nature communications

Article

https://doi.org/10.1038/s41467-024-54491-9

Casl2e orthologs evolve variable structural
elements to facilitate dsDNA cleavage
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Exceptionally diverse type V CRISPR-Cas systems provide numerous RNA-
guided nucleases as powerful tools for DNA manipulation. Two known Cas12e
nucleases, DpbCasl2e and PImCasl2e, are both effective in genome editing.
However, many differences exist in their in vitro dsDNA cleavage activities,
reflecting the diversity in Casl2e’s enzymatic properties. To comprehensively
understand the Casl2e family, we identify and characterize six unreported
Casl2e members that vary in their CRISPR-locus architectures, PAM pre-
ferences, and cleavage efficacies. Interestingly, among all variants, PImCas12e
exhibits the most robust trans-cleavage activity and the lowest salt sensitivity
in cis-cleavage. Further structural comparisons reveal that the unique NTSB
domain in PImCasl2e is beneficial to DNA unwinding at high salt concentra-
tions, while some NTSB-lacking Casl2e proteins rely on positively charged
loops for dsDNA unwinding. These findings demonstrate how divergent evo-
lution of structural elements shapes the nuclease diversity within the Casl2e
family, potentially contributing to their adaptations to varying environmental

conditions.

CRISPR-Cas (clustered regularly interspaced short palindromic
repeats-CRISPR associated proteins) functions as a defense system in
bacteria, archaea, and viruses against invading genetic material'>. The
CRISPR interference effector typically consists of two components:
non-coding CRISPR RNA (crRNA) and Cas proteins. crRNA contains a
sequence complementary to the target DNA sequence known as the
protospacer, which is adjacent to the protospacer adjacent motif
(PAM). The protospacer acts as a memory bank of infection events*’.
Via complexing with Cas proteins, crRNA serves as the guide RNA
(gRNA) and directs the effector to the complementary target, allowing
the effector to invade and cleave the target'*®. In some systems, a
longer non-coding RNA, trans-activating CRISPR RNA (tracrRNA)
derived from the CRISPR locus, is essential for target interference via
forming the hybrid guide with crRNA’°. Over the last decade, in-silico

analyses have boosted the diversity of CRISPR systems, especially type
V systems, which employ a single conserved RuvC nuclease domain for
target cleavage. To date, double-stranded DNA (dsDNA) cleavage
activity has been experimentally validated in 11 subtypes of the type V
family, including Casl2a-b, Casl2d-f, Casl2h-j, Casl2l, Casl2n, and
Cas12A>'"'8, Casl2 nucleases predominantly recognize 5’ T-rich PAMs
and cleave the non-target strand (NTS) and target strand (TS) at the
PAM distal end, forming a staggered end. Notably, some Casl2 pro-
teins, including Casl2l, Casl2f, and CasI2m recognize 5-CCN
PAMSs171920 while Casl2n recognizes a 5-AAN PAM'. Additionally,
activated by a specific target sequence, most active Casl2 nucleases
are able to degrade the non-specific ssDNA in trans. This characteristic
has led to the development of Casl2 as a nucleic acid detection
platform?%,
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CRISPR-Cas systems have become powerful tools for genome
editing due to their simplicity and high efficiency**. A subtype of the
type V family, the CRISPR-Casl2e (also known as CasX) system has
been reported with high editing efficacy in human cells*. So far, only
two Casl2e nucleases, Deltaproteobacteria Casl2e (DpbCasl2e) and
Planctomycetes Casl2e (PImCasl2e) have been biochemically and
structurally characterized”. They recognize a 5-(T)TCN PAM and
cleave the NTS and TS sequentially. While these two Casl2e nucleases
share a 68.5% protein sequence identity, they diverge significantly in
biochemical properties, indicating a correlation between structures
and catalytic activities®. Based on the overall structural similarity,
domain switches between two Casl2e proteins, along with gRNA
modifications, notably improve the genome editing efficacy in human
cells®. This underscores the importance of comprehending the inter-
relation between structures and activities, providing valuable insights
for the fine-tuning and enhancement of CRISPR-Cas systems as more
effective manipulation tools. However, a comprehensive under-
standing of the Cas12e family remains elusive.

Here, we screen and identify six unreported Casl2e orthologs,
which recognize 5’ T- or C- rich PAMs. They all could interfere with
plasmids in Escherichia coli (E. coli) guided by a single guide RNA
(sgRNA) combining crRNA and tracrRNA. Notably, Casl2e enzymes
exhibit higher activity under low salt concentration compared to high
salt concentration. Among the characterized Casl2e nucleases,
PImCasl2e and DpbCasl2e, which possess unique non-target strand
binding (NTSB) domains beneficial for dsSDNA unwinding, demonstrate
the most robust cis- and trans-cleavage activities and remain effective
across a wide range of salt concentrations. In contrast, Casl2e ortho-
logs lacking NTSB domains, represented by Verrucomicrobia Cas12e
(VemCasl2e) and Lentisphaerae bacterium Cas12e (LesCasl2e), exhibit
lower activities and are more vulnerable to high salt concentration,
which was shown to hinder R-loop formation. Structural analyses and
biochemical assays on NTSB-containing and -lacking Casl2e enzymes

further reveal the importance of the NTSB domain in securing the
dsDNA cleavage under high salt conditions. These results provide
valuable insights into the cleavage mechanisms of Casl2e family
members, emphasizing how the nucleases attain enhanced cleavage
activity through the evolution of gaining distinct structural elements.

Results

Casl12e orthologs recognize varied PAMs and are active for DNA
interference

CRISPR-Casl2e subtype was initially reported with two orthologous
systems, PImCasl2e and DpbCasl2e, both containing Casl, Cas2, and
Cas4 in the CRISPR locus. Based on these two Casl2e nucleases, we
constructed Hidden Markov Models (HMM) and identified six unre-
ported candidates from metagenomic databases, named Planctomy-
cetota bacterium 2 Casl2e (Plm2Casl2e), Candidatus Kerfeldbacteria
bacterium Casl2e (CkbCasl2e), Opitutae bacterium Casl2e (Opb-
Casl2e), Lentisphaerae bacterium Casl2e (LesCasl2e), Verrucomicrobia
Casl2e (VemCasl2e), and bacterium HR35 Casl2e (HrbCasl2e). Phylo-
genetic analysis of these Casl2e orthologs with representative repor-
ted type V effectors revealed that all orthologs clustered with the two
known PImCasl2e and DpbCasl2e proteins (Fig. 1a). Comparative
analyses of predicted structures and sequence alignments inform that
these Casl2e orthologs contain similar domain arrangements as
PImCasl2e and DpbCasl2e, except for the counterpart of the NTSB
domain, which varies in size among orthologs (Fig. 1b). In contrast to
the homology in Cas effector, the genomic architectures of these
CRISPR-Cas12e systems exhibit various patterns (Fig. 1c). In the geno-
mic loci of VemCasl2e, LesCasl2e, CkbCasl2e, and PIm2Casl2e,
tracrRNA-encoding region is located between the Cas2 gene and the
CRISPR array, while for HrbCas12e locus, tracrRNA-encoding region is
located between the Casi2e and adaptation modules (casl, cas2, and
cas4 genes). The CRISPR-OpbCasl2e locus lacks an adaptation module
and its tracrRNA-encoding region locates between CaslZe and the
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Fig. 1| Identification of phylogenetic branches of the CRISPR-Casl2e system.
a Phylogenetic analysis of Casl2e orthologs in this study and representative
reported type V effectors. The enlarged dashed box illustrates Casl2e proteins
positioned in different branches. b Size and domain comparisons of Cas12e effector
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tracrRNA and crRNA based on base pairing between tracrRNA and crRNA across the
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provided as a Source Data file.
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CRISPR array. A recent study also reported several Casl2e proteins
classified as Casl2el and Casl2e2 clades”, displaying different geno-
mic architectures from the systems identified in this study (Supple-
mentary Fig. 1a). Potentially, the genomic loci of the Cas12e family are
highly active, thereby resulting in significant evolutionary diversity.
Nevertheless, these systems all feature the tracrRNA components and
are highly conserved at the 3’ termini of their direct repeats (Supple-
mentary Fig. 1b).

