way compensates the lack of the second nuclease
domain [14,17].

Possibly due to the similarity of the DNA cleavage
mechanism, both Casl2a and Casl2e generate products with
staggered ends. In contrast, Cas9 proteins mainly produce
blunt ends [14,18,19]. Interestingly, Jun-Jie Liu et al. found
that DpbCasl2e produces staggered ends about 10-
nucleotides long [14], which is longer than 3-5nt overhangs
usually produced by Casl2a proteins. The 5'-overhangs pro-
duced by Casl2a and Casl2e, potentially can be used for
in vivo or in vitro insertion of DNA fragments into genome
through direct DNA ligation [20]. Determination of precise
positions of Casl2e DNA cleavage is important for applica-
tions of these nucleases in biotechnology [20,21].

In most studies published to date, mapping of Cas
nucleases cut sites was performed using Sanger sequencing
of fragments produced in in vitro DNA cleavage reactions
[22,23], which does not reveal the entire distribution of
DNA along the target. High throughput sequencing (HTS)
allows much more comprehensive, both quantitative and qua-
litative, characterization of cleavage sites. Although HTS has
been used for both Cas9 and Casl2a-induced DSB (double-
stranded DNA breaks) determination, the goal of most of
these experiments was the evaluation of off-targeting effects
in vivo or in vitro but not the precise determination of DNA
cleavage sites positions [18,19,24,25,26]. The cell-based assays
for in vivo mapping of DSBs miss information about the
precise DNA cleavage positions due to modulation of initial
DSBs by endogenous cell nucleases and reparation processes.

Here, we performed HTS mapping of DpbCasl2e cut sites
produced during in vitro DNA cleavage reactions using six
different dsDNA targets. We determined DpbCasl2e cut sites
positions distribution and found the average length of 5'-
overhangs generated by this nuclease. Our results show that
Casl2e DNA cleavage pattern is very similar to that produced
by the Casl2a proteins. We also show that the reducing of the
length of spacer segment of sgRNA from 20nt to 16nt can
significantly increase the length of 5'-overhangs generated by

Casl2e nuclease. These findings can inform development of
new DpbCasl2e-based genome engineering tools.

Materials and methods
Plasmids

For expression of DpbCasl2e, AsCasl2a and SpCas9 in E. coli
pET21a-based genetic vectors carrying the corresponding
genes were cloned. The maltose binding protein (MBP) was
added to DpbCasl2e N-termini through TEV protease clea-
vage site to increase solubility of DpbCasl2e nuclease. The
plasmids maps are presented in the Supplementary Table SI.

