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Direct observation of DNA target searching
and cleavage by CRISPR-Cas12a
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Casl2a (also called Cpfl) is a representative type V-A CRISPR effector RNA-guided DNA
endonuclease, which provides an alternative to type Il CRISPR-Cas9 for genome editing.
Previous studies have revealed that Casl12a has unique features distinct from Cas9, but the
detailed mechanisms of target searching and DNA cleavage by Cas12a are still unclear. Here,
we directly observe this entire process by using single-molecule fluorescence assays to study
Casl12a from Acidaminococcus sp. (AsCas12a). We determine that AsCas12a ribonucleopro-
teins search for their on-target site by a one-dimensional diffusion along elongated DNA
molecules and induce cleavage in the two DNA strands in a well-defined order, beginning
with the non-target strand. Furthermore, the protospacer-adjacent motif (PAM) for AsCas12a
makes only a limited contribution of DNA unwinding during R-loop formation and shows a
negligible role in the process of DNA cleavage, in contrast to the Cas9 PAM.

TCenter for Theragnosis, Korea Institute of Science and Technology, Seoul 02792, South Korea. 2 Advanced Photonics Research Institute, Gwangju Institute
of Science and Technology, Gwangju 61005, South Korea. 3 Cell Logistics Research Center, Gwangju Institute of Science and Technology, Gwangju 61005,
South Korea. 4 Department of Chemistry, Hanyang University, Seoul 04763, South Korea. ® Research Institute for Convergence of Basic Sciences, Hanyang
University, Seoul 04763, South Korea. ® KHU-KIST Department of Converging Science and Technology, Kyunghee University, Seoul 02447, South Korea.

7 Center for Genome Engineering, Institute for Basic Science, Seoul 08826, South Korea. 8 KU-KIST Graduate School of Converging Science and Technology,
Korea University, Seoul 02841, South Korea. © Department of Chemistry, Seoul National University, Seoul 08826, South Korea. '°Present address: National
Primate Research Center, Korea Research Institute of Bioscience and Biotechnology, Chungcheongbuk-do 28116, South Korea. These authors contributed

equally: Yongmoon Jeon, You Hee Choi, Yunsu Jang. Correspondence and requests for materials should be addressed to C.J. (email: che jeong@kist.re.kr)
or to S.L. (email: sanglee@gist.ac.kr) or to S.B. (email: sangsubae@hanyang.ac.kr)

| (2018)9:2777 | DOI: 10.1038/541467-018-05245-x | www.nature.com/naturecommunications 1


http://orcid.org/0000-0002-5781-6102
http://orcid.org/0000-0002-5781-6102
http://orcid.org/0000-0002-5781-6102
http://orcid.org/0000-0002-5781-6102
http://orcid.org/0000-0002-5781-6102
http://orcid.org/0000-0003-0856-8023
http://orcid.org/0000-0003-0856-8023
http://orcid.org/0000-0003-0856-8023
http://orcid.org/0000-0003-0856-8023
http://orcid.org/0000-0003-0856-8023
http://orcid.org/0000-0003-4847-1306
http://orcid.org/0000-0003-4847-1306
http://orcid.org/0000-0003-4847-1306
http://orcid.org/0000-0003-4847-1306
http://orcid.org/0000-0003-4847-1306
http://orcid.org/0000-0002-7584-3059
http://orcid.org/0000-0002-7584-3059
http://orcid.org/0000-0002-7584-3059
http://orcid.org/0000-0002-7584-3059
http://orcid.org/0000-0002-7584-3059
http://orcid.org/0000-0001-6986-7583
http://orcid.org/0000-0001-6986-7583
http://orcid.org/0000-0001-6986-7583
http://orcid.org/0000-0001-6986-7583
http://orcid.org/0000-0001-6986-7583
http://orcid.org/0000-0003-3615-8566
http://orcid.org/0000-0003-3615-8566
http://orcid.org/0000-0003-3615-8566
http://orcid.org/0000-0003-3615-8566
http://orcid.org/0000-0003-3615-8566
mailto:che.jeong@kist.re.kr
mailto:sanglee@gist.ac.kr
mailto:sangsubae@hanyang.ac.kr
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

RISPR-Cas (clustered regularly interspaced short palin-

dromic repeats and CRISPR-associated proteins) systems

provide adaptive immune responses in bacteria and
archaeal=3. These systems are presently divided into two major
classes on the basis of their sub-components and function: Class 1
CRISPR-Cas members utilize multi-subunit effector complexes,
whereas Class 2 members work with a single multidomain
effector protein for DNA or RNA cleavage*°. By virtue of their
need for only a simple effector, Class 2 members such as type II
Cas9 and type V-A Casl2a have been harnessed to achieve
genome editing in various organisms.

The type II Cas9 derived from Streptococcus pyogenes, named
SpCas9, is the most widely used Class 2 CRISPR-Cas system, but
the type V-A LbCasl2a from Lachnospiraceae bacterium and
AsCasl2a from Acidaminococcus sp. have been alternatively
applied to gene editing®-8. Several features distinguish Casl2a
from Cas9. For example, Cas9 requires two small RNAs, termed
CRISPR RNA (crRNA) and trans-activating crRNA (tracrRNA),
whereas Casl2a uses a single crRNA guide RNA. Additionally,
Cas9 generates DNA double-strand breaks by producing blunt
ends in the region upstream and proximal to guanine-rich pro-
tospacer-adjacent motif (PAM) sequences, whereas Casl2a
induces staggered cuts in the region downstream and distal to
thymine-rich PAM sequences. With respect to structure, Cas9
contains two different nuclease domains, HNH and RuvC,
whereas Casl2a contains a RuvC-like endonuclease domain with
a Nuc domain for DNA cleavage®~14. For Cas9, it is revealed that
the non-target and target DNA strands are cleaved by the RuvC
and HNH domains, respectively!®. However, the lack of the HNH
domain in Casl2a proposed that Casl2a may contain a single
active site in the RuvC domain and recent study supported it!®.
Furthermore, in contrast to Cas9, Cas12a has the ability to pro-
cess its own pre-crRNA into crRNAY, facilitating multiplex
genome editing!8. Taken together, these distinguishing features
may imply major differences between Cas9 and Casl2a during
both target DNA searching and cleavage.

