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Abstract

The trans cleavage activity of Cas12a has been extensively used for the detection of biomolecules. Different Cas12a orthologues exhibit faster
or slower trans cleavage kinetics, making some orthologues more suited for sensitive molecular detection. (GRicISHchHgINocaeloMNiENn

@meniesy Studying three commonly used Cas12a orthologues (FnCas12a, AsCas12a, and LbCas12a), we report that electrostatic interactions near
the RuvC active site are critical for their trans cleavage activity. Alanine substitution of arginine and lysine residues in the Nuc domain can abolish
trans cleavage while modestly reducing cis cleavage. Substitutions in the RuvC lid and substitutions to introduce positively charged residues in
the Nuc could enhance both cis and trans cleavage. These Cas12a variants improved DNA detection and genome editing efficacy. Overall, this

study provides a blueprint for rationally engineering the DNase activities of Cas12a.
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Introduction

The DNase activities of CRISPR-Cas12a (clustered regularly
interspaced short palindromic repeats, CRISPR-associated)
have been widely employed for sensitive molecular detection
[1]. Cas12a has specific RNA-guided cleavage of dsDNA (cis
cleavage) and remains catalytically active to non-specifically
cleave ssDNA, RNA, and even nick dsDNA (trans cleavage)
[2-5]. Thus, the presence of the programmed DNA target is
signalled by trans cleavage of a suitable reporter molecule.
Reverse transcription of RNA can generate a suitable target
for cis cleavage, and various aptamer strategies can then acti-
vate cis cleavage in the presence of proteins, small molecules,
and numerous other analytes [6]. Trans cleavage may then be
detected by fluorescence, colorimetry, lateral flow strips, or
electrochemical methods [1].

Cas12a binds dsDNA and initiates duplex unwinding at
specific nucleotide motifs (the protospacer adjacent motif, or
PAM) [5]. This allows the crRNA (CRISPR-RNA) of Cas12a
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to base-pair to an unwound strand of DNA, the target strand
(TS) [7, 8]. Dynamic motions of the recognition (REC) lobe
are stabilized through binding to a matching crRNA:TS het-
eroduplex, which in turn allosterically activates the RuvC ac-
tive site by stabilizing the open state of the RuvC ‘lid’ loop [9,
10]. Then, single unwound DNA strands can be coordinated
in the active site cleft for cleavage [9, 11]. The non-hybridized
or non-target DNA strand (NTS) is cleaved first, being coor-
dinated by a positively charged groove in the nuclease (NUC)
lobe, close to the active site cleft, and in the required 5’ to
3’ polarity for Mg?*-mediated phosphodiester bond cleavage
[7-9, 11]. The scissile phosphate of the TS must twist sharply
and traverse ~20 A between the REC and NUC lobes to ac-
cess the active site; thus, rates of TS cleavage are 2-20x slower
than NTS cleavage [7-9, 11-16].

Biochemical and structural evidence points to a number
of key residues involved in coordinating DNA strands in
the active site cleft for cleavage. A conserved arginine in the

Received: November 10, 2025. Revised: December 7, 2025. Accepted: December 11,2025

© The Author(s) 2026. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

9202 Yote|\ 9z uo 1senb Aq GLz8L¥8/G8 1 LiexB/L/pS/[o1ue / eu/wod dno olwapeoe//:sdiy woly papeojumoq


https://doi.org/10.1093/nar/gkaf1485
https://orcid.org/0000-0002-7434-926X
mailto:anthony.newman@anu.edu.au
mailto:gaetan.burgio@anu.edu.au
https://creativecommons.org/licenses/by/4.0/
Jin Wang


2 Newman et al.

Nuc domain is adjacent to the RuvC active site residues and
is thought to coordinate the scissile phosphate immediately
prior to ‘passing it on’ to the Mg?* ions [7-9, 11, 17]. A con-
served phenylalanine in the RuvC lid makes base-stacking in-
teractions with incoming substrates, effectively ‘pinning’ DNA
strands in the active site [9, 18]. Alanine substitution of either
residue is deleterious to cis and trans cleavage [7-9, 11, 17,
18]. More broadly, networks of interactions in the Nuc and
Nuc-loop also aid coordination of DNA strands for cis cleav-
age [9, 11, 12].

Several studies have identified that GSIGEEEEIEIESID
sensitive to the ionic strength of the reaction butter |3. 19.
20]. For example, increasing NaCl concentration slows trans

@@88s( 3, 19, 20]. Moreover, Cas12a orthologues themselves
have varying rates of trans cleavage [2, 3, 12]. We hypothe-
sized that key electrostatic interactions could be driving trans
cleavage and that these vary between Cas12a orthologues.

To test this hypothesis, we performed alanine substitution
of positively charged residues in the Nuc across three Cas12a
orthologues (FnCas12a from Francisella tularensis subsp.
novicida U112, AsCas12a from Acidaminococcus sp. BV3L6,
and LbCas12a from Lachnospiraceae bacterium ND2006).
We found that alanine substitution could abolish trans cleav-
age while retaining cis cleavage. This complements literature
observations of ionic strength of reaction buffers decreasing
trans cleavage rates by neutralizing non-specific electrostatic
protein—nucleic acid interactions [19]. To engineer Cas12a nu-
cleases with higher cis and trans cleavage, we assessed muta-
tions in the RuvC-lid and performed substitutions to intro-
duce more positively charged residues in the Nuc domain.
These variants exhibited higher trans cleavage, especially at
higher NaCl concentrations, enhancing their DNA detection
ability. Engineered variants also have increased cis cleavage
kinetics and improved genome editing activity.

Materials and methods

Structural analyses

Structural data of Casl12a orthologues were accessed from
PDB (rcsb.org) or EMBL/AlphaFold databases (6GTG
and 6I11K—FnCas12a, 8SFR—AsCas12a, AOA182DWE3—
LbCas12a) [21]. Structures were visualized in ChimeraX (ver-
sion 1.9) [22].

