
CRISPR-Cas12a Nucleases Bind Flexible DNA Duplexes without RNA/
DNA Complementarity
Wei Jiang,† Jaideep Singh,† Aleique Allen,† Yue Li,† Venkatesan Kathiresan,† Omair Qureshi,†

Narin Tangprasertchai,†,∥ Xiaojun Zhang,† Hari Priya Parameshwaran,§ Rakhi Rajan,§

and Peter Z. Qin*,†,‡

†Department of Chemistry and‡Department of Biological Sciences, University of Southern California, Los Angeles, California 90089,
United States
§Department of Chemistry and Biochemistry, Price Family Foundation Institute of Structural Biology, Stephenson Life Sciences
Research Center, University of Oklahoma, Norman, Oklahoma 73019, United States

*S Supporting Information

ABSTRACT: Cas12a (also known as “Cpf1”) is a class 2 type V-A CRISPR-associated
nuclease that can cleave double-stranded DNA at specific sites. The Cas12a effector
enzyme comprises a single protein and a CRISPR-encoded small RNA (crRNA) and has
been used for genome editing and manipulation. Work reported here examined in vitro
interactions between the Cas12a effector enzyme and DNA duplexes with varying states of
base-pairing between the two strands. The data revealed that in the absence of
complementarity between the crRNA guide and the DNA target-strand, Cas12a binds
duplexes with unpaired segments. These off-target duplexes were bound at the Cas12a site
responsible for RNA-guided double-stranded DNA binding but were not cleaved due to the lack of RNA/DNA hybrid
formation. Such promiscuous binding was attributed to increased DNA flexibility induced by the unpaired segment present next
to the protospacer-adjacent-motif. The results suggest that target discrimination of Cas12a can be influenced by flexibility of the
DNA. As such, in addition to the linear sequence, flexibility and other physical properties of the DNA should be considered in
Cas12a-based genome engineering applications.

■ INTRODUCTION

Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) and CRISPR-associated (Cas) proteins constitute a
class of adaptive immune system used by bacteria and archaea.1

A number of CRISPR-Cas systems have been adapted for
genome engineering,2 serving as programmable nucleases
cleaving desired genomic sequences3−6 or as specific DNA
binders enabling transcriptional regulation,7,8 base editing,9−11

or imaging.12 Among them, Cas12a (also known as “Cpf1”) is
a class 2 type V CRISPR that has been used for gene
editing,6,13−15 transcriptional regulation,16−19 and base-edit-
ing.20 These applications rely on a binary effector complex
formed by a single Cas12a protein and CRISPR-encoded small
RNA (crRNA). A Cas12a effector cleaves double-stranded
DNAs that meet two criteria: (a) base complementarity
between the crRNA guide region and a segment of the DNA
duplex designated as the “protospacer” and (b) a short DNA
motif flanking the protospacer, designated as the protospacer-
adjacent-motif (PAM).6 Since its discovery in 2015, rapid
progress is being made in delineating Cas12a mechanisms.
High-resolution structures have been reported for Cas12a
complexes.21−29 Mechanistic understanding is emerging on
crRNA activation,21,25 PAM recognition,22,24,27 duplex un-
winding to form an R-loop,22,23,25,26,28−32 and R-loop depend-
ent DNA cleavage.26,28,30−32 The studies have revealed that
similar to the better-studied Cas9, Cas12a uses nucleic-acid

dependent conformational changes as checkpoints to achieve
cleavage of correct DNA targets, although details of the Cas12a
checkpoints have distinct features.21,22,25,26,28,30−32 Further-
more, in addition to crRNA-guide dependent cleavage of
double-stranded DNAs (i.e., the cis-activity),6,29 Cas12a can
carry out other enzymatic functions. For example, in the
presence of certain divalent metal ions, the apo-Cas12a can
cleave DNA duplex in a crRNA-independent manner.33

Studies have also uncovered a “trans-activity” of Cas12a,
referring to nonspecific cleavage of single-stranded DNAs by
an “activated” ternary Cas12a-crRNA-DNA complex.28,29,34,35

