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ABSTRACT

Although CRISPR-Cas12a [clustered regularly inter-
spaced short palindromic repeats (CRISPR)-CRISPR-
associated protein 12a] combining pre-amplification
technology has the advantage of high sensitivity
in biosensing, its generality and specificity are in-
sufficient, which greatly restrains its application
range. Here, we discovered a new targeting substrate
for LbaCas12a (Lachnospiraceae bacterium Cas12a),
namely double-stranded DNA (dsDNA) with a sticky-
end region (PAM~SE* dsDNA). We discovered that
CRISPR-Cas12a had special enzymatic properties for
this substrate DNA, including the ability to recog-
nize and cleave it without needing a protospacer ad-
jacent motif (PAM) sequence and a high sensitivity
to single-base mismatches in that substrate. Further
mechanism studies revealed that guide RNA (gRNA)
formed a triple-stranded flap structure with the sub-
strate dsDNA. We also discovered the property of
low-temperature activation of CRISPR-Cas12a and,
by coupling with the unique DNA hybridization ki-
netics at low temperature, we constructed a com-
plete workflow for low-abundance point mutation de-
tection in real samples, which was fast, convenient
and free of single-stranded DNA (ssDNA) transfor-
mation. The detection limits were 0.005-0.01% for
synthesized strands and 0.01-0.05% for plasmid ge-
nomic DNA, and the mutation abundances provided
by our system for 28 clinical samples were in accor-

dance with next-generation sequencing results. We
believe that our work not only reveals novel informa-
tion about the target recognition mechanism of the
CRISPR-Cas12a system, but also greatly broadens
its application scenarios.

INTRODUCTION

The clustered regularly interspaced short palindromic re-
peats (CRISPR) system provides the prokaryotic adaptive
immune system to bacteria to degrade intruding nucleic
acids (1). Recently, because more and more scientists are
keen to examine and study in depth the working mecha-
nism of the CRISPR system, it has emerged as a ground-
breaking tool for genome editing, transcriptional regula-
tion and molecular diagnostics (2-4). CRISPR-associated
protein 12a (Cas12a) and Cas9, as the two most influential
and promising members, mediate crRNA-guided (gRNA)
DNA cleavage by recognizing two key distinct sequence
elements in the target double-stranded DNA (dsDNA)
(5-7). These elements are (i) a ‘protospacer’ sequence,
identified by Watson—Crick base-pairing interactions with
gRNA and (ii) a protospacer adjacent motif (PAM), iden-
tified via sequence- and/or shape-specific protein—-DNA
interactions. CRISPR-Casl2a is distinct from CRISPR-
Cas9 in that CRISPR-Casl12a uses a single CRISPR RNA
as gRNA and can cleave single-stranded DNA (ssDNA)
without requiring the PAM sequence (8,9). Moreover, the
CRISPR-Casl2a system has the target loading-activated
non-canonical frans-cleavage endonuclease activity toward
ssDNA with very high turnovers (collateral effect) that
makes it prominent in the fields of nucleic acid detection
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and biosensing beyond its application in gene editing (9,10).
At present, several CRISPR-based diagnostic technologies,
such as DETECTR (10), HOLMES (11) and others (12—
14), have been developed using different pre-amplification
methods [recombinase polymerase amplification (RPA),
loop-mediated isothermal amplification (LAMP) and poly-
merase chain reaction (PCR)] to reach an attomolar-level
detection sensitivity.

The fundamental reason why CRISPR-Cas12a is promi-
nent in the fields of nucleic acid detection and biosensing is
that its trans-cleavage activity provides a new mode of sig-
nal amplification. It is established that the traditional sig-
nal amplification method combines the probe and target
strand to generate a signal through nuclease digestion or
an ingenious DNA reaction circuit, and then release the
target strand to combine with the next probe to recycle
the substrate strand and amplify its signal (15-18). In con-
trast, rather than amplifying the signal through the ‘target
strand cycle’, CRISPR-Casl2a activates its trans-cleavage
activity after binding of the Cas12a—gRNA complex with
the target strand, thereby continuously cleaving the abun-
dant fluorescent DNA probes in the solution to achieve sig-
nal amplification (10,11). Periodic DNA binding and dis-
sociation processes are kinetically slow and thermodynam-
ically subtle, and prone to insufficient signal intensity and
significant background leakage (15). The CRISPR-Casl2a-
mediated signal amplification process is completely separate
from the probe/target binding process, which has the ad-
vantages of simplicity, rapidity and a high signal-to-noise
ratio (19).

The powerful signal amplification ability of the CRISPR-
Casl2a system leads to ultra-high sensitivity for target
DNA recognition. However, in addition to sensitivity,
specificity and generality are also very important for the
CRISPR-Casl2a system (20,21). Sensitivity refers to the
minimum number of targets that can be recognized. In real
applications, the target DNA sequence may vary (22); thus,
the capability of the CRISPR-Cas12a system should be gen-
eralized to any sequence of interest. Furthermore, the tar-
get DNA is not in isolation but rather immersed in a mul-
titude of interfering sequences (23,24). Therefore, the char-
acterization of the specificity (or targeting efficiency) of the
system’s ability is critical to discriminate between the target
DNA and interfering sequences.

