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Abstract

CRISPR-Cas12a technology has transformative potential, but as its applications grow, enhancing its inherent functionalities is essential to
meet diverse demands. Here, we reveal a regulatory mechanism for LbCas12a through direct repeat (DR) region 3’ end modifications and
de-modifications, which can regulate LbCas12a’s cis- and trans-cleavage activities. We extensively explored the effects of introducing phos-
phorylation, DNA, photo-cleavable linker, DNA modifications at the DR 3’ end on LbCas12a’s functionality. We find that the temporary inhibitory
function of Cas12a can be reactivated by DR 3’ end modification corresponding substances, such as alkaline phosphatase (ALP), immunoglobulin
G (IgG), alpha-fetoprotein (AFP), DNA exonucleases, ultraviolet radiation, and DNA glycosylases, which greatly expand the scope of application
of Cas12a. Clinical applications demonstrated promising results in ALP AFP and trace Epstein—Barr virus detection compared to gold standard
methods. Our research provides valuable insights into regulating LbCas12a activity through direct modification of DR and significantly expands
its potential clinical detection targets, paving the way for future universal clustered regularly interspaced short palindromic repeats (CRISPR)

diagnostic strategies.
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Introduction

Since its inception, clustered regularly interspaced short palin-
dromic repeats (CRISPR) technology has revolutionized the
fields of molecular biology and biomedicine [1]. Originally
derived from bacterial immune systems that protect against
foreign genetic invasions, CRISPR has evolved into a versatile
tool for gene editing and in vitro diagnostics [2]. The tech-
nology is based on two fundamental components: CRISPR
RNA (crRNA) and CRISPR-associated proteins (Cas pro-

teins) [3]. Here, crRNA identifies specific nucleic acid se-
quences, while Cas proteins perform nucleic acid cleavage,
encompassing both cis- and trans-cleavage mechanisms [4-
6]. This straightforward yet effective system enables precise
nucleic acid recognition, providing a robust foundation for
applications in gene editing, cellular imaging, transcriptional
regulation, and molecular diagnostics [1, 7-9].

Despite its transformative impact, the expanding applica-
tions of CRISPR technology necessitate enhancements to its
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inherent capabilities to meet diverse and growing demands
[1-3]. A comprehensive investigation of the intricate details
and sophisticated regulatory mechanisms of CRISPR compo-
nents has the potential to enhance the precision, sensitivity,
and programmability of this technology [10, 11]. Notably,
the identification and expression of more Cas proteins from
various strains and the engineered modification of these pro-
teins can introduce specialized features, including light con-
trol [12-14], heat resistance [15], high selectivity [16, 17], and
single-base resolution recognition of targets [18]. In addition,
modifications to crRNA—such as elongation [19, 20], short-
ening [21, 22], splitting [23-25], introducing secondary struc-
tures [26, 27], embedding in DNA [20, 21], substituting con-
ventional bases with naturally occurring [28-30] or synthetic
nucleic acid modifications [31-33], and incorporating com-
plementary sequences [34-39]—offer promising avenues for
accurate regulation of Cas protein activity.

Specifically, in the CRISPR-Casl12a nucleic acid detec-
tion system, optimizing the DNA reporter and implement-
ing novel structures like hairpin [40], DNA Framework [41],
and nanoparticles [42, 43] can significantly enhance trans-
cleavage capabilities for effective signal amplification. Fur-
thermore, adaptations to the substrate DNA activator for
Cas12a—including blocking [44], circularization [45], and
splitting techniques [25, 46, 47]—enable the detection of non-
nucleic acid targets [44], facilitate signal amplification [45],
and microRNA (miRNA) detection [25,47]. Additionally, op-
timizing magnesium ion concentrations [48] and introducing
physical barriers in the reaction system [49] are pivotal for
improving regulatory outcomes.

While these advancements have broadened the application
spectrum of CRISPR, they also underscore the urgent need
for ongoing development and highlight the limitations of cur-
rent methodologies, particularly the extensive experimental
optimizations often required across diverse application con-
texts [1, 11]. As CRISPR technology continues to evolve, the
challenge remains to achieve precise control over Cas pro-
teins without compromising efficiency [1, 3]. Although exist-
ing methods to modulate Cas protein activity have made sig-
nificant strides, there is an urgent requirement for more gener-
alized, flexible, and efficient control strategies tailored to spe-
cific applications across various fields, thereby expanding the
current utilization landscape [11].

Recent discoveries indicate that the Cas12a’ crRNA can be
divided into a universal direct repeat (DR) region and a re-
placeable spacer region, which can still maintain the Cas12a
cis- and trans-cleavage activity [23-25]. This enables the de-
sign of universal strategies targeting the DR, applicable to an
array of nucleic acid detection targets while facilitating nu-
cleic acid cascade signal amplification and miRNA detection
[23-25]. An in-depth investigation of this universal DR has
the potential to enhance the adaptability of CRISPR method-
ologies and tackle existing technological limitations, thereby
opening new pathways for future biomedical research.

In this study, we demonstrate that modifications at the 3’
end of the DR can effectively suppress Cas12a activity, with
subsequent removal of these modifications restoring its func-
tionality. We conduct a systematic investigation of various
modifications at this site, including phosphorylation, addi-
tion of DNA, photo-cleavable (PC) linker, and DNA modi-
fications (Supplementary Scheme S1), elucidating the mecha-
nisms behind the inhibition and restoration of Cas12a activ-
ity (Fig. 1). Our findings have been applied to the rapid and
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highly sensitive detection of clinical analytes, including alka-
line phosphatase (ALP), alpha-fetoprotein (AFP), and Epstein-
Barr virus (EBV) in human serum, as well as various DNA
glycosylases corresponding to specific DNA modifications.
This work not only advances our understanding of univer-
sal Cas12a regulation but also explores programmable detec-
tion principles for non-nucleic acid targets beyond aptamers,
thereby significantly broadening its clinical applicability.

Materials and methods

Ethics statement

Human blood samples were collected and provided by the Sev-
enth Affiliated Hospital, Sun Yat-sen University with proto-
cols approved by the ethics committee at the Seventh Affiliated
Hospital, Sun Yat-sen University (KY-2024-303-02,KY-2023-
117-01,KY-2024-100-01, and KY-2024-009-02). All patients
in this study signed an informed consent form.

Agarose gel analysis of LbCas12a’s Cis-cleavage activity reg-
ulated by different DR 3’ modifications

ALP-DR-3'PO4 Regulation: The reaction was prepared at a
final concentration of 1 x LbCas12a Reaction Buffer, com-
prising 10 mM Tris-HCI (pH 8.5), 10 mM MgCl,, 20 mM
KCl, 1 mM DTT, 40 mM Glycine, and 0.01% (v/v) Tween
20. To the reaction, 800 nM of either DR-3'PO4 or DR was
added, with or without one unit of ALP. The total volume
was adjusted to 10 pl with DNase/RNase-Free distilled wa-
ter and incubated at 37°C for 30 min. Subsequently, the reac-
tion was supplemented with 1 x LbCas12a Reaction Buffer,
800 nM LbCas12a, 800 nM of various Spacers [EBV Spacer,
hepatitis C virus (HCV) Spacer or monkeypox virus (MPXV)
Spacer], and 30 nM of their respective targets. The total vol-
ume was brought to 20 ul and incubated at 37°C for an ad-
ditional 30 min. To terminate the reaction, 50 mM Proteinase
K was added, followed by incubation at 37°C for 20 min. Fi-
nally, 1 x loading buffer was added, and the samples were
subjected to 2% agarose gel electrophoresis.

