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Thebacterial CRISPR-Cas9 (Cas9) nuclease has become a powerful genome
manipulation tool for awide range of organisms'>. However, it has yet to fully
leverage the pervasive presence of DNA methylation in genomes*°. Here, to fill this
gap, wereport biochemical, structural and human genome-editing characterizations
of amethylation-sensitive Cas9 (ThermoCas9). ThermoCas9 efficiently binds to and

cleaves DNA upstream of its protospacer adjacent motif (PAM) 5’-NNNNCGA-3’ or
5’-NNNNCCA-3’in vitro. Methylation of the fifth cytosine in either PAM sequence
(*™CpG or>™CpC), however, significantly inhibits ThermoCas9 activity. Cryo-electron
microscopy structures of ThermoCas9 in pre-cleavage and post-cleavage states at

2.8 Aand 2.2 A resolution, respectively, reveal the molecular basis for the stringent
requirement of the unmethylated cytosine in PAM binding and provide guidance

for further enzyme engineering. We demonstrate methylation-sensitive editing

by ThermoCas9 in human cell lines with distinct DNA methylation landscapes.
Moreover, we demonstrate that a catalytically enhanced ThermoCas9 efficiently
targets luminal expression signature genes that are consistently hypomethylated

in patients with breast cancer. Owing toits sensitivity to DNA methylation, ThermoCas9
canspecifically target cells with disease-related hypomethylation, which adds another
layer of precision to genome-editing technologies.

Directed by acomplementary guide RNA (gRNA), Cas9 proteins catalyse
the cleavage of double-stranded DNA (dsDNA)" ® and this activity has
been shown to be largely insensitive to DNA methylation**, Cytosine
methylation (°™C) and its dynamic counterpart, demethylation, are
hallmarks of gene regulation in animals and plants, having pivotal
roles in cell differentiation, transposon silencing, ageing, pathogen-
esis of various diseases and development of therapeutics*™°. To fully
harness the power of epigenetic information in genome editing and
beyond, the discovery of a *"C-sensitive Cas9 would substantially
extend the reach of Cas9-based tools, including but not limited to
site-specific gene editing, base editing, transcription regulation,
prime editing and virus eradication’® in a methylation-sensitive
manner.

Comprehensive analysis of human cell-type methylomes display
well-conserved and cell-type-specific DNA methylation patterns in
healthy cells*. Comparison of the methylation patterns in healthy
cellswiththose in diseased or ageing cells unveil disease-specific and
location-specific biomarkers for potential diagnosis and therapeutic
applications*". Many cancer types, for instance, arise froma combina-
tion of specific genetic mutations and epigenetic alterations®%, As a

result, methylation profiling has emerged as a powerful tool for disease
detection and post-treatment monitoring?® 22, Amethylation-sensitive
Cas9 would serve as a simple enzyme-based tool that can both map
epigenetic changes and support highly precise gene-editing appli-
cations. Although Cas9 has been engineered for site-specific meth-
ylation or demethylation in cells through fusion with epigenetic
modifiers**?*, which has demonstrated the power of epigenome
regulation, these approaches are distinct from methylation-sensitive
genome manipulation. Cytosine methylation-sensitive Cas9 sys-
tems would allow for the direct response to methylation changes
in cells.

We previously characterized two typell-C Cas9 proteins, Acidother-
mus cellulolyticus (AceCas9) and Geobacillus thermodenitrificans T12
Cas9 (ThermoCas9), that are both controlled by cytosine-containing
PAM sequences®*. We have previously shown that AceCas9 is sensitive
to°™C followed by another cytosine ("CpC) in its PAM*. However, how
ThermoCas9 responds to cytosine methylation inits 5-NNNNCNR-3’
(R=purine) PAM*, especially in its human cell-editing applications?,
remains unknown. Whereas *"CpC has increasingly been shown to occur
inhumanstem and brain cells?® *° and on the mitochondrial genome®,
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alarge majority of cytosine methylation occurs on the CpG sequence
as ™CpG***, Therefore, a Cas9 sensitive to *"CpG would enable much
broader epigenetic applications. Here we report and characterize
the sensitivity of ThermoCas9 to *"CpG and *"CpC both in vitro and
in human cells. We determined cryo-electron microscopy (cryo-EM)
structures of ThermoCas9 bound to DNA substrates in two distinct
functional states, revealing the molecular basis for sensing DNA meth-
ylation. More importantly, we demonstrate a proof of concept for Ther-
moCas9in performing genome editingin a DNA methylation-sensitive
manner. Delivery of an engineered ThermoCas9 ribonucleoprotein
(RNP) with enhanced catalytic activity into a breast cancer cell line
(MCF-7) and the non-tumorigenic breast epithelial cell line (MCF-10A)
enabled specific and efficient targeting of loci consistently hypometh-
ylated in patients with breast cancer.

ThermocCas9 discriminates against *"CpC and>"CpG
sequences

We have previously shown that ThermoCas9 exhibits a broad PAM
specificity, with only the fifth position strictly requiring a C-G pair
while downstream purines further enhance the activity (optimal
PAM, 5’-NNNNCNA-3’ at 37-55 °C and 5"-NNNNCCAA-3" at 30 °C)*.
To test whether ThermoCas9 is sensitive to methylation of the cyto-
sine on the fifth position in its PAM, we programmed a single-guide
RNA (sgRNA) to target a 23-base pair (bp) DNA sequence adjacent
to either a CpC-containing (5-NNGGCCA-3’) or a CpG-containing
PAM (5-NNNNCGA-3’) in vitro. We introduced methylation on (1) the
5-NNGGCCA-3' PAM by the Haelll methyltransferase (recognition site
5’-GGCC-3’) to 5’-"NNGG ™CCA3%’, and (2) the 5-NNNNCGA-3’ PAM by
the M.Sssl methyltransferase (recognition site 5-CG-3’) to 5-NNNN-
SMCGA-3’. Although ThermoCas9 cleaved both unmethylated DNA
substrates efficiently, it had substantially diminished activity against
the DNA associated with either PAM sequence containing >™C (Fig. 1a
and Extended DataFig. 1a; for gel source data, see Supplementary Fig.1).
To distinguish the effect of *"C on the non-target strand from that on
the target strand, we used synthetic oligo DNA duplexes containing
strand-specific methylation, which revealed that ThermoCas9 is more
sensitive to methylation on the non-target strand than on the target
strand. Methylation on both strands caused the strongest inhibition
(Fig. 1b and Extended Data Fig. 1b; for gel source data, see Supple-
mentary Fig. 2). In contrast to the methylation of the PAM cytosine,
methylation of cytosines within the protospacer, including fourin the
seed region, had no notable effect on ThermoCas9 activity (Fig.1band
Extended Data Fig. 1b; for gel source data, see Supplementary Fig. 2),
underscoring the high specificity of PAM methylation in inhibiting
ThermoCas9.

We next examined which functional steps of ThermoCas9 are inhib-
ited by DNA methylation. We introduced DNA duplexes assembled
fromeither methylated or unmethylated synthetic oligos into cleavage
reactions to compete withunmethylated plasmid substrates (Fig.1cand
Extended DataFig. 1c; for gel source data, see Supplementary Fig. 1c).
Although unmethylated DNA duplexes inhibited plasmid cleavage effi-
ciently, methylated DNA duplexes failed to inhibit the reaction even at
a100-fold molar excess (Fig. 1cand Extended Data Fig. 1c; for gel source
data, see Supplementary Fig. 1c). Consistent with the strand-specific
methylation sensitivity observed for the oligo cleavage assay (Fig. 1b;
for gel source data, see Supplementary Fig. 2), the DNA oligos contain-
ing methylation either on the non-target strand alone or onboth strands
had the weakest competition (Fig. 1c and Extended DataFig. 1c; for gel
source data, see Supplementary Fig. 2). Moreover, a gel mobility shift
assay showed reduced binding of the methylated DNA substrates to
ThermoCas9 (Fig. 1d; for gel source data, see Supplementary Fig. 2).
These results suggest that, in contrast to AceCas9, which is inhibited
at steps after DNA binding®, ThermoCas?9 is inhibited at the step of
DNA binding.
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Structural basis for activation of ThermoCas9

To elucidate the molecular basis of the sensitivity of ThermoCas9 to
DNA methylation and its effect on catalytic efficiency, we determined
cryo-EM structures of active ThermoCas9 bound to DNA substrates
containing either a 5’-NNNNCCAA-3’ PAM or a 5’-NNNNCGAA-3’ PAM
(Extended Data Table 1 and Extended Data Figs. 2-4). We also assem-
bled active ThermoCas9 with the same DNA substrate containing a
5"-NNNN°"CCAA-3’ PAM (Extended DataFig. 5). The unmethylated DNA
with the 5-NNNNCCAA-3’ PAM-assembled complex resulted in three
reconstructed structures corresponding to three functional states:
the post-cleavage state at 2.2 A resolution, the pre-cleavage state at
2.8 Aresolutionand atarget DNA strand-only state at 2.5 A (Figs. 2a-g,
Extended Data Table1and Extended Data Figs. 2-4). Consistent witha
weaker interaction of ThermoCas9 with dsDNA containing amethylated
PAM, attempts to obtain such a complex resulted predominantly in
assemblies bound to only the single target DNA strand, despite a high
molar excess of dsDNA over protein (Extended DataFig. 5). As this state
closely resembles the same complex obtained from the unmethylated
DNAsamples, it does not offer additional insights and was not pursued
further. The unmethylated DNA containing the 5-NNNNCGAA-3' PAM
resultedinareduced number of assembled particles and asingle recon-
structed structure mimicking the post-cleavage state at 2.6 A resolu-
tion (Extended Data Table 1 and Extended Data Fig. 5). We describe
moststructural features below based on the higher-quality structures
obtained with the DNA containing the 5-NNNNCCAA-3’ PAM.

