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DNA-guided CRISPR–Cas12a effectors  
for programmable RNA recognition  
and cleavage
 

Xiaolong Wu1,3, Wai Hei Lam2,3, Zibin Zhao    1, Yumeng Cao1, Haosi Lin    1, 
Xianzhen Feng1, Yuanliang Zhai    2 & I-Ming Hsing    1 

CRISPR–Cas effectors typically rely on RNA guides to recognize target 
sequences. In Cas12a, the protospacer adjacent motif on DNA engages 
conserved protein residues, triggering target binding and nuclease 
activation. Here we reprogram Cas12a into a DNA-guided, RNA-targeting 
effector. Exploiting protospacer-adjacent motif-dependent interaction, we 
engineer synthetic CRISPR DNA that engages Cas12a to form a functional 
deoxyribonucleoprotein complex, while repurposing solely RNA as the 
programmable target. Structural, biophysical and biochemical analyses 
reveal the molecular basis of this DNA-guided, RNA-targeting configuration 
and support an activation pathway distinct from that of canonical 
RNA-guided systems. DNA-guided Cas12a enables direct RNA detection and 
efficient intracellular RNA knockdown, establishing a modular activation 
architecture for CRISPR–Cas12a and expanding the design space for 
programmable RNA manipulation.

Natural CRISPR–Cas adaptive immune systems are described widely as 
RNA-guided machineries that recognize and degrade invading mobile 
genetic elements1,2. In well-characterized Class 2 systems, including 
Type II Cas9 and Type V Cas12a, short CRISPR-derived RNAs provide 
sequence information for target recognition, whereas the Cas proteins 
execute nucleic acid cleavage3,4. The functional guide RNA is com-
posed of a CRISPR RNA (crRNA) base-paired with a trans-activating 
crRNA (tracrRNA), which together form a structured RNA scaffold 
recognized by Cas94. By contrast, Type V Cas12a requires only a sin-
gle crRNA, in which the processed repeat-derived handle folds into 
a conserved pseudoknot structure that engages the Cas12a protein 
directly3. In these systems, the guide serves a dual role: encoding target 
sequence information and stabilizing a surveillance-competent Cas 
conformation5,6. Mechanistically, Cas proteins assemble with their 
guides into inactive binary complexes that become licensed for target 
interrogation only after recognition of a protospacer adjacent motif 
(PAM) within foreign DNA7–9. Structural and biochemical studies have 

shown that PAM engagement precedes extensive guide–target pairing 
and induces conserved conformational rearrangements that activate 
nuclease function3,7,8,10. These observations suggest that PAM recogni-
tion constitutes an initial checkpoint in CRISPR activation, independ-
ent of guide–target complementarity. Efforts to broaden targeting, 
through PAM engineering11,12, RNA guides reprogramming13,14 and pro-
tein mutagenesis15,16, have improved flexibility, but have implicitly pre-
served the assumption that an RNA guide is a fundamental biochemical 
requirement for Cas activity. Bulk biochemical measurements indicate 
that Cas–guide RNA binary complexes can nonspecifically associate 
with PAM-rich DNA, revealing an intrinsic DNA-binding propensity 
often invoked to explain off-target effects5,17–19. Here we asked whether 
this strategy could be inverted, and RNA-guided effectors could be 
repurposed into DNA-guided, RNA-targeting platforms. We engineer 
synthetic CRISPR DNA (crDNA) that exploits PAM-dependent activa-
tion to assemble a functional deoxyribonucleoprotein (DNP) complex, 
and combine structural, biochemical and cellular analyses to define 
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(Supplementary Fig. 7), comparable to established RNA-guided Cas12a 
diagnostic platforms26,27.

Collectively, these results demonstrate that Cas12a can 
be reprogrammed efficiently into a DNA-guided effector capa-
ble of sequence-specific RNA recognition and robust cis- and 
trans-cleavage activities.

Structural basis for DNA-guided reprogramming 
of CRISPR–Cas12a
Although these biochemical and biophysical assays establish 
PAM-dependent activation by crDNA, they do not by themselves 
distinguish whether Cas12a is engaged through the canonical 
PAM-recognition pathway or through an alternative, noncanonical 
nucleic-acid-mediated mechanism. To define the structural basis of 
DNA-guided CRISPR–Cas12a activity, we determined the cryogenic 
electron microscopy (cryo-EM) structure of a ternary complex com-
prising AsCas12a, a single-stranded crDNA guide and a complementary 
RNA target. To reduce preferred orientation during data processing, 
particle orientations were rebalanced, yielding a final map at overall 
3.17 Å resolution (Fig. 2a). In the resulting map, 41 of the 43 nucleo-
tides (nt) of the crDNA and the first 23 nt of the RNA target were well 
resolved and modeled, forming a 20-bp DNA–RNA heteroduplex sta-
bilized within the AsCas12a binding channel (Fig. 2e). As expected, the 
PAM sequence embedded within the single-stranded crDNA adopts 
a stem–loop conformation and is recognized specifically by the PI 
domain of Cas12a (Fig. 2b–d). Notably, the WEDIII domain exhibits 
high flexibility, consistent with the absence of a repeat-derived RNA 
pseudoknot in the DNA-guided system. Overall, the architecture 
of the crDNA-guided Cas12a complex closely resembles that of the 
canonical 20-bp R-loop formed with crRNA-mediated DNA target-
ing (PDB 8SFO)28 (Supplementary Fig. 8a,c). In particular, the posi-
tioning of the PAM and the key PI residues are nearly superimposable 
(Supplementary Fig. 8k,l), underscoring the capacity of Cas12a to 
accommodate a PAM-bearing ssDNA guide while preserving its canoni-
cal target-recognition framework.

Close inspection of the nuclease (Nuc) domain revealed an addi-
tional density adjacent to its surface basic patch. Given that the Nuc 
domain sequence and the crDNA are modeled almost entirely with 
only a single unresolvable nucleotide of crDNA at each terminus, we 
speculate that this extra density corresponds to the 3′-downstream 
sequence of the RNA target. Focused three-dimensional (3D) classifi-
cation around the Cas12a opening captured several conformational 
states of this density, which appear to extend continuously from the 
3′ end of the RNA target in the DNA–RNA heteroduplex (Fig. 2f and 
Supplementary Fig. 8). This observation suggests that the downstream 
RNA segment folds back toward the catalytic cleft formed between the 
RuvC and Nuc domains, positioning it for cleavage.

Together, these structural data establish that crDNA can direct 
formation of a catalytically competent Cas12a ternary complex and pro-
vide a mechanistic framework for understanding how PAM-dependent 
DNA engagement enables subsequent RNA recognition and cleavage 
in this DNA-guided system.