Exonuclease I (Exo I)-DR-DNA Regulation: The reaction
was prepared at a final concentration of 1 x LbCas12a Re-
action Buffer and included 1 uM of either DR-DNA or DR,
with or without two units of Exo I. The total volume was ad-
justed to 10 pl with DNase/RNase-Free distilled water and in-
cubated at 37°C for 1 h, followed by heat inactivation at 65°C
for 10 min. Next, 1 x LbCas12a Reaction Buffer was added,
along with 300 nM LbCas12a, 1 uM of various Spacers (EBV
Spacer, HCV Spacer or MPXV Spacer), and 30 nM of their
respective targets. The total volume was again adjusted to 20
ul and incubated at 37°C for 1 h. To terminate the reaction,
50 mM Proteinase K was added, and the incubation contin-
ued at 37°C for 20 min. Afterward, 1 x loading buffer was
included, and the samples were analyzed using 2% agarose
gel electrophoresis.

UV Light-DR-PC-DNA Regulation: The reaction was con-
ducted using 1 x LbCas12a Reaction Buffer with five units
of T4 Polynucleotide Kinase, 0.5 mM adenosine diphosphate
(ADP), 1 uM of either DR-PC-DNA or DR, 500 nM Lb-
Casl12a, 1 uM MPXYV Spacer, and § nM MPXV target. The
total volume was adjusted to 20 ul, with or without expo-
sure to UV light (A = 365 nm, 35 W for 15 s). The mixture
was then incubated at 37°C for 1 h. To terminate the reac-
tion, 50 mM Proteinase K was added and incubated at 37°C
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Figure 1. Schematic representation of the DR and its 3’ end modifications, illustrating their regulatory effects on LbCas12a protein activity.

for an additional 20 min. Finally, 1 x loading buffer was in-
corporated, and the samples were examined via 2% agarose
gel electrophoresis.

Real-time fluorescence quantitative detection analysis of Lb-
Cas12a’s Trans-cleavage activity regulated by different DR 3’
modifications

ALP-DR-3'PO4 Regulation: the reaction was prepared us-
ing 1 x LbCas12a Reaction Buffer with 30 nM of either
DR-3'PO4 or DR, supplemented with one unit of ALP or
left untreated. The total volume was adjusted to 10 ul with
DNase/RNase-Free distilled water and incubated at 37°C for
30 min. Following this step, 1 x LbCas12a Reaction Buffer,
100 nM LbCas12a, 250 nM F-Q, 30 nM of various Spacers
(EBV Spacer, HCV Spacer, or MPXV Spacer), and 2 nM of
their respective targets were added to the mixture, bringing
the total volume to 20 ul. The reaction was mixed thoroughly
in a quantitative PCR (qPCR) tube and promptly placed into
the qPCR instrument, where it was incubated at 37°C. Fluo-
rescence was collected every 30 s over a total of 60 cycles for
30 min. Notes: The photosensitive reagent F-Q was stored in
an Eppendorf (EP) amber tube protected from light at —20°C
to maintain its stability and functionality before use.

Exo I-DR-DNA Regulation: the reaction was conducted in
1 x LbCas12a Reaction Buffer, containing 50 nM of either
DR-DNA or DR, with or without two units of Exo I. The vol-
ume was adjusted to 10 pl with DNase/RNase-Free distilled
water and incubated at 37°C for 1 h, followed by heat in-
activation at 65°C for 10 min. Subsequently, 1 x LbCas12a
Reaction Buffer, 100 nM LbCas12a, 250 nM F-Q, 50 nM of
various Spacers (EBV Spacer, HCV Spacer, or MPXV Spacer),
and 3 nM of their respective targets were added, filling the to-
tal volume to 20 pl. The mixture was then mixed in a qPCR
tube and quickly transferred to the gPCR instrument, main-
tained at 37°C, collecting fluorescence every 30 s over a span
of 60 cycles for 30 min.

UV Light-DR-PC-DNA Regulation: the reaction was set up
using 1 x LbCas12a Reaction Buffer, supplemented with five
units of T4 Polynucleotide Kinase and 0.5 mM ADP. The re-
action included 100 nM of either DR-PC-DNA or DR, along
with 100 nM LbCas12a,250 nM F-Q, 100 nM MPXYV Spacer,
and 5 nM MPXYV target, adjusted to a total volume of 20 pl.
Two conditions were established: one exposed to UV light (A
= 365 nm, 35 W for 15 s) and one without UV exposure. The
mixture was thoroughly mixed in a qPCR tube and quickly
placed into the qPCR instrument, where it was incubated at

37°C. Fluorescence was collected every 30 s for a total of 60
cycles over 30 min.

Michaelis-Menten model for Trans-cleavage activity of DR-
POy assisted LbCas12a

The reaction was conducted in 1 x LbCas12a Reaction Buffer
containing 100 nM DR-3'PO4 or 100 nM DR, supplemented
with or without one unit of ALP and adjusted to a total vol-
ume of 10 ul with DNase/RNase-Free distilled water. The
mixture was incubated at 37°C for 30 min. Following this in-
cubation, 1 x LbCas12a Reaction Buffer, 50 nM LbCas12a,
100 nM EBV Spacer, and 3 nM EBV target were added, re-
sulting in a total volume of 18 ul, and incubated at 37°C for
an additional 15 min. Subsequently, 2 pl of F-Q at varying
concentrations (500,250,125, 62.5,31.25,15.63, and 0 nM)
were mixed in, and the reaction was transferred to a qPCR
instrument set at 37°C, collecting fluorescence data every 10 s
for a total of 180 cycles over 30 min. The data were calculated
based on the formula in the previous report paper [50].

Detection of alkaline phosphatase using DR-POjy assisted
CRISPR-Cas12a system

The reaction was set up with 1 x LbCas12a Reaction Buffer,
containing 400 nM DR-3'POy. To this, 2 ul of diluted ALP
standard (800, 400, 200, 100, 50, 25, 12.5, 6.25, 3.13, or 0
U/L) or the sample for testing was added, and the final vol-
ume was adjusted to 10 pl with DNase/RNase-Free distilled
water. The mixture was incubated at 37°C for 30 min. Then,
1 x LbCas12a Reaction Buffer, 100 nM LbCas12a, 250 nM
F-Q, 30 nM EBV Spacer, and 8 nM EBV target were added,
bringing the total volume to 20 pl. The reaction was mixed
thoroughly in a qPCR tube and quickly placed into the qPCR
instrument at 37°C, where fluorescence measurements were
taken every 30 s over a total of 20 cycles for 10 min. The flu-
orescence value of the sample was then used to calculate the
sample concentration by referencing the linear equation gen-
erated from the standards.