However, much remains to be learned about mechanisms of
Cas12a.
Studies on mechanisms of CRISPR-Cas, including Cas12a, is

essential not only for developing applications targeting various
forms of DNA3−6,34 or RNA,36−38 but also for understanding
and minimizing interactions with undesired targets. In a
majority of Cas9- and Cas12a-based genome engineering
applications, the correct DNA target (“on-target”) presents full
complementarity between the RNA-guide and the target-
strand of the DNA protospacer. A major class of the undesired
targets are off-target DNAs that have mismatch(es) between
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the RNA-guide and the DNA target-strand.39−41 Off-target
effects have been recognized as a critical issue in genome
engineering: off-target cleavage results in gene disruption at
undesired locations,39−41 whereas off-target binding interferes
with CRISPR-based imaging,42,43 transcriptional regulation,
and base-editing.44,45 Mechanistic understanding46 has been
playing a prominent role in combating off-target effects and has
led to successful developments of high fidelity Cas947−49 and
Cas12a50 variants.
Current studies on target discrimination by Cas9 and

Cas12a have primarily focused on the protein-RNA com-
plex,47−52 with much less attention being paid on how the
physical property of the DNA may impact CRISPR target
selection.53 However, a large body of work on DNA-protein
and DNA-small-molecule interaction has firmly established the
importance of DNA physical properties in determining
specificity.54 For example, in DNA recognition by transcription
factors, specificity is derived from two modes that contribute
nearly equally:54 (a) base-readout, in which the protein
recognizes DNA base functional groups; and (b) shape-
readout, in which the protein recognizes collective physical
properties of the duplex (e.g., flexibility, minor groove width,
and local electrostatics). Indeed, there is evidence that physical
properties of the DNA are utilized in CRISPR target
recognition, for example, PAM recognition has been found
to involve not only base-readout55 but also shape-readout.22

Structures of ternary Cas946 and Cas12a22,28 complexes
show that the bound DNA is severely kinked at the junction
between the PAM and the protospacer. In addition, for Cas9 it
has been shown that DNA distortion occurs prior to duplex
unwinding and R-loop formation.56 As such, DNA flexibility,
the major factor dictating how easy a DNA can be distorted,
may impact Cas9 and Cas12a target recognition. Other than its
sequence, flexibility of a given DNA can alter significantly due
to a variety of factors. For example, during transcription or
replication, the double-stranded DNAs contain unpaired
segments (i.e., “bubbles”) with significantly higher flexibility.
Indeed, Rueda and co-workers recently reported that DNA
bubbles increase Cas9 off-target binding and cleavage.53

However, detailed studies have not been reported on how
DNA flexibility may impact Cas12a off-target recognition,
although a number of recent publications have used duplexes
that contain bubbles to study mechanisms of Cas12a.28,29,32

In this report, we examined in vitro Cas12a interactions with
DNAs whose protospacer contained “bubble(s)”, that is,
stretch(es) of unpaired nucleotides between the target-strand
(i.e., “t-strand”) and nontarget strand (“nt-strand”). The data
revealed that in the absence of complementarity between the
DNA protospacer t-strand and the crRNA guide, PAM-
adjacent bubbles allowed duplex binding but not cleavage.
Such binding occurred at the same site used by Cas12a for
RNA-guided binding of on-target double-stranded DNAs, and
was attributed to increased DNA flexibility induced by the
bubble. The results suggest that DNA binding of Cas12a can
be influenced by flexibility of the DNA duplex.

■ RESULTS
Reconstructing Cas12a Systems for in Vitro Charac-

terizations. DNA recognition was studied using recombinant
Cas12a proteins from Lachnospiraceae bacterium (LbCas12a),
Acidaminococcus sp. BV3L6 (AsCas12a), and Francisella
novicida (FnCas12a).6,33 The corresponding crRNAs were
named according to its respective ortholog-specific repeat

sequence and the guide sequence, for example, LbRNA-a
represented a crRNA with the repeat sequence of Lachnospir-
aceae bacterium and the RNA-a guide sequence [Figure 1A,

