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CRISPR-Cas12a, an RNA-guided DNA targeting endonuclease, has
been widely used for genome editing and nucleic acid detection.
As part of the essential processes for both of these applications,
the two strands of double-stranded DNA are sequentially cleaved
by a single catalytic site of Cas12a, but the mechanistic details that
govern the generation of complete breaks in double-stranded
DNA remain to be elucidated. Here, using single-molecule fluores-
cence resonance energy transfer assay, we identified two confor-
mational intermediates that form consecutively following the
initial cleavage of the nontarget strand. Specifically, these two
intermediates are the result of further unwinding of the target
DNA in the protospacer-adjacent motif (PAM)–distal region and
the subsequent binding of the target strand to the catalytic site.
Notably, the PAM-distal DNA unwound conformation was stabi-
lized by Mg2+ ions, thereby significantly promoting the binding
and cleavage of the target strand. These findings enabled us to
propose a Mg2+-dependent kinetic model for the mechanism
whereby Cas12a achieves cleavage of the target DNA, highlighting
the presence of conformational rearrangements for the complete
cleavage of the double-stranded DNA target.

CRISPR-Cas12a j genome editing j single-molecule FRET j DNA cleavage j
metal ion

CRISPR-Cas, a prokaryotic adaptive immune system, is a rev-
olutionary tool for genome editing (1–6). Among the various

types of the Cas systems, Cas12a (also known as Cpf1), class 2
type V-A CRISPR-Cas system, catalyzes double-stranded DNA
(dsDNA) targets by utilizing single CRISPR RNA (crRNA)
(7–10). The Cas12a-crRNA ribonucleoprotein (RNP) complex
first identifies the dsDNA target via a T-rich protospacer-adjacent
motif (PAM). Upon binding with cognate DNA, the Cas12a RNP
unwinds the DNA via the formation of a crRNA-target strand
(TS) heteroduplex and the simultaneous displacement of the non-
target strand (NTS) (a so-called R-loop structure) (11). Then,
Cas12a generates double-strand DNA breaks with sticky ends by
using a single RuvC nuclease domain in a sequential manner.
Furthermore, in contrast to Cas9, Cas12a exhibits distinct features
of pre-crRNA processing and indiscriminate single-stranded
DNA cleavage activity (7, 12, 13). Owing to these unique features,
CRISPR/Cas12a has been extensively utilized for the detection of
nucleic acids as well as programmable genome editing (13–21).

Meanwhile, recently reported base and prime editors, which
accomplish targeted edits in a highly efficient manner, utilized
a nickase form of CRISPR/Cas9 to reduce the frequency of
undesired insertions and deletions (22–24). However, the dis-
tinct feature by which both strands of target DNA are cleaved
by a single catalytic site of Cas12a has hampered the develop-
ment of engineered Cas12a RNPs including an efficient nick-
ase, resulting in a limited range of Cas12a application (25–27).
Given the advantages of Cas12a, including its multiplexing
capability using the intrinsic crRNA processing activity and
fewer off-target effects compared to Cas9 (14, 15, 17, 28), the
development of various engineered Cas12a RNPs is necessary

to improve genome editing techniques. Although recently sev-
eral studies have suggested the nickase form of Cas12a RNPs
using alterations of crRNA (29) or mutations of protein resi-
dues (30, 31), existing nickase variants still have much room for
enhancement of the nicking activity. In this regard, thorough
understanding of the mechanisms that regulate the sequential
cleavage reaction of dsDNA, beginning with the NTS and pro-
ceeding to the TS, by a single catalytic site in the Cas12a RuvC
domain, is required. However, despite many recent biochemical
and structural studies (30–40), a detailed mechanistic under-
standing of the way in which Cas12a uses its single catalytic site
to completely break the double strand of the target DNA is still
lacking.