The overall architecture of ThermoCas9 resembles that of other
Cas9 nucleases, with the typical nucleic acid recognition (REC) and the
nuclease (NUC) lobes (Fig. 2a). Of the available Cas9 structures, Ther-
moCas9inits pre-cleavage state most closely resembles another type
1I-C (Extended Data Fig. 6a), the Cas9 of Geobacillus stearothermophilus
(GeoCas9; Protein Data Bank (PDB) 8UZA; root mean square devia-
tion of 1.25 A for 845 Ca atoms)*, with which it shares approximately
88% amino acid sequence identity. Its post-cleavage-state structure
has less similarity to the Cas9 of Neisseria meningitidis (NmelCas9;
PDB 6JDV; root mean square deviation of 1.62 A for 787 Ca atoms)*
(Extended DataFig. 6b), withwhich it shares approximately 39% amino
acid sequence identity and identical size (1,082 amino acids). The
trans-activating CRISPR RNA of both ThermoCas9 and GeoCas9 fold
similarly in the 3’ terminal region (Extended Data Fig. 4b). Residues
89-105 and 128-132 form a stable pseudoknot coaxially with stem
loop 111 (133-145; Fig. 2b,c and Extended Data Fig. 4b). The extended
pseudoknot and stem-loop lll lie along the C-terminal extension of
ThermoCas9 (residues 1048-1070). In a previous study, we showed
that deletion of trans-activating CRISPR RNA nucleotides 104-144,
which would disrupt the pseudoknot, severely reduced DNA cleavage
activity at high temperatures in vitro®, strongly suggesting arole in the
thermostability of ThermoCas9. An analogous pseudoknot was also
observed in stabilizing the trans-activating CRISPR RNA scaffold of
the Campylobacter jejuni Cas9 (ref.36). In addition, the extended stem
I (repeat-anti-repeat duplex + tetraloop) interacts with the insertion
elements (residues 822-908) of its PAM-interaction domain (PID) that
are unique to ThermoCas9 and its two close homologues (Extended
DataFigs.4band 6a,b). Like other type II-C Cas9 nucleases, but unlike
type II-A Cas9 nucleases, ThermoCas9 prefers arginine over lysine as
RNA-binding residues (Extended Data Fig. 4a).

Studies of other Cas9 nucleases have revealed the importance of
domain movements, from an open to a closed conformation, in com-
mencingits catalytic activities”. After recognition of the correct PAM
sequence by Cas9, the target DNA is slightly bent to positionthe target
strand for base pairing with the gRNA®*, The subsequent formation of
the guide-target heteroduplex, from the PAM-adjacent seed region
to the PAM-distal end, gradually positions the REC domains along the
heteroduplex until itis secured against the RuvC domain®. This process
coincides with alarge swing of the HNH domain from the inactive (open)
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Fig.1| ThermoCas9 activity issensitive to DNA methylation. For DNA cutting
reactions, ThermoCas9 at1 pM was incubated with100 nM DNA at 37 °C for

30 min. The experiment was repeated two timesindependently with similar
results.NTS, non-target strand; TS, target strand. a, DNA cleavage results for
DNA plasmids analysed on agarose gels.*™CpG,, or*"CpC,, methylated plasmid
by M.Sssl or Haelll methyltransferase. b, DNA cleavage results for DNA oligo
substrates analysed on polyacrylamide gels and imaged by fluorescent probes
associated with eachstrand (HEX-NTS and FAM-TS).*™CpGyys, oligo substrate
with methylation on the non-target strand; *"CpGys, oligo substrate with
methylation on the target strand; *"CpG,, oligo substrate with methylation
onboththenon-targetstrand and target strand; "NTS, oligo substrate with
methylationonthree cytosinesin the protospacer region of the non-target
strand and no methylation onthe target strand; "NTS-"TS, oligo substrate with
methylationon cytosinein the protospacerregion of both the target strand

and non-targetstrand; "TS, oligo substrate with methylation on four cytosines
inthe protospacer region of the target strand and no methylation on the non-
targetstrand. The asterisk indicates a likely small amount of the unpaired
FAM-NTS strand. c, Competition assay results. Cleavage of apUC19 plasmid
containing a protospacer followed by a5-NNNNCGA-3' PAM by ThermoCas9in
thepresence of no orincreasing concentrations of the DNA oligos asindicated
in panelbwere analysed by electrophoresis. The fraction of cleavage asa
function of competitor DNA concentrationsinlogscalesis plotted. The error
barswere obtained from three experimental replicates and are presented
asmean =s.e.m. Theinhibition constants for the unmethylated and target
strand-methylated oligos are estimated tobe 64 + 9and 767 + 250 nm,
respectively. d, Native gel mobility shift analysis of ThermoCas9-sgRNA
complexbinding to the DNA oligos of the same protospacer asindicated in
panelb.
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Fig.2|Overview of ThermoCas9 cryo-EM sstructures.a, Domain architecture
and sequence features of ThermoCas9 with domain boundaries indicated.

b, Secondary structures of the observed R-loop structure and nucleotide
labelling. The dashed linesindicate unmodelled regions. Asterisksindicate
numbering on the non-targetstrand. PK, pseudoknot. ¢, Cartoonrepresentation
ofthe observed R-loop structure of the post-cleavage conformation. The dashed

totheactive (closed) configuration, which also adjusts the RuvC domain
towards a cleavage-competent state*’. The captured pre-cleavage and
post-cleavage conformations of ThermoCas9 support asimilar activa-
tion process (Fig.2d-g and Supplementary Video 1) while highlighting
distinct structural rearrangements.

Inthe open state, the target strand remains intact (Extended Data
Fig.3), consistent with the catalytic sites of both the HNH domain and
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linesindicate unmodelled regions.d, Cryo-EM density of the pre-cleavage
conformation of ThermoCas9. e, Cartoon representation of the pre-cleavage
conformation of ThermoCas9.f, Cryo-EM density of the post-cleavage
conformation of ThermoCas9. g, Cartoon representation of the post-cleavage
conformation of ThermoCas9. Panelsd-gare colour coded asin panel a.

the RuvC domainbeingin aninactive state. The HNH nuclease domain
isrested in a position approximately 60 A away from its cleavage site
onthetarget DNA strand, whereas the REC2 domain loosely engages
theguide-target heteroduplex (Figs. 2d,e and 3a and Supplementary
Video 1). The region distal to the PAM of the non-target DNA strand
is disordered and thus not placed into the RuvC active site (Fig. 2d,e
and Extended Data Fig. 3).
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Fig.3|Structural transitionsinactive sites of ThermoCas9. a, Cartoon
representation of the pre-cleavage (open) and the post-cleavage (closed)
conformation highlighting the two active sitesand DNA. The HNH active site
residues are colouredingreen and those for RuvC are in blue. Magnesiumions
areshownasorange spheres. Dashed linesindicate disordered regions.

b, Close-up views of the two cleavage sites. Aligned sequences of select Cas9
effectorsinregionsthat comprise the two nuclease centres, HNHand RuvC,
respectively (top). Residues participating in metal coordination and additional
catalytic functions are highlighted by different colours. Cryo-EM density and
stick models of the two active sites are shown around the cleaved nucleotides,
themagnesiumion, the coordinated water molecules and protein residues
(bottom). The dashed linesindicate close contact distances. Scissile phosphate

