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CRISPR-Cas12a (CRISPR-Cpf1) was reported to have multiple
types of cleavage activities. Without the assistance of CRISPR
RNA (crRNA), we investigated DNase activity and substrate
specificity of Cas12a orthologs in the presence of diverse diva-
lent metal ions. Cas12a from different species are capable of
degrading single-stranded DNA (ssDNA) and/or double-
stranded DNA (dsDNA), depending on the metal ions used.
In spite of sharing high sequence similarity and functional
domains among diverse Cas12a orthologs, only Acidaminococ-
cus sp. Cas12a (AsCas12a) showed a predominant preference
for cleaving ssDNA, but no detectable activity toward dsDNA
substrate in the presence of magnesium (II) ions. In addition,
we found that both AsCas12a and Francisella novicida
Cas12a (FnCas12a) caused substantial dsDNA cleavage in the
presence of manganese (II) ion. More importantly, the DNase
activities can be inhibited by synthetic DNA oligonucleotides
with phosphorothioate linkage modifications. Overall,
ssDNase activity of the Cas12a orthologs uncovered a distinct
approach for DNA cleavage compared with crRNA-guided
dsDNA breaks, and provided insights into potential biological
and therapeutic applications.
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INTRODUCTION
The class II CRISPR-Cas systems such as CRISPR-Cas9 and CRISPR-
Cas12a (also known as CRISPR-Cpf1) utilize a single CRISPR effector
module to protect the host against invading genetic elements.1–5

Owing to the simplicity and specificity of these systems, they are re-
programmed to achieve targeted genome editing, and recently have
been applied to clinic trials.6,7 Cas12a recognizes double-stranded
DNA (dsDNA) by a single CRISPR RNA (crRNA), and thereby in-
duces staggered DNA breaks on the non-targeted and targeted strand
via RuvC and Nuc endonuclease domains, respectively.5,8–17 Addi-
tional functions of Cas12a were also studied in recent years.18–23

For example, Cas12a is also demonstrated to be an endoribonuclease
that is responsible for processing precursor crRNA into mature
Molecular The
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crRNA in a repeat-dependent manner.18 In the presence of divalent
manganese ions (Mn2+), Francisella novicida Cas12a (FnCas12a) is
able to degrade ssDNA independent of crRNA.19 In addition,
Cas12a is exploited as a quantitative platform for nucleic acids detec-
tion because of the unique feature of crRNA-targeted dsDNA-trig-
gered ssDNase cleavage.20–23

In our recent study on synthetic anti-Cas12a oligonucleotides, we
found that co-incubation of Acidaminococcus sp. Cas12a
(AsCas12a) and single-stranded DNA (ssDNA) oligonucleotide
in divalent magnesium ions (Mg2+)-containing buffer led to the
degradation of ssDNA.24 This observation of AsCas12a was
different from that of FnCas12a.19 Upon further investigation of
the substrate specificity of two additional Cas12a orthologs, Lach-
nospiraceae bacterium Cas12a (LbCas12a) and FnCas12a,5,25–27

herein we report that different divalent metal ions are required
for different Cas12a orthologs to induce DNase activities. Like
FnCas12a, the crRNA-independent DNase activity of LbCas12a
can be activated only by Mn2+, whereas AsCas12a is able to
degrade DNA substrates in the presence of Mg2+ and/or Mn2+.
Furthermore, Mn2+ is able to trigger both AsCas12a- and
FnCas12a-mediated dsDNA cleavage, which is not observed
for LbCas12a. Of note, these Cas12a-mediated DNA cleavage
activities can be inhibited by synthetic anti-Cas12a oligonucleo-
tides. Taken together, these findings expand our understanding
of the cleavage patterns of Cas12a orthologs and demonstrate
that the crRNA-independent DNase activities of the Cas12a ortho-
logs can be regulated by synthetic oligonucleotides.
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Figure 1. crRNA-Free DNase Activities of Cas12a