To date, several groups have revealed the molecular structure
of Cas9 by using X-ray crystallography!®!L1%19 and single-
particle cryo-electron microscopy?’ and have also investigated
DNA binding and cleavage mechanisms by using single-molecule
fluorescence imaging?!~23 and high-speed atomic force micro-
scopy (HS-AFM)?4. However, compared with our knowledge
about Cas9, the dynamic features of these processes in Casl2a are
still unclear, although recently biochemical and structural studies
have characterized Casl2a-mediated cleavage steps!2-1416:25-27,
Here, we perform a single-molecule fluorescence imaging assay
with a long DNA molecule (21kb) to reveal the mechanism of
target DNA searching and a single-molecule fluorescence reso-
nance energy transfer (FRET) assay with a short DNA fragment
(50 bp), which allows us to observe the DNA cleavage mechanism
of AsCasl2a in detail. With these two assays, we can
directly observe the entire dynamic process comprising target
searching, recognition, and cleavage by Casl2a ribonucleopro-
teins (RNPs).

Results

Facilitated diffusion of AsCasl2a RNPs on a long DNA. We
first examined how an AsCasl2a RNP searches for its cleavage
site on a long DNA molecule. To observe this dynamic process
directly in real time, we performed single-particle tracking
experiments using total internal reflection fluorescence (TIRF)
microscopy as depicted in Fig. 1a. We prepared 21 kbp-long DNA
duplexes containing a unique cleavage site located ~4 kb from one
end (Fig. 1b, Supplementary Table 1, and Methods)?8. The long
DNA duplex was then immobilized on a PEG (poly-ethylene

glycol)-coated quartz surface via biotin-streptavidin interactions
in both ends of DNAs (Fig. 1a). To visualize the movement of
AsCas12a-crRNA complexes on the DNA template, we labeled
the 3" end of the crRNA with Cy5 dye (the red signal in Fig. 1¢) to
detect AsCasl2a RNPs and simultaneously used Sytox orange, a
DNA intercalating dye (the green signal in Fig. 1c), to detect
DNA templates.

When the AsCasl2a-crRNA-Cy5 complexes were introduced
into a detection chamber containing pre-attached DNA templates
labeled with Sytox orange, we mainly observed AsCas12a-RNPs
moving along the DNA (Supplementary Movie 1), implying that
AsCas12a-RNP utilizes one-dimensional (1D) diffusion for DNA
target searching. A representative kymograph of the entire
process, comprising DNA target searching, recognition, and
cleavage, is shown in Fig. 1c. In this sequence, one AsCas12a RNP
first bound to DNA and briefly diffused along it. The RNP then
stalled at the desired on-target site for a substantial period of time
(~50s), after which the DNA fragments shrank to each tethered
site, indicating DNA cleavage. The distribution of DNA locations
at which AsCas12a RNPs stably halted, ultimately inducing DNA
cleavage, was well correlated with positions 0.2 or 0.8 relative to
the length of the whole DNA molecule (Fig. 1d), strongly
supporting the idea that AsCas12a RNPs recognized the on-target
site after 1D diffusion and then cleaved the DNA. We also
observed that the AsCasl2a RNP promptly released the PAM-
distal portion of the DNA strand (the left fragment of DNA in
Fig. 1b) but continued holding the PAM-proximal portion of the
DNA strand (the right fragment of DNA in Fig. 1b) after
inducing DNA cleavage, in contrast to SpCas9 RNPs, which hold
both DNA fragments for an extended period of time?l.
Statistically, among the 54 independent AsCasl2a RNPs that
ultimately induced DNA cleavage, we observed that about 93%
showed obvious 1D diffusion on the DNA before stable binding
at the target site, as determined within the limits of our spatial
and temporal resolution. This result strongly suggests that
AsCasl2a RNPs do in fact utilize 1D diffusion for facilitated
target searching.

We further examined the relationship between the PAM
density and the initial binding position of diffusing AsCasl2a
RNPs. We found that the initial binding position of AsCasl2a
RNPs before they began 1D diffusion was positively correlated
with the PAM density (r=0.76, p<0.001, Pearson’s linear
correlation coefficient, Fig. le), indicating that AsCasl2a RNPs
have a preference for PAM sites before beginning diffusion.

