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Abstract 

The clustered regularly interspaced short palindromic repeats (CRISPR) / Cas12a system exhibits extraordinary capability in the field of molecular 
diagnosis and biosensing, attributed to its trans -clea v age ability. T he precise modulation of perf ormance has emerged as a significant challenge 
in advancing CRISPR technology to the next stage of de v elopment. Herein, w e reported a CRISPR / Cas12a regulation strategy based on an 
o v erhanging activ ator. T he presence of o v erhanging domains in activ ators creates steric hindrances that ha v e a substantial impact on the trans - 
clea v age activity and activation timing of Cas12a. The trans -cleavage activity of Cas12a can be finely tuned by adjusting the position, length, and 
complement arit y of the o v erhanging domains. Moreo v er, specific str uct ures e xhibit characteristics of automatic dela y ed activ ation. T he presence 
of o v erhanging domains enables precise and timely activ ation of Cas12a, f acilitating multifunctional applications. T his sy stem effectiv ely accom- 
plishes dynamic regulation, programmable release of cargo, logical operations, and multi-enzyme detection. The flexibility and versatility of this 
simple and po w erful CRISPR regulatory strategy will pa v e the w a y f or e xpanded applications of CRISPR / Cas in biotechnology, bioengineering, 
and biomedicine. 
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he clustered regularly interspaced short palindromic repeats
CRISPR) and CRISPR-associated (Cas) proteins are derived
rom the acquired immune system of prokaryotes, enabling
hem to defend against the invasion of exogenous genetic fac-
ors in bacteriophages or plasmids [ 1 , 2 ]. In prokaryotes, there
xist several naturally occurring CRISPR / Cas systems, with
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Cas12a belonging to the class II type V category as a RNA-
guided DNA endonuclease [ 3 , 4 ]. RNA-guided DNA recog-
nition initiated by identifying the T-rich protospacer-adjacent
motif (PAM) on target double-stranded DNA (dsDNA), al-
lowing the unwinding of dsDNA and Watson–Crick base pair-
ing between the target strand (TS) and CRISPR RNA (crRNA)
[ 5 ]. Following this, Cas12a employs a single RuvC domain to
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cut the TS and nontarget strand (NTS) in sequential mecha-
nism. Moreover, activated Cas12a are capable of nonspecific
cleavage of single-stranded DNA (ssDNA), known as trans -
cleavage. Given these attributes of Cas12a, it has found exten-
sive applications in various domains of molecular biology, in-
cluding genome editing, molecular diagnostics, transcriptional
regulation, gene therapy, intracellular imaging, and molecular
biochemical circuits [ 6–11 ]. 

However, with the continuous expansion of applications,
the inherent properties of CRISPR / Cas are no longer suffi-
cient to meet the diverse needs of more and more applica-
tions. The precise regulation of Cas12a trans -cleavage activ-
ity is expected to further promote the understanding of the
mechanism and application of Cas12a system. The crRNA
plays a pivotal role in the recognition function and serves
as a core component of the CRISPR / Cas system. Extensive
research efforts focus on the modification of crRNA, includ-
ing circular crRNA [ 12 ], photo controlled crRNA activation
[ 13 ], G-quadruplex guided RNA (gRNA)[ 14 , 15 ], strand dis-
placement gRNA [ 16 ], methylated gRNA [ 17 ], engineered cr-
RNA [ 18 ], and tandem crRNA [ 19 ] to achieve CRISPR / Cas
signal switching and activity regulation. However, emerging
challenges have impeded its advancement to the next stage,
such as the complexity for elaborately design crRNA and
the potential biological hazards caused by chemical modifi-
cation methods. The programmatic modification of activa-
tors beyond crRNA shows significant promise for develop-
ment and has recently attracted the attention of researchers
[ 20–23 ]. The majority of these regulation methods aim to en-
hance or weaken the trans -cleavage activity of Cas12. In liv-
ing organisms, enzyme activity and activation timing are del-
icately regulated by a variety of complex mechanisms to en-
sure timely metabolic processes and accurate regulation, pre-
venting premature or excessive enzyme activation and thereby
avoiding metabolic disorders in cells. Therefore, it is attrac-
tive to develop a flexible regulatory mechanism that can auto-
matically achieve delayed activation of the CRISPR / Cas12a
system. 

Many biological processes, including the regulation of
metabolism, signal transduction, and physiological reactions,
exhibit various flexible mechanisms that ensure enzyme ac-
tivity is precisely activated under the appropriate conditions
and at the right time. This optimization enhances energy uti-
lization, maintains physiological balance, improves environ-
mental adaptability, and facilitates signal amplification [ 24 ,
25 ]. DNA nanotechnology, with its programmable modules,
fine-tuned dynamics, and predictable structures, is frequently
conjugated with enzymes and provides an easy-to-use tool-
box for constructing synthetic molecular systems with time-
control capabilities [ 26–31 ]. In previous work, we demon-
strated the regulatory ability of CRISPR / Cas through the uti-
lization of toehold mediated strand displacement to activate
crRNA [ 32 , 33 ] and found that elongated ssDNA activators
had an impact on trans -cleavage kinetics. It remains unclear if
the pre-designed activator structure can modulate the activa-
tion mechanism of Cas12a, enabling precise activation at the
appropriate time and under specific conditions. 