Orthologs toward Linear DNA Oligonucleotides

(A) Graphical illustration of DNA oligonucleotide substrates

used in this study. The filled green circle indicates fluores-

cent probe Cy3. (B) Dose-response and substrate

specificity of AsCas12a toward single-stranded DNA

(ssDNA) and double-stranded DNA (dsDNA) oligonucleo-

tides. (C) Cleavage activity of AsCas12a on fluorescently

labeled ssDNA oligonucleotide. (D) Effects of hairpin

structure on DNase activity of AsCas12a. DNA oligonucle-

otides with or without hairpin structure can be degraded

by AsCas12a.
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RESULTS
DNase Activities of Cas12a Orthologs on Linear DNA in the

Absence of crRNA

During our previous study of anti-Cas12a oligonucleotides, we observed
that phosphorothioate (PS)-modified DNA oligonucleotides (termed
anti-Cas12a psDNA; Table S1) with the same length of crRNA (43 nt)
1044 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
blockedAsCas12a-mediated genome-editing activ-
ity, whereas unmodified ssDNA counterparts
(ssDNA1; Figure 1A) were subjected to cleavage
by AsCas12a in the Mg2+-containing reaction
buffer without crRNA.24 As shown in Figure 1B,
ssDNA1 and its complementary strand (ssDNA2;
Figure 1A) were cleaved into small fragments
when they were exposed to a wide range of concen-
trations of AsCas12a, whereas the annealed 43-bp
dsDNA (dsDNA1; Figure 1A) was not degraded
even at the highest concentration of AsCas12a
tested. Like other metalloenzymes, AsCas12a
required Mg2+ as a cofactor to exert its enzymatic
activity, and the Mg2+-dependent ssDNase activity
can be inactivated by EDTA metal chelator
(Figure 1B). These results demonstrated that
AsCas12a was able to cleave ssDNA in the pres-
ence of Mg2+, and suggested that different mecha-
nisms may exist between crRNA-independent
ssDNase activity and previously reported crRNA/
target DNA activation-triggered ssDNA cleav-
age.20,21,23 To determine whether the observed
degradation was caused by endonucleolytic or exo-
nucleolytic processing of substrates, we exam-
ined DNase activity of AsCas12a further
on both 50 and 30 end-labeled ssDNAs (ssDNA3
and ssDNA4; Figure 1A). As shown in Figure 1C,
the cleaved fragments produced by AsCas12a
were heterogeneous in size rather than progressive
shortening of the labeled substrate nomatter which
endof ssDNA1wasfluorescently labeled, indicating
that AsCas12a possesses endonuclease activity.

We next performed a BLAST search against the
UniProt Knowledgebase using AsCas12a (Uni-
Prot: U2UMQ6) as a query sequence,5,28 and identified three SbcC
proteins that share sequence similarity with AsCas12a (Figure S1).
Also, the sequence comparison was conducted for LbCas12a and
FnCas12a (Figure S1). Among the six proteins aligned, FnCas12a dis-
played an extremely high degree of sequence similarity (99.0%) to
SbcC protein from Francisella tularensis subsp. novicida PA10-7858
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(FnSbcC, UniProt: A0A1I9YB83) (Figure S1), a type of rare bacteria
isolated from human clinical specimens.29 Considering the sequence
similarity with the SbcC family, an enzyme acting on hairpin
structure,30–33 we also examined cleavage activity of AsCas12a on
the 43-nt polyA or polyT ssDNA substrates without hairpin
structures (ssDNA5 and ssDNA6; Figure 1A) at a molar ratio of
10:1 (AsCas12a:polynucleotides). Like ssDNA1 and ssDNA2, both
polyA and polyT ssDNA were degraded by AsCas12a, implicating
that AsCas12a did not require hairpin structures to exert endonu-
clease activity (Figure 1D). Meanwhile, 43-bp dsDNA (dsDNA2)
formed by annealing of polyA and polyT was tolerated to As-
Cas12a-mediated cleavage (Figure 1D). These results were in agree-
ment with the above conclusion that AsCas12a in the Mg2+ buffer
displayed a preferred endonuclease activity to ssDNA other than
dsDNA.