However, the working mechanism of CRISPR-Casl2a
described above indicated that its generality is restricted to
ssDNA, i.e. it requires a PAM to recognize the target ds-
DNA and not the target ssDNA (9,25). Consequently, in
CRISPR-Casl2a-based detection systems, researchers usu-
ally need to set the target strand to be detected as ssDNA
(13,26). If the target strand must be dsDNA, it needs to
be made single-stranded by means such as enzyme diges-
tion. This restrictive generality not only sacrifices the tar-
geting range or procedural convenience, but also is addi-
tionally troublesome to CRISPR-Casl2a’s specificity that
is originally poor (27,28). Typically, an important criterion
for evaluating the specificity of a detection system is its abil-
ity to discriminate between interfering strands with only a
single base difference (29,30). Although CRISPR-Casl2a
can recognize single-base mismatches in dsDNA by deli-
cately adjusting the mismatch site within the seed domain,
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the DF (discrimination factor, which refers to the ability to
distinguish target strands and interfering strands with only
a single base difference) is not ideal; it is only 2- to 5-fold
(11,28,31-33). Moreover, when CRISPR-Casl2a acted on
ssDNA, its ability to discriminate single-base mismatches
became much worse, close to zero (34). Even by introduc-
ing the commonly used method of adding a short com-
petitive blocker strand (~20 nt) to improve the specificity
(35), the DFs were only marginally improved to 1.6- to
3.9-fold (Figure 1E). As we know, the detection of disease-
related gene mutations has the greatest clinical significance
and range of applications in the field of nucleic acid sens-
ing (36,37). It is important to note that the ability of a de-
tection method to distinguish single-base mismatch is crit-
ical for detecting point mutations associated with diseases,
especially cancers (38-40). Moreover, in tumor liquid and
early-stage tumor tissue biopsies, the abundance of muta-
tions is very low (0.01-10%) (41-43). Therefore, this places
a high demand on the ability of the detection system to
discriminate between single-base mismatches. However, the
ability of CRISPR-Casl2a to recognize single-base mis-
matches in dSDNA or ssDNA reported in previous studies
does not yet meet the needs of clinical detection. Conclu-
sively, CRISPR-Casl2a-based detection systems have high
sensivity. However, their generality is limited to ssDNA and
their specificity is very poor and far from meeting clinical
requirements. Therefore, it is urgent to expand the general-
ity and greatly improve the specificity of CRISPR-Casl12a
system while maintaining its high sensitivity.

We believe the fundamental cause of the above difficul-
ties is the limited types of substrate DNA for the CRISPR-
Casl12a system and insufficient knowledge regarding the in-
teractions between them. In this study, we thoroughly inves-
tigated the interaction between CRISPR-Casl2a and sub-
strate DNA, and discovered a new targeting substrate for
CRISPR-Casl12a, namely dsDNA with a sticky-end region.
More importantly, we discovered that CRISPR-Casl2a
had special enzymatic properties for this substrate DNA.
These are (i) the ability to recognize and cleave dsDNA
without needing a PAM sequence and (ii) a high sensitivity
toward mismatches within the substrate, allowing for a sig-
nificant improvement of the DF. Through in-depth mecha-
nistic analysis, we found that the gRNA can form a triplex
flap structure with the dSDNA containing a sticky-end re-
gion. This triplex flap structure not only guides CRISPR-
Casl2a to cleave dsDNA without a PAM sequence, but is
also more sensitive to mismatches. Based on the new tar-
get recognition features of CRISPR-Casl12a, we further in-
troduced Helper strands that enabled the detection system
to achieve a 154- to 1412- (median 200-) fold DF for tar-
get strands and interfering strands with a single-base differ-
ence, and a detection limit of low-abundance target strands
of 0.01-0.05% in clinical samples. Furthermore, we discov-
ered the ‘low temperature activation phenomenon of the
CRISPR-Casl2a system’, and combined DNA hybridiza-
tion kinetics and nucleic acid amplification techniques (con-
ventional PCR or isothermal amplification techniques such
as RPA) to construct a rapid and simple mutation detec-
tion technology that did not need to handle the amplifica-
tion product. This technology demonstrated a robust de-
tection performance for both genomic DNA and clinical
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samples. In summary, we discovered a new targeting sub-
strate for CRISPR-Cas12a on which the sensitivity, speci-
ficity (discrimination toward a single-base difference) and
universality (PAM independent) achieved a high degree of
connectivity. The additional discovery of the ‘low tempera-
ture activation phenomenon’ enables the CRISPR-Cas12a
system to be easily combined with nucleic acid amplifica-
tion technology to achieve fast, simple, accurate and highly
sensitive mutation detection.

MATERIALS AND METHODS
Time-based fluorescence acquisition

Time-based fluorescence data were acquired using Synergy
HTX Multi-Mode Microplate Readers. We set the excita-
tion wavelength at 485 nm and emission wavelength at 528
nm for FAM. Fluorescence intensity was recorded once a
cycle (60 s per cycle) with a gain level of 90 at 37°C. The du-
ration of fluorescence acquisition varies. Typically, we set
a maximum acquisition duration of 4 h, but terminate the
experiment early if it appears that the reaction has roughly
reached equilibrium (in order to facilitate more rapid col-
lection of data).

Design of primers and gRNAs

The principle of designing RPA primers is referred to in
the TwistAmp Assay Design Manual (https://www.twistdx.
co.uk/en/support/manuals/twistamp-manuals). Primers for
PCR were designed using online tools of the NCBI (https:
/Iwww.ncbi.nlm.nih.gov/).

Sequences used

gRNA strands were synthesized and purified by high-
performance liquid chromatography (HPLC; Suzhou
Genepharma). DNA strands were also synthesized and pu-
rified by HPLC (Sangon Co., China). The sequences of all
the probes and DNA/RNA used in this work are summa-
rized in Supplementary Tables S1-S7. DNase/R Nase-free
deionized water was purchased from Tiangen Biotech Co.
(China).

CRISPR-Cas12a-FQ-reporter assay

Firstly, 1 wM LbaCasl2a (Lachnospiraceae bacterium
Casl2a protein; New England Biolabs), 0.5 pM gRNA
were incubated in the 1 x NEBuffer2.1 (New England Bio-
labs) buffer at 37°C for 30 min. To prepare the target stands,
we mixed the B-stand and T-stand at a 1:2 or 1:5 ratio in
1 x ThermoPol reaction buffer (New England Biolabs). The
mixtures were then thermally annealed using a PCR ma-
chine, following a thermal profile of initial heating to 95°C
for 5min, and subsequent cooling to 50°C for 10 min, and
then at 37°C for 60 min. To a 400 w1 ELISA (enzyme-linked
immunosorbent assay) plate, 100 or 200 nM target DNA
strand, 20 nM LbaCasl2a, 10 nM gRNA, 200 nM of ss-
DNA FQ probe (Sangon Co., China), 7.5 nl NEBuffer2.1
(10x) and 4 mM Mg”* were added and brought up to a to-
tal volume of 50 w1 by deionized water.

Construction and characterization of the AuNP—DNA probes

Gold nanoparticles (AuNPs; 20 nm diameter) and the
FAM-labeled substrate strand were mixed at a molar ratio
of 1:2000. The AuNP-DNA probes were constructed ac-
cording to a previously reported study. Finally, the prepared
AuNP-DNA probes were stored in 25 mM Tris-HCI (pH
7.4) at a concentration of 4 nM and kept at 4°C until use.
Transmission electron microscopy (TEM; JEM-1400Flash,
JEOL, Japan), Nanodrop2000 (Thermo, Germany) and Ze-
tasizer Nano (Malvern, China) were used to characterize
the bare AuNPs and AuNP-DNA probes.

