nature communications

Article

https://doi.org/10.1038/s41467-025-56516-3

Tunable control of Casl2 activity promotes
universal and fast one-pot nucleic acid

detection

Received: 24 July 2024

Accepted: 17 January 2025

Published online: 30 January 2025

M Check for updates

Zhou-Hua Cheng ® "3, Xi-Yan Luo"3, Sheng-Song Yu"3, Di Min', Shu-Xia Zhang?,
Xiao-Fan Li®?, Jie-Jie Chen®", Dong-Feng Liu®"’ | & Han-Qing Yu®"

The CRISPR-based detection methods have been widely applied, yet they
remain limited by the non-universal nature of one-pot diagnostic approaches.
Here, we report a universal one-pot fluorescent method for the detection of
epidemic pathogens, delivering results within 15-20 min. This method uses
heparin sodium to precisely tunes the cis-cleavage capability of Casl2 via
interference with the Cas12a-crRNA binding process, thereby generating sig-
nificant fluorescence due to the accumulation of isothermal amplification
products. Additionally, this universal assay accommodates both classic and
suboptimal PAMs, as well as various Casl2a subtypes such as LbCasl12a,
AsCasl2a, and AapCasl2b. Such a robust method demonstrates sensitivity and
specificity exceeding 95% in the detection of monkeypox pseudovirus, influ-
enza A virus, and SARS-CoV-2 from saliva or wastewater samples, when com-
pared with qPCR or RT-qPCR. Moreover, the cost of heparin sodium per
thousand uses is $0.01 to $0.04 only. Collectively, this universal and fast one-
pot approach based on heparin sodium offers potential possibilities for point-

of-care testing.

In recent years, large-scale epidemics have occurred frequently caused
by viruses such as Zika virus', Ebola virus?, SARS-CoV-2?, and mon-
keypox (mpox) virus®. Notably, SARS-CoV-2 led to approximately 16
million deaths in two years, reducing the global average life expec-
tancy by 1.6 years’. In this context, rapid and efficient monitoring
systems are crucial for mitigating the spread of pandemics®. However,
traditional quantitative polymerase chain reaction (qPCR) based
methods face limitations due to the lengthy response time (4-24 h),
encompassing sampling, transportation, and detection processes, as
well as the high costs associated with laboratory construction and
operation’’. Thus, developing rapid, sensitive, and simple point-of-
care testing (POCT) methods is essential for promoting home and on-
site diagnostics and controlling disease transmission.

POCT methods, represented by antigen tests and isothermal
amplification techniques such as recombinase polymerase

amplification (RPA), loop-mediated isothermal amplification (LAMP),
and rolling circle amplification (RCA) have been widely employed in
detecting epidemic pathogens'®™%. These rapid diagnostic technolo-
gies can deliver results within 10-30 min"***, However, their limited
sensitivity and relatively high false-negative rates constrain their
broader application®”. Clustered regularly interspaced short palin-
dromic repeats (CRISPR) technology, initially central to gene editing,
has ventured into molecular diagnostics after the discovery of the
trans-cleavage activity of Casl2, Casl3, Casl2a2, and Cas9'**°. Using
Casl2 as an example, it specifically recognizes and cleaves target
nucleic acids, followed by indiscriminate cleavage of surrounding
single-stranded DNA (ssDNA)”. CRISPR-diagnostics (Dx) methods
leverage this mechanism by amplifying nucleic acids through RPA,
LAMP, or RCA, followed by the introduction of Casl2, crRNA, and
ssDNA probes with fluorescent/quenching groups for detection” >,
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This integration of CRISPR systems with isothermal amplification has
markedly improved the sensitivity and specificity of pathogens
detection®.

Early CRISPR-Dx such as DNA endonuclease-targeted CRISPR
trans reporter (DETECTR) and one-HOur Low-cost Multipurpose
highly Efficient System (HOLMES) required a two-step process invol-
ving initial amplification followed by the addition of CRISPR
components”*, However, the implementation of two steps increases
operational complexity, extends response time, and lead to an ele-
vated risk of nucleic acid aerosol contamination”. To address these
challenges, one-pot detection systems have emerged, enabling
simultaneous high-efficiency amplification and CRISPR-mediated
detection within a single tube®. A key objective in developing uni-
versal one-pot detection systems is to prevent the cleavage activity of
Cas12 from interfering with isothermal amplification processes®*.
Some studies have utilized spatial isolation of reagents or employed
glycerol and sucrose to facilitate phase separation of amplification and
detection solutions, thereby achieving one-pot detection®.,
Recently, light-controlled crRNA strategies have been ingeniously
applied to lock and unlock the cleavage activity of Cas12?”?%*2, Despite
significant efforts, the aforementioned one-pot detection systems that
either prevent Casl2 contacting with the amplification system or
directly switch the cleavage activity of Casl2 still result in longer
detection times and operational inconvenience. It is reported that
targeting suboptimal PAM sequences with LbCasl2a-crRNA can
attenuate its cis-cleavage activity, enabling one-pot detection®. This is
a promising approach due to its simplicity and rapid detection. How-
ever, this strategy requires designing crRNAs targeting multiple sub-
optimal PAMs for limit of detection (LoD) testing and cannot be
generalized to canonical PAM sequences and AapCas12b®*. The
aforementioned studies demonstrate that regulating Casl2 cleavage
activity is crucial for developing universally applicable one-pot
detection methods.

In this work, we discover that the cleavage activity of Cas12a could
be regulated by varying concentrations of heparin sodium via inter-
ference with the Casl2a-crRNA binding process. With this finding, we
develop a universal one-pot detection method named SURVEY
(heparin Sodium Used for Rapid Viral dEtection and analYsis). By
simply adjusting the concentration of heparin sodium, SURVEY can
accommodate canonical or suboptimal PAM sequences, with a LoD as
low as 0.6 cp/pL. This method is compatible with Cas12 subtypes such
as AsCasl2a and AapCas12b, demonstrating high versatility. Addition-
ally, the detection process takes only 15-20 min, making it 2-3 times
faster than traditional CRISPR-Dx methods. In tests targeting mpox
pseudovirus, influenza A virus, and SARS-CoV-2, SURVEY exhibited
over 95% sensitivity and specificity in saliva and wastewater samples,
indicating its broad applicability for various pathogen detections.
Therefore, our method addresses a longstanding challenge in CRISPR-
Dx by adding heparin sodium, providing a universal one-pot detection
approach for point-of-care testing (POCT).

Results

Regulation of LbCas12a cleavage activity by adjusting the
heparin sodium concentration

In CRISPR diagnostics, LbCas12a is widely recognized for its excep-
tional cis- and trans-cleavage activities”. Interestingly, we discovered
that heparin sodium greatly inhibited LbCasl2a’s cleavage activities, as
initially revealed by plasmid and DNA fragment cleavage experiments.
(Fig. 1a-b and Supplementary Fig. 1). The crRNAs were designed tar-
geting the f3[ and bér genes of the mpox, which recognize the cano-
nical PAM sequence (TTTA)*. These genes were pre-cloned into the
pYYDT plasmid. Subsequently, these plasmids were mixed with
LbCas12a and crRNAs to assess the cis-cleavage activity of the Casl2a-
crRNA complex in the presence of 2 pg/mL heparin sodium. In the
absence of heparin sodium, the plasmids were cleaved from

supercoiled to linear states, consistent with the cleavage results pro-
duced by the endonuclease Bsal. However, upon the addition of 2 pg/
mL heparin sodium, the state of plasmids remained in a state similar to
that of the negative control (Fig. 1b). Furthermore, when using
amplified and purified gene fragments of f3/ and bér as targets, dosing
heparin sodium preserved the integrity of the targets (Supplementary
Fig. 1). These findings suggest that heparin sodium largely inhibited the
cis-cleavage activity of Casl2a.

