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ABSTRACT

CRISPR-Cas12a can induce nonspecific trans-
cleavage of dsDNA substrate, including long and sta-
ble A DNA. However, the mechanism behind this is
still largely undetermined. In this study, we observed
that while trans-activated Cas12a didn’t cleave blunt-
end dsDNA within a short reaction time, it could
degrade dsDNA reporters with a short overhang.
More interestingly, we discovered that the location
of the overhang also affected the susceptibility of
dsDNA substrate to trans-activated Cas12a. Cas12a
trans-cleaved 3’ overhang dsDNA substrates at least
3 times faster than 5’ overhang substrates. We at-
tributed this unique preference of overhang loca-
tion to the directional trans-cleavage behavior of
Cas12a, which may be governed by RuvC and Nuc
domains. Utilizing this new finding, we designed a
new hybrid DNA reporter as nonoptical substrate for
the CRISPR-Cas12a detection platform, which sensi-
tively detected ssDNA targets at sub picomolar level.
This study not only unfolded new insight into the
trans-cleavage behavior of Cas12a but also demon-
strated a sensitive CRISPR-Cas12a assay by using a
hybrid dsDNA reporter molecule.
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INTRODUCTION

CRISPR (short for Clustered Regularly Interspaced Short
Palindromic Repeats) was discovered as an adaptive im-
mune system in bacteria and archaea by protecting them
from foreign invasive species such as bacteriophages and
plasmids (1-3). CRISPR and its associated protein (aka.
CRISPR-Cas) was initially applied as a genome editing
tool (4-7) and now has evolved as a promising diagnos-
tic platform (8-11). The CRISPR-Cas system has been an
emerging alternative to conventional polymerase chain re-
action (PCR) or DNA sequencing for nucleic acid detec-
tion. CRISPR-based diagnostics (CRISPR-Dx) is rapid,
sensitive, specific, cost-effective, and well-suited for point-
of-care (POC) testing (12).

Among numerous CRISPR-Cas systems, CRISPR-
Casl2a (aka. Cpfl) and CRISPR-Casl3a (aka. C2c2)
are most widely explored for rapid and accurate nucleic
acid diagnosis (8,9). For instance, CRISPR-Casl3-based
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Specific High-Sensitivity Enzymatic Reporter UnLOCK-
ing (SHERLOCK) (9) and CRISPR-Cas12-based DNA
Endonuclease Targeted CRISPR Trans Reporter (DE-
TECTR) (8) have been developed as promising diagnos-
tic platforms for detecting RNA and DNA, respectively.
Since CRISPR assay is an isothermal process that re-
quires no thermocycling or any other complex laboratory
setup (13), the CRISPR-Dx platform is well positioned
for POC disease diagnosis (14). Till now, CRISPR-Dx has
matured significantly and been demonstrated in various
detection formats, including optical (8,9,15-22), nonopti-
cal (23,24), preamplification-free (21,22,25,26), nucleic acid
extraction-free (18,27-29), lateral flow assays, (19,30-32),
digital CRISPR (33-36) and multiplex detection format
(15,37-39). The CRISPR-Cas system has found broad ap-
plications in disease diagnosis (8,16,31,40-42) and mutation
detection (37,43). The central concept of Casl2a or Casl3a-
based diagnostics is all based on a simple principle, which
is the trans-cleavage of single-stranded (ss) oligonucleotide
substrates (also called reporters) upon target recognition.

While it is widely established that CRISPR-Cas12a shows
no or minimal frans-cleavage towards double-stranded (ds)
DNA substrate (8), a few early CRISPR-Dx studies showed
that certain Casl2a variants (i.e. LbCasl2a, BoCasl2a and
Lb4Casl2a) had a notable trans-degradation activity on
dsDNA substrates (44). Recently, several groups utilized
the dsDNA trans-cleavage activity of LbCasl2a to develop
biosensors (12,45,46). In most cases, the trans-cleavage of
dsDNA was mainly attributed to the instability of dSDNA
reporters due to their short length (typically < ~30 bp)
(45,46) or the presence of ssDNA looped structures on the
dsDNA backbone (12). The effect of salt concentration
(45,47) and magnesium ion (Mg>*) (47) on dsDNA degra-
dation has also been studied. However, the exact mech-
anism behind Casl2a-based trans-degradation of dsDNA
has not been fully understood yet.