Here we perform single-molecule fluorescence assay to moni-
tor conformational dynamics of the Cas12a ternary complex dur-
ing TS cleavage following the initial cleavage of NTS of DNA.
Recently, several groups have utilized similar methodological
approaches to monitor the molecular interaction between Cas12a
RNP and target DNA by using labeled target DNA and crRNA
(35–37) and the interdomain dynamics of Cas12a protein by
using labeled Cas12a (31, 41). Using this assay, here we identified
the features of intermediates that form during conformational
rearrangements in the TS cleavage reaction to complete dsDNA
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cleavage and revealed its underlying mechanism based on a
kinetic analysis of the conformational dynamics. The results of
our study suggest that Mg2+-mediated local DNA unwinding in
the PAM-distal region is an essential prerequisite for the regula-
tion of the sequential dsDNA cleavage reaction. This allosteric
mechanism provides molecular insight into Cas12a engineering
toward the development of Cas12a nickase.

Results
Independent Characterization of NTS and TS Cleavage Reactions by
Cas12a RNPs. To investigate the differences between the NTS and
TS DNA cleavage reactions by the same single catalytic site in
the Cas12a RuvC domain, we observed the real-time conforma-
tional dynamics of the Cas12a–crRNA–DNA complex during the
cleavage reactions for each strand using a single-molecule fluo-
rescence resonance energy transfer (FRET) assay with prenicked
DNA constructs (Fig. 1). As shown in Fig. 1A, we immobilized
each DNA construct labeled with a FRET donor (Cy3) on a
polymer-coated quartz surface using biotin–streptavidin interac-
tion. Then, preassembled Cas12a–crRNA complexes labeled with
a FRET acceptor (Cy5) were introduced while fluorescence sig-
nals from single Cas12a–crRNA–DNA complexes were moni-
tored using a total internal reflection fluorescence microscope.

In the present study, for the independent detection of the NTS
and TS cleavage reactions we used two types of DNA constructs:
TS prenicked DNA (for NTS cleavage) and NTS prenicked DNA

(for TS cleavage), which contain a nick in the scissile bonds of the
TS and NTS, respectively (Fig. 1 B and C). Representative time
traces showing the NTS and TS cleavage events in the prenicked
DNA constructs are shown in Fig. 1 D and E. Upon addition of
the Cas12a RNPs, the stable binding events of single Cas12a
RNPs were detected by the appearance of the Cy5 signal in both
DNA constructs. During the early stages of the binding events in
both DNA constructs we obtained similar low FRET efficiencies,
representing the R-loop complex (termed R-state hereafter)
reported in our previous study (37). In the subsequent stage, how-
ever, the molecular behavior of the Cas12a RNP–DNA complex
during the NTS and TS cleavage reactions differed significantly.
In the NTS cleavage reaction, further FRET changes were not
detected before the NTS strand was cleaved. However, in the TS
cleavage reaction, the R-state (∼0.21), which formed after the
binding of Cas12a RNP, proceeded to subsequent steps through
two distinct FRET states (∼0.38 and ∼0.59), after which the TS
was eventually cleaved.

Previous structural studies have strongly suggested that the
Cas12a complex may have to undergo large conformational
changes to facilitate TS cleavage after first cleaving the NTS
because Cas12a only has a single catalytic site for cleaving both
of these strands (9, 31–33, 42). With this context in mind, the
above observation regarding the two FRET changes observed
only in the TS cleavage reaction is interpreted as reflecting the
conformational rearrangements of the Cas12a RNP–DNA com-
plex for the TS cleavage. On the basis of this result, we concluded
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Fig. 1. Comparison of conformational dynamics between the NTS and TS cleavage reactions by Cas12a RNP. (A) Schematic diagram of single-molecule
FRET experiment to monitor the cleavage reaction of nontarget and target DNA strands by Cas12a RNP. (B and C) Prenicked DNA constructs used for inde-
pendent characterization of the cleavage reaction of the nontarget (B) TS prenicked DNA and target (C) NTS prenicked DNA) strands. (D and E) Represen-
tative time traces of Cy3 fluorescence (green, Top) and Cy5 fluorescence (red, Top), and corresponding FRET efficiency (blue, Bottom) in the presence of
20 nM Cas12a RNP for TS prenicked (D) and NTS prenicked (E) DNA constructs to show NTS and TS cleavage events, respectively. Corresponding FRET his-
tograms are shown in the right panel of time traces. FRET histograms were obtained by collecting all data points from at least more than 60 time traces.
Orange lines were added to guide the eye to allow clear visualization of the transitions. All FRET experiments in this figure were performed with Mg2+

concentration of 1 mM.
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that two consecutive conformational rearrangements of the
Cas12a RNP–DNA complex are required for the TS cleavage
reaction that follows the cleavage of NTS.

