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Abstract 

CasX (also known as Cas12e), a Class 2 CRISPR-Cas sy stem, sho ws promise in genome editing due to its smaller size compared to the widely 
used Cas9 and Cas12a. Although the str uct ures of CasX–sgRNA–DNA ternary comple x es ha v e been resolv ed and unco v er a distinctiv e NTSB 

domain, the dynamic behaviors of CasX are not well characterized. In this study, we employed single-molecule and biochemical assays to 
in v estigate the conformational dynamics of two CasX homologs, DpbCasX and PlmCasX, from DNA binding to target cleavage and fragment 
release. Our results indicate that CasX clea v es the non-target strand and the target strand sequentially with relativ e irre v ersible dynamics. T he 
two CasX homologs exhibited different cleavage patterns and specificities. The dynamic characterization of CasX also reveals a PAM-proximal 
seed region, providing guidance for CasX-based effector design. Further studies elucidate the mechanistic basis for why modification of sgRNA 

and the NTSB domain can affect its activity . Interestingly , CasX has less effective target search efficiency than Cas9 and Cas12a, potentially 
accounting for its lower genome editing efficiency. This observation opens a new avenue for future protein engineering. 
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Introduction 

Clustered regularly interspaced short palindromic repeats-
CRISPR associated (CRISPR-Cas) systems provide adaptive
immunity against invading nucleic acids in bacteria and ar-
chaea ( 1–3 ). The immune response of the CRISPR-Cas sys-
tem occurs in three stages: incorporation of foreign nucleic
acid fragments into the CRISPR locus region, expression of
CRISPR RNA (crRNA), and target interference. In the target
interference step, crRNA assembles with Cas protein to form
a ribonucleoprotein (RNP) interference complex that guides
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the Cas nuclease to its complementary target for cleavage. The 
RNA-guided DNA targeting function of CRISPR-Cas systems 
enables the development of various genome engineering tools.
CRISPR-Cas systems can be divided into two classes based 

on the composition of effector proteins. Class 1 systems re- 
quire multiple Cas proteins to achieve interference, whereas 
Class 2 systems only require a single multi-domain Cas protein 

( 4 ,5 ). Cas9 and Cas12a, both Class 2 effectors, are extensively 
used in genome editing across various cell types and organisms 
( 6–10 ). 
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CasX (Cas12e), identified by metagenomic analysis from
roundwater bacteria, belongs to Class 2 systems ( 11 ). It
pecifically recognizes a 5 

′ -TTCN PAM and has shown con-
iderable genome editing efficacy when combined with single-
uide RNA (sgRNA) in human cells. With a smaller size of ap-
roximately 980 amino acids compared to Cas9 and Cas12a,
asX offers enhanced convenience for AAV-mediated delivery

 12 ). CasX has demonstrated substantial potential as an alter-
ative genome editing tool alongside Cas9 and Cas12a ( 13–
5 ). Despite using an RNA guide for DNA targeting, CasX
hares minimal protein sequence similarity with Cas12a or
as9, except for the presence of a RuvC nuclease domain.
s evidenced by the reported cryo-electron microscopy (cryo-
M) structures of CasX–sgRNA–DNA ternary complexes
 11 ), CasX employs the single RuvC domain to cleave both
he target-strand (TS) and non-target-strand (NTS) DNA.
his mechanism is analogous to that of Cas12a ( 16 ,17 ). Two
nique CasX domains are crucial for DNA cleavage: the
arget-strand loading (TSL) domain adjacent to the TS, and
he non-target-strand binding (NTSB) domain next to the
TS. The NTSB domain is essential for DNA unwinding, as

alidated by biochemical assays ( 11 ). Structural differences
etween CasX and other Cas proteins suggest distinct mech-
nisms utilized by CasX. 

Two homologous proteins, CasX from Deltaproteobacteria
hereafter DpbCasX) and CasX from Planctomycetes (here-
fter PlmCasX), are commonly used in research ( 18 ). They
hare 68% protein sequence identity and can utilize the same
gRNA, however, the cleavage activity of purified PlmCasX is
ignificantly lower than that of DpbCasX in the presence of
he original sgRNA, designated as sgRNAv1. Structural anal-
sis of PlmCasX revealed that its Helical-II domain barely en-
ages with the scaffold stem of sgRNA, while for DpbCasX,
he scaffold stem tightly binds to its Helical-II domain. To ad-
ress this issue, a new sgRNA, named sgRNAv2, was engi-
eered with increased flexibility in its scaffold stem, resulting
n marked enhancement of cleavage activities and editing effi-
iencies ( 15 ). Despite these advancements, CasX still exhibits
imited editing efficiency in living cells ( 19 ). 

Cryo-EM analysis and biochemical assays have signifi-
antly augmented our understanding of CasX. However, its
omprehensive dynamic characteristics during targeting and
leavage remain elusive. Here, using single-molecule fluores-
ence resonance energy transfer (FRET) assays, we observed
hree distinct conformational states during the cleavage pro-
ess of CasX: initial R-loop formation, NTS pre-cleavage, and
S pre-cleavage. These states transition unidirectionally from

ow-FRET to high-FRET states, indicating a sequential cleav-
ge order of NTS and TS. Notably, DpbCasX and PlmCasX
xhibit different dynamic behaviors during DNA cleavage,
ighlighting disparities in their NTS cleavage sites and target
pecificity. 

aterials and methods 

lasmid construction, protein expression and 

urification 

he point mutations of the CasX expression plasmids were in-
roduced by QuikChange Site-Directed Mutagenesis with Q5
igh-Fidelity DNA Polymerase (New England Biolabs) and

onfirmed by DNA sequencing. Esc heric hia coli strain Rosetta
DE3) cells were used to express the CasX proteins. CasX
expression plasmids (100 ng) were transformed into compe-
tent Rosetta cells (100 μL), which were then incubated on ice
for 30 min, following this, the cells were incubated at 42 

◦C
for 45 s. After 5 min on ice, 900 μL of Luria broth (LB)
medium was added and after shaking at 37 

◦C for 1 h, the
recovered cells were then cultured on plate medium with 50
mg / ml ampicillin. After an overnight incubation at 37 

◦C, 10
colonies were picked to the main culture containing Terrific
broth (TB) and 50 mg / ml ampicillin, the culture was then
kept shaking at 37 

◦C to reach an OD 600 of 0.6. The expres-
sion of proteins was induced by the addition of isopropyl β-
d -1-thiogalactopyranoside (IPTG) to a final concentration of
1 mM and the subsequent incubation of the culture overnight
at 16 

◦C. The cells were harvested by centrifugation at 4000
rpm and resuspended in a lysis buffer (600 mM sodium chlo-
ride, 20 mM HEPES, pH 7.5, 10% glycerol, 50 mM imidazole,
1 mM TCEP) with 1 mM protease inhibitor PMSF (Sigma).
The cells were lysed by sonication and the resulting debris was
removed by centrifugation at 14 000 rpm for 45 min at 4 

