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CRISPR-Casl12a has been widely used in genome editing and
nucleic acid detection. In both of these applications, Cas12a cleaves
target DNA in a divalent metal ion-dependent manner. However,
when and how metal ions contribute to the cleavage reaction is
unclear. Here, using a single-molecule FRET assay, we reveal that
these metal ions are necessary for stabilising cleavage-competent
conformations and that they are easily exchangeable, suggesting
that they are dynamically coordinated.

CRISPR-Cas12a, an RNA-guided double-stranded DNA (dsDNA)
endonuclease, has received considerable attention owing to its
powerful ability for genome editing and nucleic acid
detection."™ To cleave target DNA, Cas12a first unwinds the
dsDNA target known as R-loop formation with the crRNA
complementary to the target DNA and sequentially catalyses
the DNA strands by a single catalytic site in the RuvC
domain.®® Recently, in the Cas12i2 R-loop complex, the
coordination of two Mg>* ions interacting with essential
residues (DDE) in the catalytic pocket of the RuvC domain
has been resolved by crystal structure.’ These core residues are
highly conserved in a variety of type V CRISPR-Cas12 enzymes,
and mutations in the residues or the absence of divalent metal
ions abolishes the nuclease activity of Cas12 enzymes.'
Furthermore, a recent study reported that, in the presence of
diverse divalent metal ions, Cas12a enzymes possess indiscri-
minate single-stranded DNase activity."®

Despite the important role of divalent metal ions in the DNA
cleavage reaction, little is known about when and how the
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metal ions are specifically involved in individual reaction steps
of Cas12a. In this study, we used single-molecule fluorescence
resonance energy transfer (FRET) assay to explore how the
metal ions facilitate DNA cleavage by Cas12a. Single-molecule
FRET has been widely used to study biomolecular interactions
with sub-nanometer sensitivity owing to its ability to monitor
distance changes between a donor and an acceptor fluorophore
in real time. Similar methodological approaches recently have
been harnessed to observe the molecular interactions between
Casl12a ribonucleoprotein (RNP) and target DNA during the
DNA cleavage reaction.”'*™"” Here we found that the double
stranded DNA cleavage reaction proceeds via divalent cation-
dependent manner. Particularly, the CRISPR-Casl12a R-loop
complex, a prerequisite for DNA cleavage, was highly stabilised
as the concentration of the divalent cation increased, implying
allosteric activation of the enzyme by the divalent metal ions.
Using a real-time buffer exchange experiment, we directly
examined the exchangeability of the divalent metal ions in
the Cas12a R-loop complex.

To monitor the individual reaction steps of Cas12a using the
single-molecule FRET assay, we prepared a Cy5 (acceptor)-
labelled crRNA and double-stranded target DNA labelled with
Cy3 (donor) and biotin. The target DNA was immobilised on the
polymer-coated quartz surface of the detection chamber using
biotin-streptavidin interaction. The preassembled Casl2a-
crRNA complexes were subsequently introduced into the detection
chamber with the designated concentration of divalent metal ions
while recoding the fluorescence using total internal reflection
fluorescence (TIRF) microscopy (Fig. 1A).

We first investigated the conformational dynamics of the
Cas12a complex under different reaction conditions (Mg>" or
Ca®"), respectively. In the presence of 10 mM Mg>*, we successfully
obtained time traces of the fluorescence intensity and FRET
efficiency and corresponding FRET histograms that represent
the sequential double-stranded DNA cleavage reaction by the
Casl2a RNP complex beginning with the non-target strand
(NTS) and progressing to the target strand (TS), as previously
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Fig. 1 Mg?"-dependent DNA cleavage reaction by Cas12a RNP. (A) Sche-
matic diagram of single-molecule FRET experiment to monitor the DNA
cleavage reaction by Casl2a RNP in real-time. (B) Illustrative diagram of
the process of DNA target cleavage by Casl2a RNP. Cy3 (donor) and Cy5
(acceptor) were depicted as green and red spheres, respectively.
(C) Representative time traces of Cy3 (green) and Cy5 (red) fluorescence
intensity and corresponding FRET efficiency (blue) in the presence of
20 nM Casl12a RNP and 10 mM Mg?* (upper panel) or 10 mM Ca* (lower
panel) ions. Orange lines were added to the FRET time trace as an eye
guide to visualize the transition clearly. Corresponding FRET histograms of
individual reaction steps were shown in the right panel of each time trace.
Each FRET histogram was fitted to a single Gaussian function and the fitted
lines were coloured in the same colour scheme used above the time trace
to indicate each reaction step.