PAM-Distal DNA Unwinding and TS Binding to the Catalytic Site as
Prerequisites for the TS Cleavage. Next, we aimed to assign the
two subsequent FRET states observed in the TS cleavage reac-
tion to structural and functional intermediates by using DNA
constructs with various modifications. Recent crystal structures
for the TS precleavage states of the Cas12a–crRNA–DNA com-
plex indicate that the putative site of TS cleavage is located
∼2.7 nm away from the catalytic site while maintaining base
pairs with the complementary sequence of NTS (32). Thus, we
infer that the unwinding of the double-stranded region contain-
ing the putative site of TS cleavage and the subsequent binding
of the exposed TS cleavage site to the catalytic site of the RuvC
domain are essential prerequisite steps for the TS cleavage.
Consistent with this hypothesis, we observed two consecutive
conformational rearrangements of the Cas12a ternary complex
during the TS cleavage reaction. To test whether both of the
observed conformational states correspond to the expected
intermediates, we introduced various DNA modifications in the
PAM-distal region of the target DNA and investigated the con-
formational dynamics compared with that of unmodified native
DNA (Fig. 2 A–C). For the native NTS prenicked DNA at low
Mg2+ concentration, we observed clear two-state dynamics
between the low FRET (∼0.21) and middle FRET (∼0.38)
states. The conformational equilibrium, however, was biased
toward the middle FRET state when the PAM-distal region of
the target DNA was preunwound (termed preunwound DNA)
but was biased toward the low FRET state when oligonucleotides
modified by locked nucleic acids were introduced to the PAM-
distal region of the NTS to prevent the DNA unwinding (termed
locked DNA) (Fig. 2C). By combining these observations with
the fact that the low FRET state corresponds to the R-loop com-
plex, we concluded that the observed transition from the low
FRET state to the middle FRET state represents the unwinding
of the target DNA in the PAM-distal region, which contains
the putative site at which TS cleavage occurs, by the Cas12a
RNP (the unwound conformation of which is termed the
U-state hereafter).

On the other hand, for the detection of a considerable number
of the TS cleavage events we employed a reaction buffer contain-
ing a high concentration of Mg2+ ions (10 mM). In the case of
native DNA, we observed that the Cas12a ternary complex pro-
ceeded to the high FRET state (∼0.59), in which the TS was
cleaved and the cleaved DNA products were simultaneously
released, as reported in our previous study (SI Appendix, Fig.
S1A) (37). However, when we used a phosphorothiolate-
modified TS to abolish the TS cleavage activity (termed TS non-
cleavable DNA) (33, 43), a clear two-state dynamics between
middle FRET (∼0.38, U-state) and high FRET (∼0.59) states
occurred but the release events did not (SI Appendix, Fig. S1B).
This result indicates that the high FRET state represents a TS
precleavage complex and that the TS cleavage event occurs in the
high FRET state. In addition, when excess nonspecific single-
stranded DNA substrates were added to prevent the exposed TS
from binding to the RuvC catalytic site through competition,
transition from the middle FRET state (U-state) to the high
FRET state was impeded (Fig. 2 D and E and SI Appendix, Fig.
S2). Based on these two observations, we concluded that the high
FRET state represents the binding of the exposed TS to the cata-
lytic site of the RuvC domain (termed B-state hereafter), which
primes the TS for cleavage. Taken together, the results strongly
suggest that the Cas12a–crRNA–DNA ternary complex under-
goes two sequential conformational rearrangements, which illus-
trates the additional unwinding of the dsDNA region containing
the putative site at which TS cleavage occurs and the subsequent

binding of the exposed TS cleavage site to the catalytic site in the
RuvC domain for complete dsDNA target cleavage.