Classical PNPP method for alkaline phosphatase detection

In a transparent 96-well plate, 2 ul of diluted ALP standard
(800, 400,200, 100, 50,25,12.5,6.25,3.13, 0r 0 U/L) or the
test sample was added. Distilled water was added to achieve a
final volume of 50 ul, followed by the addition of 50 ul of p-
nitrophenylphosphate (PNPP) substrate solution (5 mmol/l).
The mixture was incubated at 37°C for 20 min, after which
50 pl of PNPP stop solution was added. The optical densities
at OD 405 and OD 630 nm were measured using a microplate
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reader, generating a standard curve. The OD 405-OD 630 nm
value of the test sample was then compared to the standard
curve to determine the sample concentration.

Detection of mouse IgG using DR-PO, assisted CRISPR-
Cas12a system

In a 96-well plate, 100 ul of Protein G diluted to 5 pg/ml in
PBS was added to each well and sealed. The plate was incu-
bated at 4°C for 14 h. The wells were washed three times with
PBST (PBS + 0.05% Tween 20) using 200 ul per wash and
then dried. Blocking buffer (200 pl containing 3 % BSA in PBS)
was added, and the plate was incubated at 37°C for 1 h. Af-
ter blocking, the wells were washed five times with PBST and
dried again. Different concentrations of mouse IgG standards
(2500,1250,625,312.5,156.3,78.1,39.1,19.6,and 0 ng/ml)
or unknown samples were diluted to 200 ul and incubated at
37°Cfor 1 h. Following this incubation, the wells were washed
five times with PBST and dried. Then, 100 ul of 1:500 di-
luted ALP-labeled Goat Anti-Mouse IgG (H + L) was added,
followed by another 1 h incubation at 37°C and subsequent
washing five times with PBST. Finally, 1 x LbCas12a Reaction
Buffer containing 200 nM DR-3'PO4 was added and adjusted
to a total volume of 40 pl with DNase/RNase-Free distilled
water. This mixture was incubated at 37°C for 15 min, fol-
lowed by the addition of 1 x LbCas12a Reaction Buffer, 200
nM LbCas12a, 250 nM F-Q, 200 nM EBV Spacer, and 10 nM
EBV target, bringing the final volume to 50 ul. Fluorescence
was measured in the FAM channel of a microplate reader ev-
ery 2 min for 16 min, to determine concentration based on
fluorescence values.

Visualization of mouse IgG detection using DR-POy assisted
CRISPR-Cas12a lateral flow test strips

The preparatory steps for this assay were consistent with those
described in section 5. And the procedure CRISPR assay was
modified as follows: 1 x LbCas12a Reaction Buffer contain-
ing 200 nM DR-3'PO4 was added, with the total volume ad-
justed to 40 ul using DNase/RNase-Free distilled water. This
mixture was incubated at 37°C for 20 min. Subsequently,
1 x LbCas12a Reaction Buffer, 200 nM LbCas12a, 250 nM
FAM-Biotin DNA reporter, 200 nM EBV Spacer, and 30 nM
EBV target were added, adjusting the total volume to 50 pl.
The mixture was incubated at 37°C for 1 h before being in-
serted into the lateral flow test strip (CRISPR) and results were
observed after 5 min.

Classical PNPP method for mouse IgG detection

The preparatory steps were consistent with those outlined in
section 6. Modifications to the last step included adding 50
ul of PNPP substrate solution (5 mmol/l) to a 96-well plate.
Incubation was carried out at 37°C for 20 min, after which 50
ul of PNPP stop solution was added. The optical densities at
OD 405 and OD 630 nm were measured to assess the presence
of mouse IgG.

Detection of serum AFP using DR-PO, assisted CRISPR-
Cas12a system

The assay was performed using a purchased microplate
pre-coated with human AFP-specific antibodies (Cat No.
ELK1301, ELK Biotechnology Co., Ltd., Wuhan, China). Fol-
lowing the manufacturer’s instructions, the standards or sam-
ples were added to the wells of the microplate, followed by

Direct repeat region modifications regulate Cas12a activity

the addition of biotin-conjugated antibodies specific to hu-
man AFP. Subsequently, ALP-conjugated Streptavidin (Cat
No. 35106ES60, Yeasen Biotechnology Co., Ltd., Shanghai,
China) was added to each well and incubated. After incu-
bation, 1 x LbCas12a Reaction Buffer, 200 nM DR-3'POy4
was added, and the total volume was adjusted to 40 ul with
enzyme-free water. The reaction was conducted at 37°C for
15 min. Following this, 1 x LbCas12a Reaction Buffer, 200
nM LbCas12a,250 nM F-Q, 200 nM EBV Spacer, and 10 nM
EBV target were added to achieve a final volume of 50 ul. Flu-
orescence was measured in the FAM channel of a microplate
reader every 2 min for 16 min. The fluorescence data from the
samples were compared to the standard curve to calculate the
concentration.

Detection of exonuclease I using DR-DNA assisted CRISPR-
Cas12a system

The assay was prepared in 1 x LbCas12a Reaction Buffer
containing 50 nM DR-DNA. To this, 2 ul of diluted Exo I at
varying concentrations (250, 62.5,15.6, 3.9, 0.98, 0.49, 0.24,
0.12,0.06,and 0 U/ml) or unknown samples were added, and
the total volume was adjusted to 10 ul with enzyme-free water.
The reaction was incubated at 37°C for 1 h, followed by in-
activation at 65°C for 10 min. Then, 1 x LbCas12a Reaction
Buffer, 100 nM LbCas12a, 250 nM F-Q, 50 nM EBV Spacer,
and 5 nM EBV target were added, bringing the final volume
to 20 ul. The mixture was mixed well and quickly placed into
a qPCR tube before being transferred to a qPCR instrument
at 37°C, where fluorescence was collected every 30 s, totaling
120 cycles over 60 min.

One-pot RPA-CRISPR-Cas12a nucleic acid detection using
DR-PC-DNA

The reaction was conducted in 1 x RPA-CRISPR Reaction
Buffer (2 mM Tris—HCI, pH 8.5, 28 mM MgCl,, 4 mM KCI,
0.2 mM DTT, 8 mM glycine, 0.002% (v/v) Tween 20, 0.5 mM
ADP), with the addition of 10 units of T4 Polynucleotide ki-
nase, 100 nM LbCas12a, 100 nM DR-PC-DNA, 100 nM EBV
Spacer,and 250 nM F-Q. A total volume of 20 pl was achieved
by adding 9 ul of RT-RPA 2.0 Mix, 0.1 uM EB-RPA-F, 0.1 uM
EB-RPA-R, and varying concentrations of EBV target (50, 5,
0.5, 0.05, and 0 copies/ul) or unknown samples. All reagents
were mixed and placed in a qPCR tube, then transferred to the
gPCR instrument at 37°C for RPA amplification. Fluorescence
was collected every 5 min for a total of three cycles over 15
min. Post-amplification, the qPCR tube was exposed to UV
light (A = 365 nm, 35 W) for 15 s before being returned to
the qPCR instrument for another 45 min of fluorescence col-
lection every 30 s, totaling 90 cycles. The concentration of the
unknown samples was calculated by referencing the standard
curve. Notes: The photosensitive DR-PC-DNA was aliquoted
and stored in light-protected EP tubes at —80°C to prevent
any potential photodegradation before use.