reported (Fig. 1B and C).” With a high concentration of Mg>" ions
(10 mM), the double-stranded DNA cleavage reaction proceeded
via three distinct reaction steps after the binding of Cas12a RNP:
the NTS pre-cleavage (R-loop), NTS post-cleavage, and TS pre-
cleavage states. In the presence of 10 mM Ca”* ions, however, the
Cas12a R-loop complex was stably established but the target DNA
was not cleaved. This loss of cleavage activity of Cas12a RNP
under reaction conditions that include Ca** ions was also
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Fig. 2 Stabilisation of the Cas12a R-loop complex by divalent metal ions.
(A) Representative Cy3 (green) and Cy5 (red) fluorescence intensity time
trace showing the formation of the Casl2a R-loop complex induced
by divalent metal ions in the presence of 20 nM Casl2a RNP and Ca®*
ions with varying concentrations. An additional single-molecule
FRET measurement with doubly labelled target DNA revealed that the
disappearance of Cy5 signal indicates the dissociation of Casl2a RNP
from target DNA without the cleavage reaction (Fig. S5, ESIt). The corres-
ponding dwell time histograms for the R-loop state are shown in the panel
to the right of the time traces. (B) Average dwell times of R-loop complex
at varying Ca®* ion concentrations. The average dwell times were obtained
by fitting the dwell time histograms in (a) to a single-exponential decay
function (red line).

observed in the in vitro cleavage assay, which is in agreement
with previous biochemical studies (Fig. S1, ESIT).'® In addition,
even in the NTS pre-nicked DNA, a structurally stable but cataly-
tically inactive state was observed in the Ca®> buffer (Fig. S2, ESIt).
These results indicate that, although Ca®* ions stabilise the
Cas12a RNP-DNA complexes, they probably inhibit DNA scission.
In addition to these two divalent cations, we examined the effect
of various divalent metal ions on the DNA cleavage reaction by
Cas12a (Fig. S3, ESIY).
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To examine the stable Casi2a R-loop complex formation
process in connection with divalent metal ions in further detail,
we performed Ca®" titration experiments (Fig. 2A and Fig. S4,
ESIt). Representative time traces of donor and acceptor inten-
sities and corresponding dwell-time histograms for the R-loop
state are shown in Fig. 2A. As the Ca®" concentration increased,
the R-loop complex in the NTS pre-cleavage state was dramatically
stabilised. Even when the Ca®" concentration was as low as
0.9 mM, Cas12a RNPs did not dissociate for up to 30 min
and the R-loop complex was robustly maintained (Fig. 2B).
Furthermore, in our recent paper, we obtained similar results
even in the Mg”" titration experiment.'® In the case of Mg>" buffer
condition, the stabilisation of the Cas12a R-loop complex by Mg>*
ions consequently promoted DNA cleavage (Fig. S6, ESIt). This
finding indicates that divalent metal ions play a structurally
important role in the Casl2a-mediated DNA cleavage reaction
by stabilising the R-loop complex for cleavage-competent state.

If the divalent metal ions that first participated in the
reaction step of the R-loop formation were preserved in the
Cas12a R-loop complex, the dwell times of the R-loop complex
would not show any appreciable change by increasing the Ca>*
concentration. Therefore, based on our observation regarding
the significant positive correlation between the dwell time and
the Ca** concentration, we speculated that the divalent metal
ions are highly mobile while allosterically stabilising the R-loop
complex. Consistently, in the experiments with the mixtures
with different molar ratios of Mg>* and Ca®" ions, we also
observed that the number of cleaved DNA substrates propor-
tionally increased by increasing the ratio of Mg>*/Ca*" concen-
trations, showing the competitive relation between these two
metal ions (Fig. S7, ESI}).