Recombinant proteins purification

For recombinant SpCas9 and AsCasl2a proteins purification
competent E. coli Rosetta cells were transformed with
pET21a_SpCas9, and pET21a_AsCas12a plasmid and grown till
ODggo = 0.6 in 500 ml LB media supplemented with 100 pg/ml
ampicillin. The protein synthesis was induced by adding 1 mM
IPTG. After 6 hours of incubation at 22°C the cells were cen-
trifugated at 4000 g and the pellet was lysed by sonication in lysis
buffer containing 50 mM Tris-HCI pH = 8 (4°C), 500 mM NaCl,
1 mM beta-mercaptoethanol and 10 mM imidazole supplemen-
ted with 1 mg/ml lysozyme (Sigma-Aldrich L6876). The cell
lysate was centrifuged at 16,000 g (4°C) and filtered through
0.22 pm filters. The lysate was applied to 1 ml HisTrap HP
column (GE Healthcare) and SpCas9 or AsCasl2a were eluted
by 300 mM imidazole. After affinity chromatography the sample
was applied on a Superdex200 Increase 10/300 GL (GE
Healthcare) column equilibrated with a buffer containing
50 mM Tris-HCl pH = 8 (4°C), 500 mM NaCl, 1 mM DTT.
Fractions containing SpCas9 or AsCasl2a monomers were
pooled and concentrated using 30 kDa Amicon Ultra-4 centri-
fugal unit (Merc Millipore, UFC803008). Glycerol was added to
a concentration of 10% and the proteins were flash-frozen in
liquid nitrogen and stored at —80°C. The purity of the protein
was assessed by denaturing 10% PAGE.
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For recombinant DpbCasl12e purification competent E. coli
Rosetta cells were transformed with pET21a_DpbCasl2e plas-
mid and grown till OD 600 = 0.6 in 500 ml L of TB (Terrific
broth) media supplemented with 100 g/ml ampicillin accord-
ing to DpbCasl2e purification protocol described earlier (Jun-
Jie Liu et al.) The protein synthesis was induced by addition of
1 mM IPTG. After 18 hours of incubation at 16°C the cells
were centrifugated at 4000 g and the pellet was lysed by
sonication in the lysis buffer containing 50 mM Hepes-HCI
pH = 7.5 500 mM NaCl, 10% glycerol, 1 mM beta-
mercaptoethanol supplemented with 1 mg/ml lysozyme
(Sigma-Aldrich L6876). The cell lysate was centrifuged at
16,000 g and processed through 0.22 um filters. The lysate
was applied to the 1 ml HisTrap HP Column (GE Healthcare)
and DpbCasl2e was eluted by 300 mM imidazole. After
affinity chromatography the sample was either digested with
TEV protease for 16 hours at 4°C to cleave the MBP-tag or
applied straight on the Superdex200 Increase 10/300 GL (GE
Healthcare) column equilibrated with a buffer containing
50 mM Hepes-HCl pH = 7.5, 500 mM NaCl, 1 mM DTT
and 10% glycerol. Fractions containing DpbCas12e monomers
were pooled and concentrated using 30 kDa Amicon Ultra-4
centrifugal unit (Merc Millipore, UFC803008) to
a concertation of about 2 mg/mlL, aliquoted and flash-frozen
in liquid nitrogen with subsequent storage at —80°C. The
purity of the protein was assessed by denaturing 10% PAGE.

In vitro DNA cleavage assays and samples preparation
for HTS

DNA cleavage reactions were performed using the recombi-
nant proteins MBP_DpbCasl2e (or DpbCasl2e where indi-
cated), AsCas12a or SpCas9, in vitro synthesized guide RNAs
and linear dsDNA targets. dsDNA targets were prepared by
PCR amplifications of pUCI19 plasmid (Targets 1, 2, 6), and
human grin2b gene (Targets 3, 4, 5) using primers listed in
the Supplementary Table S2. The full sequences of DNA
targets are presented in the Supplementary Table SI.

Guide RNAs were synthesized in vitro using HiScribe T7
High Yield RNA Synthesis Kit (NEB, E20140). The sequences
of guide RNAs used in this study are presented in the
Supplementary Table S3. To pre-form an active ribonucleo-
protein complexes the recombinant proteins were mixed with
guide RNAs in 1x reaction buffer (20 mM HEPES, pH 7.5,
10 mM MgCl,, 150 mM KCl, 1% glycerol, 1 mM DTT for
DpbCasl2e or 1x CutSmart buffer (NEB B7204 S, 1 mM
DTT) and incubated at room temperature for 10 min. All
RNAs used in this study are listed in Supplementary Table S3.
Further the DNA targets were added to ribonucleoprotein
complexes to the final concentration of the components in
the cleavage reactions: 50 nM DNA, 400 nM recombinant
protein (1600 nM in case of DpbCasl2e), 2 uM guide RNA
and 1x reaction buffer in 20 pl final volume. The DNA
cleavage reaction mix was incubated at 37°C for 30 min.
The reaction was stopped by the adding of 0.5 ul proteinase
K (Thermo Fisher Scientific, EO0491) and the subsequent
incubation for 30 min at 37°C. The DNA cleavage reaction
products were separated by 1.5% agarose gel electrophoresis.
The cleaved DNA fragments were isolated from the gel and

purified by GeneJET Gel Extraction Kit (Thermo Fisher
Scientific, K0692) (two DNA fragments produced by the
nuclease cleavage were isolated from agarose gel as one mix
in case of each sample). DNA fragments were eluted with
40 pl water.

