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ABSTRACT

CRISPR RNAs (crRNAs) that direct target DNA cleav-
age by Type V Cas12a nucleases consist of con-
stant repeat-derived 5'-scaffold moiety and variable
3’-spacer moieties. Here, we demonstrate that re-
moval of most of the 20-nucleotide scaffold has only
a slight effect on in vitro target DNA cleavage by
a Cas12a ortholog from Acidaminococcus sp. (As-
Cas12a). In fact, residual cleavage was observed
even in the presence of a 20-nucleotide crRNA spacer
moiety only. crBRNAs split into separate scaffold and
spacer RNAs catalyzed highly specific and efficient
cleavage of target DNA by AsCas12a in vitro and in
lysates of human cells. In addition to dsDNA target
cleavage, AsCas12a programmed with split crRNAs
also catalyzed specific ssDNA target cleavage and
non-specific ssDNA degradation (collateral activity).
V-A effector nucleases from Francisella novicida (Fn-
Cas12a) and Lachnospiraceae bacterium (LbCas12a)
were also functional with split crRNAs. Thus, the abil-
ity of V-A effectors to use split crRNAs appears to be
a general property. Though higher concentrations of
split crBNA components are needed to achieve ef-
ficient target cleavage, split crBRNAs open new lines
of inquiry into the mechanisms of target recognition
and cleavage and may stimulate further development

of single-tube multiplex and/or parallel diagnostic
tests based on Cas12a nucleases.

INTRODUCTION

The CRISPR-Cas systems provide adaptive immunity to
bacteria and archaea (1-3). They consist of CRISPR (clus-
tered regularly interspaced short palindromic repeats) ar-
rays and CRISPR-associated (Cas) proteins (Figure 1A).
CRISPR arrays are composed of identical repeats sepa-
rated by variable spacer sequences acquired from mobile
genetic elements through the function of site-specific inte-
grases composed of Casl, Cas2, and, in some cases, Cas4
proteins. CRISPR arrays are transcribed into pre-CRISPR
RNAs, which are processed at the repeat sequences gener-
ating short CRISPR RNAs (crRNAs). Individual crRNAs
program Cas effector nucleases to recognize and cleave
nucleic acids containing protospacers—sequences comple-
mentary to spacers. To prevent self immunity that could
arise through recognition of CRISPR array spacers from
which crRNAs are derived, many effectors require, in addi-
tion to crRNA spacer-target protospacer complementarity,
the presence of a short Protospacer Adjacent Motif (PAM)
that is specifically recognized by the effector protein. Since
there is no PAM sequence in the repeat, targeting of the ar-
ray is prevented.

At present, two classes, six types and numerous subtypes
of CRISPR-Cas systems have been described and some
have been harnessed for genomic editing (4-6). AsCasl2a,
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Figure 1. Addition of scaffold RNA stimulates target DNA cleavage by AsCas12a programmed with 5" truncated crRNAs. (A) Schematic representation
of Cas12a-mediated pre-crRNA processing. A subtype V-A CRISPR-Cas locus organization is shown (22). Genes coding for proteins responsible for inter-
ference (Casl2a) and adaptation (Cas4, Casl, Cas2) are labeled and shown by colored arrows. The CRISPR array consists of spacers (colored rectangles)
separated by repeats (black rhombi). Processing of the CRISPR array transcript (pre-crRNA) is carried out at the repeats by the Casl2a nuclease. (B)
Schematics of the in vitro target DNA cleavage assay. A fragment of DNA containing the target site complementary to the crRNA spacer is amplified with
PCR primers (indicated by arrows). Cleavage by AsCasl2a programmed with crRNA recognizing the target is indicated by a red arrow and results in the
appearance of cleavage products of indicated lengths. (C) The crRNA used for target recognition and cleavage. The scaffold moiety (black font) adopts a
pseudoknot structure (12); the spacer sequence is highlighted in blue-coloured font. The numbers in red indicate the 5'-terminal nucleotides of truncated
variants of crRNA tested. In the +2 variant, 18 nucleotides from the 3’-end of the spacer were eliminated. (D) Results of in vitro target cleavage assay with
AsCasl2a programmed with truncated crRNAs (indicated above the gel). The reactions contained 10 nM of the target, 500 nM of recombinant AsCas12a,
and 5 M of indicated crRNAs (a 1:50:500 ratio). Reactions were incubated 30 min at 37°C and products were resolved by agarose gel electrophoresis. Only
the uncut target and one of the cleavage products (2776 bp) are shown. In the rightmost gel reactions were supplemented with 5 uM of scaffold or spacer
RNA, as indicated. The results were quantified using ImageLab software. Mean cleavage efficiencies from four independent experiments and standard
deviations are shown. (E, F) Kinetics and concentration dependence of target cleavage by AsCasl2a programmed with full-sized (E) or -7 (F) crRNAs.
Reactions proceeded for 1, 5, 10 and 20 minutes and were carried out at the indicated target:AsCasl2a:crRNA ratios. Gels at the bottom of each panel
show the results of cleavage assays conducted in the presence of equimolar amounts of scaffold crRNA moiety. Mean cleavage efficiencies and standard
deviations from three independent experiments are shown on the right. (G) Target DNA cleavage by AsCasl2a programmed with 3 wM full-sized, split,
or separate scaffold and spacer crRNA moieties at a 1:30:300 target:AsCas12a:RNA ratio. ‘Split’ reactions contained both the scaffold and spacer RNAs.
Mean cleavage efficiencies and standard deviations from three independent experiments are shown on the right. (H) Cleavage by AsCasl2a programmed
with increasing concentrations (5, 10 and 15 wM) of spacer RNA, corresponding to 1:50:500, 1:50:1000 and 1:50:1500 DNA:AsCasl2a:crRNA ratios.
Mean cleavage efficiencies and standard deviations calculated from three independent experiments are shown.
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a class 2 Type V-A effector nuclease from Acidaminococcus
sp., has been used to edit genomes in a number of organ-
isms, including human cells (7-10). The crRNAs used by
the AsCasl2a effector consist of two nearly equally sized
moieties, a repeat-derived scaffold (also referred to as the
5'-handle), which is identical for different crRNAs, and a
variable spacer or guide segment complementary to target
DNA sequences (Figure 1A). Like other V-A effectors, As-
Casl12a alone is able to process pre-crRNA transcripts into
mature crRNAs (11).

To date, structures of three type V-A Cas effector pro-
teins, AsCasl2a (12), LbCasl2a from a Lachnospiraceae
bacterium (13), and FnCasl2a from Francisella novicida
(14) charged with cognate crRNAs and bound to target
DNA have been determined. These structures revealed that
the crRNA scaffold adopts a pseudoknot structure, rather
than a simple stem-loop predicted from its nucleotide se-
quence (12). The Casl2a proteins interact with this pseu-
doknot (13). Casl2a/crRNA complexes recognize T-rich
PAMs located at the 3’ ends of their targets and induce a
staggered double-stranded break within the region comple-
mentary to crRNA spacer (12,15). Unlike other effectors,
the Casl2a enzymes can also catalyse specific cleavage of
single-stranded targets complementary to crRNA spacer (a
single cut is introduced in this case) and nonspecific (collat-
eral) ssDNA degradation stimulated by the recognition of
either single- or double-stranded targets (16,17).