Effects of Divalent Metal Ions on DNase Activity of Cas12a

Orthologs

To investigate the effects of divalent metal ions on DNase activities of
Cas12a orthologs, we tested a panel of divalent ions in the cleavage
reactions. As shown in Figure 2A, AsCas12a led to complete degrada-
tion of ssDNA1 in the presence of Mg2+ and Mn2+, and induced
almost full cleavage in the buffer containing Co2+. In the case of
LbCas12a, more than 50% of crRNA-independent DNase activity
was detected in the Mn2+ buffer. All other divalent metal ions,
including Ca2+, Cu2+, Ni2+, and Zn2+, were not served as effective
cofactors for Cas12a orthologs tested. Next, we evaluated both
AsCas12a and LbCas12a behaviors on dsDNA1 with these ions.
Notably, AsCas12a led to significant cleavage of dsDNA in the
presence of Mn2+. By contrast, none of the divalent metal ions
Molecular Th
triggered LbCas12a-mediated dsDNase activity
(Figure 2B). Different divalent ion requirements
for DNase activity among AsCas12a and
LbCas12a, as well as previously reported
FnCas12a, revealed that diverse Cas12a orthologs
possess different preference to metal ions.

The Cleavage Pattern of Cas12a Orthologs

on Covalently Closed Circular DNA

We next extended the substrate to covalently
closed circular DNA. AsCas12a was able to
degrade M13mp18 circular ssDNA in a dose-
dependent manner (Figure S2), indicating that
free 50 phosphate and 30 hydroxyl DNA ends are not essential
for the enzymatic activity. The endonucleolytic activity of As-
Cas12a on circular ssDNA was in accordance to the results ob-
tained from Figure 1C. To determine the metal ion dependency
of circular DNA cleavage by Cas12a, we performed enzyme
assays with various divalent metal ions as mentioned above. Simi-
larly, the enzymatic activity of Cas12a orthologs on covalently
closed circular DNA was dependent upon the presence of a diva-
lent ion (Figure 3A). AsCas12a displayed robust cleavage activity
on M13mp18 in both Mg2+ and Mn2+ buffers, and induced
approximately 50% degradation of M13mp18 ssDNA in the Co2+

buffer (Figure 3A). On the other hand, LbCas12a was active
with Mn2+, but not with Mg2+, in a manner similar to FnCas12a
(Figure 3A). No significant cleavage activity was observed for
Cas12a in other metal ions tested (Figure 3A). To investigate the
effects of divalent and trivalent iron ions and the counterion on
the DNase activity of the CRISPR-Cas12a system, we also per-
formed in vitro cleavage assays in the solutions of FeCl2, FeCl3,
Mg(NO3)2, and Mn(NO3)2. As shown in Figure S3, Fe2+and Fe3+

ions were able to trigger RNA-independent DNase activities
and resulted in complete substrate cleavage. Cas12a remained
active when MgCl2 or MnCl2 was replaced with Mg(NO3)2 or
Mn(NO3)2 (Figure S3).

Although AsCas12a cleaved M13mp18 circular ssDNA equally
well in 10 mM Mg2+ and Mn2+, the cleavage efficiency with Mn2+

for AsCas12a was significantly higher than that in the Mg2+ buffer
when low concentrations of metal ions were present (Figure 3B).
For instance, AsCas12a completely degraded M13mp18 in 0.2
and 0.5 mM Mn2+, whereas no detectable activity was observed
erapy: Nucleic Acids Vol. 19 March 2020 1045
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Figure 3. crRNA-Free DNase Activities of Cas12a Orthologs toward Circular DNA

(A) Representative in vitro cleavage of circular phage M13mp18 ssDNA by AsCas12a and LbCas12a in the presence of various divalent metal ions. FnCas12a was used as a

positive group. Control (Ctrl), M13mp18 ssDNA alone. (B) Metal ion concentration dependence for cleavage of M13mp18 ssDNA substrates by AsCas12a and LbCas12a.

Different concentrations of Mg2+ or Mn2+ ranging from 0.5 to 10 mMwere used. Ctrl, M13mp18 ssDNA alone. (C) Representative in vitro cleavage of circular plasmid pUC19

dsDNA by AsCas12a and LbCas12a in the presence of various divalent metal ions. FnCas12a was used as a positive group. Ctrl, pUC19 dsDNA alone. (D) Metal ion

concentration dependence for cleavage of pUC19 dsDNA substrates by AsCas12a and LbCas12a. Different concentrations of Mg2+ or Mn2+ ranging from 0.5 to 10mMwere