To assess the homology of Casl2e proteins, we performed a
phylogenetic analysis and comparative structural analysis. The results
demonstrated that Casl2e orthologs could be clustered into four
major branches, each containing at least one variant characterized in
our study (Supplementary Fig. 1c). In terms of predicted atomic
structures, Casl2e proteins can generally be divided into two types:
one type is characterized by a significant “NTSB” counterpart, while the
other type lacks it (Supplementary Fig. 1c). To further explore the
nuclease activities of Casl2e orthologs in different types, we first
adapted an in vitro cleavage-based method to identify the PAMs*. For
each Casl2e system, the sgRNA generated via fusing crRNA and
tracrRNA with a 5-“UUCG” tetra loop was used for the following assays
(Fig. 1d). The results showed that five out of six Casl2e nucleases
recognized canonical T-rich PAMs (Fig. le). Notably, PIm2Casl2e pre-
ferred a 5-CN PAM, which was also observed in several other Casl2
nucleases like Casl2l, CasI2f and Cas12m™""*. To further validate the
PAM preference, we performed additional PAM depletion assays for
VemCas12e and LesCasl12e in E. coli. Both nucleases showed the 5-TTG-
PAM preference (Supplementary Fig. 2a—c), and this TTG PAM exhib-
ited the highest fold-change increase in the previous in-vitro screening
assays (Supplementary Fig. 2d, e).

We next tested if all these CRISPR-Cas12e systems could interfere
with plasmids in bacteria like PImCasl2e and DpbCasl2e®. We co-
expressed the Cas12e orthologs and sgRNAs using a single plasmid in E.
coli, which contained a pre-transformed and inducible ccdB-encoding
plasmid designed to kill the host in the presence of 10 mM arabinose in
the medium (Supplementary Fig. 3a)”. We observed that all eight
Casl2e systems could be guided to target ccdB-coding plasmid in
bacteria, as indicated by the more survival clones in the targeting
group than the non-targeting group (Supplementary Fig. 3b). Cleavage
on the plasmid with a single PAM revealed that cutting on TS occurred
mainly after the 20" to 23" nucleotide (nt) (Supplementary Fig. 3c, d).
The cutting on NTS predominantly occurred within the spacer com-
plementary region (20 bp), with a portion of the cleavage events
occurring after 21-bp position to 29-bp position, possibly resulting
from the nonspecific ssDNA cleavage activity of the RuvC domain on
the locally unwound plasmid DNA*°,

Casl2e orthologs show diverse DNA cleavage activities at vary-
ing salt concentrations

To further evaluate the biochemical diversity of Casl2e orthologs, we
tested their cis-cleavage and trans-cleavage activities in vitro. The cis-
cleavage of 1-kilobase (kb) dsDNA demonstrated the specific DNA
cleavage activity of the Casl2e orthologs, albeit with varying effec-
tiveness (Fig. 2a). Additionally, these orthologs varied when cutting
ssDNA in trans (Fig. 2b and Supplementary Fig. 4a). Among them,
PImCasl2e showed previously unobserved trans-cleavage activity
triggered by dsDNA activators®. As indicated by different research on
the biochemical activities of Cas9 or Casl2, the cleavage activity of a
nuclease can be altered according to the reaction conditions". We
noted that a significant difference between this study and previous
studies is the salt concentrations, with 400 mM KCl used in the pre-
vious studies and 150 mM NaCl in this study. Therefore, we further
assessed the trans-cleavage activity at different salt concentrations and
found that decreasing the salt concentration could enhance the trans-
cleavage activity of PImCas12e (Fig. 2c and Supplementary Fig. 4b).
Notably, changes in salt concentration had similar effects on trans-

cleavage activity for DpbCasl2e (Supplementary Fig. 4c). Moreover,
LbCas12a, known for its remarkably robust trans-cleavage activity”,
also exhibited enhanced trans-cleavage activity with decreased salt
concentrations (Supplementary Fig. 4d). Similar phenomenon for
LbCas12a was also observed in other studies®*.

Leveraging a fluorophore-quencher reporter system, we con-
firmed that low salt concentration can improve trans-cleavage rates of
PImCasl2e in a multi-turnover reaction assay (reporter substrates:
activated RNP =50: 1, Supplementary Fig. 5a). To evaluate the catalytic
efficacy of trans-cleavage by PImCasl2e, we measured the enzyme
kinetics of PImCas12e, using LbCasl2a as a reference (Supplementary
Fig. 5b, c). Specifically, PImCas12e demonstrated an enzyme turnover
rate (k) and Michaelis-Menten constant (K;,) of 0.47s™ and
1.57x107°M, respectively, with a catalytic efficiency (Kc./Km) of
2.98 x10° M s activated by target dsDNA (Fig. 2d and Supplementary
Fig. 5d). For LbCasI2a, we measured a k¢, and K, of 0.79s™ and
1.41x1077 M, respectively, and a ke,/Km of 5.65x10°M™ s (Supple-
mentary Fig. Se). The difference in K, indicated that PImCas12e exhi-
bits diminished binding affinity to trans-ssDNA, which is a major factor
contributing to its lower trans-cleavage activity compared to LbCasl2a.
Therefore, Casl12e holds the potential to be manifested as a nucleic
acid detection platform at low salt concentrations.

Similar to trans-cleavage, low salt concentration also promoted
the cis-cleavage by PImCasl2e (Supplementary Fig. 6a). To investigate
the effect of salt concentration on the cis-cleavage of Cas12e orthologs,
cleavage fractions were measured across a gradient of salt con-
centrations over 30 min. As salt concentration increased, the cis-clea-
vage efficiency of all Casl2 orthologs exhibited a decreasing trend
(Fig. 2e and Supplementary Fig. 6b). Overall, we observed the salt-
dependent cis- and trans-activities for Cas12e nucleases.

Salt concentration affects the PAM recognition and R-loop
formation

To further understand the salt-dependent behavior, we explored the
target interference process, including dsDNA recognition and invading
by Casl2e orthologs under different salt concentrations. Considering
the structural diversity of the Cas12e family (Fig. 1b), NTSB-containing
PImCasl2e and DpbCasl2e and NTSB-lacking VemCasl2e and Les-
Casl2e were selected for the analysis. These Casl2e systems exhibit the
same Cas gene arrangement in the CRISPR locus (Supplementary
Fig. 1a) and contain identical sequences at the 3’ end of direct repeats,
which informed the formation of the conserved triplex region in
sgRNA structures (Supplementary Fig. 1b)"*?. These similarities among
these four orthologs provide a foundation for conducting compre-
hensive and parallel analyses.

PAM recognition is a critical step for the target interference and
contributes to the initial melting of the dsDNA duplex****". Hence, we
first evaluated the PAM preferences at different salt concentrations.
PImCas12e showed a more stringent PAM requirement when salt
concentrations were increased from 50 mM to 300 mM NaCl (Fig. 2f
and Supplementary Fig. 7a). For instance, as the salt concentration
increased, PAM position -2 for PImCasl2e exhibited an increased
requirement for —2dC. The —2dC-preference was also highlighted using
PAM depletion assays conducted in E. coli. Similarly, VemCas12e also
showed more strict PAM requirements, especially at -3dT position, as
the salt concentration increased (Fig. 2g and Supplementary Fig. 7b).
Further cleavage assays revealed that dsDNA containing a preferred
PAM exhibited relatively lower cleavage reduction than that with a less-
preferred PAM during cleavage by Casl2e proteins as salt concentra-
tions increased (Supplementary Fig. 8a-d). This indicated that the
optimal PAM with stringent sequence determined under high salt
conditions might secure more robust gene-editing efficacy by Cas
editors.