Cloning, protein purification, and protein
thermostability

Site-directed mutagenesis was used to generate point mutants
of Casl2a orthologues. Template plasmids were pET21a-
Cas12a-3xHA-2xNLS constructs, as used previously [12].
QS site-directed mutagenesis was performed as per the manu-
facturer’s instructions (NEB), using primers in Supplementary
Table S1. Sequences were verified by Sanger sequencing (per-
formed at the Biomolecular Resource Facility, ANU). Cas12a
proteins were obtained by overexpression and purification
from T7Express cells (NEB), as previously described, with no
modifications [12]. Likewise, protein thermostability assays
were performed precisely as previously described [12].

Trans cleavage kinetics

Assays for trans cleavage kinetics were performed by assem-
bling a Cas12a—crRNA complex, followed by incubation with

target DNA to allow the cis cleavage reaction to go to com-
pletion. Then, excess reporter ssDNA was added to achieve
pseudo-first-order reaction conditions.

Oligonucleotides for c¢rRNA and DNA targets
(Supplementary Table S2) were purchased from Integrated
DNA Technologies (IDT) and resuspended in 1x IDTE buffer
(IDT). Double-stranded DNA targets were made by annealing
10 uM each of TS and NTS oligos in 1x Duplex Buffer (IDT),
heating to 90°C in a thermocycler, and cooling at 1°C per
30 s until 20°C. DNA targets for cis cleavage (1 nM, unless
otherwise indicated) were prepared in cleavage buffer [10
mM Tris—-HCI, pH 7.5, 10 mM MgCl,, 5 ug/ml bovine serum
albumin (BSA), 50 mM NaCl—unless otherwise indicated],
with 1 mM of freshly prepared dithiothreitol (DTT).

Cas12a protein and crRNA were complexed by directly
mixing c¢rRNA (in IDTE buffer) with Casl2a (in storage
buffer, 20 mM Tris-HCI, pH 7.5, 500 mM NaCl, 50% glyc-
erol, 1 mM DTT) and incubated at room temperature for 10
min. Cis cleavage was performed by addition of DNA target
solution to a final concentration of 10 nM Cas12a,20 nM cr-
RNA, and 1 nM target dsDNA in 1x cleavage buffer (NaCl
concentration as indicated). This cis cleavage reaction was in-
cubated in a thermocycler at 30°C for strictly 20 min.

The cis cleavage reaction was then further diluted in ap-
propriate 1x cleavage buffer, and 50 pul added to each well of
a flat-clear-bottom black fluorescence 96-well plate (Thermo
Fisher). Fluorescent-quencher reporter ssDNA was prepared
in 1x cleavage buffer (NaCl as indicated, reporter ssDNA fi-
nal concentration 75 nM), 50 ul of which was added into each
well by multichannel pipette. Fluorescence over time for all
assays was measured at 30°C for 60 min in a Victor Nivo
(PerkinElmer) or an Infinite M Nano plate reader (Tecan), us-
ing the 480/30 nm filter for excitation and the 530/30 nm filter
for emission.

Trans cleavage in the absence of target DNA or crRNA was
performed in no-NaCl cleavage buffer and 500 nM reporter
ssDNA. Reactions with a final concentration of ~1 mM NaCl
were attained by a total of 500-fold dilution across the steps
of crRNA complexing, cis cleavage reaction, and addition of
reporter ssDNA; the Cas12a proteins being stored in a buffer
containing 500 mM NaCl.

Fluorescence curves were plotted using GraphPad Prism 10
(GraphPad Software). For pseudo-first-order trans cleavage
kinetics, the first 300 s were extracted, and a linear regres-
sion was fitted to each replicate (GraphPad Software). Values
of fluorescence increase per second (AFs~!) were then plotted
(GraphPad Software).

Cis cleavage kinetics

These were performed as previously described [12], with the
exception of FnCas12a WT kinetics performed in cleavage
buffers containing final concentrations of ~1,100, or 200 mM
NaCl, as indicated.

Briefly, Cas12a—crRNA complexes (cognate DNMT1-3 cr-
RNA, Supplementary Table S2) were assembled and incu-
bated with a target plasmid for set time intervals. The oblig-
atory sequential NTS and then TS cleavage mechanism of
Cas12a causes changes in plasmid DNA topology, from nega-
tively supercoiled to the ‘nicked’ open-circle, and finally to the
linearized form [12, 14, 15]. These changes in topology are
visible by agarose gel electrophoresis [23], and supercoiled,
nicked, and linearized fractions were quantified by Image]
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[24]. Fitting of a sequential strand cleavage model to changes
in DNA topology over time was used to derive rate constants
of NTS and TS cleavage [12, 14, 15].

DNA detection experiments

Cas12a—crRNA complexes were prepared as for #rans cleav-
age kinetics. Complexes were diluted in 1x cleavage buffer
to 10 nM (final NaCl concentration as indicated), and 10 ul
added per well (Applied Biosystems MicroAmp Optical 96-
well Reaction Plate, Thermo Fisher). ‘DNA reporter’ solu-
tion was prepared, containing a final concentration of 200
mM fluorescent-quencher reporter ssDNA and 50 pM tar-
get dsDNA in 1x cleavage buffer (final NaCl concentration
as indicated). Ten microliters of DNA solution was added to
the 96-well plate (on ice) using a multichannel pipette and
mixed well. The plate was covered with adhesive film (Mi-
croAmp Optical, Thermo Fisher) and loaded into an Ap-
plied Biosystem quantitative-PCR machine. Fluorescence val-
ues were recorded every 30 s, and curves were plotted in
GraphPad Prism 10 (GraphPad Software). Statistical tests on
endpoint fluorescence values at 30 min were performed to as-
sess DNA detection ability, using two-way ANOVA followed
by Tukey’s multiple comparisons test in GraphPad Prism 10
(GraphPad Software).