used. Ctrl, pUC19 dsDNA alone. Positions of M13mp18, supercoiled (SC, green arrow), nicked (N, red arrow), and linear (L, red arrow) DNA were indicated.
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under the same condition of Mg2+ (Figure 3B). With an increase of
the Mn2+ concentrations from 0.2 to 10 mM, more than 95% of the
M13mp18 substrate was subjected to degradation but was not
completely digested by LbCas12a (Figure 3B). In addition to
M13mp18 ssDNA, the metal-dependent degradation activities of
Cas12a orthologs were also validated when bacteriophage FX174
(Figure 6C) was used as the circular ssDNA substrate.
1046 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
To study the substrate specificity of Cas12a orthologs, we then inves-
tigated covalently closed circular dsDNA pUC19. Likewise, AsCas12a
was active in the presence of Mg2+ and Mn2+, and LbCas12a func-
tioned well in Mn2+. It was noteworthy that incubation of AsCas12a
with pUC19 in Mg2+ caused a similar cleavage behavior as LbCas12a
did inMn2+, where the supercoiled pUC19 was converted into nicked,
but not linear, form (Figure 3C). In contrast, the enzyme action of
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AsCas12a in Mn2+ and FnCas12a in Mn2+ was different from those
observations (Figure 3C). In this case, pUC19 was first nicked on
one strand and then further cleaved on the other strand to form
linear DNA. Finally, the nicked and linear pUC19 were degraded
into smaller fragments, as evidenced by the smear bands below the
cleaved products with high band intensity (Figure 3C). Substitution
of Mg2+ and Mn2+ with the remaining divalent metals ions, such
as Ca2+, Cu2+, Ni2+, and Zn2+, led to minimal cleavage fragments
produced by Cas12a (Figure 3C). Lastly, we linearized circular
pUC19 dsDNA with the EcoRI restriction enzyme to mimic genomic
DNA. In accordance with the findings in Figure 2B, only AsCas12a
showed robust dsDNase activity (70%) in buffers containing Mn2+

(Figure S4). Moreover, we noticed that the control group FnCas12a
also exhibited comparable cleavage activity to AsCas12a on the
long linearized pUC19 dsDNA substrate in the presence of Mn2+

(Figure S4), which was consistent with the results obtained from cir-
cular dsDNA pUC19 (Figure 3C). Also, FnCas12a resulted in sub-
stantial short dsDNA oligonucleotide degradation in the presence
of Mn2+ (Figure 5B, lane 5). These experimental data are not the
same as the previous results that FnCas12a does not result in cleavage
of linear dsDNA.19

To investigate the effects of metal ions concentration on endonuclease
activity, we examined cleavage activity with varying concentrations
of Mg2+ or Mn2+. As shown in Figure 3D, when the concentration
of Mg2+ is increased from 0.2 to 10 mM, only a small fraction of
supercoiled pUC19 (<25%) was converted to nicked form by
AsCas12a. However, the majority of pUC19 substrate disappeared
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 1047
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Figure 5. Inhibitory Effects of Anti-Cas12a psDNA on

Cas12a-Mediated DNase Activity toward Linear DNA

(A–C) The effects of anti-Cas12a psDNA on metal-dependent

ssDNase activity of Cas12a orthologs (AsCas12a, LbCas12a,

and FnCas12a) toward linear ssDNA (A), dsDNA (B), and

linearized pUC19 (C).
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for both AsCas12a and LbCas12a when the concentration of Mn2+

reached 10 mM. Especially, AsCas12a was able to convert supercoiled
pUC19 into both nicked and linear forms in buffers containing
0.2 mM Mn2+, and further cleaved into fragments after exposure to
1048 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
a high concentration of Mn2+ (10 mM), with a
cleavage efficiency rate of 93% (Figure 3D).