Molecular mechanism of AsCasl2a RNP 1D diffusion. To
determine the detailed 1D diffusion mechanism of AsCasl2a
RNPs during the DNA target searching process, we further
examined the movements of each AsCasl2a RNP by imple-
menting FIONA (fluorescence imaging with one nanometer
accuracy)-based particle tracking with 2D Gaussian fitting of
intensity profiles?®30. From the trajectory of each AsCas12a RNP,
we obtained diffusion coefficients by using mean squared dis-
placement (MSD) analysis. Under physiological conditions (100
mM KCI), the diffusive motion of the AsCasl2a RNP was rela-
tively fast (D = 1.73 £ 0.14 um?/s, mean + s.e.m.) compared with
other DNA-binding proteins showing 1D diffusion (ex. ~0.087
um?/s for MutS ATP clamp®’, ~0.03 um?/s for P533!, and ~0.02
um?/s for UL4232). However, the diffusion coefficient of the
AsCasl2a RNP decreased dramatically as the ionic strength
decreased to 10 mM KCI (Fig. 1f). We found that AsCas12a RNPs
move three times more slowly on the DNA duplex when the ionic
strength was decreased tenfold, suggesting that ionic screening
may affect the interaction between Casl2a and DNA. It also
indicates that the AsCas12a RNP does not bind to DNA tightly
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Fig. 1 Real-time observation of AsCas12a RNP undergoing 1D diffusion for target searching. a Schematic representation of the TIRF microscope setup and
the experimental design. b Diagram of the 21kb DNA molecule containing biotins at both ends for immobilization. The AsCas12a-crRNA complex target
site is located at a position that is 20% along the length of the DNA. DNA sequences around the target site are shown below. ¢ Kymograph of dsDNA
(visualized with Sytox orange) and AsCas12a localization (visualized with crRNA-Cy5) over time (x axis). d Position distribution of AsCas12a stably bound
to the target. Two possible orientations of DNA containing the target site are shown below. (n P54; number of analyzed molecules). e The distribution of
AsCas12a 1D diffusion start sites along the DNA (white bars) and the probability density of PAM sequences in a 21kb DNA molecule (red line). The DNA
orientation was determined by the location of a stably bound AsCas12a molecule. The degree of correlation between the two graphs was evaluated by
Pearson'’s correlation analysis (r=0.75, p < 0.001). Initial binding locations of AsCas12a were collected from at least four independent experiments (total
number of data is 1054). f lonic strength-dependent diffusion coefficients of AsCas12a RNP on the 21kb DNA in the absence of external force. At least 191
molecules are analyzed for this graph from two independent experiments (236 for 10 mM; 233 for 25 mM; 291 for 50 mM; 191 for 75 mM; and 236 for 100
mM). g Flow rate versus drift rate of AsCas12a RNP on a single tethered A-phage DNA. As the flow rate is increased, the AsCas12a RNP drift rate increases.
At least 240 molecules are analyzed for this graph from two independent experiments (291 for O ml/min; 309 for 100 ml/min; 468 for 200 ml/min; 433
for 300 ml/min; 240 for 500 ml/min; and 248 for 1000 ml/min). The error bars in these figures mean the standard error of the mean

and diffuses by intermittent contact with DNA?3. In a 1D sliding
mechanism model, protein complexes continuously contact with
DNA and follow its helical path so that diffusion coefficients do
not vary with the ionic strength. This intermittent DNA contact is
consistent with the observation that several AsCasl2a RNPs
frequently passed by a target site while DNA target searching
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(Supplementary Movie 1). In addition, as the flow rate increased,
the AsCasl2a RNP drift rate, which is the degree to which the
RNPs are pushed out away from their locations on the DNA by
hydrodynamic flow (Methods), was accordingly increased
(Fig. 1g), supporting the fact that AsCasl2a RNP does not
maintain the continuous and tight contact with DNA.


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05245-x

a b
¥ Cleavage site
Binding Release
Target crRNA-Cy5
dsDNA Cy3 7>
v Biotin
> T I —°
5
PAM [e)
Cy3 AsCas12a-crRNA-Cy5
c d
AsCas12a-crRNA-CyS AsCas12a-crRNA-Cy5 : :
/ injection —Cy3 = Cy5 = FRET 1500 injection Long time observation
H b I/ .
> \ H
z_ 1000 £~ 1000 1 i
23 : 53
£° : T £ 500
O 7 H T T T T T T 1 (0) : T s4 T N-W‘MVWM‘Ml
- 1.0 - . s S3 ~
E’E : 2 3 5 Mx_‘u tan|IE  Release
sW o5is1S7 s1 St St s1 X\ S 051 M ot o AN
ol : * \ \ \ o B2 A A0 il a1 4
< : < A At PN TI N
0.0 0.0 14/ " VT i VYT TR
T T T
0 10 20 30 0 50 100 150
Time (s) Time (s)
e 400 7 f
\ % 116 Stage | Stage |l e
200 mm (0.16) 104 So S3
0 y + H + H + : :
600 = 1< 39+3s : 36+5s : 58+9s H :
£ 302- Ml“ (0.31) £, 5 (@verage 4.410.6 trials): : i1
3 T s "7 | s1 51 s1 st i ]
© 10009 ! ip E3 s 1Y Yy v ' |
500 A E ; (0.46) < n { H E E
qh H H ' :
- 0.0 el vali : > €
| 0.13+0.01 s! : 22+06s
T T T T T T T 1
0.0 0.3 0.6 0.9 0 50 Tirll(io(s) 150 200

Apparent FRET

Fig. 2 Direct observation of DNA cleavage by AsCas12a RNP. a The standard design of target DNAs and crRNAs used in the experiments. b Schematic
diagram of the single-molecule FRET experiment used to monitor the AsCas12a cleavage reaction. ¢, d Representative time traces of Cy3 fluorescence
(green, top), Cy5 fluorescence (red, top), and corresponding FRET efficiency (blue, bottom) showing the short-lived weak binding of AsCas12a RNP to
target DNA (¢) and the stable binding with subsequent FRET changes (d). To clearly visualize transitions, orange lines were added as an eye guide. The
same color conventions are used throughout the paper. These experiments were performed under the same reaction conditions except for the time
resolution. In ¢, a time resolution of 50-ms was used to clearly detect the short-lived binding events. In d, a time resolution of 500-ms was used instead to
reduce the photobleaching of the fluorophores for long-time observation. e FRET histograms of individual reaction steps. FRET values for each step were
obtained by fitting the FRET histograms to a single Gaussian function. To obtain the FRET histograms, all data points for each state were collected from at
least more than 45 time trajectories (65 for E1; 63 for E2 and E3; and 45 for E4). f Representative scheme of a time trace showing both short- and long-
lived binding events and the subsequent FRET changes accompanying the final release of the cleavage product

Direct observation of DNA cleavage by AsCasl2a RNPs. We
next investigated the DNA cleavage reaction induced by
AsCasl12a RNPs after target searching. To observe the interac-
tions between the target DNA and AsCasl2a RNPs in real time,
we performed single-molecule FRET experiments. As shown in
Fig. 2a, we prepared partial DNA duplexes labeled with a FRET
donor (Cy3) and used crRNAs with a FRET acceptor (Cy5). DNA
substrates were immobilized on a PEG-coated quartz surface as in
the experiment described above (Supplementary Table 1 and
Methods). Preassembled AsCasl12a-crRNA-Cy5 complexes were
then delivered into the detection chamber while fluorescence
signals from single DNA and RNA molecules were monitored
using a TIRF microscope (Fig. 2b).