Inspired by the above, we find that overhanging domains
(the extended domains at the end of the activator) can regu-
late the trans -cleavage activity of Cas12a and specific struc-
tures exhibit characteristics of automatic delayed activation.
We initially investigated the effect of split activators on the
trans -cleavage activity of CRISPR–Cas12a, followed by the 
development of overhanging activators. Modulating the po- 
sition, length, and complementarity of the overhanging do- 
mains enables the precise regulation of the trans -cleavage 
activity and activation timing of Cas12a. This regulatory 
approach is applicable in both ssDNA and dsDNA activa- 
tion modes, offering controllability, dynamism, and flexibil- 
ity. We demonstrate the robust potential of this activation 

strategy and further realize more intriguing and practical 
functionalities: programmable release of ATP through post- 
poned activation of Cas12a subsequent to aptamer-mediated 

ATP loading; dynamic activation and inhibition of Cas12a 
trans -cleavage activity based on strand displacement reac- 
tion; logical signal analysis of influenza virus coupled with 

strand displacement amplification (SDA); and universal detec- 
tion system for APE1, uracil-DNA glycosylase (UDG), and ri- 
bonuclease (RNase) H. This system holds significant promise 
in molecular diagnostics, drug delivery, and bioengineering 
applications. 

Materials and methods 

Materials 

Oligonucleotides were purchased from Beijing Genomics In- 
stitution (Beijing, China), Tsingke Biotechnology Co. Ltd (Bei- 
jing, China), and Sangon Biotech Co. Ltd (Shanghai, China).
All DNA and RNA sequences are listed in Supplementary 
Table S1 . Lba Cas12a (Cpf1, 20 μM), rCutSmart Buffer,
purinic / apyrimidinic endonuclease 1, UDG, RNase H, RNase 
H Reaction Buffer , BstNI, NEBuffer , EXO I, Nt.BsmAI,
ATP, Bst DNA polymerase, ThermoPol, and Nt.BstNBI were 
bought from New England Biolabs (Beijing, China). dNTP 

(100 mM) and dithiothreitol (DTT) were bought from Sangon 

Biotech. N,N,N 

′ ,N 

′ -tetramethylethylenediamine and 30% 

acrylamide / bis solution were provided by Sigma–Aldrich (St 
Louis, MO, USA). DNA loading buffer (6 ×) and Gel Red nu- 
cleic acid dye were ordered from TaKaRa Biotech (Dalian,
China). 

Instruments 

Time-based fluorescence data were acquired using a Rotor- 
Gene 6000 instrument (Corbett Research, Mortlake, Aus- 
tralia). The temperature was set to 37 

◦C, and gain was set 
to default. All fluorescent signals were monitored under the 
yellow or green channel. Assembly of oligonucleotides was 
achieved by annealing in a polymerase chain reaction instru- 
ment (CFX96, Bio-Rad, USA). The procedure was performed 

at 95 

◦C for 5 min and then the temperature was decreased 

from 95 

◦C to 12 

◦C at the rate of 0.1 

◦C / s. Gel images were
obtained on an electrophoresis apparatus (DYY-6C, LIUYI,
China) and imaging system (Bio-Rad Laboratories, USA). 

Model of trans -nuclease activation reactions 

To describe this process mathematically, we assume a three- 
step kinetic model for target-induced enzyme activation: the 
activator T binds reversibly to the ribonucleoprotein RNP 

to form an enzyme–activator complex RNPT; the enzyme–
activator complex RNPT is converted irreversibly to the acti- 
vated enzyme RNPT*; and the activated enzyme RNPT* cat- 
alyzes the conversion of the substrate reporter to the product 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
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, which may be depicted by equation (1): 

RNP + T 

k on → 

← 

k off 

RNPT 

k act → RNP T 

∗

+ Reporter 
k cat → RNP T 

∗ + P , (1)

here k on is the association rate constant of RNP and T, k off
s dissociation rate constant of RNPT, the intrinsic affinity of
NP for target can be calculated as: K d = k on / k off , k act is a rate

or RNP activation, manifested as a lag in the time course, and
 cat is the turnover number of activated CRISPR. 
The steps of activator binding and enzyme activation

an be mathematically modeled by the ordinary differential
quations: 

d [ RNP ] / d t = −k on [ RNP ] [ T ] + k off [ RNPT ] 

d [ T ] / d t = −k on [ RNP ] [ T ] + k off [ RNPT ] 

d [ RNPT ] / d t = k on [ RNP ] [ T ] − k off [ RNPT ] − k act [ RNPT ] 

d 

[
RNPT 

∗] / d t = k act [ RNPT ] . (2)