Previous studies analyzed crRNA structure requirements
for DNA cleavage by Casl2a nucleases (13,14,18). It was
demonstrated that extending the length of crRNA at the
5 (i.e. scaffold) end enhances mammalian gene editing ef-
ficiency by AsCasl2a (19). This approach was used to ex-
tend AsCasl2a crRNAs with switchable domains activated
by trigger RNAs via strand displacement, which can be
adapted for transcriptional control of gene expression in
Escherichia coli (20). On the other hand, shortening of the
scaffold and/or spacer crRNA moiety decreased the Fn-
Casl2a and AsCasl2a cleavage activities (15,18). It was
also shown that the FnCasl2a nuclease activity depends
on the secondary structure of crRNA scaffold and is sen-
sitive to nucleotide changes in this region (15). In this work,
we studied the effect of truncation and splitting of crRNAs
on in vitro target DNA cleavage by Casl2a nucleases. We
demonstrate that the cleavage activity persists after sub-
stantial reduction of the crRNA scaffold length and can
even be detected upon complete removal of the scaffold,
i.e. in the presence of a 20-nucleotide RNA matching the
spacer moiety only. Further, we show that the residual As-
Casl2a nuclease activity charged with spacer RNA can be
brought to levels typical for effectors charged with full-
sized crRNA by the in trans addition of a 20-base scaf-
fold RNA. This is observed both in a pure in vitro system
and in human cell lysates. When programmed with cog-
nate split crRNAs AsCasl2a, and two other V-A effectors
tested—FnCasl12a, and LbCasl2a—demonstrated specific
dsDNA target cleavage, specific ssDNA target cleavage, and
non-specific collateral degradation of ssDNA stimulated by
target recognition. We conclude that the ability to use split
crRNAs is a general property of V-A effectors. Though split
crRNAs are functional at higher concentrations than full-
sized crRNAs, we propose that the use of split crRNAs for
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specific recognition and cleavage of DNA templates opens
ways for future mechanistic research and practical applica-
tions of Casl2a effectors that require multiplexing and/or
simultaneous interrogation of multiple targets.

MATERIALS AND METHODS
Cas nucleases

AsCasl2a and SpCas9 nucleases were expressed from plas-
mid vectors (Addgene, Plasmids #90095, #62374) and pu-
rified from E. coli expression strain BL21-DE3 as described
(8) with modifications. Briefly, the lysate of cells was loaded
onto a HiTrap Chelating HP column (GE Healthcare) equi-
librated with a buffer containing 20 mM imidazole. The
recombinant protein was eluted with a buffer containing
500 mM imidazole, mixed with TEV protease (for As-
Casl2a), and dialyzed at 4°C for 12 h. Then the proteins
were concentrated using Amicon Ultra 10K filter (Milli-
pore) and applied to HiLoad Superdex 200 16/60 column
(GE Healthcare). Fractions containing either AsCasl2a or
SpCas9 were collected, concentrated and then snap-frozen
in liquid nitrogen in small aliquots that were stored at —
80°C until use. The protein concentration was measured
using Qubit Protein Assay Kit (Thermo Fisher) according
to the manufacturer’s instructions. The protein quality was
tested by SDS-PAGE gel electrophoresis and visualized af-
ter Coomassie blue staining. LbCas12a and FnCas12a were
purchased from OriGene Technologies and Biocat GmbH,
respectively.

In vitro DNA cleavage assay

All RNAs and DNA oligonucleotides used in this study
are listed in Supplementary Table S1 provided by PRIME-
TECH ALC and IDT. The chemical synthesis of modified
crRNA molecules is described in Supplementary Data.

In vitro cleavage assays were carried out in 30 pl in
Ix NEB2.1 buffer (NEB). DNA substrates for in vitro
cleavage represent fragments of DNA amplified by PCR in
Q5® High-Fidelity 2X Master Mix (M0492L, NEB). As a
template, genomic DNA isolated from T-REx cell line (T-
REx™-293 Cell Line, Invitrogen, kat. # R71007) by Gene-
JET Genomic DNA Purification Kit (K0722, Thermo Sci-
entific™) was used. DNA concentration was measured by
Qubit 3.0 fluorometer using Qubit DNA BR Assay Kit
(Q32853, Thermo Scientific™). The standard reaction con-
taining 10 nM of DNA template, 500 nM of the nuclease,
and various amounts of crRNA. Reactions were incubated
for 30 min at 37°C and stopped by the addition of 40 pg of
Proteinase K (Promega) and additional incubation at 37°C
for 15 min. Analysis of cleavage products was performed by
electrophoresis in 1% agarose gel in 1x TBE buffer. EtBr
staining gels were visualized by Gel Doc EZ Imager (Bio-
Rad) and quantified with Image Lab™ Software 6.0.1 (Bio-
Rad).

To assess specific and non-specific DNase activity of As-
Casl2a, LbCasl2a and FnCasl2a both ssDNA and ds-
DNA templates were used. Bacteriophage ¢ X174 virion ss-
DNA and RF IdsDNA were purchased from NEB. DNA
oligonucleotide duplexes were formed by mixing labelled
strand and unlabeled complementary strand at a molar
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ratio of 1:1.5 in Nuclease-Free Duplex Buffer (IDT), heat-
ing for 2 min at 95°C and slow cooling to 20°C. The com-
plexes were reconstituted in reaction buffer by mixing one
of the Casl2a nucleases and corresponding full-sized cr-
RNA or split crRNA at a 1:2 molar ratio followed by 20-
min incubation at RT. Complexes were kept on ice before
use. All cleavage reactions were carried out in 10 wL buffer
containing 40 mM Tris-HCI, pH 7.5, 50 mM NaCl, 5 mM
MgCl,, 0.5 mM TCEP, 0.1 mg/mL BSA, at 37°C for 30
min. Nonspecific digestion of 10 nM ¢X174 DNA was per-
formed by 25 nM Casl2a-crRNA complex in the pres-
ence of 60 nM target ssDNA or dsDNA (activators). Reac-
tions were quenched with Gel Loading Dye Purple (NEB)
containing 0.4 mg/mL heparin and cleavage products were
resolved by 1% agarose gel electrophoresis pre-stained
with EtBr.