Supporting Information Section S1]. The DNA substrate
duplexes contained a 5′-TTTC-3′ PAM flanking a 20-
nucleotide protospacer (Figure 1A; Supporting Information
Section S2). The reconstituted binary Cas12a/crRNA
enzymes, as expected, cleaved the fully-paired duplex i that
maintained perfect complementarity between the RNA-a guide
and the protospacer t-strand (Figure 1, Supporting Informa-
tion Section S3). Control experiments showed that the cognate
substrate was cleaved at the proper sites (Supporting
Information Section S3), and the activities required crRNA
(Supporting Information Section S4) but were independent of
the presence of the maltose-binding-protein tag (Supporting
Information Section S5).
Experiments were then carried out for duplexes with or

without bubbles in the protospacer (Figure 1, Supporting
Information Table S3). Independent of the presence of
bubbles, cleavages were observed for “on-target” duplexes
that maintained t-strand complementarity to the RNA-a guide
(Figure 1, duplexes i & ii; Supporting Information Section S6)
but were absent for “off-targets” that lacked RNA-a guide/t-
strand complementarity (Figure 1, duplexes iii & iv;
Supporting Information Section S6). Similar results were
observed with a different RNA guide sequence (Supporting
Information Section S7). Note that cleavage of the bubble-
containing duplexes ii gave cryptic t-strand products (Figure
1C,D). This is similar to results reported by Swarts and Jinek29

and indicates that the bubble at the protospacer impacts how
the Cas12a nuclease engages the DNA. In addition, a lack of
cleavage for bubble-containing duplex iii (Figure 1, Supporting
Information Section S6) is consistent with a recent report

Figure 1. Reconstituting the Cas12a enzyme. (A) Schematic of a
Cas12a/RNA/DNA construct, with the RNA-a guide sequence shown
in blue and the red wedges marking the DNA cleavage sites (see
Supporting Information Sections S1−S3 for more details). (B)
Schematics of DNA duplex substrates (see also Table S3), with “R/D”
indicating complementarity between the RNA guide and the t-strand
of the DNA protospacer, and “D/D” indicating pairing between DNA
t- and nt-strand. (C,D) Representative gels of cleavage of duplexes i−
iv (10 nM each) by effector complex (100 nM) of LbCas12a/
LbRNA-a or AsCas12a/AsRNA-a, respectively. Reactions were
monitored using 5′-32P labeled t-strand, with precursors marked by
“■” and t-strand products marked by “▶”.
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showing that only 2 or 4 RNA/DNA mismatches at the PAM-
adjacent positions prevent cleavage of bubble duplexes.32

A bubble in the protospacer may be considered as “single-
stranded” substrates. However, with the Cas12a enzyme
containing the RNA-a guide, the “on-target” duplex ii gave
specific t- and nt-strand products, whereas the off-target duplex
iii had no cleavage (Figure 1C,D, Supporting Information
Section S6). This indicates that under the single-turnover
condition used in this work, the results reported the double-
stranded DNA cleavage activity of the binary Cas12a/crRNA
effector (i.e., the cis-activity), and did not reflect the
nonspecific trans-activity on single-stranded DNAs. This is
indeed confirmed in control experiments (Supporting In-
formation Section S8).
Protospacer Flexibility Promotes Promiscuous Off-

Target Binding to Cas12a. A competition assay57 was
adapted to examine DNA duplex binding by Cas12a. In these
experiments (Figure 2A), cleavage of a 32P-labeled duplex (i.e.,

“probe”) by an effector was measured under single-turnover
conditions in the presence of an unlabeled DNA competitor.
Reactions were carried out with [probe] ≪ [enzyme] ≪
[competitor], and the probe and competitor were presented
simultaneously to the enzyme (see Materials and Methods). If
a competitor binds to the same enzyme site as that of the
probe, probe binding is inhibited, thus reducing or preventing
probe cleavage. Because the observed single-turnover cleavage
of the probe reported only on the cis-activity of the Cas12a/
crRNA effector (Supporting Information Section S8), the
competition experiment assesses DNA binding at the site
responsible for RNA-guide dependent binding and cleavage of
double-stranded DNAs.
Competitions were first carried out with 32P-labeled duplex

i* as the “probe” and unlabeled duplexes i to iv as competitors
(Figure 2B). The enzyme is the LbCas12a/LbRNA-a complex,
which contained the RNA-a guide complementing the t-strand

