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networks.
The clustered regularly interspaced short palindromic re-
peats (CRISPR) system can quickly target specific gene se-
quences (activators) by CRISPR RNA (crRNA) and ac-
tivate the cleavage activity of Cas nuclease. Due to high
programmability and reactivity, CRISPR has been widely
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applied in gene editing, intracellular imaging, transcrip-
tional regulation, etc. (1). In addition, Class 2V and VI Cas
nucleases, including Casl2a, Cas12b, Casl3a and Casl4a,
have trans-cleavage activity for massively cleaved probes
modified with a fluorophore and quencher (reporter) (2-4).
These properties make Cas nucleases powerful nucleic acid
recognizers and signal amplifiers.

CRISPR-based detection platforms have continuously
emerged, which have made great breakthroughs in sen-
sitivity and convenience (5-9) and realized detection of
a variety of biomarkers such as viruses, bacteria, mi-
croRNA, etc. (2,7,10). However, there are only two avail-
able CRISPR activation modes based on single-stranded
or double-stranded activators (ss- and ds-activators, respec-
tively), which have technical bottlenecks in terms of speci-
ficity or universality. This has limited the application of
CRISPR technology in high-precision molecular recogni-
tion, such as point mutation detection. DNA point mu-
tations are key drivers of tumor development and impor-
tant biomarkers of diagnosis and prognosis (11-13). Be-
cause of low abundance, various mutation types and small
thermodynamic changes, most of them are difficult to detect
(13,14). Therefore, developing a novel unrestricted CRISPR
activation mode is quite promising. It will not only broaden
the application of CRISPR technology in the biomedical
field, but will also show great potential in high-precision
molecular sensing, biochemical circuits and DNA reaction
networks.

Using the T7 transcription process, the SHERLOCK
platform generated ss-activators to activate Casl3a to de-
tect subtypes of the Zika virus and dengue fragments (7).
Through primer extension to displace the ss-activators, the
AIOD-CRISPR platform activated Cas12a and realized the
sensitive detection of severe acute respiratory virus coro-
navirus 2 (SARS-CoV-2) (15). These methods utilize ss-
oligonucleotides as activators, because they are flexible to be
produced or released. However, studies have demonstrated
that single-base mismatch in ss-activators hardly hinders
the activation of Cas nuclease (6). Thus, the ss-activation
mode has a limited specificity (Scheme 1A). Furthermore,
faulty ss-amplicons generated by out of control amplifica-
tion may activate Cas to result in false positives (Supple-
mentary Scheme S1A). Thus, its stability is also limited. In
addition to ss-activators, Cas12 can be activated by dsSDNA
with a protospacer adjacent motif (PAM). Ds-activators are
more stable, and Cas is not activated when mutations occur
in or near their PAM (16,17). For example, The CDetec-
tion platform targeting dsDNA achieved simple and rapid
mutation detection (18). However, PAMs near mutations
are uncommon in the human genome (only 20 000 point
mutations contain a PAM sequence out of 600 000 point
mutations in the National Center for Biotechnology Infor-
mation ClinVar database) (14). Therefore, the ds-activation
mode has a very limited universality (Scheme 1B). Several
researchers have attempted to insert a PAM near the mu-
tation sites, while the range of effective insertion was ex-
tremely narrow (the accuracy decreases dramatically when a
point mutation is >6 bases away from the PAM) (5,19-22).
Balancing PAM amplification efficiency and mutation de-
tection selectivity is difficult (Supplementary Scheme S1B),
resulting in limited flexibility.

Toehold-mediated strand displacement reaction (TSDR)
follows precise base-pairing rules and has great advantages
in the recognition of single-base mismatches (23). In this
reaction, the invasion strand binds to the short comple-
mentary ss-domain (toehold) on the ds-substrate, triggers
the subsequent branch migration and eventually replaces
the protector of the substrate to be the thermodynami-
cally most stable state (24). When a single-base mismatch
exists, the rate of strand displacement is dramatically de-
creased, and mutant-type targets can be discriminated from
the wild type by kinetic difference (24). Herein, we firstly
proposed the dsDNA containing a toehold as an activator
to specifically activate CRISPR—Casl2a, which is called the
toehold-activator (TOA). The toehold of the activator binds
to the crRNA, and a DNA-crRNA complex is formed sub-
sequently through strict TSDR. Eventually, the Cas nucle-
ase 1s accurately activated. Based on the feature of TSDR,
a single-base mismatch in the TOA will significantly re-
duce the DNA-crRNA complex formation and therefore
decrease the activation efficiency. The signal generated by
the cleaved reporter can amplify the activation efficiency
difference and contribute to specifically distinguishing mu-
tant targets. Moreover, different from the PAM, the position
and orientation of the toehold can be flexibly adjusted, and
arbitrary dsDNA can have a tochold by a simple process.
Thus, the TOA may be far more specific and stable than
the ss-activator, and more universal and flexible than the
ds-activator (Scheme 1C).

