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G R A P H I C A L A B S T R A C T
� Engineered LbCas12a, referred as
seCas12a, exhibited enhanced SNP
discrimination in one-pot reaction.

� SeCas12a functions to slow down cis-
cleavage kinetics, thereby conferring
improved sensitivity to SNP.

� SeCas12a-based one-pot reaction faithful
detect pharmacogenomic SNPs of clin-
ical samples with high accuracy in
30 min.
A B S T R A C T

CRISPR-Cas12a based one-pot detection system has been used in nucleic acid detection and diagnosis. However, it is not sensitive enough to distinguish single
nucleotide polymorphisms (SNP), which has greatly restricted its application. To overcome these limitations, we engineered a LbCas12a variant with enhanced
sensitivity against SNP, named seCas12a (sensitive Cas12a). SeCas12a-based one-pot SNP detection system is a versatile platform that could use both canonical and
non-canonical PAM, and was almost not limited by mutation types to distinguish SNPs located between position 1 to 17. The use of truncated crRNA further improved
SNP specificity of seCas12a. Mechanistically, we found only when the cis-cleavage was at low level between 0.01min�1 and 0.0006 min�1, a good signal-to-noise ratio
can be achieved in one-pot test. SeCas12a-based one-pot SNP detection system was applied to detect pharmacogenomic SNPs in human clinical samples. Of thirteen
donors tested in two different SNPs, the seCas12a mediated one-pot system could faithfully detect the SNPs in 30 min with 100% accuracy.
1. Introduction

Single nucleotide polymorphisms (SNP), including base transition,
transversion, deletion and insertion, are the most common type of human
heritable variation with an average frequency of one SNP in every 1–1.9
kilobase pairs (Altshuler et al., 2015; Sachidanandam et al., 2001). SNPs
are involved in many biological processes, including genetic disease,
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tumorigenesis, drug metabolism and so on. Pharmacogenomic SNPs,
often categorized as SNPs related to drug absorption, distribution,
metabolism and excretion, play a critical role in defining the response of
an individual's susceptibility to drug treatment (Zhao et al., 2021). Cy-
tochrome P450 (CYP) family are the most important drug metabolism
enzymes and mediate multiple drug metabolism. More than 2000 vari-
ations in CYP have been reported, and some of these variations have
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serious effects on enzyme activity. For example, CYP2C9 is one of the
critical enzyme involved in the metabolism of warfarin, an anticoagulant
drug that requires careful personalized prescription to reach a delicate
balance of avoiding over-anticoagulation associated clotting and
under-anticoagulation associated bleeding (Furuya et al., 1995; Stefa-
novic et al., 2005). Two common variants of CYP2C9, CYP2C9*2
(3608 C > T) and CYP2C9*3 (42,614 A > C), have been identified to
cause reduced enzymatic activity (Ablin et al., 2002). Individuals who
carry one or two copies of variants are more sensitive to warfarin,
showing increased risk of bleeding during warfarin treatment. CYP2C19
is the key metabolizer of clopidogrel, an effective antiplatelet drug which
can inhibit ADP-induced platelet aggregation. Clopidogrel is metabolized
into 2-oxygen-clopidogrel by CYP2C19, and finally becomes an active
mercaptanmetabolite to execute its anticoagulant function. Patients with
CYP2C19*2 allele are ineffective in response to clopidogrel treatment
due to the impaired enzyme activity caused by CYP2C19*2 allele (Hulot
et al., 2006). Therefore, when using drugs that can cause severe side
effects due to individual genomic differences, fast and accurate detection
of key pharmacogenomic SNPs is crucial to personalized medication. In
our study, we focused on a fast and accurate SNP detection of CYP2C9
and CYP2C19, two important enzymes involved in drug metabolism,
such as warfarin, clopidogrel, phenytoin, siponimod, and valproate
(Agrawal et al., 2020; Gardin et al., 2019; Liao et al., 2018; Liu & Obeng,
2020).

