nature communications

Article

https://doi.org/10.1038/s41467-025-61094-5

Scalable modulation of CRISPR-Cas enzyme
activity using photocleavable
phosphorothioate DNA

Received: 21 November 2024

Accepted: 12 June 2025

Published online: 01 July 2025

M Check for updates

Menglu Hu"8, Bingni Zhang"®, Yuanyue Shan?2, Feng Cao’, Yihui Wang’,
Weiwei Qi', Xue Wang', Yuting Shen', Xinyi Guo', Mengmeng Zhang?, Tian Tian',
Wei Xie ®#, Mingfeng Zhang®3® |, Fang Liang® "® ', Duanging Pei®3° | &
Xiaoming Zhou®"”

The regulation of CRISPR-Cas activity is critical for developing advanced
biotechnologies. Optical control of CRISPR-Cas system activity can be
achieved by modulation of Cas proteins or guide RNA (gRNA), but these
approaches either require complex protein engineering modifications or
customization of the optically modulated gRNAs according to the target. Here,
we present a method, termed photocleavable phosphorothioate DNA (PC&PS
DNA)-mediated regulation of CRISPR—Cas activity (RINE@E8), that is versatile
and overcomes the limitations of conventional methods. In DNACas, CRISPR-
Cas activity is silenced by the affinity binding of PC&PS DNA and restored
through light-triggered chemical bond breakage of PC&PS DNA. The uni-
versality of DNACas is demonstrated by adopting the PC&PS DNA to regulate
various CRISPR-Cas enzymes, achieving robust light-switching performance.
DNACas is further adopted to develop a light-controlled one-pot LAMP-
BrCas12b detection method and a spatiotemporal gene editing strategy. We
anticipate that DNACas could be employed to drive various biotechnological

advances.

The advent of clustered regularly interspaced short palindromic repeat
(CRISPR)-associated protein (Cas) systems and the development of
their applications in gene editing, regulation, and diagnostics are
among the most exciting innovations in the biotechnology field in
recent years'®. The regulation of CRISPR—Cas activity is highly bene-
ficial because certain nonspecific enzymatic reactions can be detri-
mental to many biological applications. For example, controlling
enzyme activity in CRISPR diagnostics is an excellent solution to

address the incompatibility problem between CRISPR cleavage and
nucleic acid amplification’"’. For gene-editing development, controlling
CRISPR—Cas9 activity is crucial for developing site-specific gene editing
or minimizing off-target effects'®™. Overall, precise regulation of
CRISPR-Cas system activity broadens its application in scientific
research and accelerates its practical use in clinical and industrial fields.

Light is ideal for providing high spatial and temporal resolution in
regulating CRISPR-Cas activity. Several methods are available for
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optical control of CRISPR—Cas activity'"*°. Typically, the CRISPR-Cas
system is silenced by the site-specific installation of a photocaged
amino acid, and the activity can be restored when the photocaged
group is removed by light". In other cases, light control of CRISPR-Cas
system activity is achieved by photoinducible dimerization or
isomerization'®'®", While these methods work effectively, the follow-
ing issues need to be addressed. i. Understanding the structural details
in advance and executing time-consuming trial-and-error protein
engineering and screening is necessary. ii. There is a lack of general
guidelines for developing new light-controlled enzymes. iii. Enzyme
activity recovery is usually inefficient due to structural disturbance
caused by protein engineering. Some light-controlled CRISPR-Cas
enzymes are also developed by optically regulating guide RNA (gRNA)
activity?®®, circumventing the need for protein engineering proce-
dures and trial-and-error screening processes. However, the light-
regulated gRNA used in this approach is highly dependent on chemical
synthesis, making it unsuitable for other long-stranded gRNAs that are
difficult to synthesize chemically, such as the gRNA of the Cas12b and
Casl12f system. Furthermore, the need for customized synthesis of
light-regulated gRNA based on specific targets poses a generalizability
issue. Consequently, developing simpler photoregulation methods
that are universal to other CRISPR-Cas systems remains a challenge.

Phosphorothioate (PS) containing DNA (PS DNA) is a chemically
modified nucleic acid in which a non-bridging oxygen atom in the
nucleotide backbone is replaced by a sulfur atom. This modification
enhances DNA stability and preserves its biological activity. PS DNA
demonstrates high-affinity and broad protein-binding capability,
including interactions with plasma proteins, cell-surface proteins, and
intracellular proteins®. Mechanistic studies using human positive
cofactor 4 (PC4) as a model reveal PS DNA binding to the protein
through electrostatic and hydrophobic interactions”. Specifically,
studies on the Ff gene 5 protein show that PS DNA binds to the protein
with approximately 300-fold higher affinity than natural phosphodie-
ster DNA (PO DNA)*. Additionally, experiments demonstrate that PS
DNA binding to LbCas12a significantly inhibits its activity”>*°. This
broad protein affinity, robust binding stability, and inhibitory effect on
protein activity position PS DNA as a potential tool for regulating
CRISPR-Cas protein activity.

In parallel, photocleavable linkers (PC-linkers) are widely
employed for light-mediated control of nucleic acid function due to
their efficient and predictable bond cleavage under specific wave-
lengths of light*. Among them, ortho-nitrobenzyl (ONB) derivatives
represent one of the most extensively used and commercially available
PC-linkers***, Upon exposure to near-ultraviolet (UV) light (365 nm),
ONB groups undergo rapid photolysis, typically completing cleavage
within seconds to minutes. Moreover, PC-linkers offer several advan-
tages, including synthetic accessibility, biological compatibility, and
ease of integration into oligonucleotides. These features make PC-
linkers an effective candidate for constructing light-responsive
CRISPR—Cas tools’*"**,

In this study, we develop a more convenient way to achieve optical
control of the CRISPR-Cas system. In the method development pro-
cess, we verify a key mechanism whereby DNA sequences with varied
PS modifications significantly correlate with their inhibiting effect on
CRISPR-Cas activity. Building upon this discovery, we embed ONB
derivatives-based PC-linkers into PS DNA to obtain photocleavable
phosphorothioate DNA (PC&PS DNA), whose chemical bonds can be
broken by light irradiation. Interestingly, among the tested CRISPR-
Cas enzymes, PC&PS DNA almost completely inhibits enzyme activity
(-100%), and flexible regulation of enzymatic activity can be achieved
with a short photoirradiation step (1 min). This mechanism allows us to
develop a light-controlled tool, termed PC&PS DNA-mediated regula-
tion of CRISPR-Cas activity (DNACas). Compared with conventional
methods, DNACas is simple and versatile, eliminating the need for
protein engineering and trial-and-error screening. Additionally, its

versatility and effectiveness are maintained even with diverse gRNA
transformations. We employ DNACas to build a light-controlled one-
pot loop-mediated isothermal amplification (LAMP)-BrCas12b assay
(light-controlled one-pot assay) and a spatiotemporal gene editing
strategy. We anticipate that DNACas could lead to advancements in
various biotechnologies.

Results

PS DNA-mediated LbCasl2a activity inhibition

PS DNA has been found to exist in a natural form in bacteria®. Che-
mically synthesized PS DNA is also widely used in nucleic acid ther-
apeutics for improving pharmacological properties*****”. Compared to
PO DNA, PS DNA is more resistant to nuclease degradation and more
easily taken up by cells**** . (il GdioRISHGESTaVESHoWERANES
DNA"exhibits broad protein-binding " affinity and inhibitory
CHEEISpincluding its inhibitory and binding effects on the cis-
cleavage activity of GEEESIE®”°, which is responsible for the specific
recognition and cleavage of the target*’.

Here, we evaluated the impact of varying levels of PS modifica-
tions in DNA sequences on the activity of the CRISPR-Cas system
(Fig. 1a). A group of PS DNA sequences with different amounts of PS
modification were employed to evaluate their inhibitory effect on
LbCas12a trans-cleavage activity in vitro (Fig. 1b). These PS DNAs
consisted of poly A, poly T, poly G, and poly C bases, respectively, with
varied lengths (Supplementary Data 1). We incubated these sequences
with ribonucleoprotein (RNP) complexes formed by LbCasl2a and
crRNA for 5 min and subsequently measured the LbCas12a trans-clea-
vage activity by a fluorescence-based assay. Upon activation, the trans-
cleavage activity of LbCasl2a nonspecifically cleaves the fluorescent
quencher (FQ) Cé6 probe, generating fluorescence as an indicator of
enzymatic activity*. It was found that the inhibitory efficiency of PS
DNA on LbCasl2a was positively correlated with the number of PS
modifications in DNA sequences, Giiiexhibiictnobasexependence
To further investigate the underlying mechanism, we employed bio-
layer interferometry (BLI) to ecHiaiciycicemminenhebincdingaifnisy
cenweemBSIDNANROIDNANANEHIOasIZS (Fig. 1c). The experimental
results showed that the presence of PS modifications in nucleic acid
sequences enhanced their binding affinity with LbCas12a, showing a
trend corresponding to the number of PS modifications in DNA
sequences. Further tests using a set of DNAs with random base com-
position and varying numbers and positions of PS modification
showed that the inhibitory effect depends on the total number of PS
modifications rather than base composition or modification posi-
tion (Fig. 1d).