DNA detection in human saliva was performed as above,
with the following modifications. The DNase activity of saliva
was inactivated by the addition of 2% (v/v) Proteinase K (Bi-
oline), with incubation at 55°C for 10 min, then 98°C for 10
min. A final concentration of 150 nM ssDNA reporter was
used in 1x cleavage buffer (with no added NaCl), and the
remaining 63% of sample volume consisted of human saliva
(Innovative Research Inc. Pooled Human Saliva 5 ml, Thermo
Fisher).

Genome editing of cell lines

Three replicate editing experiments were performed per nucle-
ase, precisely as previously described [12]—with the follow-
ing addition. Positive control consisting of 30 pM Alt-R As-
Cas12a Ultra (IDT) was complexed with 0.575 uM DNMT1-
3 ¢rRNA and complexed as previously described [12]. This
was then delivered by electroporation into HEK293T, A549,
and Jurkat cells. Cell culturing, electroporation, genomic
DNA extraction, and high-throughput sequencing were then
performed precisely as described [12]. Statistical significance
of gene editing was performed on the percentage of inser-
tions/deletions (indels), using two-way ANOVA followed by
Tukey’s multiple comparisons test in GraphPad Prism 10
(GraphPad Software).

Results

Alanine substitution near the RuvC can abolish the
trans cleavage of Cas12a orthologues

We first generated alanine substitutions of a conserved argi-
nine in the Nuc domain (FnR1218, AsR1226, and LbR1138,
Fig. 1 A-C) that is critical for cis and trans cleavage [4, 7, 8].
We determined the cis cleavage kinetics of these mutants and
replicated previous results showing globally depressed rates of
NTS and TS cleavage, with no detectable #rans cleavage activ-
ity (Supplementary Fig. S1) [4, 8, 11, 25].

We next wondered whether other nearby positively charged
residues had similar effects on DNA cleavage. We identi-
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fied a lysine residue (FnK1084, AsK1072, LbK1003) adjacent
to the conserved arginine (FnR1218, AsR1226, LbR1138).
Mapping the Coulombic electrostatic potential onto the
RuvC and Nuc domains showed this amino acid, and
several others, contribute to the positive charge of the
protein surface near the active site cleft (Fig. 1A-C and
Supplementary Figs S2--54).

Alanine substitution of K1084 in FnCasl2a was suffi-
cient to reduce trans cleavage to near undetectable (Fig. 1D
and Supplementary Fig. SSA). This was not the case for
the orthologous substitution in AsCas12a (K1072A; Fig. 1E
and Supplementary Fig. S5B), nor in LbCas12a (K1003A;
Supplementary Fig. S5C). We generated single, double, triple,
and quadruple alanine substitutions to achieve Cas12a mu-
tants with severely reduced trans cleavage activity (Fig. 1D-
F). For AsCasl2a, the triple alanine substitution mutant
3xA’ (K1072A/K1086A/R1220A) exhibited the weakest
trans cleavage activity (Fig. 1E and Supplementary Fig. S5B);
for LbCas12a, it was the quadruple alanine substitution mu-
tant ‘4xA’ (K1003A/K1015A/K1017A/R1054A; Fig. 1F and
Supplementary Fig. S5C and D). We next assayed the cis cleav-
age kinetics of these mutants (Supplementary Fig. S6 and
Supplementary Table S3). NTS and TS cleavage of FnCas12a
K1084A reduced by 1.8- and 1.3-fold, while AsCas12a ‘3xA’
reduced 2.1- and 7-fold, respectively (Supplementary Fig.
S7 and Supplementary Table S3). NTS cleavage by Lb-
Cas12a mutants was mildly affected, reduced 1.5- to 2.1-
fold from double to quadruple alanine substitution mu-
tant (Supplementary Fig. S7 and Supplementary Table S3).
TS cleavage was less affected, slowed by 1.1- to 1.5-fold
(Supplementary Fig. S7 and Supplementary Table S3).

We reasoned that these alanine substitution mutants lose
trans cleavage activity through loss of electrostatic interac-
tions between positive charges on the surface of the Nuc do-
main and the negatively charged backbone of substrate DNA.
This is consistent with numerous reports showing decreased
trans cleavage rates with increasing ionic strength in reac-
tion buffers [3, 19, 20]. We replicated this effect in reaction
buffers ranging from ~1 to 100 mM NaCl (Supplementary
Figs S8 and S9). Here, the higher NaCl concentration slows
trans cleavage, and lower NaCl concentrations allow increas-
ing rates of trans cleavage.

This effect varied between Casl2a orthologues, with Lb-
Cas12a the least affected by increasing NaCl concentration
(Supplementary Figs S8 and S9). This effect is consistent with
our mutagenesis study, where LbCas12a required four ala-
nine substitutions to abolish trans cleavage, while for Fn-
Cas12a and AsCas12a, one and two substitutions were suf-
ficient to suppress most frans cleavage activity (Fig. 1D-F).
Given a single alanine substitution could effectively abolish
the #rans cleavage of FnCas12a, and trans cleavage could be
well suppressed by high NaCl concentration, we explored
the effect of NaCl concentration on the cis cleavage kinet-
ics of FnCas12a. We found that cis cleavage rates did not
greatly change across 1-200 mM NaCl, with knts and ks
varying by 1.6- to 1.3-fold, respectively (Supplementary Figs
S$10 and S11 and Supplementary Table S3). More important
was alanine substitution of residues near the RuvC, with the
FnK1084A/K1098A double mutant having 1.7-fold reduced
knts and 2.7-fold slower krg (Supplementary Fig. S11 and
Supplementary Table S3).