A PAM-dependent model for crDNA engagement 
by Cas12a
Cryo-EM analyses of the crDNA–RNA–Cas12a ternary complex revealed 
that, despite the absence of the canonical repeat-derived RNA pseu-
doknot, the PAM sequence of crDNA occupies the PI domain of Cas12a 
in a geometry indistinguishable from that observed in RNA-guided 
ternary complexes and is associated with conformational rearrange-
ments consistent with catalytic activation. In contrast, electrophoretic 
mobility shift assay (EMSA) experiments showed that, in the absence 
of a structured RNA guide, direct binding of RNA to Cas12a is weak 
(Supplementary Fig. 10), suggesting that RNA alone is insufficient to 
initiate productive complex formation.

the molecular basis of this alternative activation pathway. This work 
establishes a previously unrecognized mode of CRISPR activation and 
expands the design space for programmable RNA manipulation.

Programmable RNA recognition and cleavage with 
DNA-guided CRISPR–Cas12a
This reasoning prompted us to ask whether the informational role 
of the guide and the structural role of PAM engagement could be 
decoupled physically, such that PAM-mediated activation is pro-
vided by a DNA element while sequence specificity is supplied by 
an RNA substrate. Conformational studies of Cas12a trans‐cleavage 
on heteroduplex substrates revealed that a 3′–5′ crDNA, bearing a 
stem–loop inverted relative to conventional crRNA, paired with its 
complementary RNA unexpectedly activates the trans-cleavage activ-
ity of Cas12a (Supplementary Fig. 1). To understand this phenomenon, 
we performed AlphaFold‐guided modeling and molecular docking20, 
which showed that crDNA occupies the canonical double-stranded 
DNA (dsDNA)‐binding groove; its duplex region, including the PAM, 
interacts with the groove formed by the wedge (WED), recognition 
1 (REC1) and PAM-interacting (PI) domains rather than the WED and 
endonuclease RuvC (homology domain of UV-sensitive gene prod-
uct C activity for resolving Holliday junction) domains (regarded as 
canonical crRNA repeat-derived handle binding domain)21,22 (Fig. 1a). 
We therefore hypothesized that a synthetic DNA molecule mimicking 
key features of PAM-containing dsDNA could form a DNP complex with 
Cas12a and redirect the effector toward RNA substrates. Guided by this 
structural framework, we redesigned and optimized the crDNA archi-
tecture, enabling efficient reprogramming of Cas12a into a DNA-guided, 
RNA-targeting effector (Supplementary Fig. 2).

We performed cleavage experiments in vitro using a 5′- 
carboxyfluorescein (5′-FAM) labeled RNA targets (Supplementary  
Table 1), confirming that DNA‐guided Cas12a binds and cleaves target 
RNA specifically (Fig. 1b and Supplementary Fig. 3). Further experi-
ments indicate that RNA recognition and binding by Cas–crDNA com-
plexes is Mg2+‐independent, whereas cleavage strictly requires Mg2+ 
(Supplementary Fig. 4), consistent with metal-dependent catalysis by 
the RuvC domain. High-resolution cleavage site mapping shows that 
DNA‐guided Cas12a cuts at two, five and six bases downstream of the 
spacer (Fig. 1c,d). Notably, the cleavage site of DNA-guided Cas12a is 
different in the RNA-guided system, as here the RNA targets occupy 
canonical crRNA binding region, suggesting possible resemblance to 
3′ pre-crRNA cleavage feature23–25. Consistent with this model, targeted 
mutagenesis of Cas12a demonstrated that DNA-guided RNA cleavage 
depends on the same RuvC catalytic residues required for dsDNA 
cleavage in canonical RNA-guided Cas12a, whereas residues implicated 
in 5′ crRNA array processing are dispensable (Supplementary Fig. 5). 
Together, these results establish that DNA-guided Cas12a engages 
RNA substrates through a mechanistically distinct yet catalytically 
conserved pathway.

We next assessed whether DNA-guided Cas12a supports robust 
target-induced trans-cleavage using a fluorophore-quencher-labeled 
single-stranded DNA (ssDNA) reporter. Across eight distinct RNA 
targets, DNA-guided Cas12a exhibited strong and reproducible 
trans-cleavage activity (Fig. 1e and Supplementary Fig. 6), indicating 
that activation is not restricted to specific sequences. Comparable 
trans-cleavage was observed across several Cas12a orthologs guided by 
crDNA (Fig. 1f), supporting the generality of this DNA-guided strategy. 
Kinetic analysis using Michaelis–Menten modeling revealed that, at 
equivalent concentrations of activating nucleic acids, the maximal 
trans-cleavage rate of DNA-guided Cas12a is approximately twofold 
lower than that of the canonical RNA-guided system (Fig. 1g). This 
reduction probably reflects the absence of stabilizing interactions pro-
vided by the repeat-derived RNA pseudoknot. Nevertheless, sensitivity 
assays demonstrated that DNA-guided Cas12a enables direct detection 
of RNA targets at picomolar concentrations without preamplification 
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Fig. 1 | DNA-guided CRISPR–Cas12a cleaves ssRNA targets. a, Structural 
comparison of DNA-guided and RNA-guided CRISPR–Cas12a systems. Left: 
AlphaFold3-predicted model of a DNA-guided Cas12a ternary complex, in which 
the crDNA (black), containing a PAM sequence, basepairs with the target RNA 
(red). The resulting crDNA–RNA heteroduplex is positioned within a binding 
groove formed primarily by the WED (yellow), REC1 (light gray) and PI (mint 
green) domains. Right: structure of an RNA-guided Cas12a complex (PDB 5B43)21, 
showing crRNA (red) engagement within the canonical RNA-binding channel. 
BH, bridge helix; NTS, nontarget strand; TS, target strand. b, Representative 
cis-cleavage assay of a 450-nt ssRNA target by Cas12a–crDNA. Representative 
gel image from three independent experiments with similar results. c, Sequence 
of the crDNA and its complementary ssRNA target, with the cis-cleavage site 
indicated. The PAM sequence is highlighted in pink. d, Mapping of Cas12a–
crDNA cis-cleavage sites. Lanes labeled Control, OH− and Cas12a indicate the 

