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Abstract

Miniature CRISPR-Cas12f1 effector complexes have recently attracted considerable interest for genome engineering applications due to their
compact size. Unlike other Class 2 effectors, Cas12f1 functions as a homodimer bound to a single ~200 nt RNA. While the basic biochemical
properties of Cas12f1, such as its use of a single catalytic center for catalysis, have been characterized, the orchestration of the different events
occurring during Cas12f1 reactions remained little explored. To gain insights into the dynamics and mechanisms involved in DNA recognition and
cleavage by Cas12f1 from Syntrophomonas palmitatica (SpCas12f1), we solved the structure of SpCas12f1 bound to target DNA and employed
single-molecule magnetic tweezers measurements in combination with ensemble kinetic measurements. Our data indicate that SpCas12f1
forms 18 bp R-loops, in which local contacts of the protein to the R-loop stabilize R-loop intermediates. DNA cleavage is catalyzed by a single
SpCas12f1 catalytic center, which first rapidly degrades a ~11 bp region on the nontarget strand by cutting at random sites. Subsequent target
strand cleavage is slower and requires at least a nick in the nontarget strand.
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Introduction

CRISPR-Cas systems, short for Clustered Regularly Inter-
spaced Short Palindromic Repeats—CRISPR-Associated sys-
tems, serve as defense mechanisms of prokaryotic organisms
against invading nucleic acids [1-3]. This protection is carried
out by Cas effector complexes, which use CRISPR RNA as
guides to selectively bind and cleave foreign DNA or RNA.
Class 2 CRISPR-Cas systems encode single multidomain effec-
tor proteins, such as Cas9 (type II) and Cas12 (type V), which
have been successfully repurposed for genome engineering ap-
plications [4-7].

CRISPR-Cas12 nucleases, which evolved from transposon-
associated TnpB nucleases, form a highly diverse family [8,
9], with protein sizes ranging from 400 (TnpB) to 1500
(Cas12a) amino acids (aa), and their RNAs ranging from 50
(Cas12a) to 200 (Cas12f1, Cas12l) nucleotides. The type V-
A Cas12a effectors are best understood with respect to struc-
ture, DNA recognition, and DNA cleavage mechanism and are
used for a broad range of genome-editing applications [10-
12]. Cas12f1 effector nucleases from the type V-F (formerly
type V-U3) CRISPR-Cas systems have recently attracted con-
siderable interest due to their compact size (400-600 aa) [13,
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14], which makes them compatible with adeno-associated vi-
ral delivery vectors, which have a limited packaging capacity
[15].

Similar to Casl12a, Cas12f1 recognizes double-stranded
DNA (dsDNA) containing a protospacer-dependent mo-
tif (PAM) and introduces a double-strand break using a RuvC
domain catalytic center [7, 14]. Atomic structures of Cas12f1
from an uncultured archaeon (UnCas12f1), Acidibacillus sul-
furoxidans (AsCas12f1), and Clostridium novyi (CnCas12f1)
surprisingly revealed that the active complex, in contrast to
the other Cas12 nucleases, is a protein dimer with a composi-
tion of (Cas12f1),(RNA);, where the subunit 1 recognizes the
PAM while subunit 2 stabilizes the formed R-loop and thus
takes over the function of the REC1 and REC2 domains of
Cas12a [16-19]. Furthermore, it has been demonstrated that
a single catalytic center of the RuvC.1 domain (RuvC domain
of the subunit 1) cleaves both the DNA target (TS) and the
nontarget (NTS) strands, with the RuvC.2 domain (RuvC do-
main of the subunit 2) being catalytically inactive [16, 17]. It
was additionally found that Cas12f, unlike other Cas12 nu-
cleases, cleaves the NTS at two rather than one position—at
~13 and ~24 nt from the PAM [15, 20]. The TS is cleaved at
~22 nt from the PAM, i.e. similarly to the second NTS cut in
the DNA duplex behind the R-loop [15, 20].

To date, a number of Cas12f1 variants have been success-
fully employed for genome editing [15, 18, 21-25]. However,
despite the considerable progress in Cas12f1 applications, im-
portant mechanistic details of R-loop formation, as well as
the dynamics and coordination of the three single-stranded
DNA (ssDNA) cuts by a single RuvC site, are still missing
[19, 18].

Since understanding the interplay of Cas12f1 structure and
dynamics is imperative for further improving its performance
as a genome editing tool, in this study we aimed to gain
new insights into the structural and molecular mechanism of
Cas12f1. To this end, we have solved the atomic structure
of SpCas12f1 from Synmtrophomonas palmitatica bound to
sgRNA and target DNA. The structure revealed the atomic
details of the PAM recognition as well as stabilization of the
18 nt R-loop and provided new insights for the design of
sgRNA truncations. To characterize the dynamics of the multi-
step DNA binding and cleavage by the SpCas12f1, we em-
ployed single-molecule magnetic tweezers experiments [26—
28] in combination with ensemble DNA cleavage measure-
ments [29]. In brief, we probed the length of untwisted DNA
during R-loop formation [30-32] for different spacer lengths
of the sgRNA, supporting a maximum R-loop length of 18
nt at which the R-loop is most stabilized, as well as R-loop
intermediates on the path to full R-loop formation. Further-
more, we resolved that initially the NTS is nicked at ~10 s
after R-loop formation and further rapidly trimmed such that
a defined ~12 bp fragment is excised. Subsequent TS cleav-
age requires at least a single nick in the NTS and occurs on
a minute time scale. Interestingly, TS cleavage is accompanied
by the trapping of the PAM distal end of the DNA duplex
(called clamping) by the Cas12f1 complex, although it is dis-
pensable for the actual cleavage step [31, 32].

Materials and methods

Purification of SpCas12f1

For SpCas12fl, dSpCas12fl (D228A), and SpCasl2fl-
PAMMut (N8SA, Q89A, and N92A) protein purifica-

tion, Escherichia coli Arctic Express (DE3) strain was
transformed with pMBP-SpCas12f1 (10.1038/s41467-021-
26469-4), pTK411 (produced from pMBP-SpCas12f1 by in-
troducing D228A mutation using Phusion Site Directed Mu-
tagenesis Kit (Thermo Fisher Scientific)), and pTK1460 (pro-
duced from pMBP-SpCas12f1 by introducing N88A, Q89A,
and N92A mutations), respectively. E. coli cells were grown
in LB broth supplemented with ampicillin (100 pg/ml) and
gentamicin (10 ug/ml) at 37°C. After reaching ODgo of
0.6-0.8, the temperature was reduced to 16°C. The pro-
tein expression was induced with 0.5 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG), and cells were cultured for ad-
ditional 16 h. Next, cells were pelleted by centrifugation, re-
suspended in 20 mM Tris—=HCI (pH 8.0 at 25°C), 1.5 M NaCl,
5mM 2-mercaptoethanol, 25 mM imidazole, 2 mM phenyl-
methylsulfonyl fluoride (PMSF) and 5% (v/v) glycerol buffer
and disrupted by sonication. After centrifugation, the super-
natant was loaded on Ni?*-charged HiTrap chelating HP col-
umn (GE Healthcare) and eluted with a linear gradient of
increasing imidazole concentration in 20 mM Tris-HCI (pH
8.0), 0.5M NaCl, and 5 mM 2-mercaptoethanol buffer. The
fractions containing SpCas12f1 were pooled and loaded on a
HiTrap heparin HP column (GE Healthcare). A linear gradi-
ent of increasing NaCl concentration was used for elution.
The fractions containing the protein were pooled, and the
10x His-MBP tag was cleaved by incubating overnight with
tobacco etch virus (TEV) protease at 4°C. The cleaved tag
and TEV protease were removed with HiTrap heparin HP 5
column (GE Healthcare) using a linear gradient of increasing
NaCl concentration. The collected fractions with SpCas12f1
were then dialyzed against 20 mM Tris—HCI (pH 8.0 at 25°C),
500 mM NaCl, 2 mM dithiothreitol (DTT), and 50% (v/v)
glycerol and stored at —20°C. Protein sequences are provided
in Supplementary Table S1, links to the plasmid sequences are
listed in Supplementary Table S2.

sgRNA synthesis

DNA templates for in vitro transcription were generated by
PCR using overlapping oligonucleotides or plasmids to add
the T7 promoter sequence. RNAs were iz vitro transcribed
using the TranscriptAid T7 High Yield Transcription Kit
(Thermo Fisher Scientific) and purified using the GeneJET
RNA Purification Kit (Thermo Fisher Scientific). Sequences of
sgRNAs used in this study are listed in Supplementary Table
S3.