◦C.
The supernatant was collected and incubated with Ni-NTA
beads (GE Healthcare) for 2 h at 4 

◦C. After washing with
the lysis buffer, proteins were eluted with lysis buffer contain-
ing 350 mM imidazole, the elution was then mixed with TEV
protease (protein:TEV = 20:1) and incubated overnight on
ice to remove the MBP tag. When examining DNA cleavage
activities of DpbCasX mutants (K187A, Q190A, R191A and
K187A / Q190A / R191A), their MBP tag were not removed.
The proteins were concentrated using a 30 kDa MWCO con-
centrator (Amicon) and mixed with a low salt heparin buffer
(400 mM sodium chloride, 20 mM HEPES, pH 7.5, 10% glyc-
erol, 1 mM TCEP), The proteins were then applied to a hep-
arin column (GE Healthcare) on an Akta FPLC (GE Health-
care) and eluted by a sodium chloride gradient with high salt
heparin buffer (2 M sodium chloride, 20 mM HEPES, pH
7.5, 10% glycerol, 1 mM TCEP). The purified proteins were
verified by SDS-PAGE electrophoresis, concentrated, and flash
frozen in liquid nitrogen before being stored at –80 

◦C. 

In vitro transcription and purification of RNA 

All the sgRNAs were transcribed in vitro . Primers were pro-
cured from Sangon Biotech (Shanghai, China) and DNA tem-
plates were generated through PCR reactions using Q5 poly-
merase (New England Biolabs). The HiScribe T7 kit (NEB)
was used for invitro transcription. sgRNAs were purified by
gel electrophoresis on a 10% urea–PAGE gel. The bands con-
taining sgRNAs were excised and incubated in a soaking
buffer (1 mM EDTA, 100 mM NaOAc pH 5.2) at 50 

◦C for
2 h. Samples were then precipitated by the addition of 100%
ethanol, and the precipitated sgRNAs were pelleted via cen-
trifugation and washed using 70% ethanol. The sgRNAs were
then resuspended in nuclease-free water (Life tech) and stored
at –80 

◦C. 

RNA labeling 

The RNA 3 

′ labeling procedure was based on selective perio-
date oxidation of RNA at its 3 

′ end, followed by the reaction
of the oxidized product with hydrazide. The detailed proce-
dure was previously described in detail ( 20 ). The concentra-
tions of RNA and Cy3 were estimated by measuring the A260
and A549, respectively. The labeling efficiencies of the RNAs
used in this study were ≥90%. 
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DNA labeling 

Amine-derived DNA was procured from Sangon Biotech
(Shanghai, China) and solubilized to 0.5 mM in 10 mM
NaHCO 3 (Sigma) buffer. NHS-fluorophores (Lumiprobe)
were then added to a final concentration of 5 mM. Subse-
quently, the mixtures were incubated in the dark at 25 

◦C for a
minimum of 2 h. Samples were then precipitated by the addi-
tion of 100% ethanol, and the precipitated DNA was pelleted
via centrifugation and washed using 70% ethanol. Labeled
DNA was then dissolved in nuclease-free water (Life tech).
The concentrations of DNA and Cy5 were estimated by mea-
suring A260 and A649, respectively. The labeling efficiencies
of the DNAs used in this study were equal to or greater than
90%. 

In vitro cleavage assay 

The DNA substrates were 5 

′ labeled by NHS-fluorophores.
The CasX proteins were diluted to a concentration of 2 μM
using the cleavage buffer (150 mM potassium chloride, 50
mM Tris–HCl, pH 7.5, 10 mM magnesium chloride, 1 mM
DTT) containing 3 μM sgRNAs and incubated at 25 

◦C for 1
h to reconstitute the RNP complex. The DNA cleavage reac-
tions were initiated by mixing the CasX-sgRNA complex and
the labeled DNA at 37 

◦C with final concentrations of 500 and
10 nM, respectively. Sample aliquots were taken at designated
time points and mixed with 2 × urea loading buffer (8 M urea,
25 mM EDTA, 100 μg / ml heparin) and were incubated in
95 

◦C heat blocks for 5 min. Following this, the samples were
loaded into 15% urea–PAGE. To determine the cleavage sites
of DpbCasX and PlmCasX, the samples were run on 20%
urea-PAGE. The cleavage signals were then visualized using a
gel scanner (Amersham Typhoon 5, GE Healthcare). 

Single-molecule FRET assay 

Single-molecule FRET experiments were conducted at 25 

◦C
or 37 

◦C using a home-built objective-type TIRF micro-
scope in the smFRET buffer (150 mM potassium chlo-
ride, 50 mM Tris–HCl, pH 7.5, 10 mM magnesium chlo-
ride) with an oxygen scavenging system containing 3
mg / ml glucose, 100 μg / ml glucose oxidase (Sigma-Aldrich),
40 μg / ml catalase (Roche), 1 mM cyclooctatetraene (COT,
Sigma-Aldrich), 1 mM 4-nitrobenzylalcohol (NBA, Sigma-
Aldrich), 1.5 mM 6-hydroxy-2,5,7,8-tetramethyl-chromane-
2-carboxylic acid (Trolox, Sigma-Aldrich). The details of the
TIRF microscope have been previously described ( 21 ). 

The CasX or CasX mutant was pre-incubated with sgRNA
(protein:sgRNA = 1 μM:1.5 μM) in the cleavage buffer at
25 

◦C for 60 min. The target DNA was immobilized on the
cover slide via biotin-streptavidin interaction. Fluorescent sig-
nals were recorded at 500 ms / frame at 2 mW laser power
or 2 s / frame at 0.6 mW laser power and started several sec-
onds prior to the introduction of protein-sgRNA complexes.
To capture the dynamic process of protein-sgRNA complexes
binding to a DNA target, the pre-incubated protein-sgRNA
complexes were diluted to working concentrations of 3 or 10
nM, respectively, depending on the binding affinity of CasX
mutants to DNA targets. 

For all our experiments, three repeats were performed. Usu-
ally, one field of view was measured in each repeat, from which
500–1000 single-molecule traces were recorded for further
analysis. 
Single-molecule FRET data analysis 

Collected movies were analyzed using a custom-made soft- 
ware program. Fluorescence spots were fitted by a 2D Gaus- 
sian function within a 9-pixel by 9-pixel area, matching the 
donor and acceptor spots using a variant of the Hough trans- 
form ( 22 ). The background-subtracted total volume of the 
2D Gaussian peak was used as the raw fluorescence inten- 
sity I . FRET traces exhibiting anti-correlation behaviors be- 
tween donor and acceptor fluorescent signals were identi- 
fied and subjected to further analysis via a Hidden Markov 
Model-based software HaMMy ( 23 ). Initial FRET efficien- 
cies of FRET states were estimated by visual inspection of 
hundreds of traces and used as pre-set values for HaMMy to 

classify FRET states and transitions. The distributions of each 

FRET state and their dwell times were extracted. Further it- 
erations of HaMMy analysis were performed if centers of the 
determined FRET distributions diverge significantly from the 
pre-set values. 