The release of pre-blocked activators through the dis-
placement of the invasion or fuel strands can improve the
selectivity of the CRISPR system. However, the sequences
of these displacement strands should largely overlap with
that of activators (usually >60%) to release them rapidly.
Given the non-specific feature of the ss-activation mode,
such displacement strands will easily result in signal leak-
age (Supplementary Scheme S1C). Researchers had to te-
diously tune the number of overlapping bases to balance
the velocity of activator release and signal leakage (25-27).
Notably, this problem no longer exists in this work. Instead
of the whole activator, we only needed to block and release
several bases of the TOA’s toehold to achieve a remarkable
effect, which is almost impossible to result in unexpected ac-
tivation. The branch migration (BM) reaction is a reversible
reaction without base pair changes. When a mismatch oc-
curs, the reaction balance is broken and the yield decreases
dramatically. It has high specificity and can detect difficult
mismatches with very low Gibbs free energy change (AG)
in the GC-rich region (28). The structure of the BM probe
(BMP) is very similar to that of the toehold-blocked TOA,
and its working principle is compatible with TSDR. There-
fore, we can selectively release the blocked toehold of TOA
through BM reactions. Their cascade has the potential to
achieve superior single-base specificity, and avoid the cum-
bersome overlapping in base adjustment to reduce the risk
of signal leakage.

Considering the deficiency of ds- and ss-activation
modes, for the first time, we present a novel
CRISPR/Casl2a unrestricted activation mode to greatly
improve the performance of CRISPR technology and
expand its application boundaries. The activator binds
crRNA by strict TSDR, is considerably more specific than
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Scheme 1. Characteristics of different activation modes. Casl2a in gray represents inactivated, pink represent activated. The red ‘x’ represents single-base
mismatches in activators. (A) ss-activators activate Casl2a regardless of whether a single-base mismatch occurs. (B) Only the ds-activators containing a
PAM can activate Casl2a, and they show discernment only when single-base mismatches occur in the vicinity of a PAM. (C) TOA specifically activates

Casl2a by strict TSDR without a PAM.

ss-activators and can precisely detect any target sequence
without a PAM, which is more universal than ds-activators.
Cascading with the BM reaction, the new activation
mode has remarkably improved the detection accuracy of
CRISPR technology. The discrimination factors (DFs)
of all types of single-base mismatches are satisfactory.
Moreover, we developed an improved polymerase chain
reaction (PCR) to obtain the ds-targets with ss-domains
as the toehold-blocked TOA. Finally, we validated the
potential of this method for practical application by
detecting EGFR T790M and L858R mutations in low
abundance.

MATERIALS AND METHODS
Materials

EnGen@®Lba Casl2a (Cpfl, 100 pM, 20 pM) and
CutSmart buffer [S0 mM potassium acetate, 20 mM
Tris-acetate, 10 mM magnesium acetate, 100 pwg/ml bovine
serum albumin (BSA), pH 7.9)] were ordered from New
England Biolabs and MAGIGEN. The TranscriptAid

T7 High Yield Transcription Kit and the RNeasy MinE-
lute Cleanup Kit were obtained from ThermoFisher
Scientific and Qiagen, respectively. Deoxynucleotide
triphosphates (dNTPs), SYBR Green, diethylpyrocar-
bonate (DEPC)-treated water, eight strip real-time PCR
tubes and caps, magnesium chloride, reporter, DNA
sequences, uracil-DNA glycosylase (UDG) and PCR mix
were purchased from Sangon Biotech Inc. (Shanghai,
China) and Tsingke Biotechnology Co., Ltd (Beijing,
China). The crRNAs used were synthesized with the Tran-
scriptAid T7 High Yield Transcription Kit or obtained
from Beijing Genomics Institution (Beijing, China). The
nucleic acid extraction and purification kit was purchased
from Burning Rock Biotech Ltd. (Guangzhou, China).
N,N,N’ N’-Tetramethylethylenediamine (TEMED) and
30% acrylamide/bis solution were provided by Sigma-
Aldrich (St. Louis, MO, USA). DNA loading buffer (6x)
and Gel Red nucleic acid dye were ordered from TaKaRa
Biotech (Dalian, China). All chemical reagents were of an-
alytical grade, and RNase-free water was used throughout
this study.
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Instrument

