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ABSTRACT

The RNA programmed non-specific (trans) nucle-
ase activity of CRISPR-Cas Type V and VI systems
has opened a new era in the field of nucleic acid-
based detection. Here, we report on the enhancement
of trans-cleavage activity of Cas12a enzymes using
hairpin DNA sequences as FRET-based reporters.
We discover faster rate of trans-cleavage activity of
Cas12a due to its improved affinity (Ky) for hairpin
DNA structures, and provide mechanistic insights
of our findings through Molecular Dynamics simu-
lations. Using hairpin DNA probes we significantly
enhance FRET-based signal transduction compared
to the widely used linear single stranded DNA re-
porters. Our signal transduction enables faster de-
tection of clinically relevant double stranded DNA
targets with improved sensitivity and specificity ei-
ther in the presence or in the absence of an upstream
pre-amplification step.

GRAPHICAL ABSTRACT
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INTRODUCTION

The extensive use of CRISPR technology for diagnostic ap-
plications has been driven mainly by the discovery of the
collateral trans-cleavage nuclease activities of CRISPR type
V (Casl2) and type VI (Casl3) systems (1-5). Casl2 and
Casl3 proteins are RNA-guided components of bacterial
adaptive immune systems and represent an ideal toolbox for
molecular diagnostics, as they integrate single- and double-
stranded DNA (Casl12) or single-stranded RNA (Casl3)
target recognition, signal transduction and amplification
in one system (6-9). Their trans-cleavage nuclease activity
(trans-activity) is activated only upon base-pairing of a nu-
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cleic acid target to a complementary crRNA guide. In the
presence of a FRET-based single-stranded DNA (Cas12)
or RNA (Casl3) reporter, consecutive probe degradation
events result in an increase of the fluorescence, reflecting the
presence of a specific nucleic acid target. So far, this peculiar
RNA-programmed trans-activity towards single stranded
DNA (i.e. Cas12) or RNA (i.e. Casl3) probes has been har-
nessed by DETECTR and SHERLOCK, respectively, to
rapidly detect nucleic acid targets (10-15), and integrated
in field-deployable devices for point-of-care use (13,16-20).

Although CRISPR-based technology has demonstrated
vast potential for diagnostic applications, in the absence of
a pre-amplification step the direct nucleic acid detection is
limited to a detection limit in the picomolar range (10,21).
This restricts the use of amplification-free CRISPR-based
assays to the detection of few classes of nucleic acid tar-
gets (22-27). Therefore, most CRISPR-based platforms re-
ported so far generally are combined with an isothermal
pre-amplification step (e.g. LAMP, RPA, NASBA, etc.)
of the nucleic acid target. However, the addition of this
pre-amplification step demands for multiple handling steps
and/or high-temperature incubation (55-65°C), procedures
that cannot be easily translated in a Point of Care (PoC)
test (28,29). In addition, the sensitivity of CRISPR-based
detection intended as the ratio of the relative change in out-
put to the relative change in input (the steepness of the
input/output function) is relatively low, and this poses chal-
lenges to the absolute quantification of target also in the
range where the cleavage activity directly correlates with
target concentration (10°-10"'> M). Recently, different
strategies based on tandem CRISPR nucleases (e.g. Casl3
and Cmr-complex/Csm6) have been successful in achieving
amplification-free detection of SARS-CoV-2 RNA (23,30-
32). However, they have been reported only using combi-
nation of type III and VI CRISPR—Cas proteins and thus
their application is limited to the direct detection of RNA
targets. To the best of our knowledge, only one strategy
has been reported being able to improve trans-activity of
Casl2 enzyme until femtomolar limit of detection (33). It
takes advantage of engineered crRNAs showing DNA ex-
tension of different length at 3’- or 5-ends. However, en-
hancement of trans-cleavage activity comes at the cost of
increased costs of chimeric DNA/RNA guide. Thus, new
strategies to increase the speed and sensitivity of one-pot de-
tection chemistries of Casl2-based diagnostic systems are
required to further optimize its performance.

In this respect, the rational design of alternative DNA
reporters with improved affinity for Casl2a proteins, and
thus able to enhance the sensitivity and the trans-cleavage
rate, has been largely neglected. In particular, it is well-
recognized that short, single-stranded DNA probes are bet-
ter performing FRET-based reporters of trans-cleavage ac-
tivity than double stranded DNA (34,35). Some efforts have
been also devoted to the study of different signal trans-
ductions,(36,37) but the vast majority of diagnostic assays
still rely on the use of linear single-stranded DNA as signal
transducers. However, the effect of specific DNA secondary
structures (e.g. Hairpin; triplex, etc.) has not been fully in-
vestigated (38-40).

In response to the above considerations, we report here
the rational design of single-stranded hairpin DNA re-

porters bearing a fluorophore and a quencher at the two
ends of the self-complementary portions. We first demon-
strate that FRET-based hairpin DNA reporters are able
to generate faster and enhanced fluorescence signal change
compared to linear single-stranded DNA (ssDNA) re-
porter. Second, we report that Casl2a proteins show higher
trans-activity on hairpin DNA reporters, and we also pro-
vide mechanistic insights on the Casl2a interactions with
hairpin substrates. Finally, we demonstrate that hairpin
DNA reporters enhance the sensitivity and the specificity
of Casl2a-based detection.

MATERIALS AND METHODS

Sodium chloride (NaCl), magnesium chloride (MgCl,),
tris(hydroxymethyl)aminomethane hydrochloride (Tris—
HCI), 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris
base), boric acid, ethylenediamine tetraacetic acid (EDTA),
acrylamide/bis-acrylamide 30% solution, ammonium
persulfate (APS), N,N,N',N’-tetramethyl ethylenediamine
(TEMED), were purchased from Sigma-Aldrich, Italy
and used without any further purifications. Orange DNA
Loading Dye (6x) and O’Range Ruler 5 base pair DNA
Ladder were purchased from Thermo Fisher Scientific
Italia. EnGen® Lba Casl2a from Lachnospiraceae
bacterium ND2006 was purchased from New England
Biolabs Inc. (Ipswich, UK). EnGen Lba Casl2a is a native
protein expressed as a N-terminal 6-His-tagged fusion in
Escherichia coli. The enzyme has Simian virus 40 (SV40)
T antigen nuclear localization sequences (NLSs) at both
the N and C-termini of the protein. No mutations are
present. Alt-R® A s. Cas12a (Cpfl) V3 from Recombinant
Acidaminococcus sp. BV3L6 (A.s.) nuclease, purified from
an E. coli strain expressing Casl2a was purchased from
Integrated DNA Technologies, Inc. (Coralville, UK).
Alt-R® A's. Casl2a (Cpfl) V3 nuclease is high purity,
wild-type recombinant Acidaminococcus sp. Casl2a. The
enzymes include NLSs and C-terminal 6-His tags. No
mutations are present. FnCasl2a from Francisella novocida
bacterium was produced as reported in Heterologous
expression and purification of FnCasl2a.

Oligonucleotides

Oligonucleotides (HPLC purified) were purchased from
Biosearch Technologies (Risskov, Denmark) and Metabion
(Planegg, Germany). All oligonucleotides were dissolved in
NE buffer (10 mM Tris—HCI/50 mM NaCl/10 mM MgCl,,
pH 7.4) at a concentration of 100 wM and stored at —20°C.
The concentration of the oligonucleotides was determined
using Tecan Infinite M200pro (Ménnedorf, Switzerland)
through NanoQuant Plate. Oligonucleotides were annealed
before to use by thermocycler. Specifically, DNA oligonu-
cleotides were incubated at 90°C for 2 min, RNA oligonu-
cleotides at 65°C for 5 min, both slowly cooled to room tem-
perature (1°C/min). The sequences of the oligonucleotides
used are as follows.