To correct contribution of photobleaching from dwell time 
of binding events, the following equation was used: 

1 

t corrected 
= 

1 

t raw 

− 1 

t bleaching 

in which t corrected is dwell time after correcting for photo- 
bleaching, t raw 

is measured dwell time of transient binding 
events, and t bleaching is dwell time of stable binding events 
whose termination is caused by photobleaching. 

The effective target search rates and the nonspecific binding 
rates were calculated as follows: 

k on = 

1 

t appearance × [ CasX / RNA ] 

in which t appearance is the time from injection of CasX / sgRNA 

until appearance of CasX / sgRNA on immobilized dsDNA,
[CasX / RNA] is the concentration of CasX / sgRNA binary 
complex. The effective target search efficiency was calculated 

as the ratio of the effective target search rate to the nonspecific 
binding rate. 

Genome editing in fluorescent reporter human cells 

GFP HEK293T reporter cells were seeded into 48-well plates 
and transfected 18–24 h later at 70–90% confluency ac- 
cording to the manufacturer’s protocol with lipofectamine 
3000 (Life Technologies). Approximately 300 ng of plas- 
mid DNA encoding the sgRNA and wild-type or engineered 

CasX was added to each well. Twenty-four hours after trans- 
fection, GFP HEK293T reporter cells that had been suc- 
cessfully transfected were selected by the addition of 1.5 

mg / ml puromycin to the cell culture media for 72 h. Dur- 
ing this period, the cells were passaged regularly to main- 
tain sub-confluent conditions. Once the cells in the control 
group, which had not been transfected with any plasmid,
had died completely, the culture medium in the test group 

was replaced with fresh normal medium without puromycin.
After a 2-day recovery, the cells were collected for anal- 
ysis of the GFP signal strength via Flow Cytometer (BD 

LSRFortessa). 
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esults 

ingle-molecule FRET assay to capture 

onformational dynamics of DpbCasX-sgRNA-DNA 

o directly visualize the conformational dynamics of Dpb-
asX during DNA cleavage following the formation of the
pbCasX-sgRNA-dsDNA ternary complex, we established a

ingle-molecule FRET assay using a design similar to those for
as12a proteins ( 16 , 17 , 24 ). FRET is a physical phenomenon

hat describes the energy transfer between two nearby fluo-
ophores. The efficiency of FRET between two fluorophores is
ighly sensitive to their relative distance. By labeling molecules
f interest with suitable fluorophores, single-molecule FRET
s a powerful tool for capturing conformational changes of
iomolecules in real time, thereby providing further mechanis-
ic insights ( 25 ). Cy3 and Cy5 fluorophores, which are com-
only used for FRET measurements, were attached to the 3 

′ 

nd of sgRNA and the PAM distal end of the target strand
TS), respectively (Figure 1 A, Supplementary Tables S1 and
2 ). The labeling of sgRNA did not affect CasX cleavage ac-
ivities ( Supplementary Figure S1 A). 

In our assay, the Cy3-labeled DpbCasX-sgRNA binary
omplex was injected into a flow chamber containing immo-
ilized Cy5-labeled target dsDNA (Figure 1 A). Exposure time
as 500 ms / frame unless otherwise indicated. The time from

he injection of the binary complex to the occurrence of a sta-
le binding event (Figure 1 B, left blue arrow) was recorded
s the appearance time. The emergence of Cy3 and Cy5 sig-
als indicated the binding of DpbCasX-sgRNA to the target
ite, forming a ternary complex. The ternary complex then
nderwent a series of conformational changes, resulting in a
radual increase in the FRET signal until the abrupt disappear-
nce of Cy5 and FRET signals (Figure 1 B, right blue arrow).
he disappearance of the FRET signal is likely attributed to

he cleavage of DNA and the subsequent release of the labeled
NA fragment. The period during which the FRET signal per-

isted was recorded as the dwell time. It is notable that when
he catalytically inactive DpbCasX (dDpbCasX, with D672A,
769A and D935A mutations) ( 11 ) was used in the same as-
ay, its FRET dwell time was ∼8 times longer than that of
pbCasX ( Supplementary Figure S1 B). This result confirms

hat DNA cleavage is the main cause of the disappearance of
y5 rather than photobleaching. 
We examined a series of Cy5 labeling sites on the TS, rang-

ng from 28 nt to 40 nt away from the PAM site, while main-
aining the other Cy3 labeling site at the 3 

′ end of sgRNA.
hese designs consistently exhibited similar behavior, with an

ncrease in FRET signals observed after ternary complex for-
ation ( Supplementary Figure S1 C). Of those examined, the

abeling site positioned 34 nt away from the PAM yielded
he clearest FRET signals, manifesting in three discrete FRET
tates (Figures 1 B and C) and was consequently used in the
ubsequent experiments. Analysis of single-molecule FRET
rajectories employed hidden Markov model-based software
 23 ) to identify FRET transitions among states (Figure 1 D).
redominantly, transitions occurred from low-FRET to high-
RET states, while reverse reactions were less frequent. 
To assign these three FRET states to different Dpb-

asX configurations (Figure 1 E), the dynamics of dDpbCasX
ernary complexes with a predesigned nick in the cleavage
ites of either the TS or NTS were examined. When in-
act DNA or DNA with a nick in the TS was used, dDpb-
asX could only sample the middle-FRET state (FRET ef-
ficiency E ∼ 0.5, defined as the S2 state) after transitioning
through the low-FRET state ( E ∼ 0.2, defined as the S1 state)
( Supplementary Figure S1 D). Only when DNA with a nick in
the NTS was used, dDpbCasX eventually exhibited the high-
FRET state ( E ∼ 0.7, defined as the S3 state). These results in-
dicate that S1 stands for the initial R-loop formation and the
following S2 and S3 stand for the NTS pre-cleavage state and
the TS pre-cleavage state, respectively. Furthermore, cleavage
of the NTS is required for DpbCasX to sample the TS pre-
cleavage state. Specifically, the high FRET efficiency of S3 sug-
gests that the TS was bent or kinked to approach the catalytic
center in the RuvC domain during cleavage, bringing Cy5 la-
beled at the TS close to Cy3 labeled at the 3 

′ end of the sgRNA.
Thus, the NTS and TS are sequentially cleaved by CasX in
a well-defined order, consistent with the previously proposed
model ( 11 ) and similar to Cas12a ( 16 ,17 ). 

Most of our single-molecule FRET experiments were per-
formed at 37 

◦C unless otherwise stated. Nevertheless, the Dp-
bCasX ternary complex displayed similar FRET patterns at
25 

◦C with all three FRET states, albeit with slower transition
rates among them ( Supplementary Figure S2 ). 