To further characterize the inhibitory effect of heparin sodium on
the cis-cleavage activity of Casl2a, we labeled the 3’ end of the 35 nt
non-target strand (NTS) with a quenching group (BHQ1) and the 5" end
of target strand (TS) with a fluorescent group (FAM). The TS and NTS
strands, through polymerization forming T-DNA, were utilized to
activate the cis-cleavage activity of the Casl2a. When the T-DNA was
cleaved into two segments at 37 °C, the DNA strands unwound at the
same temperature, causing separation of the fluorescent and
quenching groups, thereby generated a significant fluorescence signal
(Supplementary Fig. 2a). In the presence of heparin sodium, a notable
suppression of the fluorescence signal was observed, further con-
firming the significant inhibitory effect of heparin sodium on the cis-
cleavage activity of Casl2a (Fig. 1c and Supplementary Fig. 3a). Sub-
sequently, we tried to regulate the cis-cleavage activity of Casl2a by
adjusting the heparin sodium concentration. The results indicate that,
as the heparin sodium concentration increased from 0.2 pg/mL to
0.5 pg/mL, the cis-cleavage activity of Casl2a was progressively inhib-
ited (Fig. 1d, e).

These findings prompted a further investigation into the extent of
inhibition by heparin sodium on the trans-cleavage activity of Casl2a
(Supplementary Fig. 2b). After adding a fluorescent probe (FAM-
CCCCCCCC-BHAQ1) to the Casl2a-crRNA system containing 10 nM tar-
get DNA, we observed rapid and significant fluorescence signals
without the addition of heparin sodium. However, upon dosing 2 pg/
mL heparin sodium, the fluorescence signals were similar to that of the
control, indicating that heparin sodium greatly inhibited Casl2a’s
trans-cleavage activity (Fig. 1f). Furthermore, heparin sodium at 0.2 pg/
mL was the minimum inhibitory concentration, with nearly complete
inhibition of trans-cleavage activities at 0.5 pug/mL (Fig. 1g, h). When
adjusting the concentration of substrate DNA, the required con-
centration of heparin sodium to inhibit trans-cleavage activity also
varied accordingly (Supplementary Fig. 4a-f). At a substrate DNA
concentration of 5 nM, only 0.2 pg/mL of heparin sodium was needed
to effectively inhibit trans-cleavage activity. Meanwhile, when the
substrate DNA concentration was increased to 50nM, a heparin
sodium concentration of 2 pg/mL was required to achieve complete
inhibition. However, the precise mechanism by which heparin sodium
inhibited the cleavage activity of Casl2a remained unclear. It is
uncertain whether the inhibition disrupted the binding of Casl2a to
crRNA, the interaction of the Casl2a-crRNA complex with T-DNA, or
interfered with the activated Cas12a’s ability to cleave ssDNA.

Inhibition mechanism of Cas12a cleavage activity by

heparin sodium

To investigate the effects of heparin sodium on the cis- and trans-
cleavage activities of Casl2a, we conducted a comprehensive analysis
across various stages of cleavage. This analysis included examining the
interaction between Casl12a and crRNA, the cleavage of target DNA by
the Casl2a-crRNA complex, or the cleavage reactions within the
Casl2a-crRNA-T-DNA ternary complex using a fluorescent probe in the
presence or absence of heparin sodium (Fig. 2a). First, when Casl2a
bound with crRNA, the immediate addition of the 0.5 pg/mL heparin
sodium before introducing T-DNA and the probe largely reduced the
fluorescence signal (Fig. 2b, ¢). Under the latter two conditions, all
binary and ternary complexes were first incubated for 20 min to
ensure full binding. Additional components were then dosed to
observe the effect of heparin sodium on the resulting fluorescence
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Fig. 1| Inhibition of cis- and trans-cleavage activities of LbCasl2a by heparin
sodium. a Schematic diagram of heparin sodium regulating Casl2a cleavage
activity. b Cis-cleavage activity characterized using a plasmid containing the f3/ and
bér genes. This plasmid also includes a Bsal restriction site. ¢ Fluorescence
detection of LbCasl2a cis-cleavage activity in the presence of 2 ug/mL heparin
sodium, with crRNA targeting f3[ or bér. d, e Fluorescent characterization of cis-
cleavage at various concentrations of heparin sodium. The aggregated f3/ and b6r

fluorescent probe templates are cleaved to generate fluorescence. f Fluorescence
detection of LbCasl2a trans-cleavage activity in the presence of 2 ug/mL heparin
sodium, with crRNA targeting f3[ or bér. g, h Fluorescent characterization of trans-
cleavage at various concentrations of heparin sodium, with FAM-CCCCCCCC-BHQ1
being cleaved to generate fluorescence. Data are shown as mean+s.d. forn = 3
biologically independent samples.

signals. However, dosing 0.5 pg/mL heparin sodium did not affect the
generated fluorescence signals under the latter two conditions
(Fig. 2b, c¢). These results suggest that heparin sodium primarily acted
by interfering with the binding process between Casl2a and crRNA.
Furthermore, the results also indicate that heparin sodium affected the
cis-cleavage activity of the Casl2a-crRNA complex, which in turn
indirectly impacted its trans-cleavage activity.

Heparin sodium is a highly sulfated linear glycosaminoglycan with
a strong negative charge effect. Therefore, we hypothesized that
heparin sodium might interfere with the binding of Casl2a to crRNA,
possibly due to its high content of negatively charged groups (HSO3’
and SO,4?%), thereby competing with crRNA for the binding sites on the
Casl2a (Supplementary Fig. 5). To test this hypothesis, the binding
affinity of Casl2a to crRNA was verified through the electrophoretic

mobility shift assay (EMSA). If the crRNA bound strongly to Casl2a, the
Casl2a-crRNA band would appear above the PAGE lane, and vice versa,
the crRNA band would appear below the lane. The results show that
heparin sodium inhibited the binding of Casl2a with crRNA, resulting
in a distinct band below the PAGE lane (Fig. 2d).