Fluorescein labelled ss/dsDNA substrates were used at
40 nM concentration to demonstrate specific cleavage ac-
tivity of complexes at 150 nM concentration and nonspe-
cific activity at 50 nM concentration. 60 nM ssDNA DNA
was used as an activator. The reactions were terminated
by the addition of formamide-containing loading buffer
with 0.4 mg/ml heparin and heated in a boiling water bath
for 1 min. Products were resolved by urea-denaturing 10%
PAGE. Gels were imaged by Amersham Typhoon scanner.

Fluorescence assay of beacon DNA binding

Fluorescence measurements were performed using a Quan-
taMaster QM4 spectrofluorometer (PTI) in binding buffer
(20 mM Tris—HCI1 (pH 7.5), 50 mM NaCl, 0.1 mM DTT and
5 mM MgCl,) at 25°C. Double-stranded beacon DNA was
formed by mixing equimolar amounts of synthetic comple-
mentary strands (final concentrations were within low uM
range) in a buffer containing 20 mM Tris, pH 7.5, 100 mM
NaCl by heating for 2 min at 90°C and slowly cooling the re-
actions down to 20°C. The beacon DNA construct shown
in Figure 3A was previously described in (21). The proto-
spacer adjacent motif (PAM)-distal ends of the beacon tar-
get and non-target strands were labelled with fluorescein
and Iowa BlackFQ, respectively. Final assay mixtures (800
wl) contained 40 nM of one of the Casl2a nucleases, | nM
Casl2a beacon and 60 nM of corresponding full-sized cr-
RNA or its fragments (scaffold and spacer). In control ex-
periment, 100 nM spacer was added in the absence of As-
Casl2a. Time-dependent fluorescence changes were moni-
tored after the addition of a negligible volume of Casl2a
beacon to a cuvette followed by manual mixing; the mixing
dead-time was 15 s.

DNA cleavage assay in hAsCas12a expressing cell lysate

The hAsCas12a gene was introduced into human HEK 293
T-REXx cell line nuclear genome using the Flp-In™ System
(Flp-In™ T-REx™-293 Cell Line, Invitrogen) allowing con-
trolled expression by the tet-on system. Successful integra-
tion was monitored by antibiotic selection with hygromycin
B (100 wg/mL, Invivogen) and blasticidin (5 pg/ml, Invivo-
gen). Expression of AsCasl2a nuclease in the stable HEK
293 T-REXx cell line was induced by 100 ng/ml tetracycline
for 24 h and assayed by Western blotting using FLAG-tag
specific antibodies (Sigma-Aldrich, F1804).

Cells with inducible expression of the AsCasl2a nuclease
were cultured in 6-well plate at 37°C, 5% CO, in standard
essential modified Eagle’s medium (EMEM) containing 4.5
g/1 D-glucose, and 5 mg/ml uridine supplemented with 10%
fetal bovine serum. The expression of the nuclease was acti-
vated at 60-80% confluency by the addition of tetracycline
to a final concentration 100 ng/ml. Twenty four hours post-
induction, cells were washed with 1x PBS, resuspended in
500 wl lysis buffer (20 mM HEPES-KOH pH 7.5, 100 mM
KCI, 5 mM MgCl,, | mM DTT, 5% glycerol, 0.1% Triton
X-100 and Protease Inhibitor cocktail) and rotated for 10
min at 4°C. To remove cell debris, lysates were centrifuged
for 10 min at 10 000g, 4°C and the supernatant was snap-
frozen in small aliquots and stored at —80°C until use.

The cleavage reactions were carried out in the cleavage
buffer 20 mM HEPES-KOH pH 7.5, 100 mM KCI, 5 mM
MgCl,, 1 mM DTT, 5% glycerol) containing 4 nM of PCR-
obtained DNA template (oligonucleotide primers are listed
in Supplementary Table S1) and various amounts of crRNA
30 min at 37°C and stopped by the addition of 40 pg of
Proteinase K (Promega). After 15-min incubation at 37°C
products were purified with NucleoSpin PCR Clean-up kit
(Macherey-Nagel). Analysis of cleavage products was per-
formed by electrophoresis in 1% agarose gel in 1x TAE
buffer. EtBr-stained gels were visualized by Hero Lab Tran-
silluminator UVT-28M (Herolab GmbH) and quantified
with Image Lab™ Software 6.0.1 (Bio-Rad).

T7E1 assays

HEK 293 T-REx hAsCas12a cells were cultured in 100 mm
dishes and transfected with 4 pg of full-sized crRNA or 2 g
of each moiety of split RNA (scaffold and spacer) targeting
DNMTI gene (RNASs sequences can be found in Supple-
mentary Table S1). Expression of AsCasl2a nuclease was
induced by 100 ng/mL tetracycline. Cells were collected 24
h after transfection, and genomic DNA was isolated using
GeneJET Genomic DNA Purification Kit (K0722, Thermo
Scientific™) according to the manufacture’s protocol. Ge-
nomic fragments were amplified with Phusion High Fi-
delity polymerase (New England Biolabs) (oligonucleotide
primers are listed in Supplementary Table S1). PCR reac-
tions were cleaned up with Qiagen Gel purification Kit (Qi-
agen). Hybridization of PCR products was carried out in
19 pl reaction mix containing 1000 ng DNA, 2 wl Nebuffer
2 (NEB) and 1 pl of T7 Endonuclease (NEB) with follow-
ing conditions: denaturation at 95°C for 5 min, annealing at
95-85°C -2°C/s, at 85-25°C —0.1°C/s. Reactions were in-
cubated for 1 h at 37°C. Products were seprated on a 2%
agarose gel and visualised with Ethidium Bromide.

RESULTS

5’ truncated and split crRNAs, as well as spacer-only RNAs
support specific target cleavage by AsCasl2a in vitro

Recombinant AsCas12a was tested with a set of chemically
synthesized crRNAs truncated from the 5'-end, i.e., har-
bouring a scaffold moiety of different lengths and a con-
stant 20-nt spacer moiety (versions—17,-15, -7 and -2, Fig-
ure 1C) in an in vitro DNA cleavage assay. As a cleavage sub-
strate, a PCR-amplified fragment containing an asymmet-
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Figure 2. Effect of split crRNA on AsCasl2a cleavage activity in presence of competitor crRNA. At top right, schematics of the target cleavage assay in
the presence of competitor crRNA is shown. The assay is conducted as in Figure 1B but in the presence of a competitor crRNA that recognizes a target
located outside of the amplified cleavage substrate. The spacer moieties of target and competitor crRNAs are shown in blue and green, correspondingly.
Below, the results of cleavage assays with AsCasl2a programmed with 500 nM of full-sized, split, or -15 crRNAs (a 1:5:50 target:AsCasl2a:crRNA ratio)
in the presence of increasing concentrations (0, 25, 50, 100, 200, 400, 600 nM) of competitor crRNA are presented; mean cleavage efficiencies and standard

deviations calculated from three independent experiments are shown on the right.

rically located target sequence complementary to crRNA
spacer with upstream consensus PAM was used (Figure 1B).
The truncated crRNA versions used here match those stud-
ied by Zetsche et al. (15). Full-sized crRNA with a 20-nt
scaffold was used as a positive control. An RNA that con-
sisted of a full-sized scaffold extended by just two extra nu-
cleotides of the spacer (version +2) was also tested. The re-
action products were separated by gel electrophoresis, visu-
alized by ethidium bromide staining and the extent of DNA
substrate cleavage was quantified as described in the Mate-
rials and Methods. As can be seen from the leftmost gel in
Figure 1D, the AsCas12a nuclease was surprisingly tolerant
to S'-truncations of the scaffold. At the conditions of the
experiment, more than 80% target cleavage was observed in
reactions containing full-sized, —17 and —15 ¢crRNAs, and
>60% of the DNA substrate was cleaved when the crRNA
scaffold moiety was reduced to just seven nucleotides (ver-
sion —7). Effectors charged with -2 and +2 crRNAs were
inactive.