Many SNP detection methods have been developed and can be cate-
gorized into electrophoresis or high throughput based assays (Yang et al.,
2020). Electrophoresis based SNP detection, such as denatured gradient
gel electrophoresis, allele-specific PCR and cleaved amplified poly-
morphic sequence labeling, all shared a common characteristics of
time-consuming, low accuracy, being able to detect whether there was a
SNP, but unable to specify the detailed nucleotide changes. High
throughput methods, such as DNA sequencing and high resolution
melting, have an advantage of high accuracy but they are also
time-consuming and relative expensive. Due to the limitation of current
assays, new approaches using highly tailored DNA polymerase and
duplex binding protein or clustered regularly interspaced short palin-
dromic repeats (CRISPR)–associated (Cas) proteins have been developed
(Gootenberg et al., 2018; Mitani et al., 2007; Paul & Montoya, 2020).
DNA polymerase based SNP detection strongly depends on the complex
primer design process, making the assay development complicated and
restraining its broad application.

The CRISPR-Cas systems are widely used in genome editing and
nucleic acid detection (Kim et al., 2021; Li et al., 2019; Shi et al., 2022;
Wang et al., 2022; Yin et al., 2021; Zhang et al., 2019). Type V and VI Cas
proteins, including Cas12a, Cas12b, Cas13a, and Cas14 have the ability
to initiate non-specific trans cleavage (also known as collateral cleavage)
upon target recognition (Li, Cheng, Liu, et al., 2018). Upon crRNA-guided
target DNA recognition, collateral cleavage activity is turned on, which
allows signaling amplification by cleaving nucleic acid reporter (Kim
et al., 2021). Among these proteins, Cas13a and Cas14 have the ability to
discriminate SNPs when targeting RNA or single-stranded DNA (ssDNA)
substrates, respectively (Harrington et al., 2018; Myhrvold et al., 2018).
The limitation to RNA or ssDNA substrates requires an additional step of
reverse transcription or generation of ssDNA to amplify substrates for
effective detection in one-pot content (Gootenberg et al., 2017; Har-
rington et al., 2018). Cas12a recognizes dsDNA as substrate, and has been
applied to detect nucleic acid. But the lack of sensitivity to SNP restrains
its usage in SNP detection.

Here, we developed a Cas12a-based one-pot SNP detectionmethod by
combining protein engineering, crRNA truncation, and an optional non-
canonical PAM. The engineered sensitive Cas12a (seCas12a) system was
able to detect pharmacogenomic SNPs in CYP2C9 and CYP2C19 within
2

30min. The newly developed one-pot seCas12a detection system allowed
SNP detection with high specificity and accuracy in a short sample-to-
answer time.

2. Results

2.1. Structure-guided protein engineering of LbCas12a with enhanced
sensitivity to single nucleotide polymorphism

Cas12a has been used for nucleic acid detection (Paul & Montoya,
2020). Recently, we have established a Cas12a-based one-pot detection
system named “sPAMC”, which has shown enhanced specificity and
sensitivity in SARS-CoV-2 detection (Lu et al., 2022). Cas12a based
nucleic acid detection lacks the sensitivity to differentiate SNP, thereby
limiting its application in one-pot detection of SNP. In this study, we
aimed to engineer a simplified SNP detection system, whereby
Cas12-mediated detection and RPA amplification are conducted at the
same time and allele specific crRNA is added in separate reactions to
guide the allele specific fluorescence readouts (Fig. 1A).

We first designed and screened crRNA recognizing pharmacogenomic
SNP in CYP2C19*2 (681 G > A) and CYP2C9*3 (42,614 A > C), two
clinically relevant targets. We compared allele specific crRNA with their
respective matched genotype or unmatched genotype. The fluorescence
produced by matched or unmatched genotype were defined as signal or
noise respectively (Fig. 1B). Of 42 crRNAs screened in CYP2C19*2,
crRNA #17 and crRNA #30 had highest signal-to-noise ratio against the
CYP2C19*2 SNP (Fig. S1A) and were chosen for further optimization. In
CYP2C9*3 (42,614 A > C) locus, there was only one crRNA for each
allele due to the limited PAM sequence of TTTV. Previous study has
indicated truncating the length of crRNA could help increase the speci-
ficity (Fu et al., 2014). We then compared variable length of crRNA
targeting A allele at 42,614 SNP (Fig. S1B). CrRNA truncation improved
its specificity to a certain extent, but the effect was not ideal with
compromised on-target activity when truncated to 18 nt length, sug-
gesting that crRNA truncation alone cannot be used as an effective way to
distinguish variations.