Subsequently, we utilized molecular dynamics (MD) simulation to
elucidate the binding processes of crRNA and heparin with Casl2a
individually, as well as the interaction among heparin, crRNA, and
Cas12a when all three were present. In all the binary and ternary sys-
tems, the distances between Casl2a and crRNA or heparin decreased
rapidly over the 100-ns simulation (Supplementary Fig. 6a, b), sug-
gesting there was strong attractive interaction between Casl2a and
crRNA or heparin. Such a conclusion was supported by their negative
Gibbs free energy (4G) (Fig. 2e). Specifically, the Casl2-heparin
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Fig. 2 | Inhibition mechanism of Cas12a cleavage activity by heparin sodium.
aSchematic representation of the three potential stages of Cas12a activity inhibited
by heparin sodium. b, ¢ Impact of heparin sodium on Casl2a cleavage activity at
three distinct stages when crRNA targets f3! (b) or bér (c). d The binding affinity of
crRNA for Casl2a in the presence of heparin sodium using EMSA. e AG of crRNA,

S-free heparin
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heparin sodium, and S-free heparin with LbCas12a. f Root Mean Square Deviation
(RMSD) of LbCasl2a in different simulation systems. g-k, Electrostatic potential
analysis between Casl2a and crRNA (g); Cas12a and heparin (h); Cas12a, crRNA, and
heparin (i); Cas12a and S-free heparin (j); Cas12a, crRNA, and S-free heparin (k). Data
are shown as mean + s.d. for n = 3 biologically independent samples.
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exhibited the lowest AG. When the anionic groups (sulfonic/sulfate) on
heparin were removed to form S-free-heparin, the AG of Cas12a-S-free-
heparin was comparable to that of Casl2a-crRNA (Fig. 2e and Supple-
mentary Fig. 7). These results suggest that the anion groups of heparin
contributed largely to the interfacial attractive interaction. According
to the trajectory, all the simulation systems approached stable at the
last 20 ns (Fig. 2f). Hence, the complex structures were extracted for
electrostatic potential analysis. The positive and negative areas of
LbCas12a were unevenly distributed and the other small molecules
were all negatively charged (Supplementary Fig. 8). In Cas12a-crRNA
system, negatively charged crRNA partially occupied its binding site
with positive surroundings and a complete incorporation required
longer simulation time (Fig. 2g and Supplementary Fig. 8)*. Driven by
electrostatic attraction, heparin traversed the active site of Casl2a and
occupied the groove that bound crRNA in Casl2a-crRNA systems
(Fig. 2h). When crRNA and heparin coexisted in the simulation box,
heparin outperformed crRNA in occupying the groove owing to its
lower AG (Fig. 2i). Such a phenomenon was not observed when crRNA
competed with S-free heparin (Fig. 2j, k and Supplementary Fig. 9).
Therefore, these MD simulation results indicate that heparin sodium,
with its negatively charged groups, interfered the correct binding of
crRNA with Casl2a, thus affecting the formation of the correct crRNA-
Casl2a binary complex.

Inspired by the results of the electrostatic potential analysis, we
investigated whether another glycosaminoglycan molecule with
negatively charged groups, chondroitin sulfate, also had a similar
inhibitory effect (Supplementary Fig. 10a, b). The results show that
chondroitin sulfate could also significantly inhibit Cas12a’s cleavage
activity, albeit at concentrations much higher than those for heparin
sodium (Supplementary Fig. 10c, d). These findings suggest that gly-
cosaminoglycan molecules with negative charge effects might be
capable of inhibiting Casl2a’s cleavage activity.

One-pot detection design by leveraging heparin sodium
inhibitory effect

By effectively regulating the cis-cleavage activity of Casl2a, we tried to
explore a one-pot detection strategy (RPA-Casl2a) in the CRISPR-Dx
system. In this experiment, the f3/ and bé6r genes of the mpox were
selected as detection targets, and crRNAs were designed for these
genes using the canonical PAM sequence (TTTA), integrated with RPA
(Fig. 3a). In the absence of heparin sodium, the RPA-Cas12a combina-
tion did not produce significant fluorescence signals within the target
gene concentration range of 0.1 aM to 10 fM (Fig. 3b, e and Supple-
mentary Fig. 11a,c). Even when the reaction time was extended to 12 h,
no significant fluorescence signal was observed (Supplementary
Fig. 12a, b). To address this issue, we hypothesized that adding an
appropriate amount of heparin sodium to the one-pot detection sys-
tem might enhance the generation of fluorescence signals. Consider-
ing that the previous inhibition experiments were conducted with a
simple buffer system, whereas the one-pot detection involved a more
complex composition, the inhibition concentrations were examined
using two additional complex buffers (previously employed buffer
termed as Buffer-1). We found that Buffer-2 required more than 10 pg/
mL of heparin sodium to completely inhibit its cleavage activity
(Supplementary Fig. 13a). Buffer-3 (the New England Biolabs buffer-
rCutSmart buffer) required 50-100 pg/mL of heparin sodium (Sup-
plementary Fig. 13b). These results suggest that, if the used buffer had
a greater Casl2a cleavage activity, a higher heparin sodium con-
centration would be needed to inhibit its activity. Therefore, we initi-
ally introduced 50 pg/mL of heparin sodium into the one-pot
detection system. The RPA-Cas12a assay exhibited significant fluores-
cence signals across a target concentration range from 1 aM (=0.6
copies/pL, volume=30 pL) to 10 fM (=6000 copies/pL, volume=30 pL),
enhancing detection sensitivity by more than 10,000-fold compared
to the system without heparin sodium (Fig. 3¢, f and Supplementary

Fig. 11b, d). The LoD of the one-pot assay based on heparin sodium was
comparable to that of quantitative PCR (qQPCR) and the two-step
method (Fig. 3d, g and Supplementary Fig. 14a, b). To assess the sta-
bility of the LoD, we conducted 20 replicate assays for the f3/ and bé6r
genes at a concentration of 1 aM. The results demonstrate that the
heparin sodium-mediated one-pot method reliably detected 1 aM of
the f3[ and b6r genes (Supplementary Fig. 15a, b). Furthermore, we also
assessed the impact of the concentrations of heparin sodium, Cas12a,
and crRNA on the detection efficiency in the RPA-Casl2a detection
system. Results indicate that the optimal detection efficiency was
achieved when the concentration of heparin sodium was within a range
of 40-60 pg/mL, while the concentrations of Cas12a and crRNA did not
largely affect the detection efficiency (Supplementary Fig. 16a-c). The
results indicate significant differences in the heparin sodium con-
centrations required for inhibition across different buffers, high-
lighting the need to optimize its concentration when developing one-
pot detection methods.

We further analyzed the amplification of target nucleic acids in the
RPA-Casl2a system. To assess the amplification profiles under differ-
ent conditions, the reactions were respectively terminated at 0, 2, 4, 6,
8, 12, 16, and 20 min. The resulting products were then analyzed by
agarose gels in three distinct setups: RPA-heparin sodium without
Casl2a, RPA-Cas12a without heparin sodium, and RPA-Casl2a with
heparin sodium. Results show that in the absence of heparin sodium,
nucleic acid amplification was hindered due to the high cis-cleavage
activity of Casl2a (Fig. 3h, i). However, after dosing heparin sodium,
nucleic acid amplification greatly increased due to the diminished cis-
cleavage activity of Casl2a, although it did not reach the levels
achieved with the RPA amplification system alone (Fig. 3h, i). Simul-
taneously, we evaluated the effect of heparin sodium concentration on
the RPA reaction (Supplementary Fig. 17). The results indicate that
when the heparin sodium concentration exceeded 80 pg/mL, the RPA
reaction rate was inhibited, which was consistent with our above
findings (Supplementary Fig. 16a and Supplementary Fig. 17). Subse-
quently, we tested the effect of 40 pg/mL heparin sodium on RPA at
target concentrations of 1 fM, 100 aM, 10 aM, 1 aM, 0.1 aM, and 0 aM.
The results show that under 40 pg/mL heparin sodium, RPA efficiency
was only slightly affected compared to conditions without heparin
sodium, with the LoD remaining at 1 aM (Supplementary Fig. 18). These
findings reveal that during trace nucleic acid detection, the accumu-
lation of amplification products occurs because Casl2a’s cleavage
activity is inferior to the amplification capacity of RPA. We hypothesize
that as amplification products accumulate, Casl2a’s cleavage activity
gradually recovers. Therefore, we further tested the concentrations of
heparin sodium required to inhibit Casl12a’s cleavage activity at target
concentrations of 10, 50, and 100 nM (Supplementary Fig. 19a-f). The
results indicate that as the target concentration increased, 40 pg/mL
heparin sodium could no longer effectively suppress Cas12a’s cleavage
activity, leading to significant fluorescent signals. In addition, a one-
pot assay was also conducted using chondroitin sulfate as substitutes
for heparin sodium. Chondroitin sulfate was found to produce
noticeable fluorescence at concentrations above 100 pg/mL (Supple-
mentary Fig. 20). This reinforces that the core of one-pot detection lied
in the precise downregulation of the cleavage activity of Casl2a.