The endpoint fluorescence used to calculate the DF was de-
tected by a Cary Eclipse Fluorescence spectrophotometer
(Agilent, USA) (excitation wavelength = 535 nm, emission
wavelength = 556 nm and both slits were 5 nm). The real-
time fluorescence curves and endpoint fluorescence were
detected by a Rotor-Gene 6000 instrument (Corbett Re-
search, Mortlake, Australia). Gel images were obtained on
an electrophoresis apparatus (DY Y-6C, LIUYTI, China) and
imaging system (Bio-Rad Laboratories, USA). Fluorescent
PCR signals were recorded by a real-time PCR instrument
(CFX96, Bio-Rad, USA). The digital PCR (dPCR) was
performed on a DQ24 dPCR instrument (Sniper Medical
Technology Co., Ltd, China). The droplet volume can be
controlled stably at 0.5-2 nl; min/max flow rate, 500-2000
nl/s; scanning frequency, 100-200 Hz; droplet generation
method; vibration injection method; reaction volume, 20 p.l;
detection time, ~1.5 h; temperature control range, 4-98°C;
temperature control accuracy, = 0.1°C. DNA concentra-
tion, purity and integrity were assessed by Nanodrop and
Qubit 3.0 (Thermo Fisher, USA).

Methods

CRISPR/Casl2a reaction system. Casl2a—crRNA com-
plexes were pre-assembled by incubating 2 pM LbCasl2a
with 2.4 wM crRNA at 37°C for 30 min. The complexes
were diluted to a final concentration of 20 nM in a solution
containing 1x Cutsmart Buffer, adding 250 nM ssDNA re-
porter substrates, and the final system is 20 l.

TOA activation assays. TOA, ss-activator or ds-activator
(40 nM) was added to the reaction system, reacted for 20
min at room temperature, and endpoint fluorescence was
detected.

BM-TOA system for ss-target assays. BM probe and ss-
target (20 nM) were added to the reaction system, reacted at
30°C and real-time and endpoint fluorescence was detected.

BM-TOA system for BMP-like target assays. BMP-like
target and trigger (20 nM) were added to the reaction sys-
tem, reacted at 30°C and real-time and endpoint fluores-
cence was detected.

Low-abundance L858R and T790M mutation assays.
BMP-like target (200 nM) and trigger (400 nM) were added
to the reaction system, reacted at 30°C and real-time and
endpoint fluorescence was detected.

Post U-PCR assays. A 10 pl aliquot of Tag PCR Mas-
ter Mix (2x), 0.5 pl of U-forward primer (10 pM), 1 pl
of reverse primer (10 pM), 1 pl of synthetic template or
DNA extraction solution of tumor tissues and 7.5 pl of
ddH,O were mixed in the PCR tube (an additional 1 pl of
20x SYBR for the melt curve). The PCR procedure (95°C
for 10 s, 60°C for 15 s and 72°C for 15 s, 34 cycles) was per-
formed on a Bio-Rad instrument. After amplification, 0.5
wl of UDG (2 U/ul) was used to digest the U-bases at 50°C
for 5 min, and was inactivated at 90°C for 10 min. The prod-
uct and 500 nM trigger were added to the reaction system,
reacted at 30°C and real-time fluorescence was detected.

Digital PCR assays. A 12.5 pl aliquot of 2x dPCR Mas-
ter Mix (Sniper), 1 pl of dPCR forward primer and dPCR
reverse primer, 0.5 pl of MGB Probe (WT), 0.5 pl of MGB
Probe (MT), 10 ng of extracted DNA of tumor tissues and
ddH,O to 20 wl were used. Procedure: 5 min of constant
temperature at 60°C, 15 min of hot start at 98°C, one cy-
cle; 10 s of denaturation at 95°C, 15 s of annealing at 60°C,
15 s of extension at 72°C, 40 cycles; 1 min of constant tem-
perature at 50°C. The amplicon size is 172 bp. dPCR was
performed on a DQ24 dPCR instrument, and the dPCR
analysis program is SightPro v0.3.5. The individual parti-
tion volume was 0.8 nl, and the total volume of the parti-
tions measured was 20 pl.