Reconstitution of SpCas12f1-RNA complexes

To reconstitute SpCas12f1-sgRNA complexes, 1 uM Sp-
Cas12f1 was mixed with 1 uM sgRNA in assembly buffer
[10 mM Tris—-HCI, pH 7.5, 100 mM NaCl, 1 mM ethylenedi-
aminetetraacetic acid (EDTA), 1 mM DTT] and incubated for
30 min at 37°C.

Cryogenic-electron microscopy sample preparation
The SpCas12f1-sgRNA-DNA complex was reconstituted by
mixing SpCas12f1 and sgRNA with target DNA at a molar
ratio of 1:1:1. First, SpCas12f1 protein was combined with
sgRNA and incubated for 20 min on ice. Next, target DNA
was added into the mix and incubated for additional 15 min
on ice. Oligoduplex DNA was assembled by annealing target
sequence containing oligonucleotides (Supplementary Table
S4). The final reaction mixture contained 20 mM Tris—=HCI

Gz0z Jequiedag 9| uo Jasn Aysiaaiun sniujip Aq 2£08618/88S51eN0/E L/£G/8I01 e/ 1ReU/Ww0o0 dnoolwapede//:sdiy woly papeojumo(


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf588#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf588#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf588#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf588#supplementary-data

(pH 7.5 at 37°C), 230 mM NaCl, 10 mM MgCl,, 1 mM DTT,
and 1 mM EDTA. Finally, the sample (10 uM, 3 pl) was ap-
plied on a Quantifoil Cu 300 mesh R1.2/1.3 grid coated with
graphene oxide (GO) using a waiting time of 15s and a blot-
ting time of 5s under 95% humidity conditions at 4°C. GO
coating was performed as described by Bokori-Brown et al.
[33]. Briefly, GO dispersion (Merck) was diluted in ddH,O
to 0.2 mg/ml, spun down at 500 g for 60 s to remove ag-
gregates, and applied on the carbon side of a freshly glow-
discharged [50 mA, 1 min in a GloQube Plus device (Quo-
rum Technologies)] grid. After incubation for 1 min, the ex-
cess of GO was removed using blotting paper. The grid was
washed three times with ddH, O, dried, and subsequently used
for plunge-freezing into liquid ethane using Vitrobot Mark IV
device (FEI).

Cryogenic-electron microscopy data collection,
processing, model building, refinement, and
analysis

Cryogenic-electron microscopy (cryo-EM) data collection on
a Glacios microscope (Thermo Fisher Scientific) and process-
ing in CryoSPARC [34, 35] are described in detail in the Sup-
plementary data. An initial model for SpCas12f1 structure
was obtained using AlphaFold 3 [36]. It was fitted into the
cryo-EM maps using ChimeraX (v.1.7) [37]. Protein rebuild-
ing and manual building of DNA and sgRNA were performed
using Coot (v.0.9.8.1) [38]. Model refinement was performed
using phenix.real_space_refine (v. 1.21.2-5419) [39]; refine-
ment statistics are summarized in Supplementary Table SS5.
Structure overlays and generation of structural images were
performed using ChimeraX (v.1.7) [37]; protein interface sur-
faces were analyzed using the VoroContacts web server [40]
with a 5.0 A distance cut-off. The final model of the Sp-
Cas12f1:sgRNA:DNA ternary complex (PDB: 9i8y) covers aa
3-181, 187-329, 344-403, and 430-459 of the SpCas12f1
primary subunit; aa 5-144, 157-179, 189-218, 224-270,
292-329, 343-384, and 392-463 of the SCas12f1 secondary
subunit; ribonucleotides —169 to —135, —121 to —72, and
—9 to 18 of sgRNA; and deoxynucleotides —6 to 1 and —18
to 6 of the NTS and TS DNA strands, respectively.

DNA substrates for magnetic tweezers

The DNA substrate for magnetic tweezers was produced simi-
larly as previously published [31,41]. First, a single SpCas12f1
target site was cloned into the Smal site of plasmid pUC19
using a DNA duplex, which was hybridized from the oligonu-
cleotides SH_MT_SpCas12f NTS and SH_MT_SpCas12f TS
(Supplementary Table S4). Next, the plasmid was used to pro-
duce a 2.04 kbp PCR fragment using primers CRISPR-Spel-
For and CRISPR-NotI-Rev, by which a Spel or a Notl restric-
tion site was introduced at either fragment end. The product
was then purified using spin columns (Macherey-Nagel, PCR
kit). The fragment was then digested with Spel-HF and NotI-
HEF. Anchor fragments to flow cell and magnetic bead were
synthesized by PCR using Taq polymerase, plasmid pBlue-
script I SK, and primers pBlueFor and pBlueRev2 including
biotinylated or digoxigenin-modified deoxyuridine triphos-
phate (dUTP) in the reaction mixtures. After purification, the
modified fragments were cleaved at their centrally located Spel
(for biotin) and Notl (for digoxigenin) sites using the corre-
sponding enzymes. After purification, the three cleaved DNA
fragments were ligated overnight at 16°C using T4 ligase. The
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final construct was separated from side products using a 0.7%
agarose gel (7 V/cm for 150 min), and the corresponding
bands were cut out by avoiding exposure to UV radiation or
ethidium bromide [42].

Flow cells for magnetic tweezers experiments

Flow cells for the magnetic tweezers experiments were as-
sembled from two cover slides and a cut parafilm spacer to
form the final fluidic chamber. Before cell assembly, the bottom
cover slide was spin-coated with polystyrene. Three microme-
ter carboxylated polystyrene reference beads (Invitrogen) in 1
M NaCl were added and incubated for 1 h to ensure adherence
to the bottom. The fluidic cell was incubated with 50 pg/ml
anti-digoxigenin in phosphate-buffered saline for at least 1 h,
and afterwards for 1 h with 10 mg/ml bovine serum albumin
to prevent nonspecific binding to the bottom of the cell.