The classical PAMs for LbCas12a are TTTV (where V represents A,
G, or C), with the enzyme exhibiting its highest cleavage activity when
recognizing these classical PAMs*. The above results indicate that
dosing heparin sodium enabled the detection of trace nucleic acidsina
one-pot assay when the PAM was TTTA (Fig. 3d, e). Furthermore, the
two remaining classical PAMs, TTTG and TTTC, were also character-
ized in the one-pot assay. We found that heparin sodium-mediated
one-pot detection was achievable when targeting TTTG or TTTC
(Fig. 4a, b and Supplementary Fig. 21a-d). Previous studies show that
some suboptimal PAMs were suitable for one-pot detection®. There-
fore, we tested three suboptimal PAMs (CTTT, ATTA, TTAA). The
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Fig. 3 | Heparin sodium-based one-pot CasI2a detection method. a, b Schematic
of the one-pot detection method, where RPA amplification and Casl12a-mediated
fluorescence detection occur simultaneously within a single tube.

b-d Characterization of the LoD of the RPA-Casl12a one-pot detection method
without (b) and with 40 ug/mL heparin sodium (c) and the qPCR (d), targeting the
f3l gene at concentrations of 0, 0.1, 1, 10, 100, 1000, 10000 aM. e-g LoD char-
acterization of the RPA-Casl2a one-pot method targeting b6r without (e) and with

the 40 pg/mL heparin sodium (f) and the qPCR (g). h, i At a target concentration of
10 fM, with Casl2a-crRNA (100 nM) targeting f3! (h) or bér (i), the content of RPA
amplification products at various times were analyzed in agarose gels. Samples
without heparin sodium or Casl2a during the RPA amplification process were used
as the controls. Data are shown as mean +s.d. for n = 3 biologically independent
samples. The schematics shown in Fig. 3a were created by figdraw.com.

results indicate that heparin sodium enhanced detection efficiency in
the one-pot assay when suboptimal PAMs were recognized (Fig. 4c-e).
Subsequently, we conducted a comprehensive assessment about the
effect of low concentrations of Casl2a on the one-pot detection
method. The results indicate that reducing the Casl2a concentration
did not produce significant fluorescence signals (Supplementary
Fig. 22a). However, upon dosing heparin sodium to these systems,
substantial fluorescence signals were observed (Supplementary
Fig. 22b). To further examine the detection performance of low-
concentration Casl2a, we conducted one-pot detection using com-
mercial Casl2a (Tolobio, Co., China) and synthetic crRNA (Tolobio,

Co., China), and the results were consistent with our findings (Sup-
plementary Fig. 23a, b). Additionally, we further investigated the
impact of crRNAs with different targeting lengths (spacer lengths =10,
15, 17-20, 25 and 30 nt) on one-pot detection, and the results
demonstrate that significant fluorescence signals were generated only
in the presence of heparin sodium (Supplementary Fig. 24a-i). These
findings suggest that heparin sodium-mediated Casl2a one-pot
detection extended its applicability to both classic and suboptimal
PAMs, varying Cas protein concentrations, and different crRNA tar-
geting lengths, thereby significantly enhancing the versatility of one-
pot detection methods.
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Fig. 4 | Characterizations of one-pot detection using classical and suboptimal
PAMs with LbCasl2a, AsCasl2a, or AapCasl2b. a Validation of the SURVEY

method when targeting f3/ at 1 fM (1000 aM) with classical PAMs (TTTC and TTTG).
bValidation of the SURVEY method when targeting b6r at 1 fM with classical PAMs
(TTTC and TTTG). c-e Validation of the SURVEY method when targeting f3[ or b6r
with suboptimal PAMs (CTTT (c), ATTA (d) and TTAA (e)). f Schematic illustration
of heparin sodium enhancing one-pot detection with various Casl2 proteins.

g Characterization of the SURVEY method for targeting f3[ or b6r when LbCas12a
was substituted with AsCas12a. h Characterization of the SURVEY method for tar-
geting f3[ or b6r when LbCas12a was substituted with AapCas12b. Data are shown as
mean = s.d. for n = 3 biologically independent samples. Statistical significance was
analyzed using a two-tailed ¢ test: ns, p > 0.05. The schematics shown in Fig. 4f were
created by figdraw.com.

Beyond LbCas12a, AsCas12a and AapCas12b are also widely used
in CRISPR-Dx methods®?. Unlike LbCas12a, AsCasl2a and AapCasl2b
target the canonical PAMs sequence TTN (where N represents A, G, C,
or T)***. We tried to develop the RPA-AsCasl2a and RPA-AapCasl2b
one-pot systems for detecting f3/ and bé6r genes at 1 fM (Fig. 4f). In the
system using RPA-AsCas12a, fluorescence was observed in the pre-
sence of 40 pg/mL heparin sodium only, indicating its capability to
detect 1 fM of the f3[ and bér genes (Fig. 4g and Supplementary
Fig. 25a). Interestingly, RPA-AapCas12b could detect 1 fM of the f3[ and
bér genes without heparin sodium (Fig. 4h and Supplementary
Fig. 25b). However, dosing 20 pg/mL heparin sodium not only accel-
erated the detection rate of RPA-AapCasl2b, but also resulted in higher
fluorescence (Fig. 4h and Supplementary Fig. 25b). These findings
suggest that the one-pot methods developed with dosing heparin
sodium were also applicable to other subtypes of Casl2.

Overall, the detection process based on heparin sodium required
15-20 min only, greatly reducing the detection time. Initially, we
applied pseudoviruses of the mpox to validate the detection

performance of SURVEY. These pseudoviruses were created by inte-
grating the f3/ and bé6r genes into the adenovirus genome. Subse-
quently, we introduced multiple pathogens such as Mycoplasma
pneumoniae, SARS-CoV-2, influenza A virus, adenovirus without f3/ and
bér genes, Pseudomonas aeruginosa, and Helicobacter pylori to the
detection system to verify the specificity of the SURVEY method. The
results show that significant fluorescence signals were observed only in
the presence of pseudovirus carrying the f3[ or bé6r genes, thus con-
firming the high specificity of the SURVEY method (Fig. 5a, b). To more
comprehensively assess the specificity and sensitivity of the SURVEY
method, we utilized pseudovirus carrying the f3[ or bér genes, ran-
domly introducing them into saliva samples at various concentrations
for nucleic acid extraction and subsequent detection. In the analysis of
27 samples, which included both positive samples with cycle threshold
(Ct) values ranging from 24 to 36 and negative samples, the SURVEY
method, when targeting the f3[ gene, demonstrated 100% sensitivity
and specificity, as compared to qPCR (Fig. 5c, e). When targeting the
bér gene, SURVEY achieved a sensitivity of 95.7% and maintained 100%
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specificity (Fig. 5d, f). These results demonstrate the high specificity
and sensitivity of the SURVEY method for pathogens detection.