We then speculated that the binding strength between Cas12a RNP
and substrate may be crucial to its specificity. To test the hypothesis, we
examined the protein structure of LbCas12a (Yamano et al., 2017) and
focused on sites that have close interaction with crRNA and DNA sub-
strates. Amino acids responsible for crRNA binding and DNA recognition,
such as Asn160, Lys167, Arg174, Asn260, Ser286 in the REC1 domain,
Lys897, Ile896, Gln944, Lys945, Phe983, Lys984 in the RuvC domain,
Tyr542 in the wedge domain and Arg883 in the Bridge helix were indi-
vidually mutated to alanine or lysine to modulate the binding affinity. In
addition, Glu174, Asn282, Ser542 and Ser548 in AsCas12awere reported
to be important for its activity and specificity (Kleinstiver et al., 2019).
Their corresponding amino acids in LbCas12a (Asp156, Asn260, Gly532
and Lys538, respectively) were also mutated. We used crRNA #17 tar-
geting G allele in CYP2C19*2 (681 G > A) SNP in the first round
screening (Fig. 1B). As shown in Fig. 2A and B, LbCas12a variants car-
rying R174A, R174K, K538R/R174K, K897A/R174A or K945A/R174A
exhibited enhanced SNP specificity without sacrificing its on-target ac-
tivity. To determine whether these variants function similar for A allele
in CYP2C19*2 SNP, we performed second screening using crRNA #30
(Fig. 1B). Of five variants tested, only K538R/R174K variant showed
high signal against matched genotype and low noise signal to unmatched
genotype (Fig. 2C and D). To assess whether the enzyme activities of
these variants were affected, we examined the trans-cleavage of the
variants, in which RPA amplification was not included. CrRNA #17 and
crRNA #30 targeting CYP2C19*2 (681) G or A allele respectively were
used with their respective matched genotype (Fig. S1C & D). The results



Fig. 1. Schematic diagram of seCas12a-based SNP
detection system.
(A) Schematic illustration of seCas12a-based SNP
detection method. In one-pot SNP test, RPA and
Cas12a-based detection were performed simulta-
neously. Allele specific crRNA was added to each re-
action and fluorescence readout was used to deduct
the SNP (B) Schematic of crRNA design. CrRNA G/
681 G or crRNA A/681A refers to crRNA fully com-
plementary to CYP2C19*2681 G or A allele respec-
tively. Signal or noise refers to fluorescence produced
by matched or unmatched genotype respectively.
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showed that while their specificity improved, their enzyme activity
decreased accordingly. To investigate the sensitivity of seCas12a-based
one-pot SNP detection system, we detected double-stranded DNA
(dsDNA) substrates with different concentrations. The detection limit of
seCas12a-based SNP detection system was about 0.11 pM against
CYP2C19*2 SNP or 0.22 pM against CYP2C9*3 SNP in the one-pot re-
action (Fig. S1E). Together, through structure-guided protein engineer-
ing, we identified a variant K538R/R174K of LbCas12a, renamed as
seCas12a (sensitive Cas12a), showing enhanced sensitivity to discrimi-
nate SNPs.

2.2. Truncated crRNA further enhanced the sensitivity of seCas12a

We next determined whether the specificity of seCas12a-based one-
pot SNP detection system can be improved by crRNA truncation. CrRNA
A or crRNA C targeting CYP2C9*3 (42,614) A or C allele respectively
were tested. While truncating the spacer region of crRNA to 18 nt failed
to produce sufficient fluorescent signal, truncating to 19 nt help improve
the specificity of crRNA C when paired with seCas12a (Fig. 3A). In
comparison, the 19 nt crRNA C when paired with wildtype Cas12a still
developed substantial noise signal against target bearing A allele
(Fig. 3A). Quantification of fluorescent signal at endpoint also confirmed
that crRNA C developed highest specificity when using 19 nt truncated
version with seCas12a variant and crRNA A exhibited high specificity at
all three lengths when paired with seCas12a (Fig. 3B). Normalization of
signal-to-noise (SNR) of each crRNA suggested that only when the SNR is
above four, the assay is sensitive enough to detect the SNP (Fig. 3E).