The activated enzyme RNPT* binds to the substrate re-
orter, and catalyzes its conversion to the product P, which
ollows Michaelis–Menten kinetics: 

d [ P ] 
d t 

= −d [ Reporter ] 
d t 

= v = 

k cat [ RNP T 

∗] [ Reporter ] 
K M 

+ [ Reporter ] 
, 

(3)

here K M 

is the Michaelis–Menten constant. 
For processes displaying explicit lagged kinetics, we used a

elay differential equation model to rigorously simplify mul-
iple steps (RNP activation) into a single step with delay:
[RNPT*] / d t = k act [RNPT]( t − τ), where [RNPT]( t − τ) rep-
esents the concentration of RNPT at a time τ units in the past,
aking the effect of RNPT on the current rate of change of
NPT* lagged by a characteristic time τ. 
All fittings were performed with the MATLAB function

sqcurvefit , which solves nonlinear least-squares problems by
inimizing the Euclidian norm of the residuals. The value of
 act , k cat , and K M 

were fitted using the individual trajectories
f system with a simplified ODE model consisting of equa-
ions ( (2) ) and ( (3) ). The characteristic time τ was fitted using
onlinear delay differential equations. 

reparation of complexes 

as12a and crRNA complexes: Cas12a and crRNA were
ixed at a 1:1 ratio and pre-incubated at 37 

◦C for 30 min to
romote the ribonucleoprotein complex (RNP, 400 nM) for-
ation. dsDNA complexes: TS and NTS strands are at a 1:1

atio annealed to form dsDNA complexes (2.5 μM). 

rogrammable ATP release and dynamic regulation

or length regulation, a volume of 20- μl reaction solution was
repared containing 1 mM ATP, 250 nM ATP aptamer, 40
M RNP, 1 × CutSmart Buffer, and 250 nM various length
f activators. For concentration regulation, a volume of 20- μl
eaction solution was prepared containing 1mM ATP, 250 nM
TP aptamer, 80 nM RNP, 1 × CutSmart Buffer, and various
oncentration of activators. For dynamic regulation of crRNA
ctivation, the reaction mixture was prepared containing 100
M RNP, 1 × CutSmart Buffer , 250 nM Cas-reporter , and 1
M DTT. The fluorescence was then recorded every 1 min
for 4 min. First, activator was added to the reaction solution
to a final concentration of 10 nM. After 4 min, inhibitor was
then added at a final concentration of 20 nM. After next 4
min, activator was then added at a final concentration of 50
nM. Again after 4 min, inhibitor was then added at a final
concentration of 120 nM. Finally, after next 4 min, activator
was then added at a final concentration of 250 nM. 

Logic gate signal analysis 

The initial stage involves BstNI to precisely cleave DNA in
RNA / DNA heteroduplexes to transform Influenza A / B RNA
into short DNA. A total of 20 μl of mixture, containing 8 μl of
Influenza A / B RNA solution (5 μM), 8 μl of converter DNA
A / B (10 μM), 0.8 μl of diethyl pyrocarbonate-treated water,
1.5 μl of NEBuffer 3.1 (10 ×), and 1.7 μl of BstNI (10 U / μl),
was incubated at 55 

◦C for 10 min. A volume of 20- μl SDA
amplification reaction solution was prepared containing 100
nM template, 1 × ThermoPol, 1 × NEBuffer, 1 U Nt.BstNBI,
1 U Bst DNA polymerase, 1 mM dNTPs, and RNase-free wa-
ter. Then, 10 μl of the transformation product was mixed with
the SDA reaction solution, followed by incubation at 55 

◦C for
30 min. Finally, the reaction was terminated by subjecting to
85 

◦C for 10 min. Then a volume of 20- μl CRISPR / Cas12a
reaction solution was prepared containing 10 μl of ampli-
fication product, 50 nM preloaded activators, 40 nM RNP,
1 × CutSmart Buffer, 250 nM Cas-reporter, 1 mM DTT, and
deionized water. 

Uni ver sal CRISPR / Cas12a system for multi-enzyme 

assays 

AP site strand, dU site strand, DNA–RNA composite strand,
respectively, annealed with complementary strand and NTS to
form dsDNA (2.5 μM) complexes. In order to detect APE1, a
volume of 10- μl enzyme digestion reaction solution contain-
ing AP site-complex (500 nM), 1 × NEBuffer, 1 μl of APE1 (at
various concentrations), and deionized water was prepared.
After 35 min incubation at 37 

◦C, the above solution was
heated at 65 

◦C for 20 min to make APE1 inactive. Then,
250nM split activator, 40 nM RNP, 1 × CutSmart Buffer, 250
nM Cas-reporter , 1 mM DTT , and deionized water were added
to make the total volume 20 μl. The detection methods of
UDG and RNase H were similar to APE1. To study the selec-
tivity of the method, RNase H, UDG, Nt.BsmAI, and Exo I
were selected as the potential interfering enzymes to compare
with APE1. 