Patients and sample collection

The DNA clinical samples of the L858R mutation were ex-
tracted from tumor tissues (paraffin-embedded tissue spec-
imens) of patients with non-small cell lung cancer (invasive
lung adenocarcinoma) using the nucleic acid extraction and
purification kit. These patients (z = 11) were enrolled in this
study between June 2021 and April 2022 in the First Hos-
pital of Chongqing Medical University. Tumor tissue was
obtained from surgical resection or open biopsy for 11 pa-
tients in the study. These samples were formalin-fixed and
processed into paraffin-embedded samples and were sec-
tioned and then HE stained to assess whether tumor cells
made up >20%. The tumor area of the tissue was scraped,
dewaxed and DNA was extracted. The DNA extraction so-
lutions from tumor tissues were assessed for concentration,
purity and integrity by Nanodrop and Qubit 3.0 (>4 g/pl,
N/Q <3.5). Samples were then stored at —80°C until as-
say. This research was approved by the Ethics Committee
of Chongqing Medical University (Chongqing, China). All
methods were carried out in accordance with the approved
guidelines. Written informed consent was obtained from all
patients.

Design and calculation

The sequence designs (Supplementary Table S1; Supple-
mentary Schemes S2-S12) were supported by NUPACK,
SnapGene and Oligo7. The thermodynamic parameters
were calculated by NUPACK. The relationship between the
toehold length and the reaction yield was calculated using
MATLAB. The relationship of Gibbs free energy and the
reaction yield is calculated by MATLAB. Discrimination
factor formula: DF = ([Fpy]—background)/([Fym] — back-
ground).

RESULTS AND DISCUSSION
Fault tolerance of Casl12a for an ss-activator

Studies have shown that single-base mismatches of ss-
activators hardly affect the activation of Casl2a (6), but the
fault tolerance of Casl2a for ss-activators has not been fully
verified (the term ‘fault’ refers to any difference between the
actual activator analog and the perfectly matched true acti-
vator, such as mismatch, bulge, split, gap, etc.). As shown
in Supplementary Figures S1 and S9, types of faulty ss-
activators were used to activate Casl2a, and the percent-
age of reporter cleaved represents the activation efficiency.



Casl2a can still be activated incorrectly when the number
of mismatched bases at the 3’ end of the activator is within
6 nt (Supplementary Figure S1A), within 9 nt bases at the 5’
end (Supplementary Figure S1B), within 4 nt bases at both
ends (Supplementary Figure S1C) and within 2 nt bases in
the interior (Supplementary Figure S1D). The fault toler-
ance of Casl2a for ss-activator mismatch is interior < both
ends < 3’ end < 5" end. The insertions of bulge loops (BLs)
within 3 nt in length internally, at the 3" end and 5" end of the
ss-activator (Supplementary Figures S1E-G) all resulted in
incorrect activation. The fault tolerance of Casl2a for the
ss-activator’s BL insertion is 3’ end < 5" end < interior. With
splitting of the activator in half down the middle and delet-
ing bases within 2 nt (Supplementary Figure S1H) or ex-
tending base pairs within 9 nt (Supplementary Figure S11),
Casl2a remained incorrectly activated. The results showed
that Casl12a was highly tolerant of all types of erroneous
ss-activators.

It follows that this mode is not only useless in single-
base mismatched recognition, but the ss-activator analogs
produced by out-of-control amplifying or other side reac-
tions may also interfere severely with Casl2a activation.
Although the ss-activation mode does not require a PAM
and allows free choice of activator sequences, it is highly
fault tolerant. In other words, it is severely lacking in speci-
ficity and stability, and unsuitable for applications in high-
precision molecular recognition.

Unrestricted novel CRISPR—Cas12a activation mode

In addition to ss-activators, Casl2a can be activated by ds-
activators. The PAM of ds-activators can guide the Cas—
crRNA complex to unravel the dsDNA from the seed re-
gion to form an R-loop and allosterically active Cas (29).
Although the necessity for PAM recognition allows the ds-
activation mode to have considerably less fault tolerance, it
also severely constrains universality and flexibility of this
mode.