Rapid detection of influenza A and SARS-CoV-2 using

the SURVEY

To further explore the practical application potential of the SURVEY
method in actual scenarios, we selected influenza A virus as the
detection target and designed crRNA targeting its matrix protein 2
(M2) encoding gene. The canonical PAM sequence of this gene
recognized by the crRNA was TTTG. Initially, we evaluated the RPA-
Casl2a one-pot system’s ability to detect synthetic DNA sequences
encoding the M2 protein gene without heparin sodium. The system
exhibited limited capability in detecting trace nucleic acids (Fig. 6a and
Supplementary Fig. 26a). However, after the addition of heparin
sodium, the LoD was reduced to 1 aM, comparable to qPCR (Fig. 6b, ¢
and Supplementary Fig. 26b). Considering that the genome of influ-
enza A virus is RNA, we used the DNA encoding the M2 protein as a
template, transcribed it into RNA, and then conducted detection. By
constructing the RT (Reverse Transcription)-RPA-Casl2a detection

system, the performance of this one-pot assay was assessed. First, we
recognized that incorporating a reverse transcription step required
adjusting the heparin sodium concentration to regulate the cleavage
activity of LbCasl2a, thereby optimizing detection efficiency. There-
fore, we evaluated the impact of different concentrations of heparin
sodium on the RT-RPA-Cas12a one-pot detection system, finding that
5-10 pg/mL  heparin sodium was appropriate (Supplementary
Fig. 27a, b). Subsequent testing reveals that no fluorescence signal was
yielded in the absence of heparin sodium (Fig. 6d and Supplementary
Fig. 28a). In presence of heparin sodium, fluorescence signal was
detected and the LoD for the RT-RPA-Casl2a detection system reached
1 aM (=0.6 copies/pL, volume=30 pL), matching the LoD of RT-qPCR
(Fig. 6e, f and Supplementary Fig. 28b). Subsequently, we also intro-
duced multiple pathogens such as Mycoplasma pneumoniae, SARS-
CoV-2, lentivirus, adenovirus, Pseudomonas aeruginosa, and Helico-
bacter pylori to the detection system to verify the specificity of the
SURVEY method. The results show that significant fluorescence signals
were observed only in the presence of influenza A virus, thus con-
firming the high specificity of the SURVEY method (Supplementary
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Fig. 6 | Detection of influenza A virus with the SURVEY method. a-c LoD analysis
for the synthetic M2 protein coding gene (DNA) using the RPA-Casl2a one-pot
detection method without (a) and with (b) 40 ug/mL heparin sodium, and qPCR (c)
at target concentrations of 0, 0.1, 1, 10, 100, 1000, 10000 aM. d-f LoD analysis for
transcribed mRNA targets using the RT-RPA-Cas12a one-pot detection method
without (d) and with (e) 10 pg/mL heparin sodium, and RT-qPCR (f) at target con-
centrations of 0, 0.1, 1, 10, 100, 1000, 10000 aM. g Schematic representation of
detection of human saliva and sputum samples. h Analysis of samples from all 33
patients using RT-qPCR and the SURVEY method. RT-qPCR was performed for 40

cycles. For SURVEY detection, the threshold was set to the negative control fluor-
escence value plus three times its standard deviation; samples exceeding this
threshold were classified as positive, while those below were considered negative.
i Specificity and sensitivity analysis for samples detection using the SURVEY
method, with RT-qPCR serving as the gold standard for determining negative and
positive results. Data are shown as mean +s.d. for n = 3 biologically independent
samples. Statistical significance was analyzed using a two-tailed ¢ test: ns, p > 0.05.
The schematics shown in Fig. 6g were created by figdraw.com.

Fig. 28¢). Furthermore, the SURVEY method was used to detect 33
clinical samples, successfully identifying influenza A in 21 samples
(Fig. 6g, h). Moreover, the SURVEY successfully identified all negative
samples (Fig. 6h). Compared to RT-qPCR, its specificity was 100% and
the sensitivity was 95.5% (Fig. 6i).

Beyond human samples, we extended to pathogen detection in
wastewater*’. Since the COVID-19 pandemic began, wastewater-based
epidemiology (WBE) has emerged as a pivotal tool because it captures
the infection dynamics within catchment area, facilitating early warn-
ings and detailed analyses of epidemic spread*"*%. The rapid develop-
ment of WBE underscores the necessity for molecular diagnostic

methods capable of on-site detection, which can provide in-situ alerts
about emerging outbreaks*>**, In-situ detection methods conducted at
wastewater sites must possess rapidity, high sensitivity, and specificity,
as well as an absence of nucleic acid aerosol contamination®. There-
fore, we evaluated the performance of the SURVEY method for the
detection of SARS-CoV-2 in wastewater. By targeting the gene encod-
ing the N (nucleocapsid protein) of SARS-CoV-2*¢, we initially tested
the LoD of the SURVEY method on synthetic DNA alone. Similar to the
results with mpox pseudovirus and influenza A virus, a LoD of 1 aM
(=0.6 copies/pL, volume=30 pL) was achieved only in the presence of
heparin sodium (Fig. 7a-c and Supplementary Fig. 29a, b).
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Fig. 7 | Detection of the SARS-CoV-2 with the SURVEY method. a-c LoD analysis
for the synthetic N protein coding gene (DNA) using the RPA-Casl12a one-pot
detection method without (a) and with (b) 40 pg/mL heparin sodium, and qPCR (c)
at target concentrations of 0, 0.1, 1, 10, 100, 1000, 10000 aM. Data are shown as
mean £ s.d. for n = 3 biologically independent samples. d-f LoD analysis for tran-
scribed mRNA targets using the RT-RPA-Casl2a one-pot detection method without
(d) and with (e) 10 ug/mL heparin sodium, and RT-qPCR (f) at target concentrations
of 0, 0.1, 1, 10, 100, 1000, 10000 aM. Data are shown as mean +s.d. forn = 3

biologically independent samples. g Schematic representation of SARS-CoV-2
detection in wastewater samples from 10 provinces in China. h Analysis of samples
from all 25 influents and 25 effluents using RT-qPCR and the SURVEY method. RT-
qPCR was performed for 40 cycles. For SURVEY detection, the threshold was set to
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were considered negative. Statistical significance was analyzed using a two-tailed ¢
test: ns, p > 0.05. The schematics shown in (g) were created by figdraw.com.

Subsequently, we established an RT-RPA-Casl2a one-pot detection
method for SARS-CoV-2 RNA. Detection results show that the LoD of
the SURVEY method was also 1aM, equal to that of RT-qPCR (Fig. 7d-f
and Supplementary Fig. 30a, b). Similar cross-reactivity tests further
confirmed the high specificity of SURVEY targeting SARS-CoV-2 (Sup-
plementary Fig. 30c).

During the peak of the COVID-19 pandemic, we collected influent
and effluent samples from 25 wastewater treatment plants (WWTPs)
across 10 cities in China on December 26, 2022 (Fig. 7g). Viruses were
concentrated from these samples using polyethylene glycol

precipitation*’. We employed both RT-qPCR and the SURVEY method
to detect viruses in these wastewater samples. The findings indicate
that SARS-CoV-2 was detectable in the influent of all 25 WWTPs, sug-
gesting widespread transmission of the virus across China at that time
(Fig. 7h). However, SARS-CoV-2 was not detected in the effluent from
any WWTPs, indicating that the activated sludge process along with
filtration and disinfection measures was effective in removing the
viruses from the municipal wastewater (Fig. 7h). Additionally, when
comparing the SURVEY method with RT-qPCR, SURVEY identified 24
out of 25 positive samples and accurately recognized all negative
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samples, achieving a sensitivity of 96% and specificity of 100% (Sup-
plementary Fig. 31a, b).