24-nt RNA control, alkaline hydrolysis ladder and Cas12a–crDNA cleavage 
products, respectively. Cleavage products corresponding to distinct sites are 
numbered. Representative gel image from three independent experiments with 
similar results. e, Trans-cleavage activity of DNA-guided Cas12a across eight 
different RNA targets: 10 nM target RNA, condition containing 10 nM input 
target RNA; NTC, no-target control. Bars: mean ± s.d.; n = 3 technical replicates. 
f, Comparison of DNA-guided Cas12a trans-cleavage activity across three Cas12a 
orthologs. Bars: mean ± s.d.; n = 4 technical replicates; 10 nM target RNA and NTC 
as in e. g, Kinetic analysis of trans-cleavage activity for DNA-guided and RNA-
guided Cas12a systems. Datapoints are the mean of technical replicates. RFU, 
relative fluorescence units; kcat,crRNA, apparent turnover number (min−1) of Cas12a 
trans-cleavage activity when programmed with a CRISPR RNA (crRNA) guide; 
kcat,crDNA, apparent turnover number (min−1) of Cas12a trans-cleavage activity 
when programmed with a CRISPR DNA (crDNA) guide.
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Based on these observations, we propose a model in which crDNA 
associates initially with apoCas12a to form a DNP complex through 
PAM-mediated interactions that subsequently recruits the comple-
mentary RNA target. In this framework, formation of the RNA–DNA 
duplex within the Cas12a binding channel induces further conforma-
tional rearrangements that activate both cis- and trans-cleavage activi-
ties. AlphaFold3 predictions support the feasibility of direct crDNA 
engagement by apoCas12a (Fig. 3a). Consistently, binary complex 
EMSA experiments, including competition assays with a fivefold excess 
of yeast RNA, demonstrate stable and specific binding between crDNA 
and apoCas12a, whereas random single-stranded DNA fails to form 

detectable complexes (Fig. 3b,c and Supplementary Fig. 11). Notably, 
the presence of yeast RNA increased modestly the fraction of unbound 
crDNA, suggesting that background RNA can compete partially with 
crDNA binding (Fig. 3c).

Limited trypsin proteolysis further revealed that crDNA binding 
induces a distinct conformational state of Cas12a, characterized by 
the appearance of a pronounced cleavage fragment at ~110 kDa and 
the disappearance of a fragment at ~130 kDa relative to apoCas12a 
(Fig. 3d). This pattern is indicative of an ordered conformational rear-
rangement rather than nonspecific association. Systematic mutation of 
the PAM sequence resulted in progressive increases in the dissociation 
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Fig. 2 | Structural basis for DNA-guided reprogramming of CRISPR–Cas12a. 
a, Left: top view of cryo-EM density of AsCas12a in complex with crDNA and 
target RNA. The density of AsCas12a is colored according to the scheme in 
Supplementary Fig. 9. Right: side view with densities of Rec1/2 domains omitted 
to show bound DNA–RNA duplex in the middle. b, Model of AsCas12a–crDNA–
RNA fitted into the map in a. c, Density of crDNA (blue) and RNA (red) duplex. 
PAM sequence is highlighted in a pink box. d, Interaction between the  
PAM sequence of crDNA (pink) and AsCas12a. e, Schematic showing full  

protein–nucleic acid interactions between AsCas12a and visible DNA–RNA 
duplex. f, Top: an example class exhibiting extra density downstream of 3′ end 
of target RNA is observed at the opening of C-shaped AsCas12a and proximal 
to the nuclease site of AsCas12a, after focused 3D classification to resolve the 
heterogeneity. Important residue E993 at active site of AsCas12a nuclease 
domain is shown. Bottom: extra density of downstream RNA is found docking 
onto a basic patch of Nuc domain surface.
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constant (Kd) of the crDNA–Cas12a binary complex, accompanied by 
corresponding reductions in trans-cleavage activity (Fig. 3e,f and 
Supplementary Figs. 12 and 13). Complementary protein mutagen-
esis experiments further demonstrated that residues involved in 
PAM recognition are essential for maintaining efficient DNA-guided 
trans-cleavage activity (Supplementary Fig. 14).

Together, these data support a two-step binding and activation 
model for DNA-guided CRISPR–Cas12a (Fig. 3g). In this framework, 
Cas12a first associates with crDNA to form a PAM-dependent DNP 
complex characterized by dissociation constant Kd1, which subse-
quently binds the RNA target to generate the catalytically active ternary 
complex with dissociation constant Kd2. Fluorescence polarization 

measurements of Kd1 and Kd2 (Fig. 3h,i) revealed that binding affinities 
comparable in magnitude to those of canonical RNA-guided Cas12a sys-
tems (Supplementary Fig. 15). Notably, previously reported affinities 
for RNA-guided Cas12a span several orders of magnitude depending 
on the measurement approach5,29,30; when compared specifically with 
fluorescence polarization–based studies31, the values obtained here 
fall within the same order of magnitude, underscoring the functional 
viability of this alternative activation pathway.

We also evaluated alternative binding scenarios, including initial 
association of apoCas12a with RNA or prehybridization of RNA with 
crDNA (Supplementary Fig. 16). Quantitative binding analyses showed 
that the affinity of apoCas12a for RNA is approximately an order of 
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magnitude weaker than that for crDNA, whereas the affinity between 
crDNA and RNA is comparable to that of the DNP complex. In practical 
applications, Cas12a and crDNA are supplied as reagents, whereas RNA 
represents the analyte or target. Under these conditions, the crDNA–
apoCas12a engagement pathway predominates and is therefore the 
operationally relevant route in our system.

DNA-guided CRISPR–Cas system is RNA-specific 
targeting
Consistent with their established role as RNA-guided, DNA-targeting 
nucleases, RNA-guided Cas12a ribonucleoprotein (RNP) complexes 
readily bind single-stranded RNA (ssRNA), ssDNA and dsDNA (Fig. 4a 
and Supplementary Fig. 17), in agreement with previous reports of 
Watson–Crick-mediated target recognition11,12,26. By analogy, we 
initially anticipated that DNA-guided Cas12a, where crDNA bridges 
Cas12a and its RNA target through Watson–Crick base pairing, might 
similarly engage ssDNA substrates. EMSAs revealed that DNA-guided 
Cas12a binds exclusively to ssRNA, but not to either ssDNA or dsDNA 
(Supplementary Fig. 17). The absence of dsDNA binding is explained 
readily by pre-occupation of the PI groove by crDNA, which steri-
cally precludes dsDNA engagement and unwinding. In contrast, the 
inability of DNA-guided Cas12a to bind ssDNA is striking, given the 
DNA-targeting ancestry of Cas12a. Fluorescence-based trans-cleavage 
assays corroborated these binding data: whereas RNA-guided Cas12a 
exhibits robust collateral cleavage activity against ssRNA, ssDNA and 
dsDNA, the DNA-guided system is selectively activated only by ssRNA 
(Fig. 4b and Supplementary Fig. 18). We propose that, in the DNA-guided 
complex, the canonical guide-binding channel of Cas12a preferentially 
accommodates RNA bases while disfavoring DNA, thereby enforcing 
RNA selectivity at the level of heteroduplex formation. In this model, 
crDNA–ssDNA hybrids fail to be retained stably within the binding chan-
nel and are displaced competitively, preventing productive complex 
assembly. Molecular simulations support this interpretation, demon-
strating stable ternary complex formation between Cas12a, crDNA and 
RNA, whereas crDNA–ssDNA duplexes dissociate from Cas12a during 
equilibration (Supplementary Fig. 19).

To evaluate sequence requirements systematically, we tested eight 
orthogonal crDNA guides and their corresponding RNA targets. Both 
cis- and trans-cleavage activities were activated robustly only when 
the RNA target was fully complementary to the crDNA spacer (Fig. 4c,d 
and Supplementary Fig. 20), demonstrating stringent RNA-sequence 
dependence of DNA-guided Cas12a activation.