of the protospacer of i*. Figure 2C shows a representative set
of data obtained with 10 nM enzyme and 1 μM competitors.
Duplexes i and ii, which maintain protospacer t-strand
complementarity to the LbRNA-a guide (Figure 2B), inhibited
cleavage of i* (Figure 2C, Supporting Information Section S9a,
Table S4). This indicates that as expected both duplexes bind
to the LbCas12a active site and is consistent with results from
the cleavage assay (Figure 1). Interestingly, duplexes iii and iv
gave clearly different results even though both largely lack
RNA-guide/t-strand complementarity and were not cleaved in
the cleavage assay (Figure 1C). Duplex iv showed little
observable inhibition (Figure 2C, Table S4), indicating that it
did not bind to Cas12a. On the other hand, duplex iii
significantly reduced probe i* cleavage, indicating sufficient
binding to the Cas12a to exert inhibition (Figure 2C, Table
S4). Inhibition experiments with AsCas12a and FnCas12a
yielded an identical pattern (Figure 2D, Supporting Informa-
tion Section 9b) and similar results were obtained at a higher
concentration (100 nM) of enzyme effector complexes
(Supporting Information, Section S9c). Overall the competi-
tion data revealed that for Cas12a effectors containing the
RNA-a guide, the bubble-containing duplex iii binds
significantly better than the fully paired duplex iv. This is
further confirmed by direct measurements of DNA binding
(Supporting Information Section S10).
Neither duplex iii nor iv allowed hybrid formation between

the RNA-a guide and the protospacer t-strand. The difference
in their inhibition of (and binding to) RNA-a containing
Cas12a effectors (Figure 2C,D, Table S4) must arise from
intrinsic physical properties of the DNA itselfthe proto-
spacer maintains perfect t-/nt-strand pairing in duplex iv but is
largely unpaired in duplex iii (Figure 2B). An unpaired
segment (i.e., bubble) within a DNA duplex is significantly
more flexible than a fully paired segment.58 Indeed, using a
biophysical technique called site-directed spin labeling,59

duplex iii was found to be significantly more flexible than
that of a fully-paired duplex (Supporting Information Section
S11). In addition, control experiments showed that the proper
PAM in duplex iii contributed to Cas12a binding (Supporting
Information Section S9d). Taken together, the data support a
model that upon PAM-binding, the more-flexible duplex iii can
distort to remain bound to Cas12a, thus blocking on-target
duplex (i.e., i*) binding and preventing cleavage (see
Discussion). On the other hand, even with a proper PAM,
the rigid fully paired duplex iv cannot distort sufficiently to stay
bound to Cas12a (see Discussion), therefore exhibiting little
inhibition. The effect of the protospacer flexibility would be
independent of the sequence of the RNA guide, as indeed
demonstrated by control experiments (Supporting Informa-
tion, Section S9e).

PAM-Adjacent Flexibility Enables Promiscuous Bind-
ing. To further examine the relationship between protospacer
flexibility and off-target Cas12a binding, duplex iii variants
were constructed. No measurable difference was observed
when the PAM-distal nonconsecutive complementary nucleo-
tides in duplex iii were removed (Supporting Information
Section S9f), indicating that further enlarging the protospacer
bubble has little impact on Cas12a binding. Studies were then
carried out with off-target duplexes containing PAM-adjacent
protospacer bubbles ranging from 1 to 4 base-pairs (bp)
(duplexes v to viii, Figure 3A, Table S3). Competition showed
that duplex viii effectively inhibited i* cleavage by a Cas12a
complex containing a RNA-a guide (Figure 3, Table S5). The

Figure 2. Assessing DNA binding to Cas12a. (A) Schematic of the
competition assay. (B) Schematics of the competitor duplexes (see
also Table S3). (C,D) Representative gels of competitions with
LbCas12a/LbRNA-a and AsCas12a/AsRNA-a, respectively. Data
shown were obtained with 1 nM probe i* (32P-labeled t-strand), 10
nM enzyme, and 1 μM competitors.
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degree of inhibition observed for viii, which has a 4 bp PAM-
adjacent bubble, was similar to that obtained with duplex iii,
which has the bubble spanning the entire protospacer (Table
S5). This indicates that a PAM-adjacent bubble of 4 bp was
sufficient to elicit promiscuous binding to Cas12a in the
absence of RNA/DNA complementarity. As the size of the
bubble decreased from 4 to 0 bp, the amount of probe cleavage
increased monotonically (Figure 3, Table S5). This indicates a
reduction of inhibition, which was attributed to a weaker
binding of the competitor to the Cas12a complex. As the
PAM-adjacent bubble was reduced in size, the DNA became
less flexible and more difficult to distort, and this correlated
with a decrease in affinity to Cas12a (i.e., less effective
inhibition). This supports the notion that flexibility at the
PAM-adjacent protospacer segment allows Cas12a binding of
off-target duplexes.
Also note that as the bubble size increased, AsCas12a gave a