Transition fromthe open to the closed conformation of ThermoCas9
requires an approximately 180° rotation of the HNH domain. In the
closed state, the HNH domain has attacked the target strand, resulting
incleavage of the phosphodiester bond between nucleotides C3 and C4
(Figs. 2f,g and 3a,b). Similar to other Cas9 variants®*, the transition
to the closed state results in a cleavage-competent HNH site in which
the conserved catalytic residues Asp581 and Asn605 coordinate with
the catalytic magnesiumion (Fig.3b). The leaving 3’-hydroxyl oxygen
would detach from the scissile phosphodiester following cleavage,
butinthe obtained structure, it remains coordinated with the magne-
sium at a distance of 2.2 A (Fig. 3b). Together with the pro-Sp oxygen
of the scissile phosphate and two water molecules, the six coordina-
tion ligands make a perfect octahedral geometry with the catalytic
magnesium (Fig. 3b). In addition, N§ of His582 (equivalent to His840
of SpyCas9) maintains a close distance to the oxygen probably from
the nucleophilic water (2.35 A), consistent withits role in activating the
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oxygenatomsare labelled as O, for pro-Sp, O, for pro-Rp and Oy for the
nucleophilic oxygen. Water molecules are labelled as W1, W2 and so on, and the
proteinresiduesarealso labelled. ¢, Superimposed RuvC active site structures
between the pre-cleavage (tan) and post-cleavage (blue) conformation.
Magnesiumions are shown as orange spheres. The black dashed linesindicate
the contactsthat undergo changes from the pre-cleavage-to-post-cleavage
transition. d, Bacterial cell survival assay results of the WT, Lys711 to alanine
(K711A) and Asp723 to alanine (D723A) of ThermoCas9. The survival rateis
calculated by dividing the colony-forming unit (CFU) on the arabinose-plus
(inducing ccdB toxic protein) plate by that on the arabinose-minus plate.n=3
biologicallyindependentsurvival assay experiments. Data are presented as
meants.e.m.

water molecule*?. The well-conserved Lys608 (equivalent to Lys866
of SpyCas9; Fig. 3b), computationally predicted to activate His582
(ref.42), hasa constant conformation throughout the open-to-closed
transition process (Extended Data Fig. 6¢), unlike Lys866 of SpyCas9
that undergoes a significant rearrangement™, suggesting a different
regulation process of HNH catalysis between the two enzymes.
Likewise, inthe openstate, the RuvC active site lacks necessary metal
ionsand thenon-target DNA strand. After transition to the closed state,
however, it forms acleavage-competent configuration. In the obtained
structure, the phosphodiester bond between nucleotides G(-4*) and
G(-3*) of the non-target strand has been cleaved (Fig. 3b). The RuvC
active centre captures two magnesiumions that are coordinated with
the pro-Sp oxygen of the scissile phosphate, the side chains of Asp8,
Glu500 and His720 as well as four water molecules (Fig. 3b), under-
scoring the essential role of these universally conserved residues in
catalysis. In addition, three conserved residues, Asp723, Arg713 and
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Close-up views of the PAM nucleotides as stick models and the interacting
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b, Recognition of each PAM base pairasstickmodelsis overlaid with the cryo-EM
density for the CC PAM (top row) and the CG PAM (bottom row) structures. The
dashed linesindicate close contactsbetween the protein residues and the DNA
bases. The black arrowsindicate the predicted 5-methyl group locationifthe

Lys711 (corresponding to Asp986, Arg976 and Lys974 in SpyCas9,
respectively), undergo pronounced rearrangements to further shape
the active site through the open-to-closed transition (Fig. 3b,c and
Supplementary Video 2). This dynamic behaviour contrasts with the
relatively stationary positioning of their counterparts in other Cas9
variants**, Consistently, mutation of either Asp723 or Lys711 to ala-
nine severely impaired ThermoCas9 activities in bacterial cells (Fig. 3d).

1234 | Nature | Vol 653 | 28 May 2026

CCPAM (toprow) or the CG PAM (bottom row) were methylated. The dashed
box highlights the different base pairs of the two DNA substrates at position 6.
Asterisks indicate numbering on the non-target strand. ¢, Cell survival assay
(toprow) and invitro DNA cleavage (bottom row) results of WT, Asp1017 to
alanine (D1017A) and Ser1019 to alanine (S1019A) of ThermoCas9. The survival
rateis calculated by dividing the CFU on the arabinose-plus (inducing ccdB
toxic protein) plate by that on the arabinose-minus plate. CpGindicates
unmethylated, whereas *™CpG,, indicates fully methylated DNA plasmid
substrates. Percent survival columns show mean +s.e.m. (n =3 biological
replicates per group).

Tothebest of our knowledge, these are the first demonstrated effects
ofthese conserved residues that regulate the Cas9 catalytic activity.

Structural basis for DNA methylation sensitivity

For both 5-NNNNCCAA-3’ PAM and the 5’-NNNNCGAA-3’ PAM DNA,
ThermoCas9 primarily recognizes the fifth base pair C(5*)-G(-5) while



imposing additional restrictions on the sixth to eighth base pairs
(Fig.4a,b). G(-5) isrecognized by Argl035 through a pair of hydrogen
bonds. C(5*) is simultaneously recognized by Asp1017 and Ser1019
throughits major groove edge, leavinglittle space for additional func-
tional groups such asa C5methyl (Fig. 4b). The extensive interactions
between ThermoCas9 and the C(5*)-G(-5) pair explain the critical role
of C(5*) in PAM recognition and why its methylation impairs Ther-
moCas9 binding. In addition, the base pair A(7*)-T(-7) is recognized
by a pair of asparagine residues, Asn961 and Asn1020, supporting
a preference for an A-T pair at this position®. The presence of only
single contacts between ThermoCas9 and the base pairs at positions
6 and 8 (Fig.4b) is consistent with the low specificity observed at these
positions®.

The anticipated critical roles of Asp1017 and Ser1019 in C(5*) base
recognition were investigated using an activity assay in bacterial cells
and aninvitro cleavage assay (Fig. 4c; for gel source data, see Supple-
mentary Fig. 1d). Mutation of Asp1017 to alanine virtually abolished
DNA cleavage activity, whereas substitution of Ser1019 to alanine
retained partial activity in bacteria cells. Unlike the purified Asp1017
to alanine mutant, the Ser1019 to alanine mutant retained the ability
of ThermoCas9 to discriminate methylated DNA in the cleavage assay
(Fig.4c; forgel source data, see Supplementary Fig.1d). This indicates
that Asp1017 is crucial for PAM recognition and probably influences
methylation sensitivity, with other residues potentially contributing
aswell.

Whereas ThermoCas9 does not bind to DNA containing a methyl-
ated PAM (Fig. 1c and Extended Data Fig. 1), AceCas9 indeed forms
a stable complex with the PAM-methylated DNA%. We thus deter-
mined a cryo-EM structure of AceCas9 bound with amethylated DNA
at 3.0 A resolution (Extended Data Table 1and Extended Data Fig. 7).
A large majority of particles formed from the active AceCas9 incu-
bated with methylated DNA resulted in the pre-cleavage structure
of AceCas9 where its HNH domain is positioned far from the target
strand cleavage site (Extended Data Fig. 8). This result strongly sug-
gests that methylation in PAM inhibits the open-to-closed transition,
astep critical to Cas9 activation®*', Comparison of structures of Ace-
Cas9 bound with dsDNA in the presence (this work) or in the absence
(PDB 8DKL) of PAM methylation revealed no substantial structural
changes, except for an increased mobility of the key PAM-interacting
residues Asp1044 and Argl088, asindicated by weak density (Extended
DataFig. 8b).

This suggests that methylation may perturb the PAM-interacting resi-
dues of AceCas9 in a way thatimpedes the conformational transition
necessary for activation. Consistent with this model, mutation of the
phosphatelock residues that have been previously shown to overcome
the weaker 5-NNNAC-3’ PAM*° alleviated inhibition by methylation
(Extended DataFig. 8c).

Methylation-sensitive genome editing in human cells
by ThermoCas9

Human genomes undergo dynamic (hyper or hypo) methylation
changes to allow for desired differentiation in healthy individuals. In
case of disease-associated disruption of methylation regulation, this
may lead to a wide range of undesired alterations in gene expression.
The programmability and methylation sensitivity of ThermoCas9 offer
the prospect of differential gene editing in human cells with distinct
methylation landscapes.

Wetested the utility of ThermoCas9 for methylation-sensitive editing
incellsthat differ inmethylation profile. On the basis of in silico analysis
ofreduced-representation bisulfite sequencing datafromthe Encyclo-
pedia of DNA Elements (ENCODE) database, we identified three DNA
targetsites witha5-NNNNCGAA-3’ PAM that show various methylation
status in human embryonic kidney (HEK293T) and human colorectal
carcinoma (HCT116) cells (Extended Data Fig. 9a). These include the

EMXI gene (target 4 (T4)), the PRDX4 gene (T5), and locus 1(T3) on
the VEGFA gene. We further performed bisulfite sequencing of these
sites (Extended DataFig. 9b). T4 and T5 showed methylation patterns
consistent with those identified in ENCODE, whereas T3, surprisingly,
exhibited methylation in both cell types (Extended Data Fig. 9b). We
also selected a non-methylated site, locus 2 on the VEGFA gene (T9),
witha5-NNNNCCAA-3’PAM previously shown to be an effective target
for ThermoCas9 (ref. 27).