It is notable that the DNA-guided Cas12a system discriminates 
single‐nucleotide mismatches in the spacer; compared with the 
fully complementary target (wild type (WT)), most point muta-
tions significantly reduced trans-cleavage-induced fluorescence 
(P < 0.05; Fig. 4e,f and Supplementary Table 2), with the strongest 
effects observed at seed-region positions (the first, second and 
fourth nucleotides). Mutations at the 5th, 19th and 20th nucleotides 
did not significantly alter activity; mismatches at the 19th and 20th 
nucleotide even increased the fluorescence signal. Furthermore, 
truncating the spacer of crDNA from 20 nt to 16 nt increased the 
single-nucleotide specificity, especially at 12th and 15th nucleotides; 
signal was reduced by sevenfold and fivefold, respectively. Similar 

anomalous increases in collateral activity upon distal mismatches 
have been reported in RNA‐targeting CRISPR systems26,32, possibly 
reflecting altered steric interactions among cis‐cleavage products, 
the nontarget strand overhang, and Cas12a24,33. Collectively, these 
findings establish that DNA-guided Cas12a can achieve improved 
single-nucleotide discrimination under optimized crDNA architec-
tures while maintaining RNA selectivity, providing a foundation for 
the future development of sequence-specific RNA targeting and 
sensitive nucleic acid detection workflows.

Programmable nucleic acid diagnostic with 
DNA-guided CRISPR–Cas12a system
DNA-guided CRISPR–Cas systems provide a previously unexplored 
framework for molecular diagnostics by decoupling target recogni-
tion from RNA-guided surveillance34–37. To further enhance sensitivity 
and enable practical diagnostic applications, we developed Specific 
Locus Evaluation Utilizing Targeted Hydrolysis (SLEUTH)—an in vitro 
nucleic acid detection platform that integrates isothermal amplifica-
tion with DNA-guided Cas12a-mediated trans-cleavage of a fluorescent 
reporter (Fig. 5a).

In SLEUTH, DNA or RNA targets are first amplified using recom-
binase polymerase amplification (RPA) or reverse transcription RPA 
(RT–RPA), respectively, followed by T7 transcription to generate RNA 
substrates. These RNA products subsequently activate DNA-guided 
Cas12a effectors, triggering robust trans-cleavage of a fluorogenic 
reporter and enabling real-time signal readout. This signal transduction 
architecture is conceptually analogous to SHERLOCK38–40 but relies on 
a fundamentally distinct DNA-guided CRISPR effector system.

Using this workflow, SLEUTH achieved attomolar sensitivity (1 aM) 
for both RNA and DNA targets (Fig. 5b,c). When applied to clinical 
testing, SLEUTH accurately classified 31 SARS-CoV-2 patient samples  
(30 positive, 1 negative), showing 100% concordance with quantitative 
PCR with reverse transcription (RT–qPCR) results within this limited 
sample set (Fig. 5d,e and Supplementary Table 3). These results dem-
onstrate that DNA-guided Cas12a retains diagnostic performance 
comparable to established RNA-guided platforms while operating 
within a distinct mechanistic framework.

Compared with SHERLOCK38–40, SLEUTH is built on Cas12a and 
synthetic DNA guides, eliminating the need for engineered RNA 
components in the effector complex. Although amplification-based 
preprocessing remains essential for high-sensitivity detection, the 
exclusive use of DNA guides provides advantages in reagent stability, 
storage and manufacturing, which are relevant for large-scale produc-
tion and deployment. These features highlight DNA-guided Cas12a as 
a complementary framework for CRISPR diagnostics, expanding the 
design space beyond conventional RNA-guided architectures.

Intracellular RNA knockdown with DNA-guided 
CRISPR–Cas system
Bacterial RNA interference is mediated naturally by RNA-guided 
CRISPR systems such as Cas13. Whether such a DNA-guided activation 
mechanism could operate within the complex intracellular environ-
ment, where crDNA stability, delivery efficiency and competition with 
endogenous nucleic acids may impose additional constraints, remains 

Fig. 4 | DNA-guided CRISPR–Cas system is RNA-specific targeting. a, Target-
selectivity schematic of DNA-guided and RNA-guided CRISPR–Cas system.  
b, Trans-cleavage activity tests showing the target specificity of the DNA-guided 
Cas12a in comparison with the RNA-guided version of the same protein; n = 3 
technical replicates. c, Orthogonal cleavage assay results of DNA-guided Cas12a 
cis-cleavage activity across eight crDNA–RNA pairs. Representative gel image 
from three independent experiments with similar results. d, Orthogonal heat 
map of DNA-guided Cas12a trans-cleavage activity across eight crDNA–RNA 
pairs. Each cell represents the mean fluorescence signal from three technical 
replicates (n = 3), with color intensity indicating average trans-cleavage activity. 

e, Schematic of single-nucleotide specificity test sequence. f, Single-nucleotide 
specificity of DNA-guided CRISPR–Cas12a system with 20-nt spacer; n = 3 
technical replicates. Statistical significance was assessed by ordinary one-way 
analysis of variance (ANOVA) followed by Dunnett’s multiple comparisons test 
(each group compared with the NTC group; two-sided). g, Single-nucleotide 
specificity of DNA-guided CRISPR–Cas12a system with 16-nt spacer; n = 3 
technical replicates. Statistical significance was assessed by ordinary one-way 
ANOVA followed by Dunnett’s multiple comparisons test (each group compared 
with the NTC group; two-sided). Exact P values are provided in Supplementary 
Table 2; bars: mean ± s.d.
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unclear. Here we examined whether a DNA-guided CRISPR–Cas12a 
system is capable of mediating sequence-specific RNA knockdown in 
mammalian cells.

To this end, we established an enhanced green fluorescent protein 
(EGFP)-based cellular RNA knockdown assay in HEK293T cells (Fig. 6a). 
Cas12a was coexpressed with mCherry from a single plasmid to enable 
monitoring of Cas12a expression, whereas the EGFP transgene was 

encoded on a separate plasmid as a reporter. Targeting crDNAs were 
labeled fluorescently with Cy5 to assess intracellular delivery.

Cells were cotransfected with the Cas12a expression plasmid, the 
EGFP reporter plasmid and crDNAs, followed by a 12-h incubation. 
EGFP fluorescence was evaluated by fluorescence microscopy and flow 
cytometry, and EGFP mRNA levels were quantified by RT–qPCR. Given 
previous evidence that phosphorothioate (PS) modifications enhance 
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intracellular stability and target engagement of oligonucleotides, we 
compared an unmodified crDNA with a chemically stabilized crDNA 
containing four PS linkages at both the 5′ and 3′ termini (Fig. 6b).