PAM recognition is followed by TS: gRNA heteroduplex (R-loop)
propagation. In Cas effectors, R-loop formation is an essential and rate-
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Fig. 2 | High salt concentration reduces the trans- and cis-cleavage activities of
Casl2e orthologs. a sgRNA-guided 1kb-dsDNA cleavage assays for Casl2e ortho-
logs. Similar results were obtained in three independent experiments. b Left,
schematic of Casl2e (blue)-sgRNA (yellow) RNP complex cleaving target dsDNA
(black), resulting in activation of the RuvC nuclease (denoted by a red dot) domain.
This schematic is created in BioRender. Liu, J. (2023) BioRender.com/x40b358.
Right, comparison of ssDNA trans-cleavage kinetics among Casl2e orthologs at a
physiological salt concentration of 150 mM NaCl. Data are shown as mean + SD
from n=3 independent experiments. c trans-cleavage of 3’-Cy5 labeled 55-nt ssDNA
by PImCasl2e under gradients of different salt concentrations. Similar results were
obtained in three independent experiments. d Michaelis-Menten kinetic studies of

reporter trans-cleavage by PimCasl2e under 50 mM NaCl condition. Data are shown
as mean + SD from n =3 independent experiments. e Comparison of dsDNA cis-
cleavage efficacy among Casl2e orthologs under a gradient of salt concentrations
in 0.5 h. Data are shown as mean + SD from n =3 independent experiments. Direct
lines connecting different points are used to illustrate variations in efficiency.

f-g PAM screening results of PImCasl2e (f) and VemCasl2e (g) at three salt con-
centrations. Source data are provided as a Source Data file. h Schematic of smFRET
assay to quantify dsDNA unwinding with Cy3-labeling on NTS and Cy5-labeling on
TS. i DNA unwinding proportion for different Cas12e orthologs after a 5-min
incubation of DNA substrate and Cas12e-sgRNA complex. Data are shown as
mean + SEM from n =3 technical replicates.

limiting step for target interference®, we then postulated that the high
salt concentration might affect the R-loop formation by Cas12e effec-
tors. To test this hypothesis, we conducted single-molecule fluores-
cence resonance energy transfer (SmFRET) assays and deactivated
Cas12e (dCasl2e) orthologs were used for capturing the stable R-loop
conformation®. In the assays, Cy3 was attached to the non-target
strand at the 16™ position from PAM, and Cy5 was attached to the
target strand at the 7" position from PAM. The labeled dsDNA alone
displayed a single high-FRET state as Cy3 and Cy5 were close to each
other, representing an unperturbed DNA duplex. The labeled dsDNA
invaded by Cas effectors would generate a stable low FRET signal, the
proportion of which corresponds to the extent of DNA unwinding and
R-loop formation (Fig. 2h)*’. At a lower salt concentration (50 mM
NaCl), all tested dCas12e orthologs could lead to a shift to a stable low
FRET, indicating the R-loop formation (Supplementary Fig. 9a-d). In
agreement with our hypothesis, as the salt concentration increased to
300 mM, less R-loop populations were detected for all orthologs
(Fig. 2i). Notably, the proportion of R-loop is lower than the cleavage

fraction for each Casl2e protein (Fig. 2e, i), and remains largely
unchanged when the incubating time was extended from 5 min (used
in Fig. 2i) to 30 min (used in Fig. 2e) (Supplementary Fig. 10a-e). We
speculate that the discrepancy between results of smFRET assays and
cleavage assays is likely attributable to the differing properties that
these assays actually measure and present. The smFRET assay captures
R-loop formation with deactivated Casl2e under near-equilibrium
conditions, where the R-loop proportion remains largely constant. In
contrast, the cleavage assay was conducted under non-equilibrium
conditions with active Casl2e protein, allowing for the observation of
the proportion of cleavage products accumulated over time. Taken
together, our results indicate that high salt concentration can hinder
the R-loop formation by Cas12e effectors, likely resulting in decreased
target interference activity.

Notably, at 300 mM NaCl, dVemCasl2e and dLesCasl2e rarely
generated R-loop, whereas dDpbCasl2e and dPImCasl2e were still
capable of forming stable R-loops, albeit with a two-fold activity
reduction compared to 50mM NaCl (Fig. 2i). This observation
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suggests that VemCas12e and LesCasl2e are more sensitive to elevated
salt concentrations in R-loop formation compared to PImCas12e and
DpbCasl2e.

Structural analysis of VemCasl2e and LesCas12e

To gain mechanistic insights into the diverse salt sensitivities of the
above-analyzed Casl2e orthologs, we reconstituted the VemCasl2e
and LesCasl2e ternary complexes in vitro for structural analysis,
aligning with published PImCasl2e and DpbCasl2e structures'**.
Considering that the tracrRNA sequence (TracrRNA-TO) used in E. coli
assays was determined by bioinformatically predicted TSS (Tran-
scription Start Site), we experimentally explored the optimal tracrRNA
length for VemCasl2e and LesCasl2e via screening assay (Supple-
mentary Fig. 11a-f). Among the tracrRNAs of different lengths,
TracrRNA-T2 for VemCasl2e and TracrRNA-T2 for LesCasl2e enabled
the highest cleavage activity. These optimal tracrRNAs for both
Cas2es were then used for complex reconstitution and related
analysis.

Using single-particle cryo-electron microscopy (cryo-EM), we
reconstituted and obtained the EM maps of dVemCasl2e (D576A/
E662A/D837A)-sgRNA-dsDNA ternary complex and dLesCasl2e
(D578A/E664A/D841A)-sgRNA-dsDNA ternary complex with resolu-
tions of 2.51 A and 2.92 A, respectively (Supplementary Fig. 12a-h and
13a-c). Overall, VemCas12e and LesCasl2e proteins are highly con-
served at the domain level and share a bilobed architecture comprising
a REC lobe (composed of Helical-1 and Helical-Il domain) and a NUC
lobe (composed of RuvC, TSL, BH domain, and OBD) (Fig. 3a-d, Sup-
plementary Fig. 13d, left). Structural alignment using Dali server*
against the Protein Data Bank (PDB) showed that both VemCas12e and
LesCas12e share the highest structural similarity with DpbCas12e (PDB:
6NY3) with Z-scores of 21.8 and 20.0, respectively (Supplementary
Fig.13d, middle). Further detailed structural comparison between
VemCasl2e and DpbCasl2e revealed high similarity across Helical-l,
Helical-lIl, OBD, and RuvC domains (Supplementary Fig.13d, right).
However, both VemCasl12e and LesCas12e lack the NTSB domain.

Furthermore, conserved PAM recognition details were observed
between VemCasl2e and LesCasl2e proteins. In VemCasl2e, Y422
forms two hydrogen bonds with dA(-2), and K479 forms a hydrogen
bond with dT(-2*) (Fig. 3e, f). Additionally, K479 also recognizes the
04" and N3 of dG(-1*) via hydrogen bonds, confirming the
G-preference at dN(-1*) position in PAM screening results (Supple-
mentary Fig.2b). The side chains of S99 and Y101 from the Helical-I
domain engage in van der Waals interactions with the base of dG(-1*)
and the methyl group of dT(-2*), respectively (Supplementary Fig.13e,
left). LesCas12e displays a similar PAM recognition pattern, with Y424,
K481, and Y104 exhibiting analogous interactions to the PAM duplex as
Y422, K479, and Y101 in VemCasl2e (Fig. 3g and Supplementary
Fig.13e, right). However, unlike K479 of VemCasl2e, K481 of LesCas12e
does not form hydrogen bonds with the base of dG(-1*), aligning with
the weaker preference at dN(-1*) position suggested by PAM screening
assays (Fig. 1e). The dT(-3*): dA(-3) base pair in the PAM duplex does
not form base-specific interaction with VemCasl2e or LesCasl2e,
aligning with the weak cleavage preferences for dT(-3*) suggested by
PAM screening assays (Fig. 1e). Of note, NTSB-containing Cas12e indi-
cated by reported structures, like PImCasl2e, showed different PAM
recognition details from VemCasl2e and LesCasl2e*. In PImCasl2e,
the Q512 and Y513 from the OBD form hydrogen bonds with dA(-3)
and dG(-2), respectively (Supplementary Fig.13f). Meanwhile, K227
from the Helical-l domain recognizes the bases of both dT(-3*): dA(-3)
pair and dG(-2) through hydrogen bonds. These interactions collec-
tively contribute to the 5-TCN PAM preference by PImCasl2e.