Our previous study has suggested that a delicate balance between
CRISPR activity and RPA amplification was the key to a successful one-
pot reaction (Lu et al., 2022). On the one hand, CRISPR detection re-
quires sufficient target DNA enrichment via RPA to generate enough
signal. On the other hand, CRISPR itself consumes target DNA to produce
signals. To solve the incompatibility, the kinetics of cis-cleavage has to be
finely tuned to allow sufficient RPA-mediated target enrichment in the
3

early stage in one-pot reaction (Lu et al., 2022). In the SNP detection, the
target DNA and non-target DNA only have one nucleotide difference,
requiring a more rigid balance of CRISPR kinetics between on-target and
non-target. To determine the delicate balance, we quantified cis-activity
of seCas12a with their respective crRNAs (Fig. 3C). Consistent with
one-pot readout, crRNAs that has good signal-to-noise fluorescence ratio
also developed good signal-to-noise cleavage with their respective targets
(Fig. 3E). For example, 20 nt or 19 nt crRNA C when paired with
seCas12a produced low but detectable cleavage products against C allele
but no cleavage against A allele (Fig. 3C, bottom panel). When the length
of crRNA is truncated to 18 nt, no cis-cleavage activity was detected when
paired with seCas12a, consistent with no fluorescent signal using the
same crRNA and Cas pair. Since cis-activity determines the final trans--
activity, we then measured the cis-cleavage kinetics of each crRNA to
their on-target allele. As revealed in Fig. 3D and E, only when cis-kinetics
was within the range of 0.0007 min�1<Kcleave < 0.01 min�1, the crRNA
with seCas12a exhibited a signal-noise ratio greater than 4 in one-pot
reaction.

2.3. SeCas12a-based one-pot SNP detection system is a versatile platform

In our seCas12a-based one-pot SNP detection system, we used non-
canonical PAM (VTTV, TCTV, TTVV, CCTV, TCCV, CCCV, V ¼ non T)
which has enabled significantly more sites to choose crRNA compared
with the canonical PAM (TTTV, V ¼ non T) (Fig. 4A). Further analysis of
human genome that can be edited with non-canonical PAMs showed the
editable sites was 4.62 times that of canonical PAM (Fig. 4A). To test
whether canonical PAM was suitable for seCas12a-based one-pot SNP
detection system, we changed non-canonical PAM of crRNAA or crRNA C
targeting CYP2C9*3 (42,614) A or C allele from TCCA to TTTA. CrRNA A
exhibited comparable specificity on substrates with canonical or non-
canonical PAM, while crRNA C developed increased noise signal
against non-matched genome using canonical PAM (Fig. 4B), indicating
that the PAM selection has to be individually tested and tailored for each



Fig. 2. Genetically engineered LbCas12a to allow SNP detection in one-pot test.
(A) Heatmap of end point fluorescence signals (collected at 60 min). First round of screening of LbCas12a variants was tested in one-pot SNP detection of CYP2C19*2.
CrRNA G was used and tested in CYP2C19 *2 SNP bearing G or A allele. (B) Representative real-time fluorescence curves of LbCas12a variants with enhanced
sensitivity. Fluorescence signals were read with a 1-min intervals (λex ¼ 485 nm; λem ¼ 528 nm). (C) Heatmap of end point fluorescence signals using crRNA A in
CYP2C19*2 SNP. (D) Real-time fluorescence curve of LbCas12a variants in (C). Fluorescence signals were read with a 1-min intervals (λex ¼ 485 nm; λem ¼ 528 nm).
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Fig. 3. Optimization of crRNA can improve sensi-
tivity in one-pot SNP detection.
(A-B) Real-time fluorescence curve (A) and endpoint
comparison (B) of WT or seCas12a based one-pot SNP
detection targeting CYP2C9*3 (42,614 A/C) SNP.
Experiments were performed independently for three
times and data were plotted as mean � S.D. (C) In vitro
cis-cleavage activity of WT or seCas12 with indicated
crRNA targeting CYP2C9*3 (42,614 A/C) SNP. (D)
Cis-cleavage kinetic analysis of Cas12a-based SNP
detection. Corresponding signal-to-noise ratio was
calculated using endpoint fluorescence signals
measured at 30 min in one-pot reaction. (E) Correla-
tion analysis of cleavage kinetics and one-pot SNP
signal-to-noise ratios.
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crRNA to fit into the kinetic window (Fig. 3D and E).
Next, we determined the effect of SNP position in our one-pot reac-