FRET-based DNA reporters. See Table 1.

Guide crRNA. See Table 2.



Table 1. FRET-based DNA reporters
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Sequence name Sequence?

Figures

Linear ss-DNA

Stem-loop #5T

Stem-loop #10T

Stem-loop #30T 5'-(6-FAM)-

5'-(6-FAM)- TTATT — (BHQI)- 3

5'-(6-FAM)- CTCTCATTTTTAGAGAG- (BHQI)- 3

5-(6-FAM)-CTCTCATTTTTTTTTTAGAGAG-(BHQ1)-3'

2-5, Supplementary Figures
S1, S2, 83, S4, S5, S6, S7, S8,
S9, S12, S13, S14

2, 3, Supplementary Figures
S1, S2, S4, S6, S8

2-5, Supplementary Figures
S1, 82, S3, S4, S5, S6, S7, S8,
S9, S12, S13, S14

2, 3, Supplementary Figures

CTCTCATTTTTTTTTTTTTTTTTTTTTTTTTTTI

TTAGAGAG-(BHQ1)-3’
Variant #1
Variant #2
Variant ss-DNA

5'-(6-FAM)-CTCTCTTTTTTTTTTTTGAGAG-(BHQ1)-3'
5'-(6-FAM)-CTCTCATTATTATTATAGAGAG-(BHQ1)-3'
5'«(6-FAM)- TCGTCATTTTTTTTTTACTGAG-(BHQ1)-3’

S1, 82, 84, S6, S8

Supplementary Figure S5
Supplementary Figure S5
Supplementary Figure S9

4Bold bases represent the stem portion, while the italic bases represent the loop portion.

Table 2. Guide crRNA

Sequence name Sequence?

Figures

crRNA
CAUGGCUAAAUCU-3

crRNA + 3DNA7P

5-UAAUUUCUACUAAGUGUAGAUGUCUACA

5-UAAUUUCUACUAAGUGUAGAUCUCAGGG

2, 3, Supplementary Figures
S3, 4, S5, S6, S7, S8, S9
Supplementary Figure S3

CGGACUGGGUGCUTATTATT-3

crRNA- SARS-CoV-2¢
ACUUUCCUUUACAA-3

crRNA-Salmonellad

5~ UAAUUUCUACUAAGUGUAGAUAUUGUU

Sa, 5b, Supplementary
Figures S12, S13, S14

5~ UAAUUUCUACUAAGUGUAGAUACCG 5¢, 5d
GCAUCGGCUUCAAUCA-3¥

4Underlined bases represent the portion complementary to the ssDNA or dsDNA activator.

bcrRNA + 3'DNA7 presents a 7-mer DNA extension to crRNA at the 3'-end that has been reported to enhance the sensitivity and specificity of LbCas12a-
mediated nucleic acid detection (33) crRNA + 3’DNA7 was used in Supplementary Figure S3.

°crRNA- SARS-CoV-2 has been designed for the recognition of the S gene SARS-CoV-2.

derRNA- Salmonella has been designed for the recognition of the invA gene.

Single- and double-stranded DNA activators
See Table 3.

Heterologous expression and purification of FnCas12a

The protocol provides by Mohanraju et al. was followed
(41). The pDSO015 plasmid, containing the Francisella novo-
cida Cas12a gene was used for the heterologous expression
of the protein in E. coli BL21(DE3) Rosetta™ 2 (Merck,
Novagen), as fully described in the relative Bio-Protocol
site (www.bio-protocol.org/e2842). Starting from 16 g of
induced wet cells, we obtained ca. 10 mg of 95% purified
protein, as confirmed by SDS-PAGE analysis. Aliquots of
FnCasl2a were finally stored at —20°C.

DNA preparation of plasmid containing the SARS-CoV-2 se-
quence (S gene)

The pUCI9 plasmid was chosen as recipient vector to clone
the sequence of the S gene of SARS-CoV-2 (42). The entire
sequence was obtained from Eurofins Genomic (Germany)
as oligonucleotides pairs flanked by a short sequence (un-
derlined) which simulate, after oligonucleotide annealing,
protruding ends after the BamH I digestion, for the subse-
quent cloning procedures.

NTS-Fwd:  5-GATCCTAGCACACCTTGTAATGG
TGTTGAAGGTTTTAATTGTTACTTTCCTTTAC
AAG-3

NTS-Rev:  5-GATCCTTGTAAAGGAAAGTAACA
ATTAAAACCTTCAACACCATTACAAGGTGT GC
TAG-3'

The pUCI19 plasmid was also digested with BamH I en-
zyme, and the resulting DNA fragment was gel-purified
by using NucleoSpin® Gel and PCR Clean-up® kit
from Macherey-Nagel GmbH (Germany). The annealed
oligonucleotides were mixed with the digested plasmid and
incubated in the ligation mixture with a plasmid:oligos
1:10 ratio. Afterwards, the mixture was used to trans-
form E. coli DH5a competent cells and positive white
colonies were selected on Ampicillin selective Luria-Bertani
(LB) Agar plates supplemented with 5-bromo-4-chloro-
3-indolyl-b-D-glucopyranoside (X-Glc) and Isopropyl B-
D-1-thiogalactopyranoside (IPTG). One positive colony
was used for the plasmid preparation, achieving the final
pUCI19-BZ construct.

Production of SARS-CoV-2 amplicons through PCR

In order to produce different amount of target SARS-CoV-
2 amplicons for the CRISPR-based detection assay, six
aliquots containing known concentrations of pUC19-BZ
variant plasmid (from 20 nM to 20 aM) were amplified by
PCR with M13-Fwd (5-TGTAAAACGACGGCCAGT-
3")/NTS-Rev oligonucleotides, under the following condi-
tions: an initial denaturation at 95°C for 5 min, 30 cycles of
30 s at 95°C, 30 s at 50°C and 30 s at 72°C, and a final ex-
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Table 3. Single- and double-stranded DNA activators

crRNAs used for

Sequence name? Sequence® targeting Figures

TSI 5'-AGATTTAGCCATGTGTAGACTAAA-3 crRNA 2, 3, Supple-

NTS1 5'-TTTA GTCTACACATGGCTAAATCT-3 mentary
Figures S3,
S4, S5, S6, S7,
S8, S9

TS- crRNA + 3'DNA7
NTS-

crRNA + 3’DNA7
SARS-CoV-2 ds-DNA
amplicon

PM

MMI1
MM4
MMS8
MMI12
MMI16
MM20
MMI1-2
MM4-5
MMS8-9
MMI12-13
MMI16-17
MM19-20
NTS
Salmonella ds-DNA
amplicon

5'-AGCACCCAGTCCGCCCTGAGTAAA-Y
5'-TTTA CTCAGGGCGGACTGGGTGCT-3

5-GATCCTTGTAAAGGAAAGTAACAATTAAA
ACCTTCAACACCATTACAAGGTGTGCTAGGATCC
CCGGGTACCGAGCTCGAATTCACTGGCCGTCGTT
TTACA-3¥

5- TGTAAAACGACGGCCAGTGAATTCGA
GCTCGGTACCCGGGGATCCTAGCACACCTTGTAA
TGGTGTTGAAGG
TTTTAATTGTTACTTTCCTTTACAAGGATC-3

5'- TTGTAAAGGAAAGTAACAATTAAA-3
5-TTGTAAAGGAAAGTAACAACTAAA-3
5-TTGTAAAGGAAAGTAATAATTAAA-3
5-TTGTAAAGGAAATTAACAATTAAA-3
5-TTGTAAAGTAAAGTAACAATTAAA-3
5-TTGTGAAGGAAAGTAACAATTAAA-3