PAM-Distal DNA Unwound Conformation Is Highly Stabilized by
Mg2+. Previous studies reported that Mg2+ ions coordinated in
the RuvC catalytic pocket of Cas12 proteins are essential to
create breaks in the dsDNA (10, 32, 44, 45). An in vitro DNA
cleavage assay consistently showed that the TS cleavage effi-
ciency of Cas12a RNPs was positively correlated with the Mg2+

concentration (Fig. 3D and SI Appendix, Fig. S3). In addition,
similar results were obtained in single-molecule and bulk stud-
ies of the NTS cleavage reaction (SI Appendix, Figs. S4 and S5).
Based on these findings, we asked whether Mg2+ ions are also
involved in the two consecutive conformational rearrangements
observed in the above experiments. To address this question,
we performed Mg2+ titration experiments.

On the basis of our single-molecule observations, we derived
a kinetic scheme for the TS cleavage reaction by Cas12a RNP,
as shown in Fig. 3A. Using the unique capability of our single-
molecule FRETassay to monitor these individual reaction steps
in real time, we investigated the dependence of all transition
rates in our kinetic scheme on the Mg2+ concentration. Repre-
sentative time traces and the corresponding transition density
plots (TDPs) obtained from the analysis of the time traces
using hidden Markov modeling (HMM) are shown in Fig. 3B
at varying Mg2+ concentration. As the Mg2+ concentration
increased, the Cas12a ternary complex was biased toward tran-
sitioning to the forward states in our kinetic scheme (Fig. 3 B
and C). Similar dynamic behavior was also observed in a wild-
type DNA construct, not prenicked DNA constructs (SI
Appendix, Fig. S6).

To determine which reaction step is the main determinant of
Mg2+-dependent TS cleavage, we obtained rate constants for
all the transitions in our kinetic scheme at varying Mg2+ con-
centration (Fig. 3 E and F). Interestingly, in this observation
the PAM-distal rewinding (k-1) and TS cleavage (k3) rates sig-
nificantly correlated with the TS cleavage efficiencies at varying
Mg2+ concentration, whereas the correlation of the remaining
rate constants with the TS cleavage efficiencies was unappreci-
able. Notably, the strongest correlation of the PAM-distal
rewinding rate (k-1) with the Mg2+-dependent TS cleavage effi-
ciency revealed the unexpected structural role of Mg2+ ions in
the TS cleavage reaction by Cas12a RNP, namely that Mg2+

ions contribute to stabilize the unwound conformation of the
PAM-distal DNA (U-state). At the same time, the TS cleavage
rate (k3) was also correlated with the TS cleavage efficiency to
an appreciable extent, which is reasonably predictable consider-
ing the traditional view that the Mg2+ ions coordinated to the
RuvC domain play a catalytic role (44). Consequently, we
strongly suggest that the unwinding of PAM-distal DNA acts as
the main determinant of the Mg2+-dependent TS cleavage via
the allosteric mechanism that Mg2+ ions stabilize the unwound
conformation and thereby promote binding and cleavage of the
TS (Fig. 3 C and D and SI Appendix, Fig. S7).

Discussion
The transient and multistate nature of the TS cleavage reaction
by Cas12a RNP occurring only after the NTS cleavage event
has hindered a comprehensive understanding its underlying
mechanisms due to population averaging that is inherent in
ensemble measurements. Therefore, we used single-molecule
FRET method that allows the direct visualization of the confor-
mational rearrangements expected as essential prerequisites for
the TS cleavage reaction. The single-molecule FRET assay
described in this study allowed us to unravel the molecular
mechanism underlying the regulation of the TS cleavage
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following the cleavage of NTS, which is summarized in Fig. 4
and below.

Initially, the Cas12a–crRNA–DNA complex maintains its
R-loop conformation even after the NTS cleavage event. Next,

owing to the strict single-stranded substrate specificity of the
RuvC nuclease domain of Cas12a (7, 9, 13, 38), the PAM-distal
region of target DNA is further unwound to expose the puta-
tive site at which TS cleavage occurs. Our rigorous kinetic
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analysis of the conformational dynamics of this reaction step
reveals that an increase in the Mg2+ concentration increases
the energy barrier for rewinding the PAM-distal DNA and the
free energy level of the unwound conformation of the PAM-
distal DNA is deepened by increasing the Mg2+ concentration.