Here, we performed a new investigation into the nonspe-
cific dsDNA trans-cleavage behavior of Casl2a and found
an interesting 3’ overhang switch, which can turn inactive
blunt-end dsDNA substrates into frans-degradable reporter
molecules for Cas12a. We compared the trans-cleavage ac-
tivity of Casl2a using various dsDNA substrates with 3’
or 5 overhangs and found that Cas12a preferentially trans-
degraded 3’ overhang dsDNA over 5’ overhang dsDNA. We
hypothesize that the overhang preference is related to the di-
rectional enzymatic behavior of Cas12a (3’ —5'), which may
be controlled by the RuvC and Nuc domains. These find-
ings bring in a new design for more cost-effective (nonopti-
cal) reporter molecules, which is based on a hybrid struc-
ture: a dsDNA backbone with a short ssDNA overhang
at 3’ end. Utilizing these hybrid reporters, we constructed
a sensitive CRISPR-Casl2a diagnostic assay that can de-
tect ssDNA targets down to sub picomolar level by com-
bining naked-eye detection and gel electrophoresis without
preamplification. Finally, we demonstrated the use of the
hybrid reporter CRISPR-Cas12a assay for the detection of
adeno-associated viruses (AAV) and human papillomavirus
16 (HPV 16) as model targets. To the best of our knowledge,
this is the first report describing the unidirectional trans-
cleaving behavior of Casl2a and significant role of ss over-
hang on trans-degrading dsDNA substrate.

MATERIALS AND METHODS
Chemicals and apparatus

LbaCasl2a, gRNAs, synthetic targets and all oligonu-
cleotides were purchased from Integrated DNA Technolo-
gies (IDT, Coralville, IA, USA). NEB2.1 was purchased
from New England Biolabs (MA, USA). Ultrapure water
(18.3 MQ cm) was produced by the Milli-Q system (Mil-
lipore, Inc., USA) and used throughout the experiments.
The sequences of oligonucleotides and gRNA molecules are
listed in Supplementary Table S1.

CRISPR-LbaCas12a assays

All DNA and RNA oligos were stored in 10 mM Tris—
HCI bufter (pH 7.5) at 10 wM concentrations in a —20°C
refrigerator and pre-warmed at 37°C for ~30 min before
mixing. For the CRISPR assay, analyte solutions with
different concentrations of synthetic ssDNA were added
into the CRISPR reaction reagents, consisting of 40 nM
LbaCasl2a, 20 nM gRNA, 400-800 nM dsDNA as re-
porter (nonspecific substrate).(36) The reaction was done
in NEB2.1 buffer (50 mM NaCl, 10 mM Tris-HCI, 10 mM
MgCl,, 100 pwg/ml BSA maintaining pH = 7.9 @ 25°C).
The total reaction volume was 80-120 ..

Gel electrophoresis

Gel electrophoresis was performed as the nonfluorescent re-
porting system (12). 2-4% agarose gels were prepared us-
ing 1 x TBE buffer (89 mM Tris, 8 mM borate acid, 2
mM EDTA, pH 8.3). 5 pl of different reaction products
with loading dye (5:1, v/v) were added to each well. Elec-
trophoresis was done at 90-100 V for 60—70 min in the same
buffer at room temperature. Finally, the agarose gels were
scanned and recorded by the E-Gel Imager system (Invitro-
gen, USA).

Gel image analysis

Image] software was used to analyze the gels. First, back-
ground was removed from the gel image to exclude noise.
The longitudinal intensity of each lane was averaged across
the width of each lane and plotted along the longitudinal
axis. Normalized intensities (peak intensity for each con-
centration divided by the peak intensity of the negative con-
trol) were plotted against the concentration of the ssDNA
target for different types of reporter molecules (i.e. Ra-3" &
Ra-5).

Quantitative cleavage of dsDNA

Qubit Flex fluorometer (Invitrogen, Thermofisher scien-
tificywas used for measuring the extent of dsDNA present
in the reaction mixture at different time points. At a certain
time, 5 pl of reaction mixture was added to 195 pwl dsDNA
working solution (Catalog#Q32854) containing an interca-
lating dye that specifically binds to the dsDNA backbone.
After a gentle vortex, the mixture was incubated for 2 min
at room temperature, wrapped in aluminum foil. Then, the
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Qubit Flex fluorometer was used to measure the concen-
tration of dsDNA in the sample. We repeated this proce-
dure for each sample taken at different time points to get
the quantitative degradation of dsDNA reporter with trans-
activated Casl12a.

Reaction kinetics study

To evaluate the reaction kinetics for various reporters, we
generated Michaelis-Menten (MM) plot. For this purpose,
40 nM LbCasl2a, 20 nM rRNA, and 15 nM ssDNA target
were mixed to run CRISPR assay. Pre-prepared dsDNA re-
porters of different concentrations (40 nM-600 nM) were
added to the reaction mixture, and the reaction was run
at 37°C for 2 h with Qubit reading at time intervals of 10
min/20 min/30 min. The initial velocity (7)) was calculated
by fitting the data to a linear regression. Then, V| was plot-
ted against the substrate (dAsSDNA reporter) concentration
to determine the MM constants (GraphPad Software) ac-
cording to the following equation: (8)

Y = (Viax x X) / (K + X)

where X is the substrate concentration and Y is the enzy-
matic velocity. The turnover number (k) was determined
by the following equation:

kcat = Vmax/Et
where E;, = 15 nM.