Stability of the DpbCasX ternary complex 

modulated by PAM-proximal matches 

Recognition of the target site and formation of a stable or
transiently stable ternary complex are crucial steps for all
Cas proteins to fulfill their enzymatic functions. Dead Cas
proteins, such as dead Cas9 and dead Cas12a, can be fused
with other effector proteins and repurposed for gene regula-
tion, base editing, prime editing, and other applications due
to their RNA-guided DNA-binding activities ( 26–28 ). Hence,
the requirement for a minimum number of matches between
the guide RNA and the target DNA for stable binding is es-
sential for using Cas proteins in genome manipulation. For
Cas9, ∼9 bp between the DNA target and the RNA spacer
at the PAM-proximal end are required, while Cas12a requires
∼17 PAM-proximal matches ( 24 ,29 ). However, the effect of
PAM-proximal matches on the stability of CasX on DNA is
unknown. 

To determine the minimal PAM-proximal matches required
for stable binding of CasX to DNA, we examined single-
molecule FRET signals of dDpbCasX on a range of DNA
targets with varying numbers of PAM-proximal matches.
In our assay, cognate DNA contained 20 matched bases to
sgRNA, whereas 14m-, 16m-, 17m-, 18m- and 19m-DNA
contained 14, 16, 17, 18 and 19 PAM-proximal matches to
sgRNA, respectively (Figure 2 A, Supplementary Figure S3 A,
Supplementary Table S2 ). The binding of dDpbCasX com-
plexes to 18m-, 19m- and 20m-DNAs was remarkably sta-
ble, with the number of fluorescence dDpbCasX spots on
DNAs barely changing after 1 h of incubation in the dark
(Figure 2 B). Thus, the disappearance of FRET signals of dDp-
bCasX on 20m-DNA under continuous laser excitation was
caused by photobleaching ( Supplementary Figure S3 B), from
which the photobleaching rate was quantified and applied
to the estimated corrected dwell time of transient dDpb-
CasX binding on 14m-, 16m-, and 17m-DNAs (Figure 2 B,
Supplementary Figure S3 B, details in Materials and meth-
ods). With 14m- and 16m-DNA, dDpbCasX formed a tran-
siently stable complex on dsDNA with a dwell time of ∼5 s,
mainly remaining in the S1 state (Figure 2 B, Supplementary 
Figure S3 A, B). When there were 17 or more PAM-proximal

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
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Figure 1. Conformational dynamics of CasX cleavage captured by single-molecule FRET. ( A ) Diagram of the experimental design. The 3 ′ end of the 
sgRNA is labeled with Cy3 (green dots). The TS 34th nucleotide from the PAM is labeled with Cy5 (red dots). The process from adding CasX-sgRNA 

complex to the release of cleavage products is captured. ( B ) Representative single-molecule FRET trajectories of DpbCasX-sgRNAv2 on cognate DNA. 
The black curve represents the apparent FRET efficiency, while the orange lines represent Hidden Markov Modeling of FRET. The spontaneous 
appearance of Cy3 and FRET signals indicates the formation of CasX ternary complexes on immobilized dsDNAs (left blue arrow), and the disappearance 
of FRET indicates the dissociation of clea v ed DNA fragments (right blue arro w). T hree distinct FRET states are identified and assigned as S1, S2 and S3, 
in order of increasing values. ( C ) Time-dependent FRET probability density plots are synchronized at the appearance of FRET ( t = 0, left panel) and at the 
disappearance of FRET ( t = 0, right panel), enabling examining FRET e v olution after ternary complex formation and before the release of cleaved DNA, 
respectively. N represents the number of events. Three independent experiments show consistent results. ( D ) Transition density plot displays the 
transition frequencies between different FRET states, initial and final FRET values for each transition event are accumulated into a 2D histogram. ( E ) 
FRET histograms of individual states were extracted from the original FRET trajectories after Hidden Markov Modeling classification. FRET values for 
each state are obtained through single Gaussian fitting. Each histogram is normalized by the total sum of all histograms. 

 

 

 

 

 

 

 

 

 

 

 

 

matches, dDpbCasX could transition to the S2 state with
greatly extended dwell time. Additionally, the binding rates
of dDpbCasX to DNA, corresponding to the effective tar-
get search rates, were enhanced with more matched bases
(Figure 2 C, Supplementary Figure S3 C). Overall, our results
showed that 18 or more PAM-proximal matches are required
to form stable CasX ternary complexes with DNA. When
PAM-proximal matches were fewer than 17 bp, dDpbCasX
binds transiently to DNA, displaying repeatable binding and
dissociation behaviors in single-molecule FRET trajectories
( Supplementary Figure S3 A). 

DNA cleavage of DpbCasX modulated by 

PAM-proximal matches 

The minimal number of gRNA-DNA matches required for
complete state transition, as observed by FRET assays, is sup-
ported by in vitro cleavage experiments. Cleavage of 18m- and 

19m-DNA by DpbCasX exhibited comparable cleavage rates 
to the cognate 20m-DNA ( ∼2 min 

−1 ). In contrast, 17m-, 16m- 
and 15m-DNA exhibited gradually reduced cleavage rates 
(0.1–0.4 min 

−1 ), while 14m-DNA displayed no detectable 
cleavage (Figure 2 D, Supplementary Figure S4 A). Consistent 
with the cleavage assay, DpbCasX complexes containing 17 or 
more matched bases could transition sequentially from S1 to 

S2 and eventually to S3 states (Figures 2 E, F; Supplementary 
Figure S4 B, C), while reverse transitions occurred at much 

lower frequencies ( Supplementary Figure S4 D). When the 
number of matched bases decreased to 16, the DpbCasX com- 
plex remained mainly in the S1 and S2 states and barely sam- 
pled the S3 state under experimental conditions, correspond- 
ing to its greatly reduced cleavage rate (Figure 2 D, F). 14 or 
fewer matched bases caused the transiently formed DpbCasX 

complex to remain only in the S1 state and exhibit no cleav- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
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Figure 2. Dynamics and clea v age of DpbCasX. ( A ) Schematic of mismatched DNA. ( B ) The number of dDpbCasX-sgRNAv2 complexes bound on 
immobilized cognate or mismatched dsDNAs before and after 1 hour of incubation in the dark (top) and the FRET dwell time of dDpbCasX on 
immobilized mismatched dsDNAs after correcting for photobleaching (bottom). The original dwell time distributions without correction are shown in 
Supplementary Figure S3 B. ( C ) Effective target search rates of dDpbCasX or DpbCasX on dsDNA to form stable or transient stable complex (dwell time 
1.5 s or longer). The distributions of appearance time are shown in Supplementary Figure S3 C and S4 E. The CasX RNP concentration was 3 nM. The 
search rate of DpbCasX on 14m-DNA is be y ond our detection limit ( < 0.3 μM 