This result unveiled the unexpected structural role of Mg2+

ions in stabilizing the unwound conformation of the PAM-distal
DNA. Once the unwound conformation of the PAM-distal
DNA stabilizes, the exposed putative cleavage site in the TS
binds to the catalytic center of the RuvC nuclease domain of
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tration above 5 mM; k-1 at 10 mM Mg2+ concentration) were not obtained since the correponding transition events rarely occurred. Thus, k1 and k-1 were
normalized to the corresponding values at 0.5 mM Mg2+ concentration, and the remaining rates (k2, k-2 and k3) were normalized to the corresponding
values at 1 mM Mg2+ concentration. All experimentally determined rate constants were plotted on the y axes in units of fold increase or decrease at
each rate. For clarity, all datasets presented here are provided in SI Appendix, Table S3. Error bars in E and F were obtained from at least more than two
independent experiments.
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Cas12a, whereby the TS is finally cleaved by the RuvC domain.
Our kinetic data suggest that the energy barrier for the TS
cleavage in this step is also significantly lowered by an increase
in the Mg2+ concentration.

In conclusion, we found that the TS cleavage reaction of
Cas12a RNP proceeds via two consecutive conformational rear-
rangements that were identified as the local unwinding of the
PAM-distal region and the subsequent binding of the exposed
TS to the catalytic site. In particular, we strongly suggest that
the additional unwinding of the target DNA in the PAM-distal
region is a crucial reaction step en route to the TS cleavage,
which is allosterically stabilized by Mg2+ ions. This mechanistic
insight afforded by our study enables a rational strategy for
Cas12a engineering to abolish the TS cleavage activity including
alterations of the guide RNA in the PAM-distal region or muta-
tions of residues relevant to the PAM-distal DNA unwinding or
the TS binding, except for the metal-coordinating residues.
This would enable the development of engineered Cas12a
RNPs having a complete nickase activity to extend the range of
genome editing applications.

Materials and Methods
Expression and Purification of AsCas12a. The recombinant protein plasmid
was transformed into BL21-Pro cells (CP111; Enzynomics) and single colonies
were isolated on an agar plate containing kanamycin. A single colony was
inoculated in lysogeny broth medium containing kanamycin and grown at
37 °C with shaking at 200 rpm to optical density at 600 nm ∼0.4 to 0.5. The
cells were then induced with 0.8 mM isopropyl β-D-1-thiogalactopyranoside
and incubated at 18 °C overnight with shaking at 200 rpm. Cells were har-
vested by centrifugation at 6,000 × g for 10 min at 4 °C and resuspended in
cell lysis buffer containing 50mMNaH2PO4, 300 mMNaCl, and 10 mM imidaz-
ole. A lysozyme and 1 mM phenylmethanesulfonyl fluoride were added and
the solution was incubated on ice for 1 h. Cells were repeatedly sonicated
(five times) and the lysate was centrifuged at 18,000 × g for 30 min at 4 °C.
The supernatant was filtered through a 0.45-μm filter and incubated with
Ni-NTA agarose with rotation for 1 h at 4 °C. The resin was washed twice with

wash buffer containing 50 mM NaH2PO4, 300 mM NaCl, and 20 mM imidazole
and the protein was eluted with elution buffer (50mMNaH2PO4, 300mMNaCl,
and 250 mM imidazole). The eluted protein was further purified using protein
concentrator (100,000 molecular weight cutoff) and diluted with storage buffer
containing 20 mM Hepes, 150 mM NaCl, 0.1 mM ethylenediaminetetraacetic
acid (EDTA), 1 mMdithiothreitol (DTT), 2% sucrose, and 20% glycerol.