RT-qPCR assessment of clinical EBV samples

The assay utilized Hieff® 1 x qPCR SYBR Green Master Mix
(No Rox), with 0.1 uM EB-RPA-E, 0.1 uM EB-RPA-R, and 2
ul of standards or samples at varying concentrations. The to-
tal volume was adjusted to 20 ul with enzyme-free water and
mixed well before being placed in the qPCR instrument. The
cycling parameters included an initial denaturation at 95°C
for 3 min, followed by 40 cycles of denaturation at 95°C for
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10 s and annealing/extension at 55°C for 30 s, with fluores-
cence detection at each cycle. The Ct values obtained from
the standards were used to quantify the concentration of the
clinical samples.

Detection of UDG content using DR-dU-RNA assisted
CRISPR-Cas12a and visualization on test strips

The detection was performed in 1 x LbCas12a-UDG Reac-
tion Buffer (10 mM Tris—HCI, pH 8.5, 10 mM MgCl,, 20
mM KCl, 1 mM DTT, 40 mM glycine, 1 mM spermidine,
and 0.01% (v/v) Tween 20) containing 80 nM DR-dU-RNA
and 10 units of Exo I & III. A volume of 2 pl from vari-
ous concentrations of UDG standards (500, 250, 125, 62.5,
31.25,15.63, 7.81, and 0 U/L) or extracted nuclear protein
samples (HCT116, SW480 diluted 4-fold, NCM460 diluted
2-fold) was added, followed by adjustment to a total vol-
ume of 10 pl with enzyme-free water. The 1 x LbCas12a-
UDG Reaction Buffer was consistently utilized as the dilution
buffer throughout this study, ensuring that variations in di-
lution times would not compromise the performance or sta-
bility of the reaction system. The reaction was incubated at
37°C for 30 min and then inactivated at 65°C for 10 min.
Afterward, 1 x LbCas12a-UDG Reaction Buffer, 100 nM Lb-
Cas12a, 250 nM F-Q, 80 nM EBV Spacer, and 8 nM EBV
target were added to reach a total volume of 20 pl. The mix-
ture was quickly transferred to a qPCR instrument and incu-
bated at 37°C, where fluorescence was collected every 30 s
for 24 cycles totaling 12 min. The UDG content in extracted
nuclear proteins from different cell lines was calculated using
the standard curve. For test strip detection, F-Q was replaced
with FAM-Biotin, and after the reaction, the mixture was in-
troduced into the test strip for detection, with results observed
after 5 min.

Detection of OGG1 using DR-80G-RNA assisted CRISPR-
Cas12a

The assay was conducted in 1 x LbCas12a Reaction Buffer
containing 80 nM DR-8OG-RNA and 10 units of Exo I & III.
A volume of 1 pl from varying concentrations of OGG1 stan-
dards (8000, 4000, 2000, 1000, 500, 250, 125, and 0 U/ml)
or unknown samples was added, followed by adjustment to
a total volume of 10 ul with enzyme-free water. The mixture
was incubated at 37°C for 30 min and inactivated at 65°C for
10 min. Subsequently, 1 x LbCas12a Reaction Buffer, 200 nM
LbCas12a,250 nM F-Q, 200 nM EBV Spacer, and 8 nM EBV
target were added, bringing the final volume to 20 ul. The
mixture was rapidly transferred to a qPCR instrument, and
fluorescence was collected every 30 s for a total of 60 cycles
over 30 min.

Detection of APE1 content using DR-THF-RNA assisted
CRISPR-Cas12a

The reaction was performed in 1 x LbCas12a Reaction Buffer
containing 200 nM DR-THF-RNA and four units of Exo I &
II. A volume of 1 ul from varying concentrations of APE1
standards (10 000, 5000, 2500, 1250, 625, 312.5, 156.3, and
0 U/ml) or unknown samples was added, and the total volume
was adjusted to 10 ul with enzyme-free water. The mixture
was incubated at 37°C for 1 h, followed by inactivation at
65°C for 10 min. Afterward, 1 x LbCas12a Reaction Buffer,
200 nM LbCas12a, 250 nM F-Q, 200 nM EBV Spacer, and
8 nM EBV target were added to reach a total volume of 20
ul. The assay was quickly placed into a qPCR instrument at

37°C, with fluorescence recorded every 30 s for a total of 120
cycles over 60 min.

Data processing and analysis

All experimental data are expressed as mean =+ standard error
of the mean from three independent technical replicates. Sta-
tistical analyses were conducted using GraphPad Prism soft-
ware (version 9.0). P-values for the statistical analysis were
performed by two-sample unpaired ¢-test to define significant
differences for different conditions. For linear regression anal-
ysis, data points were systematically selected from fluores-
cence kinetic curves based on three established criteria: (i) ex-
clusion of plateau-phase data points to ensure analysis within
the linear amplification range; (ii) demonstration of statisti-
cally significant differences (P < 0.05) in fluorescence inten-
sity across the target concentration gradient at the selected
time point; and (iii) maintenance of a strong linear correlation
(R? > 0.9) between fluorescence intensity and target concen-
tration. These selection criteria were implemented to ensure
robust quantification and minimize potential artifacts in the
quantitative analysis.

Results

Regulation of LbCas12a activity by phosphorylation
at the 3’ end of the DR

Main Initially, we designed and synthesized a classic DR, along
with two variations: a § phosphorylated DR (5'PO4-DR,
Supplementary Table S1) and a 3’ phosphorylated DR (DR-
3'POy4, Supplementary Table S1). To evaluate their efficacy, we
matched them with an EBV Spacer and used an EBV target
for cis-cleavage activity assays. As shown in Fig. 2A, both the
classic DR and the 5'PO4-DR demonstrated effective target-
ing and cleavage of the EBV target, resulting in the formation
of cleaved nucleic acid bands. In contrast, the DR-3'PO4 was
unable to mediate cleavage. However, upon the introduction
of ALP, which removes 5’ and 3’ phosphate groups, the cis-
cleavage capacity of DR-3'PO4 was significantly restored, ex-
hibiting performance comparable to that of the classic DR and
5'PO4-DR. This experiment confirms that phosphorylation at
the 3’ end of the DR profoundly suppresses the cis-cleavage
activity of LbCas12a (Fig. 2A).

Next, we introduced a single-stranded DNA reporter (F-Q,
Supplementary Table S1), labeled with FAM at one end and
BHQ1 (a fluorescent quencher) at the other, to assess trans-
cleavage activity. Activated LbCas12a efficiently trans-cleaved
the F-Q, leading to the release of a fluorescent signal [4, 5].
As illustrated in Figs 2B and C, DR-3'PQOy significantly inhib-
ited LbCas12a’s trans-cleavage activity, but fluorescence was
restored upon the addition of ALP. This further validates the
role of the 3’ phosphorylation of the DR in modulating Lb-
Cas12a activity (Figs 2B and C). We subsequently matched
corresponding spacer regions for additional targets, such as
HCV and MPXYV, confirming the universality of the regulatory
effects of the DR 3’ terminal phosphorylation on the system’s
activity (Supplementary Fig. S1).