tion by generating single mutation in the perfect paired crRNA at
different positions. In brief, M0 refers no mutation, M1 to M19 refers to
the mutation at indicated position (Fig. S1F). As revealed in Fig. 4C and
D, while M18 and M19 produced high fluorescent signal, M1 to M7 or
M14-M17 produced weak fluorescent signal that could be distinguished
from wildtype substrate (M0), and M8 to M13 showed background
signal. Together, it suggested that seCas12a-based one-pot reaction could
5

discriminate mutations at spacer region from M1-M17, but not in PAM-
distal region. In short, when designing crRNA targeting SNPs, as long
as SNPs fall into the position 1–17 counting from PAM side, a good
separation of signal verse noise could be achieved. To investigate
whether seCas12a-based one-pot SNP detection system could discrimi-
nate both base transversion and substitution, we mutated CYP2C9*3
(42,614) A allele to C, G and T, respectively. Both crRNA A and crRNA C
could discriminate base transversion and substitution (Fig. 4E). Quanti-
fication of fluorescent signal at endpoint also confirmed that crRNA A



Fig. 4. SeCas12 mediated one-pot SNP detection is flexible with PAM selection.
(A) Canonical (gray) and non-canonical (blue) PAM of LbCas12a in human genome. (B) Real-time fluorescence curve of non-canonical (5’-TCCA-3’) and canonical
PAMs (5’-TTTA-3’) in one-pot reactions. Truncated crRNA A (19 nt) or crRNA C (19 nt) targeting CYP2C9*3 42,614 A or C allele respectively were used (n ¼ 3, mean
� S.D.). (C-D) Real-time fluorescence curve (C) and endpoint (D) representation of the effects of SNP positions on one-pot sensitivity. 19 nt crRNA A targeting 42,614
A was used.N ¼ 3, mean � S.D. (E) Real-time fluorescence curve and endpoint representation of the effects of SNP types on one-pot sensitivity. 19 nt crRNA A and
crRNA C targeting 42,614 A or C allele were used. N ¼ 3, mean � S.D. (F-G) Real-time fluorescence curve (F) and endpoint (G) representation of substrates with
indicated SNP ratios. N ¼ 3, mean � S.D.
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produced significantly higher fluorescent signal on A target when
compared with C, G and T target. Similarly, crRNA C produced signifi-
cantly higher fluorescent signal on C target but only background-level
fluorescent signal on A, G and T target (Fig. 4E). To determine limit of
SNP ratio in dsDNA substrate, we detected fluorescent signals produced
by substrates with different SNP ratio. The results showed that the limit
of SNP ratio in seCas12a-based reaction was 5% against CYP2C9*3 SNP
or 1% for CYP2C19*2 SNP when the SNR threshold is set at four
(Fig. 4F–G and Fig. S1G). Collectively, seCas12a-based one-pot SNP
detection system could use both canonical and non-canonical PAM, and
was almost not limited by mutation types to distinguish SNPs located
between position 1 to 17.
2.4. Detection of pharmacogenomic SNPs using seCas12a-based one-pot
reaction

Finally, we applied seCas12a-based one-pot reaction to detect
CYP2C9*3 (42,614 A > C) and CYP2C19*2 (681 G > A) in human
samples. Human oral epithelial cells from volunteers were quick lysed
and used as substrates directly. No purification was required to enable a
fast and simple processing. For each donor, we sequenced the SNP and
indicated the genotypes in the legend (Fig. S2A& B). For CYP2C9*3 SNP,
19 nt crRNA A and crRNA C were used. Of thirteen donors tested in
CYP2C9*3 SNP, SeCas12 with allele specific crRNA faithfully detected
their corresponding genotype within 30 min (Fig. 5A). For CYP2C19*2
SNP, crRNA #17 and crRNA #30 targeting G and A allele respectively
were used. Of thirteen donors tested, both crRNA #17 and crRNA#30
successfully produced allele specific fluorescent signal within 30 min of
reaction (Fig. 5B). Together, our new assay based on seCas12a could
detect two pharmacogenomic SNPs with high accuracy in human crude
lysates.