To further test our defectively #rans-cleaving Cas12a mu-
tants, we complexed them with a ‘pre-cleaved’ dsDNA
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Figure 1. Coulombic electrostatic potential mapped onto the surface of (A) FnCas12a (GTG), (B) AsCas12a (8SFR), and (C) LbCas12a
(AOA182DWESBAFDB prediction to show incomplete lid and Nuc-loop). Electrostatic potential is displayed on a colour gradient showing negative (red),
neutral (white), and positive (blue). Arrows show the RuvC active site cleft, Nuc loop, and key amino acids that contribute to positive surface charge.
Endpoint fluorescence after 60 min trans cleavage reaction, when activated with 1 nM target dsDNA, for wild-type and mutants of (D) FnCas12a, (E)
AsCas12a, and (F) LbCas12a. Endpoint fluorescence after 60 min trans cleavage reaction, when activated with 1 nM "pre-cleaved’ dsDNA substrate, for
WT and low-trans cleavage mutants of (G) FnCas12a, (H) AsCas12a, and (I) LbCas12a.

substrate containing a 20 nt TS and 14 nt NTS and tested
their trans cleavage in the low salt condition (~1 mM NaCl;
Fig. 1G-1 and Supplementary Fig. $S12). This assay showed
that single mutants K1084A and R1218A of FnCas12a have
very little affinity to the ssDNA trans substrate (Fig. 1G and
H and Supplementary Fig. S12B and C). AsCas12a mutant
‘3x A’ retained very weak trans cleavage, while the LbCas12a
‘4x A’ retained the most trans cleavage activity (Fig. 1H and
Supplementary Fig. S12D). The ‘4x A’ mutant had a signifi-
cantly slower increase in fluorescence, despite reaching similar
values to WT LbCas12a after 60 min, indicating this mutant
was significantly impaired in its trans cleavage activity.

That this ‘“4x A’ mutant of LbCas12a retained some degree
of trans cleavage suggested that the LbR1138 residue alone
could mediate this activity, unlike the R1218 of FnCas12a or
R1226 of AsCas12a. In the allosteric activation of the RuvC
active site, the occluding lid loop opens and closes [9]. We
reasoned that LbCas12a may have intrinsically faster rates of
‘opening’ the RuvC lid, relative to FnCas12a and AsCas12a.
The lid contains a conserved phenylalanine that base-stacks
with incoming nucleic acids (Fn F1012, As F999, Lb F931)
and aids their coordination in the RuvC alongside the net-
work of positively charged Nuc residues. So, we analysed the
structures of the RuvC lid of Cas12a orthologues.
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Figure 2. (A) Diagram of the RuvC active site of FnCas12a, with catalytic residues shown in red. Polypeptide is shown in grey, while the lid motif is
shown in black. Left box shows the RuvC lid of FnCas12a in the closed state (PDB: 611K), and the right box in the open state (PDB: 6GTG). Residue
F1010 (mustard yellow) is shown interacting with the non-target DNA strand (blue) in the closed state. (B) Alignment of RuvC lid of FnCas12a, AsCas12a,
and LbCas12a, with conserved lid—phenylalanine residue in bold red. Amino acids substituted in bold. (C) Trans cleavage rates of WT Cas12a and
mutants, as quantified by the initial slope of the fluorescence curve. Trans cleavage reactions performed in buffers with final concentration of NaCl from
~1 to 100 mM. (D) Schematic of orthologue-informed mutagenesis. Selected alignment of Nuc domains of FnCas12a, AsCas12a, and LbCas12a, with
mutated residues in bold. Conserved RuvC-proximal arginine in red. (E) Trans cleavage rates of WT Cas12a and mutants, as quantified by the initial slope
of the fluorescence curve. Trans cleavage reactions performed in buffers with final concentration of NaCl from ~1 to 100 mM.

Lid and Nuc substitutions can increase the trans
cleavage activity of Cas12a orthologues

In analysing structures of Cas12a, we noted that a lid-NTS
stacking interaction was present in the closed-lid conforma-
tion of FnCas12a (Fig. 2A). Here, F1010 of FnCas12a forms
a stacking interaction with the 11th nucleotide of the non-
target DNA strand [11]. This stacking between F1010 and
the NTS was not present in structures showing the ‘open’ lid
conformation (Fig. 2A) [26]. Alignment of the RuvC lid be-
tween Cas12a orthologues showed that LbCas12a harbour a
serine in this position, unlike the phenylalanine of FnCas12a
and AsCas12a. We hypothesized that removing the possibility
of 1id-NTS stacking may promote the open lid conformation,
increasing trans cleavage.

To test this hypothesis, we generated orthologue-informed
substitutions, whereby the serine of LbCas12a replaced the

phenylalanine of FnCas12a and AsCasl2a, and vice versa
(Fig. 2B), and tested their #rans cleavage in the ~1 to 100
mM NaCl conditions. FnCas12a F1010S had increased trans
cleavage relative to WT, which was more pronounced at ~1
and 25 mM NaCl (Fig. 2C and Supplementary Fig. S13). As-
Cas12a F997S exhibited similar rates of trans cleavage to WT
(Fig. 2C and Supplementary Fig. S14). We expected the Lb-
Cas12a mutant S929F would show decreased cleavage ac-
tivity; however, we observed increased #rans cleavage rates
(Fig. 2C and Supplementary Fig. S15). The increase in trans
cleavage was notable in the ~1 and 25 mM NaCl condi-
tions and not apparent at 50 and 100 mM NacCl (Fig. 2C and
Supplementary Fig. S15).

Encouraged by the possibility of engineering Cas12a nucle-
ases with increased trans cleavage, we generated orthologue-
informed substitutions of the Nuc domain, this time to
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introduce positively charged amino acids where an orthologue
was lacking (Fig. 2D). We chose positions shown to be impor-
tant for trans cleavage in Fig. 1. For example, residue R1220
of AsCas12a aligns structurally with FnCas12a N1212 and
LbCas12a S1132. Likewise, LbCas12a R1054 aligns with As-
Cas12a V1084. Thus, we substituted these amino acids for
arginine or lysine.