RESULTS AND DISCUSSION

CRISPR-cas12a-based trans-degradation of dsDNA with an
overhang

Canonical CRISPR-Dx studies suggest that CRISPR-
Casl2a trans-cleaves ssDNA substrate only (8), and a
myriad number of biosensors have been developed based
on CRISPR-Casl2a and ssDNA reporters (8,10,14,23).
Casl2a typically does not trans-cleave dSDNA because the
RuvC catalytic pocket cannot accommodate dsDNA (48).
However, we previously observed very long ds \ DNA could
be effectively trans-degraded by Casl2a (12), which is quite
contradictory to the conventional knowledge. In that re-
search, we hypothesized the ss loop structures along the A
DNA backbone might play a significant role in promot-
ing A DNA's susceptibility to Casl2a (12). We verified the
previous hypothesis by introducing ss loop structures into
short synthetic dsSDNA reporters and did observe signifi-
cantly enhanced trans-cleavage activities of loop-containing
dsDNA reporters compared to blunt-end controls. Here, we
investigated if a ssDNA overhang could act as the initiation
site (where the RuvC cavity could cut) for frans-activated
Casl2a, similar to the plausible role of ss loop structures
in A DNA. If it is true, it would further confirm our previ-
ous observations on N DNA and prove the importance of ss
sequences in frans-cleaving dsDNA substrates mediated by
Casl2a.

To test this idea, we performed a CRISPR-Casl2a assay
based on LbCasl2a effector with two different reporters:
one is 60-bp blunt-end dsDNA (named Ra), and the other
has the same sense strand but a few nts (e.g. 12 nts) shorter
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in the antisense strand to make a 3’ toehold (named Ra-
3’, Figure 1A). We observed that in the presence of 125
nM ssDNA target concentration, Casl2a did not cleave 60-
bp blunt-end dsDNA reporter (Ra) after 60 min of reac-
tion (Figure 1A, lane 2), which is consistent with the con-
ventional knowledge that CRISPR-Casl2a does not show
nonspecific trans-cleavage on dsSDNA substrates (8). For the
second reporter (Ra-3"), we observed a complete degrada-
tion of reporters at 125 nM target concentration (Figure 1A,
lane 4). We confirmed similar results with repeated experi-
ments performed at 25 and 125 nM concentrations using
the same pair of reporter molecules (Supplementary Fig-
ure Sla). In addition, we designed a new set of reporters
(Rb and Rb-3’) with a similar length (60 bp) and structure
(blunt-end vs. overhang) but different sequences and phys-
ical properties (i.e. higher GC content, etc.). The detailed
parameters of Ra and Rb reporters are listed in Supplemen-
tary Table S2. With this new set of reporter molecules (Rb
and Rb-3'), the gel results again showed that the presence
of a 3’ overhang on dsDNA could help degrade the dsDNA
substrate (Rb-3") with target-activated Casl2a (Supplemen-
tary Figure S1b). On the other end, blunt-end dsDNA sub-
strate (Rb) was mostly kept intact under similar reaction
conditions.

Next, we checked the minimum length of overhang re-
quired to turn on the trans-cleavage activity of dsDNA sub-
strates. We performed CRISPR reaction with the dsDNA
reporters containing 0, 4, 8 and 12-nt overhang at the 3
end. Even though 4-nt overhang showed trans-cleavage at
high target concentration (250 nM), we observed that over-
hang length shorter than 8 nts showed much less trans-
cleavage activities at 25 nM target concentration (Figure
1B). This suggests that when cis-activated Casl2a searches
for ssDNA, it needs minimally ~8-nt long oligonucleotide
sequence to grab on. This could also explain why the shorter
F-Q reporter (5 nts) showed lower trans-cleavage activity
compared to the longer ones (10 or 15 nts) in the previ-
ous studies (49). Besides, we explored if there was a max-
imum overhang length, beyond which Casl2a might not ef-
ficiently degrade the whole ds backbone. We tested dsDNA
reporters with 22, 32, and 52-nt overhangs. The results were
identical to 12-nt overhang dsDNA reporter, suggesting
that any overhang length above 8-nt can act as the switch
for initiating trans-cleavage of whole dsDNA (Supplemen-
tary Figure S2). Further increasing the overhang length will
equivalently turn dsDNA reporters into ssDNA reporters,
which is known to be susceptible to the trans-cleavage
of Casl2a.