−1 s −1 ). ( D ) Clea v age activity of DpbCasX. The cleavage rates for 20m- 
(2.6 ± 0.1 min −1 ), 19m- (2.6 ± 0.3 min −1 ), 18m- (1.6 ± 0.2 min −1 ), 17m- (0.43 ± 0.03 min −1 ), 16m- (0.14 ± 0.02 min −1 ) and 15m-DNA (0.020 ± 0.002 
min −1 ) were fitted by a single exponential decay curve. (E-F) FRET histograms ( E ) and dwell time ( F ) of individual states for different DNAs. ( G ) Effective 
target search rates of DpbCasX on 16m-DNA, 16m-Nick in TS DNA, and 16m-Nick in NTS DNA. The appearance time are shown in 
Supplementary Figure S5 A. The CasX RNP concentration was 3 nM. ( H ) Cleavage activity of DpbCasX on 1 6m-DNA (0.1 5 ± 0.04 min −1 ) and 1 6m-Nic k in 
NTS DNA (1.4 ± 0.1 min −1 ) using Cy5-labeled TS. Clea v age activity of DpbCasX on 16m-DNA (0.16 ± 0.06 min −1 ) and 16m-Nick in TS DNA (0.20 ± 0.05 
min −1 ) using Cy5-labeled NTS. Three repeats were performed. Mean and SEM are shown where appropriate. 
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ge activity. There was almost no transient binding of the Dp-
CasX complex to 4m-DNA in our experiments, indicating
hat ∼8 PAM-proximal matches are needed to form the tran-
ient S1 state containing a partially formed R-loop. Hence,
e proposed that DpbCasX has a 5–8 nucleotide long PAM-
roximal seed region, which has also been identified in other
as nucleases and RNA-based regulatory systems to aid in

arget search and recognition ( 30–33 ). 
The effective search rates of DpbCasX on DNA were re-

uced when the number of matched bases decreased (Fig-
re 2 C, Supplementary Figure S4 E), following the same trend
s the rates captured with dDpbCasX. Interestingly, when a
nick was introduced at the NTS cleavage site of the 16m-
DNA, both binding and cleavage rates were greatly acceler-
ated (Figures 2 G, H; Supplementary Figure S5 ), whereas the
influence of a nick at the TS cleavage site was minor. There-
fore, the intact NTS likely serves as a checkpoint to modu-
late stable R-loop formation and subsequent DNA cleavage
in the presence of mismatches. Consistently, once the NTS
is cleaved, subsequent TS cleavage occurs quickly even with
only 16 PAM-proximal matches (Figure 2 H). Taken together,
sufficient matches in the PAM-proximal region were pivotal
for CasX to accomplish conformational changes and pass the
checkpoint to permit NTS cleavage. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
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PlmCasX exhibits varied cleavage patterns and 

high mismatch sensitivity 

Two CasX homologs, DpbCasX and PlmCasX, have been
investigated in previous studies, Notably, DpbCasX exhib-
ited higher activities in vitro , whereas PlmCasX demonstrated
higher activities in vivo ( 11 ,15 ). To elucidate the differences
between these two CasX proteins, we applied the same single-
molecule FRET assay to capture the conformational dynam-
ics of PlmCasX. The activities of PlmCasX guided by labeled
sgRNAs were minimally affected ( Supplementary Figure S6 A).
Unlike DpbCasX, PlmCasX exhibited only two major FRET
states: a low-FRET state with E ∼ 0.2 and a middle-FRET
state with E ∼ 0.5, defined as the S1 and S2 states, respec-
tively (Figures 3 A-B). The NTS pre-cleavage state mimicked
by dead PlmCasX (dPlmCasX) with TS-nicked DNA, ex-
hibits a middle FRET, similar to dPlmCasX with intact DNA
( Supplementary Figure S6 B). Interestingly, the FRET efficiency
of the TS pre-cleavage state of dPlmCasX is highly dependent
on the nick site on the NTS. Nicking the NTS between the
12th and 13th nucleotides resulted in a high-FRET S3 state
for dPlmCasX, whereas nicking the NTS between the 14th
and 15th nucleotides resulted in only a middle-FRET TS pre-
cleavage state (Figure 3 C). dDpbCasX exhibits identical be-
haviors to dPlmCasX, showing an NTS nick site-dependent
FRET pattern. Therefore, the observation that DpbCasX dis-
plays the high-FRET S3 state during DNA cleavage, whereas
PlmCasX does not (Figures 1 C and 3 B), could be attributed
to their different cleavage patterns on NTS. Specifically, the
FRET patterns suggested that the NTS cleavage site of Dpb-
CasX is closer to the PAM than that of PlmCasX, resulting
in a broader bending of the fluorophore-labeled TS to access
the catalytic pocket. This hypothesis was confirmed by our
biochemical assay (Figure 3 D). DpbCasX cleaved NTS DNA
mainly at 11–12 nt from PAM, while PlmCasX cleaved at 11,
12 and 14 nt from PAM. Meanwhile, DpbCasX cleaved TS
DNA at 22–23 nt from PAM and PlmCasX cleaved TS DNA
at 21–23 nt from PAM. Thus, DpbCasX and PlmCasX have
different NTS and TS cleavage patterns, leading to different
behaviors in FRET assays. 

Another possible explanation is that the TS cleavage of Plm-
CasX is extremely fast and beyond our temporal detection
limit, leading to the absence of the high-FRET S3 state. How-
ever, even after increasing the acquisition rate of the camera by
a factor of 10, we were still unable to capture the high-FRET
S3 state during the DNA cleavage of PlmCasX. Therefore, this
possibility remains unconfirmed. 

Although dPlmCasX formed a stable complex on the cog-
nate 20m-DNA target, even a single PAM-distal mismatch
greatly reduced its stability and accelerated the dissociation of
dPlmCasX (Figure 3 E, Supplementary Figure S6 C–E). PAM-
distal mismatches also moderately decreased the binding rate
of dPlmCasX to the target site (Figure 3 F, Supplementary 
Figure S6 F). Like DpbCasX, PAM-distal mismatches also pre-
vented PlmCasX from transitioning to the cleavage states, re-
sulting in the disappearance of the S2 state and greatly reduced
cleavage activity (Figure 3 G, Supplementary Figure S6 C and
S6 G). Similar to DpbCasX, ∼ 8 PAM-proximal matches are
needed to form the transient S1 state containing a partially
formed R-loop, supporting that PlmCasX also has a 5–8 nu-
cleotide long PAM-proximal seed region. In general, PlmCasX
shows better specificity than DpbCasX for discriminating
DNAs containing mismatches, likely due to the reduced sta-
bility of PlmCasX complexes on mismatch-containing DNAs 
(Figures 2 B and 3 E). 

