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The CRISPR-associated endonuclease Cas9 derived from prokaryotes is used
as a genome editing, which targets specific genomic loci by single guide RNAs
(sgRNAs). The eukaryotes, the target of genome editing, store their genome
DNA in chromatin, in which the nucleosome is a basic unit. Despite previous
structural analyses focusing on Cas9 cleaving free DNA, structural insights into
Cas9 targeting of DNA within nucleosomes are limited, leading to uncertainties
in understanding how Cas9 operates in the eukaryotic genome. In the present
study, we perform native-polyacrylamide gel electrophoresis (PAGE) analyses
and find that Cas9 targets the linker DNA and the entry-exit DNA region of the
nucleosome but not the DNA tightly wrapped around the histone octamer. We
further determine cryo-electron microscopy (cryo-EM) structure of the Cas9-
sgRNA-nucleosome ternary complex that targets linker DNA in nucleosomes.
The structure suggests interactions between Cas9 and nucleosomes at multi-
ple sites. Mutants that reduce the interaction between nucleosomal DNA and
Cas9 improve nucleosomal DNA cleavage activity in vitro, although inhibition
by the interaction between Cas9 and nucleosomes is limited in vivo. These
findings will contribute to the development of novel genome editing tools in
chromatin.

CRISPR-Cas9 (clustered regularly interspaced short palindromic eukaryotic cells, and is widely used as versatile genome-

repeats and CRISPR associated) systems in bacteria provide adaptive
immunity against foreign nucleic acids'. Cas9 associates with either
dual RNA guides (CRISPR RNA [crRNA] and a trans-activating crRNA
[tracrRNA]) or a combined single guide RNA (sgRNA). These RNA
modules direct Cas9 to target specific DNA sequences, facilitating the
cleavage of double-stranded DNA. The target DNA is complementary
to an approximately 20 nt guide segment in the guide RNA and is
flanked by a protospacer adjacent motif (PAM). Cas9 from Strepto-
coccus pyogenes especially exhibits robust nuclease activities in

engineering tool’.

CRISPR-Cas9 systems are derived from bacteria with genomes
typically composed of supercoiled circular DNA with nucleoid-
associated proteins’. In contrast, eukaryotes, the targets of genome
editing, store genome DNA in chromatin, in which the primary struc-
ture is the nucleosome®’. The nucleosome contains four histone pro-
teins, H2A, H2B, H3, and H4, which form a histone octamer that is
wrapped by 145 - 147 bp DNA®. In the nucleosome, the DNA directly
interacting with histones (core DNA) extends linker DNAs, which are
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histone-free DNA regions next to both sides of the nucleosomal
DNA ends.

Various structural analyses have sought to clarify the DNA clea-
vage mechanism of Cas9, but all have focused on how Cas9 cleaves
free DNA’"%. However, due to a lack of structural insights into Cas9
targeting DNA in nucleosomes, the principles governing Cas9 target-
ing the eukaryotic genome remain unclear. In addition, nucleosomes
reportedly suppress Cas9 DNA cleavage both in vitro and in vivo™™,
indicating that many genomic DNA sites escape Cas9 targeting. This
problem has largely limited the applications of Cas9 for eukaryotic
genome editing, which has not been resolved due to the lack of
structural information about Cas9 and nucleosome interactions.

In the present study, we found from native-polyacrylamide gel
electrophoresis (PAGE) analyses that Cas9 targets the linker DNA and
the nucleosome DNA end region and differences in the efficiency of
Cas9-mediated cleavage of nucleosomal DNA between the DNA entry
and exit sites. We also determined cryo-electron microscopy (cryo-
EM) structure of the Cas9-sgRNA-nucleosome ternary complex that
targets linker DNA in nucleosomes. The structure suggested inter-
actions between Cas9 and nucleosomes at multiple sites. Mutants
that reduce the interaction between nucleosomal DNA and Cas9
improved nucleosomal DNA cleavage activity in vitro, although
inhibition by the interaction between Cas9 and nucleosomes was
limited in vivo.

Results

Cas9 targets nucleosomal DNA end regions

To elucidate where Cas9 binds and cleaves the DNA in the nucleosome,
we performed a native-PAGE analysis (Fig. 1a).

The reconstituted nucleosome contained Cy3-labeled histone H4
and 6 FAM end-labeled DNA consisting of a Widom 601 positioning
sequence'® for core nucleosomal DNA (histone-DNA contacting
region) with 25 base pairs of linker DNA (histone-free DNA region) on
both sides (Fig. 1a, b). The wild-type (WT) Cas9 recognizes NGG
sequences to cleave DNA, limiting the number of targetable DNA
regions on the nucleosome DNA sequence. To overcome this limita-
tion, we utilized the SpCas9-NG that recognizes the NG PAM
sequence”, enabling the targeting of 28 sites (PAM1-PAM28) in each
superhelical locations (SHLs) in the nucleosome core particle and lin-
ker DNA regions (Fig. 1b and Supplementary Fig. 1a).