Previously, a few studies showed that certain dsDNA
could be frans-degraded. Researchers generally attributed
the degradation of short dsSDNA reporters to the weak hy-
bridization between sense and antisense strands (45,46). For
long dsDNA (e.g. A\ DNA), we attributed the trans-cleaving
behavior of A DNA reporters to the presence of ssDNA
loop structures along the dSDNA backbone (12). Addition-
ally, research also showed that cis-activated Casl2a could
also nick, relax, and slowly frans-degrade supercoiled ds-
DNA (50). However, to the best of our knowledge, this is the
first experimental evidence showing that adding a ss over-
hang to blunt-end dsDNA substrate could fundamentally
change its trans-cleavage property.
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Figure 1. Gel electrophoresis (2% agarose gel and 1 x TBE buffer) results demonstrate the nonspecific degradation of dsDNA substrates with overhangs
by trans-activated Casl2a. (A) CRISPR-Casl2a reaction using dsDNA reporters w/ and w/o overhangs. Ra is a 60-bp blunt-end dsDNA reporter; Ra-
3’ is derived from Ra by removing 12 nts from the antisense strand to make a 3’ toehold. Cyan shade in Ra and Ra-3’ indicates that the sense strand
sequences are exactly the same. (B) Effect of overhang length on Casl2a frans-cleavage. In each panel of (B), Lnl: negative control (no target); Ln2 and
Ln3: experimental lanes with target concentrations of 25 and 250 nM, respectively. Abbreviations: gRNA, guide RNA; ssDNA, single-stranded DNA;
dsDNA, double-stranded DNA; nM, nanomolar; bp, base pair; Ln, lane; ¢, negative control; TBE, Tris-borate EDTA; nt, nucleotide.

Overhang-mediated unidirectional trans-cleavage

More interestingly, we observed the location of overhang
is also critical in activating dsSDNA substrates for Casl2a-
based trans-cleavage. We explored Casl2a-induced trans-
degradation using dsDNA reporters with both 3’ and 5
overhangs. These reporters contain the same sense strand,
or same overhang sequence, or same ds backbone sequence.
We also characterized the reaction kinetics for 3’ and 5
overhang dsDNA reporters containing the same ds back-
bone with same overhang sequence.

Trans-degradation of 3’ and 5’ overhang dsDINA reporter con-
taining the same sense strand

We first used the same sense stand (60 nt) and constructed
two different overhangs: 3’ and 5 overhangs by removing
12 nts from the antisense strand (Ra-3’ and Ra-5, Fig-
ure 2A). We then performed CRISPR-Casl2a assay using
above two reporters (Ra-3" and Ra-5') as the nonspecific
substrates. Initially, we expected a similar frans-degradation
result for both reporters since both have the same length,
same sense strand, and same length of overhang. Surpris-
ingly, we observed remarkably different trans-cleaving ac-
tivities of the two reporters. For the 3’ overhang reporter
(Ra-3’, which was also used in Figure 1A, lanes 3 and 4), we
observed complete degradation with target concentrations
above 25 nM (Figure 2A). However, for the 5’ overhung re-
porter (Ra-5"), no complete degradation was observed. In-
stead, we noticed a slight downshift of the gel bands, indi-
cating the trimming of ss overhangs instead of degrading
the dsDNA backbones. We also performed the assay us-

ing two more sets of reporters (Rb and Rc) with different
sense strand sequences (Supplementary Table S1). In each
case, we observed that reporters with 3’ overhang signifi-
cantly outperformed (in terms of getting trans-degraded) 5’
overhang dsDNA, regardless of actual sequences of sense
strands (Supplementary Figures S3b and S3c).

To quantify the extent of trans-cleaving, the intensities of
each lane were averaged across the width of the lane and
plotted against the long axis following a similar process as
described in the previous report (12). Figure 2B shows that
the intensity peak of Ra-3’ reporter vanished at 250 nM tar-
get concentration. In contrast, for Ra-5' reporter, the inten-
sity of bands remained prominent over all the target concen-
trations experimented. However, the peak position shifted
slightly rightward for higher target concentrations due to
the trimming of the overhang, which reduced the length
of the Ra-5 reporter slightly. The normalized lane inten-
sity values were plotted in bar chart against different tar-
get concentrations (Figure 2C). We observed that normal-
ized lane intensities for Ra-3" reporter (purple bars) were
much lower than that for Ra-5 reporter (orange bars) at
25 and 250 nM target concentrations, suggesting different
trans-cleavage activities.

We performed additional control experiments to confirm
that the observed overhang preference is not dependent on
overhang density or specific configuration. For that, we kept
the sense stand the same and shifted the antisense strand to
the right to create double 5’ overhangs on both ends (named
Ra-5'5" reporter, Supplementary Figure S3a, middle panel).
We performed CRISPR-Casl2a reaction with all three dif-
ferent reporters (Ra-5’, Ra-3’, and Ra-5'5", Supplementary
Figure S3a). Our results showed that Ra-5'5" yielded a
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Figure 2. Effect of overhang direction. (A) Gel electrophoresis (2% agarose gel and 1 x TBE buffer) results demonstrated the nonspecific trans-degradation
of dsDNA substrate with 3’ overhang and 5" overhang of the same length. In each panel, Lnl: negative control (no target); Ln2, Ln3 and Ln4: experimental
lanes with target concentrations of 0.25, 25 and 250 nM, respectively. (B) Intensity diagram of each lane of (A). Left panel: intensity diagrams for 3" overhang
dsDNA reporter; Right panel: intensity diagrams for 5 overhang dsDNA reporter. (C) Normalized lane intensities were plotted against different target
concentrations for same reporters with 3’ overhang and 5" overhang (n = 3 parallel experiments). Ra-3’ is derived from Ra by removing 12 nts from one
end to make it 3’ overhang dsDNA; and Ra-5’ is derived from Ra by removing 12 nts from one end to make it 5’ overhang dsDNA. Cyan shade in Ra-3’
and Ra-5' indicates the same sequence. Abbreviations: ¢, negative control; nM, nanomolar; bp, base pair; Ln, lane; TBE, Tris-borate EDTA; dsDNA,

double-stranded DNA; nt, nucleotide; a.u., arbitrary unit.