End repair was performed using modified protocol for
DNA blunting used in ChIP assays described by Blecher-
Gonen et al. 25 pl of end repair buffer (1x T4 DNA ligase
buffer (NEB, B0202), 0.1 mg ml-1 BSA, 0.1 mM dNTPs), 1 ul
T4 PNK (Thermo Fisher Scientific, EK0031) and 1 pl T4
polymerase (NEB, M0203) were added to each 40 pl sample
(total reaction volume was 67 pl). The reactions were incu-
bated in a thermal cycler using the following settings: 15 min
at 15°C, 15 min at 25°C, chilling to 4°C. Agencourt RNAClean
XP (Beckman Coulter) beads in 2.5x ratio were used to
cleanup the DNA after the end-repair reaction. The DNA
fragments were eluted in 40 pl of 10 mM Tris-HCI (pH 8.0).

For A-base addition reaction 6 ul 10xNEB buffer 2 (NEB,
B7002), 0.1 ul dATP (100 mM) and 10.9 ul of nuclease-free
water were added to each 40 ul DNA sample volume. This
yielded to the following final concentration: 1xXNEB buffer 2
(NEB, B7002) and 167 uM dATP. 3 ul of Klenow Fragment
(3'—5' exo-) (NEB, M0212) were added to the samples and
the reactions were incubated at 37°C for 30 min in the
thermal cycler. Agencourt RNAClean XP (Beckman Coulter)
beads in 2.5x ratio were used to cleanup the DNA after the
reaction. The DNA fragments were eluted in 60 ul of 10 mM
Tris-HCI (pH 8.0). The further sample preparation for high
throughput sequencing (HTS) was performed using NEBNext
Ultra II DNA Prep Kit for Illumina (NEB, E7645) starting
with the adaptor ligation step. The samples were sequenced
using Illumina platform with pair-end 150 cycles (75 + 75) or
300 cycles (150 + 150).

Computational Sequence analysis

HTS of each DNA cleavage reaction products produced in
average 200 000 sequencing paired-end reads. To determine
the cut sites positions of the cleaved DNA molecules the
following pipeline was used. Forward and reverse reads (R1
and R2) were mapped against whole DNA target molecule
using BWA (Li, Durbin, 2009). All unmapped reads were
discarded from the analysis. The PAM sequence, a spacer
and 10 nucleotides after the spacer were chosen as the region
of interest. Reads matching the reference upstream the region
of interest contained the information about target DNA
strand (TS) cleavage position. Reads matching the reference
downstream the region of interest contained information
about non-target DNA strand (NTS) cleavage position. The
number of analysed reads for each target is listed in
Supplementary File S2 and Supplementary File S3. These
reads were compared to the reference to determine the cut
site positions. The number of nucleotides after the PAM
sequence (for TS cleavage position determination) or before
the end of the region of interest (for NTS cleavage position
determination) were counted (Supplementary File S2,
Supplementary File S3). To estimate the range of possible
lengths of overhangs and calculate the maximal probabilities
of their generation, distances between DSBs were computed as



Distance = [cut site position on TS] - [cut site position on
NTS]. Distances were calculated between all possible TS and
NTS DNA cleavage positions. Relative frequencies of gener-
ated overhangs were calculated as a sum of [relative frequency
of cut site positions on TS] x [relative frequency of cut site
positions on NTS] for all combinations of TS and NTS pro-
ducing the overhangs of certain length.