Modified sgRNA enhances the stability of PlmCasX 

on DNA 

In a previous study, the structure of the Plm-sgRNAv1-DNA 

ternary complex was resolved, revealing that the scaffold stem 

of sgRNAv1 did not engage significantly with the Helical-II 
domain, unlike in DpbCasX. However, the transition from 

the NTS-loading state to the TS-loading state was facili- 
tated by the interaction between the Helical-II domain and 

the sgRNA scaffold stem. To strengthen this interaction, an 

engineered sgRNA (sgRNAv2) was designed with a change 
of only three nucleotides, significantly enhancing the cleav- 
age activity of CasX compared to the original sgRNA (sgR- 
NA v1) ( 15 ). Therefore, sgRNA v2 was primarily used in this 
study. To elucidate the mechanism underlying the enhanced 

activity of sgRNAv2, we compared the conformational dy- 
namics of PlmCasX guided by sgRNAv1 and sgRNAv2. sgR- 
NAv2 substantially stabilized the dPlmCasX-sgRNA-DNA 

complex and accelerated the binding of dPlmCasX to tar- 
get DNA (Figures 4 A–C; Supplementary Figure S7 A). For the 
cognate 20m-DNA, ∼80% of the dPlmCasX-sgRNAv1 bind- 
ing events were transient with a dwell time of ∼5 s, result- 
ing in a reduced overall dwell time (Figure 4 A). When us- 
ing wild-type PlmCasX, both sgRNAv1 and sgRNAv2 dis- 
played similar single-molecule FRET patterns, including an 

initial transient S1 state followed by an S2 state (Figure 4 D).
Nevertheless, after 16 min, only ∼20% of Cy5-labeled DNA 

was cleaved by PlmCasX-sgRNAv1, compared to ∼70% by 
PlmCasX-sgRNAv2 (Figure 4 D). Thus, PlmCasX-sgRNAv1 

mainly forms a transient unstable binding to its target last- 
ing ∼5 s ( Supplementary Figure S7 B), as observed with dPlm- 
CasX, rarely leading to DNA cleavage. In contrast, sgRNAv2 

greatly accelerates and stabilizes PlmCasX binding to DNA,
facilitating cleavage. 

CasX displays lower target search efficiency than 

Cas9 and Cas12a 

Although the engineered sgRNAv2 enhances CasX activity, its 
overall genome editing efficiency remains significantly lower 
than that of Cas9 or Cas12a. Single-molecule assays indicate 
that, following target recognition, both CasX homologs need 

∼10 s to complete DNA cleavage and fragment release (Fig- 
ures 1 B and 3 A). Previous studies employing similar assays 
have identified that Cas12a needs 30–90 s to complete DNA 

cleavage and fragment release ( 16 ,17 ). Following DNA bind- 
ing, SpCas9 needs ∼10 s to reach its DNA cleavage state ( 34 ).
Together, for CasX, Cas12a and Cas9, DNA cleavage is fast 
and likely occurs within 10–100 s after the formation of a sta- 
ble protein-RNA-DNA ternary complex. Thus, the differences 
in editing efficiencies are likely dominated by the efficiencies 
of these nucleases in target search and ternary complex for- 
mation. 

With a high exposure rate (2 ms per frame), we measured 

the appearance time and dwell time of CasX on nonspe- 
cific dsDNA containing no PAM sequence and quantified the 
corresponding binding and dissociation rates (Figure 4 E, F; 
Supplementary Figure S7 C and Supplementary Table S3 ). We 
confirmed that almost no nonspecific transient binding events 
occurred in the absence of DNA ( Supplementary Figure S7 D).
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Figure 3. Dynamics and clea v age of PlmCasX. ( A ) R epresentativ e single-molecule FRET trajectories of PlmCasX-sgRNAv2 complex on cognate DNA. 
Two distinct FRET states are indicated and assigned as S1 and S2 from low to high values. ( B ) Time-dependent FRET probability density plots of 
PlmCasX on cognate DNA. ( C ) Time-dependent FRET probability density plots of dPlmCasX and dDpbCasX on DNA with NTS-Nick at positions 12, 13 or 
NTS-Nick at positions 14, 15. ( D ) Clea v age sites of DpbCasX and PlmCasX on NTS and TS. Clea v age reaction was terminated 15 s after mixing 
CasX-sgRNA complex and target DNA. ( E ) The number of dPlmCasX-sgRNAv2 complexes bound on immobilized 20m- or 19m-dsDNAs before and after 
1 h of incubation in the dark (top) and the FRET dwell time of dPlmCasX on immobilized dsDNAs after correcting for photobleaching (bottom). The 
original dwell time distributions without correction are shown in Supplementary Figure S6 D, E. ( F ) Effective target search rates of dPlmCasX. The 
appearance time are shown in Supplementary Figure S6 F. The CasX RNP concentration was 3 nM. ( G ) The cleavage activity of PlmCasX. Cleavage rates 
of 20m- (1.0 ± 0.1 min −1 ), 19m- (0.88 ± 0.09 min −1 ), 18m- (0.54 ± 0.09 min −1 ), 17m- (0.081 ± 0.004 min −1 ), 16m- (0.03 ± 0.01 min −1 ) and 15m-DNA 

(0.008 ± 0.001 min −1 ) were fitted by a single exponential decay curve. Three repeats were performed. Mean and SEM are shown where appropriate. 
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Figure 4. The conformational dynamics of PlmCasX affected by sgRNA and the nonspecific binding of CasX to DNA. ( A ) Distributions of dwell time of 
dPlmCasX-sgRNAv1 on cognate DNA with an exposure time of 2 s. The dwell time was fitted by a double exponential decay curve. ( B ) Dwell times of 
dPlmCasX-sgRNAv2 and dPlmCasX-sgRNAv1 on cognate DNA. ( C ) Effective target search rates of dPlmCasX-sgRNAv1 and dPlmCasX-sgRNAv2 on 
cognate DNA. The appearance time are shown in Supplementary Figure S7 A. The CasX RNP concentration was 3 nM. ( D ) Time-dependent FRET 
probabilit y densit y plots of PlmCasX-sgRNA v1 and dPlmCasX-sgRNA v2 on cognate DNA and corresponding DNA clea v age. T he disappearance of 
fluorescent spots indicates Cy5-labeled DNA clea v age after CasX addition. ( E ) Schematic of CasX nonspecific binding and a representative 
single-molecule fluorescence trace. CasX-sgRNA complex was injected into a chamber containing dsDNA without a PAM sequence. The sudden 
appearance of Cy3 signal indicated the transient binding of CasX-sgRNA to DNA. The time from injection to Cy3 signal appearance was recorded as 
appearance time, and the duration of Cy3 signal was recorded as dwell time. ( F ) Distributions of appearance time of DpbCasX-sgRNAv2 and 
PlmCasX-sgRNAv2 on DNA without a PAM sequence. The exposure time was 2 ms / frame, and the CasX RNP concentration was 10 nM. ( G ) 
Nonspecific binding rates and effective target search rates of different Cas proteins (details in Methods). Data for CasX and correlated rates for Cas9 and 
Cas12a are shown in Supplementary Table S3 ( 29 , 35 , 36 ). ( H ) Effective target search efficiency of different Cas proteins defined as the ratio of the 
effective target search rate to the nonspecific binding rate shown in (G). Three repeats were performed. Mean and SEM are shown where appropriate. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae604#supplementary-data
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he nonspecific binding rates of both DpbCasX and Plm-
asX on dsDNA were ∼10-fold faster than SpCas9 and 2–4-

old slower than Cas12a (Figure 4 G, Supplementary Table S3 )
 29 , 35 , 36 ). The dissociation rates of DpbCasX and PlmCasX
rom nonspecific dsDNA were 2–20-fold slower than those
f SpCas9 and Cas12a ( Supplementary Table S3 ), indicating
hat CasX has more time to search for target sites during
ach transient nonspecific binding event. However, the effec-
ive search rates of DpbCasX and PlmCasX to locate correct
arget sites were 2.6 ± 0.3 and 2.1 ± 0.2 μM 