In vitro development of the DNACas assay

This PS modification number-dependent inhibition mechanism
motivated us to develop a light-controlled method for regulating
enzyme activity, termed DNACas. The ONB type PC-linker was
embedded into the PS DNA to create PC&PS DNA, whose length
could be controlled by light-triggered DNA breakage. The binding of
PC&PS DNA to the RNP can effectively inhibit its activity until
exposure to UV light, which induces a breakage in chemical bond of
PC&PS DNA (Fig. 2a). Subsequently, we evaluated the impact of the
number of PC-linkers in PC&PS DNA on their light-switching effi-
ciency with LbCasl2a enzyme (Fig. 2b). A series of PC&PS DNAs were
designed with 25 PS modifications, random base composition, and
varied PC-linker numbers. The results showed that all sequences
effectively inhibited LbCasl2a activity, irrespective of the number of
PC-linker modifications. Notably, light-mediated recovery of enzyme
activity increased proportionally with the number of PC-linkers.
When 12 PC-linkers were incorporated, over 80% of enzyme activity
was restored. Similar patterns were observed when these sequences
were used to regulate the trans-cleavage of LbuCasl13a®, as well as
the cis-cleavage activities of LbCasl2a (Fig. 2c, d). These findings
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Fig. 1| In vitro analysis of CRISPR-Cas12a activity inhibition mediated by dif-
ferent PS DNAs. a Schematic diagram of CRISPR-Cas12a activity inhibition medi-
ated by PS DNA with different numbers of PS modifications. b Effects of different PS
modification numbers of poly(A), poly(T), poly(G), and poly(C) DNA on LbCas12a
activity were measured. The cleavage rate was calculated by comparison to the
native LbCasl2a for detecting the same target DNA. LbCas12a activity was measured
based on the trans-cleavage of an FQ probe. The final concentration of PS DNA in
the reaction system is 100 nM. The final concentration of the LbCas12ais 15 nM. The
total length of the DNA sequences corresponds to the number of PS modifications
plus one. ¢ The dissociation constants of LbCasl2a with PS DNA and PO DNA
determined by BLI. The bases modified with PS are highlighted in purple.

AFL. intensity (arb. units)

d Evaluating the inhibitory ability of PS DNA with varied PS modification content
and position on the LbCas12a activity. All DNA sequences have the same base
composition. The PO-1 sequence contains no PS modifications. The PS modification
content and position are highlighted in purple in the other six sequences. Control
represents the LbCasl2a assay without adding PS or PO DNA to the reaction system.
The final concentration of these DNA sequences in the reaction system is 60 nM. P
represents the positive group using double-stranded DNA (dsDNA) as the target,
while N represents the blank control with RNase-free water as the target. AFL.
Intensity represents the difference between the 60 min and initial fluorescence
values. Data are represented as mean + standard error (n =3 technical replicates).
Source data are provided as a Source Data file.

suggest that Cas protein activity can be flexibly modulated by
introducing PS DNA containing varying amounts of QISSiRKEmS. The
concentration-dependent experiments using four PC&PS DNAs with
poly A, poly T, poly G, and poly C bases, along with one 25PS12PC
DNA with random sequence, demonstrated that effective photo-
switchable LbCasl2a activity required a higher concentration of
PC&PS DNAs than that of the LbCasl2a protein (Supplementary
Fig. 1). We further tested the detailed impact of the base composition

and length of PC&PS DNA on the LbCasl12a activity inhibition per-
formance, demonstrating that the concentration of PC&PS DNA
required to completely inhibit LbCasl2a activity decreased as the
length of the PC&PS DNA increased and has no base dependence
(Fig. 2e, f,). Furthermore, we evaluated the stability of PC&PS DNA
under ambient light and observed no significant activation after 8 h
of exposure, confirming that the photochemical activation process
was wavelength-selective (Supplementary Fig. 2).
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Fig. 2 | In vitro development of the DNACas strategy. a Schematic diagram
illustrating the modulation of LbCasl2a system activity by photoregulation of
PC&PS DNA. b-d Measurement of the light-switching behavior of PC&PS DNA
(random base composition, 26 nt in length) embedded with different amounts of
PC-linker against trans-cleavage of LbCasl2a (b) and LbuCasl3a (c), and cis-cleavage
of LbCasl2a (d). e Measurement of the light-switching behavior of three PC&PS
DNAs against LbCas12a. PC&PS DNA1, PC&PS DNA2, and PC&PS DNA3 have the
same length (21 bases with 20 PS modifications) and are embedded with the same
number of PC-linkers (10 PC-linkers) with different base compositions. f Evaluation
of the concentration-dependent inhibitory effects of LbCasl2a by three PC&PS
DNAs (20PS10PC, 25PS12PC, 36PS18PC) with varying lengths. The experiment was
conducted without UV light treatment. The final concentration of the LbCasl2a is
15 nM. Relative activity is defined as the ratio of LbCasl2a activity in the experi-
mental group containing PC&PS DNA to that in the control group without PC&PS

DNA. g The chemical structural formulas of PO DNA, PS DNA, and PC&PS DNA.

h, i Evaluation of the photoregulatory ability of PO DNA, PS DNA, and PC&PS DNA
on cis-cleavage activity of SpCas9 (h) and trans-cleavage activity of BrCasl2b (i).
The activity recovery was calculated by comparison to the native Cas protein for
cleaving the same target. The long linear dsDNA containing the putative on-target
sequence was cleaved by the Cas9 protein complexed with single-guide RNA
(sgRNA), resulting in two shorter dsDNA fragments. The cleavage rate in (h) was
determined using ImageJ software by measuring the gray-values of the uncleaved
band and calculating its relative ratio to the blank (representing blank control
containing only the template DNA). The total length of the DNA sequences is equal
to the number of PS modifications plus one. These DNA sequences and RNP were
preincubated at room temperature for 5 min. In all experiments, UV represents UV
(365 nm) light irradiation for 1 min. Data are represented as mean + standard error
(n=3 technical replicates). Source data are provided as a Source Data file.

Having demonstrated the light regulation of LbCasl2a and Lbu-
Casl2a activity with DNACas, we next examined whether this strategy
is also applicable to other CRISPR-Cas systems. Therefore, we com-
pared the regulatory capacity of PO DNA, PS DNA, and PC&PS DNA in
parallel (Fig. 2g). As expected, both PC&PS DNA and PS DNA effectively
inhibited the cis-cleavage activity of SpCas9, but only the PC&PS DNA

could restore enzyme activity upon light exposure. In contrast, PO
DNA neither inhibited SpCas9 activity nor exhibited light-responsive
properties (Fig. 2h). It is also observed that PC&PS DNA mediated
similar light regulation efficiency in the BrCas12b*® system, suggesting
that DNACas represents a universal strategy for regulating CRISPR-Cas
system activity (Fig. 2i).

Nature Communications | (2025)16:5939


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61094-5

a b —————— ++ + + + + 95°C C
—————— ++ ++ + + Casl2a —-————-—++++++ Casl2a
- ——-—++-—-— -+ + FAM-PC&PS probe - ——-—++—-———++ FAM-PC&PS probe - - + + - - 095°C
- —++—-—-—-—++ — — FAM-PS probe - —++—-—-—-—++ — — FAM-PS probe - — + + + + Casl2a
++—-—-—-—++—— - — FAM-PO probe ++—-—-—-—++ - - — — FAM-PO probe + + + + + + FAM-PC&PS probe
(bp)M + — + — + —+ — + — + — Light (bp)M + — + — + —+ — + — + — Light (bp) M + — + — + — Light
! M= =|Cas12a&Probe i == " |Cas12a&Probe = == = |Cas12a&Probe
- =
= g -
g - g
40 ™ 40 - 40 -
FAM-PC&PS probe
- | FAM-PC&PS probe - |
N FAM-PC&PS probe
200 e [FAM-PS probe 2048 we | FAM-PS probe o e | p
(=] |FAM-PO probe =) . | FAM-PO probe
i - ; & Light cleaved
*® Light cleaved Light cleaved |
& FAM-PC&PS probe FAM-PC&PS probe FAM-PCE&PS probe
d Cas12a&probe UV Probe UV e uv f .
= Cas12a&probe dark Probe dark T Dark j M ‘
\E/ 250 _** P=0.0021 %% P=0.0001 \E/ 2504 po0.0002 j ' PO UV ‘
c T c Sk - L
S 200 o . f S 2004 =+ o 3 W PO dark ‘
[ - T H - =)
N P=0.0112 T p=0.5783 8 p=0.4392 N P=0.0282 z ;
5 1504 —— ger-oo ns 5 150 ° ns & 3 N/ — psUV |
[e) P P=03132 ° = -
o 8 X ;
5 1004 @ DS f i f S 100 * ® ; PS dark |
g o oqs =l E., 2 =R ] i PC&PS LV |
o o 1
g 50 S 501 .
g o ] ; PC&PS dark |
3 T T T T T
T FAM-PO  FAM-PS FAM-PC&PS s Probe&Cas12 Probe 40 60 8o 100

Fig. 3 | Experimental observation of the working mechanism of DNACas.

a, b FAM terminal-labeled PO probe, PS probe, and PC&PS probe were incubated at
room temperature (a) and 95 °C (b) with LbCas12a and subjected to polyacrylamide
gel electrophoresis (PAGE) assay. DNA probes without incubation with Cas were
also analyzed using electrophoresis as a control. ¢ These analyses are identical to
those shown in (a, b), except that the probe used is FAM mid-labeled PC&PS probe.
d FAM terminal-labeled PO probe, PS probe, and PC&PS probe were incubated with
LbCasl2a and subjected to fluorescence polarization analysis. e Theses analyses are

Temperature (°C)

identical to those shown in (d), except that the probe used is a FAM mid-labeled
PC&PS probe. The experiment results of fluorescence polarization were presented
as mean + standard error (n =4 technical replicates). f PTS assay was employed to
determine the melting curve of LbCas12a incubated with PO DNAI1, PS DNAI1, and
PC&PS DNAL In all experiments, UV represents 365 nm light irradiation for 1 min. P
value was determined using an unpaired Student’s t-test. **p <0.001, *p < 0.01,
*p <0.05, ns-not significant (p>0.05). ‘M’ stands for marker. Source data are pro-
vided as a Source Data file.