We subsequently performed genome-editing experiments using
ThermoCas9 programmed to target T3, T4, TSand T9 bothin HEK293T
andin HCT116 cells and quantified average indel (smallinsertions and/
or deletions) formation at each target site (Fig. 5a and Supplementary
Figs.3-8).Asexpected, ThermoCas9 successfully targeted the unmeth-
ylated VEGFAT9 site with meanindel frequencies up to 33%in HEK293T
and 16% in HCT116 cells, respectively. On the contrary, ThermoCas9
was unable to edit VEGFA T3 of which the PAM is methylated in both
cell lines, resulting in a null mean indel frequency for both HEK293T
and HCT116 cells (Fig. 5a and Supplementary Figs. 3-8). Because the
T3and T9sitesarein close proximity (145 bp), the observed editingin
both cell lines most likely resulted from the methylation sensitivity of
ThermoCas9 rather than their differences in chromatin accessibility
(Supplementary Fig. 9). Consistently, the commonly used SpyCas9
was able to edit T3-T5 efficiently in HEK293T cells regardless of their
methylationstatus (Fig. 5a,b, Extended Data Fig. 9 and Supplementary
Fig. 3). At the two differentially methylated sites, EMX1 T4 and PRDX4
T5, we again observed methylation-sensitive editing across the two
cell lines. As expected, ThermoCas9 efficiently edited the unmethyl-
ated EMX1T4in HEK293T cells, with meanindel frequencies reaching
18%, but failed to edit the same sitein HCT116 cells, where it is methyl-
ated, resultingin amean nullindel frequency (Fig. 5aand Supplemen-
tary Figs. 5-8). Similarly, at the PRDX4 T5 site, ThermoCas9 failed to
edit the methylated T5in HEK293T cells, whereas it efficiently edited
the same site in HCT116 cells, where the PAM is unmethylated, with a
meanindel frequency of 22% (Fig. 5a and Supplementary Figs. 5-8). As
expected, the commonly used SpyCas9 was able to edit the EMX1 T4
and PRDX4 T5 sites in HEK293T regardless of their methylation status
(Fig.5a, Extended DataFig. 9 and Supplementary Fig. 3). The observed
methylation-sensitive editing of these two sitesis alsoindependent of
the chromatinaccessibility at these two sites between the two cell lines
(Supplementary Fig. 9).

To further substantiate these results, we utilized a PCR-based pro-
cedure to directly observe methylation-sensitive cutting of genomic
DNAinvitro. We exposed theisolated genomic DNA from HEK293T or
HCT116 cells to ThermoCas9 RNP complexes programmed with appro-
priate RNA guides for one of the target sites (T3, T4 or T5). Following
ThermoCas9 RNP exposure, we PCR amplified the DNA fragments
flanking the three sites along with that of a control site (Supplemen-
tary Fig. 10). For the targets whose PAM sequences contain >"CpG,
ThermoCas9 would fail to cut, resulting in distinct post-cutting PCR
products. Conversely, for those whose PAMs lack CpG methylation,
ThermoCas9 would cleave the sites, yielding no or weak PCR prod-
ucts. As expected, clear PCR products were observed for the VEGFA
T3 inboth HEK293T and HCT116, EMX1 T4 in HCT116 and PRDX4 T5
in HEK293T genomic DNA (Supplementary Fig. 10). However, no or
weak products were detected for EMXI T4in HEK293T and PRDX4 T5in
HCT116 genomic DNA, whereas the untreated control had a clear PCR
product (Supplementary Fig.10). These results support our hypothesis
that ThermoCas9 can be repurposed for methylation-sensitive editing
and screening.

Torule outthe possibility that other genome processes (such as DNA
repair or heterochromatin compaction that may impact Cas9 editing*®)
might have contributed to the observed methylation-sensitive edit-
ing, we compared gene editing by either ThermoCas9 or SpyCas9 at
three additionalunmethylated (T10-T12) and three methylated (T13-
T15) sitesin HEK293T cells. We also performed in silico analysis of the
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accessibility of these and the previously targeted sites (Supplementary
Fig.9). Whereas ThermoCas9 exhibited notable gene-editing efficacy
at T10-T12, no editing activity was observed at T13-T15 (Fig. 5b and
Supplementary Figs. 11-13). By contrast, SpyCas9 displayed editing
activities at all six sites regardless of their methylation states (Fig. 5b
and Supplementary Figs. 14-17). We did not observe a notable differ-
enceinindel distributions between the methylated and unmethylated
sites, suggesting a similar DNA repair process following dsDNA break
at these sites. The combined editing activities of ThermoCas9 at all
sites show that ThermoCas9 consistently discriminates methylated
sites with a minimal impact by the chromatin accessibility or other
genomic processes.

Toenhance the efficiency of methylation-sensitive editing by Ther-
moCas9, we performed protein-directed evolution following the strat-
egy previously used for AceCas9 (refs. 40,44,45). In brief, we screened
alibrary of ThermoCas9 with varied HNH hinge (linker II, between
HNH and RuvC-III; Supplementary Fig. 18a) and selected for catalyti-
cally enhanced variants. A single variant emerged that contained two
mutations, Glu655to Gly and Asn696 tolle, that we termed catalytically
enhanced ThermoCas9 (Supplementary Fig. 18).

Inaddition to enhancing the catalytic efficiency of ThermoCas9, we
also used mRNA delivery for gene editing. Compared with delivery as
DNA (plasmid or viral vectors), transfection of mRNA enables rapid
expression, reduces immunogenicity through chemical modifications,
avoids genomic integration by ensuring transient expression, and
is compatible with lipid nanoparticles for in vivo therapeutic appli-
cations*®. When the wild-type (WT) ThermoCas9-mRNA was paired
with gRNAs targeting T9, T3, T4 and a new target T6, we observed sig-
nificantly improved editing efficiency compared with plasmid deliv-
ery (Fig. 5c and Supplementary Figs. 19-23). Catalytically enhanced
ThermoCas9-mRNA produced higher editing levels than WT Ther-
moCas9-mRNA without compromising its methylation sensitivity for
both targets with 5’-NNNNCGAA-3’ PAM, although the magnitude of
improvement varied depending on the target site (Supplementary
Fig.24).

ThermoCas9 targets hypomethylated genes in MCF-7
breast cancer cells

To explore the therapeutic potential of the *"CpG sensitivity of Ther-
moCas9, we assessed its ability to target hypomethylated genes asso-
ciated with breast cancer. The luminal expression signature genes,
such as ESRI and GATA3, are among the most frequently mutated in
luminal/oestrogenreceptor-positive (ER*) breast cancers and are often
overexpressed in patients, largely due to loss of DNA methylation*’*5,
Targeting overexpressed ESRI1 is a cornerstone of treatment in ER"
breast cancers®. However, treatment often drives the emergence of
ESRI mutations, which confer oestrogen-independent receptor acti-
vation and are associated with reduced overall survival, indicative of
amore aggressive clinical phenotype®. Specific modulation of ESRI
and GATA3 within lesion cell populations could enable new interven-
tion strategies.

To confirm that DNA methylation changes in our model cells reflect
those widely observed in breast cancer genomes and corresponding
normal tissues*®, we performed an Infinium Methylation EPIC array on
genomic DNAisolated from healthy MCF-10A and cancer-derived MCF-7
cells (Fig. 5d). The EPIC assay quantifies DNA methylation at more than
900,000 CpGsitesincluding regions of ESRI and GATA3. By considering
DNA methylation levels and the available 5-NNNNCGAA-3’ PAMssites,
we selected targets for ThermoCas9 in enhancer or promoter regions
of ESR1, GATA3 and the gene body of a control gene EGFLAM (Fig. 5d).
We first transfected MCF-7 cells with either the WT or catalytically
enhanced ThermoCas9-mRNA targeting these sites (T11on the control
EGFLAMgene, T17 on ESR1gene and T18 on GATA3 gene) and observed
moderate efficiency with modified read frequencies ranging from 2%

to13% in the bulk population (Fig. 5e and Supplementary Figs. 25 and
26).Inaddition, theimprovement in efficiencies with the catalytically
enhanced over the WT ThermoCas9-mRNA was not significantin MCF-7
cells (Supplementary Fig. 27a).