Several studies have attempted to find more available
PAM sequences, but they could not completely eliminate
the sequence restrictions. Kleinstiver developed variants of
the CRISPR enzyme to eliminate the PAM requirement,
but not using the PAM can reduce the accuracy and cause
off-targeting (30,31). In addition to studies targeting the
Cas nuclease itself, several nucleic acid technologies have
played a role. Jiang (21) inserted a PAM near the mutation
site via PCR; Hsing (22) assembled ss-targets with probes
containing a PAM; and Nie (29) introduced bubbles in ds-
targets, skipping the PAM-guided strand unraveling step.

These studies have achieved good results, but still re-
quired the fine-tuning of the PAM or bubble insertion posi-
tions for different target sequences or optimization of probe
and primer design and can hardly be applied to recognition
of all target sequences. Therefore, a new activation mode
with substantially superior specificity and universality is ur-
gently needed for the further development of CRISPR tech-
nology.

Construction and working principle of TOA

Any ds-oligonucleotide containing a toehold rapidly under-
goes TSDR with the corresponding ss-oligonucleotide, re-
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leasing the protected strand and forming a new ds-structure
(23). The reaction is universal and programmable, which in-
spired us to design the TOA.

The TOA is a ds-DNA containing a tochold, and it can
rapidly undergo TSDR with ss-crRNA (Schematic 1C),
activating Casl2a without a PAM. As shown in Figure
1A, similar to conventional TSDR, a TOA with a toehold
longer than 7 nt produces a high signal. However, the signal
generated by a 1 nt toehold TOA is unexpectedly high, and
signal leakage occurs with the use of a 0 nt TOA (cleaved
reporter percentage >13%). This finding may be due to the
strong binding affinity of the DNA-RNA complex and a
certain effect of the Cas nuclease (32). Supplementary Fig-
ure S2 shows the relationship between the yield of con-
ventional TSDR and toehold length. To further stabilize
the reaction, we extended a segment of meaningless se-
quence (stabilizer) at the end of the TOA’s short strand and
observed that the signal leakage was significantly reduced
(Figure 1B). This result may be due to the stabilized DNA
duplex resulting from the increase in base stacking force and
the decrease in DNA breathing (33). By combining the sta-
bilizer with a toehold of different lengths, a more regular
signal output was achieved, which was consistent with the
conventional TSDR (Figure 1C). As shown in Figure | D-F,
a homologous conclusion can be obtained with the reversed
direction and position of the toehold and stabilizer.

This method, which is far more universal than the ds-
activation mode, totally eliminates the need for a PAM and
achieves homologous results for different toehold orienta-
tions, positions and sequences. In addition, the strict reg-
ularity makes the TOA mode more stable than the highly
fault-tolerant ss-activation mode. Moreover, TSDR is one
of the important cornerstones of DNA dynamic nanotech-
nology, and the regularity highly similar to that of TSDR
allows for the increased adjustability and programmability
of this activation mode (23). The activation efficiency can
be modulated by changing the length or structure [such as
an allosteric toehold (34), remote toehold (35) and associa-
tive toehold (36)] of the toehold or taking advantage of its
variable hybridization activity to make CRISPR technolog-
ically compatible with wide molecular reaction networks.

Identification of single-base mismatches in TOA

The velocity of TSDR is significantly reduced when single-
base mismatches occur on or near the toehold (25,38) To
investigate whether TOA has a similar specificity, we com-
pared the effects of four single-base mutations at differ-
ent positions (Mutation-1, Mutation-2, Mutation-3 and
Mutation-4) on the signal generated by TOA (Supplemen-
tary Figure S3) and calculated the DFs (Figure 2).

As presented in Figure 2A, the TOA containing one toe-
hold was named TOA-a, and the TOA containing a toehold
and a stabilizer was named TOA-B. When the toehold was
at the TOA’s 5’ end (5 TOA-« and 5" TOA-B), Mutation-
4 was on the toehold, Mutation-3 was near the toehold,
Mutation-2 was in the middle of the TOA and Mutation-
1 was at the far end of the TOA. When the position of the
toehold was reversed (3’ TOA-a and 3’ TOA-B), the posi-
tional relationships of the four mutations also become re-
versed. When the TOA-a’s toehold length was 5 nt (Fig-