Working mechanism of DNACas
In the DNACas experiments, incubation of PS DNA or PC&PS DNA with
LbCasl12a sufficiently silenced enzyme activity, indicating that both PS
DNA and PC&PS DNA bind to LbCasl2a with high affinity. To assess the
working mechanism of PC&PS DNA-mediated regulation of LbCas12a
activity, we used an electrophoretic migration assay to evaluate the
binding behavior of fluorescein amidite (FAM) terminal-labeled single-
stranded PO, PS, and PC&PS probes with LbCas12a. SShowmimBignsa
the PO probe exhibited weak and incomplete binding to LbCasl2a at
room temperature, whereas the PS probe was firmly bound to
theasiamnnaticerebynlighmimasiasony The PC&PS probe binds to
LbCas12a similarly to the PS probe, but its binding band disappears
after light irradiation, with a smaller dye band appearing, indicating
that the fragmented PC&PS probe separates from LbCasl2a (Fig. 3a).
To test the binding stability, the above three binding products were
heat-treated at 95°C and subjected to an electrophoretic migration
assay. The results showed that the binding of PO probe to the LbCas12a
enzyme was thermally unstable, while the binding of the PS probe and
PC&PS probe to LbCasl2a exhibited higher thermal stability (Fig. 3b).
And the dissociation occurred only after light irradiation with the PC&PS
probe (Fig. 3b). To rule out the possibility that the PC&PS probe was not
completely detached from the LbCasl2a protein, we further tested the
binding behavior using FAM mid-labeled PC&PS probe, in which the
FAM group is conjugated at the central position of the probe. If only
partial dissociation occurs, the FAM mid-labeled probe could still bind
to LbCasl2a. As shown in Fig. 3c, similar dissociation behavior was
observed after light irradiation regardless of incubation at room tem-
perature or 95°C, indicating that the dissociation was complete.

Considering that the binding behavior may change during electro-
phoresis, we used fluorescence polarization to observe this binding and
dissociation. In this assay, an increase in fluorescence polarization values
indicates probe binding, while a decrease suggests dissociation. Using
the same FAM terminal- and mid-labeled probes, we observed binding
and dissociation behaviors similar to those in the electrophoretic
migration assay (Fig. 3d, e). Thus, it can be concluded that light cleavage-
mediated dissociation of the PC&PS probe from the enzyme is the
fundamental work mechanism for DNACas.

We next investigated whether PC&PS DNA binding induced a
conformational change in LbCas12a. To evaluate the conformational
effects, we used the protein thermostability shift (PTS) assay, which
detects changes in the folded/unfolded state of the protein by using a
hydrophobic binding dye to identify the exposure of the hydrophobic
region during temperature ramping*’. As shown in Fig. 3f, identical T,
peaks were obtained for naked LbCas12a and LbCas12a samples incu-
bated with PO DNA. Binding of PS DNA or PC&PS DNA caused an
increase of approximately 3°C in the T,,. After light irradiation,
LbCas12a labeled with the PO DNA and PS DNA groups maintained
their original T, peaks, while the PC&PS DNA group recovered the
native LbCasl2a T,, peaks. These results suggest that PS-mediated
affinity stabilizes but does not destroy the conformation of LbCasl2a
(Fig. 3f), whereas light-mediated dissociation restores the normal
conformation of LbCasl2a.

Structural basis of DNACas
We used LbCasl2a as a model protein to further elucidate the working
mechanism of DNACas at near-atomic resolution. The LbCasl2a
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protein in complex with PC&PS DNA and crRNA was subjected to a
standard cryo-electron microscopy (cryo-EM) workflow (Supplemen-
tary Tab. 1). After data processing, most particles resulted in a distinct
map with an extra density in the target DNA binding site compared to
the crystal structure of LbCas12a-crRNA complex (PDB: 5ID6) (Sup-
plementary Figs. 3, 5). We suspect that the extra density represents the
PC&PS DNA (Fig. 4). To confirm that, we treated the LbCas12a-crRNA-
PC&PS DNA with UV irradiation and solved the cryo-EM structure using
the same method. Interestingly, the map resulting from most particles
is almost identical to the architecture of the LbCas12a-crRNA complex
(PDB: 5ID6) (Supplementary Figs. 4, 6) without any extra densities.
Therefore, the extra density located in the target DNA binding site of
LbCasl12a is supposed to be the PC&PS DNA, which disappeared after
PC&PS DNA digestion by UV irradiation.

To explore the structure deformation detail upon PC&PS DNA
binding, the molecular models of LbCasl2a-crRNA and LbCasl2a-
crRNA-PC&PS DNA were solved. The crRNA consists of the 21-nt repeat
region (U(+21)-U(+1)) and 20-nt spacer region (G(1)-A(20)). For
LbCas12a: crRNA, the nucleotides A(+20)-U(5) in the crRNA can be
modeled, while no electron density was observed for the nucleotides
U(6)-A(20) in the crRNA, suggesting that these regions are flexible and
disordered in the cryo-EM structure. For LbCas12a: crRNA: PC&PS DNA
complex, only the nucleotides A(+20)-U(7) in the crRNA and six
modified nucleotides in the PC&PS DNA can be modeled. Interestingly,
the sequence-independent PC&PS DNA not only occupies the target
DNA binding site but also partially binds to the nucleotides G(3) to U(7)
in the crRNA spacer region (Fig. 4). Considering that four PC&PS DNAs
composed of homopolymeric sequences effectively regulate the
activity of LbCasl2a in Supplementary Fig. 1, we speculate that the
partial binding between crRNA and PC&PS DNA occurs randomly. The
occupation of the target DNA binding of crRNA by PC&PS DNA serves
as the primary mechanism for regulating the activity of the LbCasl2
protein. Structural comparison between LbCas12a-crRNA-PC&PS DNA
and LbCas12a-crRNA indicates that PC&PS DNA stabilized the PI (pro-
tospacer adjacent motif (PAM)-interacting) domain and moved
upward the REC (recognition) lobe slightly, which allows the PC&PS
DNA to occupy the target DNA binding pocket and spatially comple-
ment the crRNA (Supplementary Fig. 7a). Meanwhile, the PC&PS DNA
can occupy the target DNA binding site with the inhibition effect on the
LbCas12a compared to the activation effect of target DNA (Supple-
mentary Fig. 7b). After UV treatment, the vastly decreased ratio of the
PC&PS DNA-containing particles suggested that the UV irradiation
degraded the PC&PS DNA and released its fragments. These structural
studies indicate that the UV-sensitive PC&PS DNA occupies the target
DNA binding site and reshapes the LbCasl2a through the PI domain
and REC lobe, which may block the binding of DNA target. Under UV
irradiation, PC&PS DNA is degraded and released from the target DNA
binding pocket.

DNACas boosting light-controlled one-pot LAMP-BrCas12b
assay development

We envision that DNACas could be employed to improve light-
controlled CRISPR-based nucleic acid detection. In the conventional
CRISPR-based one-pot assay, the cleavage activity of the CRISPR
system leads to the degradation of the amplification substrate, which
results in the inefficiency of the one-pot assay***’. Therefore, there is
a need to develop methods to control the activity of the CRISPR
system to facilitate the development of simpler and more sensitive
CRISPR diagnostics. Previously, we and others have developed pho-
tocontrolled CRISPR assay through light regulation of gRNA
activity’’. However, these assays require redesigning and optimizing
the protective oligo or the caged crRNA for different targets. In
addition, the modified gRNAs used in these approaches rely heavily
on chemical synthesis, limiting their applicability to other long-
stranded gRNAs that are difficult to synthesize chemically, such as

those adapted to Casl2f or Casl2b systems. Unlike these methods,
DNACas regulates the Cas protein rather than the gRNA, exhibiting
the potential for developing a universal photocontrolled
CRISPR assay.

Considering that LAMP is more cconomicaliymeffeien than
recombinase polymerase amplification (RPA), we evaluated the feasi-
bility of developing a light-controlled cicIpomEANRIBIGaSI2EIASSAY
(ligh=conmolicdNonespomassay) because BrCasi2b and LAMP have

compatible working temperatures. With this system, LAMP amplifica-
tion will not be affected by BrCas12b cleavage. Upon completion of the
LAMP reaction, BrCasI2b detection was initiated by light irradiation
(Fig. 5a), triggering BrCas12b’s cis-cleavage to recognize and cleave the
LAMP amplicons. This simultaneously activates its trans-cleavage
activity, which non-specifically cleaves the FQT12 probe in the reaction
system, generating fluorescent signals. The results confirmed that the
light-controlled one-pot assay significantly improved the detection
efficiency. As demonstrated, a plasmid DNA containing the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) nucleocapsid
(N)-gene, undetectable by the conventional one-pot BrCas12b-LAMP
assay, was successfully detected by light-controlled one-pot assay with
a high signal-to-noise ratio (Fig. 5b, Supplementary Data 2). Further
detailed target concentration detection experiments showed that the
sensitivity of the light-controlled one-pot assay was 3 orders of mag-
nitude higher than the conventional one-pot assay (Fig. 5c). Further-
more, the light-controlled one-pot assay has shown favorable
specificity (Fig. 5d).

To validate the effectiveness of the light-controlled one-pot
assay for detecting clinical samples, we performed it to detect sus-
pected clinical samples of SARS-CoV-2. Given that SARS-CoV-2 is an
RNA virus, an additional reverse transcription step was first intro-
duced to convert RNA into complementary DNA (cDNA) for sub-
sequent detection. A cycle threshold (C,) value of 38 was set as the
criterion for positive samples. The results of the light-controlled one-
pot assay closely matched those obtained from a parallel reverse
transcription quantitative PCR (RT-qPCR) analysis using a clinically
approved kit, except two PCR-confirmed positive samples (C, >37)
that were not detected (Fig. Se, Supplementary Fig. 8, and Supple-
mentary Tab. 2). It is worth noting that samples with C, > 35 are
generally considered to have lower infectivity, indicating that the
method proposed in this study is sufficient for clinical testing. The
receiver operating characteristics (ROC) curves for the light-
controlled one-pot assay demonstrated an area under the curve
(AUC) of 0.9963 for the N gene (Fig. 5f). And the sensitivity and
specificity of the proposed method in this study compared to the RT-
qPCR method were 97.0% and 100%, respectively (Fig. 5g). These
findings highlight the reliability and clinical applicability of the light-
controlled one-pot assay.