We further investigated the impact of DR 3’ phosphoryla-
tion on LbCas12a’s Michaelis—Menten kinetics [50] (Fig. 2D
and E; Supplementary Fig. S2). When the target DNA acti-
vated LbCas12a with the classic DR, the catalytic efficiency
(Keat/Km) was measured at 1.25 x 105 M~' S~1, Interest-
ingly, the addition of ALP caused a marginal decrease to
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Figure 2. The impact of DR 3’ phosphorylation modification on LbCas12a cleavage activity and its application in clinical ALP detection. (A) Cis-cleavage
activity of LbCas12a assisted by classical DR, terminal phosphorylation-modified DR in conditions with and without ALP. (B) Real-time fluorescence
detection curves showing LbCas12a’s trans-cleavage activity with the aforementioned DR, DR modifications in the presence and absence of ALP. (C)
Quantitative analysis of panel (B). (D) Reaction velocity versus substrate concentration curve for the trans<cleavage activity of LbCas12a with DR or
3’-phosphorylated DR in the presence and absence of ALP (E) Quantitative data of LbCas12a cleavage activity under different conditions. (F) Simulated
interaction model between LbCas12a with full length crRNA, split DR and spacer region, and 3-phosphorylated DR and spacer region. (G) Real-time
fluorescence detection curves showing the DR-3'PO4-assisted CRISPR-Cas12a detection system using varying ALP concentrations. (H) Quantitative
relationship, linear fitting, and detection limit of fluorescence values versus ALP concentration in the detection system. (I) Comparative bar chart of the
currently developed DR-3'POg-assisted CRISPR-Cas12a system and the clinical PNPP method for ALP detection in 23 human serum samples. Notes: ns,
P> 0.05, ****P < 0.0001. Error bars are mean + SD (n = 3).
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1.22 x 10° M~! S, with both exhibiting effective cleav-
age activity. In contrast, when DR underwent 3’ phospho-
rylation, there was a substantial drop in catalytic efficiency
to 1.57 x 10* M~ S7!, indicating a marked reduction in
cleavage activity. Following incubation with ALP, catalytic
efficiency rebounded to 1.01 x 105 M~! S| reactivating
the original cleavage function. This quantitative analysis fur-
ther substantiates that 3’ phosphorylation of the DR signif-
icantly impairs the cleavage function of LbCas12a (Fig. 2D
and E; Supplementary Fig. S2).

To explore the molecular mechanisms underlying Lb-
Cas12a activity suppression by DR 3’ phosphorylation, we
conducted molecular docking simulations. Using LbCas12 as
the receptor, we assessed the binding affinities of full-length
crRNA, the split form of crRNA (DR + Spacer), and the split
form with the 3’ phosphorylated ligands. We utilized avail-
able PDB files [51] or predictions from AlphaFold 3 [52], with
calculations performed via the HDOCK server [53], followed
by visualization using PyMOL. Our results indicated that the
split crRNA (DR + Spacer) could bind to LbCas12a efficiently,
similar to the full-length crRNA. Conversely, the 3’ phospho-
rylated DR appeared to interact with other regions of the pro-
tein (Fig. 2F). Further analysis of the electrostatic and hydro-
gen bonding interactions between the 3’ phosphate of DR-
3'PO4 with LbCas12a revealed a tendency for this modifica-
tion to be attracted to regions with dense positive charges (the
PI region), specifically forming multiple hydrogen bonds with
ARG-691 and ASN-590 (Fig. 2F and Supplementary Fig. S3).
This suggests that the phosphorylation at the 3’ end may al-
ter the classic binding structure of the DR to the protein,
thereby inhibiting the normal function of LbCas12a (Fig. 2F
and Supplementary Fig. S3).

Subsequently, leveraging the reversible inhibition and
restoration capabilities provided by the 3’ phosphorylation
modifications, we developed a DR-3'POy4-assisted CRISPR-
Cas12a system for the detection of ALP. ALP is a widely recog-
nized biomarker present in the human body, with blood tests
measuring ALP levels as indicators of liver and bone health.
Normal serum ALP ranges from 20 to 140 U/L, and elevated
levels may signal liver or certain bone diseases [54, 55].

We first validated our engineered CRISPR-Cas12a system
using commercially available Calf intestinal ALP. Our results
demonstrated that as the concentration of Calf intestinal ALP
increased, LbCasl12a trans-cleavage activity enhanced pro-
gressively, exhibiting an excellent detection range with a limit
of detection as low as 0.26 U/L (Supplementary Fig. S4). Fur-
thermore, we confirmed that our method maintained impres-
sive detection performance in human serum samples, achiev-
ing a limit of detection as low as 0.34 U/L (Fig. 2G and H).
We then collected 23 clinical serum samples and compared our
findings with the PNPP method, a gold-standard strategy for
ALP detection that employs PNPP as a chromogenic substrate
[55, 56]. Upon hydrolysis, PNPP produces para-nitrophenol,
resulting in a vibrant yellow solution under alkaline condi-
tions, which can be accurately quantified using a spectropho-
tometer at 405 nm [56]. Our method demonstrated a high de-
gree of concordance with established PNPP results, along with
a lower detection limit (Fig. 2H and I; Supplementary Figs S5
and S6). This underscores the broad potential for clinical ap-
plications derived from our study on the 3’ terminal phospho-
rylation of the DR.

Programmable and universal detection platform for
rapid protein detection using DR 3’ end
phosphorylation enhanced CRISPR-Cas12a system

In clinical diagnostics, while a limited number of biomark-
ers are nucleic acids, a vast majority pertain to proteins, in-
cluding antibodies, antigens, and various life-related enzymes
[1, 10, 44]. Given the comparable performance of the DR
3" end phosphorylation modification to the gold standard in
ALP detection (Fig. 2G-I), we set out to develop a versatile,
programmable detection platform that extends to the rapid
detection of any protein. As illustrated in Fig. 3A, we mod-
ified the bottom of a microtiter plate with a protein capture
agent, termed protein capture agent 1, which selectively en-
riches relevant proteins from serum samples. Following incu-
bation with human serum samples, the target protein of inter-
est is captured by protein capture agent 1. Residual serum is
then washed away, and we incubate with ALP-linked protein
capture agent 2, which specifically binds to the target protein,
followed by elution. Subsequently, the DR 3’ end phosphory-
lation enhanced CRISPR-Cas12a system is introduced, facil-
itating the cleavage of the 3’ end phosphate by ALP, thereby
restoring LbCas12a activity. The reactivated enzyme initiates
trans-cleavage activity, releasing a fluorescent signal. This sig-
nal is read using appropriate fluorescence detection equipment
to quantify the concentration of the target protein (Fig. 3A).

To validate the feasibility of our design, we selected com-
mercially available mouse immunoglobulin G (IgG) for test-
ing. Initially, we loaded the microtiter plate with Protein G,
which is capable of selectively capturing mouse IgG [57].
We then diluted the mouse IgG standard into various con-
centrations (0-2500 ng/ml) and conducted incubation for
system verification. Following this, ALP-labeled goat anti-
mouse IgG was introduced and incubated. After elution, we
incorporated the CRISPR-Cas12a reaction system, resulting
in distinct real-time fluorescence curves (Fig. 3B). We ob-
served a robust linear relationship between fluorescence val-
ues and concentrations within the range of 19.5-625 ng/ml,
achieving a detection limit as low as 0.29 ng (1.45 ng/ml)
(Fig. 3C and Supplementary Fig. S7A). Comparative studies
with the gold standard PNPP method demonstrated similar
detection performance (Fig. 3B and C; Supplementary Fig. S7).