To further improve editing efficiency, we purified WT and catalyti-
cally enhanced ThermoCas9 proteins containing three nuclear locali-
zation signals (Supplementary Fig. 27b) and evaluated an alternative
delivery method using nucleofection of RNPs (Fig. 5e and Supplemen-
tary Figs. 28-30). Of note, catalytically enhanced ThermoCas9 RNP
outformed mRNA delivery and the WT RNP substantially for two of the
three targets (Supplementary Fig. 27¢), yielding 25% modified reads
at ESR1(T17) and up to 78% at GATA3 (T18; Fig. 5e and Supplementary
Figs.28-30). Motivated by the substantialimprovement observed with
catalytically enhanced ThermoCas9 RNPs, we next targeted the same
sites in MCF-10A cells with the catalytically enhanced ThermoCas9
RNPs and observed editing efficiencies ranging from 14% at EGFLAM
to 28% at GATA3 with no editing at ESRI (Fig. 5e and Supplementary
Figs.31-33). The levels of editing in MCF-10A at the three sites reflect
their estimated methylation levels (Fig. 5d), supporting the target
selectivity of the catalytically enhanced ThermoCas9 variantin breast
celllines.

Thenotable targeting of the hypomethylated GATA3 by catalytically
enhanced ThermoCas9 is significant, consideringits coordinated role
with ESRI in driving oestrogen-responsive transcription. In MCF-7,
GATA3 contains a frameshift mutation in exon 6, leading to a trun-
cated protein that is overexpressed and believed to contribute to the
pathogenesis®*2 In other breast cancer cell models, GATA3 trunca-
tion mutations, which contribute to 50% of all GATA3 mutations in
luminal/ER" cases, cause dominant-negative effects that impair the
normal transcriptional functions of WT GATA3 (ref. 53), contributing
to disrupted differentiation programs and poor prognosis®*. In addi-
tion, overexpression of GATA3 in breast cancer is correlated with the
loss of DNA methylation in its associated enhancer regions®. Along
with ESR1, successful targeting of GATA3 in MCF-7 by ThermoCas9
highlights its potential for therapeutic targeting of hypomethylated
sites in breast cancer.

Discussion

Here we report a unique feature of ThermoCas9 in that it recognizes
its DNA target usinga5’-N,CGAA-3’ PAM sequence, and that methyla-
tion of the corresponding cytosine (*"C) prevents target cleavage by
ThermoCas9 both in vitro and in human cells. We further report the
structural characterization of two methylation-sensitive Cas9 nucle-
ases: ThermoCas9 when bound with a non-methylated DNA target
and the previously characterized AceCas9 when bound with methyl-
ated DNA. Whereas both nucleases are inhibited by *"C in their PAM
sequences, the molecular basis of the inhibitory effect differs between
them. Whereas the nuclease activity of AceCas9 is disturbed after tar-
getbinding, the methylated cytosine abolished ThermoCas9 binding
to a dsDNA target. Our discoveries provide a potential opportunity
to repurpose both Cas9 nucleases for epigenetic genome detection
and manipulation.

The demonstrated methylation-sensitive gene editing in humancells
by ThermoCas9 expands the precision of CRISPR-Cas9 technologies
by allowing for discrimination of different natural epigenetic states.
Recent studies have shown that unrepaired dsDNA breaks or nicks, such
as those generated by CRISPR-Cas9 nickases, can lead to unintended
mutations, indels and genomic instability** %, ThermoCas9-based
technology, including base and prime editing, canreduce these adverse
outcomes by restricting editing to genomic sites that have lost *CpG
methylation. This selectivity is particularlyimportant when hypometh-
ylated alleles are the intended targets.

The PAM sequences, 5-NNNNCCAA-3’ or 5-NNNNCGAA-3’, used by
ThermoCas9 in the human genome-editing experiments described
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in this study were based on those identified from previous in vitro
studies®. For unrestricted epigenetic applications, minimal depend-
ence on nucleotides flanking CpG or CpC is desirable. In vitro DNA
cleavage results and the structural data indicate that the adenosine
immediately following CpG may be relevant, whereas the last aden-
osine is less important. If this dependence is conserved in human
genome editing, additional engineering of ThermoCas9 could be a
way to lessen or eliminate it. Owing to its reliance on a long guide—
protospacer heteroduplex (23 bp), relaxing the PAM requirement
for ThermoCas9 is unlikely to compromise its demonstrated high
specificity?.

Similar to other type II-C Cas9 variants, ThermoCas9 has lower
DNA cleavage activities than those of type II-A Cas9 effectors such
as SpyCas9 (ref. 59). Apart from the shifted temperature optimum of
nucleases from thermophilic bacteria, this is believed to stem from
the inherently weaker DNA-unwinding activity of type II-C relative
to type II-A Cas9 nucleases. Although type II-C Cas9 effectors may
offer improved editing fidelity®®, which could be linked to their
weaker catalytic efficiencies, efforts have been made in successfully
improving catalytic efficiencies through enzyme engineering>**.
Here we have demonstrated that combining protein engineering with
optimized delivery methods enables robust editing in traditionally
difficult-to-edit cells, substantially broadening the utility of type II-C
Cas9 effectors in genome editing. More importantly, we have shown
that ThermoCas9 canselectively edit therapeutic target genes based
on their methylation status.

ThermoCas9 offers the potential for a novel type of gene ther-
apy and unlocks a new generation of methylation-sensitive tools
beyond DNA cleavage, thereby contributing to the spectacular pro-
gress of the CRISPR-Cas9 technology. The three-dimensional (3D)
structures of the active ThermoCas9 provide a crucial founda-
tion for further engineering of improved and safer variants. Once
developed, these variants could enable innovative therapeutic
strategies.
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Methods

Cloning, protein expression and purification

The DNA encoding ThermoCas9 with a C-terminal His, tag was inte-
grated into the pML-1B vector and expressed in the Escherichia coli
NiCo21(DE3) strain. Cells were grown in Luria-Bertani (LB) medium
with 0.2% D-(+)-glucose at 37 °C until optical density at 600 nmreached
0.8, at which point addition, isopropyl-p-D-thiogalactopyranoside
was added to 0.5 mM concentration. Cells were grown for an addi-
tional 16-18 h at 20 °C and harvested by centrifugation and stored in
-80 °C.Previously frozen cells were lysed via sonicationin alysis buffer
(500 mM NacCl, 50 mM phosphate buffer pH 8.0 (sodium phosphate
dibasic and sodium phosphate monobasic), 5 mMimidazoleand1 mM
B-mercaptoethanol) containing 1tablet of cOmplete Mini Protease
Inhibitor Cocktail (Sigma-Aldrich) per 100 ml. The lysate was centri-
fuged ataspeed of16,000 rpm for 60 minat4 °C, after which the super-
natant was loaded ona pre-equilibrated 5-mlHisTrap HP His tag protein
purification column (Cytiva Life Sciences). The resin was subsequently
washed with 200 ml wash buffer (500 mM NaCl, 50 mM phosphate
buffer pH 8.0,30 mMimidazole and1 mM B-mercaptoethanol), before
being eluted with elution buffer (500 mM NaCl, 50 mM phosphate
buffer pH 8.0,250 mM imidazole and 1 mM -mercaptoethanol). The
resultant eluate was transferred onto a pre-equilibrated HiTrap Heparin
HP affinity column (Cytiva Life Sciences) and eluted witha100 mM to
2 M NaCl gradient. The purified protein was then concentrated and
stored at -80 °C until further use.

For purification of ThermoCas9 used in human gene-editing experi-
ments, the DNA encoding 3x-nuclear localization sequence (2x SV40
NLS and 1x nucleoplasm NLS) fused with ThermoCas9 with a C-terminal
His, tag was integrated into the pML-1B vector and expressed in £. coli
Rosetta (DE3) cells. The same purification method was used with the
exception that the gel-filtration buffer was made with cytotoxin-free
water.

Invitro RNA transcription

We used the T7 invitro transcription method to produce the sgRNA for
bothThermoCas9 and AceCas9. The sgRNA templates containinga T7
promotor were purchased from Eurofins Genomics. A149 nt sgRNA for
ThermoCas9 and a106 nt sgRNA for AceCas9 (Supplementary Table1),
respectively, were transcribed by T7 RNA polymerase in a transcrip-
tion buffer (5 mM NTPs, 50 mM Tris-HCI pH 7.5, 15 mM MgCl,, 5 mM
dithiothreitol and 2 mM spermidine) and purified via the Monarch
RNA CleanupKits (New England Biolabs). The DNA usedin cryo-EM and
biochemical assays was purchased from Eurofins Genomics.

Cryo-EM sample preparation, data collection and 3D
reconstruction

The heparin-purified protein was incubated with sgRNA at a1:1.5molar
ratio at 37 °C for 30 min, and the resulting RNP was further purified via
size-exclusion chromatography with aSuperdex20010/300 GL column
(Cytiva Life Sciences) in gel-filtration buffer (300 mM NacCl, 30 mM
HEPES pH 7.5 and 1 mM dithiothreitol). The Cas9-RNA-DNA ternary
complex was assembled by adding pre-annealed substrate dsDNA into
the RNP at a 2:1 molar ratio with the presence of 10 mM magnesium
chloride. Thereactive ternary complex was incubated at 37-50 °C for
15-30 min. Of the sample, 4 pl was added to glow-discharged Gold
300 mesh R1.2/1.3 grids, which was then allowed to adsorb for 30 s
before blotting for 2.5 s under conditions of 20 °C and 100% humid-
ity. These grids were rapidly frozen in liquid nitrogen cooled ethane
within Vitrobot Mark IV.