Furthermore, we performed the method to detect Epstein-Barr
virus (EBV) suspected clinical samples (Fig. Sh). EBV is a member of
the herpesvirus family, which is widespread in the population and
persists throughout a person’s lifetime. EBV infections may induce a
variety of cancers, such as lymphoma, nasopharyngeal carcinoma,
gastric carcinoma, and others****, Therefore, EBV can be a biomarker
for screening of these diseases. In this study, we first designed three
sgRNAs for the EBV and evaluated their activities in the light-
controlled one-pot assay (Supplementary Fig. 9, Supplementary
Data 2). SgRNA3 was selected for use in subsequent experiments due
to its high reaction rate. Then, we collected and extracted nucleic
acids from 23 clinical blood samples. According to the results of the
qPCR method, there were 17 positive samples and 6 negative samples
(Supplementary Fig. 10). These samples were then analyzed under
the above-optimized conditions using the light-controlled one-pot
assay. As shown in Fig. 5i, the detection results of the light-controlled
one-pot assay were consistent with qPCR for all samples except
sample 14 (C, value 37.72).
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Fig. 4 | Overall structure of the LbCasl12a-crRNA-PC&PS DNA complex with or
without light irradiation. a Schematic diagram of the domain organization of
LbCasl2a. REC recognition, Pl protospacer adjacent motif (PAM) interacting, WED
wedge, BH bridge helix, Nuc nuclease. b Surface representations of LbCas12a-
crRNA-PC&PS DNA complex with or without light irradiation. Individual LbCas12a
domains are colored according to the scheme in (a). crRNA and PC&PS DNA in
cartoon are colored orange and green, respectively. ¢ Overall structure of the

LbCasl2a-crRNA-PC&PS DNA complex with or without light irradiation. The surface
of PC&PS DNA is shown and colored green. d Superimposed cartoon models of
LbCasl2a-crRNA-PC&PS DNA and LbCas12a-crRNA are shown on the left. The RMSD
is around 1.026. The structural difference between LbCas12a-crRNA-PC&PS DNA
and LbCasl2a-crRNA is highlighted on the right. The primary conformational
deformation in REC1 and Pl domain is labeled with dashed lines. crRNA and PC&PS
DNA in the cartoon are colored orange.
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Fig. 5 | Application of DNACas to develop light-controlled one-pot assay for
in vitro nucleic acid detection. a Schematic diagram of the light-controlled one-
pot assay. For the light-controlled one-pot assay, BrCas12b is temporarily silenced
and can be rapidly activated by light irradiation once the LAMP reaction is com-
plete. This assay has high detection efficiency because the LAMP reaction is not
affected by BrCas12b cleavage. b Detection of plasmid DNA (SARS-CoV-2 N-gene,
200 copies/pL) template by light-controlled one-pot assay and the conventional
one-pot assay. Data are represented as mean * standard error (n=3 technical
replicates). ¢, Detection of plasmid DNA (SARS-CoV-2 N-gene) template with gra-
dient dilution by light-controlled one-pot assay and the conventional one-pot assay.
The detection rate represents the rates of the positive over five experiments.

d Specificity of the light-controlled one-pot assay in analyzing N-gene plasmid DNA
of SARS-CoV-2 against other coronaviruses (severe acute respiratory syndrome
coronavirus (SARS-CoV) and bat SARS-like coronavirus (bat-SL-CoVZC45)). Data are
represented as mean + standard error (n =3 technical replicates). e Detection of 79

Sample ID

clinical SARS-CoV-2 RNA samples by light-controlled one-pot assay. f ROC curve
analysis of the detection accuracy in the clinical application of the light-controlled
one-pot assay. g Matrix summarizing the assay discrimination performance
between positive and negative clinical samples using the light-controlled one-pot
assay and RT-qPCR. h Schematic illustrating the light-controlled one-pot assay for
detecting EBV-suspected clinical samples. i 23 EBV-suspected clinical samples were
confirmed by light-controlled one-pot assay and qPCR method. The bar graph
shows the fluorescence detection results of the light-controlled one-pot assay. “+”
represents the positive sample identified by light-controlled one-pot assay or qPCR,
and “~” represents the negative sample identified by light-controlled one-pot assay
or qPCR. Samples marked with a red  are positive samples that were missed by the
light-controlled one-pot assay. AFL. Intensity represents the difference between the
90 min and initial fluorescence value. P-value was determined using an unpaired
Student’s t-test. ***p < 0.0001, ns-not significant (p > 0.05). Source data are pro-
vided as a Source Data file.

DNACas mediated development of inNivoISpatiotemporally
gene editing strategy

The CRISPR-Cas9 system, an RNA-guided DNA endonuclease, has
been widely used in gene editing™’. Given the irreversible nature of
gene editing, the ability to target only a subset of cells at specific
times would significantly enhance the CRISPR-Cas system’s preci-
sion. Conditional gene editing could minimize off-target effects by
restricting the CRISPR-Cas system’s activity to designated cells.
Several efforts have focused on making the CRISPR-Cas system light-
responsive to allow precise temporal control over gene editing or
expression. These optogenetic strategies include using light-
responsive Cas9 proteins or gRNAs'“"** However, challenges
remain, including unintended activity in the dark, incomplete

restoration of Cas9 function, and the need to design photo-
responsive gRNA for different target sites.

In this study, we microinjected the PC&PS DNA/RNP complex
(composed of Cas9 and sgRNA) targeting the tyrosinase (tyr) gene*,
into the one-cell stage of zebrafish embryos, preventing RNP from
recognizing the target genomic DNA sequence until brief illumination
triggered light-induced gene editing, which resulted in zebrafish
exhibiting an albino phenotype (Fig. 6a). The spatiotemporal control
ability of the 20PS10PC-coupled CRISPR-Cas9 system for gene editing
in zebrafish was first evaluated. The initial results showed that
20PS10PC did not demonstrate effective spatiotemporal regulation of
CRISPR-Cas9 activity in zebrafish (Supplementary Fig. 11). Subse-
quently, the inhibition of CRISPR-Cas system was optimized by
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Fig. 6 | Spatiotemporal gene editing in zebrafish. a Schematic representation of
light-regulated CRISPR-Cas9-mediated gene editing using DNACas in zebrafish.

b Indel analysis through Sanger sequencing of PCR-amplified genomic DNA
extracted from injected embryos. ¢, d Temporally resolved light-mediated gene
editing in zebrafish embryos microinjected with PC&PS DNA and RNP, and globally
exposed to 365 nm light at the indicated developmental stages. ¢ shows the indel
analysis of light-activated RNP at different development stages in zebrafish.

d displays representative images of each knockout phenotype (upper panel). The
total number of embryos displaying each knockout phenotype category is shown at
the bottom of (d) for each treatment group (n = 88-123). e Representative images

of zebrafish embryos microinjected with PC&PS DNA and RNP, either locally
exposed to 405 nm laser light in the eye area at the 6-somite stage, globally irra-
diated with 365 nm light, or kept in the dark as a negative control. Untreated wild-
type embryos served as a blank control. fIndel analysis of the head and tail regions
of zebrafish treated as described in (e). Data are presented as mean + standard
error (n=3 technical replicates); P value was determined using an unpaired Stu-
dent’s t-test. ***p < 0.0001, *p < 0.001, *p< 0.01, *p<0.05, ns-not significant
(p>0.05). hpf represents hours post-fertilization. Source data are provided as a
Source Data file.

altering the distribution of PC-linkers in the sequences, increasing the
number of PS modifications, or adding 2’-F modifications (Supple-
mentary Fig. 12). The 2’-F modification, which involves replacing the
hydrogen atom at the 2’ position of the ribose with a fluorine atom, has
been reported to enhance the binding affinity of DNA to proteins*>.
As a result, 26PS8PC was selected for subsequent experiments. To
further refine the reaction conditions, the amounts of PC&PS DNA and
RNP in the reaction system (Supplementary Fig. 13) were optimized.
The results showed the highest reaction efficiency was achieved with
12 fmol PC&PS DNA and 6 fmol RNP. Next, we characterized DNACas
efficiency by targeting five endogenous loci and found that the light-
activated experimental group exhibited comparable light-induced
indel efficiency to the control group (Fig. 6b), suggesting that the RNP
almost fully recovered its activity after light exposure. For temporally
controlled gene editing, zebrafish embryos were microinjected with
the PC&PS DNA/RNP complex at one cell stage and exposed to UV light
irradiation at various developmental stages. Two days post-

fertilization (dbf), the embryos were imaged and assessed for tyr
gene mutations using an indel mutation analysis assay (Fig. 6¢, d). As
expected, embryos injected with PC&PS DNA/RNP showed no sig-
nificant tyr gene mutations, either phenotypically or at the genomic
DNA level, in the absence of light exposure. In contrast, UV light
exposure induced tyr gene mutations and an albino-like phenotype in
the injected embryos, with gene knockout efficiency decreasing as
irradiation was delayed.

We then investigated the potential for spatially restricted gene
editing in zebrafish using DNACas. Embryos were microinjected at the
one-cell stage and kept in the dark until reaching the 6-somite stage,
when the head and tail regions became visible. At this point, one eye of
the embryo was selectively irradiated using a 405 nm laser in a con-
focal microscope”. Two days post-treatment, we observed melanin
expression in the eye of the locally irradiated embryos (Fig. 6e).
Additionally, we analyzed tyr gene mutations in the head and tail
regions of the same embryos separately, detecting mutations only in

Nature Communications | (2025)16:5939


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61094-5

the head (Fig. 6f). In contrast, globally irradiated embryos displayed
uniform mutations in both the head and tail, while embryos kept in the
dark showed no detectable mutations, confirming the feasibility of
localized gene editing using DNACas.