Results
Mapping of DpbCas12e and AsCas12a cut sites

For precise determination of Casl12e DNA cut site positions and
comparison with Casl2a, we performed DNA cleavage reactions
of several different targets in vitro. Recombinant versions of wild-
type DpbCasl2e from Deltaproteobacteria and AsCasl2a from
Acidaminococcus  sp. were purified from E. coli cells
(Supplementary Fig. S1). Due to a poor solubility of DpbCasl12e,
it was purified as an N-terminal fusion to MBP (maltose binding
protein). The widely used SpCas9 nuclease from Streptococcus
pyogenes, which predominantly produces double-strand DNA
breaks with blunt endings, was used as a control. DpbCasl2e,
AsCasl12a, and SpCas9 effector nucleases require different proto-
spacer adjacent motifs (PAMs) for efficient target recognition and
cleavage. DpbCas12e and AsCas12a require upstream PAMs with,
respectively, 5-TTCN-3" and 5'-TTTV-3' consensus; the SpCas9
PAM is 5'-NGG-3' and is located downstream of the target. To
compare the DpbCas12e and AsCas12a DNA cut site positions, we
used DNA targets with a “TTTCCN’ sequence at the 5' flank, which
allows recognition of almost the same target by both enzymes
(shifted by one nucleotide). Downstream, the targets were flanked
by the SpCas9 PAM. Thus, all three Cas proteins were able to
recognize almost identical DNA target sequences (shifted by sev-
eral nucleotides for efficient recognition of cognate PAMs).

Six different 20-nt targets with an appropriate PAM were
chosen randomly (Supplementary Table S1) and used to study
cleavage by DpbCasl2e or AsCasl2a loaded with appropriate
sgRNAs. Incubation of target-bearing linear DNA fragments
with DpbCas12e-sgRNA or AsCasl2a-crRNA led to efficient
DNA cleavage and generation of products of expected lengths.
The SpCas9-sgRNA ribonucleoprotein complex cleaved only
four out of six DNA targets. All successful DNA cleavage
reactions were processed according to procedure outlined in
Fig. 2 to determine cut site positions using high throughput
sequencing on Illumina platform. In brief, the cleavage pro-
ducts were separated from uncleaved DNA, blunt-ended with
T4 polynucleotide kinase and T4 polymerase, which produces
5'-P and 3'-OH ends and fills-in 5’-overhangs, respectively.
Next, DNA was 3’ A-tailed using the exonuclease deficient
Klenow DNA polymerase fragment. This allowed to avoid
unwanted processing/modification of DNA ends formed
after cleavage prior to sequencing. For further steps we used
components of the NEBNext Ultra II kit starting from adap-
tors ligation step and bypassing the DNA ends preparation
step. In brief, Illumina NEBNext adaptors were ligated to
DNA through TA cloning. Next, uracil residues incorporated
in the adaptors were cut out by the USER enzyme,
a component of NEBNext Ultra II which combines uracil
DNA glycosylase and endonuclease VIII activity. Next, the
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samples were barcoded, according to the NEBNext Ultra II
protocol, and sequenced on Illumina platform. The distribu-
tion of cleavage sites was revealed by analysing on average 100
000 reads for each cleavage reaction.

The analysis of the results showed that, as expected, unlike
SpCas9, which mainly generated blunt-end cut sites,
DpbCasl2e and AsCasl2a produced DNA cleavage products
with staggered ends (Fig. 2A). The use of HTS allowed us to
observe not only the most frequent cleavage sites but distribu-
tions of cut site positions. In agreement with previous studies
[27,28] multiple cleavage sites by AsCasl2a were observed -
the nuclease predominantly cleaved DNA after nucleotide
positions 17-19 downstream of PAM in the non-target
DNA strand (further NTS) and after positions 21-23 in the
target strand (further TS) (Fig. 3A, Supplementary Fig. S2).

Due to flexibility in cleavage sites, Cas12a cuts exhibit a wide
distribution of 2-6nt overhangs within each target (Fig. 3B).
Similarly, DpbCas12e predominantly cleaved DNA after nucleo-
tides 17-19 downstream of its PAM in the NTS (Fig. 3A,
Supplementary Fig. S2). In neither of the six DNA targets tested
did we detect NTS cleavage after positions 12-14 position, pre-
viously reported by Jun-Jie Liu et al. In the target strand,
DpbCasl12e predominantly cleaved after the 22" position.