Cotransfection of Cas12a with EGFP-targeting, PS-modified 
crDNA resulted in a pronounced reduction in EGFP fluorescence 
(Fig. 6c and Supplementary Fig. 21). Flow cytometry analysis revealed 
an approximately 56% decrease in EGFP mean fluorescence intensity 
(MFI) relative to nontargeting crDNA controls, whereas no apprecia-
ble reduction was observed with the unmodified crDNA (Fig. 6d). Con-
sistently, RT–qPCR analysis showed a corresponding decrease in EGFP 
mRNA levels (76%) upon treatment with PS-modified crDNA–Cas12a 
complexes (Fig. 6e). Transfection of crDNA alone, in the absence of 
Cas12a, did not affect EGFP expression, indicating that RNA knock-
down is Cas12a-dependent (Fig. 6f,g and Supplementary Fig. 22).  
RT–qPCR analysis of nontarget transcripts encoded by the mac-
rophage migration inhibitory factor (MIF) and beta-2-microglobulin 
(B2M) genes showed no detectable changes, indicating sequence 
specificity (Fig. 6h). Transcriptome-wide RNA sequencing further 
confirmed minimal off-target effects (Supplementary Fig. 23). To 
extend beyond a reporter system, we next examined an endogenous 
transcript encoded by the MIF gene. RT–qPCR revealed sequence- 
dependent knockdown of MIF mRNA mediated by DNA-guided Cas12a 
(Supplementary Fig. 24).

Together, these results demonstrate that DNA-guided CRISPR–
Cas12a can mediate sequence-specific RNA cleavage in mammalian 

cells, providing a cellular framework for subsequent evaluation of this 
system in intracellular RNA virus inhibition models.

Discussion
This study demonstrates that RNA targeting by CRISPR–Cas effectors 
does not depend intrinsically on RNA-guided activation. Instead, Cas12a 
can be functionally reconfigured into a DNA-guided, RNA-targeting 
system in which structural activation and sequence recognition are 
decoupled. This finding challenges the prevailing assumption, implicit 
in both natural CRISPR biology and most engineering efforts, that an 
RNA guide is a biochemical requirement for Cas activation. Previous 
efforts to expand the specificity and versatility of CRISPR systems have 
operated largely within the canonical RNA-guided framework, focusing 
on relaxing or engineering PAM constraints, chemical modification 
of guide RNAs, construction of DNA–RNA chimeric guides or protein 
engineering to enable RNA recognition by DNA-targeting effectors41–44. 
In contrast to these approaches, our work exploits PAM recognition 
itself as a design principle to reconfigure the CRISPR–Cas12a activa-
tion pathway, decoupling guide-mediated activation from RNA-based 
target recognition. This architecture enables DNA to serve as the guid-
ing scaffold while RNA is repurposed exclusively as the programmable 
target—a configuration not observed in known natural CRISPR systems.

By integrating cryo-EM structural analysis, artificial intelligence 
(AI)-assisted modeling and quantitative biophysical measurements, 
we delineate the molecular basis of DNA-guided Cas12a activation 
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and RNA targeting. Our data demonstrate that this unconventional 
configuration supports high RNA specificity and robust activity in 
both molecular diagnostics and cellular RNA knockdown. Together, 
these results expand the functional design space of CRISPR-based RNA 

manipulation and establish a mechanistic framework for engineering 
DNA-guided CRISPR effectors.

More broadly, our findings suggest that the catalytic scope 
of type V CRISPR nucleases may be more flexible than generally 
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appreciated45. In our system, mutation of the canonical RuvC catalytic 
residue abolished both cis-RNA cleavage and trans-ssDNA cleavage, 
consistent with a RuvC-dependent mechanism for RNA cleavage in 
the DNA-guided Cas12a configuration. This interpretation is in line 
with growing evidence that RuvC domains in some Cas12 effectors can 
accommodate RNA substrates in specific mechanistic contexts12,26,46,47. 
Notably, recent work on Cas12a3 (ref. 48) showed that, after target RNA 
recognition, the effector loads tRNA substrates into its RuvC domain 
for cleavage of the 3′CCA tail, providing a naturally occurring example 
of RuvC-mediated RNA cleavage within the Cas12a family. Our results 
therefore extend this emerging view by showing that programmable 
RNA cleavage can also be achieved in a DNA-guided Cas12a framework.

RNA-guided, RNA-targeting systems such as Cas13 have proven 
powerful for molecular diagnostics and transcript regulation but are 
associated frequently with indiscriminate collateral cleavage and, in 
cellular contexts, measurable toxicity37,38,49–52. In contrast, in cellular 
contexts, Cas12a has been reported to display more limited collateral 
trans-cleavage, which may provide a more controllable starting point 
for RNA-targeting applications53. Although DNA-guided Cas12a cur-
rently mediates only modest knockdown of endogenous transcripts, 
and thus at present represents a proof of concept rather than a fully 
optimized platform, these findings establish the feasibility of program-
mable RNA targeting by a DNA-guided CRISPR effector. With further 
optimization, DNA-guided Cas12a and related effectors may be devel-
oped into versatile tools for RNA knockdown, antiviral intervention and 
live-cell RNA imaging. Extending the DNA-guiding concept to other 
compact CRISPR effectors, such as Cas12j (CasΦ) or Cas12f (Cas14), may 
further facilitate delivery and broaden therapeutic applicability54,55.

Beyond applications, our findings prompt reconsideration of the 
canonical assembly pathway of CRISPR effectors. The prevailing model 
posits that Cas proteins first assemble into RNP complexes before tar-
get engagement3,4. In contrast, our data support an alternative pathway 
in which Cas12a can initially associate with PAM-containing DNA to form 
a DNP complex that subsequently recruits its RNA substrate. Currently 
demonstrated for Cas12a, this model raises broader questions regard-
ing the thermodynamic and kinetic landscape of CRISPR target recogni-
tion and suggests the existence of previously unappreciated Cas–DNA 
intermediates. The cellular behavior and biological consequences of 
such intermediates remain important subjects for future investigation.

Finally, several limitations and opportunities for optimization 
remain. The DNP complex exhibits lower stability than the canonical 
RNP, probably reflecting intrinsic differences in nucleic acid recogni-
tion and binding energetics. Directed evolution strategies, potentially 
guided by AI, may enable concurrent optimization of DNA guide archi-
tecture and Cas variants to enhance DNP stability and activity. In addi-
tion, we observed progressive guide self-cleavage that inactivates both 
RNA- and DNA-guided systems over time, even under magnesium-free 
storage conditions (Supplementary Fig. 25). Chemical stabilization 
strategies, such as PS backbone modification, may therefore be essen-
tial for extending effector lifetime and performance in both research 
and therapeutic contexts.
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Methods
Materials
Acidaminococcus sp. Cas12a (AsCas12a) and Lachnospiraceae bac-
terium Cas12a (LbCas12a) were from Tolo Biotech. AsCas12a Ultra 
was from Integrated DNA Technologies, Inc. EnGen LbaCas12a and 
NEbuffer r2.1 were from New England Biolabs. The RNA sequences 
and ssDNA sequences (Supplementary Table 1) were from GENEWIZ. 
HEPES buffer, magnesium chloride, Lipofectamine 3000 and UltraPure 
diethyl pyrocarbonate (DEPC)-treated H2O were from Thermo Fisher 
Scientific. TwistAmp basic kit was from TwistDx. DNA amplification 
powder kit and RNA-amplification powder kit were from Amp-future. 
Ribonucleotide solution mix, deoxynucleotide solution mix, RNase 
inhibitor and T7 RNA polymerase were from New England Biolabs. 
TIANamp Virus DNA/RNA Kit was from Tiangen. PCR amplification 
premix kit was from Takara, MolPure Flash Cell/Tissue Total RNA Kit 
and RT–qPCR mix Hifair Advanced One Step RT–qPCR SYBR Green Kit 
were from Yeasen Biotechnology. RNA sequencing was performed by 
GENEWIZ. BeyoBlue Plus Coomassie Blue Super-Fast Staining Solu-
tion was from Beyotime. HEK293T (IM-H222) cells were from Xiamen 
Immocell Biotechnology Co., Ltd.