We were interested to determine whether the lack of ac-
tivity of the —2 crRNA version could be complemented by
the addition of scaffold RNA. Effectors charged with other
crRNA versions were also tested in the presence of the
scaffold. As can be seen from the rightmost gel in Figure
1D, the in trans addition of scaffold RNA stimulated tar-
get cleavage in the presence of —7 and —2 crRINA versions,
which reached almost the same level as that seen with full-
sized crRNA. Reciprocally, the addition of the 20-nt RNA
spacer stimulated cleavage by the inactive effector charged
with the +2 version (essentially, a scaffold RNA), which
reached 80%.

We next investigated the kinetics and concentration de-
pendence of target DNA cleavage by AsCasl2a charged by
either full-sized or truncated (version —7) crRNAs. As can
be seen from Figure 1E, upper panels, in reactions contain-
ing full-sized crRNA, target DNA was cleaved ~90% just
after 1-min incubation at either 1:5:50 or 1:50:500 target
DNA:AsCasl2a:crRNA molar ratios and the addition of
equimolar amounts of scaffold RNA did not affect target
DNA cleavage in the presence of full-sized crRNA (Figure
1E, lower panels). In reactions containing the —7 crRNA in
a 1:5:50 target DNA:AsCasl2a:crRNA ratio target cleav-
age was undetectable. At a higher 1:50:500 ratio, partial tar-
get cleavage was observed (from 25 to 60% over the course
of the reaction). Both the velocity and the extent of target
cleavage were dramatically increased when reactions con-
taining the —7 crRNA were supplemented with equimolar
amounts of scaffold added in trans: the cleavage reaction
was 40% complete after 1-minute incubation at low 1:5:50
target DNA:AsCasl2a:crRNA ratio (98% after 5-min in-
cubation) and 87% complete after 1-min incubation at the
high 1:50:500 ratio (Figure 1F).

The results obtained with the +2 crRNA version supple-
mented with spacer RNA suggested that AsCasl2a is able
to locate and cleave its targets when supplemented with split
crRNA containing separate scaffold and spacer moieties.
Indeed, as can be seen from Figure 1G, the simultaneous
addition of two crRNA moieties (a condition further re-
ferred to as ‘split crRNA’) induced specific cleavage of the
target, which was as efficient as that induced by full-sized cr-
RNA (~95%) at the conditions of the experiment. Neither
the spacer nor the scaffold RNAs taken separately caused
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Figure 3. Analysis of the DNA target binding by the Cas12a loaded with split crRNA by the Cas beacon assay. (A) Principle of the Casl12a beacon assay.
The circles labeled F and Q indicate the fluorophore and quencher. (B) Structures of the Cas12a beacon and of the crRNA used to program AsCasl2a. The
crRNA spacer and corresponding sequences of the beacon are highlighted in blue font, the PAM sequence is highlighted in bold font. (C) Time dependence
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(red curve) and effects of target (in brown) and non-target (in blue) DNA competitors on beacon binding to split crRNA-AsCas12a. (D) Time dependence
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substrate cleavage at these conditions. Efficient cleavage
of cognate targets was also observed when split crRNAs
with unrelated spacer sequences were tested (Supplemen-
tary Materials, Figure S1). Thus, split crRNA activity is not
dependent on the sequence of the crRNA spacer moiety.

Because split crRNA/AsCasl2a can cleave the DNA
template quite efficiently, we wondered whether the spacer
RNA moiety alone could also induce cleavage. We surmised
that though no cleavage was obtained in the presence of
spacer RNA in the experiment shown in Figure 1G, increas-
ing the concentration of spacer RNA may allow the bind-
ing to the effector and target cleavage. An alternative sce-
nario would be that the binding of the scaffold RNA is re-
quired for productive interaction with the spacer RNA by,
for example, inducing a conformational change in the effec-
tor, and thus no target cleavage in the presence of spacer
RNA shall be observed even at high concentrations. As
can be seen from Figure 1H, increasing the concentration
of spacer RNA from 5 to 15 pM led to dose-dependent
DNA substrate cleavage by AsCasl2a. These data demon-
strate that AsCasl2a charged with a 20-nt spacer RNA
is capable of sequence-specific PAM-dependent cleavage
of DNA substrates. This is possible only at high con-
centrations of RNA and a protein:RNA ratio of at
least 1:20.

Functional biochemical and biophysical analyses of split cr-
RNA and spacer RNA interaction with the AsCas12a effector

To compare the binding of full-sized and split crRNA to As-
Casl2a, we performed in vitro DNA cleavage assay in the
presence of increasing amounts of another crRNA (here-
after referred to as ‘crRNA competitor’) that targeted a se-
quence that was absent from the DNA cleavage substrate
(Figure 2). The competitor was added to 30 nM AsCasl2a
together with full-sized, truncated, or split crRNA, followed
by the addition of the target. As can be seen from Figure 2,
the addition of up to 600 nM competitor had no effect on
the cleavage of 10 nM target DNA by the effector charged
with full-sized cognate crRNA present at 500 nM concen-
tration. In contrast, cleavage by the effector charged with
the truncated -15 crRNA was inhibited 50% in the pres-
ence of ~300 nM competitor RNA, suggesting ~2-fold re-
duction of affinity for AsCasl2a compared to full-sized cr-
RNA. Target cleavage by the effector charged with split cr-
RNA was inhibited 50% in the presence of 100 nM com-
petitor, indicating that split RNA affinity for the effector is
reduced ~5-fold compared to full-sized crRNA.