Encouraged by these successful experiments, we aimed to
establish a point-of-care testing (POCT) detection system for
visualizing protein concentrations without relying on large in-
strumentation. We replaced the F-Q in the original system
with FAM-Biotin (Supplementary Table S1) and employed lat-
eral flow assay technology on paper test strips [58]. In the ab-
sence of the target protein, LbCas12a activity remains inhib-
ited, allowing FAM-Biotin to remain intact. During the chro-
matography process, FAM-Biotin binds to gold nanoparticles,
which capture the biotin moiety at line C, producing a visible
signal. In contrast, when target antibody proteins are present,
LbCas12a’s trans-cleavage activity is activated, resulting in the
cleavage of FAM-Biotin. The fragments of FAM that are no
longer biotinylated evade capture at line C and bind to anti-
FAM antibodies at line T (Supplementary Scheme S2). Images
of the test strip, captured using a smartphone, reveal that with
increasing concentrations of mouse IgG, the signal intensity at
line T increases while that at line C decreases, effectively de-
tecting down to 19.6 ng (98 ng/ml) without the use of large
detection instruments (Fig. 3D and E).
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Figure 3. Extending the DR-3'PO;-assisted CRISPR-Cas12a system to detect any protein. (A) Schematic diagram of the universal design for detecting
any protein with the DR-3'PO,-assisted CRISPR-Cas12a system. (B) Real-time fluorescence images for different concentrations of mouse IgG using the
system. (C) Quantitative plot, linear fitting, and detection limit of fluorescence values versus mouse IgG concentration. (D) Mobile phone captured
images showing paper test strip coloration for varying mouse IgG concentrations. T stands for test, and C stands for control. (E) ImageJ software
guantitative analysis of color development on IgG paper test strips. (F) Real-time fluorescence images for different concentrations of AFP using the
system. (G) Quantitative plot, linear fitting, and detection limit of fluorescence values versus AFP concentration. (H) Comparative bar chart of AFP
detection in clinical human serum samples (n = 17) using this system against the commercial Human AFP ELISA Kit. Notes: **P < 0.01. Error bars are

mean + SD (n = 3).

Additionally, we were motivated to investigate the detection
of AFP in clinical samples. AFP is a glycoprotein produced
and secreted by the liver, yolk sac, and gastrointestinal tract,
commonly used to screen for chromosomal abnormalities in
fetuses, as well as a significant tumor marker for hepatocel-
lular carcinoma and yolk sac tumors. In normal adults, low
levels of AFP can be detected in serum, generally below 10
ng/ml. However, under certain pathological conditions, AFP
levels can significantly rise, reaching up to 400 ng/ml, mark-
ing its clinical relevance [59-61].

To initiate this investigation, we utilized a microtiter plate
pre-coated with antibodies specific to human AFP. Standard
samples or clinical human serum samples were introduced
into the designated wells, followed by the addition of a biotin-
conjugated antibody specific to AFP. Subsequently, avidin con-
jugated to ALP was added to each well and allowed to incu-
bate. Finally, we introduced the DR 3’ end phosphorylation-
enhanced CRISPR-Cas12a system and performed fluorescence
detection. Our assay demonstrated a detection limit as low as
0.18 ng/ml, with a linear range of 0.78-12.5 ng/ml (Fig. 3F
and G), surpassing the performance of commercially available

human AFP ELISA kit with a detection limit of 0.41 ng/ml
(Supplementary Fig. S8). We further analyzed and detected
AFP levels in 17 human serum samples, comparing the results
with the commercial Kit, yielding highly consistent findings
(Figs 3H and Supplementary Fig. S9). These results further
underscore the universality and applicability of our method-
ology, suggesting its potential for widespread implementation
in clinical diagnostics.

Systematic study and clinical applications of
DR-DNA and DR-PC-DNA enhanced CRISPR-Cas12a
systems

The critical role of the DR 3’ end in maintaining the activ-
ity of LbCas12a has prompted us to enhance its application
by adding more modifications such as a DNA sequence at the
DR 3’ end (DR-DNA, Supplementary Table S1). The employ-
ment of matching different spacer regions, such as EBV, HCV,
or MPXYV, revealed that DR-DNA effectively impeded the cis-
and trans-cleavage activities of LbCas12a against a range of
targets (Fig. 4A and Supplementary Fig. S10). Subsequently,
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Figure 4. Inhibition and reactivation of LbCas12a through DR-DNA and DR-PC-DNA, along with RPA-CRISPR-Cas12a one-pot detection for clinical trace
nucleic acids. (A) Quantitative analysis of LbCas12a’s trans-cleavage activity with classical DR or DR-DNA in the presence and absence of Exo I. (B)
Real-time quantitative detection of various Exo | concentrations using the DR-DNA-assisted CRISPR-Cas12a system. (C) Quantitative relationship, linear
fitting, and detection limit of fluorescence values versus Exo | concentration. (D) One-pot detection for trace nucleic acids using the RPA-DR-PC-DNA
CRISPR-Cas12a system. Initial inhibition of LbCas12a activity is relieved post-UV exposure, enabling the LbCas12a’s trans-cleavage of the
single-stranded F-Q reporter. (E) Quantitative fluorescence analysis of LbCas12a’s trans-cleavage activity with classical DR or DR-PC-DNA under UV and
non-UV conditions. (F) Real-time fluorescence curve for low-concentration nucleic acid detection using the currently developed RPA-DR-PC-DNA
CRISPR-Cas12a one-pot method, measurable down to 0.05 copies/ . (G) Real-time fluorescence curve for low-concentration nucleic acid detection
using a classical RPA-crRNA CRISPR-Cas12a one-pot method, measurable down to 50 copies/ . (H) Comparative bar chart of 14 clinical EBV-infected
patients and eight healthy donors using the one-pot method against gPCR as the clinical gold standard. The cutoff for EBV load was set at 500
copies/ml. (I) Receiver operating characteristic (ROC) curves and area under the curve (AUC) analysis for EBV infection diagnosis, comparing the
currently developed RPA-DR-PC-DNA CRISPR-Cas12a one-pot method and a conventional gPCR method. Notes: ns, P > 0.05, ****P < 0.0001. Error
bars are mean + SD (n = 3).
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the DR-DNA was incubated with Exo I to remove the DNA
moiety at the DR 3’ end (Supplementary Fig. S11), resulting in
the restoration of LbCas12a’s cleavage activity (Fig. 4A and
Supplementary Fig. S10). Furthermore, by diluting different
concentrations of Exo I, we discovered that CRISPR-Cas12a
assisted by DR-DNA could effectively detect Exo 1, displaying
a linear range of 0.06-0.98 U/ml with a detection limit as low
as 0.017 U/ml (Fig. 4B and C). This finding holds promise for
future applications in Exo I-mediated gene circuits and DNA
nanotechnology [62].

Building on this foundation, we inserted a light-sensitive
PC linker [35] between the DR and DNA moiety, resulting in
the formation of DR-PC-DNA (Table, S1). We confirmed that
DR-PC-DNA similarly inhibits the functionality of LbCas12a
(Fig. 4E and Supplementary Fig. S12). Notably, after expo-
sure to ultraviolet light for 15 s, the DR-PC-DNA is cleaved
(Supplementary Fig. S12), restoring the function of DR and
consequently reviving the cis- and #rans-cleavage activities of
LbCas12a (Fig. 4E and Supplementary Fig. S13). Encouraged
by these results, we designed a universal light-controlled RPA-
CRISPR-Cas12a one-pot assay aimed at detecting clinically
relevant nucleic acid targets at extremely low concentrations
(Fig. 4D).