RNA cleavage assays
Unless otherwise stated, cleavage reactions contained 5′-FAM-labeled 
target RNA or label-free target RNA (100 nM), 200 nM Cas12a and 
400 nM crDNA. The Cas12a–crDNA complex was first prepared, incu-
bated for 5 min at room temperature before being mixed with target 
RNA, incubated at 37 °C for 60 min then resolved by 5% native PAGE 
(37.5: 1) at 4 °C (0.25× TBE buffer), 250 V for 12 min. RNA was visualized 
using a Bio-Rad gel imaging system.

RNA cleavage site mapping
A hydrolysis ladder (OH−) was obtained by incubating 0.5 μl 100 μM 
5′-FAM labeled target ssRNA in hydrolysis buffer at 95 °C for 30 min, 
before quenching on ice. The control ladder was a synthetic 
5′-FAM-labeled 24-nt RNA fragment derived from target ssRNA.

The reaction was quenched by Inactivation/Precipitation Buffer 
(Thermo Fisher Scientific) and precipitation by microcentrifuge 
at 38,200g for 15 min at 4 °C before adding RNA gel-loading buffer 
(90% glycerol and 10% formamide). All products were resolved by 15% 
denaturing PAGE.

Electrophoretic mobility shift assays
Unless otherwise stated, to avoid dissociation of the Cas12a–crDNA 
or Cas12a–crRNA, complex at low concentrations during target 
ssRNA binding experiments, binding reactions contained a constant 
excess ratio of Cas protein and crDNA/crRNA/gRNA (2:1), and 50 nM 
of 5′-FAM-labeled target ssRNA. Reactions were incubated at 37 °C for 
60 min before being resolved by 6% native PAGE (37.5:1) at 4 °C (0.25× 
TBE buffer), 120 V for 60 min. RNA and DNA were visualized by Bio-Rad 
gel imaging system.

For ternary complex analysis, binding reactions contained con-
stant 5′-FAM-labeled target RNA (50 nM), then preparation of 200 nM 
Cas12a–crDNA, or Cas12a–crRNA complex (at a ratio of 2:1) and incu-
bating for 30 min at room temperature, then gradient dilution to 
target concentration.

For binary complex analysis, binding reactions contained constant 
crDNA (50 nM), and increasing concentrations of Cas12a.

Trans-cleavage activity analysis
Unless otherwise stated, 5′-FAM- and 3′-BHQ1-labeled ssDNA probes 
were synthesized by GENEWIZ. For the general system, reactions were 
assembled with 50 nM Cas12a protein, 100 nM crDNA, 0.10 pM–20 nM 
activators and 500 nM probes in a total volume of 20 μl in PCR tube 
(Bio-Rad). The reaction was performed at 37 °C, with the buffer contain-
ing 10 mM Tris-HCl (pH 7.9), 50 mM NaCl, 10 mM MgCl2 and 10 mg ml−1 

bovine serum albumin (BSA). The fluorescent signal (485 nm excitation 
and 535 nm emission) was monitored with a qPCR system (Bio-Rad) 
with an interval time of 1 min.

Michaelis–Menten modeling
To measure the trans-cleavage kinetics of DNA-guided and RNA-guided 
Cas12a enzymes, we first prepared 1 μM solutions of the Cas12a–crDNA 
or Cas12–crRNA complex. This was achieved by incubating a mixture 
of 1 μM synthetic crDNA or crRNA with at least twofold excess of the 
corresponding Cas12a at 4 °C for 5 min on an ice plate. Cas12a–crDNA 
or Cas12–crRNA complexes were then activated for trans-cleavage 
activity by mixing and incubating these complexes with synthetic RNA 
or dsDNA at 100 nM concentration at 4 °C for 5 min on an ice plate and 
then incubating on a heating plate at 37 °C for 30 min. The latter step 
yielded a solution with an activated Cas12a concentration of 100 nM. 
We performed the trans-cleavage kinetics assay using 1 nM activated 
Cas12a and varied ssDNA reporter concentrations of 1,000; 2,000; 
4,000; 8,000; 16,000 and 32,000 nM. Two replicates were taken for 
each concentration. The reaction velocities versus reporter concentra-
tion data were fitted to the Michaelis–Menten equation using GraphPad 
Prism v.10 to obtain the kcat.

Limited proteolysis
Limited trypsin proteolysis assays were performed using 2.5 µg of puri-
fied AsCas12a in the absence or presence of crDNA at a 1:1.2 molar ratio. 
Protein samples were incubated with trypsin at a protease-to-substrate 
mass ratio of 1:100. Proteolysis reactions were carried out at 37 °C and 
quenched after 10 min by the addition of SDS–PAGE loading buffer. 
Reaction products were resolved by SDS–PAGE on precast 5% poly-
acrylamide gels and visualized by Coomassie staining using BeyoBlue 
Plus Coomassie Blue Super-Fast Staining Solution.

ssRNA, ssDNA or dsDNA target binding Kd2 measurement using 
fluorescence polarization
Unless otherwise stated, FAM-labeled RNA or DNA oligonucleotides 
were procured from GENEWIZ. To prepare dsDNA substrates, the oligos 
were annealed at a concentration of 10 µM in an annealing buffer com-
posed of 10 mM Tris-HCl (pH 7.5) and 100 mM NaCl. The solution was 
heated at 95 °C for 5 min and allowed to cool down gradually to room 
temperature. Once annealed, the dsDNA was diluted to a final con-
centration of 20 nM using a binding buffer containing 10 mM Tris-HCl 
(pH 7.9), 50 mM NaCl, and 10 mg ml−1 BSA.