Denaturing polyacrylamide gel electrophoresis (PAGE) ex-
periment

For the polyacrylamide gel experiment, lanes 1-4 from left
to right were loaded with 500 nM G1-B-10 strand and 500
nM GI1-SE*-T-19 strand, 750 nM LbaCas12a and 500 nM
gRNA (lane 1); 500 nM G1-B-11 strand and 500 nM GI-
SE*-T-20 strand (lane 2); 500 nM G1-B-11 strand and 500
nM GI1-SE*-T-19 strand (lane 3); and 500 nM G1-B-10
strand and 500 nM G1-SE*-T-19 strand (lane 4). To a 200
wl PCR tube, the above mix, 7.5 pl NEBuffer2.1 (10x) and
4 mM Mg?* were added and brought up to a total volume
of 50 wl by deionized water. The reaction process was 1 h,
followed by 95°C for 30 min, 55°C for 5 min and then 37°C
for 10 min. Then, DNA loading buffer (6x) (Sangon Co.,
China) was added to the tube. A 15% denatured polyacry-
lamide gel was used to separate the DNA strands. Elec-
trophoresis was carried out at 100 V for 2 h. The gel was
then removed and soaked in the dye solution (4S Red Plus
Nucleic Acid Stain, Sangon Co.) for 30 min. The gel image
was taken by Bio-rad ChemDoc XRS (Bio-Rad, USA).

RPA or PCR amplification

RPA was performed according to the TwistAmp Liquid Ba-
sic Quick Guide. Briefly, a 50 wl reaction mixture includ-
ing 2 pl of DNA sample, 29.5 pl of Rehydration buffer, 2.4
wl of RPA-F/R solution (forward primer, reverse primer,
10 M), 2.5 ul of magnesium acetate (280 mM) and 11.2
wl of ddH,0 was incubated at 37°C for 20 min. For PCR
amplification: in a 200 pl PCR tube, 2 pl of 10x Ther-
molPol Reaction Buffer, 2 wl of dNTPs (10 nmol), 1 wl of
forward primer (5 puM), 1 wl of reverse primer (5 uM), 20
ng of genomic DNA templates and 0.4 U of Taq DNA poly-
merase were added and the total volume was brought up to
25 pl by deionized water. The PCR procedure (95°C for 15
s, 60°C for 30 s, 72°C for 15's, 40 cycles) was performed on a
StepOne Plus Real-Time PCR System (Applied Biosystems,
USA). Then, the RPA or PCR was added for CRISPR-
Casl2a cleavage assay.

Human clinical sample collection and preparation

The human clinical sample was from the precision medicine
center, Yangtze Delta region institute of Tsinghua Univer-
sity, Jiaxing. It has been reviewed and approved by the
Medical Ethics Committee of Tongji Medical College of
Huazhong University of Science and Technology, and the
project number is [2022] IEC (A131). The human genomic
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DNA was extracted from blood using the Tiangen Kit
(China) and determined by Nanodrop2000 (Thermo, Ger-
many). The analyte genomic DNA diluted to a concentra-
tion of 100 ng/wl, and 2 wl of the diluted sample was added
into the RPA tube to achieve a final concentration of 4

ng/ul (50 pl).

Detection of low abundance mutations in plasmid or human
genomic DNA

After RPA or PCR amplification, the products were puri-
fied to obtain the target strands using a DNA Purification
Kit (Tiangen Biotech Co.). The concentration of the pu-
rified products were measured by Nanodrop2000. Then,
Helper strand with 10-fold amount over target strand was
added. The mixtures were thermally annealed using a PCR
machine, following a thermal profile of initial heating to
95°C for 10 min, subsequent cooling to 0°C for 5 min and
then adding CRISPR-Casl2a mix at 0°C for 10 min. The
solutions were immediately put into a Synergy HTX Instru-
ment for fluorescence measurement. Fluorescence intensity
was recorded once a cycle (60 s per cycle) with a gain level
of 90 at 37°C.

Statistical analysis

GraphPad Prism version 8 was used for all statistical anal-
yses. Data are presented as the mean 4 standard devia-
tion (SD). Student’s ¢-tests and one-way analysis of variance
(ANOVA) were used for two group and multigroup compar-
isons, respectively. Differences were considered statistically
significant at P <0.05, n = 3.

RESULTS AND DISCUSSION

The enzymatic properties of CRISPR-Casl2a targeting
sticky-end dsDNA

We first briefly inspected the recognition of conventional
target strands by the CRISPR-Casl2a system. As shown
in Figure 1A, we randomly designed gRNA-I, two clas-
sical substrates (10 nt blunt-end dsDNA with PAM and
ssDNA, denoted as G1-B-1 and G1-PAM*-T-1 respec-
tively) and a derivative mode of the ssDNA classical sub-
strate, i.e. sSSDNA combined with a competitive blocker
strand (ssDNA/blocker, G1-B-1/G1-Blocker-1). We then
activated CRISPR-Casl2a using the classical substrate
DNA described above and assessed the extent of activa-
tion by the rate at which activated CRISPR-Cas12a cleaved
unrelated ssDNA probes. As expected, CRISPR-Casl2a
showed very high catalytic efficiencies toward all classi-
cal substrates (Figure 1B). However, its specificity toward
these substrates was very poor. We used randomly designed
gRNA-1, gRNA-2 and gRNA-3 as our models. For each
gRNA, we synthesized one targeting substrate DNA and
six interfering substrate DNAs with a single base difference
(G1-B-1 to -7, G2-B-1 to -7, G3-B-1 to -7 and the corre-
sponding T-strands and blockers). As shown in Supplemen-
tary Figure Sla, the gRNA formed single-base mismatches
with the B-strand of the interfering substrate DNAs at
locations numbered as 1, 3, 6, 9, 12 and 15. Thereafter,
we treated the aforementioned fluorescent CRISPR-Cas12a
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system with the above substrate DNAs. The experimental
results showed that the DFs, defined as the ratio of the
rate of increase of fluorescence intensity of the targeting
DNA over that of the interfering DNA, were in the range
of only 1.1-2.4 (median 1.38), indicating an extremely poor
specificity (Figure 1C). The outcome was slightly better for
PAM* dsDNA and ssDNA /blocker substrate, with DFs in
the range of 1.4-4.3 (Figure 1D, median 2.46) and 1.6-3.9
(Figure 1E; Supplementary Figure S1b, median 2.3), re-
spectively. Overall, the specificity of CRISPR-Casl2a to-
ward the classical substrates (PAM* dsDNA, ssDNA and
ssDNA /blocker) was very poor and far below clinical re-
quirements.