Representative traces from two independent experiments with
different time resolutions (50 ms and 0.5 s) are shown in Fig. 2c,
d, respectively. Upon the addition of AsCas12a RNPs, we detected

target DNA-binding events by the appearance of the
Cy5 signal and FRET changes. In this experiment, we
measured two distinct stages with different binding modes: stage
I, in which AsCas12a RNPs repeatedly bind to target DNA with a
short lifetime of 0.13s (indicated by SI in Fig. 2¢), and the
subsequent stage II, in which the AsCas12a RNP and target DNA
ternary complex is stably maintained and has a much longer
lifetime of 94 s (indicated by S2-54 in Fig. 2d). We also found that
the stable S2 state was formed after average of 4.4 transient S1-
binding trials (Supplementary Figure 1); subsequent steps,
including DNA cleavage and release, occurred during the long-
lived states in stage II. In our previous study of SpCas9 RNPs??,
the short-lived binding events were not apparent, possibly
indicating that the stability of an initial binding of AsCasl2a
RNPs to a target DNA might be weaker than that of SpCas9
RNPs.

4 NATURE COMMUNICATIONS| (2018)9:2777 | DOI: 10.1038/s41467-018-05245-x | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

In stage II, the transient-binding state (S1) proceeded to
subsequent steps through three distinct FRET states (S2, S3, and
S4 in Fig. 2d); the Cy5 signal from the crRNA eventually
disappeared during step S4, indicating crRNA release. In this
measurement, the disappearance of Cy5 signal can be also
interpreted as Cy5 photobleaching, but we excluded this
possibility based on the fact that the dye photobleaching time
(~1500s) under the same experimental condition was about 15
times longer than the measured release time (~100s) (Supple-
mentary Figure 2). To confirm that crRNA release results from
DNA cleavage, we performed the same experiment with doubly
labeled target DNA, which allows us to observe release from the
cleaved DNA fragment directly (Supplementary Figure 3). In
these studies, we found that the cleaved DNA and the AsCasl2a
RNP were simultaneously released after DNA cleavage, which is
consistent with the results from the long DNA molecule described
above (Fig. 1c).

FRET histograms (Fig. 2e) and kinetic data (Supplementary
Figure 4) for individual reaction states established the existence of
four structurally and kinetically distinct ternary complex config-
urations. Based on these measurements, we conclude that the
AsCas12a RNP-mediated DNA cleavage reaction occurs through
four distinct and well-ordered reaction steps as summarized in
Fig. 2f. Furthermore, it is notable that most S2 events proceed to
subsequent states including target cleavage and release of cleaved
DNA, suggesting that the formation of the stable-binding
complex (S2) is a key step for target recognition as a stable R-
loop conformation.

Defining individual reaction steps with mutants. We next
assigned the subsequent FRET intermediates to structural and
catalytic intermediates in stage II by studying the behavior of
altered components. When we employed a catalytically deacti-
vated AsCas12a, named dAsCas12a, which has an E993A muta-
tion in the RuvC active site, the stable binding events occurred
but further events, including DNA cleavage, did not. Instead, the
complex remained at S2 as shown in Fig. 3a. In addition, when a
nick was introduced in the scissile bond of the target strand
(termed TS-nick) and wild-type (WT) AsCasl2a was used,
cleaved DNA was promptly released during the S2 state, but the
S3 and S4 states were not detected (Fig. 3b). Based on these two
observations, we conclude that S2 represents a pre-cleavage
complex and that the first cleavage event occurs in the non-target
strand during S2.

On the other hand, when a nick was introduced in the scissile
bond of the non-target strand (termed NTS-nick) and WT
AsCasl2a was used, the stage II complex started from the S3 state,
not the S2 state, and then proceeded to the remaining steps
(Fig. 3c). This result strongly suggests that S3 corresponds to a
product of the first cleavage event, which occurred on the non-
target DNA strand. In addition, when both dAsCas12a and NTS-
nick DNA were used (Fig. 3d), the complex in the S3 state did not
proceed to the remaining steps, implying that S3 also represents a
pre-cleavage state that facilitates cleavage of the target strand and
that the complex at the remaining step (S4) may be a product of
the second cleavage before the release of cleaved DNA.
Furthermore, it is notable that, when WT AsCasl2a was used,
the S4 state was observed for NTS-nick DNA before the release of
cleaved DNA, but not for TS-nick DNA. Considering that the
cleavage of target strand is not necessary in TS-nick DNA, this
difference may reflect that a large conformational change of DNA
is required for the cleavage of target strand. This assumption can
be advocated by a recent study about Cas12b crystal structure that
the target DNA strand was kinked to access the catalytic site in
the RuvC domain for target strand cleavage3*.

The finding that deactivation at the catalytic residue (E993A)
in the RuvC domain impairs target strand cleavage even in the
presence of a nick in the non-target strand conflicts with the
earlier argument that non-target strand cleavage by the RuvC
domain is a prerequisite for cleavage of the target strand by
Cas12al%. Rather, it seems likely that the RuvC domain may
directly catalyze target strand cleavagel®. Consequently, we
conclude that the two DNA strands are sequentially cleaved by
the single catalytic site in the RuvC domain in a defined order,
beginning with the non-target strand and progressing to the
target strand.

Minimal motif for stable binding of AsCasl2a to DNA. Pre-
vious studies reported that the specific targeting of both Cas9 and
Casl2a to DNA is dominantly influenced by PAM-proximal
sequences!>1>16:23 Tn the case of SpCas9 RNPs, a perfect match
between the crRNA and the 9-10 nucleotide (nt) region proximal
to the PAM secured sufficient stability for target recognition?3.
Similar to Cas9, it has been reported that Casl2a utilizes seed-
dependent DNA targeting!®.