Moreover, to ensure that DNACas-mediated editing does not
compromise embryonic development, we evaluated the toxicity of
the system under various experimental conditions. Specifically, we
quantified malformation and mortality rates in zebrafish embryos at
24 h post-fertilization (hpf). Embryos exposed to UV irradiation at
different durations (0s,10s,30s, 60 s) or PC&PS DNA embedding at
increasing amounts (O fmol, 2 fmol, 4 fmol) during the one-cell stage
were analyzed. Notably, UV exposure < 60s and PC&PS DNA
amounts < 4 fmol exhibited mortality and malformation rates
comparable to untreated controls (Supplementary Fig. 14a, b). To
characterize treatment-induced transcriptional alterations, we con-
ducted RNA-seq analysis on embryos following UV or PC&PS DNA
interventions. Principal component analysis demonstrated sub-
stantial transcriptional similarity between UV-irradiated embryos and
dark controls (Supplementary Fig. 14c). When applying the same
analytical approach to PC&PS DNA-treated groups, we observed
close clustering in principal component space among PC&PS DNA-
treated embryos (both with and without UV exposure) and RNP-
treated counterparts (Supplementary Fig. 14d). Under stringent
experimental controls, neither UV irradiation nor PC&PS DNA treat-
ment induced significant differential gene expression when applying
thresholds of |logz(fold change)| > 1 with adjusted p < 0.001 (Sup-
plementary Fig. 14e, f). Considering the balance between DNACas
efficiency, UV-induced cellular damage, and PC&PS DNA toxicity, we
optimized experimental parameters by marginally compromising
efficiency to minimize adverse effects (Supplementary Fig. 14g).

In conclusion, we developed a photoswitchable CRISPR-Cas9
gene editing system based on DNACas. This approach utilizes the
addition of PC&PS DNA to the reaction system, eliminating the need to
modify the regulatory strategy for different target sites, allowing pre-
cise spatiotemporal control of gene editing in vivo, and can be easily
extended to gene regulation of other newly discovered Cas proteins.

Discussion

PS DNA is chemically modified nucleic acids obtained by replacing a
nonbridging oxygen atom with sulfur and has been widely used in
nucleic acid therapy®. Recently, PS DNA has been recognized for its
broad protein-binding affinity***°*¢, This binding affinity also leads to
extensive inhibition of protein function, resulting in cytotoxicity. In
this study, we determined that PS DNA universally inhibits CRISPR-Cas
activity. What is particularly interesting is that this inhibitory effect
depends on the number of PS modifications on PS DNA. We note that
such a PS DNA-dependent inhibition phenomenon was also reported
30 years ago”. Although PS DNA has been recognized as a protein
activity inhibitor for a long time, further development of this
mechanism into an enzyme activity regulation strategy has not been
reported. Based on this mechanism, we proposed a simple DNACas
strategy and focused on its application in advancing CRISPR technol-
ogy. Compared with conventional photoregulation methods, DNACas
has some revolutionary methodological features, including the elim-
ination of the need for protein engineering modification with photo-
caged groups, simple and universal use, and excellent light-switching
efficiency (Supplementary Tab. 3).

We first used LbCas12a as a model to understand how DNACas
works. PS DNA is known to be more hydrophobic than PO DNA*.
Employing the BLI and PTS assays, we demonstrated that PS DNA
exhibits a higher binding affinity for LbCas12a, and their interaction
promotes the formation of a more stable protein conformation.
Additionally, electrophoretic migration and fluorescence polarization
assays confirmed that PC&PS DNA fragments were detached from
LbCas12a after light irradiation. PTS experiments also confirmed that

LbCas12a could return to its native conformation after light-mediated
PC&PS DNA breakage. Cryo-EM provided further insights into the
regulatory mechanism of PC&PS DNA on CRISPR-Cas system activity.
After interacting with the RNP, PC&PS DNA occupies the target DNA
binding pocket, thereby silencing the activity of the Cas protein.
Overall, these crucial experiments elucidate the mechanism by which
enzyme activity can be significantly restored upon light irradiation.
Notably, DNACas successfully achieved optical control over four tes-
ted CRISPR-Cas enzymes (LbCasl2a, BrCasl2b, LbuCasl3a, SpCas9)
using the same PC&PS DNA sequence, highlighting its simplicity and
generality. It is also worth noting that although PC&PS DNA was
employed in the current study, we demonstrated that single-stranded
RNA with designed PC&PS modifications were also effective (Supple-
mentary Fig. 15). In addition, although we primarily focused on the
regulation of CRISPR-Cas activity in this study, DNACas can also be
applied to the photoregulation of other proteins, such as T7 RNA
polymerase, RNase A, and restriction endonuclease (Nde I), due to the
extensive protein-binding properties of PS DNA*® (Supplemen-
tary Fig. 16).

DNACas exhibits light-switching efficiency. This flexible light
response capability drove us to develop nucleic acid detection
assays. In the light-controlled one-pot LAMP-BrCasI2b detection
method, its sensitivity for nucleic acid detection is improved by
approximately 3 orders of magnitude compared to the conventional
one-pot method. Moreover, compared with our previously devel-
oped CRISPR detection technology involving the photocontrol of
crRNA activity’®, the currently developed light-controlled one-pot
LAMP-CRISPR strategy has versatility because the Cas protein activity
is controlled directly. This method is convenient and cost-effective
since the same PC&PS DNA can be adapted to detect different target
nucleic acids. We further demonstrate that DNACas also has the
potential to facilitate the development of quantitative nucleic acid
detection assay. In the conventional CRISPR-Cas systems, the acti-
vation is disorganized and uncontrolled, which significantly affects
its accuracy in nucleic acid quantification applications (Supplemen-
tary Fig. 17). In contrast, DNACas offers light-dependent activation,
providing precise temporal and spatial control. Therefore, the
DNACas was introduced to develop a light-controlled CRISPR-Cas
assay (light-controlled assay) to address the problem of disordered
reactions present in the conventional assay (Supplementary Fig. 17).
In this system, the CRISPR-Cas system remains silent until exposed
to UV illumination, rendering it highly controllable in terms of tim-
ing. Moreover, the presence of PC&PS DNA does not adversely affect
the detection sensitivity of the CRISPR-Cas system and is expected
to enhance its quantitative detection capabilities (Supplementary
Figs. 17, 18).

DNACas also demonstrated its superiority in advancing a spatio-
temporal gene editing strategy. The method is straightforward and
versatile that effectively overcomes two key limitations of conven-
tional methods based on photo-regulated gRNA and Cas protein:
insufficient recovery of Cas protein activity and the need for custo-
mized gRNA designs for different target sites.

Although this study has thoroughly validated the DNACas strategy
for advancing molecular diagnostics and spatiotemporal control of
gene editing, several limitations remain that require attention. The
cleavage of PC&PS DNA depends on UV irradiation, which can cause
potential adverse biological effects, such as dsDNA breaks, tissue
damage, and even apoptosis or necrosis. While RNA-seq analyses
confirmed no significant differences with UV exposure durations of
less than 60s (Supplementary Fig. 14), these assessments focused
primarily on short-term responses and did not address potential
chronic toxicity or genetic risks associated with the long-term in vivo
persistence of molecules like PC-linkers and PS modifications.

Additionally, the effectiveness of DNACas has been validated only
in the zebrafish model, and its applicability in other biological systems,
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such as mammals and plants, remains to be further explored. Given the
limited tissue penetration of UV light, the activation efficiency of
DNACas in higher organisms may be constrained. Thus, the future
development of light-sensitive molecules responsive to longer wave-
lengths, which could replace the current PC-linker in our system, may
facilitate the application of this strategy in deep tissues. Moreover, in
the DNACas system, the PC-linker regulates the cleavage of PC&PS
DNA, reducing its binding affinity to proteins and enabling light-
controlled release of protein activity. However, such regulatory effects
are not necessarily confined to light-responsive mechanisms; alter-
native methods, such as chemically induced or enzymatically triggered
cleavage, could also be explored to achieve efficient and precise con-
trol over PS DNA breakage.

The broad binding affinity of PC&PS DNA enhances its versatility
for Cas proteins but also introduces several challenges. In complex
reaction systems, PC&PS DNA may nonspecifically interact with var-
ious proteins. For example, DNACas requires an excess amount of
PC&PS DNA to ensure reaction efficiency. The presence of free PC&PS
DNA molecules may lead to unintended modulation of non-target
proteins, reducing system specificity and limiting its applicability in
more complex biological environments. Although no significant
cytotoxicity was observed under low-dose conditions (<4 fmol) (Sup-
plementary Fig. 14), and the photoactivation process cleaves PC&PS
DNA into small nucleotide fragments that substantially diminish its
protein-binding capacity, the presence of excess PC&PS DNA prior to
light activation may still impact the cellular or tissue
microenvironment.

The regulation of protein activity by PC&PS DNA relies pri-
marily on the PC-linker to control the breaking of its chemical
bonds, enabling the “on-off” switching of protein activity. This
mechanism provides a powerful tool for spatiotemporal control of
protein activity. However, in biological systems, particularly in
gene editing applications, regulating the “off-on-off” switching of
protein activity would be of greater practical value. For instance, in
gene therapy, precisely controlling the activation time window of
the CRISPR-Cas system and promptly shutting down its activity
after the reaction is completed would be crucial to minimizing off-
target effects caused by prolonged activity. To achieve this, an
effective strategy could involve introducing a photosensitive
molecule responsive to a different wavelength of light into the
gRNA: in the absence of light, the gRNA would normally guide Cas
proteins to exert activity; however, under specific wavelength
light, the photosensitive molecule would break, leading to the
cleavage of the gRNA strand and rapidly deactivating the CRISPR
system®. By combining this strategy with the DNACas strategy
developed in this study, Cas protein activity could initially be shut
down using PC&PS DNA. UV light would then degrade the PC&PS
DNA, releasing the inhibition of Cas protein activity and initiating
gene editing. Once the gene editing is complete, the light of
another wavelength would be applied to cleave the photosensitive
molecule on the gRNA, quickly shutting down CRISPR activity.

In conclusion, we demonstrated the simplicity and versatility of
DNACas and leveraged its capabilities to advance in vitro and in vivo
CRISPR techniques. The PC&PS DNA used in this study can be syn-
thesized commercially, making it readily available to other labora-
tories. We anticipate that DNACas can be a powerful tool for
developing other biotechnologies.