As discussed in the Introduction, we believe the solution
to the above problem lies in discovering novel recognition
behavior of CRISPR-Casl2a. Fortunately, we discovered
a novel substrate for CRISPR-Cas12a, namely sticky-end
dsDNA. As shown in Figure 1F, the sticky-end region of
the dsDNA (G1-B-1/G1-SE+-T-1) was a prolonged over-
hang within which we designed an initiation region that
was complementary to the short domain of gRNA, and
thereby initiated gRNA to further invade the substrate ds-
DNA. After invasion, the gRNA formed a triplex flap struc-
ture with the substrate DNA that activated the Casl2a
and subsequently cleaved at both strands. The experimen-
tal results in Figure 1B showed that the sticky-end ds-
DNA, containing an initiation region without a PAM se-
quence (denoted as PAM~SE* dsDNA), successfully ac-
tivated the CRISPR-Casl12a as expected. In addition, the
cleavage reaction reached a plateau within 10 min, indicat-
ing that the recognition efficiency of CRISPR-Casl2a for
PAM~SE* dsDNA was comparable with that of the clas-
sic substrate. We then further investigated the influence of
the initiation region length on the recognition efficiency. As
shown in Figure 1G, the results indicated that the recog-
nition efficiency gradually increased with the enlargement
of the initiation region, up to 5 nt, where the efficiency
reached saturation (closer to the recognition efficiency of
classical substrates, GI-SE*-T-1 to 7). Notably, the sub-
strate dsDNA was quite long; therefore, the gRNA was un-
able to displace the shorter strand of dsDNA, indicating
that CRISPR-Casl2a did not recognize the PAM~SE™ ds-
DNA through the derivative mode of ssDNA, but recog-
nized it as a real double-stranded substrate. Thereafter, we
further investigated the recognition generality of CRISPR-
Casl2a toward different PAM~SE* dsDNAs. As shown
in Figure 1H, CRISPR-Casl2a successfully recognized all
seven randomly designed PAM~SE* dsDNAs (gRNA-1 to
-7 and the corresponding B- and T-strands), and the re-
action rates were all reasonably fast. Based on the above
data, we concluded that we had found a novel type of
substrate DNA for CRISPR-Casl2a and discovered the
unique PAM-independence property of CRISPR-Casl2a
toward the novel substrate. This novel structure and unique
property broadened the sequence generality of CRISPR-
Casl2a from isolated ssDNA to partial dsDNA, which is
extremely beneficial to the understanding and application
of the CRISPR-Casl12a system.

As we discussed in the Introduction, apart from sequence
generality, specificity is also vital for CRISPR-Casl2a. Sur-
prisingly, and fortunately, we found that the novel struc-
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Figure 1. (A) Schematic illustration of CRISPR-Casl2a activated by three classical substrate DNAs: dsDNA with a PAM; ssDNA; and ssDNA /blocker.
(B) The cleavage efficiency of CRISPR-Casl2a activated by dsDNA, ssDNA, ssDNA /blocker and dsDNA with a sticky-end region. (C) The DFs of the
CRISPR-Casl2a system toward targeting ssDNA and interfering ssDNA with a single-base difference. (D) The DFs of the CRISPR-Cas12a system toward
targeting dsDNA and interfering dsSDNA with a single-base difference. (E) The DFs of the CRISPR-Casl2a system toward targeting ssDNA /blocker
duplex and interfering ssDNA /blocker duplex with a single-base difference. (F) Schematic illustration of CRISPR-Casl2a activated by sticky-end long
dsDNA. (G) The influence of the length of the initiation region on the cleavage efficiency of CRISPR-Casl2a toward PAM~SE* dsDNA. (H) The cleavage
efficiency of CRISPR-Cas12a activated by seven randomly designed PAM~SE* dsDNAs. (I) Schematic illustration of the positions of the mismatched site
between gRNA and PAM-SE*> dsDNA. The positions were numbered sequentially from the first nucleotide of gRNA within the hybridization domain.
The initiation region was fixed at 5 nt. (J) The influence of the length of the initiation region on the DF of the CRISPR-Casl12a system toward targeting
PAM~SE™ dsDNA and interfering PAM~SE™ dsDNA when mismatch located at position 9. (K) The DFs of the CRISPR-Casl2a system toward
targeting PAM~SE*> dsDNA and different interfering PAM~SE™® dsDNAs with the mismatches located at positions 1, 3, 6, 9, 12 and15. Three randomly
designed gRNAs were tested, and the initiation regions were fixed at 5 nt. In all the above experiments, reaction settings are as follows: 200 nM B-strand,
400 nM T-strand or blocker strands, 20 nM LbaCas12a, 10 nM gRNA and 200 nM ssDNA FQ probe (labeled with FAM and BHQ-1).



ture also enhanced the specificity of CRISPR-Casl2a. We
first showed that the specificity of CRISPR-Casl2a to-
ward classical substrates, including ssDNA, dsDNA and
ssDNA /blocker, was very poor (Figure 1C, 1AD and 1AE).
To solve this problem, we thoroughly investigated the speci-
ficity of CRISPR-Casl2a toward the novel PAM™SE* ds-
DNA. Using gRNA-1 as the model, we synthesized eight
sets of PAM~SE* dsDNAs with the initiation length rang-
ing from 1 to 8 nt (G1-SE*-T-8 to -15). For each set of
PAM~SE" dsDNA, we designed a targeting and a single-
base difference interfering type that formed a mismatch
with gRNA-1 at location 9 (Supplementary Figure Slc). As
shown in Figure 1J, CRISPR-Casl2a showed higher speci-
ficity toward PAM~SE* dsDNAs than classical substrates
when the length of the initiation region was in the range
of 3-7 nt, and the DF reached a maximum of 8.28 when
PAM~SE™*> dsDNA was tested. We then fixed the initiation
length at 5 nt and adjusted the mismatch locations from 1
to 15 (Figure 11, G1-B-2-7, G1-SE*-T-6, 12, 15-17). Ex-
perimental results in Figure 1K showed that the CRISPR-
Casl2a had little discrimination ability toward mismatches
located within the initiation domain (locations 1 and 3), but
its specificity increased dramatically to 8.2-11.3 (median
8.6) for mismatches located within the branch migration do-
main (locations 6, 9, 12 and 15), nearly 4-fold higher than
for classical substrates. The above phenomenon was also
observed when using gRNA-2 and gRNA-3 (Figure 1K,
G2-B-2 to -7, G3-B-2 to -7 and the corresponding G-SE™-
T). Overall, we have revealed that the CRISPR-Cas12a was
very sensitive to mismatches within the branch migration
domain of PAM~SE*> dsDNAs and showed 4-fold higher
specificity over classical substrates.