11732 Nucleic Acids Research, 2022, Vol. 50, No. 20

A B C
20
1004 \ 100 \
= 801 L] u = 80
(] (] o
2 2 g
B 60+ 510 5 601
|©] Q @]
X 40 o X X 401
20 1 g
o —a 20 /I
T—a—=n
0 . . . . . 04— . . . . . 0L —% = s . .
0 nt 1 nt 3nt Snt 7 nt Ont Int 3nt S5nt 7nt 10nt 0 nt I nt 3nt 5nt 7 nt
D 5' toehold length E 3' stabilizer length F 5' toehold length (10 nt 3' stabilizer)
20
‘— ‘—
100 4 100 4
n - / /
= 804 = n == 801
: 2 :
8 604 8101 8 604
Q o Q Q
X 40 ./ X X 404
/i\-
201 " ~a 201 .
- \: /
I
0l— . . . . 0l— . . . . . ol a—% . . .
0 nt 1 nt 3nt S5nt 7 nt 0 nt Int 3nt 5nt 7nt 10nt 0 nt 1 nt 3nt Snt 7 nt

3' toehold length

5' stabilizer length

3' toehold length (10 nt 5' stabilizer)
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experiments.

ure 2B) and 7 nt (Figure 2C), the DFs of mutations near
the toehold were higher, and were significantly higher than
those on the ss-activator, respectively. Although the signal
intensity generated by a 7 nt toehold TOA-a (Supplemen-
tary Figure S3C, D) was considerably stronger than that
of the 5 nt toehold TOA-a (Supplementary Figure S3A,
B), the discriminatory capacity was not evidently improved,
which may be due to the shorter ds-domain and less sta-
ble structure of the 7 nt tochold TOA. As shown in Fig-
ure 2D, TOA-B (Supplementary Figure S3E, F) with a 7
nt toehold exhibited higher specificity than TOA-«a, and its
DF at Mutation-1 was ~40-fold higher than that of the ss-
activator. Although the specificity of the ds-activator (with
a PAM) was better than that of the ss-activator (DF 2.8:
1.1 for Mutation-1 near a PAM), it was still substantially
less than that of TOA-B (DF 2.8: 40.0) (Supplementary
Figure S4A—C). We repeated this experiment with differ-
ent sequences (both activation sequences and stabilizer se-
quences) and still obtained the same conclusion (Supple-
mentary Figures S5 and S6). Characterization of TOA-
specificity by polyacrylamide gel electrophoresis (PAGE) is
given in Supplementary Figure S7.

Thus, TOA-B possesses a significantly higher specificity
than ds- and ss-activators, and the specificity for different
mutations is highly correlated with the toehold, which in-
dicates that we can flexibly modulate the detection perfor-
mance by changing the length and position of the toehold.
Different from adjusting the insertion position of a PAM or
bubble, a distinctive toehold can be easily obtained for any

dsDNA. Therefore, this mode of activation reduces the risk
of insertion errors or failures, and has almost no sequence
restriction, so that it can be extended to any target.

Combination of BM reaction and TOA

The BM is a reversible reaction without base pair changes
(AG = 0) (29). Thus, a single-base mismatch, which causes
minute thermodynamic changes, can break the equilibrium
and significantly reduce the reaction yield (AG > 0). The re-
lationship between the AG and yield was shown in Supple-
mentary Figure S8. Although the specificity of the BM re-
action is high, the yield is only ~0.5 due to its reversible fea-
ture. Structurally, TOA-B is similar to a reacted BMP, which
both contain a ds-domain, a toehold and a stabilizer (Sup-
plementary Scheme S13). Theoretically, the reversible BM
reaction and irreversible TSDR combination can improve
the reaction yield and, with addition of the signal amplifi-
cation of Casl2a, the detection performance can be further
improved (called the BM-TOA system).

