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CRISPR-Cas12a, an RNA-guided DNA endonuclease, induces double-
strand breaks by cleaving the non-target strand (NTS) first, followed
by the target strand (TS). Using single-molecule FRET with alternating-
laser excitation, we found that steric hindrance from the 3’ overhangs
of both the cleaved NTS and crRNA impedes TS loading into the
catalytic core. Our study highlights the direct involvement of both 3’
NTS and crRNA overhangs in TS cleavage, offering insights into
regulatory strategies for Casl2a cleavage reactions.

The clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated (Cas) protein system, originally
identified as a bacterial immune defence mechanism, has
opened up a new horizon in genome engineering.'” Cas12a,
a member of the class 2 type V CRISPR system, has gained
significant attention due to its unique properties, positioning it
as an alternative to Cas9. Cas12a differs markedly from Cas9 in
several ways: it has the ability to self-process pre-crRNA, targets
T-rich protospacer adjacent motifs (PAMs), generates sticky
ends upon cleavage, and exhibits indiscriminate single-
stranded DNA nuclease activity upon subsequent target DNA
cleavage.*® The most notable distinction, however, is Cas12a’s
ability to generate double-stranded breaks using a single cata-
Iytic site. Unlike Cas9, which employs separate nuclease
domains for the non-target strand (NTS) and the target strand
(TS), Cas12a sequentially cleaves the NTS and then the TS using
its single RuvC catalytic site. This sequential cleavage
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mechanism has been elucidated using single-molecule FRET
(smFRET) and extensive biochemical assays.”*°

Despite its promising potential, the CRISPR-Cas12a system
faces challenges that limit its broader application. One significant
issue is the undesired consequences caused by double-stranded
DNA breaks, which necessitates the development of a Casl2a
nickase that can precisely cleave only one strand."* The develop-
ment of a Casl2a nickase would facilitate Cas12a-based prime
editing, a cutting-edge genome editing technique that enables
more precise editing with fewer side effects.’>™"* In this respect, a
detailed understanding of the sequential DNA cleavage by Cas12a
is essential. However, the current understanding of the DNA
cleavage mechanism mediated by CRISPR-Cas12a is insufficient
to effectively control the sequential cleavage process. Particularly,
the molecular details of TS cleavage remain unclear due to the
dynamic nature of the intermediate states.

In this study, we utilized smFRET with alternating-laser
excitation (ALEX) to elucidate the molecular intricacies govern-
ing the steric inhibition by 3’ overhangs of cleaved NTS and
crRNA in TS cleavage by Acidaminococcus sp. Cas12a (AsCas12a).
Using the smFRET-ALEX assay, we systematically investigated
the individual reaction steps of the Cas12a ternary complex in
real time and assessed changes in the kinetics of TS cleavage by
varying the length and sequence of either the cleaved NTS or
crRNA overhangs. Specifically, we observed that pre-removal of
3’ NTS and crRNA overhangs facilitated the loading of TS into
the catalytic site, resulting in an acceleration of TS cleavage.
These findings provide a deeper understanding of the mecha-
nism underlying Cas12a-mediated double-stranded DNA clea-
vage using a single catalytic site, paving the way for precise and
efficient genome editing applications.