Traditional RPA-Cas12a one-pot assays face challenges due
to the inherent incompatibility between Cas12a and RPA,
particularly when detecting very low abundant nucleic acids.
Specifically, in scenarios where nucleic acid targets are present
at minimal levels, Cas12a can deplete the available templates
through rapid cis-cleavage before RPA amplification can oc-
cur, ultimately hindering the detection process [33, 35]. Recent
studies have focused on chemically modifying the crRNA or
its complementary strand to temporarily suppress Cas12a ac-
tivity, allowing for activation post-RPA completion through
light control [33, 35, 63]. This approach effectively separates
the RPA amplification and CRISPR reaction in terms of tim-
ing, addressing compatibility issues in low-concentration nu-
cleic acid templates. Nevertheless, a more general strategy that
does not necessitate chemical modification with each applica-
tion is imperative for clinical implementation.

Given our findings regarding the significance of modifica-
tions at the DR 3’ critical site, we have developed a more gen-
eral and cost-effective light-controlled one-pot method that
requires only a single modification at the DR itself (Fig. 4D).
This system can accommodate various nucleic acid targets by
matching different Spacer. Our detection capability reaches
concentrations as low as 0.05 copies/ul, markedly <50
copies/pl threshold established by traditional RPA-CRISPR-
Cas12a one-pot methods (Fig. 4F and G; Supplementary
Fig. S14).

As a proof of concept for clinical applications, we employed
the DR-PC-DNA-assisted CRISPR-Cas12a system to detect
EBV in serum samples (Fig. 4H and I; Supplementary Fig.
$15). We collected serum samples from 14 EBV-infected pa-
tients and 8 healthy donors, extracting total DNA from 200
ul of serum. We then conducted parallel testing using both
the DR-PC-DNA-assisted CRISPR-Cas12a method and con-
ventional qPCR (Supplementary Fig. S16). As anticipated,
EBV-infected patients exhibited markedly higher EBV copy
numbers compared to healthy donors (Fig. 4H and I). Im-
portantly, our method demonstrated remarkable consistency
with the classic qQPCR findings while achieving a lower de-
tection limit, validating the high efficacy of our approach
(Fig. 4H and I; Supplementary Fig. S17). ROC curve analysis

Direct repeat region modifications regulate Cas12a activity

[64] quantitatively evaluated the diagnostic performance of
the CRISPR-Cas12a system for detecting viral nucleic acids
in serum. The DR-PC-DNA-assisted CRISPR-Cas12a detec-
tion yielded a satisfactory AUC value of 0.9643, comparable
to that of qPCR (0.9375), further affirming the robustness of
our method in viral infection diagnostics (Fig. 41).

Introduction of DNA modifications at the 3’ end of
DR and their application in the detection of DNA
glycosylases

Subsequently, we explored the effectiveness of inhibiting Lb-
Cas12a activity by introducing different DNA modifications
at the DR 3’ end. We further investigated whether the treat-
ment of DNA glycosylases corresponding to these DNA mod-
ifications could effectively restore activity. The function of
DNA glycosylases is to maintain genome integrity by recog-
nizing and repairing damaged DNA [65]. The relative abun-
dance of these enzymes is considered to be a diagnostic
biomarker for various diseases, which highlights the necessity
for accurate and timely detection technologies [66, 67]. In our
design, we inserted a DNA modification into the middle of a
random sequence of DNA following DR, followed by the ad-
dition of a segment of RNA (Fig. 5A). And the DNA exonu-
cleases are unable to digest the DR-DNA-RNA structure (Fig.
5A and Supplementary Table S1). Subsequently, dual-function
DNA glycosylases like OGGT1, capable of both base excision
repair and AP-lyase activities, can recognize and cleave the
DNA modification (e.g. 80G corresponding to OGG1) to
form an AP site [67]. Subsequently, under the action of its AP-
lyase activity, beta elimination occurs, breaking the bond to
generate 3’-phospho-a, B-unsaturated aldehyde. This is fol-
lowed by delta elimination and the cleavage of the remaining
residual DNA by the exonucleases, restoring LbCas12a activ-
ity. And for single-function DNA glycosylases like UDG (pos-
sessing only base excision activity), spermine in the reaction
system further reacts with the generated AP site to promote
beta elimination and the eventual breakage of the bond [68].
The DNA modification in this design is programmable and
can be replaced, thus facilitating the recognition and response
of different DNA glycosylases via the introduction of their cor-
responding DNA modifications (Fig. SA).

To validate our experiments, we designed and synthesized
DR-dU-RNA containing dU, DR-8OG-RNA containing 8OG,
and DR-THF-RNA containing a mimic AP site (correspond-
ing to DNA glycosylases UDG, OGG1, and APE1, respec-
tively, Supplementary Table S1). Using PAGE, we demon-
strated that exonucleases could not digest the DR-DNA
modification-RNA structure. However, following treatment
with the corresponding DNA glycosylases, the structure could
be further digested by exonucleases, reverting back to DR
structure (Supplementary Fig. S18). Subsequently, we tested
the effect of DR-dU-RNA on the trans-cleavage activity of
LbCas12a in systems with and without UDG. We found
that compared to the classic DR, DR-dU-RNA similarly ef-
fectively inhibited the trams-cleavage activity of LbCas12a
(Supplementary Fig. S19A).

After incubation with UDG and subsequent exonuclease
treatment, the trans-cleavage activity of LbCasl12a was re-
stored, with a recovery rate of up to 87.4% (Supplementary
Fig. S19B). Following this, we diluted various UDG standards
and detected different UDG levels in the system, observing
that with increasing UDG content, the fluorescence intensity
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Figure 5. Programmable detection of various DNA glycosylases by introducing DNA modifications at the DR 3’ end. (A) Schematic illustrating detection
mechanisms for DNA glycosylases using dU, 80G, and THF modified at the DR 3’ end. (B) Real-time quantitative fluorescence detection for varying
UDG concentrations using the DR-dU-RNA-assisted CRISPR-Cas12a system. (C) Quantitative relationship, linear fitting, and detection limit of
fluorescence values versus UDG concentration. (D) Quantitative detection of nuclear extracts from HCT116, SW480, and NCM460 cells, with and
without UGI (UDG inhibitor), using the system. (E) Mobile phone captured images of paper test strip coloration for different UDG concentrations. T
stands for test and C stands for control. (F) Quantitative analysis via Imaged of color development on UDG paper test strips. Mobile phone captured
detection results (G) and Imaged analysis (H) for nuclear protein extracts from the above-mentioned cell lines using the DR-dU-RNA paper test strip

system. Notes: ns, P> 0.05, ***P < 0.001. Error bars are mean £+ SD (n = 3).

gradually enhanced within a range of 7.81-125 U/L, display-
ing excellent linearity with a detection limit reaching 0.81
U/L (Fig. 5B and C). Next, we extracted nuclear proteins
from colon cancer cell lines HCT116, SW480, and colon non-
cancerous cell lines NCM460, and verified them using our sys-
tem. We found that the UDG content in colon cancer cells was
significantly higher than in non-cancerous cells, aligning with
existing literature [69] (Fig. SD). Furthermore, upon the ad-
dition of UGI (an UDG inhibitor) to the nuclear protein ex-
tracts, the fluorescence signal in the system diminished, fur-
ther confirming the high selectivity and efficacy of our de-
tection method (Fig. 5D). Subsequently, to test if this method
could facilitate POCT, we replaced the original F-Q reporter
with FAM-Biotin and utilized paper strips for testing. Diluting
UDG standards, we observed that as UDG content increased,
the signal at the C line weakened while the T line intensified.
Through quantitative analysis using Image], we detected UDG
content as low as 15.6 U/L (Fig. SE and F). Furthermore, we
applied the same paper strip method to detect UDG content
in cells, corroborating the results obtained through fluores-
cence detection, showing that UDG content in colon cancer

cell lines was indeed higher than in non-cancerous cells (Fig.
5G and H).