The native-PAGE analysis showed that Cas9 cleaved the linker
DNA (at PAM1 and PAM28) (Fig. 1c, d), consistent with the previous
studies'?°. In addition, DNA cleavage by Cas9 at SHL + 6 (PAM27) was
observed in the core DNA region (Fig. 1d). By contrast, DNA binding
and cleavage by Cas9 were not observed at SHLO-SHLz*5
(PAM2-PAM14 and PAM19-PAM26) (Fig. 1c, d, e, f). A previous study
reported that the DNA region around SHL + 6 to SHL + 7 transiently
unwrapped from the histone surface (DNA unwrapping)”, while the
histone-DNA contact is stable at SHLO-SHL +5”. Therefore, DNA
unwrapping may enable Cas9 to bind and cleave the region from
SHL + 6 to the linker DNA, whereas stronger histone and DNA inter-
actions may prevent Cas9 from even binding at SHLO-SHL +35.

Despite the nucleosome’s symmetrical structure with SHLO as the
central axis, the native-PAGE analysis also showed that the efficiency of
nucleosome DNA cleavage by Cas9 significantly differs between the
DNA entry/exit sites (Fig. 1c, d). Specifically, the DNA cleavage activity
was lower for PAML (at DNA entry side) compared to PAM28 (at DNA
exit side), and the DNA cleavage observed at SHL + 6 (PAM27) was not
observed at SHL-6 (PAM18) (Fig. 1c, d and Supplementary Fig. 1a).
Previous studies reported that the Widomé601 sequence has more
flexibility on the DNA exit side across the dyad than on the DNA entry
side, depending on the internal base sequence of the core DNA%%,
Thus, flexibility differences at the DNA entry/exit sites, probably
caused by the base sequences of the core DNA, may impact Cas9’s DNA
cleavage activity.

There was no cleavage at PAM14 and PAM17 although they are in
SHL7, where nucleosome unwrapping occurs. Based on the super-
imposed model of Cas9 and nucleosome (Supplementary Fig. 1b, c),
the position of Cas9 may make the capability of nucleosome DNA
cleavage. In Supplementary Fig. 1b, Cas9 seemed to physically collide
with the histone core, occluding access to PAM14 and PAM17. Addi-
tionally, SHLS5 is the region where the interaction between histone and
DNA is strong, causing Cas9 not to pull away for DNA cleavage.

Cryo-EM analysis for Cas9-sgRNA-nucleosome complex target-
ing linker DNA

Unexpectedly, we observed ternary complex formation of Cas9,
sgRNA, and nucleosome in PAM1 (Fig. 1e). The 6-FAM fluorescence on
the 5" end of the DNA was absent, indicating that the ternary complex
probably represented a post-DNA cleavage state (Supplementary
Fig. 3). In PAM28, the formation of the ternary complex formation was
not observed, which was presumably due to Cas9 departing from the
nucleosome after cleaving the nucleosome DNA (Supplementary
Fig. 3). Therefore, the formation of the ternary complex in PAMI is
anticipated to be due to the presence of an unknown interaction
between the nucleosome and Cas9.

To investigate how Cas9 targets nucleosomes to form the com-
plex, we performed a cryo-EM analysis of the Cas9-sgRNA-nucleosome
complex targeting the PAMI site. We used wild-type Cas9, instead of
SpCas9-NG, for this cryo-EM analysis because of the higher recon-
stitution efficiency of the complex. During the data processing, we
observed fluctuations in the proximity of Cas9 to the nucleosome
(Supplementary Fig. 4 and Supplementary Table 1). We determined the
structure of the Cas9-sgRNA-nucleosome complex in a state where
Cas9 contacts the core DNA, which we refer to as the “DNA attached
state” (Fig. 2).

In the present structure, the HNH and REC2 domains were mostly
disordered, resembling the post-DNA cleavage state (Fig. 2a, c and
Supplementary Fig. 5a, b), as previously reported'®*. Furthermore, no
densities of the non-target DNA strand and the phosphate backbone in
the target DNA strand at the cleavage site near the bridge helix were
observed, indicating the double-strand cleavage of nucleosomal DNA
by Cas9 (Supplementary Fig. 5c, d). Therefore, these findings indicated
that the complex was in a post-DNA cleavage state, consistent with the
results of biochemical experiments (Supplementary Fig. 3).