Results 

The effect of acti vator s with overhanging domains 

on trans -cleavage activity in single-domained 

activation mode 

We first investigated the effect of the overhanging strand on
the trans -cleavage activity of Cas12a. By altering the break-
point position 3 

′ T x (3 

′ T x indicates position x base from 3 

′

end of complete activator T, x is ranging from 7 to 15), ss-
DNA is programmatically split into two parts (sL and sR) (Fig.
1 A). As the breakpoint position approaches the 3 

′ end of the
activator, the apparent trans -cleavage activity of Cas12a de-
creases by approximately one order of magnitude. The 3 

′ T8
activator exhibits an anomalous reduction in apparent trans -
cleavage activity, possibly due to its secondary structure hin-
dering Cas12a activation. Furthermore, by adding 10-nt over-
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Figure 1. ( A ) Design of activator breaks. ( B ) The fluorescence kinetics of complete activator and overhanging domains activator. ( C ) The positional 
combination pattern of split activator with overhanging domains. ( D ) The fluorescence kinetics of the overhanging domain inside of sL and sR and ( E ) its 
characteristic time and the rate of activation when position changes. Characteristic time ( F ) and the rate of activation ( G ) of nine combinations when 
breakpoint position changes. ( H ) Scheme for regulating the length. Overhanging domains are all set up inside. ( I ) Changes in the length of a single 
o v erhanging domain allow for a short range of regulation. ( J ) Changes in the length of the two overhanging chains allow for a long range of regulation. 
( K ) Regulation of activation by complement arit y. ( L ) Characteristic time and the rate of activation of complementary and noncomplementary o v erhanging 
domains. The concentration of RNP is 40 nM, the activator concentration is 250 nM, and the reporter is 250 nM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

hangs to both inner ends of the split activator, we observed an
obvious lag phase in Cas12a trans -cleavage (Fig. 1 B). 

Next, we explored the mechanisms underlying the occur-
rence of lagged activation. The overhanging domain is de-
signed at different positions of the activator, which can be
situated either inside or outside the breakpoint, labeled as
sL-i (inside), sL-o (outside), sR-i (inside), and sR-o (outside),
resulting in a total of nine combinations. Additionally, the
overhanging domain can be encoded by varying the break-
point. Each combination sets the breakpoint at nine distinct
positions(T7–T15), with the overhang length fixed at 10 nt
(Fig. 1 C). When a single overhanging domain is positioned on
the outside of the split activator (sL-o + sR or sL + sR-o), the
overhanging domain has minimal effect on trans -cleavage ac-
tivity of Cas12a, with kinetics similar to those of split ssDNA
( Supplementary Figs S1 –S2 ). In contrast, positioning a single
overhanging domain on the inner side of the split activator
(sL-i + sR or sL + sR-i) led to a substantial impact on trans -
cleavage kinetics at specific positions ( Supplementary Fig. S3 ).
Lagged activation was observed at 3 

′ T9 and 3 

′ T10, with char-
acteristic times exceeding 10 min. We further increased the
number of overhang domain to two and found that the outer
overhanging domain had little effect on the trans -cleavage ac-
tivity of Cas12a ( Supplementary Fig. S4 ). When one of the
overhangs was shifted from external to internal, at the same
split position, the characteristic time of the lag phase at the
same split position was further prolonged compared with that 
observed with a single internal overhanging domain. This in- 
dicates that the trans -cleavage activity is dominated by the 
internal overhang ( Supplementary Fig. S5 ). When both over- 
hanging domains were located inside (sL-i + sR-i), the trans - 
cleavage kinetics were significantly affected at all split posi- 
tions. The lag phase characteristic time was notably longer 
when the breakpoint was centrally located, reaching up to 

nearly 5000 s (Fig. 1 D and E). The observed effect may arise 
from spatial steric hindrance caused by the overhang at the 
middle position, which interferes with the binding of Cas12a,
crRNA and the activator, thereby extending the activation 

time for Cas12a trans -cleavage activity. These findings demon- 
strate that the internal overhanging domain plays a dominant 
role in regulating trans -cleavage activity . Notably , as the over- 
hanging domain approaches the middle position, the trans - 
cleavage rate decreases, and lag phase becomes more pro- 
nounced (Fig. 1 F and G). 