The sgRNAs of VemCasl2e, LesCas12e, and PImCasl2e shared the
similar overall architecture, including a triplex region composed of
triple base pairs, a scaffold stem, and an extended stem formed by
paring of repeat and anti-repeat (Fig. 4a, b). Furthermore, the

interactions between the REC lobe and scaffold stem and between the
NUC lobe and triplex region are well-observed across three complexes.
Beyond, these sgRNAs have many varied details. The 5’ end of sgRNA
base pairs with the scaffold stem in PImCasl2e complex but not in
VemCasl2e and LesCasl2e complexes. Additionally, the sgRNA of
VemCasl2e but not PImCasl2e or LesCasl2e features an extra stem
(termed outward stem) free from the VemCasl2e protein. Truncation
of this extra stem showed minimal effect on the dsDNA cleavage by
VemCas12e (Supplementary Fig.14a, b). These observations highlight
the conservation and diversity of sgRNAs in different Casl12e systems.

Our structural analysis has shown that, with the exception of the
NTSB regions, Cas12e orthologs exhibit a high level of conservation at
the domain level and utilize sgRNAs with similar architecture, indi-
cating that NTSB is the primary factor in differentiating their DNA
interference behaviors.

NTSB-DNA interactions facilitate R-loop formation under high
salt concentration

Unlike NTSB-lacking Casl2e, NTSB-containing Casl2e maintained
considerable R-loop populations at high salt concentrations (Fig. 2i).
To validate the beneficial role of NTSB, we introduced alanine muta-
tions (K106A/K148A/K150A) at some of the residues responsible for
DNA R-loop interaction and stabilization in PImCas12e NTSB domain
(Fig. 5a, b), and measured the dsDNA cleavage activities across varying
salt concentrations (Fig. 5¢c and Supplementary Fig. 15a, b)*. Com-
pared with the wild-type (WT) PImCasl2e, the NTSB-mutant showed
similar cleavage activities at lower salt concentrations (50, 100, and
150 mM NacCl) but substantially decreased activities at high salt con-
centrations (200 and 300 mM NaCl). Notably, PIm2Cas12e naturally
lacks positively charged residues at analogous positions to K106 and
R192 in PImCasl2e (Fig. 5d and Supplementary Fig. 15¢), which are
involved in NTS and TS interaction, respectively®. Indeed, PIm2Cas12e
behaved similarly to PImCasl2e NTSB-mutant across the salt con-
centrations (Fig. 5e and Supplementary Fig. 15d). Reintroducing a
single arginine residue at Q217 (corresponding to R192 in PImCasl2e)
in PIm2Casl2e enhanced the cleavage activity at a high salt con-
centration (300 mM NaCl) but showed minimal effect to the DNA
cleavage at low salt concentrations (25-200 mM) (Fig. 5e), highlighting
the role of the arginine for the dsDNA cleavage by PIm2Cas12e at high
salt concentration.

Our findings collectively indicate that the stable interactions
between the DNA target and the NTSB domain, primarily facilitated by
positively charged residues, play a crucial role in promoting R-loop
formation and dsDNA cleavage under high salt concentrations.

VemCasl2e and LesCas12e adopt positively charged loops for
DNA duplex melting

Though much less effective compared to NTSB-containing Casl2e,
NTSB-lacking orthologs, like VemCasl2e and LesCasl2e, were still able
to invade dsDNA and display detectable dsDNA cleavage signal under
high salt concentrations (Fig. 2e). This suggests that NTSB-lacking
orthologs might contain some less-dominant elements for dsDNA
invading. Indeed, in the analogous position to the NTSB domain, both
VemCas12e and LesCasl2e possess a positively charged loop (termed
Loop 1) composed of about 12 residues (Fig. 5f and Supplementary
Fig. 16). The alanine substitutions at the positively charged residues
(K91A/K92A/K96A/K97A) within Loop 1 of VemCas12e nearly abolished
the cleavage of dsDNA but remained effective for bubbled dsDNA
cleavage (Fig. 5g and Supplementary Fig. 17a). This indicates that Loop
1 plays critical roles in dsDNA unwinding prior to complete R-loop
formation. The density of NTS that may interact with Loopl cannot be
observed in the EM map, likely due to structural flexibility in this local
region. This suggests a dynamic or transient interaction between Loop
1 and NTS within the R-loop window, unlike the strong and stable
NTSB-NTS interaction observed in NTSB-containing Cas12e'**.
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Fig. 3 | Cryo-EM structures of VemCasl2e and LesCasl2e ternary complexes. a,
b Domain architectures of VemCasl2e (a) and LesCasl2e (b). ¢, d Overall structures
of dVemCasl12e (c) and dLesCas12e (d) in complex with sgRNA and target dsDNA.
Domains are colored identical to those in a and b. e Partially paired dsDNA target

used in both VemCasl12e (c) and LesCas12e (d) complexes. Structurally disordered
nucleotides are colored gray. f, g PAM recognition patterns of VemCasl2e (f) and
LesCasl2e (g). Base-specific hydrogen-bonding interactions are indicated with blue
dashed lines.

Notably, within the OBD of both VemCasl2e (475-486 aa) and
LesCasl2e (477-488 aa), another positively charged loop, denoted
Loop 2, was observed to insert into the minor groove of the PAM
duplex (Fig. 5f). Although PImCasi2e and DpbCasl2e also contain a
Loop 2, their Loop 2s are six to nine residues shorter and do not insert
into the DNA duplex. Additionally, Loop 2 in VemCasl2e and LesCas12e
is engaged in the recognition of dT(-2*) in the PAM duplex via a lysine
residue (K479 in VemCasl2e and K481 in LesCas12e) (Fig. 3f, g). Addi-
tionally, the side chain of an arginine residue (R478 in VemCas12e,
R480 in LesCasl12e) within Loop 2 is inserted directly downstream of

the PAM, likely to act as a physical barrier to preserve DNA strand
separation (Fig. 5h, i). Both VemCasl2e-K479A and -R478A mutants
showed significantly reduced DNA cleavage activity (Supplementary
Fig. 17b, c). The activity was restored by introducing one or two mis-
matched base pairs proximal to the PAM (Supplementary Fig. 17b, c),
suggesting that these residues contribute to R-loop formation by
facilitating the melting of dsDNA proximal to the PAM. Together, these
observations indicate that some short structural elements, such as
Loop 1 and Loop 2, in NTSB-lacking Casl2e may play a similar but
weaker role as NTSB in unwinding dsDNA (Supplementary Fig. 17d).
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regions. b Guide RNA structures of VemCasl12e (left), LesCasl2e (middle), and
PImCasl2e (right, PDB: 7WB1) in ternary complexes. The structure of sgRNA is
colored similarly as in a. NTS is colored in blue and TS is colored in red.

NTSB-lacking OpbCasl2e adopts a unique helix-loop structure
for robust R-loop formation and target cleavage

Although OpbCasli2e, like other NTSB-lacking members, contains
Loop 1 and Loop 2 (Supplementary Fig. 18a, b), it exhibits unique
biochemical behavior compared to VemCasl2e and LesCas12e. Opb-
Casl2e showed higher activity than other NTSB-lacking members
across all tested salt concentrations (Fig. 2e) and significantly main-
tained comparable R-loop signals in both low and high salt con-
centrations (50 mM and 300 mM NaCl) (Supplementary Fig. 18c).

To reveal the molecular details for OpbCasl12e’s robust dsDNA
unwinding ability without NTSB, we carefully compared the structures
of OpbCasl2e (predicted) and VemCas12e and identified a unique
helix-loop structure in OpbCasl2e RuvC domain (Supplementary
Fig. 18d). This helix-loop shows minimal sequence similarity to known
proteins. FRET assays showed that helix-loop-deleted dOpbCasl2e
mutant could still generate a considerable R-loop signal at low salt
concentration (50mM NaCl) but not at high salt concentration
(300 mM NaCl) (Supplementary Fig. 18e). Meanwhile, the dsDNA
cleavage activity of OpbCasl2e was abrogated after deletion of the
helix-loop regardless of the salt concentrations (Supplementary
Fig. 18f). These results suggested that the unique helix-loop in Opb-
Cas12e is not only beneficial for dsDNA unwinding but also essential for
subsequent DNA cleavage.