Magnetic tweezers experiments

Magnetic tweezers measurements were performed in a
custom-built microscope [28] equipped with a 100x objec-
tive (NA of 1.25, Olympus). The flow cell was mounted onto a
piezo-actuated nanopositioning stage (P-517.3CD, PI; Physik
Instrumente, Karlsruhe, Germany). The sample was illumi-
nated using an LED emitting at 625 nm (CR5111AWY; Roith-
ner Lasertechnik). Imaging was carried out with a TM1067
CL CCD camera (Pulnix) at 120 Hz. To generate the magnetic
field gradient for the magnetic tweezers experiments, two per-
manent NeFeB magnets (W-05-NS50-G; Supermagnete) were
mounted onto a motorized stage above the sample. DNA
molecules were bound to 1 pm magnetic beads (MyOne; In-
vitrogen) and flushed into the flow cell of the setup, allowing
the tethering of the digoxigenin-modified DNA end. After re-
moving unbound beads by flushing, unnicked DNA-tethered
beads were selected. Using fast imaging of the beads with the
camera and three-dimensional GPU-assisted real-time parti-
cle tracking [28], the length of the individual DNA molecules
was determined from the position of the DNA-tethered beads
with respect to an adsorbed reference bead. Forces were cali-
brated using bead fluctuations along the “long-pendulum” di-
rection and power-spectral-density analysis [43]. During ex-
periments, the force on the DNA molecules was set to 0.3-0.4
pN as indicated. Supercoiling of DNA was achieved by turn-
ing the magnets. Time trajectories of the DNA length were
recorded at 120 Hz and smoothed with a sliding average to
6 Hz for analysis. For measurements with SpCas12f, recon-
stituted SpCas12f-sgRNA was added in measurement buffer
(10 mM Tris=HCI, pH 7.5, 200 mM NaCl, 10 mM MgCl,,
1 mg/ml bovine serum albumine (BSA)) at a concentration
of 33 nM. After protein addition, DNA length changes were
monitored in real-time.

Denaturing polyacrylamide gel electrophoresis
experiments of dsDNA cleavage

For ensemble cleavage experiments, a TS and a corresponding
NTS of 62 nt length (see Supplementary Table S4 as well as
the cartoons next to the gel images for the particular fluores-
cent and phosphorothioate modifications) were hybridized at
a 1:1 ratio in annealing buffer (10 mM Tris-HCIl, pH 8,2 M
NaCl, 50 mM MgCl,, 1 mM EDTA) using a temperature ramp
that decreased from 95°C to 10°C within 1 h. One hundred
nanomolar preformed SpCas12f-sgRNA complex was then
mixed with 5 nM target DNA for 30 min at 46°C to allow
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prebinding in assembly buffer containing 10 mM Tris-HCI
(pH 7.5), 100 mM NaCl, 1 mM EDTA, and 1 mM DTT. Sub-
sequently, the reaction was initiated by the addition of 1 mM
MgCl,. The reaction was stopped at different time points by
the addition of 47.5% formamide and heating to 95°C for 15
min. Products were then put on ice until further use. Products
were analyzed using an 8.5 M urea polyacrylamide gel with
an acrylamide/bisacrylamide ratio of 29:1, which was run at
55°C. Gel imaging and product quantification were done us-
ing a ChemiDoc MP imaging system. To obtain cleavage rates,
we assumed a simple first-order reaction scheme with TS and
NTS cleavage occurring independently such that both are de-
scribed by single exponential decays. Weighted fitting of the
exponential decay was performed using a custom Python (ver-
sion 3.8.8) script utilizing the “curve_fit” of the SciPy package
[44]. Polyacrylamide gel electrophoresis (PAGE) experiments
were done in triplicates with errors of the cleavage rates and
efficiencies corresponding to SD.

HEK293T cell culturing, transfection, and genome
editing assay

HEK293T cells (ATCC CRL-3216) were cultivated at 37°C
and 5% CO; in Dulbecco’s Modified Eagle’s Medium (Gibco)
supplemented with 10% fetal bovine serum (FBS, Gibco),
penicillin (100 U/ml), and streptomycin (100 ug/ml). A day
before transfection, cells were seeded in a 96-well plate at a
density of 3.0 x 10* cells per well. After 24 h, cells were co-
transfected with 150 ng of SpCas12f1 protein and 50 ng of
sgRNA expression plasmids (Supplementary Table S2) using
0.5 ul of TurboFect transfection reagent (Thermo Fisher Sci-
entific). The cells were grown for 72 h at 37°C and 5% CO;
then washed with PBS (Thermo Fisher Scientific) and lysed
using 30 pul QuickExtract DNA extraction solution (LGC
Biosearch Technologies). Next, two rounds of PCR were per-
formed. First, to amplify DNA target sites, 1 ul of cell lysate
was used in 12-cycle PCR (primer sequences are provided in
Supplementary Table S4) in final a volume of 20 pl, using Hot
Start Phusion Polymerase (Thermo Fisher Scientific). Next, 1
ul of first-round PCR reaction mixture was used as a template
for second round PCR consisting of 18 cycles to index and add
P5 and P7 adapters required for Illumina sequencing. Ampli-
cons were pooled and purified from agarose gel using Gene-
JET Gel extraction kit (Thermo Fisher Scientific). DNA library
was quantified with Qubit 4 Fluorometer (Thermo Fisher Sci-
entific) and pair-end sequenced (2 x 75 bp) using MiniSeq
High Output Reagent Kit, 150 cycles (Illumina) on a MiniSeq
System (Illumina). Genome editing efficiency was evaluated
using CRISPResso2 [45]. Target sequences can be found in
Supplementary Table S6.

Statistics and reproducibility

Relevant statistical parameters (sample sizes, resolutions, sta-
tistical errors) are given at the relevant spots in the text.

Results

Overall structure of SpCas12f1 nuclease

To understand how the SpCas12f1 nuclease achieves PAM
recognition and RNA-guided target DNA cleavage, we de-
termined the structure of WT SpCas12f1:RNA:DNA ternary
complex using cryo-EM. The complex was assembled using
a 210 nt sgRNA, formed by fusing the 50 nt CRISPR RNA

(crRNA, comprising a 32 nt CRISPR-repeat part and an 18
nt spacer-derived guide) and the 156 nt trans-activating cr-
RNA (tracrRNA) andvia the 5’-GAAA tetranucleotide linker
[21], as well as target DNA mimicking a cleavage prod-
uct, which includes a 14 bp duplex region with a 5'-TTC-
3’ PAM sequence, an 18 nt TS, and a 5 nt NTS (Fig.
1A). In the 2.8 A cryo-EM map, we resolved two pro-
tein monomers (412/497 and 392/497 aa modeled), 113 nt
sgRNA, 7 bp of the PAM-containing DNA duplex, 1 nt of
the NTS, and 18 nt of the TS annealed to the guide-RNA
(Fig. 1B).

The SpCas12f1 protein monomer adopts a bi-lobed struc-
ture, characteristic of other Cas12/TnpB family proteins,
comprising an N-terminal recognition (Rec) and a C-terminal
nuclease (Nuc) lobe (Fig. 1A). The Rec lobe includes wedge
(WED) and REC domains, while the Nuc lobe contains a
RuvC domain with a two zinc finger (ZnF) domain insertion
(partially resolved in both subunits) and the third ZnF do-
main fused to the C-terminus (unresolved in both subunits,
Supplementary Fig. S1).

In comparison to ~400 aa TnpB, which comprises the min-
imal functional core of the Cas12 nuclease family [9], the
497 aa SpCas12f1 has several minor insertions in the REC,
WED, and RuvC domains, along with two extra ~30 aa ZnF
domains (Supplementary Fig. S1).

The overall architecture of the SpCas12f1 ternary complex
closely resembles the structures of AsCas12f1 [15, 18], Un-
Cas12f1[16,17],and CnCas12f1 [19], suggesting a conserved
DNA recognition and cleavage mechanism across the Cas12f1
protein family (Supplementary Fig. S2A). The two SpCas12f1
subunits assemble mainly through their REC domains (708
A2 out of 943 A2 the total interaction surface), forming a
symmetric dimerization surface from each subunit involving
helix o1 (aa 27-56) and the loop (aa 108-121) connecting
a3 helix and (2 strand (Supplementary Fig. S1). The REC.1-
REC.2 interaction surface comprises mostly polar residues
and includes multiple hydrogen (H) bonds (Supplementary
Fig. S3A). The relatively small and nonhydrophobic contact
area explains why SpCas12f1 protein in the absence of sgRNA
is a monomer in solution [21].