As shown in Figure 3A, after binding to the ss-domain of
the BMP (gray part), only the perfectly matched ss-target
can trigger the BM, releasing a short ss-sequence as a toe-
hold (blue part) of TOA and undergoing TSDR with the cr-
RNA. Ultimately, the activated Casl2a amplified the fluo-
rescent signal (the activator is ss- or ds-oligonucleotide with
the ability to activate Cas nuclease, which is distinct from
an input target nucleic acid). As shown in Figure 3B and C,
the BM domain of BMP (i.e. TOA’s toehold) can produce a
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high signal at longer than 6 nt and has the highest DF (88.7)
at 7 nt, which was considerably higher than that of TOA-8
alone (6.9). Figure 3D and E further demonstrates that the
high discrimination effect was a joint effect of the BM reac-
tion and the TOA-mediated CRISPR system. For perfectly
matched targets, the reporter-cleaved percentage of the BM-
TOA system reached 81% in 24 min; for mismatched targets,
the DFs were 88.7 (G > C), 35.1 (G > A)and 82.7 (G > T)
(Figure 3D). However, excluding the CRISPR system (re-
placing Casl2a and Cas-reporter with the TSDR-reporter),
the reporter-reacted percentage was only 1%, and the DFs
were only 5.7, 4.6 and 5.6, respectively (Figure 3E). This re-
sult indicates that the BM-TOA system integrated both the
high specificity of the BM reaction and TSDR and the sen-
sitivity of the CRISPR system. Finally, we detected all mis-
match types using the BM-TOA system. All results showed
extremely high specificity (Figure 3F; Supplementary Fig-
ure S9), including T:G and G:T mismatches, the most dif-
ficult type (Supplementary Table S2). Characterization of
BM-TOA specificity by PAGE is shown in Supplementary
Figure S10.

The BM-TOA system possesses excellent single-base mis-
match specificity without introducing any additional mis-
matches in crRNA (21,32,37,38) and can be widely used as
a high-performance CRISPR-Casl12a platform for detec-
tion of various types of mutations. In addition, the system
also proved the compatibility of the TOA activation mode:
the TOA has the potential to cascade with various reaction
networks.

Low-abundance point mutation detection

Although it is difficult for mismatched ss-targets to trigger
the BM reaction, they still can bind to the ss-domain of
BMPs. Therefore, when the mutation abundance is low, the
probe will be massively consumed and wasted by wild-type
targets. As is shown in Supplementary Figure S11, for ss-
targets, BMP hardly distinguished a 5% mutation. We pre-
sumed that the problem could be solved by using ss-probes
(triggers) to detect BMP-like targets. The complementary
domain between the trigger and crRNA was only 7 nt,
which hardly results in signal leakage. Thus, excess triggers
can be added to increase the binding probability of mutant-
type targets without any risk (Supplementary Figure S12).
Moreover, amplifying BMP-like targets may be more sta-
ble, because their main structure is double-stranded, with
less self-hybridization (23,39).

As shown in Figure 4A, we designed two methods to ob-
tain BMP-like targets: U-PCR and C3-PCR. In U-PCR,
the T-bases in the U-forward primers were replaced with U-
bases (deoxyuridine nucleotides), and the ss-domain is ex-
posed by digestion of the U-bases using UDG after amplifi-
cation. In C3-PCR, an extra ss-domain (green part) is added
to the 5’ end of the forward primer, separated by a C3 spacer.
The strand extension of the ss-domain can be blocked by the
C3 spacer, so the products directly contain the ss-domain.
After BMP-like targets were obtained, saturating triggers
are used to bind with them, and only the matched partners
will undergo the BM reaction and release the toeholds of
BMP-like targets. Different from ss-target detection, the re-
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leased toeholds are from the BMP-like targets themself, not
from the synthetic BMP. Thus, the mutation information
is retained in the toeholds and will be subject to the sec-
ond identification by TSDR. It is reasonable to speculate
that this may lead to higher detection accuracy. The data
from Figure 4B and C demonstrated that the specificity of
the BMP-like target was higher than that of the ss-target
in both systems. Also, in the C3-PCR system, we detected
0.5% mutation in BMP-like targets (Supplementary Figure
S13), and in the U-PCR system we detected 0.05% (Supple-
mentary Figure S14). T790M mutation and L858R muta-
tion in the EGFR gene are closely related to the diagnosis
and prognosis of non-small cell lung cancer and detecting
them is of great clinical value. As shown in Figure 4D-G,
the BM-TOA system detected 0.1% T790M mutation and
L858R mutation, and the mutation abundance was linearly
correlated with fluorescence.

In Figure 3C, the DF is significantly reduced when the
length of the BM domain was increased to 9 nt, but in
Figure 4A, the length of the BM domain in the C3-PCR
system is much longer than that of U-PCR, the specifici-
ties were also satisfying. This is because the toehold do-

main and the BM domain of the U-PCR system are equal,
although having a longer BM domain, the length of the
toehold domains (blue marked) in the C3-PCR system
and U-PCR both are 7 nt. It can be seen that the toe-
hold length is the most important factor in determining
specificity.