To investigate the effect of overhanging length on Cas12a 
activity, the overhang was designed to be positioned inside 
sL and sR, with the breakpoint located at 3 

′ T11 or 3 

′ T12 

(Fig. 1 H). Fig. 1 I demonstrates that altering the length of 
a single overhanging domain enables precise regulation of 
Cas12a activity with characteristic timescales on the order of 
tens of seconds, varying the lengths of two overhanging do- 
mains expands the characteristic timescales to thousands of 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
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in an increase in fluorescence. We measured the fluorescence 
econds (Fig. 1 J and Supplementary Fig. S7 ). Polyacrylamide
el electrophoresis (PAGE) was also employed to verify the
agged activation of Cas12a ( Supplementary Fig. S7 ). Com-
ared with regulating Cas12a trans -cleavage activity by ad-
usting the split position of activators, tuning the overhang
ength offers greater precision in controlling the characteristic
ime and enhanced programmability. This approach provides
n effective means for the precise regulation of Cas12a trans -
leavage activity. In addition, we observed that lagged activa-
ion was more pronounced when the noncomplementary over-
ang became complementary, which may be attributed to the
ncreased steric hindrance formed as a result of the comple-
entation (Fig. 1 K and L). 
Regarding the lagged activation phenomenon, we specu-

ated that the presence of the overhanging domain interferes
f the activators and RNP, thereby increasing the activation
ime of Cas12a. To verify this, we compared the kinetics
f trans -cleavage activity between pre-incubated and unincu-
ated RNP and activators. The results indicated that, in con-
rast to the lagged activation pattern observed in the absence
f incubation, the fluorescence signal was generated immedi-
tely after incubation, although at a reduced trans -cleavage
ate ( Supplementary Fig. S8 A). The loosed trans -cleavage rate
ay be attributed to the cis- cleavage activity of Cas12a re-
ucing the number of available activators. Extending the in-
ubation time to ∼2 h further supported this observation
 Supplementary Fig. S8 B). Additionally, we pre-incubated cr-
NA with the activator for 1 h before adding the reporter
nd Cas12a for fluorescence monitoring ( Supplementary Fig.
8 C). The persistence of lag phase in the kinetic suggests that
he delayed activation is not governed by the binding dynam-
cs between the crRNA and the activators. The lagged acti-
ation phenomenon persists even after modifying the crRNA
equence ( Supplementary Fig. S9 ). The observed different ki-
etics between distinct crRNA variants may be attributable to
ariations in their primary sequence or secondary structural
haracteristics. 

he effect of acti vator s with overhanging domains 

n trans -cleavage activity in double-domained 

ctivation mode 

imilarly, we investigated whether dsDNA activators with
verhanging domain could also regulate the trans -cleavage ac-
ivity of Cas12a. Breakpoints were strategically designed on
he NTS and TS, respectively (Fig. 2 A). DsDNA activator was
rogrammed by varying the cleavage position of 3 

′ T x (where
 

′ represents the untruncated 3 

′ end of the unsplit TS, and x
anges from 8 to 14 bases, excluding the PAM nucleotides).
he results demonstrated that the breakage of the NTS or TS

ed to a slight increase in the apparent rate of trans -cleavage,
nd changes in the breakpoint position within the TS were
ore sensitive, likely due to the presence of breakpoints facil-

tating crRNA recognition of the TS ( Supplementary Fig. S10 ).
Next, we added the overhanging domain to split TS or
TS. The results demonstrated that incorporating the over-
anging domain into the NTS and altering its position had
inimal impact on the trans -cleavage activity of Cas12a

 Supplementary Figs S11 –S12 ). Then, we positioned an over-
anging domain on the TS and varied its location (Fig. 2 B).
hen a single overhanging domain was present in TS-R-in,

he characteristic time of the lag phase was longer compared
ith the single-stranded activation mode, ranging from 100 to
4000s (Fig. 2 C and F). When a single overhanging domain was
present in TS-L-in, the characteristic time of the lag phase was
not prominent; instead, the overall activation rate decreased,
which differed from the phenomenon observed in the single-
stranded activation mode (Fig. 2 D and G). With two over-
hanging domains, breakpoints at 3 

′ T11 exhibited a character-
istic lag phase time of 1700 s, while Cas12a trans -cleavage
activity at other positions was severely inhibited (Fig. 2 E
and H). 

We further adjusted the length of the overhanging domain
(Fig. 2 I). Altering the length of the overhanging domains
on NTS had minimal effect on the trans -cleavage activity of
Cas12a ( Supplementary Fig. S13 ). Similar to ssDNA activa-
tion, modifying the length of overhanging domains on the TS
allowed for fine-tuning of the characteristic lag phase time or
enabled broader regulation (Fig. 2 J–K and Supplementary Fig.
S14 ). When the overhang domains on the TS or NTS changes
from noncomplementary to complementary, a delayed activa-
tion of Cas12a was also observed, with the characteristic time
increasing as the complementary length increased (Fig. 2 L and
Supplementary Figs S15 and S16 ). In summary, the overhang-
ing domains in the dsDNA activation mode can also modulate
the trans -cleavage kinetics of Cas12a. 