Hyperdiscrimination toward single-base mismatches via a
two mismatches versus one mismatch strategy

Although the specificity of CRISPR-Cas12a had been in-
creased by 4-fold between 8.2 and 11.3, this was still in-
sufficient as the detection limit for low-abundance target-
ing strands was only in the range of 5-10% (Supplemen-
tary Figure S2a, b). To further enhance the specificity of
CRISPR-Casl2a, we artificially altered one base of gRNA
so that it would form one single-base mismatch with the tar-
geting PAM~SE*> dsDNA and two consecutive single-base
mismatches with the interfering PAM~SE*> dsDNA (Fig-
ure 2A, B). According to previous literature,

artificial mismatches located around the targeting mis-
match site make a larger difference to the local environment
of the reaction center and might inhibit the undesired sig-
nal better (10). Therefore, for all the targeting mutations,
we evaluated the enhancement of specificity produced by
artificial mismatch next to or 2 nt away from the target-
ing mismatch, and we found that there was no empirical
rule. We then chose the optimal location of an artificial mis-
match for each targeting mutation to conduct subsequent
experiments. In detail, we synthesized 12 sets of PAM~SE*>
dsDNAs (G1-B-4 to -7, G2-B-4 to -7, G3-B-4 to -7 and
the corresponding G-SE*-T) and, for each set, there was
one targeting dsDNA and one interfering dsDNA with a
single-base difference. According to the location of the in-
terfering base, the above 12 sets of dsSDNAs could be evenly
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distributed into four groups, with the interfering base lo-
cated at 6, 9, 12 and 15. We then synthesized the corre-
sponding gRNAs (gRNA-§ to -19) for each set and inves-
tigated the specificity of CRISPR-Casl12a for this new sce-
nario. As shown in Figure 2C, the DFs increased signifi-
cantly, reaching 30.9-631.5 (median 44), and the detection
limit for the low-abundance targeting strand decreased to
the range of 0.5-0.1% (Figure 2D; Supplementary Figure
S2c). In contrast, if we adopt the above ‘two mismatches
versus one mismatch’ strategy for classical PAM™ dsDNA,
the DFs could only be elevated to 4.9-50 (Supplementary
Figure S2d, median 11.5, G1-B-4 to -7, G2-B-4 to -7, G3-
B-4 to -7 and the corresponding G-PAM™-T), which further
demonstrated that CRISPR-Cas12a was more sensitive to
the sequence alterations which occurred in PAM~SE*> ds-
DNA:s.

Mechanism of CRISPR-Casl2a targeting sticky-end ds-
DNA

We next delved into the catalytic process to uncover the
underlying mechanism of CRISPR-Casl2a recognizing
PAM~SE*> dsDNAs. Using gRNA-1 as the model, we syn-
thesized its targeting PAM~SE™ dsDNA (G1-B-9, G1-
SE*-T-19), within which the T-strand was labeled with a
fluorophore (FAM) at its 5’ end and a quencher (BHQ-1)
at the 16th nucleotide from the 5’ end. As shown in Figure
3A, 200 nM of free T-strand, which was randomly coiled
in the solution, emitted a fluorescence intensity of ~38 000
(curve a). When the T-strand hybridized to the B-strand,
the randomly coiled structure was stretched and the fluores-
cence intensity increased to ~190 000 (curve b). Should the
T-strand cleave, the FAM would completely tear away from
the quencher, increasing the fluorescence intensity to ~300
000 (curve c). We then treated the FAM-labeled PAM~SE*>
dsDNA with the CRISPR-Casl2a system and observed
the fluorescence intensity initially decrease from 180 000
to 9700 and then increase to 295 000 until it plateaued, as
shown in Figure 3A. This ‘down and up’ pattern was also
observed in the FAM-labeled PAM~SE™> dsDNA (Supple-
mentary Figure S3, G2-B-8/G2-SE*-T-6). After carefully
analyzing the catalytic process, we attributed the initial de-
crease in fluorescence to the formation of a triplex flap
structure between gRNA and PAM~SE*> dsDNA.. The flap
structure was induced by the gRNA and T-strand branch
migrating on the B-strand. The flapped T-strand was less
stretched and closer to the quencher, resulting in the de-
crease in fluorescence intensity. The triplex

flap structure activated Casl2a, and the subsequent in-
crease in fluorescence intensity indicated that the activated
Casl2a cleaved both strands of the substrate dsDNA rather
than the B-strand alone. To further demonstrate that the
cleavage occurred on both strands in a more straightfor-
ward way, we relocated the labeling sites. As shown in
Figure 3B and C, we designed two sets of B-strand/T-
strand (G1-SE*-T-20, G1-SE*-T-21). In Figure 3B, FAM
and BHQ-1 were both labeled on the T-strand but with a
much closer distance of only 8 nt. In Figure 3C, BHQ-1 and
FAM were labeled on the B- and T-strands, respectively. The
experimental results indicated that subsequent to addition
of the CRISPR-Casl2a system, the fluorescent signal con-
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tinued to increase until a plateau, close to the signal of pos-
itive control, was reached (FAM-labeled T-strand), demon-
strating that CRISPR-Cas12a cleaved the flapped T-strand.
The denatured polyacrylamide gel experiment results in
Figure 3D also confirmed our speculation (G1-B-10, G1-B-
11, G1-SE*-T-19 and G1-SE*-T-20). The cleaved products
in lane 1 aligned exactly with lane 2 which corresponded to
the products of Casl2a cleaving classical PAM™ dsDNA.
Therefore, we have firmly demonstrated that CRISPR-
Casl2a recognized sticky-end dsDNA as ‘real’ dSDNA and
cleaved it on both strands. The cleavage sites on sticky-end
dsDNA were exactly the same as those on conventional
PAM-containing dsSDNA. Based on the catalytic mecha-
nism, we could further explain the exceptional specificity
of CRISPR-Cas12a toward PAM~SE*> dsDNA. As shown
in Figure 3E, CRISPR-Cas12a not only discriminated mis-
matches within the initiation domain but presented excep-
tional specificity toward mismatches within the branch mi-
gration domain. The above phenomenon indicates that the

system’s specificity originated from the triplex flap struc-
ture. The flapping between the gRNA and T-strand was
thermodynamically balanced (AG ~0) and therefore very
sensitive to sequence alterations; even slight changes had
the ability to cause considerable unbalanced flapping and
such unbalanced flapping could be sensitively recognized by
CRISPR-Casl2a.