Within the complex, approximately 15 base pairs of the nucleo-
some DNA were peeled off from the histone core exposing the
N-terminal a-helix in H3 to the solvent (Supplementary Fig. 6a, b). The
length of the detached DNA corresponded to the length of DNA that
dissociates from the histone core during nucleosome DNA unwrap-
ping. Therefore, Cas9 may bind to the nucleosome upon DNA
unwrapping, and maintain the DNA detachment from histones, pre-
venting the DNA from rewrapping around histones. Alternatively, Cas9
binding may induce the nucleosome DNA unwrapping around the
entry-exit site. This binding mode, which maintains the DNA dis-
sociation histones, bears similarity to the binding mode observed in
previously reported complex structures of endogenous nucleosome-
binding proteins, such as RNA polymerase, and nucleosomes” (Sup-
plementary Fig. 6c).

To our knowledge, there have been no previous reports of bac-
terial proteins binding to nucleosomes in such a manner that partially
alters the nucleosome structure. This observation leads us to speculate
that this binding mode may be one of the reasons why Cas9 is func-
tional in eukaryotic cells.

Interactions between PI domain in Cas9 and nucleosome
The Cas9-sgRNA-nucleosome structure suggested several interactions
between the Pl domain in Cas9 and nucleosome (Fig. 3).

A weak EM density was observed in the space between Cas9 and
the nucleosome, which appears to be an H2A histone-tail (Fig. 3a).
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Although, we could not identify which residues of the histone tail
interact with Cas9 due to the poor density, the histone tail is positively
charged, while the Cas9 Pl region likely interacting with the histone tail
exposes acidic residues (Supplementary Fig. 7), suggesting that the
histone tail and Cas9 electrostatically interact. To examine the effects
of the histone tail on the binding and DNA cleavage efficiency of Cas9,
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we performed native-PAGE analyses using tail-less nucleosomes, in
which the histone tails were removed. Unexpectedly, there were no
significant changes in the binding affinity or DNA cleavage activity of
WT Cas9 against tail-less nucleosomes compared to canonical
nucleosomes (Fig. 3b, c). These results suggested that the interaction
between the histone tail and the PI domain occurs after complex
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Fig. 1| Native-PAGE analysis to elucidate Cas9 targets in the nucleosome.

a Schematic of the experimental setup for in vitro binding and cleavage assays. The
sgRNA that recognizes each target site was incubated with Cy5-labeled SpCas9-NG
mutant that recognizes the NG PAM sequence. Mononucleosomes contained Cy3-
labeled histone H4 and 5’ -end-labeled DNA with 6 FAM were then added to Cas9-
sgRNA ribonucleoproteins. The 5’ -end-labeled DNA is colored light purple, and the
non-labeled DNA is colored dark purple. Histones H2A, H2B, H3, and H4 are colored
yellow, light red, light blue, and light green, respectively. The figure was created by
UCSF Chimera X referred Apo-SpCas9 (PDB ID: 4CMP), SpCas9-sgRNA binary

complex (PDB ID: 4ZT0), Nucleosome (3LZ0). b Schematic of the nucleosome DNA
containing the Widom 601 sequence. The location of the histone core is indicated
by the light gray oval. The location of PAMs within the double-stranded sequence
are indicated with arrows, pointing in the 5’ to 3’ orientation of the NG sequence.

The dark red and the dark blue arrows show the NG sequences on the solvent and
histone sides, respectively. 6 FAM is attached to the 5’ end of the left side of the
DNA. ¢ and d In vitro nucleosome DNA cleavage activities of the SpCas9-NG for
each PAM sequence. The reaction products were resolved, visualized with an
Amersham Imager 680 (Cytiva). Data are mean + s.d. (n = 3). The experiments were
repeated three times with similar results. Source data is provided as a Source data
file. e and f Native-PAGE gels showing the results of a binding assay targeting the
indicated PAMs. The experiments were repeated three times with similar results.
Data for representative gels are shown in this figure. The native-PAGE gels were
imaged in merged three-color channels: 6-FAM on the nucleosome DNA end (blue),
Cy3 on histone H4 (green) and Cy5 on Cas9 (red). The results of PAM1 to PAM15 and
PAM16 to PAM28 are shown in e and f, respectively.
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Fig. 2 | Cryo-EM structure of Cas9-sgRNA-nucleosome complex targeting
linker DNA. a The domain organization of S. pyogenes Cas9. Residues 178 to 297
and 766 to 924 were not included in the final model. b Cryo-EM density maps of the
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Cas9-sgRNA-nucleosome complex in DNA attached state. ¢ Overall structure of the
Cas9-sgRNA-nucleosome complex in DNA attached state.

formation and does not play a role in Cas9’s recognition of the target
sequence within the nucleosome.