Kinetics Measurements of DNase Activity of

Cas12a

Kinetics analysis showed that time of incubation
had an obvious effect upon enzymatic activity
(Figure 4). For circular M13mp18 ssDNA, As-
Cas12a enzyme reaction initialed within 1 min
with high activity, no matter which kind of metal
ion (Mg2+ or Mn2+) was used (Figure 4A). Similar
profiles were observed for LbCas12a with Mn2+

(Figure 4A). However, the rate of catalysis of
pUC19 dsDNA substrate varied, relying on
Cas12a and metal ions tested (Figure 4B).
pUC19 in the presence of Mn2+ was converted
into nicked form by LbCas12a at a rate
faster than that catalyzed by AsCas12a in the
presence of Mg2+ (Figure 4B). The nickase
activity of LbCas12a after being incubated in
Mn2+ for 1 min was comparable with that of
AsCas12a with 30-min incubation in Mg2+ (Fig-
ure 4B). In the case of AsCas12a incubated
with Mn2+, long incubation periods (�60 min)
facilitated the formation of both nicked and
linear products, and thereby led to substantial
degradation.

Inhibition of Cas12a Function by Anti-Cas12a

psDNA

Based on our previous experience on anti-Cas12a
oligonucleotides, DNA oligonucleotides bearing
PS linkage modifications (anti-Cas12a psDNA)
inhibit Cas12a-mediated targeted genome editing
in a sequence-independent manner.24 We next
tested whether these anti-Cas12a psDNAs in-
hibited crRNA-independent DNase activity of
Cas12a. In order to avoid band overlap between
ssDNA substrate and anti-Cas12a psDNA, we
used fluorescent-probe-labeled ssDNA3 as the
substrate. As shown in Figure 5A, anti-Cas12a
psDNA inhibited ssDNase activity of AsCas12a,
LbCas12a, and FnCas12a. The inhibitory activity was most potent
for AsCas12a and FnCas12a under the Mg2+ condition. We also
found that anti-Cas12a psDNA inhibitors were able to effectively sup-
press both AsCas12a- and FnCas12a-induced cleavage of linear
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dsDNA3 (annealed pair of ssDNA2 and ssDNA3) and linearized
pUC19 in the presence of Mn2+ (Figures 5B and 5C).

Next, we investigated the inhibition on circular DNA substrates
(Figure 6). Although the addition of ssDNA1 (the counterpart of
anti-Cas12a psDNA) did not affect ssDNase activity even at a con-
centration of 200 mM, the extent of inhibition of circular
M13mp18 ssDNA degradation by AsCas12a in Mg2+ was dramati-
cally increased with the increased amount of anti-Cas12a psDNA
Molecular Th
(Figure 6A). Mg2+-promoted AsCas12a activity
was completely inhibited in the presence of
200 mM anti-Cas12a psDNA (Figures 6A and
6B). Under the same situations, however, the
presence of anti-Cas12a psDNA resulted in
only partial loss of the nuclease activity of As-
Cas12a in Mn2+ and FnCas12a in Mn2+ (Fig-
ure 6B). The introduction of anti-Cas12a
psDNA did not affect much LbCas12a function
in Mn2+ (Figure 6B). Meanwhile, anti-Cas12a
psDNA exhibited a similar Cas12a inhibitory
profile to FX174 ssDNA (Figure 6C). Similar
inhibitory effects occurred when circular dsDNA
substrates were used (Figure 6D). It is notable
that, for circular dsDNA, the anti-Cas12a
psDNA inhibitor lacked the capacity to block
the nicking activity of FnCas12a, but remarkably
inhibited the formation of linearized products
in the presence of Mn2+ (Figure 6D). Overall,
these findings suggested that anti-Cas12a oligo-
nucleotides are effective inhibitors for Cas12a’s
DNase activity.

Based on the above results, we found that
Cas12a orthologs displayed distinct crRNA-in-
dependent DNase activities toward different
DNA substrates, depending on the divalent
metal ions presented (Figures 7A and 7B). The substrate specificity
of Cas12a might be exploited by bacteria to protect themselves
from ssDNA viral invasion. Moreover, we showed that synthetic
anti-Cas12a oligonucleotides that contain PS linkages inhibited
Cas12a-mediated DNase activity, with the strongest inhibitory ef-
fects for AsCas12a (Figure 7C). Taken together, these results
demonstrated that both ssDNase and dsDNase activity of Cas12a
can be triggered by divalent metal ions and were tunable using
anti-Cas12a oligonucleotides.
erapy: Nucleic Acids Vol. 19 March 2020 1049
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Figure 7. Summary of DNase Activity of Cas12a Orthologs, as well as

Inhibitory Activity of Anti-Cas12a psDNA Inhibitor

(A) Schematic of DNase activity of Cas12a orthologs on various substrates tested,

including linear ssDNA, linear dsDNA, circular ssDNA, and circular dsDNA. (B)

Summary of DNase activity of Cas12a orthologs toward different DNA substrates.