larger degree of reduction of i* product (Figure 3C,D, Table
S5) compared to LbCas12a. This may suggest differences
between Cas12a orthologs in binding flexible duplexes. This
will be an interesting subject for future investigations.

■ DISCUSSION
Data presented in this work support the conclusion that
flexibility at the PAM-adjacent protospacer segment enables
DNA binding by Cas12a in the absence of DNA/RNA
complementarity. The results are consistent with the current
Cas12a mechanistic model and expand the understanding on
how the physical property of the DNA may influence Cas12a
target discrimination.
Current literature22,25,26,30 support a mechanistic model that

Cas12a selects its duplexed DNA substrate via (i) PAM
binding; (ii) PAM-adjacent protospacer distortion to initiate
DNA unwinding; (iii) propagation of DNA unwinding with

concomitant RNA/DNA hybrid base-pairing; and (iv) strand
cleavage (Figure 4A). With PAM-containing off-target DNA

duplexes that lack complementarity between the RNA-guide
and DNA protospacer (e.g., RNA-a guide with duplexes iii to
viii), the difference in Cas12a binding must lie at step (ii), that
is, PAM-adjacent protospacer distortion. For these off-target
duplexes, PAM-adjacent local melting also would expose the
first few t-strand nucleotides, but the lack of RNA-guide/t-
strand complementarity does not support RNA-DNA hybrid-
ization. The DNA pairing state then significantly influences the
outcome as demonstrated by data presented here. With a fully-
paired protospacer (i.e., duplex iv) (Figure 4B), the initially
unwound nucleotides likely snap back to regain t-/nt-strand
pairings. The paired duplex is rigid, and the junction between
the PAM and the protospacer segment disfavors the kinked
conformation as shown in the ternary Cas12a-RNA-DNA
structures.22,23,25,26 This causes DNA dissociation as the
protospacer may collide with the Cas12a effector. As such, a
fully paired duplex predominantly favors the unbound state
(Figure 4B), as observed for duplex iv (Figure 2, Supporting
Information Section 10). On the other hand, for DNAs with a
PAM-adjacent bubble (Figure 4C), flexibility at the PAM-
protospacer junction increases. When sufficient flexibility exists
(e.g. the 4 bp bubble duplex viii, Figure 3), the duplex can
distort to assume conformations more similar to the kinked

Figure 3. Assessing binding to Cas12a by DNA with PAM-adjacent
bubbles. Shown in (A) is a schematic of the competition assay. Shown
in (B) are schematics of the competitor duplexes (see also Table S3).
Shown in (C,D) are representative gels of competitions with
LbCas12a/LbRNA-a and AsCas12a/AsRNA-a, respectively. Data
shown were obtained with 1 nM probe i* (32P-labeled t-strand), 10
nM enzyme, and 1 μM competitors.

Figure 4. Models of DNA duplexes interacting with the binary
Cas12a/crRNA effector enzyme. (A) On-target duplex. PAM binding
is followed by local protospacer melting. Hybridization between the
RNA guide and protospacer t-strand supports DNA unwinding and
formation of the R-loop. (B) Off-target with a fully paired
protospacer. Following PAM-binding, local protospacer melting can
occur, but without the complementarity between the RNA guide and
the protospacer t-strand, the DNA prefers to maintain the t- and nt-
strand pairing, and cannot sustain the kinked configuration required
to remain associated with the effector complex. As such, a paired
(rigid) off-target duplex remains predominantly in the unbound state
(left). (C) Off-target with PAM-adjacent protospacer bubble. When
sufficient flexibility is provided by the bubble, the duplex can adapt a
kinked configuration to remain bound to Cas12a (right). However,
the RNA/DNA hybrid is absent; therefore, no cleavage occurs.
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configurations observed in the ternary complexes22,23,25,26