To obtain further information on the split crRNA—
AsCasl2a complexes and their interactions with target
DNA, a fluorescence Cas beacon method was implemented,
following a strategy that was earlier used to monitor the in-
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teractions of various effector complexes with crRNAs and
target DNAs (21,23,24). A schematic representation of the
Casl2a beacon assay is shown in Figure 3A. The beacon is
a fluorescently labeled derivative of target DNA. It is pre-
pared by annealing three oligonucleotides to generate a 38
bp fragment of DNA comprising a 13 bp DNA upstream
of PAM, a consensus AsCasl2a PAM TTTA, and a 21-
bp downstream segment recognized by the crRNA spacer.
The PAM-distal ends of the beacon target and non-target
strands are labeled with a fluorophore and a quencher,
respectively. The baseline fluorescence intensity of a bea-
con is low due to quenching of the fluorescence label by
a nearby quencher via the FRET mechanism. Binding of
Casl2a—crRNA complex to the beacon should separate
DNA strands bearing the fluorophore and the quencher,
leading to a readily detectable increase in fluorescence inten-
sity (Figure 3A). Indeed, upon the addition of the beacon
shown in Figure 3B to AsCasl2a pre-incubated with full-
sized crRNA, the fluorescence intensity rapidly increased,
reaching peak intensity in about a minute (Figure 3C). The
kinetics of beacon binding to AsCasl2a preincubated with
split crRNA was identical to that observed with full-sized
crRNA (Figure 3C), implying that the AsCas12a complexes
with full-sized and split crRNAs have comparable DNA
binding activities.

We also performed competition assays in which beacon
binding to split crRNA-AsCasl12a was monitored in the
presence of either target DNA or non-target DNA that
bore no complementarity with the crRNA sequence. Pre-
incubation of split crRNA-Casl2a complex with target
DNA for 15 min led to severe inhibition of beacon binding,
while non-target DNA exerted only a modest effect (Fig-
ure 3C). This result indicated that split crRNA-AsCasl2a
formed a stable and specific complex with target DNA, thus
corroborating data obtained in the DNA cleavage assay
(Figure 1G). The fluorescence signal increased very slowly
upon the beacon addition to a sample containing 40 nM
AsCasl2a and 60 nM spacer RNA (Figure 3D). The rate of
signal increase in this experiment was about 500-fold lower
than that observed when AsCasl2a was programmed with
full-sized or split crRNAs. This observation suggests that
spacer RNA alone endows AsCas12a with a low affinity for
target DNA. This fully corresponds with our finding that a
spacer moiety is able to induce cleavage of the DNA sub-
strate only at high concentrations (Figure 1H) that can not
be reached in the beacon assay. No increase in beacon fluo-
rescence intensity was observed in the presence of AsCasl2a
preincubated with the scaffold RNA or in the presence of
spacer RNA without AsCas12a (Figure 3D). The latter con-
trol experiment shows that spacer RNA alone cannot an-
neal to the beacon and induce an increase in fluorescence
under the conditions used.

Data presented in Figure 1D shows that AsCasl2a
charged with spacer RNA and the +2 scaffold extended by
two first nucleotides of the spacer moiety can recognize and
cleave DNA targets. The result implies that split crRNA
can accommodate extra nucleotides at the split site without
compromising its function. To further investigate the im-
portance of 5'- and 3'-extremities of the scaffold and spacer
RNA moieties for split crRNA function we synthetized
split versions bearing 5'- or 3’-terminal biotin modifications
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on the spacer and scaffold RNAs and tested them in the
in vitro cleavage assay. Among all possible combinations
tested, only the 3’-end biotin modification of the scaffold
strongly decreased the DNA substrate cleavage efficiency
(Figure 4A). This effect is surprising, given that the elonga-
tion of the scaffold 3’-end by two nucleotides had no strong
effect (Figs. 1D and 4B), indicating that a non-nucleotide
compound can disturb the scaffold-effector interaction. Bi-
otin modification at the 5'-end of the spacer RNA did not
influence the DNA substrate cleavage; however, a 2-nt ex-
tension of the spacer towards the junction site caused an
additional decrease of cleavage in combination with the +2
version of the scaffold (Figure 4B).

Casl2a enzymes catalyze not only specific dsDNA tar-
get cleavage but also specific cleavage of ssDNA targets
and nonspecific (collateral) degradation of single-stranded
DNA (ssDNA) induced by target cleavage (16,17). To check
whether collateral cleavage activity of AsCasl2a can be pro-
moted by split crRNA, we pre-assembled AsCasl2a with
split crRNA and incubated with ssDNA or dsDNA targets
in the presence of X174 ssDNA that had no sequences
matching crRNA. As can be seen from Figure 5A, cleav-
age of X174 ssDNA was induced by recognition of either
double-stranded and single-stranded targets by AsCasl2a
charged with control full-sized crRNA (lanes 4 and 6, cor-
respondingly) or with split crRNA (lanes 8 and 10). No
©X174 cleavage was observed in reactions without target
DNA (lanes 3 and 7), or in the presence of non-target DNA
(lanes 5 and 9).

To check for specific ssDNA cleavage activity of As-
Casl2a charged with split crRNA, 3’ terminally fluorescein-
labeled target DNA substrates (see Supplementary Ta-
ble S1) were used (17). Corresponding dsDNA substrates
were used as controls. As can be seen from Figure 5B,
AsCasl2a charged with either full-sized or split crRNA
cleaved double-stranded and single-stranded targets at the
same positions (compare lanes 2 and 4, and lanes 9 and 11,
respectively). Besides bands resulting from site-specific ss-
DNA cleavage, fast-mobility degradation products result-
ing from non-specific ssDNA cleavage activity described be-
fore (17) were seen both with full-sized and split crRNA
charged effectors. We also showed that upon activation by
a non-labeled target-strand substrate (activator), AsCasl2a
charged with either full-sized or split crRNA completely de-
graded labeled ss DNA (lanes 8 and 15), while leaving ds-
DNA intact (lanes 7 and 14), as was first reported in (16).

Split crRNA is active in lysates of human cells expressing As-
Casl2a

We next tested whether split crRNA can promote specific
target cleavage in eukaryotic cell lysates. For this, a human
cell line expressing hAsCas12a in a Tet-inducible manner
was constructed (Figure 6A). Cleavage of target DNA was
assayed in the lysate of induced cells supplemented with
increasing concentrations of full-sized, split, or spacer cr-
RNAs. The results revealed that cleavage activities of the
hAsCasl2a programmed with full-sized and split crRNAs
are comparable at crRNA concentrations >800 nM but at
lower concentrations the AsCasl2a nuclease programmed
by full-sized crRNA outperformed the one charged with the
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split version (Figure 6B). This corroborates data obtained
with competitor crRNA (Figure 2) indicating lower affin-
ity of split crRNA for AsCasl2a. Nevertheless, the results
demonstrate that split crRNA can induce specific cleavage
of target DNA by AsCasl2a nuclease expressed in human
cells in the presence of all of the components of the cell
lysate, most notably a large excess of cellular RNA. Target
cleavage was only observed when >25 M of spacer RNA
was added to the lysate (Figure 6C), a concentration that is
much higher than that needed for target cleavage in the pure
system (Figure 1H). The result indicates that spacer RNA is
poorly competing with cellular RNA present in the lysate.
Scaffold RNA alone did not induce any DNA cleavage even
at high concentrations, as expected.