Raw micrographs of ThermoCas9 bound with DNA contain-
ing 5’-NNNNCCA-3’ PAM and AceCas9 bound with DNA containing
5’-NNN°™CC-3’ PAM were collected at the Laboratory for Biomolecular
Structure of the Brookhaven National Laboratory using a Titan Krios
G3i cryo transmission electron microscope equipped with a Gatan

K3 direct electron detector. Raw micrographs of ThermoCas9 bound
with DNA containing 5’-NNNNCGA-3’ PAM were collected at the Pacific
Northwester Center for Cryo-EM using a Titan Krios Electron Micro-
scope equipped with a Gatan K3 direct electron detector (Thermo
Fisher Scientific). Movies were recorded at a nominal magnification
0f105,000 in a super-resolution mode with an energy filter of 15 eV,
corresponding to a corrected physical pixel size of 0.82 A per pixel.
Atotal dose of 50-60 e~ A2 was spread over 60 frames with random
defocussetto-0.8to-2.5 pum. Motion correction was executed in bin
2viaMotionCorr2 and contrast transfer function (CTF) estimation was
carried out with Getf®'. A total of 6,080 micrographs were collected and
2,516,939 particles were picked using Topaz®, followed by multiple
rounds of 2D classification using cryoSPARC®, resulting in 2,015,088
good particles for 3D classification. After heterogenous refinementin
cryoSPARC, the dataset was classified into five classes. Several rounds of
3Drefinementand 3D classification were then performed using Relion
4.0 (ref. 64) to obtain high-quality particles. Finally, several rounds of
non-uniform refinement® were performed using cryoSPARC to reach
the final 3D structures. Structural models were built in COOT®¢ and
refined in PHENIX® to satisfactory stereochemistry and real-space
map correlation parameters. Note that water molecules were only
modelled based on both density and interaction chemistry in the two
high-resolution structures.

Bacterial survival assay

The survival assay in bacterial cells followed a previously outlined
procedure** with minor modifications. In brief, electrocompetent E.
coli BW25141 cells, harbouring the modified p11-LacY-wtx1 plasmid
encoding toxic ccdB protein, were transformed with 60 ng of WT
or mutant ThermoCas9 plasmids. Afterwards, the cells were recov-
ered in LB for 30 min with shaking at 37 °C. Subsequently, 0.05 mM
isopropyl-B-D-thiogalactopyranoside was introduced, and the recov-
ery process continued for an additional 60 min. The recovered cells
were then plated on LB agar plates containing either chloramphenicol
(15 mg ml™) or a combination of chloramphenicol and 10 mM arab-
inose. The plates were incubated at 37 °C for 16-20 h. Manual count-
ing of colonies was performed on both plates, and survival rates were
determined by dividing the CFUs on arabinose-containing plates by
those on chloramphenicol-only plates. For directed evolution of Ther-
moCas9, alibrary of ThermoCas9 linker Il variants were transformed
into BW25141 cells harbouring amodified p11-LacY-wtx1 plasmid con-
taining a PAM-distal truncated protospacer of 17 nucleotides (17-mer)
in the same manner as stated above. CFUs that grew on arabinose in
the 17-mer cells were selected for Sanger sequencing.

Invitro DNA cleavage assay and competition assay

ThermoCas9 was combined withsgRNA atal:2ratioand incubated at
37 °Cfor30 minto formthe RNP. The target plasmid at 6 nM was then
added to the RNP at 1 uM and allowed to incubate for varying lengths
oftime. Thereactions were stopped by adding a 5x stop buffer (25 mM
TrispH7.5,250 mM EDTA pH 8.0,1% SDS, 0.05% w/v bromophenol blue
and 30% glycerol). The reaction products were separated on a 0.8%
agarose gel and stained by ethidium bromide.

Fluorescently labelled oligonucleotides were also used to prepare
DNA substrates. Six-carboxyfluorescein (FAM)-labelled non-target
strand DNA was annealed with an unlabelled target strand DNA atal:1
molar ratio. Separately, hexachlorofluorescein (HEX)-labelled target
strand DNA was annealed with unlabelled non-target strand DNA at a
1:19 molar ratio. Annealing was performed by heating the DNA mixtures
to 75 °Cfor 5 min, followed by a gradual cooling to room temperature.
Pre-annealed dsDNA substrates were prepared at concentrations of
100-200 nM for the labelled strand. These substrates were then added
toaThermoCas9 RNP solution at1 pM toinitiate the cutting reaction.
Divalent metal ions, specifically 10 mM of MgCl,, were also included
in each reaction. The reaction mixtures were incubated at 37-50 °C



for 1 hbefore adding 2x RNA loading buffer (97% formamide, 0.02%
SDS and 1 mM EDTA). The reaction products were resolved using a
7 Murea20% polyacrylamide denaturing gel. Gel electrophoresis was
performed under denaturing conditions to ensure the separation of
DNA fragments based on size. Following electrophoresis, the gel was
visualized using a Bio-Rad ChemiDoc gelimaging system. Fluorescent
labels were detected using excitation wavelengths of 488 nm for FAM
and 580 nm for HEX.

For competition assays, ThermoCas9 RNP at 1 uM was mixed with
the target plasmid at 10 nM, and a competing oligo DNA substrate
at concentrations of 50 nM to 1 uM. The reactions were incubated at
50 °Cfor15 min and stopped by adding the 5x stop buffer. The reaction
products were separated ona 0.8% agarose gel and stained by ethidium
bromide. The fraction of cleavage versus oligo concentration plots were
fitted toa competitive one-site binding modelin GraphPad toyield the
estimated binding constant of each competing oligo (K)).

Native gel-binding assay

FAM-labelled non-target strand DNA was annealed with an unlabelled
targetstrand DNA at al:1molar ratio. dsDNA (100 nM) was mixed with
1M ThermoCas9 RNP in the reaction buffer without MgCl, for 1 h.
The reaction product was then mixed with 6X purple gel loading dye
(New England Biolabs) and loaded onto a10% TBE gel (Invitrogen) for
electrophoresis.

Invitro methylationscreening

Genomic DNA from HEK293T and HCT116 cells was extracted with
QuickDNA microprep kit (Zymo Research). The extracted genomic DNA
was thenincubated with125-250 nM ThermoCas9 RNP in thereaction
buffer containing 5 mMMgCl, at37 °C for 30-45 min. Thereaction prod-
uct was treated with E.Z.N.A. Plasmid DNA MiniKit Solution I (Omega
Bio-tek) for10 minatal:1volume ratio. DNA was subsequently cleaned
up using the Monarch PCR & DNA Cleanup Kit (New England Biolabs).
For PCR amplification, 1 pl of the reaction product was mixed with
0.25-1pM primers and QS High-Fidelity 2X Master Mix (New England
Biolabs). The PCR product was then mixed with 6X blue gelloading dye
(New England Biolabs) and loaded onto a2% agarose gel witha100-bp
DNA ladder (New England Biolabs) for electrophoresis.

Insilico analysis of differentially methylated sites in human cells
Reduced representation bisulfite sequencing (RRBS) data were col-
lected from the ENCODE functional genomics database for various cell
lines®®. We downloaded the call sets (bed files) from the ENCODE por-
tal® (https://www.encodeproject.org/) with the following identifiers:
ENCFFOOITMR, ENCFFOOITMQ, ENCFFOO1TMS and ENCFFOO1TMT
for the HEK293T cell line and ENCFFOO1TMM and ENCFFOOITMN
for the HCT116 cell line. An in-house program was used to compare
the methylation profiles based on the methylation scores. The RRBS
methylation profiles across various genetic loci in different cell lines
were visualized using the Integrative Genomics Viewer’®. An in-house
programbased on Pythonscripts and bed utilities was used to identify
genes that are differentially methylated in different cell lines.