5'-GTG TAA AGG AAA GTA ACA ATTAAA-3
5-TTGTAAAGGAAAGTAACATCTAAA-3
5-TTGTAAAGGAAAGTAGTAATTAAA-3
5-TTGTAAAGGAAGTTAACAATTAAA-3
5-TTGTAAACTAAAGTAACAATTAAA-3
5-TTGGGAAGGAAAGTAACAATTAAA-3

5'-GAG TAA AGG AAA GTA ACA ATTAAA-3

5-TTTA ATTGTTACTTTCCTTTACAA-3
5-TGGCGATATTGGTGTTTATGGGGTCGTTCTACAT
TGACAGAATCCTCAGTTTTTCAACGTTTCCTGCGGT
ACTGTTAATTACCACGCTCTTTCGTCTGGCATTATC

crRNA + 3’'DNA7

crRNA- SARS-CoV-2

crRNA- SARS-CoV-2

crRNA-Salmonella

Supplementary
Figure S3
5a, 5b

Se, 5f, Supple-
mentary
Figures S12,
S13,S14

5¢, 5d

GATCAGTACCAGCCGTCTTATCTTGATTGAAGCC
GATGCCGGTGAAATTATCGCCACGTTCGGGCAAT
TCGTTATTGGCGATAGCCTGGCGGTGGGTTTTGT
TGTCTTCTCTATTGTCACCGTGGTCCAGTTTATCGT

TATTAC-3

4TS represent the target single-stranded DNA, complementary to the RNA guide, whereas NTS represent the complementary non-target single-stranded
DNA. PM stands for perfect match and MM for mismatch (reported in bold in the sequence). The numbers following ‘MM’ indicate the position of the
mismatches respect to the PAM motif (i.e. MM indicates that mismatch is the first base following PAM motif, MM4 indicates that mismatch is the fourth

base following PAM motif, etc).

PTtalic bases represent the PAM motif; bold bases represent the mismatches.

tension of 5 min at 72°C. All amplified DNA products were
cleaned by the NucleoSpin® Gel and PCR Clean-up@®) kit
from Macherey-Nagel GmbH (Germany), in order to re-
move oligonucleotides, free nucleotides and the DNA poly-
merase enzyme.

Preparation and standardization of Salmonella strain

The sensitivity test was carried out using Salmonella Ty-
phimurium ATCC 14028 (Oxoid Ltd, Basingstoke, UK).
The strain was revitalized by incubation in 10 ml of Tryp-
tone Soy Broth medium (Lab M Ltd, Heywood, UK) for
24 h at 37°C. Furthermore, the strain was standardized by
determining the bacterial load with the method of serial di-
lutions and sowing by inclusion on Plate Count Agar (Lab
M Ltd, Heywood, UK) that yielded about 108 CFU/ml. An
aliquot (2 ml) of strain was centrifuged at 14 000 rpm for 10
minutes, the pellet was suspended in 1 ml of distilled water
and centrifuged at 14 000 rpm for 10 min, and the pellet was
suspended in 200 pl of 6% Chelex. The suspension was in-

cubated for 8-10 min at 100°C, finally placed on ice for 1
minute. The suspension was then centrifuged (5 min at 14
000 rpm) to allow the Chelex, cell components, membrane
residues and cell wall to settle to the bottom of the tube.
100 wl of the supernatant was carefully transferred to a new
tube and used as a template in molecular methods.

PCR amplification of Salmonella samples

Briefly, the primer used amplify a highly specific segment
of the region of invA gene, conserved in all Salmonella
serotypes. The reaction mixture consists of a total of 50
pl divided as follows: 25 wl of master mix (QuantiTech
Multiplex PCR Master Mix NoROX, QIAGEN), 1 pl
(10 pM) of forward primer F3 (GGCGATATTGGTGTT-
TATGGGG), 1 pl (10 wM) of reverse primer B3 (5-
AACGATAAACTGGACCACGG-3, Hara-Kudo er al,
2005), 19 ul of molecular biology water, 4 wl of DNA tem-
plate. The reaction was run at 95°C for 15 min, followed
by 40-cycle at 95°C for 30 s and 60°C for 30 s. All ampli-



fications were performed using the GeneAmp PCR System
9700 instrument (Applied Biosystems). PCR products were
analysed by 2% agarose gel electrophoresis using 5 pl of
ethidium bromide (10 ng/mL) and run at 90 V for 60 min
and finally visualized by UV transillumination. The sizes of
the sample PCR fragment (244 bp) were determined com-
paring their position on the gel with those belonging to the
standard DNA ladder (EZ Load 100 bp molecular ruler,
Bio-Rad Life Science Research). Finally, the PCR products
were purified with kit QIAquick® PCR Purification KIT
(QIAGEN).

Melting assays and thermodynamic analysis

Fluorescence melting curves (Figure 2A and S1) were ob-
tained by heating a solution containing 50 nM of DNA re-
porter in NE buffer (10 nM Tris—=HCI, 50 mM NaCl, 10
mM MgCl,, pH 7.9) from 20°C to 90°C at a rate of 1°C
min' and monitoring fluorescence at every 0.5°C, setting
Aex, = 488 nm and N\ep. = 520 nm. All the solutions were
annealed prior to analysis by heating the solutions to 90°C
and slowly cooling down at room temperature. The reported
melting curves have been normalized through the use of the
interpolation model that allows to estimate the melting tem-
perature (7y,) for each experiment (Figure 2A and Supple-
mentary Figure S1) (43). To estimate the switching equilib-
rium constant (K) of the hairpin DNA reporters, we as-
sumed a two-state model and A H° independent of temper-
ature (AC, = 0) (43,44). Firstly, we calculated the folded
and unfolded fraction of the hairpin reporters as function
of temperature according to the following equation:

a = (By — Fr)/(By — Br)

where a represents the folded fraction, By and Bg are the
baseline fluorescence values of the unfolded and folded
species, respectively and, Fr is the fluorescence signal of the
hairpin DNA reporter at a given temperature. Ky was then
calculated as K5 = (1 — a)/a, by taking in accounts the o be-
tween 0.15 and 0.85. Van’t Hoff analysis was carried out by
plotting In(Kj) as a function of 1/7 (Supplementary Figure
S1) and data were fitted by using the following equation:

In(K,) = ~AH°/Rx 1/T+AS/R

We assumed that all the variants by sharing the same stem
portion (related to the enthalpy contribution) present the
same average A H° value (44.1 £ 2.8 kcal/mol). Finally, K,
was calculated as Ky = exp(—AG°/RT) at 37°C.

Fluorescence trans-cleavage assays

Double-stranded DNA activator was prepared by anneal-
ing 3-fold molar excess of the NTS to TS in buffer (10
nM Tris-HCI, 50 mM NaCl, 10 mM MgCl,, pH 7.9) heat-
ing at 90°C for 2 min, and slow-cooling on the benchtop.
Trans-cleavage assays were performed as follow, unless oth-
erwise stated. 4.5 pl of Casl2a/cRNA complex (200 nM)
previously incubated with the single (ssDNA) or double
stranded (dsDNA) DNA activator (10 nM) for 30 min at
37°C, are diluted into a final volume of 45 pl containing
100 nM DNA-reporter (final concentration) at 37°C. We
performed all steady state fluorescence measurements using
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a Cary Eclipse Fluorimeter. We recorded emission spectra
with excitation at 488 nm and acquisition from 500 to 600
nm. We fixed the excitation and emission bandwidths to 5
nm in all the experiments. Kinetics experiments were per-
formed by fixing excitation at \¢xc = 488 nm and acquisition
at Aem = 520 nm, and setting the excitation and emission
bandwidths to 5 nm in all the experiments. Background-
corrected fluorescence values were calculated by subtract-
ing fluorescence values obtained from reactions carried out
in the absence of activator at the specific time of analysis.
To determine the cleaved fraction of substrate over time
(Figures 3B and Supplementary Figure S6), fluorescence ki-
netics were fitted to a single exponential decay curve (Kalei-
dagraph, Software), according to the following equation:

CleavedFraction = Ax (1 — exp (—kt))

where A is the amplitude of the curve, k is the first-order
rate constant and ¢ is time. Calibration curves performed for
sensitivity assays (Figure SA) have been obtained after 1 h
of incubation of different concentrations of ds-DNA ampli-
cons in a solution containing LhCas12a/crRNA (20 nM, fi-
nal concentration) and the Linear-ssDNA or the Stem-loop
#10T DNA reporter (100 nM, final concentration), as pre-
viously reported. The detection of PCR-amplified ampli-
cons (Figure 5B) have been performed by diluting the PCR
products 500 times in NE buffer and then by transferring 5
wl to a vial containing 25 wl of 200 nM LbhCasl2a/crRNA-
SARS-CoV-2. The resulting solutions were incubated for
30 min at 37°C. After that, 45 wl of DNA reporter (final
concentration 100 nM) was added and incubated for 1 h at
37°C. Finally, the solutions were heated at 65°C for 10 min
and cooled down to 37°C, in order to deactivate LbCasl2a
and trans-cleavage reaction. Detection of Salmonella (Fig-
ure 5C, D) was performed by adding 2.5 wl of 200 nM
LbCasl2a/crRNA (RNP) complex to the 25 ul of PCR
products at different dilution factors in NE buffer contain-
ing a 500 nM final concentration of DNA reporter and
kinetic were followed for 1 h at 37°C, by using a Tecan
M200pro plate reader using top reading mode with black,
flat bottom non-binding 96-well plates. Kinetic experiments
performed for testing the specificity, were carried out by
adding 4.5 pl of activator (final concentration 10 nM of TS
or MM + 30 nM of NTS) in 45 .l of solution containing 100
nM of reporter and 20 nM of LbCasl2a/ crRNA-SARS-
CoV-2 (previously incubated for 30 min at 37°C at 200 nM
concentration) (Figure Se, 5f and S12).

Michaelis—Menten enzyme kinetic measurements and data
analysis

Trans-cleavage reactions were measured by adding 4.5 pl
of a 10x concentrated solution of active complex (10 nM
of ds-DNA activator + 200 nM of LbCasl2a/crRNA com-
plex pre-incubated for 30 min at 37°C) to a solution (final
volume of 45 pl) of FRET-based DNA reporters at differ-
ent final concentrations (from 23 nM to 1.9 wM). Specifi-
cally, the final concentrations of LhCasl12a/crRNA and ds-
DNA activator are 20 and 1 nM, respectively, so that the
concentration of the effective RNP complex is 1 nM. Reac-
tions were carried out in three replicates and fluorescence
measurements were acquired every 8 ms (Aex:: 488 nm; ey
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520 nm). We calculated the initial reaction velocities (V)
for each concentration of reporters by fitting to a linear re-
gression the data collected during the first 180 s. We con-
verted the calculated reaction velocities from a.u./min to
nM/min by assuming that fluorescence F(z) measured dur-
ing trans-cleavage experiments is the sum of the fluorescence
from cleaved and uncleaved reporters (21), as reported in the
following equation:

F (t) =Fleaved (t) +Funcleaved (t)

where Fieaved(?) and Fupcleaved(?) are the fluorescence from
cleaved and uncleaved reporters, respectively. Fluorescence
signal of fully cleaved reporters (Fgjeaved) at the reported
concentrations were obtained by incubating 45 pl of re-
porter for 24 h at 37°C in the same experimental condi-
tions reported above by assuming the trans-cleavage reac-
tion completed. Fluorescence signal of uncleaved reporters
(Funcleaved) Was obtained under the experimental procedure
by using an inactive LbCasl2a/crRNA complex (in the
absence of the dsDNA target). We obtained calibrations
curves of Fieaved and Fyncleaved Versus increasing concentra-
tions of reporters (from 24 nM to 1.9 wM) by fitting data to
a linear regression (see Supplementary Figure S8).

Since we know that at time (¢) the overall fluorescence is
the sum of Fijeaved(?) and Fyncleaved(?) Which is function of the
reporter concentrations ([C]), we can assume that:

F (t) =mlx [Ccleaved] +m2x (1 - [Ccleaved])

where m1 and m2 represent the calibration curve equations
(i.e. angular coefficient) from Supplementary Figure S8c.
The reaction velocities in nM/s is obtained by differen-
tiating the above reported equation with respect to time.
The calculated reaction velocities (nM/min) were plotted
versus FRET-based DNA reporter (substrate) concentra-
tion and fitted to the Michaelis—Menten equation using
GraphPad Prism software (GraphPad, CA, USA) to ob-
tain Vi and K, according to the following equation: Y
= (Vmax X X)/(Km + X), where X is the substrate concen-
tration and Y is the enzyme velocity. Finally, turnover num-
ber (kc,) was calculated by using the following equation:
keat = Vmax/ E:, where E; is the concentration of the active
ribonucleoprotein complex = 1 nM.

Native polyacrylamide gel electrophoresis (PAGE) assays

Native PAGE experiments were obtained with 18% poly-
acrylamide (29:1 acrylamide/bisacrylamide) in TBE 10x
buffer (I M Tris, 0.9 M boric acid and 0.01 M EDTA),
pH 8.3. Gel solution were prepared by mixing 5.7 ml
of diH,0, 4.1 ml of TBE 10x buffer, 4.2 ml of 30%
acrylamide/bisacrylamide solution, 75 pl of 10% APS, 14
wlof TEMED. A volume of 10 pl of each sample was mixed
with 1 .l of 60% (w/w) Glycerol and then the mixture was
added into the gel for the electrophoresis assay. O’Range
Ruler 5 base pair DNA Ladder was used as the DNA stan-
dard. The samples were obtained following the same pro-
cedure reported for fluorescence trans-cleavage assay using
250 nM of FRET-based DNA reporter. The reactions were
stopped at different times (0, 15, 30, 45, 60, 120 and 180
min), by heating the solutions for 10 min at 65°C in or-
der to inactivate the Casl2a enzyme. The native PAGE was

carried out in a Mini-PROTEAN Tetra cell electrophoresis
unit (Bio-Rad) at room temperature, at a constant voltage
of 120 V, using TBE 1x buffer (0.1 M Tris, 0.09 M boric
acid and 0.001 M EDTA) at pH 8.3 for 80 min.

PAGE analysis of trans-cleavage digestion of FRET-based
DNA reporters

Gel was scanned by a ChemiDoc Imaging System (Bio-
Rad) that allows to image the fluorescent bands (FAM emis-
sion) associated to the cleaved and uncleaved FRET-based
DNA reporters. However, the same gels were imaged also
after 30 min of staining in SYBR gold (Invitrogen) dissolved
in a TBE 1x buffer at pH 8.3 to visualize the ladder signal.
We calculated the cleavage fraction (o) according to the fol-
lowing equation:

a = (P‘(t) - Eun(?leuved))/ (Ecleaved) - Hui1t'leavezl))

where Funcleaved and Fgeaveq are the intensity of the bands
associated to the reporter at reaction time equal to 0 s and
180 min, respectively, and F(7) is the fluorescence intensity
associated to the cleaved reporter at a given time of analysis.

Structural models

Molecular simulations were based on the X-ray structure
of the CRISPR-Casl2a system in complex with RNA and
DNA (PDB ID: 5NFV),(45) as obtained from Francisella
novicida at 2.5 A resolution. The linear DNA was mod-
elled from the DNA target strand of this X-ray structure, by
mutating the sequence to 5-CTCTCATTTTTAGAGAG-
3, following the experimental studies. The hairpin DNA
was modelled from an NMR solved hairpin DNA (PDB ID:
1QE7),(46) by mutating the sequence same as the Linear-
ssDNA mentioned above. The three systems were embed-
ded in explicit waters, while Na* ions were added to neu-
tralize the total charge, leading to an orthorhombic periodic
cell. The simulation cell for the CRISPR-Cas12a complex
was of ~120 x 130 x 150 A containing a total of ~210 000
atoms. The simulation cell of both the linear and stem loop
DNA had a dimension of ~90 x 60 x 60 A3, containing
~25 000 atoms.