We attempted to show specific cleavage induced by split
RNA in human cells expressing hAsCasl2a. However, at
the conditions used, we did not detect target cleavage in cells
transfected with split crRNA though ~13% target cleavage
was detected in cells transfected with corresponding full-
sized crRNA (Supplementary Figure S2).

Casl12a nucleases other than AsCas12a can use split crRNA

We next determined whether Casl2a enzymes from Lach-
nospiraceae bacterium (LbCasl2a) and Francisella novicida
(FnCasl12a) can be programmed for target recognition and
cleavage with cognate split crRNAs. The DNA binding
properties of FnCasl2a and LbCas12a complexed with in-
tact and split crRNAs were followed by measuring the ki-
netics of beacon binding to FnCas12a and LbCas12a prein-
cubated with corresponding crRNAs (Figure 7A, B). We
found that kinetics of beacon binding to FnCasl2a prein-
cubated with split crRNA was almost identical to that ob-
tained with full-sized crRNA (Figure 7B), similarly to what
was observed with AsCasl2a (Figure 3C). In contrast, Lb-
Casl2a preincubated with split crRNA bound beacon sig-
nificantly slower than LbCasl2a preincubated with intact
crRNA (Figure 7B). These data imply that the LbCasl2a
complex with split crRNA binds its targets less efficiently
than the complex with full-sized crRNA. No change in
beacon fluorescence was observed in experiments with Fn-
Casl2a and LbCas12a preincubated with the spacer or scaf-
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Figure 5. All known AsCas12a DNA cleavage activities are supported by split crRNA. (A) Non-specific ssDNA cleavage activity of AsCasl2a against the
¢X174 ssDNA bearing no sequences matching crRNA was tested in the presence of full-sized and split crRNAs. Reactions were conducted in the presence
of double-stranded DNA cleavage substrate matching the crRNA spacer, a single-stranded cleavage substrate with a sequence complementary to crRNA
spacer and a functional PAM, or in the presence of double-stranded DNA bearing no sequences matching crRNA. Reaction products were resolved by
agarose gel electrophoresis and revealed by ethidium bromide staining. Intact ¢X174 DNA and products of collateral cleavage activity are indicated. (B)
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single-stranded or double-stranded form (shown schematically at the top

of the gel and listed in Supplementary Table S1) were combined with AsCasl2a programmed with the full-sized or split crRNA. ’Activator’ is a non-
labeled single-stranded oligonucleotide containing complementary to crRNA spacer and bearing a functional PAM. Reaction products were resolved by
denaturing 10% PAGE. Substrate (‘S’) and specific (‘SP’) and non-specific (‘N-SP’) cleavage products are indicated on the right.

fold RNAs alone (Figure 7B), suggesting that spacer moi-
eties interact with the effectors weakly or, alternatively, ef-
fectors complexes with spacer RNAs have low affinity for
the targets.

The ability of split crRNAs to support target-activated
nonspecific cleavage of ssDNA by LbCas12a and FnCasl2a
was also tested (Figure 7C and Supplementary Table S1).
LbCasl2a and FnCasl2a in complex with split crRNA in-
troduced site-specific cuts in dsDNA and ssDNA targets
(Figure 7C). Both enzymes charged with split crRNAs were
capable of target-activated degradation of non-specific ss-
DNA (Figure 7C) but not of dsSDNA. We conclude that at
least three distinct members of type V Casl2a nucleases,
when programmed with split crRNA, can efficiently bind
and cleave their targets and catalyze target-induced collat-
eral degradation of ssDNA.

To determine whether the ability to use split RNAs might
be a common property of Class 2 effectors, we performed
in vitro target DNA cleavage assay using the most actively
studied and widely used type I1-A SpCas9 nuclease (1). The
effector was charged with a single-guide RNA or its split
version consisting of a 20-nt long spacer RNA complemen-
tary to the target and a longer RNA corresponding to the
rest of sgRNA (referred to as ‘scaffold’ in Supplementary

Figure S3). Only a very low level of DNA cleavage by Sp-
Cas9 was detected even at the highest concentrations of split
RNA components (Supplementary Figure S3). It thus ap-
pears that, unlike Casl2a enzymes, SpCas9 and, by exten-
sion, other Cas9 nucleases, are unable to efficiently use split
crRNA for target recognition and cleavage.

DISCUSSION

The principal finding of this paper is the demonstration
that different Type V Casl2a effectors can recognize and
cleave their targets and perform target-activated collateral
damage degradation of single-stranded DNA when charged
with two short RNAs—one consisting of repeat-derived
scaffold moiety of full-sized crRNA and another consisting
of a spacer recognizing the target through complementary
interactions. Crystal structures of AsCasl2a/crRNA com-
plexes revealed that the crRNA scaffold adopts a pseudo-
knot structure and is tightly bound in a groove between two
AsCasl2a monomers in a sequence-specific manner (12).
The AsCasl2a crRNA scaffold nucleotides U-10 and A-
18 form a reverse Hoogsteen A:U base pair and partici-
pate in pseudoknot formation, which is additionally sta-
bilized by non-canonical hydrogen bonding between U-10
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Figure 6. Split crRNA is active in lysates of human cells expressing As-
Casl2a. (A) Western blot analysis of hAsCasl2a production in the sta-
ble HEK 293 T-REx-hAsCasl2a cell line. FLAG-tag specific antibodies
were used for hAsCasl12a protein detection; actin specific antibodies were
used for loading control. hAsCasl2a gene transcription was induced by
100 ng/mL tetracycline. (B) Cleavage of the same DNA target is in Figure
1B was conducted in whole-cell lysates of induced cells in the presence of
increasing concentrations of the full-sized or split crRNAs. Mean cleavage
efficiencies and standard deviations calculated from three independent ex-
periments are shown. (C) DNA template in lysate cleavage by spacer moi-
ety of crRNA. DNA cleavage reaction in the presence of 27 uM spacer of
scaffold crRNAs, incubated for 120 min at 37°C.

and A-19 and between A-12, U-13 and U-17 (Figure 1C).
The scaffold pseudoknot structure is ordered in both binary
(Casl2a/crRNA) and ternary (Casl2a/crRNA/dsDNA)
complexes; in contrast, the entire spacer moiety is disor-
dered in the binary complex (13). It has been suggested that
the initial binding of Cas12a to a PAM sequence in template
DNA can induce conformational changes resulting in pre-
ordering of the seed sequence comprising the first 8 scaffold-

proximal nucleotides of the spacer (14). In the ternary com-
plex, the heteroduplex between the target DNA strand and
the spacer moiety of crRNA is accommodated in a posi-
tively charged central channel between the two lobes of the
protein in a sequence-independent manner (9,14).