(C) Summary of inhibition activity of anti-Cas12a psDNA against Cas12a orthologs.

�, no significant activity; +, weak activity; ++, medium activity; +++, full activity.
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DISCUSSION
In this study, we demonstrate that Cas12a orthologs are capable of
cleaving multiple types of DNA in the absence of crRNA. The
ssDNase and dsDNase activities of Cas12a orthologs require activa-
tion by different divalent metal ions depending on the Cas12a ortho-
logs. Despite sharing the high sequence similarity and conserved cat-
1050 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
alytic domains (RuvC and Nuc endonuclease domains) among
Cas12a orthologs,5 AsCas12a, LbCas12a, and FnCas12a show distinct
physicochemical characteristics in metal ion dependence, substrate
specificity, cleavage efficiency and rate, and sensitivity to synthetic
Cas12a inhibitor. Whereas LbCas12a and FnCas12a are active only
in the presence of Mn2+, both Mg2+ and Mn2+ trigger AsCas12a-
mediated ssDNase activity. In addition, Mg2+-promoted ssDNA
cleavage by AsCas12a was not observed for dsDNA substrates.
Given the different cleavage behavior of Cas12a on ssDNA and
dsDNA substrates in different metal ions (Figure 7), we speculated
that bacteria might utilize their CRISPR-Cas12a system to prevent
ssDNA viral infections. In addition, we also found that both
AsCas12a and FnCas12a displayed robust crRNA-independent
cleavage activity on linear dsDNA substrates in the presence of
Mn2+, highlighting the importance of using Mn2+ with caution to
minimize unintended genomic DNA breaks induced by Cas12a.
These results suggest that there are substantial mechanistic
differences between RNA-guided endonuclease activity and RNA-in-
dependent DNase activity. More importantly, the crRNA-indepen-
dent cleavage behaviors of Cas12a orthologs can be controlled by
chemically modified DNA oligonucleotides, which is an effective
approach to regulate DNase activities of Cas12a orthologs. The
diversity of crRNA-independent cleavage approaches by Cas12a re-
ported here reflects potential evolution diversity of these adaptive
CRISPR-Cas12a systems and provides insights into understanding
the origin and evolution of the CRISPR-Cas12a system.

MATERIALS AND METHODS
Cas12a Protein and DNA Substrates

AsCas12a protein is a gift from New England Biolabs. LbCas12a
protein, circular single-stranded phage DNA M13mp18 (7,249 bases
in length), FX174 (5,386 bases in length), and circular double-
stranded plasmid DNA pUC19 (2,686 bp in length) are obtained
from New England Biolabs. FnCas12a protein is from Applied Bio-
logical Materials. All oligonucleotides (Table S1) were synthesized
by Integrated DNA Technologies or Eurofins Genomics. The ssDNA
oligonucleotide ssDNA1 has a complementary sequence to crRNA
targeting DNMT1 locus. ssDNA2 is complementary to ssDNA1.
Cy3-labeled ssDNA1 at the 50 (ssDNA3) or 30 end (ssDNA4) was
used to determine the endonuclease activity. Oligonucleotides A43

(ssDNA5) and T43 (ssDNA6) were used to assess the hairpin-depen-
dent activity.

Generation of Linear dsDNA

The dsDNA oligonucleotide dsDNA1 was generated through
annealing ssDNA1 with equimolar amounts of complementary
ssDNA2 in a total volume of 20 mL of nuclease-free water with the
following program: initial denaturation at 95�C for 30 s and then
cooldown from 95�C to 25�C with 1�C decrease per minute using a
thermocycler T-100 (Bio-Rad). The dsDNA oligonucleotides
dsDNA2 and dsDNA3 were prepared by annealing two complemen-
tary oligonucleotides, ssDNA5 and ssDNA6, and ssDNA2 and
ssDNA3, with the same procedures. Linearized pUC19 was obtained
by digesting 4 mg of pUC19 dsDNA with 2 mL (20 U/mL) of EcoRI-HF
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(New England Biolabs) in a total reaction volume of 200 mL of reac-
tion buffer (50 mM potassium acetate, 20 mM Tris-acetate, 10 mM
magnesium acetate, 100 mg/mL BSA) for 1 h at 37�C. Linearized
pUC19 was purified with a QIAquick PCR purification kit (QIAGEN)
according to the manufacturer’s instructions and stored at �80�C
prior to use.