Based on our results, we would like to propose a model to illus-
trate the impact of salt concentration on R-loop formation. In the
reaction system with low salt concentrations (Fig. 6a), the free DNA
target was inadequately decorated by a small number of cations, like
Na’, and displayed a vulnerable conformation for Casl2e invading.

Likely, the overall electrostatic interaction between Casl2e lobes
and dsDNA was efficient for allowing the R-loop formation. Under
such conditions, the extra DNA-unwinding capability provided by
NTSB and the loops was likely beneficial but not essential. While
under the high salt concentrations (Fig. 6b), the overall electrostatic
interaction between Casl2e lobes and dsDNA was largely dampened by
the competition of concentrated cations. Therefore, NTSB and the
loop elements turned essential for DNA-unwinding and R-loop
formation.

Discussion

Divergent evolution of CRISPR-Cas12e subtype with unique
traits for adaptations

Our structural comparisons revealed the NTSB domain as an enhancer
for R-loop formation and cleavage efficiency. Based on the bilobed
configuration, Casl2e proteins employ various modules, such as the
NTSB domain and certain positively charged loops close to the PAM
duplex, and the helix-loop within the RuvC domain, to facilitate dsSDNA
unwinding and cleavage (Fig. 6¢). Other Casl2 systems adopt similar
strategies with different structural components. For instance, Cas12a*?
and Cas12b* evolved a “phosphate lock” interaction model to facilitate
the unwinding of PAM-adjacent base pairs. Some Casl12 proteins insert
small modules between the two strands of target DNA to unzip PAM-
proximal DNA or maintain the unwound conformation. For example,
FnCasl12a** contains a loop-lysine helix-loop (LKL) within the PAM
interacting domain, Cas12f* features a helix within REC1 domain, and
Casl2i*® comprises a zipper motif within the Helical-l domain. Overall,
for robust dsDNA unwinding, the Casl2 proteins took various
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Fig. 5 | dsDNA melting mechanisms by NTSB-containing PImCas12e and NTSB-
lacking VemCasl2e and LesCasl2e. a, b Positively charged residues involved in
DNA duplex interactions in the PImCas12e NTSB (a PDB: 7WBI1) and PImCasl2e
NTSB (b, PDB: 7WAZ). The blue dashed lines indicate hydrogen-bonding interac-
tions. ¢ Comparisons of cis-cleavage on dsDNA by wild-type (WT) PImCasl2e and
lysine residues-mutated PImCasl2e at varying salt concentrations. The cleaved
fraction for each reaction was fit into the One Phase Decay model. k value is the rate
constant. Data are shown as mean + SD from n =3 independent experiments.

d Positively charged residues at corresponding positions to K148 and K150 within
the PIm2Casl2e NTSB (predicted). e dsDNA cleavage efficiencies by wild-type
PIm2Casl2e and arginine-restored PIm2Casl2e mutant at different salt concentra-
tions. Data are shown as mean + SD from n = 3 independent experiments. Statistical

analysis was performed using a two-way ANOVA test with Sidak’s multiple com-
parison test. (***p value < 0.0001; “ns” means not significant with the p value >
0.05). The exact p values for the comparison at 25, 50, 100,150, 200, 300, and
400 mM NaCl are 0.9704, 0.8939, 0.1051, 0.9125, 0.1220, <0.0001, and 0.9953,
respectively. Source data are provided as a Source Data file. f Comparison of
structural elements of NTSB-containing PImCasl12e (PDB: 7WB1) and NTSB-lacking
VemCasl2e and LesCasI2e. NTSB and Loop 1 are colored in purple, and Loop 2 is
colored in brown. g Positively charged Loop 1 of VemCas12e. Four lysine residues
are denoted. h The electron density map of Loop 2 among three Cas12e orthologs.
Residues interacting with dsDNA duplex are denoted. i Schematic diagram showing
different structural elements responsible for dsDNA invading in VemCasl2e.

evolutionary directions, including domain expansion, acquisition of
new structural elements, and residue variability, leading to significant
diversity in both size and nuclease activity.

This study reveals that the different DNA unwinding capacities are
responsible for the varying salt sensitivities among Casl2e systems
(Fig. 2i). Indeed, these Casl2e systems are identified from diverse
environments with various salt concentrations. Furthermore, bacterial
cells could adjust the intracellular osmotic pressure to provide the
turgor pressure against the living environments**%, Therefore, we
conceive that the high salt tolerance of some Casl2e systems is crucial
for host bacteria to cope with fluctuations in the osmolarity of the
external environment.

Less effective binding of TS by VemCasl2e and LesCasl2e

In the VemCasl2e and LesCasl2e ternary complexes, we did not
observe the density of the NTS downstream of the PAM duplex,
whereas PImCasl2e and DpbCasi2e complexes formed a complete
R-Loop with displaced NTS bound to the surface of the NTSB, RuvC,
and TSL domains'**, Additionally, the TSL domains in VemCas12e and
LesCasl12e are disordered, likely resulting in the missing of state II, at
which the RNA-DNA heteroduplex is bent back to access the RuvC
catalytic pocket for the cleavage of the target strand in PImCasl2e and
DpbCasl2e. These structural differences indicate that VemCasl2e and
LesCasl2e may bind the TS less effectively than PImCasl2e and
DpbCasl2e.
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Mechanisms of salt sensitivities in dsDNA cis-cleavage and
ssDNA trans-cleavage

Our study observed a substantial increase in the dsDNA cleavage
activity of Casl2e proteins at lower salt concentrations, which is inher-
ently comprehensible. Cations (e.g., Na*) in the salt solution may neu-
tralize the negatively charged DNA strands, reducing the repulsion
between the two strands and, therefore, stabilizing the double-stranded
structure*®. Consequently, reduced cations facilitate the interaction
between Casl2e proteins and DNA backbone, thereby promoting the
R-loop formation. This aligns with previous studies showing mutations
that increase the interaction between the protein and the DNA back-
bone may improve genomic editing capacities®**. On the other hand,
in vitro systems can exploit salt concentration as a selective pressure to
identify more efficient DNA manipulation tools. Furthermore, under the
background of increasing salinization of cultivated land around the
world, this study has significant application potential for the genome
editing in plants that thrive in saline-alkali land.

We also observed noticeable reduced trans-cleavage activity as
the salt concentration increased (Fig. 2c). The trans-cleavage of ssDNA
by the RuvC domain is primarily driven by non-specific digestion”,
where ssDNA recognition depends on the electrostatic interaction
between the positively charged pocket of the RuvC domain and the
negatively charged phosphate backbone of the ssDNA. The increase of
the positively charged ions likely screens the negative charges on the

ssDNA, thereby reducing the binding between the ssDNA and the RuvC
domain.

In summary, our work elucidates the structural mechanisms
underlying the R-loop formation across Casl2e orthologs. Addition-
ally, we emphasize the crucial role of the NTSB domain for salt-tolerant
R-loop formation and target cleavage. These findings not only expand
the toolkit for in vitro implications but also pave the way for the
rational design of Casl2e variants with enhanced activity.

Methods

Statistics & reproducibility

No statistical method was used to predetermine sample size. No data
were excluded from the analyses. The experiments were not rando-
mized. The Investigators were not blinded to allocation during
experiments and outcome assessment.

Casl2e candidates mining

Previous reported Cas12e nucleases were aligned using ClustalO** with
parameter “iterations” changed to 10. Using HMMER, alignment was
subsequently used to build the Hidden Markov Model (HMM), which
was further searched against the NCBI database for homologous
proteins®. Cas protein and CRISPR array were predicted from candi-
dates’ up/downstream  sequences using local  version
of CRISPRCasFinder®. Functions of these proteins were further
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analyzed with eggNOG mapper (version 2.1.9, based on eggnog Data-
base version 5.0.2)"".

Phylogenetic analysis

The representatives of Casl2 family members, PImCasl2e and
DpbCasl2e, were collected. The multiple sequence alignment of all
Casl2 effectors was generated using ClustalO with parameter “itera-
tions” changed to 10. The phylogenetic tree was further constructed
using IQ-TREE2 (version 2.0.7)°® with the following parameters: --alrt
1500 -bb 1500 nm 1500 m VT +F +Ré6. Tree was visualized in iTOL
(version 6.8)*. The phylogenetic tree of Cas12e family members was
built similarly.