−1 s −1 , respec-
ively ( Supplementary Table S3 ), which are similar to SpCas9
nd FnCas12a but significantly slower than AsCas12a and Lb-
as12a. We defined the effective target search efficiency of Cas
roteins as the proportion of nonspecific binding events that
ead to sequential target recognition and stable binding events.
he effective target search efficiency of CasX, calculated as the
atio of the effective target search rate to the nonspecific bind-
ng rate, is significantly lower than that of Cas9, AsCas12a and
bCas12a (Figure 4 H). This suggests that multiple encoun-
ers are required for CasX to recognize its target sites. Inter-
stingly, FnCas12a also has a very low effective target search
fficiency, similar to CasX, which correlates with its poor gene
diting efficiency in cells compared to other Cas12a homologs
 37 ,38 ). Therefore, improving the effective target search ef-
ciency may be a viable strategy to enhance the editing effi-
iency of CasX and other Cas nucleases. Effective target search
elies on effective target recognition, which includes recogni-
ion of the PAM and subsequent R-loop propagation. A recent
tudy showed that an engineered Cas9 variant with greatly en-
anced genome editing activity demonstrated increased DNA
nwinding capacity ( 39 ). 

TSB domain participates in DNA unwinding and 

eteroduplex formation 

he structures of CasX reveal a unique NTSB (non-target
trand binding) domain adjacent to the NTS, which inter-
ct with both the NTS and the TS (Figure 5 A) ( 11 ,15 ). Pre-
ious biochemical assays demonstrated that the DpbCasX
utant lacking the NTSB domain (CasX �NTSB, lacking

esidues 101–191) is impaired in dsDNA cleavage but can
till cleave unwound dsDNA and single-stranded DNA (ss-
NA) targets ( 11 ). Our single-molecule FRET assay showed

hat DpbCasX �NTSB on the cognate dsDNA target exhib-
ted only a single transient middle-FRET state ( E ∼ 0.5) and
lmost no cleavage activity (Figures 5 B, C; Supplementary 
igures S8 A, B). The disappearance of the S1 state, which
orresponds to the initial R-loop formation, indicates that
asX �NTSB is unable to unwind DNA and perform subse-
uent cleavage. 
When several internal DNA mismatches were introduced at

he PAM-proximal end (bulge 3–6), DpbCasX �NTSB could
orm the transient S1 state and transition to S2 and S3 states
ike WT DpbCasX, leading to significant DNA cleavage (Fig-
res 5 B, D; Supplementary Figure S8 A). Similar results were
bserved with bulge 3–10 DNA ( Supplementary Figure S8 C).
onversely, when internal DNA mismatches were introduced
t the PAM-distal end (bulge 11–20 and bulge 13–20), al-
hough DpbCasX �NTSB could still cleave these DNAs, it
redominantly displayed a single middle-FRET state ( E ∼
.5) without the low-FRET S1 state, unlike WT DpbCasX on
he bulged DNA (Figure 5 E, Supplementary Figure S8 D, E).
his suggests that the RNA-DNA heteroduplex might form at
the PAM-distal end and further extend to the PAM-proximal
end, allowing DNA cleavage by DpbCasX �NTSB at a much
slower rate than WT DpbCasX. To test this hypothesis, we
further introduced PAM-proximal mismatches into DNA con-
taining PAM-distal bulge (bulge 11–20_Mismatch 1–10). The
PAM-proximal mismatches completely abolished cleavage ac-
tivity (Figure 5 B), while having almost no influence on single-
molecule FRET signals (Figure 5 E, Supplementary Figure 
S8 F), strongly supporting our hypothesis. 

Furthermore, even when ssDNA complementary to the
spacer of the sgRNA was used as a target, DpbCasX �NTSB
displayed lower activity than DpbCasX in biochemical assays
(Figure 5 F, Supplementary Figure S9 A), correlating with its
significantly reduced CasX–sgRNA–ssDNA complex forma-
tion rate (Figure 5 G, Supplementary Figure S9 B, ∼7-fold dif-
ference). In conclusion, the NTSB domain is crucial not only
for DNA unwinding but also for RNA-DNA heteroduplex
formation. 

Previous studies have shown that mutations in residues in-
teracting with the NTS and RNA / DNA heteroduplexes can
modulate Cas9 specificity ( 40 ,41 ). Accordingly, we selected
three residues within the NTSB domain: K187, Q190 and
R191 (Figure 5 H), because they interact with the TS in both
NTS- and TS- cleavage states of DpbCasX ( 11 ). Mutating
all three residues (K187A / Q190A / R191A) almost abolished
cleavage activity (Figure 5 H, Supplementary Figure S10 A),
confirming the essential role of these residues in target cleav-
age. When only one residue was mutated, DpbCasX-Q190A
had similar activity to WT DpbCasX, whereas DpbCasX-
K187A and DpbCasX-R191A showed reduced activity. Since
PlmCasX exhibits higher editing efficiency than DpbCasX in
living cells ( 11 ,15 ) and these three residues are highly con-
served in both CasX homologs ( Supplementary Figure S10 B),
we generated corresponding PlmCasX mutants to investigate
their specificities in genome editing. In our GFP disruption as-
say, PlmCasX-R192A and PlmCasX-K188A / Q191A / R192A
had almost no activity when targeting two sites within GFP
( Supplementary Figure S10 C), whereas PlmCasX-K188A ex-
hibited reduced editing efficiency comparing to WT PlmCasX
when targeting site 1–3 containing two distal mismatches
within GFP (18m, Figure 5 I, Supplementary Figure S10 C, D,
Supplementary Tables S4 and S5 ). Overall, weakening the in-
teractions between the NTSB domain and nucleic acids re-
duces cleavage activity and can affect discrimination against
off-target sites under certain conditions. 