Transfections and gene editing in HEK293T and HCT116 cells
using plasmid DNA

Human-codon-optimized thermocas9-sv40nls gene and its sSgRNA
module were expressed under the control of the constitutive cytomeg-
alovirus (Pcyy) and U6 RNA polymerase Il (Py,) promoters, respectively
(Supplementary Table 1). We co-expressed the EGFP reporter gene
under the constitutive elongation factor 1a promoter (Pg,) to allow
for sorting of successfully transfected cells, as previously described?.
We designed four spacers that target protospacersin the chromosomal
genes VEGFA, EMXI and PRDX4. All differentially methylated protospac-
ers were flanked by a PAM of (5-NNNNCGAA-3’) thus representing a
potential CpG methylated PAM. The targeting spacers of EMX1 and

PRDX4 are differentially methylated in the PAM sequence between
HEK293T and HCT116; the negative and positive control targets are
located on the VEGFA gene. HCT116 cells were maintained in McCoy’s
5A mediaand HEK293T cells were maintained in DMEM media supple-
mented with 10% fetal bovine serum and 1% penicillin-streptomycin
at 37 °C with 5% CO,. Both HEK293T and HCT116 cells were seeded on
physically surface-treated 24-well plates (Corning/Falcon) at a seed-
ing density of 1.0 x 10° cells per well. After 24 h ofincubation, 0.5 pg of
genome-editing plasmid was transfected into the HEK293T and HCT116
cells using Lipofectamine 3000 Transfection reagent (L3000015,
Thermo Fisher). For each well onthe plate, transfection plasmids were
combined with OptiMEM Reduced Serum Medium (31985062, Thermo
Fisher) to a total volume of 25 pl and mixed with 1 ul P3000 reagent.
Separately, 25 pl OptiMEM was combined with 1.1 pl Lipofectamine
3000 reagent. Plasmid and Lipofectamine solutions were then com-
bined, incubated at room temperature for 10 min and pipetted on to
cells. The transfected cells were cultured 72 hand further evaluated for
the presence of GFP using fluorescence-activated cell sorting (FACS).
For SpyCas9 gene-editing experiments, HEK293T cells were transfected
with 0.5 pg of plasmid co-expressing SpyCas9 and sgRNA (Addgene
#42230). The transfection methods were consistent with ThermoCas9,
except cells were harvested 48 h post-transfection for genomic DNA
isolation without FACS sorting.

FACS

After 72 h of incubation, the transfected HEK293T and HCT116 cells
were harvested, centrifuged at 1,000 rpm for 5 min, resuspended in
250 pl DMEM (10% FBS and 1% penicillin-streptomycin), and filtered
through Nylon Mesh 52 micron, 32% open areafilter (Component Sup-
ply Co.). GFP* fluorescent cells were bulk sorted using the BD FACSAria
Il cell sorter device (BD; 488 nm laser, FITC detection channel for GFP
fluorescence). The cells were gated for ‘high-green’ to reduce the signal
to noise of auto-fluorescent cells (Supplementary Fig. 4). Cells were
transferred to a 96-well nucleon plate and centrifuged at 200 rpm for
2 minand cultured for approximately 1-2 weeks (37 °C; 5% CO,). When
approximately 75% confluency was reached, the propagated cells of
each experiment were steadily passaged to 24-well plates and further
screened for indels.

ThermoCas9-mRNA production and nucleofection

Invitro transcription reactions for ThermoCas9-mRNA (Supplemen-
tary Table1) were assembled with T7 buffer (NEB), 100 mM ATP (NEB),
100 MM GTP (NEB),100 mM CTP (NEB), 100 mM pseudo-UTP (Trilink),
CleanCap AG (Trilink), human-codon-optimized ThermoCas9-NLS
(Gene Fragment with Adapters Twist Bioscience; 108612) and T7 RNA
Polymerase (NEB) and incubated at 37 °C overnight. The following
day, the reaction was further treated with DNase enzyme (NEB) fol-
lowed by Monarch spin RNA cleanup kit (500 pg column) before
transfection.

For ThermoCas9-mRNA delivery, all transfections were performed
with a 4D Lonza nucleofector. Before the addition of nucleofection
buffers, cells were detached with TrypLE and washed with PBS pH
7.21X (Gibco) to remove potential RNases. The ThermoCas9-mRNA
nucleofection conditions were as follows: 16.4 pl SF or SE nucleofec-
tion buffer supplemented with 3.6 pl Supplement1;1.0 x 10° cells; 1 pl
0f 100 pM pl™ custom sgRNA (SC1518-CRISPR Oligo, Genscript) and
3.8 ug pl™ CleanCap ThermoCas9 mRNA. Pulse codes for nucleofec-
tions were DS-150, EN-113, DS-137 and EN-150 for HEK293T (CRL-3216,
American Type Culture Collection (ATCC)), HCT116 (CCL-247, ATCC),
MCF-7 (HTB-22, ATCC) and MCF-10A (CRL-10317, ATCC), respectively.
MCEF-7 cells were maintained in EMEM media supplemented with a
final concentration of 2 mM L-glutamine, 0.01 mg ml™insulinand 10%
fetal bovine serum. MCF-10A cells were maintained in Lonza MEGM
Mammary Epithelial cell Growth Medium BulletKit supplemented with
100 ng ml™ cholera toxin and grown at 37 °C with 5% CO,. For RNP,
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all conditions are the same as above but RNP conditions were 1 pl of
100 pM pl™ custom sgRNA (SC1518-CRISPR Oligo, Genscript),and 1 pl
of 3 mg ml™ ThermoCas9 protein. All nucleofections were conducted
with a 16-well nucleocuvette strip within the 4D-Nucelofector X Unit.
After applying the electroporation pulse, cells were allowed to rest
within the nucleocuvette strip for approximately 10 min before adding
80 pl of respective media to transfer to a 24-well plate.

Screening for genome editing

HEK293T and HCT116 genomic DNA was isolated from the bulk popu-
lation of propagated cells grown approximately 2-3 weeks post-FACS
sorting. Genomic DNA was extracted using the Zymo Research
Quick-DNA MicroPrep kit. Genomic target regions (VEGFA, EMXI and
PRDX4)were PCR amplified with Q5 High-Fidelity 2X Master Mix (New
England Biolabs). The PCR products were verified on a2% DNA agarose
gel, and they were subsequently gel purified with the E.Z.N.A. gel extrac-
tion kit (Omega-BioTek). To detect indel formation, the gel-purified
PCR products were subjected to Sanger sequencing (FSU sequencing
facility). The sequencing results of the genome-editing assays were
analysed using the Inference of CRISPR Edits (ICE) tool™ (EditCo) (Sup-
plementary Figs. 7, 8 and 12-17). For ThermoCas9-mRNA and RNP edit-
ing experiments: HEK293T, HCT116, MCF-7 and MCF-10A genomic
DNA was isolated from cells 72 h post-nucleofection. All downstream
sample processingis the same as mentioned above. To detect modified
reads from mRNA-treated or RNP-treated samples, the gel-purified PCR
products were subjected to premium PCR sequencing by Plasmidsaurus
using Oxford Nanopore Technology with custom analysis and anno-
tation. The ThermoCas9-mRNA and RNP genome-editing sequence
analysis was performed using CRISPResso2 by uploading FASTQ files
as single-end reads and using the standard settings for Cas9.

Bisulfite sequencing

Genomic DNA of both HEK293T and HCT116 were bisulfite treated via
the EpiJET Bisulfite Conversion Kit (K1461, Thermo Scientific) follow-
ing the manufacturer’s instructions. The MethPrimer online tool was
utilized to design primers to amplify bisulfite-converted samples flank-
ingtheregions of gene-editing targets followed by Sanger sequencing
(FSU sequencing facility).

*"C interrogation by Infinium Methylation EPIC array

DNA was quantified by Qubit fluorometry (Promega) and 250 ng of
DNA from each sample was bisulfite converted using the Zymo EZ
DNA Methylation Kit (Zymo Research) following the manufacturer’s
protocol using the specified modifications for the lllumina Infinium
methylation assay. After conversion, all bisulfite reactions were cleaned
using the Zymo-Spin binding columns and eluted in 12 pl of Tris buffer.
Followingelution, bisulfite-converted DNA was processed through the
Infinium Methylation EPIC array v2.0 protocol (Illumina). The EPIC
array v2.0 contains more than 930,000 probes querying methyla-
tionsitesincluding CpGislands and non-island regions, RefSeq genes,
ENCODE open chromatin, ENCODE transcription factor-binding sites
and FANTOMS enhancers. To perform the assay, 4 pl of converted DNA
was denatured with4 pl 0.1 Nsodium hydroxide. DNA was then ampli-
fied, hybridized to the EPIC bead chip, and an extension reaction was
performed using fluorophore-labelled nucleotides per the manufac-
turer’s protocol. Array beadchips were scanned on the llluminaiScan
platform and probe-specific calls were made using lllumina Genome
Studio software. ThermoCas9 target sites with contrasting methylation
scores between the MCF-7 and the MCF-10 cells were identified from
the processed EPIC array data using an in-house script.