(Figure 4C). The protospacer likely bends away to mitigate
steric collision between the DNA and the effector complex,
allowing a significant degree of binding even though DNA/
RNA hybrid formation is not supported (Figure 4C).
While the flexible off-target duplexes (e.g., iii and viii) bind

to Cas12a, no cleavage was observed (Figure 1). Recent
studies have revealed that RNA/DNA hybrid formation
triggers the opening of the catalytic cleft,28 subsequently
activating the cis- and then the trans-cleavage activ-
ities.28,29,34,35 In our present work, the off-target DNA
duplexes, either with or without a bubble, do not support
hybridization between the DNA and RNA guide (Table S3),
thus accounting for their lack of cleavages either in the cis- or
trans-fashion (Figure 1 and Supporting Information Section
S8). In addition, Singh and co-workers have reported that
when the protospacer is “preunwound” by introducing
unpaired t-/nt-strand nucleotides (i.e., a DNA bubble),
cleavage was prevented with RNA/DNA mismatches pre-
sented only at the two nucleotides immediately next to the
PAM.32 This indicates that PAM-adjacent RNA/DNA
mismatches prevent further unwinding of the protospacer to
form the RNA/DNA hybrid even with pre-unwound (i.e.,
bubble) DNAs. In our work, the off-target bubble duplexes
would not allow RNA/DNA hybrid formation, therefore their
binding to Cas12a should not be attributed to “pre-unwinding”
of the protospacer, but instead to flexibility induced by the
bubble (Figure 4C).
In studies of CRISPR-Cas9, Severinov and co-workers

showed that unpaired segments adjacent to PAM facilitate
DNA deformation and significantly enhance the on-rate of
binding.56 Rueda and co-workers reported direct observations
of off-target bubble DNA binding, and correlated it with off-
target events observed when the DNA is under mechanical
distortion due to stretching with high force.53 DNA
recognition by Cas12a22 and Cas946 share many similar
mechanistic features, including PAM recognition, PAM-
proximal distortion, as well as DNA unwinding and R-loop
formation. This supports the conclusion from this work that
Cas12a is also susceptible to promiscuous binding of flexible
DNA duplexes.
While in vitro studies presented here demonstrate that

PAM-adjacent protospacer flexibility leads to promiscuous
DNA binding by Cas12a in the absence of RNA/DNA
complementarity, it remains to be determined whether this
feature is maintained in vivo. Genome-wide studies have
shown that Cas9 binds to many more DNA sites in vivo than
those that are cleaved.60−62 Coupled with the recent finding on
Cas9 binding to flexible DNA,56 it has been proposed that
duplex DNA destabilization during cellular processes, such as
transcription and replication, may expose off-target sites to
Cas9 activity.53 Given the similarity between Cas12a and Cas9,
it is reasonable to hypothesize that variations of DNA flexibility
between genomic sites or during different biological processes
may influence in vivo Cas12a target discrimination, in
particular, off-target DNA binding. As such, DNA flexibility
may impact Cas12a-based applications, particularly those
relying on Cas12a binding to specific DNA sites.16−20

In summary, data reported show that flexible DNA duplexes
without target-strand/RNA-guide complementarity can bind to
the site used by Cas12a for RNA-guided double-stranded DNA
binding and cleavage. The results support the notion that
flexibility and other physical properties of the DNA can

influence target discrimination by CRISPR-Cas, including
Cas12a, and therefore may impact developments of CRISPR-
based technology.

■ MATERIALS AND METHODS
Plasmids for Cas12a Protein Production. The plasmid

used for LbCas12a expression encoded the full-length protein
(residues 1−1274) with a fusion of an N-terminal 6× His tag
followed by a maltose-binding protein (MBP) tag and a
tobacco etch virus (TEV) cleavage site. The plasmid was a gift
from Dr. F. Zhang6 (Addgene plasmid # 90096; http://n2t.
net/addgene:90096; RRID: Addgene_90096). The plasmid
used for FnCa12a expression encoded the full-length protein
(residues 1−1300) with a fusion of N-terminal His8-3C
protease-His7 tag followed by an MBP tag and a TEV cleavage
site.33 The catalytically in-active dFnCas12a contained
mutations of D917A and E1006A6 and was constructed
using the FnCas12a plasmid with assistance from the
Structural Biology Center at the Bridge Institute of USC. All
plasmid sequences were confirmed prior to protein expression.