To form the Cas DNP, or Cas RNP, Cas12a and its respective crDNA 
or crRNA were mixed at concentrations of 2 µM and 1 µM, respec-
tively, in the binding buffer. This mixture was then incubated at room 
temperature (~25 °C) for 30 min. The DNP or RNP were subsequently 
serially diluted using the binding buffer. Equal volumes of the diluted 
DNP or RNP and target substrates were combined, resulting in a final 
concentration of 10 nM target. The reactions were incubated at room 
temperature for an additional 60 min. Fluorescence polarization 
reading of FAM fluorophore was then taken using the Molecular 
Devices FlexStation v.3 Multi-mode Microplate Reader (Thermo 
Fisher Scientific).

crDNA or crRNA binding Kd1 measurement using fluorescence 
polarization
Unless otherwise stated, FAM-labeled crDNA or crRNA oligonucleo-
tides were procured from GENEWIZ. Cas12a was serially diluted using 
the binding buffer containing 10 mM Tris-HCl (pH 7.9), 50 mM NaCl, 
and 10 mg ml−1 BSA. Equal volumes of the diluted Cas12a and crDNA 
or crRNA were combined, resulting in a final concentration of 10 nM 
guide nucleic acid. The reactions were allowed to incubate at room 
temperature for 60 min. Fluorescence polarization reading of FAM 
fluorophore was then taken using the Molecular Devices FlexStation 
3 Multi-mode Microplate Reader (Thermo Fisher Scientific).
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Recombinase polymerase amplification
In the RPA reaction, a 50 μl RPA reaction mixture contained 29.5 μl 
primer-free rehydration buffer, 1.2 μl forward primer (20 μM), 0.75 μl 
reverse primer (20 μM), 5 μl sample, 2.5 μl Mg acetate (280 mM) and 
11.05 μl DNase/RNase-free water. The reaction was then incubated in 
37 °C for 20 min.

In the RT–RPA reaction, a 50 μl RT–RPA reaction mixture contained 
29.5 μl primer-free rehydration buffer, 1.2 μl forward primer (20 μM), 
0.75 μl reverse primer (20 μM), 5 μl sample, 2.5 μl Mg acetate (280 mM), 
1 μl Script IV RT (200 U μl−1) and 10.05 μl DNase/RNase-free water.

SLEUTH detection
An optimized 20-µl DNA-guided CRISPR–Cas12a reaction was formu-
lated, consisting of 50 nM Cas12a, 500 nM crDNA, 500 nM fluorescence 
reporter, 1× NEB r2.1 buffer and 2 µl of amplification solution placed 
on the lid. The amplification reaction also included 0.125 U µl−1 T7 RNA 
polymerase, 1× T7 RNA polymerase buffer, 0.25 mM rNTP, 0.48 µM 
primers and 1.6 µl of RPA or RT–RPA rehydration mixture (RPA kit from 
Amp-Future). The tube lid was incubated at 40 °C for 15 min to promote 
the production of RNA amplicons. Subsequently, 2 µl of the amplifica-
tion solution was spun down and incubated at 37 °C for 30 min to allow 
the DNA-guided CRISPR–Cas12a reaction to proceed.

SARS-CoV-2 clinical sample collection
SARS-CoV-2 raw samples were obtained and inactivated in the Prince of 
Wales Hospital (Hong Kong). Clinical samples were pretreated for pure 
RNA collection using a TIANamp Virus DNA/RNA Kit (Tiangen; Beijing; 
China) and a fast column extraction kit within 20 mins.

SARS-CoV-2 detection with RT–qPCR
First, a 10 μl reaction mixture contained 0.1 μl Script IV reverse 
transcriptase enzyme, 0.5 μl reverse primer (10 μM), 1 μl dNTP mix 
(10 μM), 5 μl RNA template and 3.4 μl DEPC-treated H2O was incubated 
for 10 mins at 50 °C. Notably, the RNA template-primer mix was pre-
heated at 65 °C for 5 mins, and then incubated on ice for at least 1 min 
for annealing before reaction. Second, SARS-CoV-2 raw samples were 
validated with Takara Taq premix kit. In the qPCR reaction, a 25 μl 
reaction mixture contained 12.5 μl premix Taq, 0.5 μl forward primer 
(10 μM), 0.5 μl reverse primer (10 μM), 1 μl probe (10 μM), 2 μl cDNA 
template and 8.5 μl DEPC-treated H2O. The qPCR program was 95 °C 
for 30 s, then 95 °C for 5 s, 60 °C for 20 s, 72 °C for 10 s for 40 cycles.

Analysis of SLEUTH fluorescence data
Each SLEUTH Cas12a cleavage reaction was added to a 100 μl tube and 
reacted in Bio-Rad PCR machine. Fluorescence measurements (FAM 
channel for SYBR Green based melting curve analysis or HEX channel 
for trans-cleavage signal) were then obtained every 60 s for a period 
of 1 h using the CFX Opus real-time PCR machine (Bio-Rad). The fluo-
rescence signal datapoints were exported directly from the machine 
system that are background-subtracted signal treated signal. The s.e.m. 
(s.d.) of duplicates/triplicates are shown as error bars.

Plasmid construction
For mammalian expression, AsCas12a and mCherry were cloned into 
a pcDNA3.1 vector and linked by a P2A peptide to enable coexpression 
from a single transcript. EGFP was cloned separately into a pcDNA3.1 
vector. Plasmid synthesis and assembly were carried out by GENEWIZ. 
Full construct sequences are provided in Supplementary Table 1.

RNA silencing reagent preparation
Complete Dulbecco’s Modified Eagle Medium (DMEM) was prepared by 
combining 445 ml of basal DMEM with 50 ml of fetal bovine serum and 
5 ml of penicillin–streptomycin in a sterile mixing vessel. The mixture 
was inverted gently until homogeneous, then stored at 2–8 °C for up 
to 3 months. To prepare 1× phosphate-buffered saline (PBS), 5 ml of  

10× PBS stock solution was diluted with 45 ml of ultrapure water in a 
sterile container, mixed by gentle inversion and stored at room tem-
perature for up to 6 months.

Cell culture
HEK293T cells were maintained in complete DMEM and passaged 
every 2–3 days at a 1:3 split ratio. Confluent cultures in 6 cm dishes 
(approximately 5 × 106 cells per dish) were monitored by phase-contrast 
microscopy for normal morphology and growth. For subculturing, 
approximately 30% of the total cell population (≈1.5 × 106 cells) was 
harvested by aspirating medium, trypsinizing for 2 min at 37 °C, and 
neutralizing with twice the volume of complete DMEM. Cells were col-
lected by centrifugation at 90g for 3 min, the supernatant was removed, 
and the pellet resuspended gently in 1 ml of complete DMEM. The cell 
suspension was then transferred into a fresh 6 cm dish containing 5 ml 
of prewarmed medium and incubated at 37 °C with 5% CO2.

Cell transfection
For EGFP reporter system, 1 × 105 cells per well were seeded in 48-well 
plates 24 h before transfection. Then, 200 ng of EGFP reporter plasmid, 
400 ng of AsCas12a-mCherry or 0.3 µl of crDNA (100 µM) were mixed 
with 0.45 µl of Lipofectamine 3000, 0.6 µl P3000 (except crDNA) and 
30 µl of Opti-MEM Reduced Serum Medium, respectively. Complexes 
were allowed to form for 15 min and then added dropwise to each 
well. Transfected cells were harvested 12 h post-transfection for flow 
cytometry, fluorescence microscopy observation and qPCR analysis.