Programmable ATP release and dynamic regulation

Nucleic acids (DNA and RNA) have become ideal compo-
nents for nanotechnology, driven by their high programma-
bility, predictable thermodynamics, and low synthesis costs.
These features have spurred the development of nucleic acid
self-assembly, nanomachines, and materials [ 34–38 ]. 

A resettable network was designed based on strand dis-
placement reactions and overhang domains. As illustrated in
Fig. 3 A, the activator complements the crRNA, activating the
trans -cleavage activity of Cas12a and generating a fluorescent
signal. Subsequently, an inhibitor (I) with an overhanging do-
main is introduced to the system. The addition of I binds to
the toehold region of the activator (A), triggering strand dis-
placement reaction that displaces A from the crRNA. On the
one hand, A no longer binds to crRNA, and on the other hand
the steric hindrance caused by the overhang inhibits the trans -
cleavage activity of Cas12a, leading to a plateau in the fluo-
rescence signal. The alternating addition of A and I facilitates
dynamic regulation of Cas12a activity (Fig. 3 B). 

The controlled sequential release of various drugs, includ-
ing soluble protein factors and small molecules, offers the
potential to rectify abnormal biological events by enabling
spatiotemporal control over local therapeutic levels [ 39 , 40 ].
Here, we demonstrate the dynamic release of ATP as an ex-
ample, successfully utilizing the CRISPR / Cas12a system with
delayed activation effects for the controlled programmable re-
lease of ATP. As shown in Fig. 3 C, we label the 3 

′ end of the
ATP aptamer with a fluorescent group and the 5 

′ end with a
quenching group. Upon binding of ATP to the aptamer, the
distance between the two groups is reduced, leading to fluo-
rescence quenching. When CRISPR / Cas12a is introduced, it
cleaves the aptamer, releasing ATP and restoring fluorescence.
We first validated that the aptamer can effectively load and
release ATP. As shown in Fig. 3 D, during the continuous reac-
tion process, adding ATP to the aptamer causes a decrease in
the fluorescence signal, consistent with ATP binding. Upon the
addition of CRISPR / Cas12a, the aptamer is cleaved, resulting

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
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Figure 2. ( A ) Split dsDNA activator. ( B ) Scheme of overhanging domain on TS. ( C ) The fluorescence kinetics of the overhanging domain located inside of 
TS R when its position changes. ( D ) The fluorescence kinetics of the overhanging domain located inside of TS L when its position changes. ( E ) The 
fluorescence kinetics of the o v erhanging domain located inside of TS L and TS R when its position changes. ( F ) Characteristic time and the rate of 
activation of the overhanging domain located inside of TS R when its position changes. ( G ) Characteristic time and the rate of activation of the 
o v erhanging domain located inside of TS L when its position changes. ( H ) Characteristic time and the rate of activation of the overhanging domain 
located inside of TS L and TS R when its position c hanges. ( I ) Sc heme for changing the length. ( J ) Characteristic time of the o v erhanging domain located 
inside of TS. ( K ) The rate of the overhanging domain located inside of TS. ( L ) Characteristic time of the double overhanging domains on TS when 
complementary and noncomplementary. The concentration of RNP is 40 nM, the activator concentration is 250 nM, and the reporter is 250 nM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

curves for conditions with no A TP, A TP addition, and A TP re-
lease ( Supplementary Fig. S17 ). Subsequently, the length and
concentration of the overhanging domain were adjusted in or-
der to regulate the release of ATP. The results revealed that
increasing the overhang length led to a reduction in ATP re-
lease (Fig. 3 E). The ATP release at an overhang length of 0 nt
was defined as 100%, and the release rates at various lengths
were calculated at 45 min (Fig. 3 F). When the overhang length
was fixed at 4 nt, varying the concentration demonstrated that
higher activator concentrations resulted in increased ATP re-
lease (Fig. 3 G). The release rate at a concentration of 100 nM
was defined as 100%, and the rates at different concentrations
were calculated after 45 min (Fig. 3 H). Therefore, this delayed
ATP release system enables programmable control through
the manipulation of length and concentration. 

Logic gate construction and influenza virus analysis

Boolean logic can be applied to various types of information
represented by 0 (NO) and 1 (YES), making it widely used
for qualitative analysis. Over the past decade, the stability,
accessibility, and operability of DNA have led to significant
research into the design and application of DNA logic gates.
These biosensors can effectively realize logic-gated biomedical
functions [ 41 ]. Isothermal nucleic acid amplification provides
efficient amplification without the need for sophisticated tem-
perature cycling equipment and has extremely high amplifica-
tion efficiencies, such as SDA [ 42 ], rollover amplification [ 43 ],
exponential amplification [ 44 ], and loop-mediated isothermal 
amplification [ 45 ]. 