Methods

Ethics statement

The clinical SARS-CoV-2 samples were collected from patients
with suspected SARS-CoV-2 infection who presented symptoms at
Hubei Provincial Center for Disease Control and Prevention. The
clinical trial on SARS-CoV-2 samples in this study has received
formal approval from the ethics committee of the Hubei

Provincial Center for Disease Control and Prevention/Academy of
Preventive Medicine (2020-061-01). The clinical EBV samples were
collected from patients with suspected EBV infection who pre-
sented symptoms at Sun Yat-sen University Cancer Center. The
clinical trial on EBV samples in this study has received formal
approval from the ethics committee of the Sun Yat-sen University
Cancer Center (B2022-769-01). To ensure the protection of
patient privacy, waivers of informed consent were approved by
the ethics committee. This study involves the detection of EBV
and SARS-CoV-2 nucleic acids in human clinical samples. No sex
or gender information was collected or used, and the assays were
not designed to evaluate sex-based differences. Therefore, sex
and gender analyses are not applicable. All zebrafish experiments
were approved by the University Animal Care and Use Committee
of South China Normal University (SCNU-SLS-2023-022).

Synthesis of DNA sequences for modulating CRISPR-Cas activity
All phosphorothioate DNA (PS DNA), phosphodiester DNA (PO
DNA), and photocleavable phosphorothioate DNA (PC&PS DNA)
were chemically synthesized and commercially obtained from
Hippo Bio (Huzhou, China). These sequences were synthesized
using a standard solid-phase synthesis method and purified by
high-performance liquid chromatography (HPLC). Detailed infor-
mation on these sequences is provided in the Supplementary Data
and Supplementary Tables.

PS DNA-mediated in vitro LbCasl12a activity inhibition assay

PS DNAs or the PO-1 DNA, as listed in Supplementary Data 1, were used
to evaluate the inhibitory effect on the LbCas12a trans-cleavage activity
based on a fluorescent assay. The detailed experimental procedures
are shown below. First, the PS DNA or PO-1 DNA was incubated with the
pre-assembled LbCasl2a (Bio-Lifesci, Guangzhou, China, catalog
number: M20301-0500) and crRNA at room temperature for 5 min.
Then, a mixture with a final concentration of 15nM LbCasl2a, 15nM
crRNA, 400 nM FQC6 probe, 100 pM dsDNA target, and PS DNA or the
PO-1 DNA (100 nM for Fig. 1b, 60 nM for Fig. 1d) in 1 x LbCasl2a
reaction buffer was prepared, and the volume was adjusted to 20 uL
with RNase-free water (TaKaRa, catalog number: 9012). The 1 x
LbCas12a reaction buffer was composed of 5mM Tris-HCI (pH9.0),
15 mM MgCl,, 10 mM NaCl, 0.01% IGEPAL CA-630 (v/v) (Sigma-Aldrich,
catalog number: 9002-93-1). Finally, the reaction system was incubated
at 37 °C in a fluorescence plate reader (Thermal Cycler Dice Real-Time
System Il (TaKaRa)) for 60 min, with a fluorescence measurement
taken every minute. The crRNA, FQC6 probe, and target DNA
sequences used in these experiments are listed in Supplemen-
tary Data 1.

Bio-layer interferometry (BLI) analysis

The binding affinity between LbCas12a and Biotin-labeled PS DNA and
PO DNA (Supplementary Table 4) was analyzed using BLI on the Octet®
R8 system (Sartorius). The experimental procedure included the fol-
lowing steps: I, incubate the streptavidin-modified probes in 1 x
LbCas12a reaction buffer for 10 min; II, load 25 nM biotin-modified PS
DNA or PO DNA to allow binding to the streptavidin-modified probe;
Ill, wash the probe with 1 x LbCasl2a reaction buffer; IV, capture
gradient diluted LbCas12a (652 nM, 217 nM, 72 nM, 24 nM, 8 nM) with
the PS DNA or PO DNA linked probe; V, dissociate the LbCasl2a by
using 1 x LbCasl2a reaction buffer. Finally, the binding affinity was
calculated based on the association and dissociation phases observed
during the interaction analysis.

Development of DNACas based on the CRISPR-Cas system

In vitro CRISPR-Cas12a trans-cleavage assay. DNA sequences listed
in Supplementary Table 5 were used to establish the DNACas concept.
The assay was performed as shown below. First, the DNA sequences
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were incubated with the pre-assembled LbCas12a and crRNA at room
temperature for 5min. Then, a 20 L reaction solution was prepared
with a final concentration of 15nM LbCasl2a, 15nM crRNA, 400 nM
FQC6 probe, 100 pM dsDNA target, varying concentrations of the
tested DNA sequences (60 nM for Fig. 2b, Fig. 2e; 20 nM, 30 nM,
40 nM, 50 nM, or 60 nM for Fig. 2f; 20 nM, 40 nM, 60 nM, 80 nM, or
100nM for Supplementary Fig. 1), and RNase-free water in 1 x
LbCasl12a reaction buffer. The reaction was initiated by irradiating with
a UV lamp (1=365nm, 35 W) for 1 min. Finally, the mixture was incu-
bated in a fluorescence plate reader for 60 min at 37 °C, with a fluor-
escence measurement taken every minute. The crRNA, FQC6 probe,
and target DNA sequences used in these experiments are the same as
shown in Supplementary Data 1.

In vitro CRISPR-Cas12a cis-cleavage assay. Briefly, the DNA
sequences (PC&PS DNAL, listed in Supplementary Table 5) were incu-
bated with the pre-assembled LbCas12a and crRNA at room tempera-
ture for 5min. Then, in a 20 pL reaction system, 250 nM LbCas12a was
mixed with 250 nM crRNA, 5uM of the tested DNA sequences, and
50 nM target DNA in 1 x LbCasl2a reaction buffer. The reaction was
initiated by irradiating with a UV lamp (1=365nm, 35W) for 1 min,
followed by incubation at 37 °C for 60 min and then 95 °C for 5 min.
Finally, the products were analyzed using 7.5% polyacrylamide gel
electrophoresis (PAGE).

Application of DNACas to LbuCas13a. First, the DNA sequences
(PC&PS DNA 1, listed in Supplementary Table 5) were incubated with
the pre-assembled LbuCasl3a (Bio-Lifesci, Guangzhou, China, catalog
number: M20201-0100) and crRNA at room temperature for 5min.
Then, a mixture with a final concentration of 15 nM LbuCasl3a, 15 nM
crRNA, 400 nM FQUS5 probe, 100 pM RNA target, and 60 nM of the
tested DNA sequences in 1 x PCR Buffer (TaKaRa, catalog number:
9151 A) was prepared, and the volume was adjusted to 20 uL with
RNase-free water. The reaction was initiated by irradiating with a UV
lamp (A=365nm, 35W) for 1 min. The reaction system was then
incubated in a fluorescence plate reader for 60 min at 37 °C, with a
fluorescence measurement taken every minute.

Universality analysis of DNACas to CRISPR-Cas system
Application of DNACas to SpCas9. First, the DNA sequences (PO
DNALI, PS DNAL, or PC&PS DNAL listed in Supplementary Table 5) were
incubated with the pre-assembled SpCas9 (Bio-Lifesci, Guangzhou,
China, catalog number: M20101-0500) and sgRNA at room tempera-
ture for 5min. Then, a mixture with a final concentration of 55nM
SpCas9, 55nM sgRNA, 14 nM dsDNA target, and 10 uM of the tested
DNA sequences in1 x SpCas9 reaction buffer containing 5 mM MgCl,
was prepared, and the volume was adjusted to 20 uL with RNase-free
water. The reaction was initiated by irradiating with a UV lamp
(A=365nm, 35W) for 1 min. And then, the reaction system was incu-
bated at 37°C for 60 min and 95°C for 5min. The products were
analyzed by 7.5% PAGE.

Application of DNACas to BrCas12b. First, the DNA sequences (PO
DNAL, PS DNAL, or PC&PS DNAL listed in Supplementary Table 5) were
incubated with the pre-assembled BrCasl2b (Bio-Lifesci, Guangzhou,
China, catalog number: ¥I2050850800) and sgRNA at room tempera-
ture for 5 min. Then, BrCas12b trans-cleavage activity was measured in
a 20 uL reaction system with 15 nM BrCas12b,15 nM sgRNA, 60 nM of
the tested DNA sequences, 1 nM dsDNA target, and 400 nM FQT12in1
x BrCas12b reaction buffer. The 1 x BrCasl2b reaction buffer con-
sisted of 10 mM Tris-HCI (pH9.0), 3.5 mM MgSO,4, 10 mM (NH,4),SO,,
0.1% Tween-20 (v/v). The reaction was initiated by irradiating with a UV
lamp (A=365nm, 35W) for 1 min. The reaction system was then
incubated in a fluorescence plate reader for 60 min at 64°C, with a
fluorescence measurement taken every minute.

Experimental analysis of the work mechanism of DNACas
Electrophoretic migration assay. PAGE was performed to assess the
binding affinity and stability of the FAM-labeled DNA probe (the FAM
terminal-labeled or mid-labeled PO probe, PS probe, and PC&PS probe
are shown in Supplementary Table 10) to the LbCasl2a protein. A
solution with a final concentration of 6 uM LbCas12a and 6 uM FAM-
labeled-DNA probe in 1 x LbCasl12a reaction buffer was prepared, and
the volume was adjusted to 10 uL with RNase-free water. The mixture
was incubated at room temperature or 95 °C for 5min and then irra-
diated with or without a UV lamp. Finally, the products were analyzed
using 10.5% PAGE.

Fluorescence polarization assay. A fluorescence polarization assay
was performed in a 100 pL reaction with 50 nM LbCasl2a, 50 nM FAM-
labeled probe (listed in Supplementary Table 10) in1 x reaction buffer
(150 mM KCl, 20 mM Tris-HCI (pH7.5), 5 mM MgCl,, 1 mM DTT)*°. The
mixture was incubated at room temperature for 5 min and then irra-
diated with or without a UV lamp. The fluorescence polarization signal
of the mixture was measured using a SpectraMax iD5 Multimode
Microplate Reader (Molecular Devices, CA, USA).