To test this hypothesis, we designed a real-time buffer
exchange experiment in which the Ca®* buffer in the detection
chamber was exchanged with a reaction buffer containing
catalytically active Mg”>* ions to control the DNA cleavage
activity of Cas12a RNP. Surprisingly, in this assay, the Cas12a
ternary complex arrested in the pre-cleavage R-loop state in the
presence of Ca®" ions proceeded to the subsequent reaction
steps accompanying the final DNA cleavage and release after
exchange with the Mg>" buffer (Fig. 3A). The complete recovery
of the DNA cleavage activity indicated that the coordinated Ca**
ions were successfully replaced with Mg** ions. This conclusion
was further supported by the observation that, when the Ca>*
buffer in the detection chamber was replaced with a buffer that
contained no divalent cations to remove the free Ca>" ions, the
Cas12a RNP was immediately dissociated from the stable
R-loop complex (Fig. S8, ESIf). Consistent with the above
observations, when the Mg?* buffer in the detection chamber
was replaced with Ca®>* buffer, the cleavage reaction was
reversely interrupted (Fig. S9 and S10, ESIt). Furthermore, the
use of real-time buffer exchange experiments for the NTS and
TS pre-nicked DNA constructs enabled us to independently
observe that, in both the NTS and TS pre-cleavage states
arrested by Ca®" ions, the metal ions are exchangeable and
thereby the nuclease activity is recovered (Fig. 3B and C).
In addition, similar results were obtained in the other Cas12a
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Fig. 3 Exchangeability of divalent metal ions in the Casl2a-mediated
DNA cleavage reaction. Representative time traces observed in real-time
buffer exchange experiments for (A) wild-type, (B) TS pre-nicked, and
(C) NTS pre-nicked target DNA constructs. A reaction buffer containing
10 mM Mg2+ ions was introduced to the detection chamber in which
Casl2a RNP-DNA ternary complexes were arrested in the pre-cleavage
state under the reaction condition including 10 mM Ca?* ions.
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orthologue (Fig. S11, ESIY). Therefore, we concluded that the
divalent metal ions involved in the Casl2a-mediated DNA
cleavage reaction are dynamically coordinated in the catalytic
site while stabilising the NTS or TS pre-cleavage states.

A recent crystal structure of Cas12i2 showed that the archi-
tecture of the catalytic pocket of Cas12i2 to which the divalent
cation is coordinated is very similar to that of RNase H which
consists of negatively charged residues that interact with two
divalent cations.” Based on this structural similarity, the
complete loss of the endonuclease activity of Cas12a in the
presence of Ca®>" ions may be attributed to the relatively long
interatomic distance between the two metal ions coordinated
in the catalytic pocket, as conjectured by extensive studies on
RNase H.>°">* This is because the relatively long interatomic
distance between the two coordinated metal ions hampers
deprotonation of nucleophile which is an essential for DNA
hydrolysis.

Previous studies on the Casl2a-mediated DNA cleavage
reaction revealed that a single catalytic site of Cas12a cleaves

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Schematic illustration of conditional control of Casl2a-mediated
DNA cleavage using the ion exchange method.

two DNA strands sequentially.”® Hence, the core region containing
the catalytic residues that interact with the metal ions and the
scissile phosphates of the DNA target would be required to undergo
structural rearrangements to enable the two consecutive catalysis of
DNA cleavage to occur.”* With this context in mind, the observed
dynamic coordination of the metal ions could be advantageous in
that they would allow immediate structural rearrangements to
support the multiple catalysis of Cas12a. Consistently, previous
studies on the metal ion-dependent enzymes such as DNA poly-
merases and exonucleases, which promote multiple catalytic reac-
tions, also suggested that the dynamic behaviour of metal ions
coordinated to the active site of the enzymes may facilitate multiple
catalytic turnovers.>>>¢

In summary, we presented here that the divalent metal ions
involved in the DNA cleavage by Cas12a RNP play the unex-
pected structural role of stabilising the Casl2 pre-cleavage
complexes for both NTS and TS cleavage. Notably, by using
the ion exchange experiment, we also found that the metal ions
are dynamically coordinated in the catalytic centre while stabi-
lizing the NTS or TS pre-cleavage states. These findings not only
provide mechanistic insight into the divalent cation-mediated
DNA nuclease activity of Cas12a, but also suggest a new strategy
for the conditional control of Cas12 functions using the ion
exchange method (Fig. 4).
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