Molecular simulations

All-atom molecular dynamics (MD) simulations were per-
formed using the Amber ff12SB force field, which in-
cludes the ff99bsc0(46) corrections for DNA and the
ff99bscO+x OL3(46) corrections for RNA. The Allnér force
field(46) was used for Mg?* ions and the TIP3P model was
used for water. These force field parameters and the simu-
lation protocol are well-established for protein/nucleic acid
complexes, as also shown in our recent studies of CRISPR-
Cas9,(47-51) corroborated by NMR experiments (50) and
quantum mechanical calculations (52). An integration time
step of 2 fs was employed and all bond lengths involving
hydrogen atoms were constrained using the SHAKE algo-
rithm. Temperature control was performed at 300 K via
Langevin dynamics(53) with a collision frequency of y =
1/ps. Pressure control was accomplished by coupling the
system to a Berendsen barostat (53), at a reference pressure



of 1 atm and with a relaxation time of 2 ps. The systems were
subjected to energy minimization to relax water molecules
and counter ions, keeping the protein, RNA, DNA and
Mgt ions fixed with harmonic position restraints of 300
kcal/mol-A?. The systems were then heated from 0 to 100
K in the canonical ensemble (NVT), by running two sim-
ulations of 5 ps each while imposing position restraints of
100 kcal/mol-A?. The temperature was further increased up
to 200 K in a ~100 ps MD run in the isothermal-isobaric
ensemble (NPT), reducing the restraint to 25 kcal/mol-AZ.
Subsequently, all restraints were released, and the temper-
ature of the system was raised to 300 K in a single NPT
simulation of 500 ps. After ~1.1 ns of equilibration, a ~10
ns of NPT run was carried out for the density of the sys-
tem to stabilize at around 1.01 g/cm?. Production runs for
the CRISPR-Casl2a system were carried out reaching ~4
ps of MD simulations in two replicates, gaining ~8 s of
collective ensemble. After these simulations, two structures,
displaying an open conformation of the system, were ex-
tracted for further ~200 ns of conventional MD to ob-
tain an ensemble of conformations for molecular docking.
The step loop DNA and linear DNA were also simulated
for ~200 ns of MD in two replicates, starting from dif-
ferent configurations and velocities. Molecular simulations
have been carried out using the GPU-accelerated version
of AMBER 19 (Case et al., Amber 2022, Univ. Califor-
nia, San Francisco). The most representative configurations
were selected from the top three clusters, as obtained by
performing k-means clustering on the collected ensemble of
the CRISPR-Casl2a complex, stem loop DNA and linear
DNA. These selected configurations of the DNA models
and of the CRISPR-Cas12a system were object of docking
calculations as described below.

Docking and binding energies

We performed rigid body docking of the stem loop and lin-
ear DNA models as ligands for the target CRISPR-Cas12a
complex using HADDOCKZ2.4 (54) The catalytic core com-
posed of the DED motif (D916, E1005, D1254) in Casl2a
were treated as the ‘active’ residues for HADDOCK?2.4
docking, while the solvent-exposed residues within 6.5 A
of the active residues were treated as ‘passive’ residues. The
five dT-repeats in the DNA models were treated as active
residues and passive residues were selected following the
criterion mentioned above. Both the DNA models were re-
strained to preserve their structure while docking. For the
all-atom representation, OPLSX non-bonded parameters
are used both for the protein (55) and DNA (55). The most
representative docked conformations from the top cluster,
based on the clectrostatic and Van der Waal energies, and
HADDOCK2.4 score, were selected for further analyses.
The docked structures were minimized and equilibrated as
reported above (Molecular Simulations section) for subse-
quent ~200 ns of conventional MD simulations. We calcu-
lated the binding free energy for the association of DNA
with Casl2a using the Molecular Mechanics with Gener-
alized Born and Surface Area (MM-GBSA) method (46).
Binding free energy calculations where performed over the
~200 ns ensemble, in windows of ~20 ns. The GBn model
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Figure 1. Schematic for Casl2a trans-cleavage activity based on hairpin
DNA reporters. We explore the use of different FRET-based hairpin DNA
reporters as signal transducers of the Casl2a-based trans-cleavage reac-
tion. The hairpin structure separates the single-stranded portion that pref-
erentially can be cleaved by activated Casl12a proteins (the loop) from those
that define the switching equilibrium and signal transduction (the stem).
Once the ternary complex of Cas12a/crRNA /dsDNA is formed, the trans-
cleavage activity is activated and the hairpin DNA reporter can be cleaved,
thus generating a fluorescence signal change.

described by Mongan, Simmerling, McCammon, Case and
Onufriev was employed (46).

RESULTS AND DISCUSSION
Design of FRET-based hairpin DNA reporters

To enhance the frans-cleavage activity and the signal trans-
duction of Casl2a, we have investigated the use of hairpin
DNA molecules as fluorescent reporters. Consisting of a
stem-loop DNA modified at the two self-complementary
ends with a fluorophore/quencher pair, they are a class
of synthetic biomolecular switches widely used for live-
cell analysis of native RNA transcripts (56,57), in-vitro di-
agnostics (58-61) and intracellular analysis at the single-
molecule level (62), and thus represent an ideal test bed
for our studies. The simple hairpin structure indeed sepa-
rates the single-stranded portion that preferentially can be
cleaved by activated Casl2a proteins (the loop), from those
that define the switching equilibrium and signal transduc-
tion (the stem). From the perspective of signal transduc-
tion, one crucial advantage of using stem-loop DNA re-
porters over conventional short ssDNA probes is the su-
perior quenching efficiency and the relatively low fluores-
cence background due to the tight contact between the fluo-
rophore and the quencher (63-65). In addition, we hypothe-
sized that if Cas12a is able to cleave the single stranded loop
portion, the short self-complementary stem should not be
stable enough to maintain the non-emissive hairpin confor-
mation, thus leading to a rapid increase of the fluorescence
signal (Figure 1).

To demonstrate our hypothesis, we have designed a set
of three hairpin DNA reporters that retain a common
stem sequence (i.e. 3GC + 2AT) and fluorophore/quencher
pair (6-FAM/BHQ-1), but present loop domains of dif-
ferent length (Figure 2A, left). In this way, it is possi-
ble to finely modulate the switching constant (K) associ-
ated to the equilibrium between the non-emitting hairpin
configuration (OFF-state) and the emitting unfolded state
(ON-state) of the DNA reporter (66-68). Specifically, by
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Figure 2. Design and characterization of different hairpin DNA reporters as FRET-based reporters of LbCasl2a trans-cleavage activity. (A) We tested
three different hairpin DNA reporters having same stem composition (3GC + 2AT) but different loop length and an increasing number of thymine (from 5
to 30). All the DNA reporters were functionalized with 6-FAM at 5'-end and with BHQ-1 at 3’-end. Melting curves indicate that by increasing the number
of thymine in the loop we can rationally control the melting temperatures of the reporters and thus the stability of the hairpin structure. (B) LbCas12a trans
nuclease activity on linear ssDNA and hairpin DNA reporters. The fluorescence kinetic analysis over time of LbCasl2a rrans-cleavage activity triggered by
a fully complementary 20bp-long double stranded DNA activator show enhanced signal transduction using the Stem-loop #10T reporter. (C) Fluorescence
fold change as a function of the temperature after 1h of LhCasl2a trans-cleavage activity. (D) Effect of Mg2* concentration on LhCasl2a-based trans-
cleavage activity. The assays were performed by adding 4.5 .l of LbCasl2a/crRNA complex (200 nM) preassembled with the dsDNA activator (10 nM)
to a solution containing the DNA reporter (100 nM). The trans-cleavage reactions in ¢) and d) were stopped after 1 h by heating the solutions at 65°C for
10 min. All bar graph shows the mean fold change calculated as F — Fj/Fy (background-subtracted fluorescence divided by background fluorescence of

the DNA reporter at time # = 0) £ SD, where n = 3 replicates.