We generated mutations of the Nuc domain and tested
their trans cleavage across the ~1 mM to 100 mM NaCl
conditions. Mutation N1212R for FnCas12a improved trans
cleavage rates across NaCl concentrations, while V1084K
substitution for AsCas12a showed a very slight improve-
ment at 100 mM NaCl (Fig. 2E and Supplementary Figs
S16 and S17). For LbCas12a, the S1132R mutation con-
sistently improved trans cleavage rates across NaCl con-
centrations (Fig. 2E and Supplementary Fig. S18). Substitu-
tion mutant D1135K for FnCas12a exhibited trans cleavage
rates comparable to WT in ~1 to 50 mM and slightly in-
creased at 100 mM NaCl (Supplementary Fig. S19). Dou-
ble mutants FnF1010S/N1212R and FnD1135K/N1212R
showed increased trams cleavage, while the triple mutant
F1010S/D1135K/N1212R, or ‘SKR’, showed the highest trans
cleavage activity (Supplementary Fig. S20).

Engineered Cas12a nucleases show enhanced cis
cleavage and DNA detection

We next assayed the cis cleavage kinetics of single and com-
bination mutants (Supplementary Figs S21 and S22). Single
mutants of FnCas12a exhibited rates of NTS and TS cleav-
age similar to WT, while double mutants F1010S/N1212R
and D1135K/N1212R had decreased rates of knrs and ks,
respectively (Fig. 3A and Supplementary Table S3). Triple mu-
tant ‘SKR’ showed increased knts relative to WT and simi-
lar k1s (Fig. 3A, Supplementary Table S3). AsCas12a F997S
had similar cis cleavage kinetics to WT, while the V1084K
mutation decreased knrs by 4.5-fold and increased krs by
1.6-fold (Fig. 3B and Supplementary Table S3). LbCas12a
S929F mutant exhibited a 2.5-fold increase in knrs relative
to WT, while S1132R substitution increased kts by 2.6-fold
(Fig. 3B and Supplementary Table S3). Combination mutant
S929F/S1132R increased knrs by 2.1-fold and ks by 1.3-fold
(Fig. 3B and Supplementary Table S3). We further assessed the
effect of mutations on protein thermostability, which deter-
mined single and combination mutants of Cas12a orthologues
have similar-to-WT stability (Supplementary Fig. S23).
Engineered Casl2a mutants have additional positive
charges in their Nuc domains. We hypothesized these mu-
tants would show increased tranms cleavage at higher ionic
strengths. We tested this hypothesis using an HPV16 crRNA
and matching dsDNA target across 50-200 mM NaCl (Fig.
3C and Supplementary Fig. S24). FnCas12a triple mutant
‘SKR’ showed increased trans cleavage rates at 50 to 100
mM NaCl, with both WT and mutant having very slow trans
cleavage at 200 mM (Fig. 3C and Supplementary Fig. S24).
AsV1084K had similar trans cleavage rates to WT at 200
mM NaCl and increased at 50 to 100 mM (Fig. 3C and
Supplementary Fig. S24). Double mutant LbS929F/S1132R
had similar to WT rates of #rans cleavage, but increased at
the 200 mM condition (Fig. 3C and Supplementary Fig. S24).
We next tested these engineered Cas12a nucleases for their
ability to detect low concentrations of DNA. To illustrate the
effect of monovalent ions on frans cleavage, we conducted

this assay in both ~1 and 50 mM NaCl conditions, with the
low-salt condition generally resulting in higher endpoint flu-
orescence (Fig. 3D and E and Supplementary Figs S25 and
S26). Engineered nucleases typically outperformed wild-types,
with the exception of LbCas12a WT and S929F/S1132R,
which both displayed very robust DNA detection (Fig. 3D
and E and Supplementary Figs S25 and $S26). Unlike Fn-
Cas12a and LbCas12a nucleases, AsCas12a WT and mu-
tants had relatively high rates of trans cleavage in the ab-
sence of crRNA or target DNA, limiting their DNA detec-
tion sensitivity (Supplementary Fig. S27). Consistent with
previous reports, we found this activity is mediated by apo
AsCas12a, as it decreases with molar excesses of crRNA
(Supplementary Fig. S28). Finally, we performed DNA detec-
tion in a sample matrix of 63% human saliva (Fig. 3F and
Supplementary Figs S29 and S30). Endpoint fluorescence val-
ues were lower, and only LbCas12a WT and S929F/S1132R
had significantly increased fluorescence compared to the no-
DNA control, with S929F/S1132R outperforming WT Lb-
Cas12a (Fig. 3F and Supplementary Fig. S30).

Finally, we tested the genome editing efficiency of high-
and low-trans cleaving Cas12a mutants of AsCas12a and Lb-
Casl12a. FnCas12a WT and variants were not tested due to
their established low activity in genome editing [5, 27]. We
chose three human cell lines commonly used for genetic engi-
neering and cell-based assays—HEK293T, A549, and Jurkat.
We electroporated Cas12a complexed to crRNA targeting ei-
ther the DNMT1-3, DNMT1-7, or AGBL1 genes, and inser-
tions or deletions (indels) were assessed by high-throughput
sequencing.