We also performed AsCasl2a and DpbCas12e DNA cleavage
reaction of the same 20nt protospacer sequence used by Jun-Jie
Liu et al, incorporated into a long 500nt linear DNA target
(Supplementary Table S1). The cleavage of this target also resulted
in producing 3-5nt overhangs for both nucleases (Supplementary
Fig. S3). It is important to mention, that Jun-Jie Liu et al. used
a much shorter DNA fragment, which could possibly affect the
cleavage position [14]. Overall, we conclude that the DpbCas12e
nuclease produces 3-5nt 5'-overhangs (Fig. 3B).

Since experiments described above were conducted with
MBP fusion of DpbCasl2e, we determined the DNA cleavage
pattern of DpbCasl2e without MBP. As a result, no signifi-
cant differences between DpbCasl2e without MBP and the
MBP-fused protein were observed (Supplementary Fig. S4).

The influence of sgRNA spacer segment length on
DpbCas12e cleavage sites

Previous studies of Casl2a showed that the spacer length of
crRNA can influence the position of Casl2a DNA cleavage
sites [20]. Using crRNA with a spacer length of 18nt caused
a shift of cut site position in NTS to positions 13-15 instead of
position 18 observed when Casl2a effector was charged with
crRNAs whose spacer segments were 20 nucleotides or longer
[20]. Due to DNA cleavage pattern similarity between Casl2a
and Casl2e, we were interested to determine if sgRNA spacer
length can also affect the position of DNA cleavage site by
DpbCasl2e. DpbCasl2e charged with sgRNAs of different
spacer length (16, 18, 20, 22 and 24nt) was used to cleave
three different DNA targets. Analysis of cleavage products by
HTS showed that DpbCas12e begins to cleave NTS closer to
PAM when shorter than 20nt spacer sgRNAs are used: 16nt
spacer sgRNAs produced 6-8nt 5'-overhangs, while sgRNAs
with 20, 22, and 24nt spacer segments led to cleavage after
target positions 17-19, producing 3-5nt overhangs (Fig. 4A-
B, Supplementary File S3).



1476 (%) P.SELKOVA ET AL.

, y 3: . in vitro DNA cleavage
3 i 5
5 —Bi— 3 5 S
3| 51 31 5’
5'—pAN——~> 3 53 Il. T4 polymerase T4 PNK
3 5 I S end repair
5 —PAN—— - 3 5 3
3’ 5 CICLELEEE 5
5 —PAN—— A3 5 A3 Il A-base addition
A 5 A reennn 5

T —PAN—----A —T A
U A 7Y Y eV IV. adaptor ligation
o v
= T—RA—----A ~T A o
A T ~ Anerreas — T~ V. Uracil-excision
@® USER
¢ enzyme
Barcoding

‘

High Throughput Sequencing

Figure 2. A workflow of sample preparation for determination of positions of DNA cleavage sites produced by Cas nucleases in vitro.

The cleaved DNA fragments generated by Cas nuclease during in vitro DNA cleavage reaction (Step |) are blunted using T4 PNK and T4 DNA polymerase (Step ).
A-base is added to 3' ends (Step Ill) for further ligation of lllumina NEBNext sequencing adaptors containing uridine (Step IV). Uridines are cleaved out using the NEB
USER enzyme, which combines uracil DNA glycosylase and endonuclease VIII activity. Next, the samples are barcoded to produce DNA libraries ready for high

throughput sequencing.

The reduction of the sgRNA spacer length may compro-
mise the DNA cleavage efficiency of the effector. Indeed,
using of sgRNAs with spacer lengths shorter than 20 nt led
to lower DpbCasl2e DNA cleavage efficiency, although the
effect was not dramatic and the nuclease activity was sufficient
for effective introduction of double-stranded breaks (Fig. 5).