similar degree of trans-degradation to Ra-5" (Supplemen-
tary Figure S3a, Left and Middle panels), which suggests
that the density or physical location (left vs. right) of the
overhang does not matter. What really matters is the chem-
ical location of the overhang (3’ versus 5’ end). Besides, we
designed a 100 bp blunt-end dsDNA with a 12 nt single-
strand break in the middle to resemble a new hybrid sub-
strate with both 3’ and 5" overhangs (Supplementary Fig-
ure S4, and sequences in Supplementary Table S1). Af-
ter CRISPR reaction, we observed that the dsSDNA back-
bone that possessed 3’ overhang got degraded preferentially
(Supplementary Figure S4b, gel image), which gives an ad-
ditional confirmation for Casl2a-based preferential trans-
cleaving phenomenon.

Trans-degradation of 3’ and 5’ overhang dsDNA reporter con-
taining the same overhang or ds backbone sequence

In the previous tests, the sequences of 3’ or 5’ overhangs
are different. Here, we further studied whether the selec-
tive trans-cleavage is dependent on a particular overhang
or backbone sequence. Supplementary Figure S5 shows a
modified Ra-5 reporter named Ra-5's, whose overhang se-
quence is exactly the same as the overhang of the previous
Ra-3' reporter. We performed the CRISPR-Cas12a reaction
at 25 nM and 250 nM target concentrations using reporter
Ra-3’ and Ra-5's. The gel image results in Supplementary
Figure S5 show that the complete degradation was only ob-

served for Ra-3’ but not Ra-5's reporter, despite their similar
overhang sequences. This suggests the overhang sequence
did not play a significant role.

Next, we kept both sequences of the backbone and
overhang the same (Ras-5" and Ra-3' reporters). We ran
CRISPR-Casl12a assay with 25 pM, 250 pM, 2.5 nM, and
25 nM of targets, together with a negative control. From
gel image results in Figure 3a, we noticed that a signifi-
cant trans-degradation was only observed for Ra-3’ reporter
(particularly for 25 and 250 nM target concentrations). For
Ras-5', only band downshifting and slight degradation were
observed at higher target concentrations. To obtain quanti-
tative results, we plotted the intensity of each lane (Figure
3b) and compared the normalized intensity values against
different target concentrations in a bar chart (Figure 3C).
Figure 3C shows that the normalized lane intensities for Ra-
3’ reporter (green) are remarkably lower than that for Ras-
5" (blue). Despite their similar backbone and overhang se-
quences, the distinct trans-cleavage properties of Ra-3" and
Ras-5" were further confirmed in a repeated experiment with
high target concentrations (25 and 250 nM, Supplemen-
tary Figure S6). The left panel in Supplementary Figure S6
shows the complete degradation of Ra-3" reporter with 3’
overhang, yet a lower degree of degradation was observed
when we used Ras-5’ reporter with 5" overhang. These re-
sults suggest that the overhang sequence did not affect
the substrate trans-cleavage at all; the backbone sequence
had a mild influence on the substrate trans-cleavage (e.g.
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Figure 3. Effect of overhang and backbone sequences. (same ds backbone with same overhang sequence). (A) Gel electrophoresis (2% agarose gel and
1 x TBE buffer) results demonstrating the nonspecific frans-degradation of dsDNA substrate with 3’ overhang and 5’ overhang. In each panel, Lnl:
negative control (no target); Ln2, Ln3, Ln4, Ln5 and Ln6: experimental lanes with target concentrations of 25 pM, 250 pM, 2.5 nM, 25 nM and 250
nM, respectively. (B) Intensity diagram of each lane of (A, background subtracted, not shown). Left panel: intensity diagrams for 3" overhang dsDNA
reporter (Ra-3'); Right panel: intensity diagrams for 5" overhang dsDNA reporter (Ras-5'). (C) Normalized lane intensities plotted against different target
concentrations for Ra-3'and Ras-5" reporters. Ra-3’ is derived from Ra by removing 12 nts from one end to make it 3’ overhang dsDNA; and Ras-5" has
the same ds backbone and same overhang sequence as Ra-3’, but the overhang is at 5" end. The color shade indicates the same sequence. Abbreviations: ¢,
negative control; pM, picomolar; nM, nanomolar; bp, base pair; Ln, lane; TBE, Tris-borate EDTA; dsDNA, double-stranded DNA; nt, nucleotide; a.u.,

arbitrary unit.