increasing the loop length (composed by thymine repeti-
tions) from 5T (stem—loop #5T), to 10T (stem—loop #10T)
and 30T (stem—loop #30T) we can rationally decrease the
thermal stability of the hairpin DNA reporters (Figure
2A, right). Indeed, melting assays confirm that the melt-
ing temperature at which they unfold strongly correlates
to the loop length (Twm, stem-toop #51 = 72.4 £ 0.3°C; Tm,
stem-loop #10T = 67 £ IOC; Twm, stem-loop #30T = 533 £ O-SOC»
Figure 2A, right). From the thermodynamic analysis of the
data we confirmed that a longer loop length corresponds
to a higher switching constant (K #30r = (2.9 £ 0.2) x
107?), resulting in a destabilized non-emitting folded state
and a lower signal gain due to the increased fluorescence
background (Supplementary Figures S1 and S2). In con-
trast, a shorter loop produces an overly stabilized structure
(Ks #s7 = (7 & 2) x 10#) and a higher signal change. As
expected, the linear single-stranded FRET-based reporter
used in DETECTR (Linear-ssDNA) does not show any flu-
orescence signal increase along with temperature, in agree-
ment with the absence of secondary structures. Of note, we
fixed the length of the stem because longer stems might lead
to the formation of hairpin-hairpin dimers because of the
self-complementary nature of the 5'- and 3'-ends.

Faster and enhanced signal change Using Hairpin DNA re-
porters

As our test bed for the study of signal transduction, we
measured the a-specific nuclease activity of Lachnospiraceae
bacterium Casl2a (LbCasl2a) using the three FRET-based

hairpin reporters and the linear-ssDNA. Consistent with
our hypothesis, all DNA reporters display increased fluo-
rescence upon frans-activity thus confirming that LbCasl2a
protein can degrade also DNA reporters folded in a hair-
pin structure. Notably, the Stem-loop #10T yields the high-
est fluorescence signal (~200-fold change) compared to the
other DNA reporters (Figure 2B). The lower fold signal
change obtained using Stem-loop #30T reporter can be as-
cribed to the higher fluorescence background at 37°C, in
agreement with the Ty of melting of this reporter (Figure
2a and Supplementary FigureS2). We confirmed these re-
sults by testing multiple crRNAs/dsDNA activators (Sup-
plementary Figure S3) and Casl2a orthologs, as from
the Francisella novicida (FnCasl2a) and the Acidaminococ-
cus (AsCasl2a; Supplementary Figure S4). In addition,
the effect of temperature and Mg>* concentration on the
LbCasl2a-based sensing assay has been investigated be-
cause of the synergistic effect on both Casl2a activity and
stability of the hairpin DNA structures. The Stem-loop
#10T reporter shows again the highest fluorescence increase
at the temperatures of interest for diagnostic applications
(25-45°C; Figure 2C) and optimal MgCl, concentration is
reported to be 10 mM (Figure 2D). As expected, at con-
centration of MgCl, between 3 and 5 mM, the Stem-loop
#10T and #5T reporters generate a lower but similar sig-
nal change, probably because the latter structure is more
stable and less sensitive to the presence of Mg”* ions. Of
note, at these concentrations of Mg?* the trans-activity is
still detectable whereas the linear-ssDNA reporter does not
provide any significant signal change. To properly com-
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Figure 3. Kinetic analysis of LbCasl2a trans-cleavage activity. (A) Time-dependent trans-cleavage activity of activated LhCas12a on FRET-labelled DNA
reporters (250 nM). Substrate (e.g. DNA reporters, S) and degraded products (P) were resolved by polyacrylamide gel electrophoresis (PAGE). The intrinsic
fluorescence background of the DNA reporters (lines 1) and signal change over time is consistent with the increased amount of degraded oligonucleotides
over time (lines 3 to 8). (B) Fraction of DNA reporters cleaved by the active LbCas12a/crRNA/dsDNA complex (RNP complex, final concentration 20
nM/20 nM/1 nM) vs time. Fluorescence assays were performed at 37°C by adding 4.5 .l of a 10x concentrated RNP complex to a solution containing the
DNA reporter (final concentration 100 nM). (C) Representative Michaelis-Menten plots for LbCas12a trans-cleavage activity on the different linear/hairpin
DNA reporters using a dsDNA activator. Measured Ky, kcar and keai /K values reported as mean + SD, where n = 3.

pare trans-cleavage, we thus selected the experimental con-
dition which is optimal for all the different FRET-based
reporters.

Motivated by the enhanced signal transduction obtained
using hairpin reporters, we sought to further explore the ef-
fect of DNA sequence content on the cleavage activity since
previous publications reported a preferential trans-cleavage
for AT-rich DNA reporters (33,34). Thus, we tested two
variants of the Stem-loop #10T reporter containing differ-
ent number of thymine in the loop region (Variant #1, loop
composed of 12T; Variant #2, loop of 7T + 5A). Both the
hairpin Variants confirm to better transduce the fluores-
cence signal compared to the Linear-ssDNA reporter (Sup-
plementary Figure S5). This suggests that Casl2a trans-
activity has no or very little preference for primary sequence
content of the DNA reporter, and that probably the ob-
served enhancement can be mainly ascribed to the presence
of the secondary structure. However, it is very important
to distinguish whether improved signal change from back-
ground can be ascribed to the real preference of Casl2a for
hairpin DNA substrates, or to the intrinsic superior quench-
ing efficiency of the FRET pair in this structure.

Hairpin reporters show enhanced rate of trans-cleavage

Motivated by the above considerations, we first carried out
time-dependent gel electrophoresis assays of trans-activity
on the DNA reporters. The trans-cleavage activity of the
LbCasl2a protein is a multi-turnover enzymatic reaction
catalysed by the dsDNA target-activated ribonucleoprotein

complex that degrades ssDNA probes in a RuvC- domain-
dependent manner. To study the kinetics of LbCasl12a trans-
cleavage activity, we performed direct dsDNA detection
without any pre-amplification step by preparing a 10X pre-
incubated LbCasl2a enzyme/crRNA /ds-DNA target com-
plex (200, 200 and 10 nM, respectively) and then diluting
the mix 10 times into a solution containing the DNA re-
porters (100 nM). This is necessary to assume that all target
molecules have reacted and that the trans-cleavage reaction
is the rate-limiting process. The results show faster trans-
cleavage for hairpin probes compared to the linear one (Fig-
ure 3A). We quantified the PAGE data by FAM imaging in
order to determine the cleavage fraction-time plot (see Sup-
plementary Table S1) and then compared it to spectrofluo-
rometric data. Fluorescence data are in agreement with gel
assays confirming that all the three hairpin DNA reporters
are degraded faster than the Linear-ssDNA reporter, re-
gardless of whether LbCas12a is activated by dsDNA or ss-
DNA target sequences (Figure 3B and Supplementary Fig-
ure S6). We also carried out control experiments to eval-
uate if a-specific interactions between inactive RNP com-
plex and reporters can affect the cleavage assays. Data ob-
tained at saturating concentration of dsSDNA activator (20
nM, equimolar to RNP complex) confirmed that a-specific
interactions do not affect the assays (Supplementary Figure
S7).