Cas12a mutants with low-trans cleavage typically showed
reduced indels, while high-trans cleavage mutants had re-
tained or increased editing relative to WT (Fig. 4). AsCas12a
triple mutant ‘3x A’ had significantly reduced indel activity at
the DNMT1-3 site across all three cell lines tested. Mean in-
dels for WT and mutants were lower overall at the DNMT1-
7 and AGBLI sites, but the ‘3xA’ mutant had consistently
lower-than-WT editing activity (Fig. 4A, C,and E). AsV1084K
had editing efficiencies similar to WT across all cell lines and
target sites and significantly higher at the DNMT1-3 site in
HEK293T cells (Fig. 4A). The LbCas12a ‘4xA’ mutant had
similar or lower editing efficiency to WT LbCas12a, while
the S929F/S1132R mutant had similar or increased activ-
ity (Fig. 4B, D, and F). This increase was only weakly sig-
nificant at the DNMT1-7 site in Jurkat cells (Fig. 4F). We
also assessed editing at previously identified off-target sites
(Supplementary Figs S31--S33) [27]. All nucleases showed
no significant increase in off-target editing—with the excep-
tion of AsV1084K—which exhibited increased editing at off-
target site 1 with the DNMT1-3 crRNA in A549 and Jurkat
cells (Supplementary Figs S32 and S33). This off-target editing
reached a maximum of 3% indels (Supplementary Fig. S32).

We further compared our engineered nucleases by compari-
son with a commercially available Cas12a variant—AsCas12a
‘Ultra’ [28]. We compared on- and off-target editing using
the DNMT1-3 crRNA across three cell lines (Supplementary
Figs S34 and S35). AsCas12a ‘Ultra’ had significantly higher
on-target indel activity than our nucleases in HEK293T and
A549 cell lines, with similar but lower activity in Jurkat
cells (Supplementary Fig. S34). However, AsCas12a ‘Ultra’
exhibited very high activity at the DNMT1-3 off-target-1,
with 20% to 70% indels across all three cell lines tested
(Supplementary Fig. S35).
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Figure 3. (A, B) Kinetic values (s~') of NTS (kys, pink) and TS cleavage (krs, grey), for the Cas12a indicated. Dots show individual replicates, bars show
mean, and error bars show s.d. (C) Trans cleavage rates with HPV16 dsDNA target in 50, 100, and 200 mM NaCl, as quantified by the initial slope of
fluorescence curve. (D) Detection of 50 pM HPV16 dsDNA by endpoint fluorescence at 30 min in ~1 mM final concentration of NaCl. (E) Detection of 50
pM HPV16 dsDNA by endpoint fluorescence at 30 min in 50 mM final concentration of NaCl. (F) Detection of 50 pM HPV16 dsDNA by endpoint
fluorescence at 30 min in sample that is 63% (v/v) human saliva. Statistical significance evaluated by two-way ANOVA with Tukey’s multiple comparison

test, with P-values shown above bars.

Discussion

The trans cleavage activity of Cas12a has been widely em-
ployed for molecular detection. Here, we show that electro-
static interactions are key drivers of the trans cleavage activ-
ity of Cas12a orthologues. This finding rationalizes the high
trans cleavage activity seen with low-salt buffers and formed
the basis of engineering improved Cas12a variants.

Nuc electrostatics are critical for the trans cleavage
of Cas12a orthologues

We replicated previous findings that FnR1218A, AsR1226A,
and LbR1138A had highly impaired cis cleavage kinetics (3

to 6 orders of magnitude slower than WT) and no detectable
trans cleavage (Supplementary Fig. S1). We further determined
that these mutants were unable to effect trans cleavage even
when complexed to a pre-cleaved dsDNA substrate in a no-
NaCl reaction buffer (Fig. 1G-I). This indicates this residue
provides critical affinity to trans substrate ssDNA (Fig. 5).
Alanine substitution of other lysine and arginine residues
near the RuvC had variable effects on cis and trans cleav-
age across Cas12a orthologues (Fig. 1D-F and Supplementary
Figs S5--S7). This is likely due to different exact protein—
nucleic acid interactions Cas12a orthologues employ to bind
and cleave cis and trans substrates. The NTS and TS are
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Figure 4. Genome editing in HEK293T cells by (A) AsCas12a and (B) LbCas12a nucleases. Genome editing in A549 cells by (C) AsCas12a and (D)
LbCas12a nucleases. Genome editing in Jurkat cells by (E) AsCas12a and (F) LbCas12a nucleases. Statistical significance evaluated by two-way ANOVA
with Tukey's multiple comparison test, with P-values shown above bars.
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coordinated to Cas12a by numerous interactions across the
REC and NUC lobes [7-9, 11, 17, 26], while trans sub-
strate ssDNA is predicted to transiently interact with Nuc
and RuvC domains [29]. We propose that this weaker inter-
action between trans substrate ssDNA and Cas12a underpins
the greater loss of trans cleavage versus cis cleavage upon
alanine substitution of Nuc residues—i.e. the single mutant
FnK1084A abolishes trans cleavage while retaining cis cleav-
age rates within two-fold of WT (Supplementary Figs S5A
and S7). Similarly, changing NaCl concentrations in reaction
buffers from 1-200 mM NaCl had relatively little effect on
the cis cleavage of FnCas12a WT, unlike what was observed
for trans cleavage (Supplementary Figs S8--S11).

AsCas12a single mutants K1072A and K1086A reduced
trans cleavage rates relative to WT, the double mutant fur-
ther reduced #rans cleavage, and triple combination mutant
with R1220A—‘3xA’—having the weakest frans cleavage
activity (Supplementary Fig. S5B). We suggest that R1226,
K1072, and K1086 are the major contributors to trans sub-
strate binding, with some contribution of R1220. We sug-
gest these residues also contribute significantly to cis substrate
binding, the ‘3x A’ mutant having 2.1-fold lower knts and 7-
fold slower kts compared to AsCas12a WT (Supplementary
Fig. S7).