The “primary” SpCasl12fl subunit (SpCas12f1.1)
makes most of the interactions with both sgRNA (~3214 A2
contact area) and DNA (~1577 A2 contact area), including
all contacts with the PAM region of the DNA target and the
PAM-proximal end of TS-DNA:sgRNA heteroduplex (Fig.
1D). The “secondary” subunit SpCas12f1.2 mainly interacts
with the PAM-distal region of the DNA:RNA heteroduplex
(~1204 A2 contact area with sgRNA and ~474 A2 contact
area with DNA).

The overall symmetry of the SpCas12f1 protein homod-
imer is disrupted by the Nuc-lobe RuvC domains, which in the
two subunits adapt different orientations relative to their Rec-
lobes (Supplementary Fig. S3B). The RuvC domain of the pri-
mary subunit (RuvC.1) inserts its helical region (aa 250-300)
between the DNA:RNA heteroduplex, stems 1-2, and the
pseudoknot (PK), its distal region (aa 270-273) contacting the
RuvC domain of the secondary subunit (RuvC.2) at the struc-
ture’s core. In contrast, the RuvC domain of the secondary
subunit contacts sgRNA from the exterior side of the com-
plex, with its distal part (unresolved in the structure) pointing
away from the complex center (Supplementary Fig. S3B). The
SpCas12f1 catalytic centers are formed by the RuvC domain
residues D228, E327, and D434 (Fig. 1A and B). The lid motif
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Figure 1. Overall structure of SpCas12f1. (A) Schematic representation of SpCas12f1 domain organization, sgRNA, and target DNA. “PK" and "HTT
stem” designate the pseudoknot (PK) and head-to-toe stem, respectively. (B, C) Sharpened cryo-EM volume and atomic model of
SpCas12f1:sgRNA:DNA ternary complex. (D) Structure of the bound nucleic acids in the complex. (E) Schematic representation of the bound nucleic
acids and RNA/DNA-protein contacts in the ternary complex. Light colored regions of stem 5, HTT stem, linker region, and stem 2 mark unresolved
parts of the sgRNA. Rectangular shapes A-F mark sgRNA fragments altered in the truncated sgRNA variants. Structural elements in panels (B-E) are
colored as in panel (A). (F) Effect of sgRNA truncations on SpCas12f1 function. Top: design of the sgRNA variants. Gray/white rectangles designate the
presence/absence of an RNA fragment in the respective sgRNA variants. Asterisks “*" indicate an alternative 5-end of the redesigned sgRNA.
Schematic representations of the truncated sgRNA variants are provided in Supplementary Fig. S4. Center: effect of sgRNA truncations on cleavage of a
supercoiled target plasmid. Bottom: effect of sgRNA truncations on the genome editing activity of SpCas12f1.
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(Supplementary Fig. S1), which plays a key role in regulating
the activity of the RuvC catalytic centers (SpCas12f1 residues
330-344) [46], is poorly resolved in both subunits, likely due
to high mobility, suggesting that both catalytic centers are in
the “open” conformation.

RNA structure

Similar to other characterized Cas12f1 proteins, SpCas12f1 is
guided by a long ~200 nt sgRNA, which adopts a complex
3D structure anchored to the WED and RuvC domains of the
primary subunit, and RuvC domain of the secondary subunit
(Fig. 1C and D). The core part of the sgRNA structure con-
sists of stem 1 and the adjacent PK, while stem 2, stem 3, and
stem 4 side elements extend in different directions from the
core (Fig. 1D). Stem 5 is formed by annealing of repeat and
anti-repeat regions of sgRNA (parts of crRNA and tracrRNA,
respectively).

Moreover, the relative proximity of stem 5 and stem 1 in
the structure and observed complementarity in unresolved
sgRNA parts between sequences in stem 5 and 5'-terminus
of tracrRNA imply formation of an additional “head-to-toe”
stem that was predicted previously [24] (Fig. 1D). A compar-
ison of SpCas12f1 sgRNA structure to those of UnCas12f1,
AsCas12f1, and CnCas12f1 revealed conservation of the core
part of the structure, including stem 1, PK, stem 2, and the 3'-
terminal guide region forming the heteroduplex with TS DNA
(Supplementary Fig. S2B). These elements also align with the
structural core of reRNA of TnpB, the evolutionary predeces-
sor of Cas12f1 (Supplementary Fig. S2B). However, the posi-
tions of other structural elements are highly divergent, result-
ing in unique sets of interactions with the respective proteins.

To investigate whether unresolved and potentially flexible
sgRNA regions are essential for SpCas12f1 complex activ-
ity, we engineered a set of sgRNA variants containing trunca-
tions (or combinations of several truncations) in the predicted
“head-to-toe” stem, stem 35, and stem 2 elements (v1.1-1.11)
(Fig. 1E and F top panel and Supplementary Fig. S4A). Addi-
tionally, the “head-to-toe” stem was replaced with an equiv-
alent 5'-terminal stem (except v1.4) (Fig. 1F top panel and
Supplementary Fig. S4A). The SpCas12f1 complexes were as-
sembled with engineered sgRNAs and subjected to plasmid
DNA cleavage assays in vitro. The results revealed that all
tested variants, despite substantial sgRNA truncations or re-
design of the “head-to-toe” stem, retained significant plas-
mid DNA cleavage activity, suggesting that unresolved ele-
ments of sgRNA in the SpCas12f1 complex structure are not
critical for the nuclease function (Fig. 1F middle panel and
Supplementary Fig. S4B). However, the observed DNA cleav-
age efficiency was lower for most of the SpCas12f1 complexes
assembled with engineered sgRNAs except the stem 2 trunca-
tion (v1.4), indicating that “head-to-toe” and stem 5 regions
unresolved in the structure might enhance complex formation
and/or activity in vitro.

The guide RNA truncations are a commonly used strat-
egy to improve the performance of CRISPR-Cas12f1 nucle-
ases in genome editing applications [22, 24]; therefore we
tested the engineered sgRNAs in HEK293T cell genome edit-
ing assays. Comparison of indel generation frequencies that
indicate genomic DNA cleavage by the SpCas12f1 complex
revealed improved indel formation of up to two-fold for
sgRNA variants containing truncations of the “head-to-toe”
stem with redesigned 5'-termini and stem 5 (Fig. 1F bottom

panel and Supplementary Fig. S4C). These results are in agree-
ment with the previous study where truncations of sequences
corresponding to predicted “head-to-toe” stem and stem 35 el-
ements significantly improved the activity of SpCas12f1 [24].
Altogether, our findings provide a set of constraints for further
SpCas12f1 sgRNA optimization.

DNA-RNA heteroduplex formation and PAM
recognition

Separation of the TS and NTS DNA strands immediately
downstream of the PAM is facilitated by the REC domain
residues Y68 and Q89, which insert between the strands and
stabilize the last unseparated PAM DNA base pair (Fig. 2A
and B). SpCas12f1 forms multiple interactions with the phos-
phodiester backbone of the DNA-RNA heteroduplex, similar
to other Cas12f1 enzymes and the smaller TnpB nuclease (Fig.
2A). The key interaction regions include (i) the PAM-proximal
end of the heteroduplex, which is stabilized by the WED do-
main residues V5, A7, and P209 stacking against the first het-
eroduplex base pair; (ii) the PAM-proximal region, which is
enclosed between the REC and WED domains of the primary
subunit; (iii) the 7-9 bp region contacted by the REC/RuvC
domains of the primary and the REC/WED domains of the
secondary subunits; (iv) the 10-13 bp region contacted by the
RuvC domain of the primary subunit; and (v) the PAM-distal
region enclosed by the REC, WED, RuvC, and ZnF2 domains
of the secondary subunit (Fig. 2A). The maximum length of
the heteroduplex (18 bp) is defined by the end-stacking of Sp-
Cas12f1.2 RuvC domain residues 242-245 against the 18th
DNA:RNA base pair (Fig. 2A and C).