Previous studies analyzed the crRNA structure require-
ments for DNA cleavage by LbCasl2a and FnCasl2a nu-
cleases (13,14). In the case of FnCasl2a, deletion of 5-
terminal scaffold nucleotides A-19, A-18 and U-17 had lit-
tle effect on DNA template cleavage efficiency (15). When a
5'-terminal deletion also removed U-16, the DNA cleavage
was seriously affected, and further shortening of the scaf-
fold completely abolished cleavage. Since A-19, A-18 and
U-17 participate in the pseudoknot formation, deletion of
these bases should turn the pseudoknot structure into a
hairpin. Since in the hairpin U-16 forms a non-canonical
pair with U-1, it appears that the hairpin structure rather
than the pseudoknot is required for efficient target recogni-
tion and cleavage. Indeed, mutations that disrupt the heli-
cal part of the hairpin abolish target cleavage by FnCas12a.
Our analysis shows that high concentrations of truncated —7
version of AsCasl2a crRNA that is unable to form a hairpin
are required for DNA cleavage. This is in agreement with
previously published data on FnCasl2a nuclease, where a
similar truncation was tested (15). For crRNA version —
15, which contains the hairpin forming part of the scaf-
fold but cannot form the pseudo-knot structure, we detect
efficient target DNA cleavage but the binding of this ver-
sion to the effector is decreased compared to the full-sized
crRNA.

Our data show that a 20-nt spacer RNA, when present at
sufficiently high concentrations, induces target cleavage by
AsCasl12a. The result implies that the scaffold does not play
an essential role during the target recognition/cleavage re-
actions. By strong binding to the effector, the scaffold moi-
ety may either simply increase the affinity of the spacer part
of crRNA to the effector or it may induce a conformational
change that stabilises the interaction of the spacer part with
the binary complex or of the RNA/DNA heteroduplex in
the ternary complex. Strong binding of the scaffold to Lb-
Casl2a was previously demonstrated and excess of scaf-
fold RNA inhibited DNA cleavage by LbCasl2a effector
charged with full-sized crRNA (13). Our data show that cr-
RNA scaffold, when present separately, strongly increases
the ability of spacer RNA to induce target cleavage by As-
Cas|12a effector. Since in split crRNA the scaffold is physi-
cally separated from the spacer, it follows that the binding
of the scaffold can not stimulate target recognition/cleavage
by simple increase of the local concentration of the spacer.
We, therefore, predict that crystallographic analysis of a
Casl2a effector bound with a crRNA scaffold shall reveal
conformational changes that affect the site that interacts
with the spacer.

Despite substantial differences in their amino acid se-
quences, the Casl2a orthologs tested here have very sim-
ilar structures of the crRNA scaffold which differ only in
the loop region (nucleotides —8-9, Figure 7A) (25). While
FnCasl2a and AsCasl2a scaffolds differ only by a single
nucleotide in the -9 position, the LbCasl2a scaffold has
a distinct loop sequence UAAGU (UCUU and UGUU
in AsCasl2a and FnCasl2a, correspondingly). This loop
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Figure 7. FnCasl2a and LbCasl2a effector nucleases programmed with cognate split crRINAs recognize and cleave their targets. (A) Sequences of the
crRNA scaffold moiety for three V-A effector nucleases, As/Lb/FnCas12a (26). The nucleotide differences are highlighted in crimson. (B) Time dependence
of beacon fluorescence increase upon the addition of the beacon to FnCasl2a and LbCasl2a loaded with full-sized crRNA (in black), split crRNA (in
blue), scaffold (in red) or spacer (in brown) RNAs. The structures of the beacons and crRNAs are shown in Supplementary Table S1. (C) To demonstrate
specific cleavage activity, fluorescein-labeled (red asterisk) target ssDNA (one arrow pictogram) and target dSDNA (two arrows pictogram) were digested
by LbCasl2a or FnCasl2a in complex with full-sized (crRNA) or split crRNA. Activator-induced non-specific ssDNA cleavage activity was demonstrated
using fluorescein-labeled non-specific ssDNA /dsDNA in the presence or absence of ssDNA activator. “Ts cut’ - target strand cut, and ‘nts cut’ - non-target
strand cut, products of site-specific target DNA cleavage. Substrate (‘S’) and cleavage products (‘P’) were resolved by denaturing 10% PAGE.

may contribute to the less efficient binding of LbCasl2a
charged with split crRNA in the beacon experiments
(Figure 7B).

Our data on the split crRNA/Casl2a system may not
just help to understand the molecular mechanism of Casl2a
better but can be useful for in vitro applications of Casl2a
in DETECTR-based diagnostics (16). By combining short,
20-nt RNA mixes containing a single scaffold and multi-

ple spacer parts, multiplex recognition of different targets
can be achieved at significant cost saving compared to a sit-
uation when the same targets have to be probed with in-
dividual 40-nt full-sized crRNAs. Further down the road,
split crRNAs may be useful in genome editing, however,
the problem of delivery and/or stability of very short RNAs
would have to be addressed first. The in vitro work presented
here shows that both sides of the split site in crRNA can be
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modified without compromising activity, which may be a
promising opening to address the stability issue.

DATA AVAILABILITY

All data presented in the manuscript is available upon re-
quest.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

FUNDING

Russian Foundation of Basic Research [19-29-04101
to R.S., N.S., N.N.,, E.U., LM.]; IdEx Unistra [ANR-10-
IDEX-0002]; SFRI-STRAT'US project [ANR 20-SFRI-
0012]; EUR IMCBio [ANR17-EURE-0023] to I.T., N.E.,
N.N.; N.N. was awarded a Grand Est PhD fellowship
(France) and Skoltech (Russia); R.V. was supported by
a grant from Ministry of Science and Higher Education
of the Russian Federation allocated to the Kurchatov
Center for Genome Research [075-15-2019-1659]; work in
K.S. labs was supported by grant NIH R01 [GM10407]
and Ministry of Science and Higher Education of the
Russian Federation contract [075-15-2019-1661]. Funding
for open access charge: Skolkovo Institute of Science and
Technology.

Conflict of interest statement. None declared.

REFERENCES

1. Barrangou,R., Fremaux,C., Deveau,H., Richards,M., Boyaval,P,,
Moineau,S., Romero,D.A. and Horvath,P. (2007) CRISPR provides
acquired resistance against viruses in prokaryotes. Science, 315,
1709-1712.

2. Brouns,S.J., Jore, M.M., Lundgren,M., Westra,E.R., Slijkhuis,R.J.,
Snijders,A.P., Dickman,M.J., Makarova,K.S., Koonin,E.V. and van
der Oost,J. (2008) Small CRISPR RNAs guide antiviral defense in
prokaryotes. Science, 321, 960-964.

3. Jackson,S.A., McKenzie,R.E., Fagerlund,R.D., Kieper,S.N.,
Fineran,P.C. and Brouns,S.J. (2017) CRISPR-Cas: adapting to
change. Science, 356, eaal5056.