To investigate the correlation between the length of matched
PAM-proximal sequences and formation of the stable R-loop
conformation, we employed a series of DNA substrates with
varied lengths of crRNA-matched base pairs (bps) extending
from the PAM-proximal side as shown in Fig. 4a. We used
dAsCasl2a in these assays to eliminate any possible interference
from subsequent cleavage and release events and increase the
reliability of our data analysis. Figure 4b shows representative
fluorescence intensity time traces displaying AsCasl2a RNP-
binding events with the series of DNA substrates. Kinetic analysis
revealed that stable binding events (stage II in Fig. 3a) required 17
nt of PAM-proximal sequence to match with the crRNA
sequence. This result means that AsCas12a RNPs need a relatively
longer stretch of matched nucleotides for stable R-loop formation
compared with SpCas9 RNPs, which only require 9-10 nt
matches?3, We further performed an in vitro DNA cleavage assay
using an agarose gel electrophoresis with WT AsCasl2a and
DNA plasmids containing the same target sequences (Supple-
mentary Table 2 and Methods) to the smFRET experiments to
investigate the correlation between the binding lifetime and the
DNA cleavage efficiency (Supplementary Figure 5). Conse-
quently, we found that the cleavage efficiency was positively
correlated with the binding lifetime and that it likewise
significantly increased when the length of matched DNA reached
17 nts (Fig. 4c). Based on these observations, we conclude that
formation of at least 17 bps of an RNA-DNA heteroduplex is a
prerequisite for stable AsCasl2a RNP binding and subsequent
cleavage of DNA, which is consistent with previous findings that
crRNA-DNA pairings in the PAM-distal region are of negligible
importance for DNA cleavage by Casl2al23>3% and a recent
single-molecule study®’. In addition, it is notable that the DNA
construct lacking any match with the crRNA (zero matched
nucleotides in Fig. 4c) showed no observable-specific binding
events in our time resolution (f <30 ms), suggesting that Cas12a
RNPs have weaker bind affinity compared to Cas9 RNPs, which
bind to such a fully mismatched DNA construct for ~1s23.

A PAM is required only for R-loop initiation. To investigate the
role of PAM sequences during Cas12a target searching and DNA
cleavage, we introduced non-matched sequences (a bubble for-
mation) at the target sequence of DNA templates with or without
a PAM as depicted in Fig. 5a. We revisited the single-molecule
FRET assay with AsCas12a RNPs and measured the dwell time of
each stage as depicted in Fig. 5b. We first compared the asso-
ciation time for making a stable R-loop complex (i.e., the dwell
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Fig. 3 Direct observation of sequential double-stranded DNA cleavage by AsCas12a RNP. Representative time traces of fluorescence intensity (top) and
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crRNA. FRET histograms of individual reaction steps were added to allow direct comparison of each state. To obtain the FRET histograms, all data points for
each state were collected from at least more than 46 time trajectogires (125 for a; 50 for b; 46 for ¢; and 113 for d). Experimental schemes to show the

state assignment of FRET intermediates were added below each time trace

time of stage I) for the three DNA constructs. Surprisingly,
AsCas12a RNPs formed an R-loop complex with the DNA with a
bubble structure about nine times faster than with WT DNA,
regardless of the presence of the PAM sequence (Cyan bars in
Fig. 5¢). In contrast, SpCas9 RNPs could not form a stable R-loop
complex when the PAM sequences were absent, even though the
protospacer was already unwound. These observations indicate
that AsCasl2a RNPs have a relatively weaker binding affinity
with PAM sequences than do SpCas9 RNPs. The result does not
mean that the PAM is unnecessary for AsCasl2a RNPs during
the target searching process because AsCasl2a cannot bind to
target DNAs that lack both a PAM sequence and a bubble for-
mation (Supplementary Figure 6).

We next compared the cleavage time (i.e., the dwell time of
stage II) for the three DNA constructs and found that the reaction
times were relatively similar (Fig. 5d). This result indicates that
once the R-loop is formed, the presence of a PAM does not affect
cleavage dynamics. In other words, the role of the PAM for
AsCas12a RNPs is limited to unwinding the DNA base pairing for
R-loop initiation; there is no role in the cleavage reaction steps
after R-loop formation is complete.

Discussion
In this study, we directly observed the entire interaction of
AsCasl12a with DNA, from target searching to DNA cleavage, at
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AsCas12a, 20 nM crRNA, 10 mM Tris-HCI (pH 8.0), 100 mM KCI, 10 mM MgCl,, and TmM DTT)

the single-molecule level. We first observed direct movements of
single AsCasl2a RNPs and confirmed a 1D hopping mechanism
for target searching on the long DNA molecules. We next
observed the nature and dynamics of processes ranging from
target recognition to DNA cleavage, sequentially and in detail, on
short DNA fragments. Based on these observations, we propose a
model for AsCasl2a as summarized in Fig. 6. In this model,
AsCasl12a RNPs bind to DNA and start to move along it by a
hopping mechanism, sometimes passing through a target site. If
the AsCas12a RNPs encounter a potential target site containing a
PAM sequence, they begin to initiate R-loop formation by
forming base-pair hybrids between the crRNA and the target
DNA strand. During this step, matching sequences in the PAM-
proximal region are crucial; AsCasl2a-crRNA-DNA ternary
complexes rarely maintain an R-loop formation if the number of
matched nucleotides is insufficient (<17 bp of matching target
sequence). If sufficient matched nucleotides exist, AsCasl2a
RNPs establish a stable R-loop formation and proceed to an
active state for cleaving DNA. After a stable R-loop conformation
is formed (pre-cleavage state, S2 in Fig. 2f), AsCasl2a, via the
activity of its RuvC domain, first cleaves the non-target DNA
strand (first cleaved state, S3 in Fig. 2f) and then cleaves the
opposite, target DNA strand (second cleaved state, S4 in Fig. 2f),
regardless of the presence of a PAM sequence. In contrast to
Cas9, which does not release either DNA fragment after
cleavage?1:22, AsCasl2a rapidly releases the PAM-distal DNA
fragment but continues to hold the PAM-proximal portion of
DNA.