Protein thermostability shift analysis. The protein thermostability
shift analysis was performed using the Protein Thermal Shift Dye Kit
(Thermo Fisher Scientific, catalog number: 4461146). Briefly, a mixture
with a final concentration of 400 nM LbCasl12a, 800 nM tested DNA
sequences (PO DNAI, PS DNAI1, or PC&PS DNAL1 listed in Supplemen-
tary Table 5),and 1 x Protein Thermal Shift Dyein1 x Protein Thermal
Shift buffer was prepared, and the volume was adjusted to 20 uL with
RNase-free water. The mixture was then irradiated with or without a UV
lamp. Finally, the solution was transferred to the QuantStudio 5 Real-
Time PCR system (Thermo Fisher Scientific) for signal recording, and
the reaction program was set up according to the manufacturer’s
protocol.

Structural basis analysis of DNACas

Size exclusion chromatography (SEC). The LbCasl2a protein was
purified before the SEC assays. To reconstitute LbCasl2a-crRNA-
PC&PS DNA complex, LbCasl2a protein, crRNA, and PC&PS DNA
(20PS10PC, listed in Supplementary Table 11) were mixed at a molar
ratio of 1:1.2:2 in 1 x LbCasl12a reaction buffer and heated at 37 °C for
10 min. The mixture was applied to a Superdex 200 increase 30/100
(Cytiva) column equilibrated with buffer (50 mM Tris-HCI, pH 8.0,
150 mM KCI, 1mM DTT). The peak fractions were polled and con-
centrated to ~1 mg/mL. To reconstitute LbCasI2a-crRNA-PC&PS DNA
complex with light irradiation, the mixture was irradiated with a UV
lamp (A=365 nm, 35 W) for 1 min before the SEC assay.

Cryo-EM. For cryo-electron microscopy (cryo-EM) sample prepara-
tion, 3L aliquots of the protein sample were loaded onto glow-
discharged (30 s, 15 mA; Pelco easiGlow, Ted Pella) Au grids (Quanti-
foil, Au R1.2/1.3, 300 mesh). The grids were blotted for 5.0 s with 3
forces after waiting for 5s and immersed in liquid ethane using
Vitrobot (Mark IV, Thermo Fisher Scientific) in 100% humidity and 8 °C.

Cryo-EM data were collected at a nominal magnification of 215K
(resulting in a calibrated pixel size of 0.57 A) on a Titan Krios (Thermo
Fisher Scientific) operating at 300 kV equipped with a K3 or Falcon4i
Summit detector and GIF Quantum energy filter (slit width 20 eV) in
super-resolution mode. Movie stacks were automatically acquired
using EPU software. The defocus range was set from —0.9 to —1.5 um.
Each movie stack, consisting of 32 frames, was exposed for 2.72 s with a
total dose of ~40 e /A2,

Image processing and model building. Data processing was carried
out using the cryoSPARC suite. Patch CTF estimation was carried out
after alignment and summary of all 32 frames in each stack using the
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patch motion correction. Initial particles were picked from a few
micrographs using blob picker in cryoSPARC, and 2D averages were
generated. Final particle picking was done by template picker using
templates from those 2D results. After three rounds of 2D classifica-
tion, ab-initio reconstruction, non-uniform refinement, and local
refinement for reconstructing the density map. All maps were low-pass
filtered to the map-model FSC value. The reported resolutions were
based on the FSC = 0.143 criterion. An initial model was generated by
Cpfl/crRNA Complex (5ID6). Then, we manually completed and
refined the model using Coot. Subsequently, the models were refined
against the corresponding maps by PHENIX. PyMol and UCSF Chimera
were used for structural analysis and graphics generation.

Collection and extraction of clinical samples

The nucleic acids of SARS-CoV-2 clinical samples were extracted using
the QIAamp Viral RNA Mini Kit (Qiagen, catalog number: 52906) fol-
lowing the manufacturer’s instructions, and the resulting products
were stored at -80 °C for further analysis. The nucleic acids of EBV
clinical samples were extracted using the QIAamp DNA Blood Mini Kit
(Qiagen, catalog number: 51104) following the manufacturer’s
instructions, and the resulting products were stored at -80 °C for
further analysis.

Detection of clinical samples by RT-qPCR/qPCR assay

The CFDA-approved COVID-19 (SARS-CoV-2) Nucleic Acid Test Kit
(Wuhan Easydiagnosis Biomedicine) was employed for the RT-qPCR
assay. This involved preparing a 12.5uL reaction mixture containing
10 uL RT-gPCR reaction solution and 2.5 uL RNA template. The mixture
was then loaded into the qPCR instrument, and the thermal cycling
programwas set as follows: an initial reverse transcription step at 50 °C
for 5 min and pre-denaturation step at 95°C for 30, followed by 42
cycles of amplification reactions with denaturation at 95 °C for 3 s and
annealing at 60 °C for 30 s. The fluorescence signals from each cycle
were captured using the CFX96 Touch Deep Well Real-time PCR
Detection System (Bio-Rad). The criteria in this nucleic acid test kit are
claimed as C, <38 is positive, and C, >38 is negative.

The EBV DNA Quantitative Fluorescence Diagnostic Kit (Sansure
Biotech) was employed for the qPCR assay. This involved preparing a
12.5 uL reaction mixture containing 9.5 uL PCR reaction solution, 0.5 uL
enzyme mixture, and 2.5 uL DNA template. The mixture was then loa-
ded into the qPCR instrument, and the thermal cycling program was
set as follows: an initial denaturation step at 94 °C for 5 min, followed
by 45 cycles of amplification reactions with denaturation at 94 °C for
15 s and annealing at 57 °C for 30 s. The fluorescence signals from each
cycle were captured using the Thermal Cycler Dice Real Time System
Il (TaKaRa).

One-pot LAMP-BrCas12b detection method

For the light-controlled one-pot LAMP-BrCasI2b detection method,
LAMP reaction components, CRISPR reaction components, and PC&PS
DNAL (listed in Supplementary Table 5) were included in the reaction
system. The detailed procedure is shown below. First, the PC&PS DNA1
was incubated with the pre-assembled BrCasI2b and sgRNA at room
temperature for S5min. Then, a one-pot LAMP-BrCas12b assay was
executed in a 25 L reaction system with a final concentration of 30 nM
BrCasi2b, 30 nM sgRNA, 120 nM PC&PS DNAL, 2.8 uM Bst DNA poly-
merase (Bio-Lifesci, Guangzhou, China, catalog number: M22101-
5000), 4U/mL Pyrophosphatase, Inorganic (yeast) (NEB, catalog
number: M2403L), 400 nM FQT12, 200 nM F3/B3 primers, 1.6 uM FIP/
BIP primers, 400 nM Loop F/B primers, 6 mM MgSO, (NEB, catalog
number: B1003S), 1.4mM dNTP mix (Sangon, catalog number:
A610056), and 2L template in 1 x BrCasl2b reaction buffer. The
mixture was transferred into the Thermal Cycler Dice Real-Time Sys-
tem Il for LAMP at 60 °C for 30 min. Subsequently, the mixture was
irradiated for 1 min with a UV lamp (1=365nm, 35W). Then, the

mixture was incubated at 60 °C for another 60 min, and the fluores-
cence signal of the mixture was monitored with a fluorescence plate
reader.

In the conventional one-pot LAMP-BrCasl2b detection method,
the components and experimental procedures resembled those
detailed above, except for the absence of PC&PS DNALI in the reaction
system and the omission of UV treatment.

For the detection of SARS-CoV-2 clinical samples, a pre-reverse
transcription step was required to convert RNA into cDNA. The
detailed experimental process is shown below. First, a 6.5 L reaction
mixture was prepared with 0.5uL 2 uM RT-primer-F, 0.5uL 2 uM RT-
primer-R, 0.5uL 10 mM dNTPmix (10 mM each), and 2 uL SARS-CoV-2
clinical samples. The mixture was incubated at 65°C for 5min to
anneal primer to template RNA. Then, a 3.5uL RT reaction mixture
containing 2uL 5 x SSIV Buffer (Thermofisher), 0.5uL 100 mM DTT
(Thermofisher), 0.5 uL Recombinant RNase inhibitor (40 U/uL, TaKaRa,
catalog number: 2313 A), and 0.5uL SuperScript IV reverse tran-
scriptase (200 U/uL, Thermofisher, catalog number: 18090200) was
added to the annealed RNA. The mixture was incubated at 53 °C for
10 min and 80 °C for 10 min to obtain cDNA of SARS-CoV-2 clinical
sample. Finally, these clinical samples were detected by the one-pot
LAMP-BrCas12b detection assay; the procedure was the same as
described above.

Spatiotemporal control of gene editing in zebrafish embryos
with DNACas

Zebrafish maintenance. Wild-type zebrafish strain AB were raised and
maintained at 28.5°C on a 14 h light/10 h dark cycle and staged
according to the description®. The selection of mating pairs
(4-10 months) was random from a pool of 15 males and 15 females.

DNACas preparation, microinjection and image acquisition. Easy-
Edit gRNAs were synthesized by GenScript with chemical modifica-
tions comprising MS at both ends. Target sequences are listed in
Supplementary Table 12. To prepare the Cas9 ribonucleoprotein
(RNP) complex, individual gRNA was incubated with Cas9 protein
(Novoprotein, catalog number: E365-02A) at a molar ratio 1.2:1 in the
reaction buffer at 37 °C for 10 min. Then RNP complex was incubated
with PC&PS DNA at a molar ratio 1:2-1:4 at room temperature for
10 min. One-cell stage zebrafish embryos were injected with 2 nL of a
solution containing different ratio of Cas9 RNP complex and 6 pM
PC&PS DNA (26PS8PC, listed in Supplementary Table 12) to explore
the optimal molar concentration. The injected embryos were then
irradiated with a UV lamp (1=365nm, 35W) for 1 min at different
stages. At 2 dpf, embryos were anaesthetized with 0.03% Tricaine
(Sigma-Aldrich, catalog number: E10521) and mounted in 4%
methylcellulose. Images were taken by microscope (Aosvi) with
MTR3CMOS camera (Sony) and edited by Adobe Photoshop CC
software.