In conclusion, leveraging the inhibitory effects of heparin sodium
on Casl2a’s cleavage activity, we developed a versatile one-pot
detection strategy. Demonstrating high sensitivity and specificity,
this approach was effective across both canonical and suboptimal
PAMs, enabling rapid detection (15-20 min) of pathogens such as
mpox pseudovirus, influenza A virus, and SARS-CoV-2. This method
offers a valuable advancement in rapid diagnostic solutions for a range
of infectious diseases and has potential implications for enhancing in-
situ diagnostics in clinical settings and environmental monitoring,
particularly with human and wastewater samples.

Discussion
The large-scale epidemics such as COVID-19 has significantly acceler-
ated the development of POCT processes, highlighting the potential of
CRISPR-Dx technologies for on-site rapid diagnostics to both the sci-
entific community and the public*®**°. A critical step in advancing
CRISPR-Dx technologies integrated with isothermal amplification
towards POCT is the development of one-pot detection methods®. The
core scientific challenge for one-pot detection is how to precisely
regulating the cleavage activity of Cas12”*%%, Previous studies into the
cleavage activity of Casl2 lacked precise methods for controlling
cleavage activity, prompting the exploration of alternative strategies
such as spatial isolation, high-viscosity glycerol media, or light-
controlled crRNA to facilitate one-pot detection??>*, In this work,
we discover that the cleavage activity of Cas12a could be regulated by
varying heparin sodium concentration via interference with the
Casl2a-crRNA binding process. Leveraging this characteristic of
heparin sodium, we develop the (RT)-RPA-Casl2a-based one-pot
detection technology-SURVEY, which not only extends the applic-
ability of PAM sequences, but also substantially reduces the detection
time. Importantly, the inhibitory effect of heparin sodium enables one-
pot detection using both AsCas12a and AapCas12b, thereby expanding
the applicability scope of SURVEY. Our method demonstrates marked
advantages over previous technologies in terms of LoD, detection
speed, PAMs selection, and subtypes of Casl2 (Table 1). Moreover,
each assay requires a minimal amount of heparin sodium (10-40 pg/
mL) only at per thousand cost of approximately $0.01 to $0.04, ren-
dering the expense virtually negligible (Supplementary Table 6).
Heparin sodium is primarily used as an anticoagulant in clinical
settings, especially in surgical procedures®. Despite an emerging report
on the inhibition of Casl2a cleavage activity by heparin sodium during
the course of our manuscript preparation, that study did not explore the
incorporation of heparin sodium into CRISPR-Dx*. Our study reports
the use of heparin sodium in CRISPR-Dx systems for trace nucleic acid
detection, pioneering potential applications for this substance. We find
that heparin sodium primarily interferes with the binding between
Casl2a and crRNA. Our MD simulations elucidate the dynamic process
of competition between heparin and crRNA for Casl2a, while further
exploration is necessary to identify the key amino acid residues that
form stable interactions with heparin sodium. In the RPA-Casl2a system,
dosing heparin sodium inhibits Casl2a’s cleavage of trace substrates to
enables RPA to perform extensive nucleic acid amplification. When the
nucleic acid amplification products reach a certain concentration,
Casl2a’s cleavage activity is no longer effectively inhibited, thereby
generating significant fluorescence signals. Notably, in our study, the
required concentration of heparin sodium varied depending on the
buffer used. Therefore, in practical applications, it is essential to opti-
mize the concentration of heparin sodium during the preliminary
experiments to develop the most efficient one-pot detection system.
Additionally, it is expected that heparin sodium may also regulate the
cleavage activities of other Cas proteins such as Cas9 and Casl3. By
elucidating the molecular mechanisms of heparin sodium’s effects on
Cas9, Casl2, and Casl3, potential applications of heparin sodium in

regulating intracellular gene editing processes could be expanded to
address issues of immune evasion caused by high cleavage activity*.

Heparin sodium-mediated one-pot detection technology has
resolved the problems related to nucleic acid aerosol contamination,
sensitivity, and PAM limitations. For the human-derived samples, the
qualitative results provided by CRISPR-Dx can meet the general needs
of clinical and household testing. However, for environmental sam-
ples, such as wastewater and activated sludge, precise abundance data
are often required to indicate pathogen levels and infection trends in
populations. The CRISPR-Dx technology, combined with isothermal
amplification, struggles to achieve accurate quantification. Therefore,
there is an urgent need to focus on the development of quantitative
CRISPR-Dx technology in the future. Ultimately, a pivotal challenge in
limiting the spread of CRISPR-Dx technology lies in reducing the
overall cost of testing to levels comparable with antigen testing, par-
ticularly the costs associated with RPA reagents and Cas proteins.
Future CRISPR-Dx studies should focus more on real-clinical and
environmental applications and the corresponding engineering chal-
lenges to further advance the development of POCT.

Methods

Ethical statement

All experiments involving saliva and sputum samples were approved
by the Ethics Committee of the Fujian Medical University Union Hos-
pital, China (2024KY093). All patients provided informed written
consent. No participant compensation was provided.

Plasmid, Monkeypox pseudovirus and DNA/RNA standards
preparation

The target plasmids containing the monkeypox virus genes f3/ and bé6r
(mpox_USA 2022 MAOOI, accession: ON563414), SARS-CoV-2 nucleo-
capsid protein (accession: MN975262.1), or the influenza A virus M2
protein encoding genes (NC_002016.1) were synthesized by General
Bio Co., China. Replication-deficient Adenovirus type 5 (AD5) con-
taining the f3( or bé6r genes of mpox was provided by Sangon Biotech
Co., China. The pseudoviruses were diluted with a 1:100 ratio in lysis
buffer (total nucleic acid release agent, Genestonebio Co., China) to
prepare mpox pseudovirus samples. Plasmids containing the afore-
mentioned four genes were extracted and quantified, followed by
serial dilution and detection using both qPCR and SURVEY. Transcripts
of the N and M2 proteins encoding gene were prepared by using T7
promoter, serially diluted to standard concentrations, and detected
using RT-qPCR and SURVEY.

Expression and purification of LbCas12a

The overexpression plasmid pET28a-LbCasl2a was transformed into
Escherichia coli BL21 Rosetta (DE3). After overnight cultivation in 5 mL
of Luria-Bertani (LB) medium, the strains were transferred to 3L of
fresh LB medium for further cultivation. The culture was incubated at
37°C and 220 rpm until the ODgog reached 0.8. Then, 0.2 mM iso-
propyl B-D-1-thiogalactopyranoside (IPTG) was added as an inducer,
and incubation continued at 16 °C for 16 h. Cells were collected by
centrifugation and subsequently resuspended in buffer containing
50 mM Tris-HCI (pH 8.0) and 1.5M NaCl for ultrasonication. The
supernatant was purified using Ni-NTA agarose chromatography. The
concentration of LbCasl2a protein was determined using a modified
Bradford protein assay kit (Sangon Bio Co., China) based on bovine
serum albumin and stored at -80 °C for future use. AsCasl2a and
AapCasl2b were purchased from Tolobio Co., China.