For endogenous gene knockdown, 1 × 105 cells per well were 
seeded in 48-well plates 24 h before transfection. Then, 400 ng of 
AsCas12a-mCherry or 0.3 µl of crDNA (100 µM) were mixed with 0.45 µl 
of Lipofectamine 3000, 0.6 µl P3000 (except crDNA) and 30 µl of 
Opti-MEM Reduced Serum Medium, respectively. Complexes were 
allowed to form for 15 min and then added dropwise to each well. 
Transfected cells were harvested 12 h post-transfection for qPCR and 
transcriptome sequencing analysis.

Flow cytometry for quantification of EGFP expression
At 12 h after transfection as described above, cells were trypsinized 
with 1× Trypsin-EDTA. Then the cells were resuspended in cytometry 
buffer (0.6% BSA, 2 mM EDTA, 10 mM HEPES, pH 7.4 in 1× DPBS). Each 
sample was passed through a 35-µm cell strainer. Cells were then ana-
lyzed in a BD FACSDiscover S8 Cell Sorter. FCS files were then analyzed 
in FloJo v.10.10 to obtain the MFI of EGFP fluorescence in mCherry–
cy5-positive cells.

RT–qPCR for relative quantification of mRNA
Total RNA was extracted from samples using the MolPure Flash Cell/
Tissue Total RNA Kit (Yeasen Biotech) according to the manufacturer’s 
instructions. Purified RNA was subsequently subjected to one-step 
RT–qPCR using the Hifair Advanced One Step RT–qPCR SYBR Green 
Kit. RT–qPCR was performed under the following cycling conditions: 
reverse transcription at 50 °C for 20 min, initial denaturation at 95 °C 
for 5 min, followed by 40 cycles of denaturation at 95 °C for 15 s and 
annealing/extension at 60 °C for 30 s. Fluorescence signals were 
acquired using a Bio-Rad real-time PCR system. Relative gene expres-
sion levels were quantified using the comparative Ct (2−ΔΔCt) method, 
with the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene 
serving as the internal reference transcript.

Structure prediction pipeline using AlphaFold3-guided 
molecular dynamic simulation
The initial crystal structures for Acidaminococcus sp. Cas12a (AsCas12a) 
were retrieved from the Protein Data Bank (PDB) under accession codes 
4UN3 and 5B43, respectively.

To predict the 3D structure of our crDNA-guided RNA target-
ing tri-complex with cas12a, we used the following computational 
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workflow: first, the primary sequences of the target DNA, guide RNA 
and the cas12a protein were submitted to the AlphaFold server for struc-
ture prediction. The resulting protein–nucleic acid complex model was 
then optimized and prepared for molecular dynamics simulation using 
the CHARMM-GUI webserver, generating a GROMACS-compatible 
topology. The system underwent energy minimization followed by 
equilibration under constant number of particles, volume and tem-
perature (NVT ensemble) and constant number of particles, pressure 
and temperature (NPT ensemble). Finally, a 300-ns molecular dynamics 
simulation was performed to allow structural relaxation and to refine 
the binding interactions within the predicted complex. Similar work-
flow was adopted for PAM-related mutation with AsCas12a as a binary 
complex prediction.

Cryo grid preparation and data collection
AsCas12a Ultra (6.4 µM) was incubated with crDNA (final 13 µM) and 
RNA (final 13 µM) in 10 mM Tris-HCl pH 8.0 and 50 mM NaCl at 37 °C 
for 30 min to form the ternary complex. Then, 4 μl of 2.5-fold diluted 
ternary complex was then applied to holey carbon grids (C-flat R1.2/ 
1.3 Au, 300 mesh) after glow discharge (15 mA, 45 s). After incubation 
for 10 s at 4 °C and 100% humidity, the grids were blotted for 4 s with 
blotting paper, and then plunged quickly into liquid ethane cooled 
by liquid nitrogen with a Mark IV Vitrobot (Thermo Fisher Scientific). 
The grids were loaded into a FEI Titan Krios G3i electron microscope 
(Thermo Fisher Scientific) equipped with a high-brightness field emis-
sion gun operated at 300 kV. Images were collected automatically 
with a K3 Summit direct electron detector (Gatan) using EPU software 
(Thermo Fisher Scientific) in counting mode and magnification of 
×81,000, corresponding to a 1.05 Å physical pixel size. The slit width 
of the Gatan Imaging Filter (GIF) Bio Quantum was set to 20 eV. The 
defocus ranges, dose rate and other parameters during image acquisi-
tion of the dataset are listed in Supplementary Table 4.

Drift correction and CTF correction were performed in CryoSPARC 
v.4.7.156. Motion-corrected sums with dose-weighting were used for 
all subsequent image processing. Blob picking on 500 micrographs 
was first used to obtain the initial particle stack. After cleaning with 
two-dimensional classification and heterogenous refinement, the par-
ticles of classes with clear AsCas12a features were used as templates to 
pick on the full 2,030 micrographs. Two rounds of heterogenous refine-
ments were then used to obtain a clean stack of 1,305,848 particles, 
which showed preferred orientation. Rebalance orientations in Cryo
SPARC v.4.7.157 was used twice to remove excessive side views, resulting 
in 277,781 particles as the final stack to reconstruct the consensuses 
map for subsequent 3D classifications in CryoSPARC v.4.7.156 and Relion 
v.557. The data processing flowchart is shown in Supplementary Fig. 9.

Model building
Models of PDB 8SFL were first docked into the final map using fit in 
map function of ChimeraX v.1.958. The models of bound crDNA and 
RNA were then fitted into the density, matching the distinct purine/
pyrimidine patterns and their known sequences. Coot v.0.9.8.9659 was 
used to adjust the model manually. The model was refined against the 
corresponding cryo-EM density map with phenix.real_space_refine 
module in PHENIX v.1.21.2-5419 package60. The qualities of the final 
refined model were estimated with MolProbity61. The figures on maps 
and refined models were generated with ChimeraX v.1.9. Refinement 
statistics are presented in Supplementary Table 4.

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

Data availability
All nucleic acid sequences used in this study are provided in the paper 
or Supplementary Information. The model and maps of AsCas12a in 

complex with crDNA and target RNA are deposited with PDB 22FN and 
EMD-68245, respectively. The structural models generated in this study 
using AlphaFold3-guided molecular dynamic simulation are available 
via Zenodo at https://doi.org/10.5281/zenodo.19103630 (ref. 62). Raw 
RNA-seq data generated in this study have been deposited in the NCBI 
Sequence Read Archive under BioProject accession PRJNA1439200. All 
raw data supporting the findings of this study are available in publicly 
accessible repositories or in the Supplementary Information.
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