The loop between the two B-sheets (18-$19) of the Pl domain,
referred to as the Pl edge in this study, were suggested to interact with

the DNA near the DNA entry site (Fig. 3d). The Pl edge contains
numerous lysine residues, which were implemented to recognize the
phosphate backbone of DNA (Fig. 3d). To investigate the impact of the
Pl edge on the stability of the complex and Cas9’s DNA cleavage
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Fig. 3 | Suggested interactions between Cas9 and nucleosome. a Close-up view
of the suggested Cas9-histone tail interacting regions. The cryo-EM density
enclosed by a dashed oval indicates the EM density of the histone tail. b In vitro
binding activities of the wild-type Cas9 for canonical nucleosomes and tail-less
nucleosomes. The nucleosome was incubated with the Cas9-sgRNA complex at
37 °C for 10 min. The CyS5 fluorescence of Cas9 in reaction products were visualized
by Native-PAGE analysis with an Amersham Imager 680 (Cytiva), and quantified by
Image). Data are mean = s.d. (n=3). The experiments were repeated three times
with similar results. ¢ In vitro nucleosome DNA cleavage activities of the wild-type
Cas9 for canonical nucleosomes and tail-less nucleosomes. The nucleosome was
incubated with the Cas9-sgRNA complex at 37 °C for 10 min. The EtBr stained
reaction products were visualized by Native-PAGE analysis with an Amersham
Imager 680 (Cytiva), and quantified by Image). Data are mean * s.d. (n=3). The

K1153E/K1155E
K1153E/K1156E
K1153E/K1155E =
K1153E/K1156E

experiments were repeated three times with similar results. (d) Close-up view of the
suggested interacting regions of the Pl edge and nucleosomal DNA. The lysine (K)
residues that potentially contact the DNA are highlighted. e In vitro binding
activities of the wild-type Cas9 and Cas9 mutants to reduce interaction between PI
edge and nucleosome DNA entry. The Cy3 fluorescence of nucleosomes in reaction
products were visualized by Native-PAGE analysis with an Amersham Imager 680
(Cytiva), and quantified by ImageJ. Data are mean + s.d. (n =3). The experiments
were repeated three times with similar results. f In vitro nucleosome DNA cleavage
activities of the wild-type Cas9 and Cas9 mutants to reduce interaction between PI
edge and nucleosome DNA entry. The 6-FAM fluorescence of nucleosomes in
reaction products were visualized by Native-PAGE analysis with an Amersham
Imager 680 (Cytiva), and quantified by Image)J. Data are mean + s.d. (n=3). The
experiments were repeated three times with similar results.

activity, mutations were introduced at K1151, K1153, K1155, and K1156.
Native-PAGE results showed a reduction in complex formation for the
mutants (Fig. 3e), suggesting that these lysine residues are crucial for
the stability of the Cas9-sgRNA-nucleosome complex obtained in this
study. In contrast, there were no significant differences in DNA clea-
vage efficiencies between the WT and mutants (Fig. 3f). After DNA
cleavage, Cas9 reportedly moves away from the DNA, including the
PAM?*. Therefore, while Cas9 would generally dissociate after clea-
vage, Cas9 entanglement in the nucleosome through the Pl edge may
lead to continuous complex formation even after DNA cleavage.

Nonspecific interactions between Cas9 and core DNA affects
DNA cleavage efficiency in vitro and in vivo

Two loops, bridging helices 49 and 50 and helices 51 and 52 in the PI
domain, were suggested to associate with the phosphate backbone of

the core DNA (Fig. 4a). Mutations were introduced into five basic
residues (H1264, K1296, H1297, R1298, and K1300) in these loops. We
then explored their effects on the binding affinity and DNA cleavage
activity towards the nucleosome at PAM1 using native-PAGE analyses
(Fig. 4b, c). Interestingly, mutants incorporating H1264, R1298, and
K1300 exhibited increases in nucleosome binding and DNA cleavage
activities (Fig. 4b, c). Given that Cas9-sgRNA-nucleosome complex
formed in PAM1 was in post-DNA cleaved state, it is plausible that
binding and cleavage activities increase simultaneously. These results
suggested that the cleavage of nucleosomal DNA may be hindered by
non-specific interactions between Cas9 and core DNA in vitro, even in
the regions where Cas9 can cleave DNA.

In the proximal CRISPR (proxy-CRISPR) method, the binding of
catalytically inactive Cas9 to proximal regions reportedly induces
changes in the chromatin structure of the target locus, thus enhancing
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Fig. 4 | Cas9-core DNA interaction affect nucleosome DNA cleavage efficiency
in vitro. a Close-up view of the suggested interactions between the Pl domain and
nucleosomal core DNA. The lysine (K), arginine (R) and histidine (H) residues that
potentially contact the DNA are highlighted. b In vitro binding activities of wild-
type Cas9 and Cas9 mutants reducing interaction between Cas9 and core DNA for
nucleosomes. The nucleosome was incubated with the Cas9-sgRNA complex at
37 °C for 10 min. The Cy3 fluorescence of nucleosomes in the reaction product was
visualized by Native-PAGE analysis, and quantified by Image]J. Data are mean + s.d.
(n=3 biologically independent samples). The experiments were repeated three
times with similar results. ¢ In vitro nucleosome DNA cleavage activities of wild-type
Cas9 and mutants reducing interaction between Cas9 and core DNA. The nucleo-
some was incubated with the Cas9-sgRNA complex at 37 °C for 30 min. The 6-FAM