4. Jinek,M., Chylinski,K., Fonfara,l., Hauer,M., Doudna.J. and
Charpentier,E. (2012) A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science, 337, 816-821.

5. Makarova,K.S., Wolf,Y.I., Iranzo,J., Shmakov,S.A., Alkhnbashi,O.S.,
Brouns,S.J.J., Charpentier,E., Cheng,D., Haft,D.H., Horvath,P. et al.
(2020) Evolutionary classification of CRISPR-Cas systems: a burst of
class 2 and derived variants. Nat. Rev. Microbiol., 18, 67-83.

6. Shivram,H., Cress,B.F., Knott,G.J. and Doudna,J.A. (2021)
Controlling and enhancing CRISPR systems. Nat. Chem. Biol., 17,
10-19.

7. Kleinstiver,B., Tsai,S., Prew,M., Nguyen,N., Welch,M., Lopez,J.,
McCaw,Z., Aryee,M. and Joung,J. (2016) Genome-wide specificities
of CRISPR-Cas Cpf1 nucleases in human cells. Nat Biotechnol., 34,
869-874.

8. Zetsche,B., Heidenreich,M., Mohanraju,P., Fedorova,l., Kneppers,J.,
DeGennaro,E., Winblad,N., Choudhury,S., Abudayyeh,O.,
Gootenberg,J. et al. (2017) Multiplex gene editing by CRISPR-Cpf1
using a single crRNA array. Nat Biotechnol., 35, 31-34.

20.

21.

22.

23.

24.

25.

26.

. Gao,L., Cox,D., Yan,W., Manteiga,J., Schneider,M., Yamano,T.,

Nishimasu,H., Nureki,O., Crosetto,N. and Zhang,F. (2017)
Engineered Cpfl variants with altered PAM specificities. Nat
Biotechnol., 35, 789-792.

. Zhang,L., Zuris,J.A., Viswanathan,R., Edelstein,J.N., Turk,R.,

Thommandru,B., Rube,H.T., Glenn,S.E., Collingwood,M.A.,
Bode,N.M. et al. (2021) AsCasl2a ultra nuclease facilitates the rapid
generation of therapeutic cell medicines. Nat. Commun., 12, 3908.

. Fonfara,l., Richter,H., Bratovi¢,M., Le Rhun,A. and Charpentier,E.

(2016) The CRISPR-associated DNA-cleaving enzyme Cpfl also
processes precursor CRISPR RNA. Nature, 532, 517-521.

. Yamano,T., Nishimasu,H., Zetsche,B., Hirano,H., Slaymaker,I.,

Li,Y., Fedorova,l., Nakane,T., Makarova,K., Koonin,E. et al. (2016)
Crystal structure of Cpfl in complex with guide RNA and target
DNA. Cell, 165, 949-962.

. Dong,D., Ren, K., Qiu,X., Zheng,J., Guo,M., Guan,X., Liu,H.,

Li,N., Zhang,B., Yang,D. ef al. (2016) The crystal structure of Cpf1 in
complex with CRISPR RNA. Nature, 532, 522-526.

. Swarts,D., van der Oost,J. and Jinek,M. (2017) Structural basis for

guide RNA processing and seed-dependent DNA targeting by
CRISPR-Casl2a. Mol. Cell, 66,221-233.

. Zetsche,B., Gootenberg,J., Abudayyeh,O., Slaymaker,].,

Makarova,K., Essletzbichler,P., Volz,S., Joung,J., van der Oost.J.,
Regev,A. et al. (2015) Cpf1 is a single RNA-guided endonuclease of a
class 2 CRISPR-Cas system. Cell, 163, 759-771.

. Chen,J.S., Ma,E., Harrington,L.B., Da Costa,M., Tian,X.,

Palefsky,J.M. and Doudna,J.A. (2018) CRISPR-Casl2a target
binding unleashes indiscriminate single-stranded DNase activity.
Science, 360, 436-439.

. Li,S.Y.,, Cheng,Q.X., Liu,J. K., Nie,X.Q., Zhao,G.P. and Wang,J.

(2018) CRISPR-Casl2a has both cis- and trans-cleavage activities on
single-stranded DNA. Cell Res., 28, 491-493.

. McMahon,M., Prakash,T., Cleveland,D., Bennett,C. and Rahdar,M.

(2018) Chemically modified Cpf1-CRISPR RNAs mediate efficient
genome editing in mammalian cells. Mol Ther., 26, 1228-1240.

. Park,H., Liu,H., Wu,J., Chong,A., Mackley,V., Fellmann,C., Rao,A.,

Jiang,F., Chu,H., Murthy,N. ez al. (2018) Extension of the crRNA
enhances Cpfl gene editing in vitro and in vivo. Nat Commun., 9,
3313.

Oesinghaus,L. and Simmel,F. (2019) Switching the activity of Cas12a
using guide RNA strand displacement circuits. Nat Commun., 10,
2092.

Mekler,V., Kuznedelov,K., Minakhin,L., Murugan,K., Sashital,D.
and Severinov,K. (2019) CRISPR-Cas molecular beacons as tool for
studies of assembly of CRISPR-Cas effector complexes and their
interactions with DNA. Methods Enzymol., 616, 337-363.

Gao,P, Yang,H., Rajashankar,K.R., Huang,Z. and Patel,D.J. (2016)
Type V CRISPR-Cas Cpfl endonuclease employs a unique
mechanism for crRNA-mediated target DNA recognition. Cell Res.,
26, 901-913.

Swarts,D.C., Mosterd,C., van Passel, M.W. and Brouns,S.J. (2012)
CRISPR interference directs strand specific spacer acquisition. PLoS
One, 7, €35888.

Mekler,V., Minakhin,L., Semenova,E., Kuznedelov,K. and
Severinov,K. (2016) Kinetics of the CRISPR-Cas9 effector complex
assembly and the role of 3’-terminal segment of guide RNA. Nucleic.
Acids. Res., 44, 2837-2845.

Mekler,V., Minakhin,L. and Severinov,K. (2017) Mechanism of
duplex DNA destabilization by RNA-guided Cas9 nuclease during
target interrogation. Proc. Natl. Acad. Sci. U.S. A., 114, 5443-5448.
Tu,M., Lin,L., Cheng,Y., He,X., Sun,H., Xie,H., Fu,J.,, Liu,C., Li,J.,
Chen,D. er al. (2017) A 'new lease of life’: FnCpf1 possesses DNA
cleavage activity for genome editing in human cells. Nucleic Acids
Res., 45, 11295-11304.

1Z0Z Jequieda /g uo Jesn souel Binogsens ap ausianlun Aq 885Z819/222 L gedb/Ieu/ea01 0L /10p/ao1e-a0ueApe/Jeu/woo dnooliwepese//:sdiy woll papeojumod


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkab1227#supplementary-data