The 5'-TTC-3' PAM-containing region of the target dsSDNA
is accommodated between the REC and WED domains of the
primary subunit (Figs 1B and 2A). All six bases of the 5’-TTC-
3’ trinucleotide are read out through base-specific H-bond and
van der Waals (vdW) contacts (Fig. 2A and D).

The PAM recognition mechanism is partially conserved
across the characterized Cas12f1 proteins. For instance, the
two consecutive thymine bases (5’-NTTN-3’) at PAM po-
sitions —3 and —2 are read-out by the SpCasl12fl Y72
residue, equivalent to Y76 in AsCas12f1 and Y146 in Un-
Cas12f1, which interacts with the thymine 5-methyl groups
(Supplementary Fig. S3C).

Characterization of R-loop formation and stability
by SpCas12f1 for different spacer lengths

The obtained atomic structure suggests that SpCas12f1 ac-
commodates and stabilizes an R-loop of 18 nt length similarly
to AsCas12f1 [18] but in contrast to UnCas12f1, which ac-
commodates a 20 bp R-loop [17, 16]. To probe whether other
R-loop lengths are possible, we employed a previously estab-
lished magnetic tweezers assay based on DNA supercoiling
[31, 32]. For the type I Cascade and the type II Cas9 com-
plexes, it is well-established that R-loop formation is initiated
at the PAM at which base pairing between the protospacer
and the sgRNA is primed. Subsequently, the R-loop expands
in a 1 bp random-walk (forward-and-backward) fashion [47,
31, 48] (Fig. 3A). Once it extends over the entire sgRNA
spacer, the R-loop is stabilized by a conformational change
of the complex, which subsequently initiates the DNA cleav-
age. During R-loop formation the DNA becomes unwound.
This can be observed in magnetic tweezers experiments by
negatively supercoiling a DNA molecule at low force (0.3 pN)
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Figure 2. SpCas12f1 contacts to the DNA PAM region and the DNA:RNA heteroduplex. (A) Diagram showing protein contacts to the PAM, part of the
RNA PK and the DNA:RNA heteroduplex. (B) Recognition of the PAM-proximal heteroduplex end. (C) Recognition of the PAM-distal heteroduplex end.
(D) Cas12f1 protein contacts to the 5'-TTC-3' PAM sequence. Dotted lines in panels (B-D) designate H-bonds and van der Waals contacts.

such that its length becomes reduced due to writhe forma-
tion (Fig. 3B). DNA unwinding during R-loop formation ab-
sorbs a corresponding amount of the supercoiling, which is
seen as a sudden increase in length (Fig. 3B) being propor-
tional to the R-loop length [47]. We first investigated R-loop
formation by the nuclease-dead variant of SpCas12f1 using
an sgRNA with an 18 nt spacer. As expected, R-loop for-
mation at negative supercoiling by the effector complex was
seen as an upwards step of the DNA extension (see bottom
panel of Fig. 3B). This shifted the characteristic hat-like curve
for DNA twisting towards negative supercoiling (Fig. 3C, top
right, blue versus black curve). When turning from negative
towards positive supercoiling the shift of the supercoiling per-
sisted, indicating that the R-loop became stabilized since it re-
sisted the positive torsion [31, 32]. We next repeated the su-
percoiling assay for different spacer lengths (Fig. 3C), ranging
from 14 to 24 nt. We observed efficient R-loop formation at
negative supercoiling (100% of all attempts) for all spacers.
When challenging the R-loops with positive supercoiling, the
shift of the supercoiling predominantly persisted only for the
18 nt spacer. For other spacer lengths, no shift was observed
in most of the attempts, indicating that the formed R-loops
were often not stable. We further analyzed the shift of the su-
percoiling curve (Fig. 3D). For spacers of 14-18 nt, the DNA
untwisting increased from ~14 to ~18 nt, while it did not
increase further for the longer spacers. Calculating the frac-
tion of stable R-loops (Fig. 3E) revealed that ~90% of the
R-loops were stable for the 18 nt spacer, while no or barely
any stable R-loops were formed for 14 and 24 nt spacers,
respectively.

Altogether, this provides evidence that SpCas12f1 can ac-
commodate R-loops of up to 18 nt length, which also get most
stabilized. This agrees with the atomic structure and indicates
that the stacking of RuvC.2 residues 242-245 to the most
PAM-distal base pair significantly contributes to R-loop sta-
bility as well as DNA cleavage, which revealed a maximum
efficiency for 18 nt R-loops [21]. Evaluating the shift of the
supercoiling curve of stable R-loops for positive supercoiling
revealed shorter R-loops compared to the negative supercoil-
ing, e.g. ~12 bp for the 16 and 20 nt spacers. This indicates
that contacts to the R-loop at shorter distances from the PAM
are also important for stabilization.

SpCas12f1 binds target dsDNA in a multiple step
process

We next inspected more closely the R-loop formation trajec-
tories for nuclease-dead SpCas12f1 with the 18 nt spacer. Fol-
lowing the induction of negative supercoiling (Fig. 4A), the
protein complex typically required several minutes to fully un-
wind the DNA (Fig. 4B). Notably, during the unwinding pro-
cess, small excursions to a position corresponding to ~8 base
pairs were frequently observed, with a short lifetime of a few
seconds (Fig. 4B). These transient excursions probably repre-
sent intermediate states in the unwinding pathway, suggest-
ing dynamic and reversible interactions within the protein—
DNA complex. This agrees with the extensive contacts that
the RuvC.1 subunit makes with the TS in the region of —7 to
—10 nt (Fig. 2A). Comparing the width of the distributions of
the different untwisting states, we observed that the intermedi-
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Figure 3. Magnetic tweezers experiment to quantify the extent of R-loop formation by dCas12f1 on supercoiled DNA. (A) Scheme of the
SpCas12f1-sgRNA effector complex on a dsDNA target in the PAM-bound state (left), after R-loop formation (center), and upon DNA cleavage (right).
Shown are sgRNA, TS, NTS and the PAM. The nuclease domains are depicted as small Pac-Man symbols in orange (active domain) and gray (inactive
domain). The known DNA cutting sites are indicated by small arrows. (B) Representative time trace of a typical R-loop formation experiment by dCas12f1
(at 0.3 pN) with cartoons above illustrating the supercoiling state of the DNA and the R-loop formation in the magnetic tweezers. The experiment starts
with positively supercoiled DNA at reduced length due to writhing to prevent R-loop formation. To support R-loop formation, negative turns are applied
during which the DNA length initially elongates when reaching zero supercoiling and subsequently reduces when negative supercoiling is obtained.
R-loop formation is seen as a sudden increase in DNA length since it absorbs part of the negative supercoiling. Subsequently, positive supercoiling is
applied. (C) Representative DNA supercoiling curves (at 0.3 pN) measured for Cas12f1 with different spacer lengths of the sgRNA. After R-loop
formation, the supercoiling curve (colored curve) is shifted towards negative turns compared to the initial curve (black) due to the absorbed supercoils.