Discussion

In this work we determined DNA cleavage sites produced
by DpbCasl2e in in vitro reactions. Analysis of cleaved
DNA fragments by HTS allowed us to show not only the

most frequent cut site positions but revealed the distribu-
tion of DNA cleavage sites along the targeted DNA mole-
cules. In agreement with the previous results, our data
demonstrates that in contrast to SpCas9, DpbCasl2e and
AsCasl2a produce staggered ends at cut sites. The DNA
cleavage positions in case of each nuclease slightly vary
depending on the target sequence, though the overall
cleavage pattern remains the same. We show that
DpbCasl2e and AsCasl2a, CRISPR-Cas effectors of dis-
tinct subtypes V-E and V-A, have similar distribution of
DNA cut site positions. Both enzymes introduce cuts after
nucleotides 17-19 downstream of PAM in the non-target
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PAMs are indicated with red rectangles. The numbering of nucleotide positions starts from the end of the PAM and is shown along the target DNA sequence. For each DNA
target sequence, the histograms of cut site positions frequency in percentage for the corresponding DNA strand are shown. Each column represents the fraction of DNA
cleavage events after the corresponded nucleotide. ‘NTS’ stands for non-target DNA strand, ‘TS’ — for target DNA strand. The most frequent cut site positions are shown with
black triangles. Mean values obtained from three independent experiments with standard deviations are shown. B) The overhang lengths produced by DpbCas12e,
AsCas12a, and SpCas9. Histograms of differences between cut site positions on DNA TS and NTS were calculated based on DNA cleavage data obtained for all six targets
(panel A and Supplementary Fig. S2). Distances between DSB ends were calculated as Distance = [cut site position on TS] — [cut site position on NTS]. Distances were
calculated between all possible TS and NTS DNA cleavage positions. Relative frequencies of generated overhangs were calculated as a sum of [relative frequency of cut site
positions on TS] x [relative frequency of cut site positions on NTS] for all combinations of TS and NTS producing overhangs of a certain length.

DNA strand. The target DNA strand cleavage position is
after nucleotides 21-23 for AsCasl2a and predominantly
after nucleotide 22 for DpbCasl2e. This DNA cleavage
pattern leads to generation of 3-5nt overhangs by both
enzymes. We did not observe 10nt 5’-overhangs in DNA
cleaved by DpbCasl2e, that were reported earlier, and
that could have been advantageous for certain biotechno-
logical applications.

Nevertheless, we show that the length of 5’-overhangs
generated by DpbCasl2e can be modulated: using of
sgRNAs with shorter, 16 nucleotides spacer segment
increased the 5’-overhangs of cleavage products by 3nt,
producing long 6-8nt staggered overhangs instead of 3-
5nt overhangs, produced when 20nt spacer segment was

used. Longer overhangs generated at cut sites may be
potentially advantageous for in vitro and in vivo ligation
of DNA fragments into Casl2e-generated breaks in dou-
ble-stranded DNA. Indeed, this strategy was successfully
used by Chao Lei et al. for incorporation of DNA frag-
ments into plasmids in vitro using Casl2a nuclease [20].

Overall, our data on cut site position determination
can be useful for potential development of DpbCasl2e-
based biotechnology instruments as well as for under-
standing of the mechanisms of Casl2e nucleases action
in molecular details. The approach applied here for DNA
cleavage pattern determination is general and can be used
for characterization of cleavage sites by different Cas and
non-Cas nucleases.
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Figure 4. The influence of sgRNA spacer length on cleavage by DpbCas12e. A) Results of mapping of in vitro cleavage sites produced in three different DNA targets
by DpbCas12e complexed with sgRNAs of different spacer lengths, PAMs are indicated with red rectangles; the numbering of nucleotide positions starts from the end
of the PAM and is shown along the target DNA sequence. Heatmaps for each DNA target sequence show the positions of cut sites for the corresponding DNA strand
for sgRNAs with indicated spacer lengths. Each heatmap cell intensity represents the fraction of DNA cleavage events after the corresponding nucleotide. The
heatmaps are drawn based on mean values obtained from three independent experiments. B) The range of lengths of 5'-overhangs, produced by DpbCas12e in
complex with sgRNAs with 16, 18, 20, 22, or 24nt spacers. The differences between cut site positions on DNA TS and NTS were calculated based on data shown in
panel A. Distance between DSB ends was calculated as Distance = [cut site position on TS] — [cut site position on NTS]. Distances were calculated between all
possible TS and NTS DNA cleavage positions. Relative frequencies of generated overhangs were calculated as a sum of [relative frequency of cut site positions on TS]
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