We coupled isothermal amplification with the 
CRISPR / Cas12a system to achieve logical identification 

of influenza A and B viruses. SDA was used as the converter 
in this system. The logical analysis process involves several 
steps: recognition of viral RNA, SDA amplification, and logic 
gate signal output (Fig. 4 A). Specifically, different conversion 

DNA are designed to hybridize with viral RNA sequences,
forming RNA / DNA heteroduplexes with BstNI endonuclease 
recognition sites. A short initiator is released upon the action 

of the restriction endonucleases. This initiator then hybridizes 
with the corresponding SDA amplification template and is 
extended by Bst DNA polymerase. The resulting dsDNA 

is cleaved by Nt.BstNBI to release the input. PAGE results 
confirm the successful generation of both the initiator and 

input ( Supplementary Figs S18 –S20 ). 
When both influenza A and B virus RNAs are present simul- 

taneously, they are converted to form initiator A and B, respec- 
tively, leading to the generation of input 1 and input 2 through 

SDA. We first constructed the “AND”gate (Fig. 4 C). The truth 

table for the “AND” gate is shown in Fig. 4 B. In the absence 
of input, the overhang domain binds to crRNA and prevents 
the activation of the trans -cleavage activity of Cas12a. How- 
ever, when both input 1 and input 2 are present, the complex 

containing the overhang domain is displaced, thereby activat- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
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Figure 3. ( A ) Based on the strand displacement reaction, the alternating addition of activators and inhibitors with overhanging domains enables dynamic 
signaling regulation. ( B ) Fluorescence plot of dynamic regulation. The concentration of RNP is 100 nM, the initial activator is 10 nM, and the reporter is 
250 nM. ( C ) The length or concentration of the overhanging activators can alter the effect of activation for programmable release of ATP. ( D ) Validation of 
ATP and aptamer binding and release. ( E ) The effect of length adjustment on ATP release. The activator concentration was fixed at 250 nM, RNP is 40 
nM, and ATP aptamer is 250 nM. ( F ) The relative ratio of ATP release with different length. The 0 nt was defined as 100%, and the release rates at 
various lengths were calculated at 45 min. ( G ) The effect of concentration adjustment on ATP release. Overhanging domain was fixed at 4 nt. The 
concentration of RNP is 80 nM and ATP aptamer is 250 nM. ( H ) The relative ratio of ATP release with different concentration. The release rate at a 
concentration of 100 nM was defined as 100%, and the rates at different concentrations were calculated after 45 min. 
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ng the trans -cleavage activity of Cas12a and producing fluo-
escence (Fig. 4 D and E). Next, we constructed the “OR” gate
Fig. 4 G). The truth table for the “OR”gate is presented in Fig.
 F. In this case, Cas12a cannot be activated by a single over-
ang domain in the absence of input. However, when either
nput 1 or input2 is introduced, the trans -cleavage activity of
as12a is activated, resulting in fluorescence (Fig. 4 H–I). Then

he “NOR”gate was constructed (Fig. 4 K). The truth table for
he “NOR” gate is shown in Fig. 4 J. In the absence of input,
he activator with single overhang does not inhibit the activa-
ion of Cas12a, allowing for fluorescence production. When
nput1 or input2 is added, it replaces the gray activator, in-
ibiting the activity of Cas12a (Fig. 4 L and M). Additionally,
he synthetic input has successfully constructed all three logic
ates, as illustrated in Supplementary Fig. S21 . 

ni ver sal CRISPR / Cas12a system for multi-enzyme 

ssays 

uman apurinic / apyrimidinic endonuclease 1 (APE1) is a
ultifunctional enzyme in human cells, which plays a key role

n the base excision repair (BER) pathway by recognizing the
purinic / apyrimidinic (AP) site in dsDNA [ 46 ]. It has been
hown that the development of various tumors is accompa-
ied by changes in APE1 expression levels or intracellular dis-
ribution [ 47 ]. Therefore, effective monitoring of intracellu-
ar APE1 expression is beneficial for tumor diagnosis and fur-
ther treatment. RNase H, as an important member of the nu-
cleotidyl transferase superfamily, is widely involved in main-
taining eukaryotic genome replication and genome stability
by cleaving RNA domains in RNA / DNA hybrids [ 48 , 49 ].
RNase H is important during viral replication, particularly
retroviruses, and is attributed to its function of specifically hy-
drolyzing RNA in DNA–RNA duplexes and producing suit-
able primers for their DNA synthesis. UDG is an essential
DNA n -glycosylase for humans that recognizes and excises U
and generates a base-free site (AP site) for completing the en-
tire BER pathway coordinated with other repair enzymes [ 50 ].
Related studies have demonstrated that dysregulation of UDG
may directly interfere with normal function in maintaining ge-
netic integrity, leading to a variety of human diseases includ-
ing neurodegeneration, Bloom syndrome, human immunode-
ficiency, and cancer. Therefore, this strategy was used to detect
three enzymes: APE1, RNase H, and UDG. 