Ra-3’ versus Rb-3’ versus Rc-3’ in Supplementary Figure
S3), which requires further studies. The overhang termi-
nal location (5 versus 3’ end) is still the most influencing
factor affecting the trans-cleavage property of the dsDNA
reporter.

To obtain quantitative kinetic parameters, we performed
another assay where we used a Qubit Flex fluorometer to
measure the concentrations of dsSDNA reporters in the re-
action mixtures over the reaction course (up to 2 h, see
the Materials and Methods section for details). We took
measurements every 10-30 mins and plotted the loss of ds-
DNA (see details in the Materials and Methods section)
against time for various substrate concentrations ([Ra-3’
or Ras-5'] = 40 to 600 nM) (Figure 4C). Then, we gener-
ated the Michaelis Menten (MM) plot by calculating the
slope of time course data in Figure 4C (which was V) and
plotted them against substrate concentrations (Figure 4D).
From the MM plot, we calculated the turnover rate (Kca)
for Ra-3’ and Ras-5". Our result shows that the K., value
for Ra-3' (Ke = 36.4 h™') is almost 3 times of that for
Ras-5' (K. = 13.5 h™!). Other kinetic parameters (e.g. K,
Vimax) of these two reporters are also calculated and listed in
Supplementary Table S3. When we compare the turnover

rate for these reporters with the conventional ssDNA
F-Q reporters, we found that the turnover rate for the new
overhang-containing dsDNA reporters is still slower than
most ssDNA F-Q reporters (e.g. the recently reported ‘8C-
ssDNA’ F-Q reporter exhibited a K., of 0.43 s~!) (Sup-
plementary Table S4) (8,51). However, it is worth men-
tioning that the turnover rate of the dsDNA reporters
with overhangs is heavily influenced by the size of the ds-
DNA backbone. By tuning the length of dsDNA back-
bone and ss overhang, the turnover rate of the hybrid
reporters could be further optimized. Nevertheless, the
higher K., value for Ra-3' compared to Ras-5" confirms
our central hypothesis that CRISPR-Cas12a preferentially
trans-degrades dsDNA substrates with 3’ overhang over
5" overhang.

Hypothesized mechanism on preferable trans-cleavage behav-
ior of cas12a on 3’ overhang dsDNA substrate

It is important to understand why 3’ toehold could act
as a molecular key, which can turn trans-inactive dsDNA
substrates into trans-active format for Casl2a. While the
role of RuvC domain, which contains a catalytic pocket for
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Figure 4. Reaction kinetics of hybrid reporters (same ds backbone with same overhang sequence). (A) Schematic showing Casl2a favorably degrades 3’
overhang dsDNA over 5" overhang dsDNA. (B) Gel electrophoresis (2% agarose gel and 1 x TBE buffer) results demonstrate the nonspecific degradation
of dsDNA substrate with 3’ overhang and 5" overhang. In each panel, Lnl, Ln2, Ln3 and Ln4: CRISPR-Casl2a reaction performed for 0, 30, 60 and
90 min, respectively. For each lane, Casl2a was activated with 15 nM target concentration. (C) Reaction rates measurement; Left: 3’ overhang reporter
(Ra-3’), Right: 5" overhang reporter (Ras-5"). (D) Michaelis Menten (MM) plot. Ra-3' is derived from Ra by removing 12 nts from one end to make it 3’
overhang dsDNA; and Ras-5" has the same ds backbone and overhang sequence as Ra-3’, but the overhang is at 5’ end. The same color shade indicates
the same sequence. Abbreviations: ¢, negative control; nM, nanomolar; bp, base pair; Ln, lane; TBE, Tris-borate EDTA; dsDNA, double-stranded DNA;

nt, nucleotide; M, molar concentration; ¥, initial reaction velocity.

sequence-specific target cleavage in cis, is well understood
(48), the role of Nuc domain remains to be confirmed. Some
recent studies have implied that the Nuc domain plays an
important role in target DNA binding (52,53), unwinding
(48) and positioning of the target strand (TS), which pro-
motes the target insertion into the RuvC catalytic site (48).
However, there are not many studies on its function in the
trans mode. Based on the experimental results, we devel-
oped the following hypotheses: (i) The Nuc domain may
preferably bind ss sequences over ds sequences in the trans
mode, which explains why an overhang can greatly promote
the trans-cleavage activity of Casl2a against dSDNA sub-
strates and (ii) the catalyzing effect of RuvC domain and/or
unwinding of Nuc domain have directional properties, act-
ing in a unique direction from 3’ to 5'. This contributes to
the strong preference of 3’ overhang over 5’ overhang in
Casl2a’s trans-action. Together, the combined function of
RuvC and Nuc domains may be responsible for the uni-
directional trans-cleaving of Casl2a. Figure 5 depicts our
hypotheses and illustrates what might be happening when
Casl2a encounters two different dSDNA substrates with 3
and 5 overhangs, respectively. The left panel of Figure 5
shows when 3’ overhang dsDNA is present in the CRISPR
reaction, the Nuc domain of cis-activated Cas protein first
binds on the ss toehold of the dSDNA substrate, and helps