fluorescence of nucleosomes in the reaction product was visualized by Native-PAGE
analysis, and quantified by Image). Data are mean + s.d. (n =3 biologically inde-
pendent samples). The experiments were repeated three times with similar results.
t tests, * P<0.05, * P<0.01. d Schematic of the experimental setup for in vitro
binding and cleavage assays. e In vivo mutation efficiencies at three target sites
(SPL7, SPL17 and GAPDH) in transgenic rice calli of the wild-type Cas9 and Cas9
mutants reducing interaction between Cas9 and core DNA for nucleosomes. Dots
indicate the mutation frequency for each independent calli. Bars indicate the
average mutation frequency. Error bars indicate the standard error (SE). (The
number of calli used for each WT, H1264D/R1298Q, H1264E/R1298Q and H1264A/
R1298Q was SPL17; n=14,17,17,17: SPL17; n=15,17,17,17: GAPDH; n=15,17,17,17).

the genome editing efficiency of another nuclease-active Cas9%.
Therefore, we conducted mutagenesis in the rice callus by targeting
regions where the proxy-CRISPR method enhanced mutation efficacy,
as they are presumed to bear chromatin and nucleosome structures
(Fig. 4d). Some Cas9 mutants that reduced interaction between the PI
domain and core DNA induced mutations at efficiencies similar to
those of WT Cas9 (Fig. 4e, Supplementary Fig. 8). In Supplementary
Fig. 8, mutation induction efficiency was little higher in Cas9 mutants
than that of WT Cas9. It was surprising that the mutants designed to
target a specific position within linker DNA exhibited slight but
detectable activity even in vivo. Factors contributing to the limited
improvement in genome editing activity in vivo compared to in vitro
results may include the non-static nature of nucleosome positioning
due to as the cell cycle, as well as the potential limitation of the
designed mutant in a more dynamic in vivo environment, which

contrasts with the controlled conditions in vitro. Therefore, although
the Cas9 mutants have a constrained efficacy in the more dynamic
conditions present in vivo, these results indicated that the interaction
between the Pl domain and core DNA may negatively influence gen-
ome editing efficiency in vivo.

Discussion

In this study, our native-PAGE analysis showed that Cas9 can target
nucleosome DNA end regions, linker DNA and SHL + 6 regions. The
native-PAGE analysis also revealed significant differences in the effi-
ciency of Cas9-mediated cleavage of nucleosomal DNA between the
DNA entry and exit sites. It is hypothesized that these differences are
attributable to the varying flexibility of the nucleosomal DNA between
the entry and exit sites” %, which in turn may affect Cas9 accessibility.
Thus, flexibility differences at the DNA entry/exit sites, probably
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caused by the base sequences of the core DNA, may impact Cas9’s DNA
cleavage activity. Additionally, since the flexibility of the DNA near the
ends of the nucleosomal DNA affected the cleavage efficiency of linker
DNA, it is possible that even if target sites are set to avoid nucleosome
positions, the sequence and flexibility of the DNA within nearby
nucleosomes could control Cas9 access and thereby influence genome
editing activity. Future research is expected to elucidate these factors.

We further determined the structure of the Cas9-sgRNA-
nucleosome complex in a post-cleaved state. The structure revealed
several non-specific interactions between Cas9 and the nucleosome.
The native-PAGE analysis for Cas9 mutants suggested that the inter-
action between the Pl domain and core DNA may especially hinder
Cas9 DNA cleavage in vitro. We also found a modest increase in gen-
ome editing efficiency in vivo, though the efficiency was limited
compared to our in vitro data.

Based on these observations, we here propose the following
mechanism for the nucleosome-mediated inhibition of DNA cleavage
by Cas9 occurred locally (Fig. 5). The inhibition occurs in two stages.
First, Cas9 is restricted from accessing the target sequence in
nucleosomes by the low flexibility of the DNA end regions. In living
organisms, the flexibility of the nucleosome DNA end, which is regu-
lated by the internal sequence of the nucleosomal DNA and post-
translational modifications (PTMs), controls the interactions of
nucleosome-binding factors®**". Thus, the DNA accessibility of Cas9
may also be regulated by the nucleosome DNA end flexibility. Second,
even if Cas9 overcomes the restriction and binds to the target
sequence, non-specific interactions with nucleosomal DNA reduce the
motions of Cas9 needed for DNA cleavage, thus decreasing the DNA
cleavage efficiency. The specific manner by which the non-specific
interactions hinder Cas9 and the inhibited entity are presently unclear.
However, given that the Pl domain is involved in PAM sequence
recognition, it is possible that the interaction of the PI domain may
influence PAM recognition.