Preparation of crRNA

To prepare the transcription template of crRNA, two oligonucleotides
were first heated at 95 °C for 4 min and then cooled to 4 °C at a rate of
0.1°C/s. One of the oligonucleotides included the T7 promoter
sequence, while the other contained a handle and spacer sequence.
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Table 1| Comparison among Cas12-based one-pot detection methods

Method Subtype of Cas12 Amplification method Time (min) LoD (cp/uL) PAM
SURVEY (This work) LbCas12a, RPA-37°C 15-20 0.6 Classic and suboptimal PAMs
AsCas12a,
AapCas12b
DAMR®*® LbCas12a RPA-37°C 60 10 Classic PAMs
Cas12aVDet” LbCas12a RPA-37°C 30 6 Classic PAMs
sPAMC* LbCas12a RPA-37°C 15-20 0.6 Suboptimal PAMs
One-Pot (ARG)*® LbCas12a RPA-37°C 15-20 0.6 Suboptimal PAMs
ORCas12a-BRV*® LbCas12a RPA-37°C 40 100 Suboptimal PAMs
EXTRA-CRISPR** LbCas12a RCA-37°C 20-180 3000 Classic PAMs
One-pot LbCas12a RPA-37°C 90 0.5-2 Classic PAMs
(DOE)*®
miSHERLOCK®® LbCas12a RPA-37°C 60 1 Classic PAMs
One-pot LbCas12a RPA-37°C 90 1-10 Classic PAMs
(Light-start)*®
One-pot LbCas12a RPA-37°C 40 10 Classic PAMs
(Light-start)®?
One-Pot LbCas12a RPA-37°C 30-40 0.1 Classic PAMs
(Light-start)?’
One-pot LbCas12a RPA-37°C 93 25 Classic PAMs
(Separated layer)®'
CASMEAN® LbCas12a RPA-37°C 90 0.6 Classic PAMs
AIOD-CRISPR®® LbCas12a RPA-37°C 40 5 Site-screening
Cas12a-assisted LbCas12a RPA-37°C 60 20 Site-screening
RPA Assay®*
OAR-CRISPR* AacCas12b RPA-40°C 12 30 PAM-free
HOLMESv2* AacCas12b LAMP-55 °C 120 6 Classic PAMs
LAMP-Cas12b® AapCas12b LAMP-61°C 15 0.5 Classic PAMs
iSCAN-V2%° AapCas12b RPA-42°C 60 8 Classic PAMs
CDetection.v2%® AapCas12b LAMP-52°C 23-30 0.5 Classic PAMs
CHAMP®’ AapCas12b LAMP-60 °C 15-60 0.5 Classic PAMs
CoLAMP?’ AapCas12b LAMP-60 °C 40 0.5 Classic PAMs
STOPCovid®® AapCas12b LAMP-60 °C 15-45 0.1 Classic PAMs
SPLENDID®® BrCas12b LAMP-67°C 20 / PAMs (TTH)

These templates were incubated with T7 RNA polymerase at 37 °C for 2 h
to synthesize the target crRNA. The transcription products were purified
by digesting the DNA template with DNase I at 37°C and removing
impurities using an RNA purification kit (Jianshi Biotechnology Co.,
China). All crRNA spacer sequences are listed in Supplementary data 1.

Characterizations of cis and trans cleavage activities

In the activity characterization tests, heparin sodium at various con-
centrations (0, 0.1, 0.2, 0.3, 0.4, 0.5, and 2.0 yg/mL) was added to a
solution containing 50 nM LbCas12a and 200 nM crRNA in Buffer-1. For
the cis-cleavage experiments, 10 ng/uL of plasmid or DNA fragments
was added to the mixture, reacted at 37 °C for 30 min, and then treated
at 80 °C for 20 min, followed electrophoresis on a 1% agarose gel. For
the fluorescence characterization of cis-cleavage, 500 nM of pre-
annealed DNA targets labeled with FAM and BHQ1 in a 10:1 ratio were
added to the reaction system, and the fluorescence generated post-
cleavage was measured using a SpectraMax i3x multimode microplate
reader. For the fluorescence characterization of trans-cleavage, 10 nM
of pre-annealed DNA target unlabeled without FAM and BHQI and a
single-stranded DNA probe labeled with FAM and BHQI1 were intro-
duced to the system for fluorescence detection. All probe sequences
are listed in Supplementary Table 1.

Electrophoretic mobility shift assay
To assess the binding capability of LbCasl2a to crRNA, a mixture
containing 1.2uM LbCasl2a and 1.2uM crRNA was prepared. The

control group contained O pg/mL heparin sodium, while the experi-
mental group included 600 pg/mL of heparin sodium. The mixtures
were run on a PAGE gel at 140V for 50 min, followed by staining in
1xTAE solution containing nucleic acid stain. When Casl2a bound to
crRNA, the complex remained at the top of the lane, while unbound
crRNA was imaged at the bottom of the lane.

MD simulation

MD simulations were based on cryo-EM structure of LbCasl2a (PDB:
6P7M) at 3.00A resolution. Missing residues in the 6P7M were
reconstructed through Alphafold3 webserver (https://golgi.sandbox.
google.com/). The structure of Alphafold3-predicted Casl2a-crRNA
complex was highly similar to that of 6P7M as indicated by the low
RMSD value between the two structures (Supplementary Fig. 6 c,d).
Hence, the predicted Cas12a was utilized as the initial structure for MD
simulation. Due to the close molecular weight as the crRNA (Supple-
mentary Fig. 7a,b), heparin dp24 (PDB: 3irj) was selected and further
modified to remove poor contacts for MD simulation. To investigate
the impact of negative charge on the interaction of heparin with
Casl2a, sulfur-free heparin (S-free heparin) model was constructed by
deleting the -SO3H groups of heparin and sealing the exposed N and O
with H (Supplementary Fig. 7c). The Amber ff99SB-ILDN force field was
employed to parameterize the Casl2a/crRNA molecules®. The GAFF
force field parameters for heparin and S-free heparin were generated
by Sobtop™®. All systems were solvated in a cubic box with TIP3P water
molecules and counterions were added to neutralize the systems. To
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match the activity characterization experiments, the crRNA was
moved out of the initial binding site and placed at a centroid distance
of > 5nm away from Casl2a. For comparison, various binary and
ternary systems were constructed, including Casl2a-heparin, Casl2a-S-
free-heparin, Casl2a-crRNA-heparin and Casl2a-crRNA-S-free-heparin
(Supplementary Fig. 9).

MD simulations were performed using the GROMACS 2022
package®. The systems were subjected to energy minimization, 500 ps
NVT equilibration, 500 ps NPT equilibration, and 100 ns production
MD steps. To remove steric clashes and optimize the systems, each
minimization was composed of the steepest decent algorithm with a
tolerance of 500.0 kJ/mol/nm followed by the conjugate gradient step
with a lower tolerance of 100.0 kJ/mol/nm. The NVT equilibration was
performed using the md integrator with a time step of 2 fs. The tem-
perature was linearly increased from 0 K to 298.15K in 100 ps and was
maintained at 298.15K using the V-rescale thermostat with a time
constant of 0.2 ps. The NPT equilibration was performed using the
same setups as the NVT ensemble with the addition of a Parrinello-
Rahman barostat with an isotropic pressure coupling type. During
these two equilibrations, bonds including hydrogens were constrained
using the LINCS algorithm and a positional restraint was applied to all
solute heavy atoms. Over the course of 100 ns MD simulations, the
restraints on the heavy atoms were canceled and the md integrator
with a time step of 2 fs was adopted. The temperature was maintained
at 298.15K for both the protein-ligand group and the environment
group using the V-rescale thermostat with a time constant of 0.2 ps.
The system was coupled to a Parrinello-Rahman barostat with an iso-
tropic pressure coupling type. The pressure was maintained at 1.0 bar
with a time constant of 2.0 ps and a compressibility of 4.5e-5 bar™. The
hydrogen bonds were constrained using the LINCS algorithm. Elec-
trostatic interactions were calculated using the PME algorithm with a
cutoff radius of 1.0 nm. Van der Waals interactions were calculated
using the cut-off algorithm with a cutoff radius of 1.0 nm.