unwind the nearest ds sequence. Then, the RuvC catalytic
pocket starts cutting the overhang-containing strand from
3" —5 direction. After its quickly trimming of the ss over-
hang off from the dsDNA backbone, the Cas protein will
continue moving into the dsDNA region and degrade the
unwound ds sequences (Figure 3A). It is unclear whether
the RuvC domain cuts the two strands of the dsDNA re-
porter simultaneously or not, but very likely it may degrade
the overhang strand first and then cleaves the complemen-
tary strand also in the 3" — 5 direction. The final result is
the complete degradation of dsSDNA reporter molecules, as
shown in the gel results (Figure 2A, left). In contrast, when
5" overhang dsDNA is present (Figure 5, right panel), the
Nuc domain also binds on the ss toe, and the RuvC do-
main starts nonspecific cutting. However, due to the direc-
tional RuvC-cleaving and/or Nuc-unwinding (3" —5'), the
Cas protein only moves towards the terminal of the 5’ over-
hang instead of moving to the dsDNA backbone. The end
result is that the Cas12a only trims the 5’ overhang, detaches
it from the dsDNA backbone, but leaves the ds portion of
the reporter molecules largely intact. Reflected in the gel im-
age results, a slightly downward band with smaller molec-
ular weight is observed in most cases (Figure 2A, right).
Molecular simulation studies are ongoing to confirm these
hypotheses.
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Figure 5. Hypothetical mechanism demonstrating how CRISPR-Cas12a prefers directional cleaving of hybrid reporter molecules with overhangs. Abbre-

viations: gRNA, guide RNA; T, ssDNA target.

Ultrasensitive CRISPR-cas12a assay based on the hybrid re-
porter with an overhang

To date, most of CRISPR-Dx have been developed based
on the trans-cleavage of ssDNA substrates (8). Recently, re-
searchers demonstrated the use of dSDNA as new reporter
molecules (45,46). These dsDNA reporter molecules are
typically 25-30 bp long with blunt ends and can achieve
a detection sensitivity on the same order of magnitude of
the ssDNA F-Q reporting platform (LOD~10 pM, without
preamplification) although at a much slower reaction rate
(Supplementary Table S4)(36,45,46). Our previous work
discovered that long ds N DNA could also be used as the
trans-cleavage substrate for Casl2a, and achieved an im-
proved LOD down to ~0.25 pM (12). In this work, we
demonstrated that an overhang (more specifically 3’ over-
hang) could serve as a molecular switch, to convert rela-
tively ‘inert’ dsDNA substrate into an active trans-reporter
molecule for the CRISPR-Casl2a reaction. This new dis-
covery could lead to a new class of reporter molecules for
Casl2a-based CRISPR-Dx assays, namely the hybrid re-
porter by extending blunt-end dsDNA with a short 3’ over-
hang. Compared with previous ss F-Q reporters or blunt-
end dsDNA reporters, the hybrid reporter combines the ad-
vantages of both types, such as low cost, high sensitivity,
and reasonable reaction rate, and therefore could be a better
choice for future assay development (Supplementary Table
S4). We demonstrate the use of the size change (nonopti-
cal) of the hybrid reporters for sensitive target concentration

quantification in the following section, and we believe such
hybrid reporters could also be fluorescently labeled and sup-
port optical readout as well.