Facilitated diffusion, which is a combination of 3D bulk dif-
fusion and 1D diffusion along the DNA, is known to be a com-
mon strategy for DNA-binding proteins to find specific target
sites efficiently0-3238-42_ Nevertheless, to the best of our knowl-
edge, no proof of a 1D diffusion mechanism during target
searching has been reported for the CRISPR-Casl2a. In this

study, we observed that the AsCas12a RNP shows 1D diffusion by
intermittent contact on DNA and that the initial binding position
of diffusing AsCasl2a RNP are positively correlated with the
PAM density. These results imply the importance of PAM
recognition by AsCasl2a for 1D diffusion. Recent structural
studies!32027 reported that both LbCas12a and AsCas12a RNP
have large conformational changes before and after binding on-
target DNA. In particular, Gao et al.?” proposed that the PAM
interaction of AsCasl2a RNP triggers the entire structural rear-
rangement of itself. It may support our description that AsCas12a
can form 1D diffusion compatible conformation through PAM
recognition.

Type II Cas9 contains RuvC and HNH domains, which are
responsible for cleavage of the non-target and target DNA
strands, respectively!®. In contrast, the type V-A CRISPR effector
proteins, including Cas12a and Cas12b (also called C2c1), contain
a RuvC domain and a Nuc domain, rather than the HNH domain
of Cas91243, In Cas12 enzymes, the non-target strand is reported
to be cleaved by a RuvC domain similar to the process in Cas9,
but there is still controversy regarding target strand cleavage.
Yamano et al.26 suggested that the target strand may be cleaved
by the Nuc domain, although cleavage of the non-target strand by
the RuvC domain is a prerequisite for target strand cleavage,
based on mutational studies of putative catalytic residues located
in the RuvC and Nuc domains. However, two recent structural
studies!®3* suggested that both Casl2a and Casl2b contain a
single catalytic site in the RuvC domain, which is responsible for
the cleavage of both target and non-target DNA strands. In
particular, the Cas12b crystal structure directly showed that the
catalytic residues located in the RuvC domain, which are highly
conserved in Casl2a, interact with the cleavage site in the target
strand*. Consistent with this conclusion, we found that mutation
of the catalytic residues in the RuvC domain impairs cleavage of
the target strand even in the presence of a nick in the scissile bond
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Fig. 5 The PAM serves a limited role for AsCas12a function. a Diagram of
DNA templates. Target dsDNA (WT) (left) contains a PAM and a proper
protospacer. Bubble DNA (middle) has a PAM and a bubble structure
(mismatches between the target and non-target strands) in the
protospacer. Bubble w/o PAM (right) is the same as Bubble DNA except
that it lacks a PAM sequence. Cy3 and biotin modifications are identical for
all three DNA templates. b Schematic diagram of the single-molecule FRET
experiment. ¢, d Target binding time 7; (¢) and cleavage time 7, (d) of the
AsCas12a-crRNA complex for the three different DNA templates. At least
171 time traces are analyzed to obtain 7; and 7, from two independent
experiments (for Cas12a: 214 for WT, 171 for Bubble, 271 for Bubble w/o
PAM, for Cas9: 404 for WT, 410 for Bubble, 396 for Bubble w/o PAM)
(mean = s.e.m.). All values in this figure are measured with a same
concentration; 10 nM of protein (AsCas12a or SpCas9) and 20 nM RNA
(crRNA or crRNA-tracrRNA)

of the non-target strand (Fig. 3d). This observation implies that
simple cleavage of the non-target strand is not a prerequisite for
cleavage of the target strand, but that the RuvC domain may
directly catalyze target strand cleavage.

On the other hand, it has not yet been clarified whether the two
DNA strands are sequentially cleaved in a defined order. In this
study, we found that Casl2a cleaves the non-target and target
DNA strands in a sequential manner, beginning with the non-
target strand. Furthermore, we found that a significant FRET
signal increase occurred after the first cleavage event in the non-
target strand (from 0.31 during S2 to 0.46 during S3 in Fig. 2e).
The structural comparison between Casl2a and Cas12b showed
that the distance between the putative site of the target strand
cleavage and the catalytic site in the Casl2a RuvC domain is
considerably longer than that in Casl2b, which suggests that
additional movements of the Casl2a catalytic RuvC domain
toward the target strand are required to facilitate target strand
cleavage!®34, Therefore, it is plausible that the conformational
change in the R-loop complex leads to target strand cleavage,
causing the increase in the FRET signal.

In the CRISPR-Cas system, the PAM sequence in the target
DNA is critical for distinguishing self from non-self DNA;*44° in
general, CRISPR effector proteins bind target sites with the help
of the PAM. However, it is suspected that the role of the PAM
differs for various types of CRISPR endonucleases. In the case of
type I cascade, there is an additional process during DNA clea-
vage of checking the PAM sequence after R-loop-zipping occurs,
indicating that the PAM site has a role in determining the target
site during DNA cleavage®0. In this study, we observed that
Casl2a proceeds to the cleavage process regardless of the pre-
sence of a PAM if the target sequence is already unwound
(Fig. 5¢) and that the absence of a PAM does not affect DNA
cleavage (Fig. 5d). In contrast, Cas9 cannot strongly bind to the
target DNA without PAM recognition in the presence of bubble
DNA. Based on these observations, we tentatively argue that,
unlike type I cascade and type II Cas9, the PAM of Casl2a plays a
negligible role after DNA unwinding for R-loop initiation. Our
study also showed that a 17-bp seed is required for stable Cas12a
binding (Fig. 4), which is longer than the 7-8-bp seed require-
ment of type I cascade?” and the 9-10-bp seed requirement of
type 1T Cas9%%. The longer seed sequences for stable binding of
AsCasl2a RNP may provide insight into its higher target
specificity;3%48 similarly, in a previous study, Cas9 specificity was
improved compared to that of wild-type Cas9 by reducing its
binding affinity for target DNA*>0, Thus, our results may give
insight to elucidate the basic properties of various types of
CRISPR enzymes and to promote efficiency and specificity in
genome editing.