Next-generation sequencing data processing

All sequencing data was processed by Trim Galore (version 0.6.5) to
remove adapters and low-quality reads. Q20, Q30, and GC content of
the clean data were calculated by FasQC (version 0.12.0). Next, paired
reads were merged by FLASH (version 2.2.00)° for subsequent ana-
lysis. For the PAM screening assay, the N5 region was extracted
between known up/downstream sequences using fasta-grep and
visualized using WebLogo (version 2.8.2a)°". For cleavage site deter-
mination, cleavage sites were exposed after adapter removal, and
reads representing different cleavage sites were merged and calcu-
lated for cleavage ratio.

TracrRNA and crRNA determination

For CRISPR-Cas12e systems, the 3’ region of the tracrRNA was deter-
mined based on the complementarity of repeat and anti-repeat. Spe-
cifically, repeat sequence was used to search for anti-repeat region
against the window spanning from 1 kb upstream of the Cas proteins
to the end of the CRISPR arrays in the genomes using Pairwise
Sequence Alignment in EMBOSS Needle with default parameters. The
5-boundary of tracrRNA was determined by promoter prediction
using BPROM®. All tracrRNAs were determined in the same way as
shown in Fig. 1c and Supplementary Fig. 1a, and the sequences were
shown in Supplementary Data 1. The alignment of all the repeats in
Supplementary Fig. 1b was performed using Multiple Sequence
Alignment in Clustal Omega (1.2.4) with default parameters®*.

Plasmids construction

Bacteria- and human-codon optimized Casl2e genes were cloned to
the protein expression pET28b-based vector with an N-terminal hexa-
histidine tag and a SUMO tag by homologous recombination (One Step
Seamless Cloning Mix, CWBIO). For the CasI2e mutant, mutations were
introduced via PCR using mutagenetic primers. The purification of
DpbCasl2e and PImCasl2e proteins utilized the 10xHis-MBP-tagged
plasmid reported in previous studies'?. For the purification of gRNA
in vitro, a T7 promoter and DNA template were inserted into the
pUCI19. Then, a 0.7 kb-long dsDNA template was amplified from that
plasmid, serving as a transcription template in the system. For PAM
screen assays, the pUC19-derived plasmid library containing five ran-
domized nucleotides upstream of the protospacer was constructed as
previously described®. Briefly, a single-stranded oligonucleotide con-
taining five randomized nucleotides (N5-oligo) was synthesized. Then,
the N5-oligo was annealed to and amplified with another oligonu-
cleotide containing a complementary region to the 3’ end of the N5-
oligo. The PCR products were purified using DNA Clean &
Concentrator-25 (Zymo Research) and cloned into the linearized
pUC19 plasmid by homologous recombination (One Step Seamless
Cloning Mix, CWBIO). Using a similar method, the plasmid with each
single PAM of Cas12e orthologs was obtained for cleavage site deter-
mination. To express Casl2e proteins and gRNAs for plasmid inter-
ference assays in bacteria, a pTrc-promoted Casl12e gene, and J23119-
promoted sgRNA were inserted into the pCDFDuet vector to obtain
pCDFDuet-Casl2e-gRNA. Two Bbsl- or Sapl- recognizing sites reside at

the 3’ end of the gRNA, enabling the convenient spacer insertion
through the Golden Gate method. The plasmids used in this study are
listed in Supplementary Data 2.

Protein expression and purification

The plasmid pET28b-10xHis-SUMO-Cas12e was transformed into E. coli
Rosetta (DE3) competent cells by heating at 42 °C for 1 min before the
5-min resting on ice. Then, a 1mL Luria broth (LB) was added to the
mixture and incubated at 37°C for 1h to recover. The cells were
transferred to a solid LB dish containing 50 pg/mL kanamycin and
incubated at 37 °C overnight. The next day, around ten clones were
picked and transferred into 100 mL LB medium for further cultivation.
After six hours, 20 mL of the culture was added to 500 mL terrific broth
(TB) medium supplemented with 100 pg/mL ampicillin and 4 mL 50%
glycerol. Once the optical density (OD600) reached 1.0-1.2, expression
was induced with 0.4 mM IPTG before the cells were grown overnight
at 16 °C. The cells were gathered by centrifugation and resuspended in
lysis buffer [20 mM HEPES pH 7.5 at 25°C, 600 mM NacCl, 10% (v/v)
glycerol, 50 mM imidazole, 1 mM TCEP] supplemented with 4 mM -
mercaptoethanol and 1mM PMSF. After the sonication, lysed cells
were centrifuged at 24,100 g for 60 min at 4 °C. The supernatant was
loaded onto the pre-equilibrated Ni-NTA (QIAGEN) agarose beads
three times. Then the resin was washed with a tenfold volume of lysis
buffer. The His-tagged protein was eluted by lysis buffer supplemented
with 300 mM imidazole. To remove the His-SUMO tag, the elute was
incubated with Ubl-specific protease 1 (Ulpl) at 4 °C for 30 min. Next,
the mixture was loaded into a 5mL HiTrap Heparin HP column (GE
Healthcare) and eluted with a linear gradient of heparin elution buffers
[buffer A (20 mM HEPES pH 7.5, 200 mM NacCl, 10% Glycerol, 1 mM
TCEP), and buffer B (20 mM HEPES pH 7.5, 1M NaCl, 10% Glycerol,
1mM TCEP)]. Peak fractions containing target proteins were pooled
and further purified by size-exclusion chromatography (Superdex
increase 200 10/300 GL; GE Healthcare) gel filtration column equili-
brated with SEC buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 10% gly-
cerol, 1 mM TCEP). The protein fractions validated by polyacrylamide
gel electrophoresis (PAGE) were aliquoted, flash-frozen in liquid
nitrogen, and stored at —80 °C. DpbCasl2e and PImCasl2e were pur-
ified using a similar protocol with some modifications. Both proteins
were tagged with maltose binding protein (MBP) in 2CT-10 expression
vector. Following incubation with Ni-NTA resin, the enriched Casl2e
proteins were incubated with tobacco etch virus (TEV) protease
overnight in a buffer containing 20 mM HEPES (pH7.5 at 25°C),
600 mM NacCl, 10% (v/v) glycerol, and 1 mM TCEP. The flow-through
was then collected and applied to a Heparin column for further pur-
ification. For gel filtration, DpbCas12e and PImCasl2e proteins were
eluted using a buffer containing 20 mM HEPES (pH 7.5 at 25°C),
400 mM NaCl, 10% glycerol, and 1 mM TCEP. Protein sequences are
listed in Supplementary Data 1.

RNA preparation

All the gRNAs were produced using in vitro transcription (IVT). First,
DNA sequences containing T7 RNA polymerase promoter upstream of
the gRNA were assembled by overlap PCR before it was inserted into a
pUC19 empty vector. The sequence was further validated by Sanger
sequencing. Then, a 0.7 kb linearized DNA templates were acquired by
PCR using two primers, one of which could anneal to the 3’ end of
spacer region, enabling the precise termination. The remaining steps
were conducted as described previously”. Briefly, DNA template was
incubated with 0.5mg/mL T7 polymerase and 4 mM NTP mix in IVT
buffer (30 mM Tris pH 8.1, 25 mM MgCl,, 0.01% Triton, 2 mM spermi-
dine) for 3 hrs at 37 °C. The mixture was then loaded into 10% Urea-
PAGE with 2x formamide loading (95% formamide, 0.02% SDS, 0.02%
BPB, 0.01% xylene cyanole FF, 1 mM EDTA) for electrophoresis. Correct
band was extracted, smashed, and soaked in soaking buffer (0.38 M
NaAc pH 5.2, 0.8 mM EDTA, 0.8% SDS) overnight at 4 °C. The gRNA was
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further washed twice using nuclease-free water in a 3kDa MWCO
concentrator (Merck Millipore), and finally concentrated into 400 pL.
The RNA sample was then transferred to a 1.5 mL tube. To precipitate
the RNA, 0.3 volumes of 3M NaOAc and 3 volumes of chilled 100%
EtOH were added to the sample, followed by incubation at =80 °C for
2h. Next, the sample was centrifuged at 12000 g for 30 min. The
resulting pellet underwent two additional washes with 70% EtOH
before being dissolved in 200 pL nuclease-free water. To achieve
proper folding, the concentrated gRNA was transferred into refolding
buffer (50 mM KCl, 5 mM MgCl,) and incubated at 72 °C for 5 min, then
slowly cooled down to room temperature (RT) before being frozen and
stored at —80°C. The gRNA sequences are listed in Supplemen-
tary Data 1.