For the hybrid reporter-based assay, we designed a re-
porter with a 30-bp dsDNA backbone and 12-nt 3" over-
hang (Rd-3', Figure 6). We first confirmed the directional-
ity of the new reporter molecule. Figure 6A shows a higher
trans-degradation rate of 3" overhang dsDNA than that of
5" overhang dsDNA. Then, we explored the detection sen-
sitivity of the 3’ overhang dsDNA reporter for a wide range
of target concentrations (2.5 fM to 2.5 nM). Figure 6B
shows the gel results after 3 hrs of CRISPR-Casl2a reac-
tion. The gel image results show that it is able to detect syn-
thetic ssDNA target in a one-step CRISPR-Casl2a reac-
tion as low as 250 fM using this hybrid reporter and naked-
eye examination of the gel images. This LOD is compara-
ble to performance of the A DNA-based CRISPR-Casl2a
assay, and superior to most ssDNA F-Q reporters or blunt-
end dsDNA reporters (Supplementary Table S4). Supple-
mentary Figure S7a shows the gel results of the repeated
Rd-3'-based CRISPR-Casl2a assay for 1 h reaction time.
The solid green line confirms the LOD by visible inspec-
tion, which is around 250 fM even for a much shorter re-
action time. In contrast, the ssDNA counterpart reporter
(the sense strand of Rd-3") can only provide a detection limit
down to 2.5 nM under the same reaction conditions (Sup-
plementary Figure S7b). These findings suggested that hy-
brid reporter could greatly outperform blunt-end dsDNA
or ss F-Q reporters in terms of detection sensitivity.
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Figure 6. Ultrasensitive CRISPR-Cas]2 assay based on hybrid reporters. (A) Gel electrophoresis (4% agarose gel and 1 x TBE buffer) results demonstrating
the nonspecific rrans-degradation of dsDNA substrate with 3’ overhang and 5" overhang (30-bp ds backbone and 12-nt overhang sequence). In each panel
in (A), Lnl: negative control (no target); Ln2, Ln3 and Ln4: experimental lanes with target concentrations of 0.25, 2.5 and 25 nM, respectively; rightmost
unlabeled lane: 20 bp ladder. (B) Gel electrophoresis (4% agarose gel and 1 x TBE buffer) results demonstrate the detection of ssDNA targets by using
hybrid reporter (ds backbone with 3" overhang, Rd-3) for a 3-h reaction. In (B), Lnl: negative control (no target); Ln2 to Ln8: experimental lanes with
target concentrations of 2.5 fM, 25 fM, 250 fM, 2.5 pM, 25 pM, 250 pM and 2.5 nM, respectively; rightmost unlabeled lane: 10 bp ladder. Rd-3" and Rds-5'
have the same dsDNA backbone and same overhang sequence at two different directions. The sequences in same color shade are the same. Abbreviations:
¢, negative control; fM, femtomolar; pM, picomolar; nM, nanomolar; bp, base pair; Ln, lane; TBE, Tris-borate EDTA; dsDNA, double-stranded DNA.

Finally, we tested the universality of the hybrid re-
porters for detecting various targets. First, we checked if
the newly discovered CRISPR-Casl2a-based preferential
trans-degradation is also valid for dsSDNA targets. Notably,
Supplementary Figure S8 demonstrates that each tested ds-
DNA target resulted in considerably higher degree of trans-
cleavage for the 3’ overhang reporter than the 5" overhang
reporter. This compelling evidence affirms the directionality
preference of Casl2a equally effective for dsDNA targets,
thereby highlighting its immense potential for detecting a
wide range of dsDNA targets. Next, we chose two real-life
viral genomes: Adeno-associated viruses (AAV) and human
papillomavirus 16 (HPV16), and used their genetic markers
(sequences in Supplementary Table S1) as the model tar-
gets for the hybrid reporter-based CRISPR-Casl2a assay.
We constructed Rd-3" and Rds-5 dsDNA reporters with
3" overhang and 5" overhang, respectively, for side-by-side
comparison (sequences in Supplementary Table S1). After
I-hr reaction, the gel images in Supplementary Figure S9
show that rrans-activated Cas12a degraded Rd-3" at a much
greater extent than Rds-5' for both targets (results are more
prominent for 2.5 and 25 nM target concentrations). We re-
peated this assay with very low target concentrations (25
fM to 250 pM) of AAV and HPV16 using Rd-3" as a hy-
brid reporter. The results showed that our assay could de-
tect these targets as low as 2.5 pM in an unoptimized con-
dition (Supplementary Figure S10). It is worth noting that
the best LOD could vary based on a specific target. of the
LOD is also dependent on crucial parameters such as reac-
tion temperature, gRNA sequence, and buffer composition
(12,46,54). Nevertheless, these preliminary results demon-

strate the feasibility of detecting real targets by using the
newly developed hybrid reporters.

In summary, ssDNA reporters currently dominate the
CRISPR-Dx based on the trans-cleavage behavior of Cas
enzymes. In this work, we observed that CRISPR-Casl2a
could effectively trans-degrade dsDNA substrates contain-
ing a 3’ overhang with a minimum length of ~8 nt length.
Such overhang-activated trans-cleavage is independent on
the overhang or backbone sequences. More interestingly,
trans-degradation of dsDNA substrates is not significant
with a 5" overhang sequence, but strongly prefers 3’ over-
hang. We attribute the notable overhang preference of
Casl2a to its plausible unidirectionality in RuvC and/or
Nuc domains, as well as the preferable binding properties
of the Nuc domain to the ss sequences over ds sequences.
The fundamental mechanism of the unidirectional trans-
cleavage still requires a further study. We utilized the unique
property of the 3’ overhang preference in dsDNA trans-
cleavage to design a simple, low-cost, sensitive, and non-
fluorescent hybrid reporter for the CRISPR-Casl2a sys-
tem. The new hybrid reporter-based CRISPR-Casl2a as-
say detects synthetic ssSDNA targets with a LOD of 250
fM by naked eye and without any preamplification steps,
superior to the performance of many previous blunt-end
dsDNA reporters and can enrich the CRISPR-Dx sub-
strate library by providing a promising alternative to con-
ventional ssDNA F-Q reporters. Our study not only unveils
a new interesting biological behavior of Casl2a protein, but
only provides options for developing ultrasensitive biosens-
ing platform using a new class of hybrid DNA reporter
molecules.
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