Considering the in vivo results, we speculate that the proposed
model above has a limited impact on the in living organism. This study
focused on the one-to-one interactions between Cas9 and nucleo-
somes, but the actual chromatin structure in vivo is far more complex.
Nevertheless, we anticipate that further research into these mechan-
isms and the insights gained will lead to the development of
novel tools.

Diverse types of Cas effectors, each exhibiting significant varia-
tions in their structures and properties, have been discovered®. The
mechanisms of nucleosome access and DNA cleavage activities are

3\ Cas9-sgRNA RNP

,\ Blocks Cas9 access

Low flexible DNA

Cas9 can access
and cleave DNA

High flexible DNA
=

N

Nucleosome

Fig. 5 | Mechanism of nucleosome-mediated prevention of DNA cleavage by
Cas9 in local area. In the first step, Cas9 is restricted from accessing the target
sequence by the flexibility of the DNA end regions. Subsequently, even if Cas9
overcomes the restriction and binds to the target sequence, non-specific

also anticipated to diverge among these Cas effectors. The experi-
mental series conducted in this study, ranging from the exploration of
binding and DNA cleavage sites on nucleosomes to structural analysis,
can be applied to other Cas effectors. This approach may clarify the
interplay between various Cas effectors and nucleosomes, leading to
the development of novel genome editing tools. This study offers a
new perspective on the development of genome editing tools by
highlighting the interaction between Cas proteins and chromatin
structures.

Methods
Expression and purification of proteins
The genes encoding full-length S. pyogenes Cas9 (residues 1-1368) and
S. pyogenes Cas9 mutant R1335V/G1288R/T1337R/L1111R/A1322R/
E1219F/D1135V (NG SpCas9)"” were separately cloned into a pET28
vector with an N-terminal hexa-histidine (His6) tag. The WT SpCas9
and SpCas9 mutant were expressed at 20 °C in Escherichia coli Rosetta
2 (DE3) (Novagen), and purified by chromatography on Ni-NTA
Superflow resin (QIAGEN). The eluted protein was incubated over-
night at 4 °C with TEV protease to remove the Hiss-tag, and further
purified by chromatography on Ni-NTA, Hitrap SP HP (GE Healthcare)
and HiLoad Superdex 200 16/60 (GE Healthcare) columns in buffer
consisting of 20 mM Tris-HCI (pH 8.0) with 150 mM NaCl.
Recombinant histone proteins were prepared as recombinant
proteins”. For the preparation of fluorescent labeled nucleosomes,
E63 in H4 was substituted with Cysteine. Histone proteins H2A, H2B,
H3, and H4 were expressed as His6-tagged proteins in E. coli cells, and
then purified by Ni-NTA column chromatography (Qiagen) under
denaturing condition. After Hisé6 tag cleavage by thrombin protease
(Wako), the resulting histone proteins were further purified by MonoS
cation exchange column chromatography (GE Healthcare). The pur-
ified histone proteins were lyophilized and stored at 4 °C.

Preparation of fluorescent DNA and proteins
Cas9 was mixed with a three-fold molar excess of Cy5-NHS-ester
(Lumiprobe), and further incubated at 4 °C for 2 h. Subsequently, Cy5-
labeled Cas9 was purified by HiLoad Superdex 200 16/60 (GE Health-
care) columns in buffer (20 mM Tris-HCI (pH 8.0), 150 mM NacCl)
(Supplementary Fig. 2).

For the preparation of an histone octamer containing fluorescent
H4, E63C in H4 was labeled with Cy3-maleimide (Lumiprobe). After
labeling, H2A, H2B, H3, and H4 were mixed under denaturing condi-
tions. The mixture was dialyzed against high-salt buffer, and the

Non-specific interaction
between Cas9 and DNA

Cas9 successfully cleaves DNA

interactions with the core DNA reduces helicase activity of Cas9 leading to the
decrease of DNA cleavage efficiency. The figure was created by UCSF Chimera X
referred SpCas9-sgRNA binary complex (PDB ID: 4ZT0) and structure obtained in
this study.
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octamer was reconstituted and purified by Superdex 200 gel filtration
chromatography.

For the preparation of DNA fragment containing 6-FAM, a 193 bp
DNA containing the Widom 601 sequence was PCR-amplified using a
primer labeled with 6-FAM at the 5’ end synthesized by FASMAC. The
product was then phenol-chloroform extracted, ethanol precipitated,
and purified by non-denaturing PAGE.

Nucleosome reconstitution

The 193 bp Widom 601 DNA'® without 6-FAM was prepared by ampli-
fication of the plasmid containing the 193 bp DNA fragment in E. coli
cells and extracted by EcoRV*., The nucleosome was reconstituted by
the salt dialysis method, and purified by non-denaturing electrophor-
esis using a Prep Cell apparatus (Bio-Rad) (all other experiments)”’. The
purified nucleosomes were dialyzed in 20 mM Tris-Cl buffer (pH7.5)
containing 1mM DTT and 5 % glycerol. The resulting nucleosomes
were flash-frozen in liquid nitrogen and stored at -80 °C.