DNA and RNA Preparation. The DNA and RNA oligonucleotides used in this
study (as shown in SI Appendix, Table S1) were purchased from Integrated
DNA technology with high-performance liquid chromatography (HPLC) purifi-
cation. Nontarget DNA strands for single-molecule FRET experiments were
labeled with Cy3 NHS-ester dye (GE Healthcare) at the amine group of an
internal amino modifier (dTC6). To construct the target DNA duplexes for
single-molecule FRET experiments, complementary DNA strands were
annealed by incubation at 95 °C for 5 min, followed by slow cooling of the
mixture of the biotinylated TS and the Cy3-labeled NTS (1:2 molar ratio) in a
buffer containing 10 mM Tris�HCl (pH 8.0) and 50 mM NaCl. Some of the
HPLC-purified crRNA strands were labeled with Cy5 at the 30 end of the strand
for single-molecule FRET experiments. To construct target DNA duplexes for
in vitro DNA cleavage assay, complementary DNA strands were annealed by
incubation at 95 °C for 5 min, followed by slow cooling of the mixture of the
Cy3-labeled TS and the nonlabeled NTS (1:1molar ratio) in a buffer containing
10mMTris�HCl (pH 8.0) and 50mMNaCl.

In Vitro DNA Cleavage Assay by Cas12a. The purified Cas12a and crRNA were
mixed in a 1:1 molar ratio to prepare a final Cas12a RNP concentration of 1
μM and incubated at 37 °C for 5 min in a reaction buffer to form a Cas12a RNP
complex, and then the NTS prenicked DNA target was added to the reaction
buffer. The final 15-μL reaction buffer contained 1 μM Cas12a, 1 μM crRNA,
100 nM Cy3-labeled NTS prenicked DNA, 10 mM Tris�HCl, pH 8.0, 100 mM
NaCl, 1 mM DTT, and varying concentrations of MgCl2 and was incubated at
37 °C for 10 min. The cleavage reactions were stopped by adding 2 μg of Pro-
teinase K (Thermo Fisher Scientific) followed by incubation at 37 °C for 5 min.
The samples were loaded in 15% TBE-Urea gel with TBE-UREA sample buffer
(45 mM Tris�HCl, pH 8.0, 45 mM boric acid, 10 mM EDTA, 6% Ficoll type 400,
3.5 M urea, and 0.25% xylene cyane). The fluorescent signal from the
Cy3-labeled TS was detected using the ChemiDoc MP system (Bio-Rad). Experi-
ments were independently performed in triplicate. The TS cleavage efficien-
cies shown in Fig. 3Dwere quantified using Image Lab (Bio-Rad). On the other
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Fig. 4. Proposed model for Mg2+-dependent conformational rearrangements in the TS cleavage reaction by Cas12a RNP. Cartoon free energy landscapes
for the Cas12a–crRNA–DNA complex during the TS cleavage reaction at high (dark green line, 5 mM) and low (light green line, 1 mM) Mg2+ ion concen-
trations were estimated based on the experimentally determined rate constants for all possible transitions in the TS cleavage reaction. A detailed descrip-
tion of the estimation method is provided in Materials and Methods. The energy barrier for the PAM-distal DNA rewinding is raised by an increase in
Mg2+ concentration, and that for the TS cleavage step is lowered by an increase in Mg2+ concentration.
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hand, 0.2 μMCas12a, 0.2 μM crRNA, and 20 nM Cy5-labeled TS prenicked DNA
were used in the DNA cleavage assay to obtain the NTS cleavage efficiencies
as shown in SI Appendix, Fig. S5.