To study the LhCasl2a enhanced activity, we performed
a Michaelis-Menten kinetic study of the different DNA
reporters. Different concentrations of DNA reporters
were employed to determine the initial reaction veloci-
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ties (Vy, Supplementary Figure S8). Calibration curves
were used to convert Vj from u.a./min to nM/min (see
Supplementary Figure S8 and Material and Methods
Section for the procedure). By plotting the measured
reaction velocities versus DNA reporter (substrate) con-
centration and fitting the data using Michaelis—Menten
equation we obtained k¢, and K, values. The ratio be-
tween k., /K, is ~5-fold higher for the hairpin DNA
reporters than for the linear-ssDNA (Supplementary
Table S2). This difference can be ascribed to the de-
crease of K, values obtained for the three hairpin reporters
(Kmlinear-ssDNA> =2504£50 IlM; Kmstem—loop asT=42+£5 IlM;
Kmstem—loop #10T — 34+2 l’lM; Kmstem—loop #30T = 69+ 5 nM)
whereas k¢ values are quite similar (ke finear-ssDNA»
= 030 £ 0.02 s kestemioopsst = 024 £ 0.02
571 5 kcatstem—loop #10T = 0.23 + 0.01 571 ;
Keat stem toop #30r = 0.28 £ 0.02 s7'). These data sug-
gest that the enhanced binding affinity of LhCasl2a for
hairpin-forming substrates results in enhanced trans-
cleavage as it is also confirmed through the comparison
with previously reported systems (Supplementary Table
S3). To exclude the possibility that enhanced binding
affinity of stem-loop reporters can be due to an a-specific
effect generated by the extra number of bases present in the
sequence, we performed control assays using a 22 base long
DNA reporter (i.e. variant-ssDNA reporter). It consists of
single-stranded DNA terminally labelled with FAM/BHQI
pair that presents the same sequence of the loop (i.e. 10 T,
in the middle of the sequence) of the stem-loop #10T re-
porter and additional not self-complementary nucleotides
at the 3’- and 5'-end in place of the stem in order to hinder
any hairpin-like folding. PAGE analysis of trans-cleavage
activity over time clearly indicates slower degradation
of the variant-ssDNA reporter and, as expected, lower
fluorescence signal transduction (Supplementary Figure
S9) confirming the importance of the hairpin conformation
to achieve enhanced trans-activity.

Mechanistic insight into the hairpin DNA reporter interac-
tions with Cas12a

To elucidate the molecular basis for enhanced rrans-
cleavage, we performed molecular dynamics (MD) simu-
lations and molecular docking studies. Molecular simula-
tions were based on the X-ray structure of Casl2a ob-
tained post non-target strand cleavage (PDB: SNFV) (46).
This structure contains a short dsDNA at the PAM distal
site, which should be released from the protein after target
strand cleavage to enable the access of ssDNA for trans-
cleavage (69). We have removed this portion of dSDNA from
the X-ray structure SENYV, obtaining a state of Casl2a post
cis-cleavage and thereby prone for trans-cleavage. This sys-
tem has been an object of MD simulations, collecting ~4 s
for two replicates. These simulations revealed a remarkable
opening of the system (Figure 4A) that lead to the widening
of the DNA-binding groove in the RuvC domain. Indeed,
the Nuc domain significantly opens, as shown by an increase
in the distance between the Rec2 and Nuc domains and an
outward bending of Nuc, observed with respect to the RuvC
domain (Figure 4B). This opens the room for the incoming
ssDNA to bind for trans-cleavage (1). Notably, the observed

opening of Nuc with respect to REC2 is in line with previ-
ous biophysical studies indicating concerted dynamics and
high flexibility of the two domains (70,71). This open Nuc
conformation provided us a suitable starting point to per-
form molecular docking of hairpin and linear DNA struc-
tures at the RuvC catalytic site. We selected the sequence of
the Stem-loop #5T as our model hairpin structure. First,
extensive MD simulations of the Stem-loop #5T and the
Linear-ssDNA have been performed (i.e. ~200 ns for each
system in two replicates) to obtain an ensemble of confor-
mations for molecular docking. Then, three representative
conformations from the top three clusters were selected for
molecular docking. Rigid body docking of the DNA models
within the RuvC catalytic site was performed using HAD-
DOCK2.4 (72).

The most representative docked conformations, based on
the electrostatic and Van der Waal energies, and HAD-
DOCK score, were selected for further molecular simula-
tions and analyses. This approach using MD before and
after molecular docking allowed us to reduce the possi-
ble biases arising from the docking calculations of single
stranded DNA (73). To compute the binding free energy,
~200 ns of unconstrained MD simulations were carried out
for both the stem-loop DNA and linear DNA in complex
with Casl2a. This was obtained using the Molecular Me-
chanics with Generalized Born and Surface Area (MM-
GBSA) solvation method (46). This method gave us an ap-
preciable comparison of the binding energies between the
two systems. We observed a difference in free energy of
~8.24 kcal/mol in favor of the stem—loop #5T, compared
to the Linear-ssDNA (Figure 4c and S10). This suggests
that the Hairpin DNA model promotes stronger binding
with the Casl2a catalytic pocket. Analysis of the interac-
tions further reveals that the stem loop DNA interacts more
extensively with the Nuc domain than the linear DNA (Sup-
plementary Figure S11). Accordingly, the stem loop DNA
binds more stably within the Casl2a core, as an effect of
increased interactions with Nuc, when compared to the lin-
ear DNA. A more stable location of the substrate within
the active site can favor the catalysis, ultimately resulting in
an increase in the catalytic efficiency. This is in agreement
with our experimental observations, reporting a lower K,
and higher cleavage activity for the hairpin DNA reporter
when compared with Linear-ssDNA. Moreover, these sim-
ulations provide a mechanistic understanding of the bind-
ing of hairpin and linear DNA. These findings also take
us a step further toward understanding the binding of sin-
gle stranded DNA (both hairpin and linear) at Casl2a for
trans-cleavage.

Enhanced sensitivity and specificity using hairpin DNA re-
porter

To better characterize the advantages of using a hairpin
DNA reporter as fluorescence reporter, we selected the
best-performing FRET-based DNA reporter (i.e. Stem-
loop #10T) and compared its analytical features with those
of the Linear-ssDNA. To do this, we designed an LbhCas12a-
based detection assays to detect synthetically generated ds-
DNA amplicons of the S gene of SARS-CoV-2 (74). Al-
though no clinical samples were tested, we performed quan-
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Figure 4. Mechanistic insights from molecular simulations. (A) Long timescale molecular dynamics (M D) simulations reporting a large-scale opening of
the Nuc (indicated by the arrow in green). (B) Outward bending of Nuc along ~4 s MD trajectories (in two replicates), shown through the time evolution
of the center of mass distance between the REC2 and Nuc domains (top), and the angle of Nuc with respect to the RuvC domain (bottom). (C) Comparison
of the binding free energy between the association of the stem loop (green) and linear ssDNA (purple) with Cas12a using the MM-GBSA solvation method.