PAM screening and cleavage site determination

The PAM screening using in vitro systems is adapted from a previous
study with modifications®. The N5 plasmid library was incubated with
Cas12e protein and sgRNA at a ratio of 10:15:1 (Cas12e:sgRNA:plasmid)
at 37 °C for 30 min in a cleavage buffer (20 mM Tris-HCI pH 7.5 at
37°C, 50/150/300 mM NacCl, 10 mM MgCl,, 1 mM DTT). The reaction
was stopped by adding 15 mM EDTA with 1 mg/mL proteinase K and
was incubated at 50 °C for 30 min. Linearized plasmid was extracted
and end-repaired by T4 DNA polymerase (Thermo Fisher Scientific)
with 1 mM dNTP (Sangon Biotech). A dA was added to the 3’ end of the
products by Dreamtaq polymerase (Thermo Fisher Scientific) with
1 mM dATP (Sangon Biotech). Next, the adapters with a 3’ dT overhang
were ligated to the purified products with the same mass concentra-
tion by fast T4 DNA ligase (Beyotime). A fragment was amplified from
the region containing the N5 PAMs using two primers, one pairing to
the upstream of the PAM, and the other pairing to the adapter. Next,
the purified PCR products were applied to the TIANSeq Fast DNA
Library Prep Kit (TIANGEN) for Illumina Novaseq PE150 next-
generation sequencing (NGS). As a control, N5 plasmid library was
incubated in the blank cleavage buffer at 37 °C for 30 min. Then a
fragment was PCR amplified by two primers paired to the upstream
and downstream of the PAM before being applied to NGS library
preparation using kits. The depletion fold-change for each PAM was
analyzed using the number of matched reads in Cas12e and control
groups normalized with total reads.

To determine the cleavage sites of Casl2e on plasmids, a plasmid
with a single PAM was applied to the cleavage system described above.
The linearized products were treated using the same methods as those
in PAM screening assays, with the exception that the fragment cover-
ing the PAM-distant end after the cleavage was also enriched by two
primers paired to the adapter and downstream of the PAM, enabling
the cleavage sites determination on the non-target strand. The primers
used in PAM screening assays are listed in Supplementary Data 3.

Plasmid interference assay in bacteria

E. coli BW25141 competent cells carrying the ccdB toxin plasmid (p11-
LacY-wtxl) were prepared following the protocol previously
described®. Briefly, the pll-LacY-wtx1 plasmid was transformed into
chemically competent E. coli BW25141. The transformed cells were
cultured at 37 °C with vigorous shaking in 1L LB medium until the
0D600 reached 0.4-0.5. The cells were then chilled and harvested by
centrifugation. After harvesting, the cells were washed sequentially
with 800 mL water followed by 400 mL 10% glycerol. Finally, the cells
were resuspended in 2.5mL 10% glycerol, frozen in aliquots, and
stored at -80°C. 50 pL competent cells were electroporated with
200 ng plasmid (pCDFDuet-Casl2e-sgRNA) with 0.2 cm cuvette (BIO-
RAD) under 1.8 kV using Eppendorf eporator (Eppendorf). After 1.5-hr
of recovering in 5mL SOC medium at 37 °C, the bacterial cells were
enriched by centrifugation and resuspended with 5 mL LB containing
50 pg/mL streptomycin, and cultured for an extra 8-12 h. To induce the
expression of the ccdB toxin, 5L of culture with gradient dilutions

from 10° to 1077 was spotted onto the LB-agar plate containing 50 pg/
mL streptomycin and 10 mM arabinose, incubating overnight at 37 °C.

PAM depletion assay

PAM depletion assays were conducted as previously described” with
modification. Specifically, ampicillin-resistant plasmid libraries con-
taining randomized N5-PAM sequences were transformed into E. coli
DH5a, which had been pre-transformed with a streptomycin-resistant
plasmid encoding Casl2e proteins and the cognate sgRNA targeting
the N5 PAM plasmid. In the control group, the pre-transformed plas-
mids encoded the Casl2e protein and a non-targeting cognate sgRNA.
After transformation, 1mL LB medium was added into the cells for
1-hour culturing at 37°C. Then, the cells were plated on selective
medium containing streptomycin (50 mg/mL) and Ampicillin (100 mg/
mL) for 12h at 37°C. Plasmid DNA was extracted, and the PAM-
including region was amplified with adapters for Illumina sequencing.
The 5-nucleotide PAM sequences were extracted, and their frequencies
were calculated. PAM sequences depleted by more than 5-fold were
identified and used to generate sequence logos via WebLogo3°'.

In vitro cleavage assays
The 65bp Cy5-labeled dsDNA substrates were obtained using a PCR
method described in a previous study®. Briefly, a 5-CyS5 labeled 16 nt
primer was mixed with a 65-nt ssDNA template with certain PAMs in
PCR system (Q5 polymerase, NEB). The PCR products after 35-cycle
amplification were purified using DNA Clean&Concentrator-25 (Zymo
Research). The concentration was further determined by comparing
the strength of the band to the standard Cy5-labeled ssDNA sample
using urea-PAGE gel. Generally, 500 nM Cas protein was incubated
with 750nM gRNA at 25°C to form the ribonucleoprotein (RNP)
complex in a cleavage buffer (20 mM Tris-HCI pH 7.5 at 37 °C, 150 mM
NaCl, 10 mM MgCl,, 1 mM DTT). The salt concentration for the trans-
cleavage was adjusted as required. Then, 10 nM dsDNA substrates were
added and mixed with RNP on ice. The assays were performed at 37 °C,
and aliquots were collected at the indicated time points described in
figure legends. The aliquots were mixed with 2x urea loading buffer
(8 M urea, 25 mM EDTA, 100 pg/mL Heparin) and were incubated at
95 °C for 3 min before being loaded into 15% Urea-PAGE. The cleavage
signals were visualized using a Gel scanner (Amersham Typhoon 5, GE
Healthcare). For the cleavage of 1-kb dsDNA, 30 nM substrates were
added into the cleavage system for better imaging using nucleic acid
stain. The reaction was stopped by adding 25 mM EDTA and 1 mg/mL
proteinase K (Solarbio). After a 1h incubation at 50 °C, the samples
were run on 2% agarose gel.

For the cleavage of bubbled dsDNA by VemCasl2e and its mutant,
a 5’-Cy5 labeled TS (ordered from Sangon Biotech) was annealed with
another non-labeled NTS at a molar ratio of 1: 1 in an annealing buffer
(25 mM Tris-HCI pH 8.0, 25 mM KClI), followed by being heated for
5 min at 95 °C and slowly cooling down to room temperature. Cleavage
reactions were initiated by mixing 500 nM RNP with10 nM dsDNA
substrate in a cleavage buffer (20 mM Tris-HCI pH 7.5 at 37 °C, 150 mM
NaCl, 10 mM MgCl,, 1mM DTT) at 37 °C and product aliquots were
collected at the following time points: 0, 2, 5, 10 and 30 min.

For the trans-cleavage of a random 55-nt Cy5 labeled ssDNA,
300 nM Cas protein and 450 nM gRNA were mixed and incubated at
25 °C for 30 min in a cleavage buffer (20 mM Tris-HCI pH 7.5 at 37 °C,
150 mM NacCl, 10 mM MgCl,, 1 mM DTT). To activate the trans-cleavage
activity of the Cas protein, 450 nM cis-dsDNA activator was incubated
with the RNP at 37 °C for 60 min. Then, the trans-cleavage was initiated
by adding 10 nM 55-nt ssDNA at 37 °C. Sample aliquots were taken at
the following time points: 0, 2, 5, 10, 30, and 60 min. The salt con-
centration for the trans-cleavage was adjusted as required.