Discussion 

By combining multiple single-molecule fluorescence assays, we
provide a comprehensive characterization of CasX dynamics
from nonspecific DNA binding to target recognition and DNA
cleavage (Figure 6 ). In our simple purified system, DpbCasX
and PlmCasX exhibit significantly lower target search efficien-
cies, defined as the ratio of the effective target search rate to
nonspecific DNA binding rate, compared to Cas9 and Cas12a
(Figure 4 H). In a cellular environment, CasX search efficiency
may be further attenuated by DNA-binding proteins and other
competing components, contributing to its relatively low edit-
ing efficiency in cells ( 16 ,42–44 ). After recognizing its tar-
get site, CasX initiates R-loop formation, NTS cleavage, TS
cleavage, and DNA fragment release sequentially, similar to
Cas12a ( 16 ,17 ). The irreversible conformational dynamics of
CasX resemble those of AsCas12a ( 16 ) but differ from the
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Figure 5. NTSB domain modulates DNA unwinding, cleavage and specificity. ( A ) Str uct ure of DpbCasX–sgRNA–dsDNA (PDB: 6NY2) with the NTSB 

domain shown in red. ( B ) Cleavage activity of DpbCasX �NTSB on cognate DNA, bulged DNA and bulged DNA with mismatches compared to DpbCasX 
on cognate DNA. (C–E) Time-dependent FRET probability density plots of DpbCasX �NTSB-sgRNAv2 on cognate DNA ( C ), Bulge 3–6 DNA ( D ), and 
Bulge 11–20 DNA ( E ). ( F ) Clea v age activity of DpbCasX and DpbCasX �NTSB on ssDNA. ( G ) Effective target search rates of DpbCasX �NTSB-sgRNAv2 
and DpbCasX-sgRNAv2 on ssDNA. The appearance time are shown in Supplementary Figure S9 B. The CasX RNP concentration was 10 nM. ( H ) Left, 
three residues within the NTSB domain interact closely with the TS in both the NTS-clea v age and TS-clea v age states of DpbCasX. Right, the clea v age 
activity of DpbCasX mutants on DNAs with varying matches to sgRNA. ( I ) Diagram of GFP disruption assay in cells (left). Normalized GFP disruption 
using WT PlmCasX or PlmCasX-K188A, PlmCasX-Q191A targeting site 1–5 within GFP (right). GFP disruption percentage was normalized to their 
corresponding values of cognate target. Three repeats were performed. Mean and SEM are shown where appropriate. 
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Figure 6. Proposed model for CasX binding and cleavage of DNA. After nonspecific binding to DNA, CasX’s efficiency in recognizing PAM and initiating 
R-loop formation is 5–8 times lower than that of SpCas9, AsCas12a and LbCas12a. After PAM recognition, sufficient PAM-proximal matches are required 
to sequentially drive R-loop formation, NTS cleavage and TS cleavage. The NTSB domain plays an important role in DNA unwinding and R-loop formation 
via its interactions with sgRNA and DNA. Insufficient matches between sgRNA and the spacer hinder NTS clea v age and promote the disassembly of the 
NTS pre-clea v age state. T hus, NTS clea v age acts as a critical c hec kpoint, af ter whic h TS clea v age and DNA fragment release occur rapidly. 
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eversible transitions of FnCas12a ( 45 ) and LbCas12a ( 17 )
evealed by single-molecule FRET assays. In our experiments,
 PAM-proximal matches are needed to initiate R-loop forma-
ion, whereas 4 PAM-proximal matches are not sufficient. Pre-
ious studies have shown that mismatches in the seed region
f Cas9 abolish R-loop formation ( 29 ). Thus, our dynamic
easurements suggested that the PAM-proximal seed region
f CasX contains 5 – 8 nucleotides. PAM-distal mismatches
ot only reduce DNA cleavage but also promote dissociation
f the CasX-sgRNA complex before cleavage. These factors
ollectively enhance CasX specificity. 

Notably, the stability of the PlmCasX–sgRNA–DNA com-
lex before cleavage is more sensitive to TS-sgRNA mis-
atches than DpbCasX, explaining PlmCasX’s higher speci-
city. PlmCasX and DpbCasX also show different cleavage
atterns. In the NTS cleavage step, PlmCasX exhibits more
romiscuous cleavage sites compared to DpbCasX, result-
ng in differences in TS cleavage sites and distinct TS pre-
leavage conformations observed in single-molecule FRET as-
ays. Consequently, PlmCasX and DpbCasX may generate dif-
erent editing profiles in cells, warranting further characteri-
ation for future cellular applications. 

Enormous efforts have been made to improve the specificity
f CRISPR-Cas nucleases ( 46–50 ), as off-target effects pose
ajor challenges in gene editing ( 10 ). Methods to improve

pecificity fall into two categories: weakening non-essential
nteractions in Cas–RNA–DNA complexes to increase the en-
rgy barrier for DNA cleavage and increasing the stringency of
heckpoints or adding new ones to improve specificity. Tech-
niques such as truncated gRNAs (Tru-gRNAs) ( 51 ), high fi-
delity Cas9 (Cas9-HF1) ( 40 ), enhanced specificity Cas9 (eS-
pCas9) ( 41 ), and hyper-accurate Cas9 (HypaCas9) ( 52 ) be-
long to the first category, balancing specificity and activity
by sacrificing some on-target activity ( 49 , 50 , 53–55 ). The sec-
ond category includes SpCas9 (D1135E) with stricter PAM
recognition ( 56 ), paired Cas9 nickase ( 57 ), and dCas9-FokI
fusion nucleases ( 58 ), which increase the stringency of spe-
cific checkpoints or introduce an additional checkpoint to en-
hance overall specificity. Our study focused on key residues in
the NTSB domain of CasX, which facilitate DNA unwinding
and RNA-DNA heteroduplex formation. In-vitro and cellu-
lar assays showed that mutants with weakened NTSB domain
interactions had reduced activity and potentially increased
specificity at certain loci, consistent with the first category. In-
troducing additional checkpoints and / or modifying the strin-
gency of existing checkpoints are potential routes to further
improve CasX specificity. 

In addition to specificity, editing efficiency is crucial for Cas
nuclease applications ( 55 ). Optimizing sgRNA has enhanced
CasX cleavage activity and editing efficiency ( 15 ) by stabiliz-
ing the PlmCasX–sgRNA complex at its target site (Figure 4 B).
However, the editing efficiency of CasX remains lower than
that of Cas9 and Cas12a in cells. To address this, we intro-
duced here a new parameter, effective search efficiency, rep-
resenting the recognition probability of Cas nucleases upon
target encounter. The effective search efficiencies of DpbCasX
and PlmCasX ( ∼0.1) are significantly lower than those of
SpCas9, AsCas12a and LbCas12a (0.5–0.8), suggesting that
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CasX’s low recognition probability limits its cellular efficiency.
Enhancing effective search efficiency through mutations af-
fecting PAM recognition and DNA unwinding is a feasible
strategy, as demonstrated in Cas9 ( 39 ). Our mechanistic stud-
ies provide insights for CasX engineering and foundation for
developing new variants through directed evolution. 
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