Single-Molecule FRET Experiments. Single-molecule FRET experiments were
performed using a sample chamber constructed with a quartz slide and cover-
slip (46). To prevent undesirable adsorption of proteins to the surface, the
quartz slide and coverslip were thoroughly cleaned and coated with polyethyl-
ene glycol (PEG) and biotinylated PEG (Laysan Bio) in a 40:1 ratio. The biotiny-
lated target DNA duplexes were immobilized on the PEG-coated surface of the
chamber via a streptavidin–biotin interaction. Single-molecule fluorescence
images were obtained using a home-built prism-type total internal reflection
fluorescence microscope with 1-s time resolution unless mentioned otherwise.
To reduce photobleaching and blinking of the fluorophores, a glucose-
coupled glucose oxidase/catalase (GODCAT) oxygen-scavenging system and a
blinking suppressant (Trolox) were used (47). All single-molecule FRET meas-
urements were performed at 37 °C under the following buffer conditions
unless mentioned otherwise: 10 mM Tris�HCl (pH 8.0), 100 mM NaCl, 0.9 mM
EDTA, 1 mM DTT, varying concentrations of MgCl2, and an oxygen scavenging
system (0.4% [wt/vol] glucose [Sigma], 1% [vol/vol] Trolox [Sigma], 1 mg/mL
glucose oxidase [Sigma], and 0.04 mg/mL catalase [Roche]). To monitor the
conformational dynamics throughout the TS cleavage reaction by Cas12a RNP,
a new reaction buffer containing 20 nM of Cas12a RNPs (unless mentioned
otherwise) was introduced into the detection chamber in real time by using a
syringe pump (Fusion 200; Chemyx) while single-molecule images were being
taken under excitation of Cy3 by a green laser (532-nm, sapphire; Coherent).
Fluorescence signals from Cy3 and Cy5 were collected by a water immersion
objective lens (UPlanSApo ×60; Olympus), filtered through a 532-nm notch fil-
ter (NF03-532E-25; Semrock) to reject scattered excitation laser lines, separated
with a dichroic mirror (635dcxr; Chroma), and imaged onto an electron-
multiplying charged-coupled device camera (Ixon Ultra DU897U; Andor).

Analysis of Single-Molecule FRET Data. Time courses of Cy3 and Cy5 signals
from a single Cas12a–crRNA–DNA complex were extracted from a recorded
movie using scripts written in IDL software (ITT Visual Information Solutions)
and analyzed using custom software written in MATLAB (MathWorks) (48).
FRET efficiency, defined as the ratio of acceptor (Cy5) intensity to the sum of
donor (Cy3) and acceptor intensities, was calculated in consideration of back-
ground noise and bleed-through of the donor signal to the acceptor channel.
After data correction, we selected real molecule traces showing anticorrela-
tions between the donor and acceptor or single-step photobleaching.

Determination of Kinetic Rate Constants. To obtain the kinetic times from the
time traces, FRET states for individual reaction steps were determined using
HMM (49). Dwell-time histograms of each state were fitted by an exponential
decay function to obtain the corresponding kinetic times (SI Appendix, Fig.
S8). Due to reversibility of the transitions between multiple intermediates of
the TS cleavage reaction as depicted in Fig. 3A, two conformational intermedi-
ates, the PAM-distal DNA unwound state (U-state) and the TS bound state (B-
state), have two competing reaction pathways, respectively, as follows: TS
binding (k2) and PAM-distal rewinding (k-1) for U-state and TS cleavage (k3)
and TS unbinding (k-2) for B-state. Hence, the inverse of dwell time for U-state
provides the sum of TS binding (k2) and PAM-distal rewinding (k-1) rates,
which is multiplied by the relative frequency of each transition event to obtain
individual TS binding (k2) and PAM-distal rewinding (k-1) rates (SI Appendix,
Table S2) (50, 51). In the same way, the inverse of dwell time for the B-state
also provides the sum of TS cleavage (k3) and TS unbinding (k-2) rates, which is
multiplied by the relative frequency of each transition event to obtain the
two reaction rate constants. In addition, the remaining PAM-distal unwinding
rate (k1) is determined bymerely inverting the corresponding dwell time.

Estimation for Free Energy Landscapes. To draw free energy landscapes, first
the free energy of the initial R-state was set to 0 kBT. Then, free energy differ-
ence ΔG0

ij between the states (i, j = R, U, and B-state) was determined via fol-
lowing equation:

ΔG0
ij ¼�kBT � lnKeq,ij,

where kB is the Boltzman constant, T is the temperature, and Keq,ij is the equi-
librium constant between i and j states.

Next, the relative free energy barrier (or activation energy, Ea,ij) for the
transition between i and j states was estimated using Arrhenius equation,
kij ¼ A � e�Ea,ij=kBT, even though it was not feasible to directly calculate
the energy barrier because the pre-exponential constant A could not be
determined.

Data Availability. Custom-written programs for small-molecule FRET data
acquisition have been deposited in GitHub (https://github.com/pjb7687/
single). All other study data are included in the article and/or SI Appendix.
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