Single-guide RNA (sgRNA) preparation

With respect to the location of PAM sequences in the nucleosomal
DNA, we designed sgRNA sequences to target PAM sequences present
on at least one histone side and one solvent side at each super helix
location (SHL) in the nucleosome (Fig. 1b and Supplementary Fig. 1a).
The 100-nt sgRNA was transcribed in vitro with T7 polymerase using a
DNA template purchased from Eurofins Genomics, and was purified by
10% denaturing polyacrylamide gel electrophoresis. The sequences of
sgRNAs used in this study are listed in Supplementary Table. 1.

Native-PAGE analyses

Nucleosome, sgRNA, and Cas9 (WT/NG/Mutants) binding assays for
the gel shift assays in this study were all conducted in the same man-
ner. First, the complete Cas9-sgRNA ribonucleoprotein complex was
formed by incubating a two-fold molar excess of the chosen sgRNA
with Cas9 at room temperature for 5 min. Next, 0.5 uM DNA substrate
(either naked DNA or nucleosome) was mixed with Cas9 and sgRNA
(molar ratio, 1:3:6) in buffer containing 10 mM Tris-HCI pH 8.0, 15 mM
NaCl, 5 mM MgCl,, and 1 mM DTT. For the detection of Cas9-mediated
DNA cleavage, the Cas9-sgRNA ribonucleoprotein (RNP) incubated
with nucleosomes was deproteinized by Proteinase K treatment at
37°C for 30 min. Products were separated on a native 5% poly-
acrylamide gel with 0.5x TBE as the running buffer. Cy3, Cy5 and 6 FAM
fluorescence signals were scanned by using the Amersham Typhoon
scanner (Cytiva) before gels were stained with ethidium bromide.

Preparation of the Cas9-sgRNA-nucleosome complex for
cryo-EM

We utilized WT SpCas9 instead of the SpCas9-NG mutant for cryo-EM
analysis because of the higher complex reconstruction efficiency. For
the preparation of SpCas9-sgRNA-nucleosome complexes crosslinked
for single particle analysis, the SpCas9-sgRNA-nucleosome binding
reaction was performed by mixing nucleosome (0.5pM), SpCas9
(2 M), and sgRNA (2 pM) in 2 mL of reaction solution (18 mM Tris-Cl
(pH 7.5), 30 mM NaCl, 1.2mM DTT, 5mM MgCl, and 1% glycerol) at
37 °C for 30 min. To stabilize and purify the Cas9-sgRNA-nucleosome
complex, the reaction mixture was fractionated by the GraFix
method®. Gradient solutions were prepared using low sucrose con-
centration solution (10 mM HEPES-NaOH (pH 7.5), 20 mM NaCl, 1 mM
DTT, and 5% sucrose) and high sucrose concentration solution (10 mM
HEPES-NaOH (pH 7.5), 20 mM NaCl, 1mM DTT, 20 % sucrose, and 1 %
glutaraldehyde [diluted from glutaraldehyde solution, Electron
Microscopy Sciences, 16220]). Half of the reaction mixture was loaded
on the top of the gradient solution. The sample was centrifuged at
125,000 x g at 4 °C for 16 h using a Beckman SW41 rotor. After cen-
trifugation, 750 pL fractions were taken from the top of the gradient,
and the fractions were analyzed by Native-PAGE. The Cas9-sgRNA-

nucleosome complex sample was dialyzed in a buffer containing
20 mM HEPES-NaOH (pH 7.5) and 1 mM DTT. The resulting samples
were concentrated using Amicon Ultra 30K filters (Merck Millipore).
The DNA concentrations of the Cas9-sgRNA-nucleosome complexes
plunge frozen for cryo-EM was 367.7 pug/mL.

Electron microscopy and data collection
The purified complex solution was applied to freshly glow-discharged
Cu/Rh 200 mesh R1.2/1.3 grids (Quantifoil), in a Vitrobot Mark IV (FEI)
at 16 °C with a blotting time of 4 s under 100% humidity conditions.
The cryo-EM data were collected using a Titan Krios G3i micro-
scope (Thermo Fisher Scientific), running at 300 kV and equipped with
a Gatan Quantum-LS Energy Filter (GIF) and a Gatan K3 Summit direct
electron detector in the electron counting mode. Each movie was
recorded at a nominal magnification of 81,000 X, corresponding to a
calibrated pixel size of 1.05 A (The University of Tokyo, Japan) at the
electron exposure of 11.59 e/pix/sec for 5.656 s, resulting in an accu-
mulated exposure of 54.5 e/ A%, The data were automatically acquired
by the image shift method using the SerialEM software®, with a defo-
cus range of 1.0 to 2.5 mm, and 7875 movies were acquired. The dose-
fractionated movies were subjected to beam-induced motion correc-
tion and dose-weighting, using the MotionCor2*® algorithm imple-
mented in RELION-3.1¥, and the contrast transfer function (CTF)
parameters were estimated using CTFFIND4,