We previously reported that after NTS cleavage, the TS
cleavage reaction proceeds via two consecutive steps: local
unwinding of the PAM-distal region containing the putative
cleavage site, followed by loading of the exposed TS into the
catalytic core (Fig. 1A)."® To further investigate the involvement
of the cleaved NTS and crRNA overhangs in TS cleavage using
the smFRET-ALEX, we prepared the Casl2a ternary complex
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Fig. 1 Single-molecule dissection of TS cleavage reaction by Casl2a
using smFRET-ALEX assay (A) kinetic scheme for Casl2a-mediated DNA
cleavage reaction (B) experimental design for real-time observation of
Casl2a function using smFRET-ALEX (C) representative Cy3 (green) and
Cy5 (red) fluorescence intensity time trace under green or red excitation
showing the Casl2a-mediated TS cleavage in the presence of 20 nM
Casl2a RNP with 10 mM of MgCl,.
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mimicking post-NTS cleavage states and labelled with one Cy3 and
two Cy5 fluorophores as illustrated in Fig. 1B. This assay allows us
to directly monitor the conformational dynamics of the Cas12a
ternary complex during the DNA cleavage reaction and the simul-
taneous release of Cy5-labelled Cas12a ribonucleoprotein (RNP)
and cleaved DNA fragment after double-stranded DNA cleavage. In
this experiment, we successfully observed the conformational
dynamics and the binding/release of the Casl12a complex via
changes in Cy3-Cy5 FRET and Cy5 stoichiometry, respectively
(Fig. 1C). Under Cy3 excitation with a green laser, the two
consecutive steps, the local unwinding of PAM-distal region con-
taining the putative TS cleavage site (U state) and the subsequent
binding of the exposed TS at the catalytic site (B state), were clearly
identified as changes in FRET efficiency. Meanwhile, we observed
a single Cy5 signal on the immobilized DNA substrates under Cy5
excitation with a red laser. However, upon binding of the Cas12a
with Cy5-labeled crRNA, the Cy5 intensity was doubled because an
additional Cy5 fluorophore of crRNA was added to the Casi2a
complex. Finally, the double Cy5 signal on the Casl2a ternary
complex disappeared under Cy5 excitation, indicating that the Cy5
double-labelled complex with Cas12a RNP and cleaved DNA frag-
ment was released simultaneously after the DNA cleavage.
Structural and single-molecule studies on Casl12a revealed
that a crRNA-TS heteroduplex of up to 20 base pairs is initially
formed and further exposure of the putative cleavage site of the
TS is required for TS loading into the catalytic site of
Cas12a.""® Based on this finding, it is speculated that base
pairing between the 3-nucleotide (nt) 3’-end of the crRNA and
its complementary region of the TS may impede the cleavage-
competent TS loading, thereby reducing TS cleavage activity. To
test this hypothesis, we performed smFRET-ALEX assays using
crRNA variants of different length and sequence: 18 nt, 20 nt, 23
nt, and 23 nt with 5 mismatches at the 3’-end of the crRNA. In all
variants, the minimal crRNA-TS heteroduplex required for TS
cleavage was successfully formed. On the other hand, the rate of
transition from U to B states, indicating TS loading into the
catalytic site, increased as the number of 3’-end nucleotides of
crRNAs base-paired to the putative TS cleavage site in the PAM-
distal region decreased (Fig. 2B). Consistent with this, a previous
study using single-molecule magnetic tweezers and a gel-based
assay for Lachnospiraceae bacterium Cas12a (LbCas12a)-mediated
target strand cleavage showed that TS cleavage was significantly
increased when using 20 nt crRNA and 24 nt crRNA with 4
mismatches at the 3’-end.’” However, in contrast to the result
for the mismatched crRNA, our assay interestingly revealed that
the U to B transition rate for the 23 nt crRNA with 5 mismatches at
the 3’-end was similar to that of the fully matched 23 nt crRNA.
This discrepancy may be due to different experimental
approaches using a different Cas12a orthologue, but should be
re-examined in an independent experiment. Meanwhile, the rate
of transition from B to C states showed no significant correlation
with the length and sequence of the 3’ crRNA overhang, indicat-
ing that TS catalysis is largely unaffected by the crRNA overhang
once the TS is already loaded into the catalytic site (Fig. 2C). Taken
together, our findings unexpectedly suggest that base pairing of
the putative TS cleavage site is not the origin of the inhibition of
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Fig. 2 Effects of the length and sequence of the 3’ crRNA overhang on TS
cleavage reaction by Casl2a (A) design of fluorophore-labelled sample for
smFRET-ALEX measurements for crRNA variants (B) comparison of transi-
tion rates from the TS local unwinding state (U state) to TS loading state (B
state) for crRNA variants of different length and sequence. (C) Comparison
of transition rates from the TS loading state (B state) to TS hydrolysis state (C
state) for crRNA variants of different length and sequence. All experiments
were performed in the presence of 20 nM Cas12a RNP and 10 mM MgCl,.
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TS loading and the resulting reduction in TS cleavage. In conclu-
sion, we suggest that the 3’ crRNA overhang flanking the crRNA-
TS heteroduplex sterically inhibits TS loading into the catalytic
site and thus reduces TS cleavage efficiency.

Based on this result, we next asked whether the cleaved NTS
overhang also acts as the other inhibitory strand for TS loading
into the catalytic site. To address this question, we observed the
conformational dynamics during the TS cleavage reaction using
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Fig. 3 Effect of the length of cleaved 3’ NTS overhang on TS cleavage
reaction. (A) Design of fluorophore-labelled NTS pre-trimmed DNA and crRNA
for smFRET-ALEX measurements. (B) Representative FRET (blue) and Cy5
fluorescence intensity(red) time traces for various DNA substrates with different
sized pre-trimmed 3’ NTS overhang in the presence of 10 nM Cas12a RNP and
10 mM MgCl, (C) comparison of transition rates from the TS local unwinding
state (U state) to TS loading state (B state) for DNA substrates with different
sized pre-trimmed 3’ NTS overhang. Experimentally determined rate constants
were plotted in units of fold increase over the rate constant for the DNA
substrate with non-trimmed 3’ NTS overhang.
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target DNA substrates with the shortened 3’-end of the cleaved
NTS (Fig. 3A). Representative time traces of FRET (blue) under
Cy3 excitation and Cy5 intensity (red) under Cy5 excitation are
shown in Fig. 3B, clearly identifying the individual steps of the
TS cleavage reaction, the U to B and the B to C transitions.
Kinetic analysis of the individual reaction steps at varying the
number of truncated nucleotides at the 3’-end of the cleaved
NTS revealed that the rate of U to B transition changed
dramatically when five or more nucleotides were truncated
(Fig. 3C). As the number of truncated nucleotides increased,
the rate of U to B transition gradually increased. These results
suggest that the 3’ overhang of cleaved NTS also sterically
inhibits the loading of TS into the catalytic site, thereby
reducing the efficiency of TS cleavage. In particular, it is
noteworthy that removal of up to 4 nucleotides from the 3'-
end of the cleaved NTS barely changed the rate of TS loading.
This result can be understood in the same context with the fact
that the NTS is further shortened by 4 nucleotides due to the
trimming activity of Cas12a, allowing the TS to load into the
catalytic site for catalysis."®

Our study elucidates the molecular mechanism underlying
the sequential DNA cleavage activity of CRISPR-Cas12a, focus-
ing on the steric hindrance imposed by the 3’ overhangs of both
the cleaved NTS and crRNA during TS cleavage. Using single-
molecule FRET with alternating laser excitation (SmFRET-
ALEX), we found that these overhangs directly impede TS
loading into the catalytic site, thereby reducing TS cleavage
efficiency. These findings provide important insights into the
CRISPR-Cas12a mechanism and pave the way for the develop-
ment of improved Casl12a-based tools, such as more precise
genome editing and more sensitive molecular diagnostics.
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