Spatially restricted DNACas. The embryos were injected with RNP
and 26PS8PC (listed in Supplementary Table 12) as previously descri-
bed and were left in the dark until developing to 6-somite (12 h post-
fertilization (hpf)). Then one eye of the embryo was irradiated using a
405nm laser in a confocal microscope (Zeiss) for 1min. At 2 dpf,
embryos were anaesthetized to acquire images and analyzed indels in
the head and tail regions of the same embryos®.

Indels mutation analysis. Genomic DNA was extracted from three
pools, each containing six randomly collected. The targeted locus with
200-500 bp length was amplified using Fast HSTaq StarMix (GenStar,
catalog number: A033-01) with the primers in Supplementary Table 12
and purified for Sanger sequencing. Then the Sanger sequencing data
were analyzed by the online CRISPR analysis tool-Inference of CRISPR
Edits (Synthego Co.)"".
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RNA-seq and data analysis. To profile transcriptional changes
through RNA-seq, we collected three independent biological repli-
cates (15 embryos per replicate) at 24 hpf following UV irradiation or
microinjection treatments. Each sample was homogenized in 1 mL
TRNzol reagent (TIANGEN, catalog number: DP424) following the
manufacturer’s protocol. RNA purity and quantity were determined
with a Nanodrop-2000 spectrophotometer (Thermo Fisher Scien-
tific), with selection criteria requiring: minimum concentration of
200 ng/pL, RNA integrity number (RIN) > 7, and 28S/18S ribosomal
RNA ratio > 1.0. Polyadenylated mRNA was enriched using oligo(dT)
magnetic beads, then fragmented into 200-700 nucleotide seg-
ments. First-strand cDNA synthesis was performed with random
hexamer primers, followed by second-strand synthesis. The double-
stranded cDNA underwent end-repair, 3’-adenylation, and adapter
ligation. After purification with a Quick PCR extraction kit, libraries
were amplified by PCR and sequenced on the Illumina HiSeqTM
platform. RNA-seq data analysis was conducted using established
bioinformatics pipelines.

In the RNA-seq data processing pipeline, cleaned FASTQ files
were aligned to the zebrafish reference genome GRCzll using
HISAT2 (v2.2.1). Gene-level read quantification was performed with
featureCounts employing the parameters -t exon and -g gene_id.
Since all samples were from the same batch and the data were
evaluated via box plots, density plots, and violin plots, potential
batch effects were excluded from affecting the experimental results.
For the exploration analysis, the gene expression matrix was first
subjected to a Hellinger transformation using the decostand() func-
tion in the vegan package, and then principal component analysis
(PCA) was performed on the transformed data using the rda() func-
tion to extract the principal components and their contributions,
thereby enabling a visual assessment of sample distribution and
clustering trends. Differential expression analysis was executed in
DESeq2 with stringent thresholds (|log,FC|> 1, adjusted p < 0.001),
followed by MA plot visualization using plotMA() to validate
expression dynamics.

Universality analysis of DNACas for other enzymes

Application of DNACas to T7 RNA polymerase. First, the DNA
sequences (PO DNAI, PS DNAL, or PC&PS DNAL listed in Supplemen-
tary Table 5) were pre-incubated with T7 RNA polymerase (Bio-Lifesci,
Guangzhou, China, catalog number: M20701-25000) at room tem-
perature for 5 min. Then, in a 100 pL reaction system, 200 nM T7 RNA
polymerase was mixed with 2mM NTP mixture (Sangon, catalog
number: B600057), 1 U/uL recombination RNase inhibitor, 50 nM DNA
template, and 400 nM of the tested sequences in 1 x T7 RNA poly-
merase Buffer (40 mM Tris-HCI (pH7.5), 6 mM MgCl,, 2 mM Spermi-
dine HCI, 5mM NaCl, ImM DTT). The mixture was initiated by
irradiating with a UV lamp (A1 =365 nm, 35 W) for 1 min and incubated
overnight at 37°C. The products were analyzed by 2% agarose gel
electrophoresis.

Application of DNACas to RNase A

A reaction system was prepared with 0.5uL 10 mg/mL RNase A
(TaKaRa, catalog number: 2158) and 2 pL 125uM DNA sequences (PO
DNALI, PS DNAL, or PC&PS DNAL listed in Supplementary Table 5) and
incubated at room temperature for 5min. Then, 2uL 60 uM RNA
template was added to the above reaction solution, and the volume
was adjusted to 20 uL with RNase-free water. The mixture was irra-
diated with or without a UV lamp (A =365 nm, 35 W) for 1 min. Finally,
the mixture was heated at 37 °C for 10 min and then analyzed by 2%
agarose gel electrophoresis.

Application of DNACas to restriction endonuclease (Nde I). A reac-
tion system was prepared with 5ulL QuickCut Nde I (TaKaRa, catalog
number:1621), 2.5 uL 10 x QuickCut Buffer (TaKaRa), and 2.5 uL 40 M

DNA sequences (PO DNAI, PS DNAL, or PC&PS DNAL listed in Supple-
mentary Table 5) and incubated at room temperature for 5 min. Then,
5uL 1uM DNA targets were added to the above reaction solution, and
the volume was adjusted to 25 uL with RNase-free water. The mixture
was irradiated with or without a UV lamp (A =365 nm, 35 W) for 1 min.
Finally, the mixture was heated at 37 °C for 10 min, 75 °C for 15 min, and
followed by 10.5% PAGE analysis.

DNACas mediated light-controlled CRISPR-Casl13 assay

The detailed experimental procedures of the DNACas-mediated
light-controlled CRISPR-Casl13 assay are shown below. First, the
PC&PS DNAL listed in Supplementary Table 5 was incubated with the
pre-assembled LbuCas13a and crRNA at room temperature for 5 min.
Then, a mixture with a final concentration of 15 nM LbuCas13a, 15 nM
crRNA, 2.5uM FQUS5 probe, different concentrations of RNA target
(1000 pM, 500 pM, 100 pM, 50 pM, 10 pM, 5pM, 1pM), and 60 nM
PC&PS DNA1 in 1 x PCR Buffer was prepared at room temperature,
and the volume was adjusted to 20 uL with RNase-free water. The
reaction was initiated by irradiating with a UV lamp (A=365nm,
35W) for 1 min. The reaction system was then incubated in a fluor-
escence plate reader for 60 min at 37 °C, with fluorescence mea-
surements taken every minute.

In the conventional CRISPR-Cas13 assay, the components and
experimental procedures resembled those detailed above, except for
the absence of PC&PS DNAL in the reaction system and the omission of
UV treatment.

DNACas mediated light-controlled CRISPR-Cas12 assay

The detailed experimental procedures of the DNACas-mediated light-
controlled CRISPR-Casl2 assay are shown below. First, the PC&PS
DNAL listed in Supplementary Table 5 was incubated with the pre-
assembled LbCas12a and crRNA at room temperature for 5 min. Then,
a mixture with a final concentration of 15nM LbCasl2a, 15 nM crRNA,
2.5 uM FQC6 probe, different concentrations of DNA target (1000 pM,
500 pM, 100 pM, 50 pM, 10 pM, 5 pM, 1 pM), and 60 nM PC&PS DNA1
in 1 x LbCasl2a reaction buffer was prepared at room temperature,
and the volume was adjusted to 20 uL with RNase-free water. The
reaction was initiated by irradiating with a UV lamp (1=365nm, 35W)
for 1 min. The reaction system was then incubated in a fluorescence
plate reader for 60 min at 37 °C, with a fluorescence measurement
taken every minute.

In the conventional CRISPR—Cas12 assay, the components and
experimental procedures resembled those detailed above, except for
the absence of PC&PS DNAL in the reaction system and the omission of
UV treatment.

Statistics and reproducibility

GraphPad Prism 9 and Microsoft Excel 2021 were used for data ana-
lysis. Statistical analyses were determined using an unpaired Student’s
t-test. Significance was defined as *p < 0.05; **p < 0.01; **p < 0.001; and
##p <0.0001. All the statistical details of the experiments can be
found in the figure legends. Unless otherwise stated, all experimental
results were presented as mean +standard error (n=3 technical
replicates). No statistical method was used to predetermine the sample
size. No data were excluded from any of the experiments. The
experiments were not randomized. The investigators were not blinded
to allocation during experiments and outcome assessment.

The cleavage rate was calculated according to the formula:

E60 —E1

Co0 —c1 < 100%

Cleavage rate =

Where E60 is the fluorescence signal intensity at 60 min in the
experimental group, El is the fluorescence signal intensity at 1 min in
the experimental group, C60 is the fluorescence signal intensity at
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60 min in the control group, and Cl is the fluorescence signal intensity
at 1 min in the control group.
The activity recovery was calculated according to the formula:

Activity recovery = Se w100%= Efr-EF) = (T =1

5. (CF,_CF,)= (T —1) 100%

Where S, is the reaction rate in the experimental group, S, is the
reaction rate in the control group, EFy is the fluorescence inten-
sity at T min in the experimental group, EF; is the fluorescence
intensity at 1 min in the experimental group, CFr is the fluores-
cence signal intensity at T min in the control group, CF; is the
fluorescence signal intensity at 1 min in the control group, T is the
reaction time.

The activity recovery of LbuCasl3a protein was calculated using a
T of 5min. The activity recovery of other CRISPR enzymes was calcu-
lated using a T of 30 min.

The reaction velocity for the DNACas-mediated light-controlled
CRISPR-Cas assay was calculated according to the formula:

Reaction velocity = % = %

Where AF indicates the change in the fluorescence intensity, and AT is
the corresponding time frame. EFt is the fluorescence intensity at T
min in the experimental group, and EF; is the fluorescence signal
intensity at 1 min. For the high-concentration target, the fluorescence
intensity before reaching the plateau was selected as the EFt. In
contrast, for the low-concentration target that cannot reach the
plateau within 30 min, the fluorescence intensity at 30 min was used as
the EF+.

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

Data availability

RNA-seq data are available from the National Center for Biotechnology
Information Sequencing Read Archive (SRA) database, accession code
PRJNA1249431. All data supporting the findings of this study are
available within the article and Supplementary Information
files. Source data are provided with this paper.
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