Methods

Protein expression and purification. E. coli expressed recombinant AsCas12a and
SpCas9 plasmids; pET28b-AsCas12a (WT), pET28b-deadAsCas12a (E993A), and
pET28b-SpCas9 were provided from Prof. Jin-Soo Kim. Competent BL21-Pro cells
(CP111, Ezynomics) were transformed with recombinant protein plasmids and
single colonies were obtained on an agar plate containing kanamycin. A single
colony was inoculated to LB medium containing kanamycin and grown at 37 °C
with shaking at 200 rpm to mid-log phase (ODgpo nm ~0.4-0.5). A protein
expression was induced with 0.8 mM IPTG and incubate the cells overnight at
18 °C with shaking at 200 rpm. Cells were collected by centrifuging for 20 min at
3100 x g and 4 °C and resuspended in lysis buffer (50 mM NaH,PO,, 300 mM
NaCl, 10 mM imidazole). A lysozyme and 1 mM PMSF were added to lysate and
incubated for 1h on ice. Cells were sonicated (amplitude 25%, 1 s ON/1s OFF,
pulse 30 times) repeatedly for five times and the lysate was cleared by cen-
trifugation 4 °C 18,000 x g, 30 min. The supernatant was filtered through 0.45-um
syringe filters and was incubated with Ni-NTA agarose for 1 h with rotation at 4 °C.
The resin was washed for two times with wash buffer (50 mM NaH,PO,, 300 mM
NaCl, 20 mM imidazole). The bounded proteins were eluted with elution buffer
(50 mM NaH,POy,, 300 mM NaCl, 250 mM imidazole). The eluted proteins were
further purified on protein concentrator (100 K MWCO) and diluted with storage
buffer (150 mM NaCl, 20 mM HEPES, 0.1 mM EDTA, 1 mM DTT, 2% sucrose,
and 20% glycerol). The concentration of purified protein was analyzed on SDS-
PAGE gel.

Preparation of target DNA and crRNA. For single-particle tracking experiments,
long DNA molecules (21 kb) were prepared by cutting the A-phage DNA (NEB,
48.5 kb in length) using restriction enzyme (EcoRI) and isolated by gel electro-
phoresis and extraction kit (utilized micron-sized bead) and purified using ethanol
precipitation. Then, the purified DNA fragments of 21 kb were annealed with two
biotinylated-oligos and one linker oligo (listed in Supplementary Table 1) for both
ends modification and were ligated by T4 DNA ligase (NEB). Target site of
AsCas12a RNP was located at a position that is 80% along the length of the DNA
from the cosL side. The A-phage DNA for drift rate measurement was annealed
with biotinylated-oligos, which were complementary to cosL side of the A-phage
DNA (listed in Supplementary Table 1) and was ligated by T4 DNA ligase (NEB).
For single-molecule FRET experiments, HPLC-purified short DNA strands were
purchased from Integrated DNA Technologies (Coralville, IA) and some of them
were labeled with Cy3 or Cy5 at the amine group of an internal amino modifier
(dTC6). After then, DNA strands were annealed by slowly cooling down the
mixture of the biotinylated strand and non-biotinylated strand in 1:2 molar ratio at
4 uM concentration in a buffer containing 10 mM Tris-HCI (pH 8.0) and 50 mM
NaCl. For both single-molecule FRET and single-particle tracking experiments,
HPLC-purified 42-nt crRNA strands were purchased from Integrated DNA
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PAM-distal DNA fragment but continues to hold the other fragment that contains both the PAM and protospacer

Technologies (USA) and some of them were labeled with Cy5 at the 3’ end of the
strand.

In vitro DNA cleavage assay by AsCas12a. To prepare partially cognate DNA
substrates, WT DNMT1 target sequences and partially cognate target sequences
were cloned to pRG2 plasmid. DNA oligonucleotides for plasmid cloning used in
this study are listed in Supplementary Table 2. Before in vitro DNA cleavage, target
plasmids were linearized with restriction enzyme Scal (New England Biolabs) then
purified using a PCR cleanup kit (MGmed). An aliquot of 100 ng (4.4 nM) of
linearized products was incubated with 100 ng (42.8 nM) purified AsCas12a
protein and 35 ng (165.3 nM) DNMT1 crRNA (15 pl reaction in NEB buffer 3.1
at 37 °C for 30 min). After incubation, SDS contained loading dye was added and
products were loaded in 1.5% agarose gel.

Single-particle tracking experiments. For the real-time tracking of
AsCas12a-crRNA-Cy5 on the long DNA molecule, a custom flow chamber (2 mm
channel width) was constructed with PEG-biotin-coated quartz surface28, Both side
of 21 kb DNA were immobilized at PEG-biotin-coated quartz surface via
biotin-streptavidin interaction by flowing the DNA at 50 ul/min of speed using
syringe pump. Free 21 kb DNA molecules were stringently washed out by flowing
T50 buffer (10 mM Tris-HCI, pH 8.0, 50 mM NaCl). Aliquots of 500 nM of
AsCasl2a and 1 uM of crRNA-Cy5 were preassembled for 5 min at room tem-
perature (RT) in reaction buffer K100M10 (10 mM Tris-HCI, pH 8.0, 100 mM KCl,
10 mM MgCl,, 1 mM DTT) just before the experiments. Final 1 nM of AsCasl2a
(with 2nM of crRNA-Cy5) was introduced to the 21 kb DNA molecule in the
chamber using syringe pump with reaction buffer K50M5 (10 mM Tris-HCI, pH
8.0, 50 mM KCl, 5 mM MgCl,, 1 mM DTT). The oxygen scavenging system (0.8%
(w/v) p-glucose (Sigma), 165 U/ml glucose oxidase (Sigma), 2170 U/ml catalase
(Sigma), 3 mM Trolox) was used to minimize photobleaching and to suppress
photoblinking of Cy5 fluorophore and Sytox orange (10 nM; Thermo Fisher Sci-
entific). To observe Cy5-labeled AsCasl2a—crRNA and Sytox orange-labeled
dsDNA simultaneously, both 532 nm laser (Coherent, 100 mW) and 637 nm laser
were exerted to the sample. Fluorescence signals were imaged in prism-type total
internal reflection fluorescence microscopy (Olympus IX73, water type x60
objective NA Aj1.2, Olympus)°!. Emission signals collected by objective lens were