Cas12a Protein Expression and Purification. LbCas12a
and FnCas12a were expressed in Escherichia coli. and purified
following procedures similar to those previously reported.6,22,33

Briefly, T7 Express Competent E. coli (New England Biolabs,
#C2566I) or Rosetta 2 (DE3) Competent E. coli. (Novagen)
were transformed with the desired plasmids by heat shock. A
single colony from the transformation was inoculated into
Lysogeny Broth with an appropriate antibiotic (100 μg/mL
ampicillin for LbCas12a and kanamycin for FnCas12a) and
incubated at 37 °C overnight. Then, the small-scale culture was
added to Terrific Broth with 100 μg/mL antibiotic
(approximate 8 mL culture for a 1 L of cell growth) and
incubated at 30 °C until the optical density at 600 nM (OD600)
reached 0.5−0.6. Then the temperature was reduced to 18 °C,
and incubation was continued for 20 min. Overexpression was
then induced by adding 200 μM isopropyl β-D-1-thiogalacto-
pyranoside (IPTG) and shaking at 18 °C for 16−20 h.
The cells were harvested by centrifugation and re-suspended

at 4 °C in lysis buffer [50 mM N-(2-hydroxyethyl)piperazine-
N′-ethanesulfonic acid, pH 7.0, 1 M NaCl, 5 mM MgCl2, 2
mM dithiothreitol (DTT), 10% glycerol] with protease
inhibitor (Roche) and DNase. The cells were lysed at 4 °C,
followed by ultracentrifugation at 4 °C to remove the cell
debris. The supernatant was collected and was subjected to
affinity chromatography (e.g., Ni-NTA). If desired, the MBP-
His tag was cleaved with the TEV protease.33 Products from
the first-round of affinity chromatography purification (and
TEV cleavage if desired) were further purified by fast protein
liquid chromatography using a size-exclusion S200 column
(GE Healthcare). The collected fractions were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(PAGE) and the fractions that contained the target protein
was concentrated, exchanged into the storage buffer (20 mM
Tris, pH 7.5, 200 mM KCl, 5 mM MgCl2, 0.5 mM TCEP, 10%
glycerol), and stored at −80 °C. Also note that initial
experiments were carried out with LbCas12a protein kindly
provided by Dr. Ian M. Slaymaker (Broad Institute, Boston,
MA), which has the MBP tag cleaved off. Experiments showed
that the MBP tag does not influence the DNA cleavage
activities investigated in this work (see Supporting Information
Section S5).
AsCas12a protein was obtained commercially from Inte-

grated DNA Technologies (Coralville, Iowa, #1081068).
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Concentrations of proteins were determined according to
absorbance at 280 nM with an extinction coefficient calculated
from amino acids sequence: LbCas12a, 181 190 M−1·cm−1;
LbCas12a with MBP tag, 249 030 M−1·cm−1; AsCas12a, 143
940 M−1·cm−1; and FnCas12a, 144 000 M−1·cm−1.
RNA Transcription. RNAs used in this study were

synthesized by T7 in vitro transcription following a previously
reported protocol.63 Sequences of the T7 top-strand primer
and DNA templates used for transcribing different RNAs are
listed in Table S2. A typical transcription reaction (400 μL)
contained 0.5 μM DNA template, 1 μM T7 top-strand primer,
1 mM each of nucleotide tri-phosphate, 0.01% Triton, 400
units of T7 polymerase (e.g., New England Biolabs #M0251L),
40 mM tris(hydroxymethyl)aminomethane (Tris) pH 7.5, 15
mM MgCl2, 2 mM spermidine, and 5 mM DTT. The reaction
mix was incubated at 37 °C for 3 h and then quenched by
adding 20 mM ethylenediaminetetraacetic acid (EDTA). The
RNA products were recovered by ethanol precipitation and
then purified by denaturing PAGE. The final products were re-
suspended in ME buffer [10 mM 3-(N-morpholino) propane-
sulfonic acid pH 6.5 and 1 mM EDTA] and stored at −20 °C.
Sequences of crRNA used in this study are listed in Table