Electron microscopy data processing

All cryo-EM data processing steps were conducted using the cryoS-
PARC v3.2.0. software package® (Supplementary Fig. 5). From the
motion-corrected and dose-weighted micrographs, 4,459,962 parti-
cles were automatically picked using Blob Picker in cryoSPARC. The
particles were subjected to several rounds of reference-free 2D clas-
sifications, followed by cryoSPARC Ab-Initio Reconstruction to curate
particle sets. The 1,087,299 particles were further curated by cryoS-
PARC Heterogenous Refinement (N=3), using the map derived from
the cryoSPARC Ab-Initio Reconstruction as the template. The selected
305,595 particles were further subjected to 3D variability analysis*.
The resulting maps with different conformations were refined using
non-uniform refinement”, yielding maps at resolutions of 4.56 A,
according to the FSC criterion of 0.143*’. The local resolution was
estimated with BlocRes in cryoSPARC. Cryo-EM data collection,
refinement, and validation statistics are available in Supplementary
Table 3.

Model building

Rigid docking was performed in COOT* using the crystal structures of
the Cas9-sgRNA-target DNA complex (PDB code 4UN3) and the
nucleosome (PDB code 3LZ0).

Figure preparation

Figures were prepared using UCSF ChimeraX**, CueMol (http://www.
cuemol.org). To quantify the binding ratio and DNA cleavage effi-
ciency, we used ImageJ and GraphPad Prism. Both binding ratio and
DNA cleavage efficiency were estimated. To quantify the binding ratio
of Cas9 to nucleosomes and the efficiency of nucleosomal DNA clea-
vage, we quantified the bands in Native-PAGE using ImageJ. We quan-
tified the fluorescence of Cy3 in H4 in the gel for the binding ratio, and
6-FAM at the 5-end of nucleosomal DNA for the DNA cleavage effi-
ciency. However, since it was difficult to label tail-less nucleosomes
with fluorescence, we quantified the fluorescence of Cy5 in Cas9 for
the binding rate and the band of EtBr-stained DNA for the DNA clea-
vage efficiency. The quantified data was imaged by GraphPad Prism.
The binding ratio was calculated as the ratio of the intensity of the
band indicating the complex to the sum of the intensity of the bands
indicating the complex and the nucleosome. For calculating DNA
cleavage efficiency, the difference between the intensity of the band
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nucleosomes were loaded and the band Cas9 added was divided by the
intensity of the band only nucleosomes loaded.

Transformation of CRISPR/Cas9 vector into rice callus

Binary vectors containing three sgRNAs, rice codon-optimized
SpCas9-WT or -H1264A/R1298Q, H1264D/R1298Q, HI1264E/R1298Q,
and hygromycin phosphotransfease (HPT) expression cassettes
(Fig. 4d and Supplementary Table 2) were transformed into scutellum-
derived calli or rice (Oryza sativa L. cv. Nipponbare) by
Agrobacterium®. Briefly, 11 to 14-day-old cultured rice primary calli
were infected with Agrobacterium [strain EHA105*]. After 3 days of co-
cultivation, the calli were transferred to callus induction medium
containing 50 mg/l hygromycin B (Wako Pure Chemicals) and 25 mg/I
meropenem (Wako Pure Chemicals). All the hygromycin resistant
secondary calli that emerged from the single primary callus were
pooled together and extracted DNA for sequencing analysis*’.

Amplicon sequence analysis

The first PCR was conducted with the primer sets listed in Supple-
mentary Table 2. PCR products were purified using Agencourt AMPure
XP beads (Beckman Coulter, CA, USA) and used as templates for a 2nd
round of PCR to attach sequence adapters (IDT for lllumina DNA/RNA
UD indexes, lllumina, CA, USA) for amplicon-sequencing libraries. The
second round PCR products were purified using Agencourt AMPure XP
beads. The fragment sizes were checked by agarose gel electrophor-
esis, and the concentration were measured using a Qubit 2.0 Fluo-
rometer and a Qubit dsDNA HS Assay Kits (ThermoFisher Scientific).
The sequencing libraries were subjected to paired-end sequencing on
a Miseq sequencer (Illumina). Amplicon sequence results were ana-
lyzed using CRISPResso02 (http://crispresso2.pinellolab.org)*.

Statistical analysis

Data are presented as means + s.d. The alpha level was 0.05 or 0.01.
Statistical analyses were performed in GraphPad Prism, using t tests as
indicated.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The atomic models have been deposited in the PDB under the acces-
sion codes 8YNY. The cryo-EM density map has been deposited in the
Electron Microscopy Data Bank under the accession codes EMD-
39431. Source data are provided with this paper.
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