separated by dichroic mirror (FF640-FDi01, Semrock) and filtered (532 notch filter
for Cy3, 642 notch filter for Cy5, chroma) and finally imaged at EMCCD camera
(iXon DU-897D, Andor). Images were recorded using home-made software at
17-500 ms time resolution depending on the experiments. Almost all experiments
were recorded in full frame (512 x 512 pixel), but 256 x 256 pixel images were
recorded by 2 x 2 binning in case of requiring faster sampling rate (17 ms) for
measuring diffusion coefficient and drift rate. Before imaging, temperature of flow
chamber and buffer containing protein were set to ~37 °C by heating tube holder,
prism, stage, and objective.

Single-molecule FRET experiments. To prevent the non-specific adsorption of
proteins to the surface, cleaned quartz microscope slide and coverslip were coated
with polyethylene glycol and biotinylated polyethylene glycol (Laysan Bio) in a 40:1
ratio®2. A sample chamber was constructed between a quartz microscope slide and
a coverslip using double-sided adhesive tape. DNA duplexes were immobilized on
the PEG-coated surface via a streptavidin-biotin interaction. Single-molecule
fluorescence images were taken in a home-built prism-type total internal-reflection
microscope with 50 ms or 0.5 s time resolution. All measurements were performed
at 37 °C with the following buffer: 10 mM Tris-HCI (pH 8.0), 100 mM NaCl,

10 mM MgCl,, 1 mM DTT and the oxygen scavenging system (0.4% (w/v) glucose
(Sigma), 1% (v/v) Trolox (Sigma), 1 mg/ml glucose oxidase (Sigma), 0.04 mg/ml
catalase (Roche)) to reduce photobleaching of fluorophores®3, except the experi-
ments for Figs. 4 and 5 (reaction buffer of K100M10 was used for AsCasl2a and
NEB buffer 3 for SpCas9). For kinetic analysis of initial binding of AsCas12a RNPs
to immobilized target DNAs, new buffer containing 20 nM AsCas12a RNPs (unless
stated otherwise) was infused in real time into the detection chamber by using a
syringe pump (Fusion 200; Chemyx) while single-molecule images were being
taken. Cy3 was excited by a green laser (532-nm, Sapphire; Coherent) for two-color
FRET, and the alternative excitation of Cy3 and Cy5 was performed by a green and
a red laser (637-nm, Obis; Coherent) using a mechanical shutter (LS3; Uniblitz).
Direct excitation of Cy5 by a red laser confirmed the existence of Cy5-labeled
cleaved DNA fragment or crRNA in FRET measurements. Fluorescence signals
from Cy3 and Cy5 were collected using a water immersion objective lens
(UPlanSApo x60; Olympus), filtered through a 540-nm long-pass filter (LP03-
532RU-25; Semrock) and a 633-nm notch filter (NF03-633E-25; Semrock) to reject
scattered excitation laser lines, separated with a dichroic mirror (635dcxr; Chroma)
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and imaged onto an electron-multiplying charged-coupled device camera (Ixon
Ultra DU897U; Andor). For stable long-time FRET measurement in some
experiments with 0.5-s time resolution, home-built autofocusing system was
employed>*.

Analysis of single-particle tracking data. To analyze the diffusion behavior of
AsCas12a-crRNA-Cys5, fluorescence image was analyzed using FIJI software>. To
localize the position of AsCasl12a-crRNA-Cy5, the intensity profile of AsCasl2a
RNP was fitted with 2D Gaussian profile using DiaTrack 3.05%. Tracking data were
analyzed using Matlab 2016b (Mathworks) and OriginPro 8 (OriginLab) program.
To calculate diffusion coefficient (D peff) of AsCasl2a—-crRNA-Cy5, the slope of
mean-square displacement (MSD) versus time was fitted with the equation
MSD(t) = 2Dt, where t is the time interval. The MSD of each AsCasl2a molecule
was calculated by:

(x(t) = x(0))? )

z| =
.MZ

MSD(t) =

where t = nAT (n =1,2,3,..., AT:Sampling rate). To calculate the drift rate, the step
(displacement per frame) distributions of total trajectory of AsCasl2a RNPs were
fitted with Gaussian distribution resulting drift rate (nm/s) by multiplying sam-
pling rate. We also calculated drift rates from 2step, 3step distribution and resulted
final drift rate by averaging these.

Analysis of single-molecule FRET data. Time traces of Cy3 and Cy5 signals from
a single molecule were extracted from a recorded movie using IDL software (ITT
Visual Information Solutions) and analyzed using custom software written in
MATLAB (MathWorks). To calculate the FRET efficiency, which is defined as the
ratio of acceptor intensity to the sum of donor and acceptor intensities, data
correction was performed for background noise and bleed-through of the donor
signal to the acceptor channel. After data correction, we selected real molecule
traces showing anti-correlations between the donor and acceptor or single-step
photobleaching. To obtain the kinetic times from the time traces, FRET states for
individual reaction steps were determined by the standard threshold method using
fluorescence intensity and FRET time traces. Dwell time histograms of each state
were fitted by an exponential decay function to obtain the corresponding kinetic
times (Supplementary Figure 4).

Data availability. The data that support the findings of this study are available
from the corresponding authors on reasonable request.
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