S1. The concentrations of RNA were determined according to
absorbance at 260 nm. The molar extinction coefficients of
RNA were estimated by ε = # of nucleotide × 10 000 M−1·
cm−1.
Target DNA Constructs. Detailed design and sequences of

the DNA substrate duplexes are described in Supporting
Information Section S2. All DNA oligonucleotides were
obtained by solid-phase chemical synthesis (Integrated DNA
Technologies, Coralville, Iowa). To obtain a target DNA
duplex, two desired strands were mixed in a 1:1 molar ratio in
an annealing buffer (20 mM Tris pH 7.5, 100 mM KCl), the
mixture was heated at 95 °C for 1 min, incubated at room
temperature overnight, then stored at −20 °C until use.
DNA Cleavage Assay. To monitor DNA cleavage, one or

both target strands were 32P labeled at the 5′ terminus
following a previous protocol.64 A typical 10 μL 32P-labeling
reaction contained 1 μM DNA strand, 1 μL 32P γ-ATP (MP
Biomedicals, 6000 Ci/mmol), 10 units T4 polynucleotide
kinase (PNK, New England Biolabs #M0201), and 1× PNK
buffer (New England Biolabs, 70 mM Tris-HCl, 10 mM
MgCl2, 5 mM DTT, pH 7.6). The reaction mixture was
incubated at 37 °C for 30 min and then the T4 PNK was heat
deactivated by incubation at 65 °C for 20 min. The excess 32P
γ-ATP was not removed. Assuming no loss of 32P γ-ATP-
labeled DNA, an equal amount of the unlabeled comple-
mentary strands was added to form a DNA duplex following
the procedure described above.
In a typical single-turnover cleavage reaction, 32P-labeled

DNA duplex (1−10 nM) were subjected to cleavage by a
preformed Cas12a/crRNA effector complex, with the concen-
tration of the complex at least 10 times higher than that of the
DNA. To pre-form the effector complex, appropriate amount
of the crRNA was first heated at 95 °C for 1 min and then
incubated at room temperature in a reaction buffer (20 mM
Tris pH 7.5, 100 mM KCl, 5 mM MgCl2, 5% (v/v) glycerol,
and 0.5 mM TCEP) for 10 min. The desired amount of
Cas12a in the reaction buffer was added, so that the crRNA/
Cas12a ratio was approximately 1.5:1. After incubating the
Cas12a/crRNA mix at 37 °C for 15 min, an appropriate
amount of DNA substrate was added, and the cleavage reaction
was allowed to proceed at 37 °C for 30 min. Upon conclusion

of the reaction, an equal volume of a denaturing dye solution
(8 M urea, 20 mM EDTA, 20% glycerol, 0.1% bromophenol
blue, 0.1% xylene cyanol) was added, and the mixture was
immediately heated at 95 °C for 1 min to deactivate the
enzyme.
The reaction products were resolved using denaturing

PAGE, and DNA species were visualized and quantitated by
autoradiography using a Personal Molecular Imager (Bio-Rad).
The percentage of the product (% product) was calculated
according to

=
+

I

I I
% product product

precursor product (1)

where Iprecursor is the intensity of the DNA precursor signal and
Iproduct is the product signal. Each particular signal I was
corrected for background according to

= − ×I I S a0 0 bg (2)

where I0 is raw measured signal, S0 is the area of measured
band, and abg is the average intensity per unit area obtained
from multiple sections of the gel between the precursor and
product bands.
Values of average and standard deviation were obtained

from three or more replications.
Competition Assay. Competition experiments were

typically carried out in the cleavage reaction buffer with 1
nM 32P-labeled probe duplex, 10 nM Cas12a/crRNA effector
complex, and 1000 nM (1 μM) unlabeled competitor DNA
duplex. To carry out a competition reaction, 32P-labeled probe
duplex and unlabeled competitor DNA duplex were
independently annealed as described above (i.e., “Target
DNA Constructs”). The Cas12a/crRNA effector complex
was preformed as described (i.e., “DNA Cleavage Assay”) and
then added to a mixture containing the 32P-labeled probe and
the unlabeled competitor. The reaction was allowed to proceed
at 37 °C for 30 min and then terminated following procedures
described (i.e., “DNA Cleavage Assay”). The DNA products
were characterized and quantified as described above. Values of
average and standard deviation were obtained from three or
more replications.
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