In Vitro Cleavage Assay

Unless otherwise stated, standard in vitro cleavage reactions were
conducted in a total volume of 5 mL of cleavage buffer containing
50 mM NaCl, 10 mM Tris-HCl (pH 7.9), and 1 mM DTT, supple-
mented with 10 mM divalent metal ions or 10 mM EDTA, and
quenched by Proteinase K. For the dose-dependent assay, linear
ssDNA1 substrate (74 nM) was incubated with increasing concentra-
tions of AsCas12a protein (from 120 to 3,700 nM) in the presence of
10 mMMg2+ at 37�C for 30 min; in the case of circular substrate, cir-
cular M13mp18 ssDNA (2 nM) was incubated with AsCas12a protein
(from 20 to 200 nM) in 10 mL of cleavage buffer containing 10 mM
Mg2+ at 37�C for 30 min. DNase activities toward linear DNA oligo-
nucleotides (74 nM) were measured at a fixed molar ratio of 1:10
(linear DNA:Cas12a protein). For circular M13mp18 (2 nM),
FX174 (6 nM), pUC19 (4 nM), and linearized pUC19 (4 nM), the
molar ratio was fixed at 1:100 (circular DNA:Cas12a protein).
Cleaved fractions were separated on a native 15% polyacrylamide
Tris-borate-EDTA (TBE) gel for both linear ssDNA and linear
dsDNA oligonucleotides, and 1% agarose gel for circular M13mp18
and FX174 ssDNA, circular pUC19 dsDNA, and linearized pUC19
dsDNA. The polyacrylamide TBE gel and agarose gel were respec-
tively stained with SYBR Gold and EZ-Vision In-Gel staining, visual-
ized using the ChemiDoc MP Imaging System (Bio-Rad), and
analyzed by the Image Lab analysis software (Bio-Rad Laboratories).

Measurements of Metal Ion Activation of Enzyme Reaction

Inorganic salts including MgCl2, MnCl2, CaCl2, CoCl2, CuCl2, NiCl2,
ZnCl2, FeCl2, FeCl3, and Mg(NO3)2 were from Thermo Fisher Scien-
tific with a minimum purity of 99.99%. Mn(NO3)2 with 98% purity
was from Sigma-Aldrich. Stock solutions (100 mM) were prepared
by dissolving inorganic salts in nuclease-free water. Unless otherwise
stated, metal-dependent nuclease activity was measured in the pres-
ence of 10 mM divalent metal ion or 10 mM EDTA. For metal ion
concentration-dependent assay, increasing concentrations of metal
ions (from 0.2 to 10 mM) were incubated with either 2 nM circular
M13mp18 ssDNA or 4 nM circular pUC19 dsDNA in the presence
of Mg2+ or Mn2+ for 30 min at 37�C. Reactions were terminated by
adding 1 mL of Proteinase K. For kinetic study, reactions were
quenched at different time points and were run on 1% agarose gel. Er-
ror bars are presented as mean ± SEM.

Inhibition of Cas12a-Mediated DNase Activity by Anti-Cas12a

psDNA

Anti-Cas12a psDNA bearing PS linkage modifications was synthe-
sized by Integrated DNA Technologies. To study dose-dependent
inhibition effects, we incubated increasing concentrations of anti-
Cas12a psDNA (from 20 to 200 nM) with M13mp18 (2 nM) and
AsCas12a (200 nM) in the presence of 10 mM Mg2+ at 37�C for
30 min. Inhibition of crRNA-independent DNase activities of
Cas12a orthologs toward ssDNA (2 nM M13mp18, 6 nM FX174,
or 74 nM ssDNA3) and dsDNA (4 nM circular or linearized
pUC19, or 74 nM dsDNA3) was carried out by adding equimolar
anti-Cas12a psDNA over Cas12a protein to the standard reaction.
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