LbCas12a single mutants of K1003A and R1054A reduced
trans cleavage to a greater extent than K1015A and K1017A
(Supplementary Fig. S5C). Double mutants including K1003A
were more impaired in trans cleavage than double mutants
not including it—i.e. K1015A/K1017A and K1015A/R1054A
(shown in bold, Supplementary Fig. S5C). This would suggest
trans ssDNA substrates bind to R1138 and K1003 in con-
junction with other positively charged residues—i.e. K10135,
K1017, or R1054. The LbCas12a ‘4xA’ mutant retained a
degree of trans cleavage when incubated with a pre-cleaved
cis substrate, compared to the minimal activity of FnCas12a
K1084A and AsCasl2a ‘3xA’ (Supplementary Fig. S12).
This would suggest the LbCas12a R1138 residue alone has
reasonable affinity to #rans substrate ssDNA. Indeed, de-
spite the slower cis cleavage kinetics of LbCas12a ‘4xA’

(Supplementary Fig. S7), this mutant displayed similar-to-WT
levels of gene editing at some target sites, unlike the AsCas12a
‘3xA’ mutant (Fig. 4).

Our alanine mutagenesis study of FnCas12a, AsCas12a,
and LbCas12a indicates that electrostatic interactions of Nuc
domain residues are critical for the trans cleavage of these
orthologues (Fig. 5). Specifically, alanine substitution of posi-
tively charged residues closest to the active site cleft tends to
have a larger negative effect on DNase activity, as does alanine
substitution of multiple such residues of the Nuc.

These data provide a mechanistic basis for high #rans cleav-
age observed in low-salt buffers [3, 16, 19, 20, 30]. Moreover,
increased #rans cleavage by LbCas12a has been observed with
increasing pH [30, 31], which one would expect to yield fewer
protonated lysine and arginine residues but a more deproto-
nated phosphate backbone of target ssDNA [32]. However,
complex equilibria between the protonation state of nucleic
acid-interacting residues, cation release from nucleic acids,
and the entropic and enthalpic contributions of both have
been previously observed for nucleic acid-binding proteins
[33]. Future empirical studies could dissect the linkage be-
tween pH and monovalent ion concentrations to discover op-
timal buffer conditions for trans cleavage by Cas12a.

RuvC-lid and Nuc substitutions can generate
Cas12a variants with enhanced cis and trans
cleavage

We explored the role of RuvC-lid substitution in the cis and
trans cleavage of Cas12a orthologues. It had been previously
established that a conserved phenylalanine of the RuvC-lid
makes key interactions with cis and #rans substrates (FnF1012,
AsF999, LbF931) [9, 18]. Alanine substitution at this posi-
tion reduced the TS cleavage kinetics of FnCas12a and As-
Casl12a [18] and abolished #rans cleavage for AsCasl12a [9].
We tested a less-conserved lid residue seen to interact with
the NTS (FnF1010, AsF997, LbS929) [11] and found incon-
sistent effects on cis and trans cleavage (Fig. 2C). Substitution
mutant LbS929F exhibited increased cis and trans cleavage,
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as did FnF1010S to a lesser extent, while AsF997S had little
effect on cis and trans cleavage (Fig. 3A and B). These data
make the mechanistic role of this position unclear. We suggest
that increases in #rans cleavage derive from faster cis cleavage,
where the introduction or removal of the putative lid-stacking
interaction stabilizes target dsSDNA binding and increases the
lifetime of trans-active ternary complexes.

Nuc substitution had unpredictable effects on the cis cleav-
age of FnCas12a. While single substitution mutants of Fn-
Cas12a had similar cis cleavage kinetics to WT, double mu-
tant FnD1135K/N1212R had 2.4-fold decreased knrs, and
FnF1010S/N1212R had 2.5-fold decreased krs (Fig. 3A).
However, the triple mutant FnF1010S/D1135K/N1212R—
‘SKR’—exhibited ~3-fold increased knts and enhanced trans
cleavage kinetics (Fig. 3A).

AsCas12a V1084K mutant had 1.6-fold increased kts with
4.6-fold lower knts (Fig. 3B). This mutation may interfere
with NTS loading into the RuvC by stabilizing DNA binding
further from the active site. AsV1084K slightly increased trans
cleavage in higher NaCl conditions, having a greater effect
when activated by the HPV16 dsDNA target (Figs 2E and 3C).
The LbS1132R mutant increased kts by 2.7-fold, with simi-
lar kn1s (Fig. 3B), and consistently increased trans cleavage
rates across NaCl conditions (Fig. 2E). The combination mu-
tant LbS929F/S1132R had 2.6-fold increased knts and 1.4-
fold increased ks (Fig. 3B), with enhanced trans cleavage in
higher NaCl concentrations (Fig. 3C).

In total, these data suggest that orthologue-informed substi-
tutions can be used to enhance the DNase activities of Cas12a.
Previous structure-guided engineering of Cas12a has focused
on introducing positively charged amino acids to enhance
PAM or crRNA-TS heteroduplex interactions [27, 34]. Here,
we show that RuvC-lid and Nuc substitutions can enhance
both cis and trans cleavage activity of FnCas12a, AsCas12a,
and LbCas12a, suggesting this approach could be applicable
to other Cas12a orthologues.

High-trans cleaving Cas12a variants can enhance
DNA detection and genome editing

We tested high-trans cleaving variants of Cas12a for their
ability to detect low amounts of target DNA. In the ~1 and
50 mM NaCl conditions, FnCas12a ‘SKR’ and AsCas12a
V1084K mutants had significantly better DNA detection than
WT (Fig. 3D and E). However, in a more realistic sample
matrix comprising 63% human saliva, these nucleases failed
to generate a fluorescence signal different from the no-DNA
control (Fig. 3F). LbCas12a S929F/S1132R and WT both
had very robust DNA detection across the ~1 and 50 mM
NaCl conditions and could detect DNA spiked into the hu-
man saliva sample, with the LbS929F/S1132R mutant gen-
erating higher fluorescence (Fig. 3D, E, and F). This mutant
had increased activity in higher NaCl concentrations (Fig. 3C),
which may account for its improved activity in electrolyte-rich
human saliva [35].