To demonstrate the programmability of this method, we
also tested DR-8OG-RNA and DR-THF-RNA, which effec-
tively inhibited LbCas12a activity and restored the activity
under the corresponding actions of OGG1 or APE1. Ad-
ditionally, we tested LbCas12a assisted by DR-8OG-RNA
for OGG1 detection, yielding a linear range of 125-2000
U/ml with a detection limit as low as 26.66 U/ml. Similarly,
DR-THF-RNA could be used for APE1 detection, displaying a
linear range of 156.3-5000 U/ml with a detection limit as low
as 39.33 U/ml (Supplementary Figs S20 and S21). By demon-
strating the method’s programmability, we have shown its po-
tential for detecting enzymes corresponding to various DNA
modifications, presenting significant expansion possibilities.

Discussion

In this study, we have elucidated a critical regulatory mecha-
nism of LbCas12a by demonstrating that modifications and
de-modifications on the 3’ end of its DR can suppress and re-
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store both its cis- and trans-cleavage activities. This discovery
not only enhances our understanding of LbCas12a function-
ality but also has significant implications for its application
in diagnostic settings. To investigate whether the 3’ phosphate
modification of DR and ALP treatment exert similar effects
on other Cas12a variants, we conducted comparative analy-
ses with ErCas12a, ArCas12a, and FnCas12a, in addition to
LbCas12a. Our experimental results demonstrated that the
3’ phosphate modification consistently inhibited the activity
across these diverse Cas12a variants, and subsequent ALP-
mediated dephosphorylation effectively restored their func-
tionality (Supplementary Fig. S22). These findings suggest that
the regulatory mechanism identified in LbCas12a may rep-
resent a conserved feature among Cas12a family members,
thereby significantly expanding the potential applications and
implications of our discovery.

Our findings were applied to the clinical detection of ALP,
with results comparable to those obtained from the gold stan-
dard PNPP method. We further expanded the application of
this approach to develop a platform for the detection of vari-
ous proteins and successfully identified AFP in clinical serum
samples, achieving performance levels consistent with com-
mercial ELISA kits. Current commercial detection of AFP pre-
dominantly relies on ELISA-based chemiluminescence meth-
ods. In our study, we have developed a detection platform that
utilizes the fluorescence signal generated by LbCas12a trans-
cleavage activity. Notably, while maintaining comparable de-
tection limits, our LbCas12a-based approach offers significant
advantages for POCT applications, particularly in lateral flow
assay formats. This methodological advancement represents
a paradigm shift in AFP detection technology, providing en-
hanced practicality for clinical diagnostics.

Additionally, our exploration of inserting DNA into the
3" end of the DR confirmed its ability to inhibit LbCas12a
activity, which could be restored through the action of ex-
onucleases. We developed a universal light-controllable RPA-
CRISPR-Cas12a one-pot assay by incorporating a PC linker
between DR and DNA moiety, enabling a straightforward and
adaptable method for the detection of different targets. The as-
say demonstrated efficacy in identifying EBV in human serum,
yielding results on par with the gold standard qPCR. Our DR-
PC-DNA-assisted LbCas12a detection system demonstrates
several distinct advantages over conventional gPCR-based nu-
cleic acid detection methods: (i) a simplified operational work-
flow; (ii) isothermal detection at 37°C; (iii) minimal instru-
mentation requirements; (iv) compatibility with lateral flow
strip-based visual detection for rapid and convenient on-site
applications; and (v) significantly enhanced detection sensitiv-
ity, enabling the identification of target nucleic acids at lower
concentrations. While these advantages are significant, we ac-
knowledge certain limitations in the current system. Specif-
ically, (i) the current cost of LbCas12a protein remains rel-
atively high compared to Taq polymerase in qPCR, primar-
ily due to its limited commercial availability. However, we
anticipate cost reductions with increased market adoption.
(ii) The photo-controlled initiation of RPA-CRISPR-Cas12a
one-pot assays requires light-sensitive nucleic acids (e.g. DR-
PC-DNA), which necessitate light-protected storage to main-
tain stability and efficacy. Although our experiments have
shown that DR-PC DNA is sufficiently robust under labora-
tory light without additional light protection during opera-
tion (Supplementary Fig. S23), proper storage protocols re-
main essential. (iii) While our method exhibits superior sensi-
tivity compared to qPCR, the selection of appropriate cut-off

Direct repeat region modifications regulate Cas12a activity

values becomes particularly critical in clinical sample detec-
tion. This aspect warrants thorough investigation and careful
consideration during clinical implementation.

Moreover, we investigated the effects of introducing DNA
modifications following the DR. Our results showed that the
DR-DNA modification-RNA structure could also inhibit Lb-
Cas12a activity, which could be reactivated by corresponding
DNA glycosylases. This programmability allows for flexible
detection of various DNA glycosylases via different modifica-
tion introduction. Our finding builds upon the previously es-
tablished Cas12a split crRNA strategy [23-25, 70]. Inspired
by Chen et al’s discovery that miRNAs can functionally re-
place the Spacer in split crRNA systems [25], we sought to
expand the scope and potential applications of our research.
Specifically, we investigated the regulation of LbCas12a trans-
cleavage activity by DR-3'PO4 and ALP under the guidance of
four distinct miRNAs: miR-92a, miR-429, miR-31, and miR-
17. Our experimental results (Supplementary Fig. S24) re-
veal that these miRNAs can effectively guide LbCas12a trans-
cleavage activity when paired with DR in the presence of their
corresponding DNA targets (Supplementary Table S1). How-
ever, we observed that 3’ phosphorylation of DR completely
inhibits the miRNA-mediated guidance function. Notably, this
inhibition is reversible through ALP-mediated removal of the
3’ phosphate group, which restores the miRNA’s ability to
activate LbCas12a. These findings significantly broaden the
scope of potential applications for our discovery, revealing
that the DR 3’ end modification and de-modification system
is capable of regulating miRNA-guided Cas12a activity.

In conclusion, our investigations into the 3’ end modifica-
tions of the DR have not only provided insight into the regu-
latory mechanisms governing LbCas12a activity but have also
significantly expanded its potential for detecting clinic targets.
This work lays the basis for further diagnostic applications
and highlights the versatility of LbCas12a in new biomedical
contexts.
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