In conclusion, we thoroughly investigated the recogni-
tion behavior of CRISPR-Casl2a toward classical sub-
strates and the newly discovered non-classical substrate,
and demonstrated that CRISPR-Cas12a could not only effi-
ciently recognize initiation region-containing dsDNA with-
out a PAM sequence but also showed exceptional speci-
ficity toward sequence alterations occurring in the branch
migration domain of PAM~SE*> dsDNAs. The specificity
could be 30.9-631.5 (median 44), which was nearly 4-
fold higher than classical substrates. A further mechanistic
study revealed that gRNA and PAM~SE*> dsDNAs would
form a triplex flap structure and subsequently activated
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CRISPR-Casl2a to cleave both strands of the dsDNA. Im-
portantly, CRISPR-Cas12a was very sensitive to sequence
alterations in the triplex flap structure, leading to its excep-
tional specificity. Compared with previously reported exam-
ples of PAM-less dSDNA activating CRIPSR-Cas12a, such
as the bubble-containing dsDNA (44) and the derivative ss-
DNA mode depicted in Figure 1A, our strategy possessed
unique advantages. Although the substrate in the derivative
ssDNA mode ‘seemed’ to be dsDNA, the ‘real’ substrate
was actually the residual ssDNA after the shorter strand of
the targeting dsDNA had been displaced by gRNA. There-
fore, the derivative ssDNA mode cannot be recognized as
a PAM-less dsDNA activation strategy. As for the bubble-
containing dsDNA, our proposed sticky-end dsDNA was
more natural, or at least much easier to prepare, so our find-
ings were compatible with a wider range of applications.
More importantly, using sticky-end dsDNA, we could solve
the bottleneck problem of poor specificity of Casl2a and
unleash its great potential in detecting low-abundance point
mutations.

Detection of low-abundance point mutations by introducing
the Helper strand

Based on our findings, we then endeavored to exploit the
CRISPR-Casl2a system for further applications in molecu-
lar diagnosis of low-abundance point mutations. Taking ad-
vantages of all the properties found in our experiments, we
came up with a promising detection mode as shown in Fig-
ure 4A and B: setting ssDNA as the target and introducing
a Helper strand. The Helper strand was designed to be com-
plementary to the wild-type ssDNA (WT) and single-base
mismatched with the mutant type ssDNA (MT) at loca-
tions 6 or 12 (G1-Helper-1-2, G2-Helper-1-2, G3-Helper-
1-2 and the corresponding gRNA and G-B strands). The
sequence and length of the Helper strand were intention-
ally adjusted to form PAM~SE*> dsDNA with MT or WT.
We then could adopt the ‘two mismatches versus one mis-
match’ strategy, in which the gRNA

formed two mismatches with the WT and only one mis-
match with the MT. According to the aforementioned re-
sults, the CRISPR-Casl2a system couldhardly recognized
the WT/Helper duplex, similarly to the recognition of inter-
fering PAM~SE™> dsDNA of Figure 2B. In contrast, we as-
sumed that the CRISPR-Cas12a would not only recognize
the MT/Helper duplex efficiently, but that this would be
even better than its recognition of the targeting PAM~SE*>
dsDNA of Figure 2A, as the MT/Helper duplex was mis-
matched, which was easier for the invasion of gRNA and
formation of the triplex flap structure. The experimental re-
sults shown in Figure 4C and D and Supplementary Fig-
ure S4a demonstrated our assumption: the DFs increased
to 155-1411 (median 207) and the detection limit for the
low-abundance targeting strand reached as low as 0.0005%.
To the best of our knowledge, this is an ultra-high level of
specificity and functionality that is far beyond the reach of
current CRISPR-Casl2a-based assays.

All the above experiments were conducted on random
strands without clinical relevance. To further evaluate the
generality and clinical potential of our method, we ap-
plied the system to six point mutations with definite clinical

significance, namely EGFR T790M, EGFR S768I, TP53
R248W, PARP1/T>G (location of the mutated nucleotide
in chromosome: 226553653, sequencing information was
provided by the Sinopharm Genomics Technology Co.),
BRAF V600E and PIK3CA E545D. We synthesized the
corresponding gRNA, MT, WT and Helper strands (DNA
sequences are given in Supplementary Table S4). As shown
in Figure 4E, the DFs toward the tested mutations ranged
from 154 to 446 (median 207), and the detection limit for
low-abundance point mutations reached 0.005-0.01% (Fig-
ure 4F, G; Supplementary Figure S4b—f). The performance
matched the results of the aforementioned random strands,
demonstrating the generality and clinical potential of our
proposed system.

Low-temperature activation of CRISPR-Cas12a and work-
flow for low-abundance mutation detection on genomic DNA