Post-simulation analysis was conducted using GROMACS tools to
assess the stability and conformational changes of the Casl2a-crRNA/
heparin complex. Visualization of the MD trajectories was performed
using VMD and UCSF ChimeraX, enabling detailed examination of the
molecular interactions and dynamics. The binding free energy for the
association of crRNA and heparin with Casl2a was calculated using the
Molecular Mechanics with Generalized Born and Surface Area (MM-
GBSA) method®”.

The trans-cleavage activities of Cas12 with chondroitin sulfate or
buffers

The inhibitory effects of chondroitin sulfate at various concentrations
(0, 25, 50, 100, 200, and 300 pg/mL) (Sangon Bio Co., China) were
examined. The assay for measuring nuclease activity in the presence of
chondroitin sulfate was consistent with that used for heparin sodium,
employing fluorescence intensity to quantify the inhibition of nuclease
activity by these compounds. In the characterization of cleavage activity,
three different buffers, labeled as Buffer-1, Buffer-2, Buffer-3 and RPA
buffers were utilized. Buffer-1 consisted of 40 mM HEPES, 100 mM NaCl,
and 20 mM MgCl, (pH 7.4). Buffer-2 was composed of 6.5% polyethylene
glycol, 100 mM HEPES, 20 mM magnesium acetate, and 1.5% mannitol
(pH 7.4). Buffer-3 was the commercially available Cut Smart buffer from
NEB. The RPA buffer is prepared by dissolving lyophilized particles in
29.4 uL of Buffer A and adding 6 pL of Buffer B to form a mixture. In the
inhibition experiments, the total reaction volume was 20 L, containing
4 uL of Buffer-1, 10 uL of Buffer-2, 2 uL of Buffer-3 or 10 uL RPA buffer.

qPCR and RT-qPCR detections

The qPCR detection of samples containing mpox plasmid standards
was carried out in a 20 uL reaction system, consisting of 10 uL of
2xAceQ qPCR Probe Master Mix (Vazyme Biotech Co., China), 1L of
each primer pair (10 uM), and 0.2 uL of 10 uM TagMan probe (Sangon

Biotech Co., China). RT-qPCR detection for influenza virus A and SARS-
CoV-2 samples was similarly performed in a 20 uL reaction system,
including 10 uL of 2xAceQ qPCR Probe Master Mix, 0.5uL reverse
transcriptase (Takara Biotech Co., China), 1uL of each primer pair
(10 uM), and 0.2 uL of 10 uM TagMan probe. Details of the primers and
TagMan probes are listed in Supplementary Table 2.

One-pot detection

In the one-pot detection experiments, the impact of heparin sodium on
nuclease activity using different concentrations of plasmid standards
with traditional or suboptimal PAMs was determined. Lyophilized RPA
particles (Weifang Amp-Future Biotech Co., China), were reconstituted
in the reaction mixture containing 29.4 L of Buffer A, 2 uL each of 20 uM
RPA forward and reverse primers, 400 nM FQ-ssDNA reporter molecule,
100 nM LbCasl2a (AsCasl12a, AapCasl2b), 200 nM crRNA, and nuclease-
free water, along with various concentrations of heparin sodium. After
adding 3L of Buffer B, the 24 uL mixture was incubated at 37°C.
Fluorescence was measured using a SpectraMax i3x multimode micro-
plate reader at an excitation wavelength of 485nm and emission
wavelength of 520 nm. To investigate the effect of different crRNA
spacer lengths on the efficiency of a one-pot detection method, the f3/
gene with a target concentration of 1 fM was selected. The spacer
lengths were set to 10, 15, 17-20, 25, and 30 nt, and the heparin sodium
concentrations were O or 40 ug/mL. The reaction was conducted at
37 °C for 20 min. The fluorescence values were compared to assess the
impact of different spacer lengths and heparin sodium concentrations.
For processing influenza A and SARS-CoV-2 samples, the reaction
additionally included 8 uL of 20 uM reverse transcription primer and
0.8 uL of reverse transcriptase (HiScript Ill reverse transcriptase, Vazyme
Biotech Co., China). Subsequently, the RT-RPA-CRISPR system was
incubated at 37°C for 1h, and fluorescence was measured using a
SpectraMax i3x multimode microplate reader. Sequences of primers
and probes are detailed in Supplementary Table 2.

Sample collection and processing

To validate the specificity of SURVEY, interference samples including
SARS-CoV-2 (Fujian Medical University Union Hospital, China), lenti-
virus (Sangon Bio Co., China), adenovirus (Sangon Bio Co., China),
influenza A virus (Fujian Medical University Union Hospital, China),
Mycoplasma pneumoniae (Fujian Medical University Union Hospital,
China), Helicobacter pylori (Guangdong Microbial Culture Collection
Center, China), and Pseudomonas aeruginosa PAO1 (Laboratory sto-
rage) were collected. Influenza A virus samples included saliva and
sputum samples from 33 patients at the Fujian Medical University
Union Hospital, China. This study did not consider sex and gender. The
sex and gender of participants was determined based on self-report.
Detailed information on patient gender, age, quantity, and RT-qPCR
results are provided in Supplementary Table 3. SARS-CoV-2 samples
were collected from influents and effluents at 25 WWTPs across 10
provinces in China on December 26, 2022. Details of the selected
WWTPs are listed in Supplementary Tables 4-5. Samples were stored at
0 to 4 °C and transported to the laboratory for analysis within 48 h. All
patient samples were initially inactivated at 65 °C for 2 h, followed by
nucleic acid extraction and purification using an RNA extraction kit.
The obtained RNA were purified using one-step PCR inhibitor removal
columns (Genstone Biotech Co., China). For wastewater samples, after
a similar inactivation process, viruses were concentrated using the
reported polyethylene glycol precipitation method"’. The nucleic acids
were subsequently extracted and purified. The extracted nucleic acids
were stored at -80 °C until analysis.

Statistics and reproducibility

Statistical analysis was performed using Microsoft Excel (2016) and
Origin Pro (Version 9.5.0 SR1). Significance testing was conducted
using a two-tailed t-test, with a significance level set at P<0.05.
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Randomized sampling was employed for the analysis of all mpox
pseudovirus, influenza A virus, and SARS-CoV-2 samples. All experi-
mental results were derived from at least three biologically indepen-
dent experiments, and data are presented as the mean + standard
deviation (mean + s.d.).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are provided in the Source Data File. The protein structure
used in this work includes the PDB accession code 6P7M. Any addi-
tional inquiries should be addressed to Dong-Feng Liu or Han-Qing Yu
(corresponding author). Source data are provided with this paper.
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