Practical application

U-PCR showed a superior performance (Supplementary
Figure S14) and was applied for the subsequent assays. As
shown in Supplementary Figure S15, the melting peak of
the amplification products with the U-forward primer was
82°C, and it decreased to 76°C after UDG treatment. The
melting peak is shifted to the left, indicating that UDG di-
gested the U-base of the products, reduced the number of
base pairs and exposed the ss-domain. Supplementary Fig-
ure S16 shows the characterization results of PAGE. Sub-
sequently, we amplified the L858R (Supplementary Figure
S17) and T790M (Supplementary Figure S18) mutations
at different abundances of 1 fmol by U-PCR and detected
them with the BM-TOA system, which was able to detect
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mutations down to 0.05%. L858R is one of the most difficult
point mutations to detect due to the high GC content sur-
rounding it (GGGCTGGCC > GGGCGGGCC) and the
small AG it caused. As is shown in Supplementary Figure
S19, we take this mutation as the target to test the ability of
the BM-TOA system in discriminating mutation in clinical
samples, and the results by the BM-TOA system were very
consistent with those by dPCR (Supplementary Tables S3
and S4).

In most post-PCR assays, ss-targets with hybridization
activity are amplified to trigger the subsequent detection
step, but it needs to unravel the potential self-hybridization
of the targets by raising the reaction temperature (23,38).
Fortunately, the main structure of the BMP-like target is
a stable double strand almost without a troublesome sec-
ondary structure. In addition, excess reverse primers could
generate abundant complementary sequences that suffi-
ciently bind potential ss-activator analogs and eliminate
their interference, so amplification products can be detected
without purification. Thus, the BM-TOA system is specific,
sensitive, stable and universal, and may show great poten-
tial in basic research and clinical diagnosis related to tumors
and genetic diseases.

CONCLUSION

In summary, we proposed a simple but powerful CRISPR-
Casl2a activation mode based on TSDR and BM. The
TOA was confirmed to be a powerful activator by system-
atically studying its working principles and performance. In
combination with BM, the BM-TOA system achieved more
specific and universal identification of all mismatch types
without introducing any additional mismatches in crRNA.
The concordance between the detection results of clinical
samples with L858R mutations and the dPCR results fur-
ther demonstrated its practical application potential.

This approach has several advantages over ss- or ds-
activation modes. Firstly, the toehold of TOA is condition-
ally released by BM reaction and then binds to crRNA by
strict TSDR, which greatly improves the activation speci-
ficity of Cas12a. Secondly, the cascade of TSDR and BM al-
lows us to regulate the reaction in a simple and flexible man-
ner to achieve controlled activation without the signal leak-
age caused by invasion strands. Moreover, unlike the inser-
tion of a PAM or bubble by changing sequence, a distinctive
toehold can be casily obtained for any dsDNA. Thus, this
activation mode not only avoids the risk of insertion errors
or failures but is also not limited by the sequence environ-
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ment of the target, greatly broadening the choice of avail-
able activator sequences. The combination with dynamic
DNA nanotechnology also allows for a high degree of se-
quence programmability. The accurate activation of differ-
ent targets can be achieved by a simple change in the toe-
hold position. Changing the toehold length can adjust the
activation efficiency, and a toehold with variable hybridiza-
tion activities can serve as a reusable interface, which allows
the TOA to be compatible with a wider molecular reaction
network. Most importantly, although our work is based on
Cas12a, this activation mode has no strict requirement for
Cas nuclease subtypes and is potentially scalable to other
CRISPR-Cas systems. These advantages of the BM-TOA
strategy allow CRISPR technology to play a greater and
more important role not only in biomedical but also in high-
precision molecular sensing, biochemical circuits, molecu-
lar reaction networks, etc.

In this work, we assay the actual sample still requiring
sample amplification and processing by PCR, which can be
a cumbersome process. However, with the development of
isothermal amplification techniques and microfluidics, this
will not be a problem worth bothering about. There has
been much work combining techniques such as Recombi-
nase Polymerase Amplification (RPA) (7), Rolling Circle
Amplification (RCA) (40) and Primer Exchange Reaction
(PER) (41) with CRISPR technology, and it has even been
demonstrated that they can be combined in a single step
(15). This integration may make the BM-TOA technique an
even more promising tool for point-of-care testing.
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