For the trans-cleavage of fluorophore-quencher reporter by
PImCasl2e, Casl2e-gRNA complex was pre-assembled by incubating
50 nM PImCasl2e with 62.5nM gRNA and 1nM dsDNA activator at
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37 °C for 60 min in a reporter cleavage buffer (20 mM Tris-HCI pH 7.5
at 37 °C, 50-300 mM NacCl, 10 mM MgCl,, 100 ng/pL BSA, 1 mM DTT).
F-Q reporter was added into the system on ice to a final concentration
of 50 nM. Then, 20 pL mixture was transferred to one well of a 96-well
plate. Two wells for each reaction were prepared to reduce random
errors. The reactions were incubated in a real-time PCR detection
system (Bio-Rad CFX96) for up to 120 min at 37 °C with fluorescence
measurements taken per 30s.

For Michaelis-Menten analysis of PImCas12e, 100 nM PImCasl12e,
125nM gRNA, and 2 nM activator were prepared as described above.
Reaction was initiated by diluting the complexes to a final concentra-
tion of 50nM PImCasl2e: 62.5nM gRNA: 1nM activator (effective
complex =1nM) by an equal volume of reporter cleavage buffer con-
taining 5, 10, 20, 50, 100, 200, 500, 1000 nM F-Q reporter. Then, 20 pL
mixture was transferred to one well of a 96-well plate. Three wells for
each reaction were prepared to reduce random errors. The fluores-
cence was measured as described above. For Michaelis-Menten ana-
lysis of LbCas12a,10 nM LbCas12a, 12.5 nM crRNA, and 0.2 nM activator
were prepared as described above. The reaction was initiated by
diluting the complexes to a final concentration of 5nM PImCasl2e:
6.25nM gRNA: 0.1nM activator (effective complex=0.1nM) by an
equal volume of reporter cleavage buffer containing 5, 10, 20, 50, 100,
200, 500, 1000 nM F-Q reporter. The initial velocity of fluorescence
was calculated by fitting a linear regression to the data points within
600 s and converted to the initial reaction velocity (Vo). Vo values from
the different reactions were plotted against substrate concentration to
determine the Michaelis-Menten constants using (GraphPad Prism),
according to the following equation: Y = V,.,*X/(Ki + X), where X is
the substrate concentration and Y is the V. The turnover number (k¢ao)
was determined by the following equation: kc,c = Vimax/[El, where [E] =
1nM for PImCas12e and 0.1 nM for LbCasI12a.

The sequences of the substrates used in cleavage assays are listed
in Supplementary Data 3.

Single-molecule FRET assay
Single-molecule FRET experiments were performed at 37 °C using a
home-built objective-type total internal reflection fluorescence (TIRF)
microscope in single-molecule FRET buffer (50 mM Tris-HCI pH 7.5 at
37°C, 50/300 mM NaCl, 10 mM MgCl,) with an oxygen scavenging
system containing glucose (3 mg/mL), glucose oxidase (100 pg/mL)
(Sigma-Aldrich), catalase (40 pg/mL) (Roche), 1 mM cyclooctatetraene
(COT, Sigma-Aldrich), 1mM 4-nitrobenzylalcohol (NBA, Sigma-
Aldrich), 1.5 mM 6-hydroxy-2,5,7,8-tetramethyl-chromane-2-carboxylic
acid (Trolox, Sigma-Aldrich). The dCasl2e-gRNA complex was assem-
bled at the ratio of 1: 1.5 at 25 °C for 40 min before the FRET assays. Cy5
is attached to the target strand in the 7th position from PAM, and Cy3 is
attached to the non-target strand in the 16th position from PAM.
Target DNA was immobilized on the cover slide via biotin-streptavidin
interaction and incubated with 1 uM dCasl2e/sgRNA effectors. Fluor-
escent signals were recorded at 100 ms/frame at 10 mW laser power.
Collected movies were analyzed by a custom-made software
program developed as an Image) plugin (http://rsb.info.nih.gov/ij).
Fluorescence spots were fitted by a 2-D Gaussian function within a
9-pixel by 9-pixel area, matching the donor and acceptor spots using a
variant of the Hough transform. The background-subtracted total
volume of the 2-D Gaussian peak was used as raw fluorescence inten-
sity I. FRET traces displayed anti-correlation behaviors between donor
and acceptor fluorescent signals were picked. FRET efficiency (E) of the
selected single-molecule traces was calculated as:

E=1 acceptor/ (Tgonor t1 acceptor)

The nucleotides and related information are provided in Supple-
mentary Data 3.

Reconstitution of the ternary complex

The dCasl2e-gRNA complex was assembled by incubating 20 pM
dCasl2e and 28 uM gRNA at 25 °C for 30 min, followed by additional
incubation on ice in a complex buffer (20 mM HEPES pH7.5, 150 mM
KCI, 2mM MgCl,, 1mM DTT, 0.25% glycerol) for 30 min on ice. An
equal volume of complex buffer containing 30 pM dsDNA was then
added to the dCasl2e-gRNA complex, followed by incubation for
30 min at 25°C and 60 min on ice. The sample was loaded into a
Superdex 200 10/300 column using a 0.5 mL sample loop buffered in a
SEC complex buffer (20 mM HEPES pH7.5, 150 mM KCI, 1mM TCEP,
0.25% glycerol). Correct fractions were collected after analyzing the
protein component by SDS-PAGE and RNA, DNA components by Urea-
PAGE. The ternary complex was diluted to 1.1 uM using the SEC com-
plex buffer, and then cross-linked by adding 1/9 volume of freshly
prepared 10 mM BS3 (Sigma-Aldrich) cross-linker at 25 °C for 30 min,
followed by 60 min on ice.

Cryo-EM sample preparation

To prepare cryo-EM samples, 4 uL of above-mentioned purified com-
plexes were applied to graphene oxide grids (Quantifoil Au 1.2/1.3, 300
mesh), which were glow-discharged (in a HARRICK PLASMA) for 15 s at
low level after 2 min evacuation. The grid was then blotted with a pair
of 55 mm filter papers (Ted Pella) for 3 s at 8 °C and 100% humidity, and
flash-frozen in liquid ethane using an FEI Vitrobot Mark IV. Cryo-EM
data were collected on a Titan Krios electron microscope operated at
300 kV and equipped with a Gatan K3 direct electron detector with a
Gatan Quantum energy filter. Micrographs were recorded in counting
mode at a nominal magnification of 81,000x, resulting in physical pixel
sizes of 1.0825 A. The defocus was set between -1.3um and 1.5 pm.
The total exposure time of each movie stack led to a total accumulated
dose of 50 electrons per A2, which was fractionated into 32 frames.

Image processing and 3D reconstruction

Raw dose-fractionated image stacks were aligned, dose-weighted, and
summed using MotionCor2®, CTF-estimation, particle picking, 2D
reference-free classification, initial model generation, heterogeneous
refinement, non-uniform refinement and local resolution estimation
were performed in cryoSPARC (version 4.3.0).

Model building and refinement

Protein, RNA, and DNA models were built manually in Coot (version
0.9.8.1) with assistance of Alphafold2, based on the refined cryo-EM
maps. The complete models were then refined against the EM maps by
PHENIX (version 1.20.1) in real space with secondary structure and
geometry restraints. The final models were validated with the PHENIX
and visualized by ChimeraX.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The electron density maps have been deposited to the Electron
Microscopy Data Bank (EMDB) under the accession numbers EMD-
38856 and EMD-38768, which are publicly available as of the date of
publication. The atomic coordinates and structure factors have been
deposited to the Protein Data Bank (PDB) under the accession num-
bers 8Y2I and 8XYC, which are publicly available as of the data of
publication. The raw cryo-EM micrographs used in this study will be
shared by corresponding author upon request. Any additional infor-
mation required to re-analyze the data reported in this paper is avail-
able from the corresponding author upon request. Previously
published structural models discussed in this work refer to entries
6NY3, 7WB1, and 7WAZ. Sequence data that support the findings of
this study are available via the NIH Sequence Read Archive via
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BioProject: PRJNA1172643 [https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA1172643]. Source data are provided with this paper.
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