For APE1 detection, we designed the AP site into the
overhang domain of the TS. Initially, the dsDNA with 8-
bp overhangs cannot activate the trans -cleavage activity of
Cas12a ( Supplementary Fig. S22 ). Upon adding APE1, the
AP site is cleaved, releasing part of the overhanging domain
and restoring the trans -cleavage activity of Cas12a, leading
to the generation of a fluorescent signal. This method en-
ables detection of APE1 at concentrations as low as 0.005
U / ml (Fig. 5 B), and show good linearity (Fig. 5 C). Our sys-
tem demonstrated strong selectivity for APE1 compared with

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
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other nucleases (Fig. 5 D and E). Additionally, we achieved
detection of the UDG enzyme by substituting the AP site
with a dU site ( Supplementary Fig. S23 ). RNase H was de-
tected by replacing the released overhang domain with RNA 

( Supplementary Fig. S24 ). These results illustrate the flexibil-
ity of this strategy for detecting various enzyme. 

Discussion 

In constructing nucleic acid-based molecular reaction net-
works, the immediate activation of CRISPR poses a challenge,
as it can destroy the entire system. Consequently, CRISPR is
often integrated as the final component, which has inherent
limitations. Delayed activation is crucial to avoid premature
or excessive enzyme activity, especially for applications in gene
therapy and drug delivery that require slow, sustained release
of Cas12a. The flexible regulation of Cas activity could di-
rectly address these challenges, leading to more effective and 

controlled therapeutic outcomes. 
In conclusion, this method demonstrates a simple and 

effective strategy to control CRISPR / Cas12a to meet the 
more diverse and nuanced needs of the biological field. By 
simply adjusting the position, length, and complementarity 
of the overhanging domain, the trans -cleavage activity of 
CRISPR / Cas12a can be regulated, and the triggering time 
of the activity can be delayed while maintaining a certain 

activity, i.e. spontaneous delayed activation. This regulation 

can be achieved in single-strand activation mode and double- 
strand activation mode. Overall, changes in the position of 
the overhanging domain have the greatest impact on the rate 
of Cas. The overhanging domain close to PAM significantly 
slows down the rate of trans -cleavage, while the overhang- 
ing domain far away from PAM accelerates the rate of trans - 
cleavage. The middle position of the overhanging domain has 
less effect on the rate of Cas, making it easier to achieve 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf117#supplementary-data
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Figure 5. ( A ) Scheme for enzyme detection. Different enzymes cut off the corresponding o v erhanging domains to activate Cas. ( B ) Fluorescence plot of 
APE1 detection at different concentrations. ( C ) The linear plot of APE1. ( D , E ) Specific detection of APE1. The concentration of RNP is 40 nM and the 
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None declared. 
elayed activation. Based on this, adjusting the length of the
verhanging domain can achieve regulation of the activation
ime while keeping the trans -cleavage rate almost unchanged.
urther, adjusting the length of a single overhang can realize
hort time regulation in minutes, and adjusting the length of
ouble overhangs can realize long time regulation in tens of
inutes. The time delay can be further enhanced when the
verhanging domains are complementary. 
The activator containing the overhanging domain en-

bles precise activation timing and regulation of Cas12a
nd successfully achieving dynamic control of Cas12a ac-
ivity, programmable release of ATP, logical operations,
nd universal enzyme detection. This dynamic and flexible
RISPR regulation strategy will provide new insights into the
RISPR / Cas12a system, with the potential to expand appli-

ations in various fields. For molecular detection, delayed ac-
ivation of enzymes can initiate reactions only when the tar-
et analyte reaches a specific threshold concentration. This
echanism enhances signal intensity, as the enzyme is acti-

ated only in the presence of the target, avoiding interfer-
nce from background noise and improving sensitivity. More-
ver, enzymes can be designed to be sensitive only to spe-
ific analytes or conditions. This selectivity prevents cross-
eactivity, thereby increasing the specificity of the sensor and
nabling effective differentiation of multiple analytes in com-
lex samples. In therapeutic applications, the delayed mech-
nism can be linked to drug delivery, where delayed drug re-
ease helps maintain therapeutic concentrations. This allows
or targeted release at specific times and locations, thereby
nhancing drug efficacy and safety. In bioengineering, bio-
ogical systems based on delayed activation can enable cells
to initiate gene expression at specific time points or under
particular conditions. This facilitates more precise control
of biological functions and benefits the regulation of gene
expression. 
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