Unstable R-loops exhibit a shift only in the negative part of the curve, while for stable R-loops, both sides shift. For all spacer lengths, we see stable and
unstable R-loops, as illustrated for the 24 nt spacer, for which both cases are displayed. (D) Mean R-loop length as function of the spacer length obtained
from the shift of the negative (squares) and the positive (circles) site of the supercoiling curves. Error bars correspond to S.E.M. We analyzed 19, 23, 16,

17 and 14 events for spacer lengths of 14, 16, 18, 20, and 24 nt, respectively. (E) Fraction of stable R-loops as a function of the spacer length. Errors

represent the standard deviation of a binomial distribution o =

ate state exhibited a wider distribution (3.7 nt SD) compared
to the unbound and fully unwound states (3.2 and 3.3 nt SD),
respectively (see Fig. 4B, right). This widening supports a cer-
tain variability of the R-loop length in the intermediate state
in agreement with the rather extended region of the RuvC do-
main interaction with the TS backbone.

dsDNA cleavage is preceded by rapid cleavage of
one of the strands

We next explored DNA cleavage in our supercoiling experi-
ments by employing WT Cas12f1. After initiation of the ex-
periment by negatively supercoiling the DNA molecule, first
a small DNA length increase was observed, indicative of R-
loop formation (Fig. SA and B). The full R-loop state was only
short-lived and terminated by a sudden large length increase
to the extension of relaxed DNA, which indicates DNA nick-
ing upon which all supercoils are rapidly released [49] (Fig.
5B). For most molecules, nicking was followed by cleavage of
the second DNA strand after an extended period seen as dis-
appearance of the magnetic bead (Fig. 5B). Nicking occurred

p-(1—=p)/N.

7.4 £ 0.1 s after R-loop formation, while the second strand
cleavage required additional 213 4 9 s (Fig. 5C). These data
indicate that the cleavage of NTS and TS occurs on signifi-
cantly different time scales.

R-loop formation and the cleavage states may induce strong
structural distortions to the DNA, including an overall bend
that may change the length of stretched DNA molecules (see
“Discussion” section). This in turn would make the individ-
ual reaction steps force dependent. We thus probed DNA
cleavage at negative supercoiling but an elevated force of 3
pN, which yielded a greatly reduced cleavage efficiency and
an increased time of ~4000 s for the full cleavage reaction
(Supplementary Fig. SSA). Since at these forces writhe for-
mation is inhibited, we could not distinguish whether R-loop
formation or one of the DNA cleavage steps was predomi-
nantly affected by force. To reveal this, we reduced the force
for the uncleaved molecules at the end of the cleavage ex-
periment to 0.3 pN. For 38 4+ 17% of the molecules (8 in
total), R-loop formation followed by first and second strand
cleavage was observed (Supplementary Fig. S5B), suggesting
that R-loop formation is highly force sensitive, presumably
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Figure 4. Detection of intermediate R-loop states of dCas12f1. (A) Cartoon of the supercoiling experiment depicting the unbound state (top), a reversible
intermediate R-loop state (left), and the full R-loop state (right). (B) Time trace of the DNA length revealing reversible intermediate R-loops prior to full
R-loop formation using dCas12f1 with an 18 nt spacer measured at 0.3 pN and —7 turns. The recorded DNA length was smoothed with a sliding time
window of either 0.125 s (light colors) or 1 s Hz (dark colors). Histograms on the right were obtained from correspondingly colored sections of the time
trace. Solid lines represent Gaussian fits to the different states. Data were replicated in multiple traces across four different molecules.

due to the associated DNA bending. To probe whether DNA
cleavage was additionally affected by force, we carried out
R-loop formation experiments at 0.3 pN and —7 turns and
increased the force only after R-loop formation and DNA
nicking were observed. In this case, we found the mean sec-
ond strand cleavage time to be moderately increased to ~600
s (Supplementary Fig. S5C). This suggests that DNA bending
or looping upon second strand cleavage is less pronounced
compared to R-loop formation.

Previously, it had been shown that second strand cleavage
by the monomeric Cas12a is accompanied by clamping of the
PAM distal DNA end [12]. During clamping, the DNA be-
came again torsionally constrained, which can be attributed to
tight protein-DNA contacts on both the PAM-proximal and
the PAM-distal DNA. We therefore explored whether Cas12f1
also uses clamping during DNA cleavage. To this end, we
started to supercoil the DNA as soon as it became nicked
(Fig. 5D). In case of clamping, a strong DNA-length reduc-
tion would be expected due to writhe formation. Remarkably,
following nicking, part of the DNA molecules (46 + 14%,
for a total of 13 molecules) became supercoilable again,
indicative of clamping, albeit for shorter periods (Fig. SE).
Thus, Cas12f1 can bind tightly to the PAM-distal DNA. No-
tably, brief excursions into an intermediate state were also ob-
served during the supercoiling phase (see binding states mea-
surement in Fig. SE). When inspecting DNA cleavage occur-
ring during these experiments, we observed that cleavage did
not occur during clamping but rather in the torsionally relaxed
state of the DNA. This was independent of whether positive
or negative supercoiling was applied (Supplementary Fig. S6).
This indicates that the clamped state is not the state in which
the second strand gets cleaved in contrast to Cas12a.

SpCas12f1 cleaves NTS and TS in a sequential
manner

The single-molecule cleavage experiments revealed different
time scales for the cleavage of the first and the second strand.

To attribute whether the NTS at either of the two sites or the
TS gets cleaved first, we determined the dsDNA cleavage ki-
netics using fluorescently labeled DNA strands and analyzed
the reaction products with denaturing PAGE. Labeling the TS
at the PAM proximal end and the NTS at the PAM-distal end
revealed the expected TS cut at ~22 nt from the PAM and an
NTS cut at site 2 at ~24 nt from the PAM (Fig. 6A). When
labeling the NTS at both the PAM-proximal and the PAM-
distal end, one obtains fragments corresponding to cuts at site
1 at ~13 nt from the PAM and at site 2 at ~24 nt from the
PAM, respectively (Fig. 6B). Interestingly, for either label, one
obtains only the fragment of the closest cut position. Longer
intermediates from cutting at the more distal site are absent.
This indicates that cutting of both NTS sites occurs for our
time resolution practically instantaneously. The mean cleav-
age times in these experiments were 3.3 & 0.2 min for NTS
and 7.3 &+ 0.3 min for TS cutting (Supplementary Fig. S7).
Also, in the subsequent experiments, TS cutting appeared to
be delayed compared to NTS cutting, suggesting that the fast
nicking (~7 s) in the single-molecule experiments was due to
NTS cutting, while the slow second strand cleavage (~3 min)
was due to TS cutting. The NTS cutting appears to be much
slower in the ensemble experiments, since one does not re-
solve the preceding R-loop formation step, which is again in
the minute range (see earlier).

To further support a sequential NTS and TS cleav-
age mechanism, we investigated how blockage of the
individual cut sites affects the DNA cleavage using a
phosphorothioate-modified DNA backbone at these posi-
tions [11] (see Fig. 6C for the different substrates). Block-
ing NTS site 1, within error, did not affect the cleavage ef-
ficiency nor the cleavage position at NTS site 2 nor the TS
(Supplementary Fig. S8A). Using a PAM-proximal NTS label
surprisingly revealed that site 1 cleavage was not blocked but
rather shifted to 17 nt from the PAM, i.e. to the end of the
blocked region (Supplementary Fig. S8B). When further ex-
panding the block up to 21 nt from the PAM, the NTS cleav-
age position shifted accordingly, while TS cleavage was unaf-

Gz0z Jequiedag 9| uo Jasn Aysiaaiun sniujip Aq 2£08618/88S51eN0/E L/£G/8I01 e/ 1ReU/Ww0o0 dnoolwapede//:sdiy woly papeojumo(


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf588#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf588#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf588#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf588#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf588#supplementary-data

10 Madariaga-Marcos et al.

Abinding

0]

R-loop nicked cleaved

o4O OO OO0
cleavageﬁbT

2" cut
________ twist “nicking
N turns release (15 cut) ,
% untW|st|ng
B
. k :tN: tC

L nickin _
= 0.6 9\
=
£ 04 R -
5 0.4 OOD\
o
<02
a 5s

I
0.0

cC 1
c
i)
©
g
=)
£
£
g 011 E
g - = Nicking .