3. Discussion

CRISPR-Cas based detection have been used in nucleic acid detection
and diagnosis, but its application in SNP detection was limited due to the
insensitive to distinguish the one nucleotide difference. In this study, we
engineered a sensitive LbCas12a variant, named seCas12a. When
Fig. 5. Application of seCas12-mediated one-pot test in clinical samples.
(A) Detection of CYP2C9*3 (42,614 A/C) SNP using truncated crRNAs in 13
donors tested. Truncated crRNA A (19 nt) and crRNA C (19 nt) could faithfully
detect the respective genotype.(B) Detection of CYP2C19*2 (681 G/A) allele
using full length crRNAs in 13 donors. CrRNA G (20 nt) and crRNA A (20 nt)
could faithfully detect the respective genotype. NC is a negative control without
any DNA substrate. Data are mean � S.D. (n ¼ 3).
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combined with non-canonical PAM and crRNA truncation, seCas12a
could discriminate genomic SNPs within 30 min in one-pot reaction.
Protein engineering greatly improved SNP discriminate ability of
LbCas12a, making it possible to develop a LbCas12a based one-pot SNP
detection system. Considering LbCas12a has a large number of non-
canonical PAM, the usage of non-canonical PAM greatly expanded its
detection range on genome. In addition, for different targets, we can
adjust the crRNA length to achieve the best detection effect. As a result,
our system can detect SNPs distributed in a large portion of the genome.
The sample preparation in our system is very simple with one-step re-
action, which help avoid cross contamination, reduce operation difficulty
and detection cost.

Among various Cas proteins, Cas12a recognizes dsDNA as substrates,
while Cas13 or Cas14 recognizes RNA or ssDNA respectively (Harrington
et al., 2018; Kaminski et al., 2021). The amplification of ssDNA is com-
plex, therefore it is difficult for Cas14a to be applied in one-pot reaction.
For Cas13a, transcription process in substrates amplification is
time-consuming and the ssRNA reporter is unstable and expensive. In
comparison, dsDNA can be quickly amplified via RPA and the amplifi-
cation and cleavage could be combined in one reaction (Lu et al., 2022).
In addition, the ability to use non-canonical and canonical PAMs in
seCas12 system greatly expanded its targeted region within human
genome. Both canonical and non-canonical PAMs performed well in
seCas12a based one-pot reaction, opening the opportunity to design
crRNAs targeting almost all SNPs in the genome.

Wild type Cas12a can’t well discriminate single-nucleotide mismatch
in substrates (Kleinstiver et al., 2019; Li, Cheng, Wang, et al., 2018). To
solve the issue, we engineered Cas12a to improve its specificity. Among
multiple variants, single amino acid mutant of Arg174 (R174A and
R174K) exhibited the highest signal-to-noise ratio, indicating that
Arg174 may play a key role in mediating the sensitivity of Cas12 to its
DNA target. In support, Arg174 located in RECdomain of Cas12a and had
been proved to be intact with crRNA (Yamano et al., 2017). Mutation of
Arg174 may interfere the binding ability of Cas12a and render a more
sensitive interaction with matched SNP. In addition to Arg174, com-
pound variants K538R/R174K, K897A/R174A and K945A/R174A also
exhibited good signal-to-noise fluorescence readout, while K538R,
K897A and K945A alone exhibited poor sensitivity. This further high-
lighted importance of Arg174. Because K538R/R174K variant is the most
stable, producing reliable signals on different crRNAs tested, we selected
this variant (also renamed as seCas12a) to the one-pot SNP detection. We
also performed mechanistic analysis by analyzing the cis-kinetics and
plotted against the one-pot behavior in SNP detection. We found that a
delicate balance between CRISPR activity and RPA amplification was the
basis of one-pot reaction for discriminating SNP. When the cis-kinetics of
CRISPR detection is too strong, the fast cleavage outcompetes the
RPA-mediated amplification, thereby leading to reduced signal-to-noise
ratio; when the cis-kinetics of CRISPR detection is within a tight win-
dow range of 0.01min�1 and 0.0006 min�1, it favors RPA-mediated
amplification but with little compromise on signal production (Fig. 3D
and E). More importantly, balance of CRISPR kinetics between on-target
and non-target was the key to a successful SNP detection (Fig. 3C).