We also assessed the gene editing activity of high-trans
cleavage variants. Although AsV1084K showed only a mod-
est increase in trans cleavage compared to WT, it had sim-
ilar or higher gene editing activity across all target sites
and cell lines tested (Fig. 4A, C, and E). However, it also
had higher off-target activity when using the DNMT1-3 cr-
RNA (Supplementary Figs S32 and S33). This ~1%-3% off-
target editing was low in comparison to the engineered As-

Cas12a “Ultra’ variant, which had up to 70% indels at this
off-target site (Supplementary Fig. S35). Similar to a previ-
ously engineered Cas12a variant—enAsCas12a—AsCas12a
‘Ultra’ has increased activity at both on- and off-target sites
(Supplementary Figs S34 and S35) [27]. It would appear mu-
tations that allow wider PAM motif recognition also stabi-
lize some degree of off-target activity. This increase is gen-
erally modest and can be mitigated by careful dosing of the
Cas12a—crRNA complex in gene editing experiments [28].
The increase in ks, trans cleavage, and off-target editing by
AsV1084K would suggest this mutation non-specifically sta-
bilizes the binding and cleavage of DNA strands.

When the trans cleavage of Casl2a was first character-
ized, there was some concern this indiscriminate DNase ac-
tivity may be deleterious in living cells [2]. However, it has
been demonstrated that the trans cleavage of AsCas12a or
LbCas12a causes no detectable off-targets in mouse embryos
[36]. Similarly, trans cleavage had no discernible effect on plas-
mid or phage interference in Escherichia coli [37, 38]. This
is likely due to the protection of ssDNA by binding proteins
[39], higher ionic strength [40], and lower available amounts
of Mg?* ions in living cells compared to in vitro [41]. Thus,
the AsCas12a V1084K variant is unlikely to cause unwanted
off-target genome editing through enhanced trans cleavage;
instead, it is likely through stabilizing off-target DNA binding
and cis cleavage.

For example, the high-trans LbCas12a S929F/S1132R mu-
tant displayed similar gene-editing activity to WT and signifi-
cantly higher in one instance (Fig. 4B, D, and F), with consis-
tently low off-target activity (Supplementary Fig. S31--S33).
This modest effect would suggest these mutations make a mi-
nor difference in living cells.

Implications for high- and low-trans cleaving
Cas12a variants

With an explosion of discovery and characterization of a vari-
ety of Cas12a orthologues and their use in molecular detection
and genome editing [5, 42, 43], the ability to modulate cis and
trans cleavage may be widely useful. For example, recent engi-
neering of the NTS-binding groove of a thermostable Cas12a
orthologue was able to increase its trans cleavage for more
sensitive RT-LAMP-enabled detection of RNA [16]. Further
engineering of the Nuc and RuvC-lid of this orthologue has
the potential to further enhance its activity.

Modulating the cis and trans cleavage kinetics of Cas12a
orthologues has practical implications in ‘one-pot reactions’
combining target amplification with Cas12a detection, which
require slower cis cleavage to avoid depletion of target am-
plicons [44]. While this could be achieved by engineering a
Cas12a variant with slower cis cleavage and faster trans cleav-
age, a successful alternate strategy is to use non-consensus
PAM motifs to slow cis cleavage [44]. In this case, slow PAM
binding would limit the cis cleavage of a highly active Cas12a
variant, which could then unleash high rates of trans cleavage
activity.

Although trans cleavage is central to generating a signal in
Cas12a molecular detection, recent work has emphasized the
importance of enzyme activation kinetics [45]. Before cis or
trans cleavage, a Cas12a—crRNA binary complex must locate
the target sequence by non-specific DNA diffusion and specific
PAM motif binding [46]. This step is rate-limiting in detecting
low-abundance DNA targets, and faster activation kinetics of
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a Cas12a orthologue from Thiomicrospira sp. Xs5 (TsCas12a)
generated a signal faster than LbCas12a [45]. This orthologue
is more active than LbCas12a from 20 to 37°C, despite higher
steady-state trans cleavage for the latter [45]. Orthologue-
informed mutation of the Nuc domain of TsCas12a may en-
hance its steady-state #rans cleavage for more sensitive room-
temperature diagnostics [45].

Mutations that decreased trans cleavage could also decrease
cis cleavage. This is likely by decreasing the strength of non-
specific protein-nucleic acid interactions near the RuvC. This
could be leveraged to improve the gene editing specificity of
Cas12a orthologues. The specificity of Cas12a has been previ-
ously improved by weakening interactions between the REC
lobe and the crRNA-TS heteroduplex [27]. The effect of ala-
nine substitution mutants in the Nuc domain could be ex-
plored in a similar fashion. Although our triple and quadruple
alanine substitution mutants of AsCas12a and LbCas12a had
overall lower on-target gene editing activity (Fig. 4), it is possi-
ble that single or double mutants could retain more on-target
activity.

Conclusions

In this work, we studied the role of the residues near the
RuvC on the cis and trans DNA cleavage activities of three
Cas12a orthologues. We found that alanine substitution of
arginine or lysine residues in the Nuc domain can abolish
the trans cleavage of Cas12a orthologues while modestly re-
ducing cis cleavage rates. We replicated findings in the liter-
ature that increasing NaCl concentration in reaction buffers
decreases trans cleavage rates and suggest these ions neutral-
ize electrostatic interactions between positively charged Nuc
residues and the negatively charged phosphate backbone of
trans substrates. As these electrostatic interactions are critical,
substituting additional arginine or lysine residues in the Nuc
was able to increase trans cleavage rates, especially at higher
ionic strengths. Substitutions of the RuvC-lid could also in-
crease trans cleavage, but not predictably. Testing combina-
tions of RuvC-lid and Nuc mutations yielded high- and low-
trans cleaving variants of three Cas12 orthologues. This study
provides a blueprint for future rational engineering of the cis
and trans cleavage activity of Cas12a nucleases.
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