In clinical practice, the CRISPR-Casl2a system is usually
coupled with the preceding PCR amplification process. As
we know, the PCR products, no matter whether using con-
ventional thermal PCR or the later developed isothermal
PCR, were all blunt-end dsDNA.. Therefore, to be compat-
ible with the ‘Helper mode’ of our established system, the
blunt-end dsDNA product needs to be transformed to ss-
DNA, which is a complicated and erratic process. A con-
venient and robust method for transforming dsDNA to ss-
DNA has long been a key demand in the field of muta-
tion detection, especially for post-PCR methods. Herein,
we have found another novel property of CRIPSR-Casl12a:
recognition and activation at low temperature (~0°C) and,
combined with the unique DNA hybridization kinetics dur-
ing the process of denaturation and rapid annealing, we
have developed a very convenient transformation strategy
for the CRISPR-Casl2a system. The workflow (numbered
as workflow 1) is illustrated in Figure 5A. After conven-
tional thermal PCR or isothermal RPA, the 94-117 bp
double-stranded PCR products and a 10-fold excess of the
36-40 nt Helper strand were heated to 95°C for 10 min.
Then, the reaction tube was immediately put on ice and
incubated for 5 min. During this step, the double strands
of PCR products would not hybridize due to the slow ki-
netics at 0°C, whereas the Helper strand was able to hy-
bridize with targeting strand owing to its high concentra-
tion. Next, the CRISPR-Casl2a system was added and in-
cubated on ice for 10 min. Finally, the fluorescent single-
stranded probe was added and the reaction system was im-
mediately put into a microplate reader for fluorescence mea-
surement at 37°C. We then took EGFR T790M as our tar-
geting mutation, and synthesized mutant-type and wild-
type plasmids and primers (EGFR-T790M-MT-L, EGFR-
T790M-WT-L, EGFR-T790M-Helper and RPA-FP/RP-
1). After RPA, the above workflow was adopted and, as
shown in Figure S5F, the mutant-type plasmid produced a
strong fluorescent signal and the DF reached 257, demon-
strating that our established CRISPR-Casl12a system was
compatible with PCR amplification by performing a sim-
ple heating and annealing procedure. We then further in-
vestigated the function of the heating and annealing pro-
cedure. As illustrated in Figure 5B and C, we designed
two other workflows: for workflow 2, the PCR products
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and Helper strand were heated to 95°C for 10 min, an-
nealed to 37°C for 10 min, added with CRISPR-Casl2a
and probe and immediately underwent fluorescence mea-
surement. For workflow 3, the PCR products and Helper
strand were heated to 95°C for 10 min, annealed to 0°C
for 5 min, added with CRISPR-Casl2a and incubated for
1 min, then the probe was added and immediately under-
went fluorescence measurement at 37°C. Experimental re-
sults in Figure 5D and E show that the signal of mutant-
type and wild-type plasmids were both very weak when us-
ing workflow 2. Compared with workflow 1, we could con-
clude that the unique DNA hybridization kinetics at low
temperature were critical for the CRISPR-Casl2a system
to function on genomic DNA. Also, when using workflow
3, the signal induced by mutant-type plasmid was strong,

and the DF was also very high (157). However, the reaction
rate of mutant-type plasmid became slower, i.e. only 60% of
the rate when using workflow 1. Such a decrease of the re-
action rate was due to the less incubation time of CRISPR-
Casl2a with its substrate DNAs at 0°C, demonstrating that
CRISPR-Casl2a was able to recognize PAM~SE* dsDNA
at low temperature, and its ultra-high specificity remained
under such a temperature. Overall, we could conclude the
mechanism of our established workflow: the trans-cleavage
activity of the CRIPSR-Casl12a system could be activated
specifically by the MT/Helper duplex at 0°C. When recov-
ered to 37°C, although the Helper strand could be displaced
by the non-targeted strand of PCR products, the cleavage
of probes had already started and would not be affected.
We then utilized the above-established workflow to detect
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Figure 5. (A—C) Schematic illustration of the workflows for combining PCR amplification with the CRISPR-Cas12a system. The strategies for transfor-
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three times. Results are shown as the mean =+ SD. Student’s #-test, ns, P >0.05; *P <0.05; **P <0.01; ***P <0.001.

low-abundance point mutations with clinical significance
in plasmid samples. We synthesized mutant-type and wild-
type plasmids and primers of other mutations (DNA se-
quences are given in Supplementary Table S6). As shown
in Figure 5F and G and Supplementary Figure S5a—d, the
detection limits were 0.01-0.05% toward the six tested tar-
geting mutations, demonstrating the functionality of our es-
tablished system on genomic samples.

We would also like to discuss the advantages and dis-
advantages of our proposed workflow. We admit that af-
ter PCR, we still need to conduct a treatment for control-
ling increases and decreases in temperature. However, if
such control is coupled to prior normal PCR which is al-
ready a process of drastic variation of temperature, we be-
lieve that performing one more cycle of temperature vari-
ation in the same PCR instrument would be quite con-
venient. Nevertheless, for some situations where it is very
difficult to obtain ice (0°C) or where a prior isothermal

PCR was used and users wish to keep the temperature un-
changed, our post-PCR treatment would then be a little
user-unfriendly. In such cases, we suggest that users adopt
two other common methods for producing single-stranded
substrates: lambda exonucleases digestion (45) and asym-
metric PCR (46). However, we would like to note that using
those two strategies, many additional reactants are intro-
duced into the system, which requires the users to carefully
optimize the reaction set-ups, and the system’s functionality
might not be stable to different sequences.

Compatibility of the mutation detection system with the gold
nanoparticle-based FRET system

To further enhance the application potential of our sys-
tem, we tested its compatibility with other signal trans-
duction methods, such as the AuNP-based fluorescence
resonance energy transfer (FRET) system. As we know,
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Figure 6. (A) Schematic illustration of the synthesis of AuNP-DNA probes and the process of CRISPR-Casl2a cleaving the AuNP-DNA probes. The
ratio of AuNPs to DNA is 1:2000. (B) UV-vis absorbance spectrum of the AuNP-DNA probes. (C) The zeta potential value of the AuNP-DNA probes.
(D) and (E) The detection limits for low-abundance MT plasmid DNA of EGFR T790M by AuNP-DNA probes. Reaction setup: 10 ng of plasmid DNA,
4000 nM Helper strand, 40 nM LbaCas12a, 20 nM gRNA and 0.2 nM AuNP-DNA probe. All of the experiments were conducted in triplicate. Results
are shown as the mean + SD. Student’s 7-test, ns, P >0.05; *P <0.05; **P <0.01; ***P <0.001. (F) Schematic workflow for mutation detection in real
clinical samples by our method. (G) and (H) The standard curves of detection of low-abundance EGFR T790M and TP53 R248W mutations. Lg C, the
logarithm of target concentration. Lg AFL intensity, the logarithm of the increasing rate of the fluorescence intensity. (I) Comparison of the abundances of
the EGFR T790M mutation in eight clinical samples reported by our method and next-generation sequencing (NGS). (J) Comparison of the abundances
of the TP53 R248W mutation in 20 clinical samples reported by our method and NGS.