4. Materials and methods

4.1. Plasmid and dsDNA preparation

The DNA fragments containing the respective SNPs were synthesized
and cloned into the pUC57 vector (GenScript Biotech, Nanjing, China).
The dsDNA substrates used in cleavage and one-pot detection assay were
obtained by PCR using respective PUC57 vector as templates. Primers
and DNA sequences were listed in Supplementary Table 1.

4.2. In vitro transcription (IVT)

The DNA templates for in vitro transcription (IVT) were obtained by
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overlap extension PCR. The primers were listed in Supplementary
Table 1. The integrity and purity of amplicons were visualized by gel
electrophoresis. CrRNAs were obtained by IVT using T7 RNA polymerase
and purified with RNA cleanup kit (NewEngland Biolab).

5. Protein expression and purification

DNA fragment encoding wild-type LbCas12a was cloned into a
pET28a-based expression vector with 6 � His-tag in the C-terminal.
LbCas12a variant plasmids were obtained by site specific mutagenesis
using wild-type Lbcas12a as a template. The E. coli BL21(DE3) was used
for protein expression. LbCas12a proteins were induced with 0.5 mM
isopropyl β-D-1-thiogalactopyranoside (IPTG, Sangon) at 21 �C for about
16 h when the E. coli BL21 culture density reached an OD600 of 0.6–0.8.
Proteins dissolved in the cell lysate were purified via Ni-NTA resin (GE
Healthcare) and a gel filtration column (GE Healthcare) respectively.
Then the proteins were concentrated via Amicon Ultra centrifugal filters
(50 kDa, Millipore) and quantified via BCA Protein Assay Kit (Thermo
Fisher Scientific). The proteins were stored at �80 �C using a storage
buffer (20 mM Tris-HCl, and 200 mM NaCl, 5% glycerol, pH 7.4).

5.1. LbCas12a in vitro DNA cleavage assay

For in vitro cleavage assay, 3 pmol LbCas12a RNP (LbCas12a:
crRNA ¼ 1:2, molar ratio) and 50 amol (20 pg) corresponding PCR
amplified substrate (about 680 bp) were incubated in 1� NEBuffer 2.1 at
42 �C for indicated time. The reaction was terminated by adding pro-
teinase K (20 mg/mL, Thermo Fisher Scientific) to the reaction mixture.
Then the reaction mixture was incubated at 55 �C for 15 min to digest
LbCas12a, at 85 �C for 10 min to inactive proteinase K. Finally, 10 � SDS
DNA loading without bromophenol blue was added to visualize on 2%
(or 1.5%) TAE gel.

5.2. LbCas12a collateral activity assay

To detect the collateral activity of LbCas12a variants, a 30 μL volume
mixture containing 3 pmol LbCas12a RNP, 50 amol PCR amplicon sub-
strate and 80 pmol ssDNA reporter (FAM-TTATT-BHQ1) was prepared
with 1 � NEBuffer 2.1. Then the fluorescence signals were detected by
SpectraMax i3x (Molecular Devices).

5.3. One-pot detection assay

One-pot detection assay was performed in a 20 μL reaction mixture
containing 9 μL RPA mixture (Weifang Amp-Future Biotech, Shandong,
China), 3 pmol RNP (LbCas12a: crRNA ¼ 1:1, molar ration), 20 pmol
ssDNA reporter (FAM-TTATT-BHQ1), 50 amol PCR amplicon substrate or
2 μL sample pretreatment, and 2.5 μL B Buffer in plate wells (Corning).
The fluorescence signals were detected through a SpectraMax i3x at 1 or
2 min intervals (λex ¼ 485 nm; λem ¼ 528 nm). All one-pot assays were
measured at 37 �C. The sequences of RPA primers can be seen in Sup-
plementary Table 1.

5.4. Human samples collection and genome DNA extraction

All human buccal epithelial cells samples were collected from
voluntary donors using dental floss under biomedical ethics committee of
Medical Research Institute of Wuhan University. To collect enough cells,
buccal cells were collected 3 times and then suspended with 400 μL PBS
buffer, centrifuged into a pellet at 200 g for 10 min. Resuspend the pellet
in 50 μl PBS buffer containing 200 μg/mL proteinase K (Thermo Fisher
Scientific) and incubated at 55 �C for 1 h and then 85 �C for 10 min.
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