titative detection of synthetic SARS-CoV-2 dsDNA ampli-
cons (102 bp). The results clearly indicate that the Stem-
loop #10T reporter consistently has a higher sensitivity
(slope stem-1o00p #10T = 137.0 a.u./nM) and lower limit of de-
tection (LOD = 10 pM) for detecting SARS-CoV-2 as com-
pared to the linear-ssDNA reporter (slope finear-sspna = 61.3
a.u./nM; LOD = 150 pM; Figure 5A), and exhibit an
average of 2-fold signal improvement between 1 nM and
10 pM of target SARS-CoV-2 dsDNA amplicons. In addi-
tion, when samples at known concentration (from 20 aM to
200 pM, see Figure 5B) were pre-amplified by PCR (30 cy-
cles, two-pot PCR-CRISPR reaction), the Stem-loop #10T
demonstrated higher sensitivity intended as the upstroke
of the input/output response in a two-pot reaction assay
(i.e. by diluting PCR samples 500 times before the incuba-
tion with the LbhCasl12a/crRNA complex). To demonstrate
the generalizability of the results for the detection of bacte-

ria strains, the amplification of nucleotide sequences within
the invA gene of Salmonella Typhimurium was evaluated
as a means to detect Salmonella serotypes. Salmonella is
an important food-borne pathogen responsible for human
disease outbreaks worldwide. The reference method for its
detection in food requires up to 5-6 days to produce fi-
nal results, as it involves pre-enrichment, selective enrich-
ment, isolation on selective agar, biochemical characterisa-
tion of presumptive colonies and final serological confirma-
tion. (75). Therefore, there is a need for new methods capa-
ble of detecting small amounts of Salmonella in food sam-
ples in a short time. To this end, several molecular methods
for the detection of Salmonella in food have been developed
(76,77) and we also report here preliminary results for an al-
ternative and more sensitive detection of this pathogen. The
specific PCR product was a 244 bp DNA amplicon which
was analysed in CRIPSR-Cas12a assays through serial dilu-
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Figure 5. Sensitivity and specificity assays. (A) Amplification free, di-
rect detection of SARS-CoV-2 ds-DNA amplicons. Calibration curves ob-
tained after 1h of incubation of different concentrations of ds-DNA am-
plicons to a solution containing LhCas12a/crRNA (20 nM, final concen-
tration) and the Linear-ssDNA or the Stem-loop #10T DNA reporter (100
nM). All the values reported show the mean + SD, where n = 3 replicates.
(B) Two-pot CRISPR-based detection of PCR amplified SARS-CoV-2 ds-
DNA amplicons at known concentrations showing enhanced signal trans-
duction using the Stem-loop #10T reporter. Pairwise comparisons of reac-
tions containing target ds-DNA amplicons with the control (0 copies per
wl of ds-DNA amplicon) were done using an unpaired t-test with Welch’s
correction (n = 5). The asterisks denote values levels of statistical signifi-
cance: P < 0.0001 (¥***); P < 0.001 (***); P < 0.001 (**); p < 0.005 (*).
(C) Detection of PCR-amplified Salmonella Typhimurium samples, real-
ized by adding diluted PCR-amplified Salmonella Typhimurium samples
to a solution containing LhCasl12a/crRNA (20 nM, final concentration)
and the linear-ssDNA or the Stem-loop #10T DNA reporter (500 nM).
Kinetic assays show enhanced signal transduction for stem-loop #30T re-
porter testing samples at different dilution factors (1:10"2 and 1:10"%).
(D) Fold change of two-pot CRISPR-based detection of PCR-amplified
Salmonella Typhimurium at different dilution factors. Pairwise compar-
isons of reactions containing target PCR-amplified Salmonella amplicons
with the control (0 copies per .l of DNA amplicon) were done using an
unpaired t-test with Welch’s correction (n = 5). The asterisks denote val-
ues levels of statistical significance: P < 0.0001 (****); P < 0.001 (***);
P < 0.001 (**); P < 0.005 (*). Comparisons that were not significant (NS)
have a P value of >0.05 or signal that was lower than the control (0 copies
per pul of DNA amplicon). (E) Specificity test on single-nucleotide mis-
match mutations (from MM1 to MM20) and double-nucleotide mismatch
mutations (from MM -2 to MM 19-20) on synthetic SARS-CoV-2 dsDNA
activator. Kinetic assays report the fluorescence difference between perfect
match (PM) and mismatch 1 (MM1) target (right, # =4 min). (F) Superim-
posed bar graphs showing the difference between the fold change related
to the perfect match (PM) and to the mismatch (MM) target (right, 10 nM
at 1 = 4 min). All the values reported show the mean &+ SD, where n = 3
replicates.

tion obtained from the same PCR product. Both the kinetic
analysis and the fold change associated to different dilu-
tion factors clearly confirmed that enhanced sensitivity and
more rapid signal transduction using the stem—loop #10T
reporter (Figure 5C and D).

We evaluated also the specificity of LhCasl2a-based de-
tection in discriminating point mutations across dsDNA
amplicons using both the Stem-loop #10T and the Linear-
ssDNA reporters. We mutated either a single or two con-
secutive nucleotides at different points of the dsSDNA am-
plicons of SARS-CoV-2. Since stem-loop #10T reporter
show enhanced and faster cleavage rate compared to linear-
ssDNA, we hypothesized that by performing short-time flu-
orescence analysis of trans-cleavage activity (1 = 4 min),
discrimination between perfect match (PM) and mismatch
(MM) targets could be improved (Figure SE and Supple-
mentary Figure S12). As expected, the single-point muta-
tions were more easily tolerated than the double-point mu-
tations by LbCasl2a. Nevertheless, it is noteworthy that the
difference of fold signal change between PM and MM is
significantly higher for the stem-loop #10T compared to
Linear-ssDNA reporter at different ds-DNA target concen-
tration (Figure SF and Supplementary Figure S13). Cleav-
age PAGE assays over time using mismatches confirmed
that the significant difference of trans-cleavage rate between
the two reporter systems allows to better discriminate the
presence of MMs using Stem-loop #10T (Supplementary
Figure S14).

In this work, we have studied a set of hairpin DNA re-
porters with loop domains of different length as FRET-
based reporters of the frans-activity of Casl2a enzymes.
We have first confirmed that the loop length can be used
to finely regulate the switching mechanism between the
folded (ON)/unfolded (OFF) state of the reporters, and this
also provides a means to rationally control the overall flu-
orescence signal change produced by the trans-activity of
Casl2a. Then, kinetic analysis of the trans-activity showed
that all the hairpin DNA reporters have faster Casl2a-
based cleavage rate compared to that observed using short
linear ssDNA probes. In addition, the Michaelis-Menten
analysis performed on the different DNA reporters indi-
cated an enhanced affinity (lower K, values) of Casl2a for
the hairpin DNA reporters. Molecular dynamics simula-
tions of Casl2a showed a remarkable opening of the sys-
tem that lead to the widening of the DNA-binding groove
in the RuvC domain, and docking studies confirmed the
stronger binding of stem-loop DNA to the Casl2a cat-
alytic pocket. Finally, we tested the best performing hair-
pin DNA reporter (Stem-loop #10T) for the detection of
synthetic ds-DNA amplicons related to S gene of SARS-
CoV-2 and Salmonella strains. The use of the stem—loop
#10T resulted in a sensing platform with improved sensi-
tivity and enhanced specificity in discriminating single and
double point mutations across dsDNA amplicons. These
data suggest that the enhanced affinity of Casl2a for hair-
pin probes, combined to the well-established capacity of
FRET-based stem-loop DNA to improve fluorescence sig-
nal transduction, can significantly ehnance the sensitivity
and the specificity of CRISPR-Casl2-based sensing plat-
forms. The faster signal transduction and the ability to dis-
criminate among different DNA sequences offers the op-



portunity to use hairpin-based transducer of trans-activity
in a variety of high-throughput applications, from metage-
nomics to biomedicine.

Our findings represent a step toward a better understand-
ing of Casl2a nuclease activity that can potentially assist
in the development of improved diagnostic platforms for
the diagnosis of various diseases, including the COVID-
19. Beyond the diagnostic applications, this work paves the
way for exploring evolutionary and mechanistic aspects of
CRISPR type V enzyme that govern the affinity of CRISPR
Type V systems for hairpin-like structures. Further stud-
ies are currently in progress to understand whether other
CRISPR Type systems (Cas13) showing trans-activity show
a similar behaviour.
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