AuNPs are able to quench a variety of fluorophores includ-
ing FAM, Cy-3 and Cy-5 (47). Therefore, it would be an
ideal quencher for multiplexed detection, which is indeed
needed for molecular diagnosis of cancer because carcino-
genesis is often induced by multiple mutations. As shown
in Figure 6A, the single-strand signal probe was labeled
with a FAM, and its opposite end was labeled with a
sulfhydryl group (Probe-2). The signal probes aggregated
on the AuNPs because of the formation of Au-S bonds,
and the signal-probe-modified AuNPs served as the signal
transduction module. The initial fluorescence was quenched
by the AuNPs, and when the CRISPR-Cas12a was activated
by targeting substrates, it would cleave the signal probes on
the surface of the nanoparticles. Consequently, the FAM-
labeled fragment left the nanoparticle and emitted a fluo-
rescent signal. First, we confirmed the successful synthe-
sis of the AuNP-DNA probe by its UV-vis absorbance
spectrum (Figure 6B), zeta potential values (Figure 6C)

and TEM (Supplementary Figure S6a). Then, we applied
the AuNP-based CRISPR-Casl2a system to discriminate
the single-base mismatches and detect low-abundance point
mutations in the synthesized strands and plasmid genomic
DNA of EGFR T790M. As shown in Figures 6D and E
and Supplementary Figure S6b and c, the detection lim-
its were 0.005% for synthesized strands and 0.01% for
plasmid genomic DNA, demonstrating that our proposed
CRISPR-Casl12a system was compatible with the AuNP-
based FRET system and thereby shows great potential in
further development of multiplexed assays.

Application of the proposed detection system to clinical sam-
ples

Finally, we applied our method to the analysis of real
clinical samples. Taking the ovarian cancer-related TP53
R248W and lung cancer-related EGFR T790M mutations
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as our targets, we collected 20 tissue samples from ovarian
cancer patients and 8 tissue samples from lung cancer pa-
tients. The genomic DNAs extracted from the above sam-
ples were first analyzed by NGS and verified to contain
the TP53 R248W mutation or the EGFR T790M muta-
tion. Thereafter, we used our proposed CRISPR-Casl2a
system to analyze the samples following the workflow de-
picted in Figure 6F. To calculate the true abundances of
TP53 R248W or EGFR T790M mutations in the tested
samples, we conducted detection tests on the plasmid ge-
nomic DNA samples with several known mutation abun-
dances and plotted the standard curves (Figure 6G, H).
Thereafter, we calculated the mutation abundances of the
clinical samples. As shown in Figure 61 and J, and Supple-
mentary Figures S7 and S8, the mutation abundances pro-
vided by our method ranged from 0.037% to 57.73% and,
more importantly, our results were in very good agreement
with the NGS results, with an average deviation of 6.146%.
The excellent performance of our method on real clinical
samples firmly demonstrates its clinical practicability. It is
worth noting that the assays for low-abundance mutation
detection could be mainly classified into four categories: se-
quencing based, ddPCR based, real-time PCR based and
post-PCR probe based. The former two categories rely on
expensive instruments, and real-time PCR-based methods
are less sensitive. Post-PCR probe-based assays inherit the
advantages of convenience and low cost of normal PCR,
and moreover they are compatible with target recognition
and signal amplification by various nuclease, such as Flap
endonuclease (48) and endonuclease IV (49). As we have
discussed in the Introduction, Casl2a is unique and dis-
tinct compared with those commonly used nucleases due to
its ultra-powerful signal amplification efficiency. Therefore,
after unraveling the bottleneck restraint of poor specificity
and limited generality of Casl2a, we unleashed the great
potential of the CRISPR-Casl12a system in the detection of
low-abundance point mutations. In comparison with other
post-PCR probe-based assays, our method’s sensitivity is
among the highest and the sequence design is simpler and
more robust to different targets. We would also like to point
out that the biggest problem or disadvantage of our method
is the relatively cumbersome post-PCR treatment. Just like
other post-PCR probe-based assays, the substrate for probe
analysis is ssDNA and thereby post-PCR treatment to pro-
duce single-stranded substrate is inevitable. Here, in our
work, we have endeavored to simplify the process by tak-
ing advantages of the low-temperature activation property
of Casl2a. We do not need to add any additional reactants
or introduce any separation steps, but we still need to ad-
just the temperature up and down, which could be user-
unfriendly in some cases. Overall, the main drawback of
the post-PCR probe-based assays including the established
method herein is the inconvenience and workload of post-
PCR treatment, but this may be solved by further investiga-
tions on the reactions between nucleases and nucleic acids.

CONCLUSION

To sum up, we have discovered a novel substrate DNA for
CRISPR-Casl2a, namely PAM~SE* dsDNA, and revealed
that CRISPR-Casl2a possessed two unique properties to-

ward this novel substrate: (i) the ability to recognize and
cleave dsDNA without requiring a PAM sequence and (ii)
its ultra-sensitivity toward mismatches within the substrate
dsDNA, with DFs ranging from 8.2 to 11.3 (median 8.6),
which is nearly 4-fold higher than conventional substrates.
Further mechanism studies revealed that gRNA formed
a triple-stranded flap structure with the substrate dsSDNA
that could guide CRISPR-Casl12a to cleave dsDNA at both
strands without a PAM sequence, and was significantly
more sensitive to slight sequence changes. Based on the
novel targeting properties of CRISPR-Casl2a, we intro-
duced a Helper strand that further enhanced the DF to be-
tween 155 and 1411 (median 207), and the detection limits
for low-abundance point mutations were greatly decreased
t0 0.0005-0.01%. In addition, we discovered the property of
low-temperature activation of CRISPR-Casl2a, and con-
structed a complete workflow for low-abundance point mu-
tation detection in real samples by coupling unique DNA
hybridization kinetics at low temperature with the RPA or
PCR amplification process. The detection limits were 0.005—
0.01% toward synthesized DNA and 0.05-0.01% toward
plasmid genomic DNA, and the mutation abundances pro-
vided by our system for 28 real clinical samples were in ac-
cordance with NGS results.

Collectively, we have discovered a brand new targeting
substrate for CRISPR-Casl2a and, toward this substrate,
the sensitivity, specificity and generality of the CRISPR-
Casl2a system have reached unity. A further revealed prop-
erty of low-temperature activation allowed the CRISPR-
Casl2a system to easily combine DNA amplification tech-
nologies, which ultimately achieved fast, convenient, accu-
rate and sensitive detection of low-abundance point mu-
tations. We firmly believe our work not only significantly
deepened our understanding of the CRISPR-Casl2a sys-
tem, but also greatly broadened its application scenarios.
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