N = Cleavage -

i | | | |

0 100 200 300

Time [s]

D i + magnet rotations
i .
| “nicked
| DNA
: ___________ 4
: release
E
— 150
c
5
2 100
I
@ 50
c
(@]
©
= 0
clamped | i i i
06f Lo Lo
I 1 i
z nicking M ‘
3 I
£ 04 Rioop i i
g : :
—_— 1 1
= : i
a 02 : i
: :
Vh A
0.0 I (| NI
140 160 180
Time [s]

Figure 5. Following R-loop formation as well as first and second strand cleavage in single-molecule magnetic tweezers experiments. (A) Cartoon of the
different successive states and the associated DNA length increases starting with negatively supercoiled DNA in absence of an R-loop, which is
followed by R-loop formation, complete release of twist caused by DNA nicking (first strand cleavage), and subsequent bead loss due to second strand
cleavage by SpCas12f1. (B) Representative time trace of an R-loop formation-DNA cleavage experiment. Nicking occurs rather quickly after R-loop
formation with time ty, while second strand cleavage occurs considerably slower after time tc. (C) Survival plot of unnicked (black squares) and nicked
(blue squares) molecules as function of time providing single exponential decays for the nicking and cleavage. Mean values for ty and t. given in the plot
were obtained from exponential fits to the data. A total of 21 events were analyzed, which are shown as individual points in the plot. (D) Testing
clamping of the PAM-distal DNA end by Cas12f1 after first-strand cleavage using DNA supercoiling. After DNA nicking by Cas12f1, positive supercoiling
is applied, which is released via the nick. In the case of DNA clamping, the DNA length would suddenly start to decrease until the clamping is released.
(E) Time trace of a clamping experiment with periods of DNA clamping by Cas12f1 shown on a colored background. After DNA nicking, the application of
positive supercoiling does initially not change the length. Only if the nick is topologically trapped by the Cas12f1 the extension decreases again due to
DNA writhing. When leaving the DNA in the positively supercoiled state, the termination of this clamping is seen as a sudden DNA length increase.
Clamping can occur repeatedly. Clamping events were measured on four different DNA molecules, yielding one or more clamping events per molecule.

fected (Supplementary Fig. S8C). We next tested a block of
NTS site 2. Instead of blocking, we observed again a shift of
the cut site to ~17 nt from the PAM coinciding with the start
of the block (Supplementary Fig. S8D). Taken together, these
data suggest that the NTS can be cut at any position between
position 13 and 24 and that multiple and possibly random
cuts are made in order to excise this NTS region. This agrees
with a rather flexible conformation of the NTS such that dif-
ferent positions can pass the catalytic center. The observed
boundaries may therefore represent the steric constraints for
the NTS conformations.

To test whether NTS cleavage is a requirement for TS cleav-
age, we blocked the entire cut region of the NTS from po-
sition 8-28. This led to a strong attenuation of both NTS

cleavage and TS cleavage (Supplementary Fig. S9) and the
loss of a dedicated cleavage site in the NTS. The NTS phos-
phorothioate backbone was not fully resistant to cleavage by
Cas12f1, as frequently observed [50, 51]. In turn, this can
explain the residual TS cleavage. An additional bulge in the
blocked region allowing for an increased flexibility of the
NTS revealed a strongly attenuated NTS and TS cleavage
(Supplementary Fig. S9B). Using a substrate with a nick in the
long blocking region of the NTS restored, however, the full
TS cleavage efficiency (Supplementary Fig. S9C). Thus, NTS
cleavage tightly controls the TS cleavage (Fig. 6D), which pro-
vides evidence that TS cleavage requires a cut NTS, at least at
some position. Blocking the TS cut site did not affect the NTS
cleavage efficiency nor position (Supplementary Fig. S9D).
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Figure 6. Kinetics of TS and NTS cleavage by SpCas12f1 probed with denaturing PAGE. (A) (Top) Schematics of the DNA target with 3™-end fluorescent
labels on both strands. Detected cuts at the TS and site 2 of the NTS are shown by solid triangles, respectively. The expected position for an exclusive
NTS cleave at site 1 is marked with an open triangle. (Bottom) PAGE gel probing the kinetics of the strand cleavage by SpCas12f1:sgRNA (18 nt spacer).
The cleavage times are given on the top of each lane. M is a Cy3-labeled ssDNA size marker. Numbers on the right show the main detected cleavage
position on each strand with respect to the PAM as well as, in brackets, the length of the main product. (B) PAGE gel analysis of a DNA target with two
terminal labels of the NTS (see cartoon). The gel is labeled in analogy to A. Main site 1 and 2 cleavage positions are given on the right as well as triangles
in the cartoon. (C) Cartoons of the different target DNAs with 3’-end labels of TS and NTS employed in this study. Phosphorothioate modifications are
shown in pink. (D) Cut fractions of NTS and TS after 60 min for the different target DNAs. NTS and TS cleavage become only significantly inhibited once
both NTS cut sites are blocked by phosphorothioate modifications, while a nick can restore TS cleavage despite blockage of both NTS sites. Errors

represent the SD of triplicate measurements.
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Figure 7. Model for the sequential NTS and TS cleavage by Cas12f1. Upon
R-loop formation, the NTS is rather flexibly bound to the protein surface
and can easily enter the catalytic center (filled packman symbol), where it
gets cleavage at multiple positions, including the PAM distal DNA duplex.
This is due to a random repositioning of the flexible NTS as well as an
additional unwinding of the PAM-distal DNA duplex when binding to the
protein. After release of the cut fragments, the catalytic center becomes
accessible for the TS, for which the PAM distal DNA duplex loops back to
get cut. In this configuration, the duplex end may get clamped.
Subsequently, the PAM-distal DNA duplex dissociates from the protein.

Rather TS cutting was shifted to 27 nt from the PAM, i.e.
just behind the block region, and cleavage was highly efficient,
demonstrating that TS cutting can occur even further inside
the PAM-distal DNA duplex.

We repeated the cleavage experiments with blocks of the
NTS site 1 and/or site 2 using spacers of 14 and 16 nt
(Supplementary Figs S10 and S11). These experiments sup-
ported the results obtained with the 18 nt spacer. Generally,
the efficiency of NTS and TS cleavage decreased with decreas-
ing spacer length. As before, TS cleavage was only hampered
if the full NTS cleavage region was protected (Supplementary
Fig. S12).

Roles of RuvC.1 and RuvC.2 catalytic centers in
DNA cleavage

The open conformation of the RuvC catalytic centers in
both SpCas12f1 subunits prompted us to examine the po-
tential involvement of SpCas12f1.2 subunit catalytic center
in DNA cleavage (Supplementary Fig. S13A). We tested this
using a combination of two inactive SpCas12fl mutants:
RuvCM* (nuclease-dead mutant D228A) and PAMM (triple
mutant N88A + Q89A + N92A incapable of PAM recognition,
Supplementary Fig. S13B). We reasoned that if the RuvC.2 do-
main of the secondary subunit SpCas12f1.2 is indeed involved
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in DNA cleavage, the heterodimer of the inactive RuvCMut
and PAMMY mutants, where the RuvCM"® acts as the primary
subunit capable of PAM recognition and the PAMM" mu-
tant as the secondary subunit capable of catalysis, would re-
gain DNA cleavage activity (Supplementary Fig. S13B). How-
ever, the mixture of RuvCM" and PAMM"* mutants showed
no TS nor NTS DNA strand cleavage activity on DNA
substrates containing both the intact and pre-cleaved NTS
strands (Supplementary Fig. S13C), suggesting that both DNA
strands are instead cleaved by the RuvC domain of the pri-
mary SpCas12f1 subunit, as previously demonstrated for an-
other family member UnCas12f1 [16].

Discussion

In this study, we solved the structure of the WT Sp-
Cas12f1:RNA:DNA ternary complex and dissected the main
steps of its DNA cleavage mechanism. The overall structure
of the SpCas12f1 ternary complex was found to be similar to
other Cas12f1 effectors complexes such as AsCas12f1 [18],
UnCas12f1 [16,17],and CnCas12f1 [19]. The core part of the
sgRNA structure is also conserved between different Cas12f1
family members and reRNA of TnpB, the evolutionary an-
cestor of Cas12 nucleases. However, the additional structural
elements of the sgRNA deviate significantly between differ-
ent Cas12f1 enzymes, highlighting various complex-specific
adaptations. Importantly, some of the engineered SpCas12f1
complexes possessing truncated sgRNAs retained significant
cleavage activity in vitro and were effective in indel generation
in vivo, implying significant flexibility in the sgRNA structure
that supports site-specific DNA cleavage.

Interestingly, the DNA:RNA heteroduplex observed in the
SpCas12f1 structure had a length of 18 bp with the base pairs
at either end being stabilized by specific amino-acid residues
(Fig. 2B and C; Supplementary Fig. S14). The same heterodu-
plex length has been found in the structure of AsCas12f, while
UnCas12f1 possessed a 20 bp R-loop. DNA cleavage exper-
iments revealed that 18 nt RNA is required for the optimal
DNA cleavage by Cas12f1 [21] in agreement with the struc-
ture. By directly probing the lengths of formed R-loops us-
ing magnetic tweezers, we could show here that the heterodu-
plex length of 18 nt is not exceeded even when using longer
spacers and negative supercoiling (Fig. 3D). Furthermore, the
18 bp spacer supports the highest R-loop stability, suggesting
that for shorter spacers the protein contacts to the PAM-distal
heteroduplex end are perturbed, while for longer spacers the
unpaired RNA bases cause a steric clash with the surrounding
protein. During R-loop expansion, an intermediate is observed
that coincides with major contacts in the 7-9 bp region of the
RuvC domain of the primary subunit to the TS. In contrast to
the type I surveillance complex Cascade [48], the free energy
landscape of R-loop formation of SpCas12f1 is thus probably
not uniformly biased but rather exhibits a pronounced energy
minimum in the 7-9 bp region.

A pronounced difference to other Cas12 effectors is that
three rather than two cut sites were observed for Cas12f1 ef-
fectors, out of which two are on the NTS (at 13 and 24 nt
from the PAM for SpCas12f1) and one is on the TS (at 22 nt
for SpCas12f1) [23, 20]. A tempting hypothesis based on the
accessible catalytic centers observed in the structure on both
subunits was that they both carry out DNA cleavage, with
the SpCas12f1.1 and SpCas12f1.2 catalytic centers being re-
sponsible for the reactions on the NTS and the TS strands,

respectively. However, heterodimers of RuvCM" and PAMMvt
mutants were found to be non-active. This supports the us-
age of just a single catalytic center by Cas12f1 family pro-
teins, which is located in subunit 1 based on previous reports
[16, 17]. When inspecting the DNA cleavage more closely in
magnetic tweezers, we observed that the time scale for cleav-
ing the first strand is ~10 s, while it is ~100 s for the sec-
ond strand. This coincided with a faster NTS and a slower TS
cleavage in ensemble cleavage experiments. Further consider-
ing that blocking of cleavage throughout both NTS sites using
phosphorothioate backbone modifications strongly attenu-
ated TS cleavage and other controls, we could conclude a se-
quential strand cleavage mechanism, where NTS cutting is a
prerequisite for TS cutting. We suggest that the order of the
strand cleavage is sterically determined. The NTS is directly
guided into the catalytic center of subunit 1 and thus blocks
the access of the TS to the catalytic center until it becomes
cleaved. It would be highly interesting to resolve in real time
the engagement of the TS to the catalytic center and how the
presence of the NTS influences this process.

When blocking the cut sites separately with phosphoroth-
ioate modifications, we found a remarkable flexibility of the
cut positions, which were typically shifted to the closest un-
modified base pair. TS cutting could be shifted this way from
22 nt to 27 nt. NTS cutting could be flexibly distributed be-
tween 13 and 24 nt (observed e.g. at 17 and 21 nt). We think
that this is due to the cutting of the NTS at random posi-
tions due to a high flexibility of the NTS, which allows to
place it at different positions into the catalytic center (Fig.
7). Presumably, the PAM-distal DNA duplex exits the com-
plex in the cleft formed by the RuvC domain of subunit 1
and the ZnF1/ZnF2 domains of subunit 2, leading to an over-
all kinking of the DNA upon complex binding and a bulging
of the NTS (Fig. 7). Such a kinking is supported by the ob-
served inhibition of complex binding under elevated force
(Supplementary Fig. SSA). The kinking may also support cut-
ting of the NTS into the DNA duplex up to 24 nt.

One NTS and the TS cut occur in the PAM-distal DNA du-
plex end. This process still remains somewhat enigmatic. A
very recent study on AsCas12f1, which also suggested a se-
quential strand cleavage mechanism, found that at reduced
Mg?* concentrations, NTS cutting starts rapidly at position 16
on the unwound NTS and then proceeds significantly slower
into the duplex end [20]. Based on single-molecule FRET
measurements, the authors concluded an exonuclease activ-
ity that unwinds and degrades the PAM-distal duplex end.
It is probably difficult to clearly distinguish between a uni-
directional exonuclease activity and an endonuclease activ-
ity occurring close to the NTS end. Using phosphorothioate
protected strands, we demonstrated here that the NTS in the
DNA duplex does not have to be unwound/degraded until 24
nt to obtain TS cleavage (Supplementary Fig. S8D) and that
the TS can become cut at 27 nt despite an NTS cutting of
only 24 nt (Supplementary Fig. S9D). This suggests that the
RuvC catalytic center can act on duplex DNA to cut the TS.
During this process the duplex gets probably transiently un-
wound [20], as also seen for other ssDNA-binding proteins
[52]. The interactions of the catalytic center with the NTS
of the DNA duplex may cause the observed clamping events
(Fig. SE) since in this case the PAM distal duplex would be-
come torsionally coupled to Cas12f1. For TS cleavage, we hy-
pothesize that the TS is looping back to allow its correct ori-
entation in the catalytic center (Fig. 7). Such a rather large
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conformational repositioning of the DNA end should be as-
sociated with a strong force dependence, which is only par-
tially seen (Supplementary Fig. S5C). Potentially, conforma-
tional changes of the protein support the TS cleavage.

In summary, our study establishes a detailed and highly con-
sistent link between structure and mechanism of Cas12f1 ef-
fector complexes and sheds light on the complex cutting mech-
anism of the NTS. To improve the overall editing rates of
Cas12f1-based genome editing, we think that engineering ef-
forts focused on optimizing the initial NTS engagement would
be highly interesting. Furthermore, the observed staggered
cleavage pattern may leverage a facilitated targeted insertion
of exogenous DNA fragments into specific genomic sites.
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