Data processing for Infinium Methylation EPIC array

The R package SeSAMe” was used to process lllumina microarray
platform files in IDAT format generated from the EPIC v2.0 array, fol-
lowed by downstream differential methylationlocus (DML) and region

analyses. The ‘openSesame’ function from SeSAMe was used to convert
the files into DNA methylation level ( value) matrices in R. For DML
detection, SeSAMe applies linear models to identify DMLs between
two groupsinacontrast. For differential methylation region analysis,
neighbouring CpGs that show consistent methylation variation were
merged into differentially methylated regions, and adjusted P values
were calculated using the Benjamini-Hochberg procedure. Methylation
sites were annotated using SesameData”’, and additional annotation
regarding genomic context and proximity to nearby genes was obtained
from Noguera-Castells et al.”>.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Uncropped and unedited gel data that support this study areincluded
in this published article (and its Supplementary Information files).
Reported cryo-EM structures and associated maps have been depos-
ited to the PDB and Electron Microscopy Data Bank, respectively, with
9AR4 and 43769 for the CpC DNA-ThermoCas9 post-cleavage complex,
9AR6 and 43771 for the CpC DNA-ThermoCas9 pre-cleavage com-
plex, 9AR7 and 43772 for the CpC DNA target-only complex, 9ARS5 and
43770 for the *"CpC AceCas9 complex, and 9BS6 and 44859 for the
CpGDNA-ThermoCas9 post-cleavage complex. Amplicon nanopore
sequencing data have been deposited to the NCBI Sequence Read
Archive database under accession PRJNA1426056. Infinium Methyl-
ation EPIC array data for MCF-10A and MCF-7 cells have been deposi-
ted to the Gene Expression Omnibus repository under accession
GSE322563. Plasmids generated in this study have been deposited to
Addgene (254684 and 254685).
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Extended DataFig.1|Sample preparation and DNA binding analysis
results. a. Purification of ThermoCas9. Left, elution profile of ThermoCas9,
following Ni-NTA affinity purification onaHeparin column. The shaded
fractions are analyzed onan SDS-PAGE gel and pooled before used in biochemical
analysis or cryo-EM sample preparation. Right, elution profile of ThermoCas9,
followingincubation with theinvitro transcribed single guide RNA at 37 °C for
30 min, onaS200igel filtration column. The shaded fractions were analyzed
onan SDS-PAGE gel and were used immediately for cryo-EM analysis. b. DNA
oligo substrates used for in vitro cleavage assay and native gel analysis.

Hexachlorofluorescein (HEX) and 6-Carboxyfluorescein (FAM) fluorescent
dyelabels areindicated. c. DNA binding competition assays with ThermoCas9.
Gelimagesillustrate the cleavage results of a DNA plasmid by ThermoCas9
inthe presence of increasing amount of four different competing double-
stranded DNA oligos containing 5~“NNNNCGA-3’ (CpG), 5-NNNN°"CGA-3’ on
nontargetstrand (™CpGyys), 5“NNNN°"CGA-3’ on target strand (*"CpGys)

and 5"NNNN°"CGA-3’ onboth targetand nontarget strand ¢"CpG,) PAM,
respectively. Eachexperiment was repeated withindependent samples

three times.
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Extended DataFig.2|Cryo-EMimage collection, analysisand 3D
reconstructionresults ofthe ThermoCas9 bound with acognate DNA
substrate. a. Example micrograph and 2D class averages (scale bar 50 nm).
b.Datacollection, particleselection, and reconstruction flowchart. All classes
reconstructed and fitted with atomic models are indicated with reported
resolutions. c. Upper, the final map used for building the model of the post-
cleavage and dsDNA-bound state (CLOSED) and analyzed by Resmap. Resolutions
are color-coded according to ascale bar, showing the comparably high-
resolutioninner core. Lower, the Fourier Shell Correlation (FSC) curves of the
refined model. 0.143 FSC cutoffwas used for resolution estimation. d. Upper,

the final map used for building the model of the post-cleavage and target
strand-bound state (CLOSED) and analyzed by Resmap. Resolutions are color-
coded according to ascalebar, showing the comparably high-resolutioninner
core. Lower, the Fourier Shell Correlation (FSC) curves of the refined model.
0.143 FSC cutoffwas used for resolution estimation. e. Upper, the final map
used for building the model of the pre-cleavage state (OPEN) and analyzed by
Resmap. Resolutions are color-coded according to ascale bar, showing the
comparably high-resolutioninner core. Lower, the Fourier Shell Correlation
(FSC) curves of the refined model. 0.143 FSC cutoffwas used for resolution
estimation.
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Extended DataFig.5|Cryo-EMimage collection, analysis and 3D
reconstructionresults ofthe ThermoCas9 bound with amethylated
DNA substrate or with DNA substrate containing 5-NNNCGA-3’ PAM.
a.Example micrographand 2D class averages (scale bar 100 nm) of the
ThermoCas9-gRNA-(*"CpG)dsDNA complex. b. Micrograph cellection,
particleselection, and reconstruction flowchart. Due to redundance, no
model wasrefined to the final stage. c. Left, the finalmap isindicated with a
reported resolution and analyzed by Resmap. Resolutions are color-coded
accordingto ascalebar, showing the comparably high-resolutioninner core.

Right, the Fourier Shell Correlation (FSC) curves of the refined model. 0.143
FSC cutoffwas used for resolution estimation. d. Example micrograph and
2D class averages (scale bar 100 nm) of the ThermoCas9-gRNA-(CpG)dsDNA
complex. e.Micrograph collection, particle selection, and reconstruction
flowchart.f. Left, the finalmapisindicated withareported resolution and
analyzed by Resmap. Resolutions are color-coded according to ascale bar,
showing the comparably high-resolutioninner core. Right, the Fourier Shell
Correlation (FSC) curves of the refined model. 0.143 FSC cutoffwas used for
resolution estimation.
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b. Superimposed structures of ThermoCas9 (colored) and NmelCas9 different enzyme conformations. Metal ion and water molecules are models
(gray, PDB 6JDV). c.Superimposed HNH domain between the pre-cleavage fromthe CLOSED state.
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Extended DataFig. 8|Structural features of AceCas9 bound witha
methylated DNA. a. The schematic of AceCas9 protein and the nucleic acids
usedincryoEMstructure study. b. The structure of AceCas9 bound with its
guide RNA (sgRNA) and methylated DNA. Top, cryoEM density with each domain
and nucleicacids color coded asin panela. and labeled. Bottom, cartoon
representation of AceCas9 bound with the methylated DNA color coded asin
panel a.andlabeled. Insets show close-up views of the target strand cleavage
siteand the PAM interactions. “Me” indicates the methyl group onthe

methylated cytosine. Dash linesindicate close contacts between the DNA
bases and proteinresidues. c. Left, stick models showing the contacts of

the two phosphatelock residues, Glu839 and Glu840, with the kinked target
strand. Arrowsindicate the Glu839 to arginine and Glu840 to tyrosine or
leucine (RY or RL), respectively. Right, gel analysis of phosphate lock residue
mutants RY and RL cleaving unmethylated and methylated DNA plasmid.
Methylated DNA was obtained with treatment with Haelll methyltransferase.
Haelllrestriction endonuclease (Haelll endo) isincluded as a control.
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Extended DataFig. 9| DNAmethylationatthe targeted sitesin HEK293T
and HCT116 cells. a. Heat map of DNA methylation based on 3 values
obtained fromreduced-representation bisulfite sequencing (RRBS) data of
the Encyclopedia of DNA Elements (ENCODE) database for HEK293T (top)

and HCT116 (bottom) cells, respectively. CpG sites are shown as equal-width
columnsarrangedinthe 5 to3’direction of eachgene and colored according
to their B-values, ranging from hypomethylated (green) to hypermethylated
(red), asindicated by the scale bar. The targeted sites by ThermoCas9 and
SpyCas9 areindicated. Genome coordinates of the target sites (t, black arrows)

and the nearest CpGsite (p) for ThermoCas9 are listed along with the mean
B-values of the nearest CpG. b. Bisulfite sequencing results for EMX1 T4, VEGFA
T3,and PRDX4 T5sites. Colored traces represent Sanger sequencing results at
indicated genomicsites from bisulfite-coverted genomes of the HEK293T

and HCT116 cells, respectively. Detected sequences are shown above the
traceswith converted cytosine nucleotidesin parentheses and unconverted
(methylated) marked by solid circles. Asterisks indicate possible cytosine
nucleotides withincomplete bisulfite conversion.



Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

ThermoCas9- ThermoCas9- ThermoCas9-  ThermoCas9  ThermoCas9- AceCas9-
CpCDNA CpCDNA CpC DNA -5mCpC CpG DNA SmCpC DNA
Post-cleavage Pre-cleavage target-only DNA Post-cleavage Pre-cleavage
(EMDB- (EMDB-43771)  (EMDB- target-only (EMDB-44859) (EMDB-43770)
43769) (PDB 9ARS6) 43772) (EMDB- (PDB 9BS6) (PDB 9ARS)
(PDB 9AR4) (PDB 9AR7) N.A)
(PDB N.A.)
Data collection and
processing
Magnification 105K 105K 105K 105K 105K 105K
Voltage (kV) 300 kV 300 kV 300kV 300 kV 300 kV 300 kV
Electron exposure (e-/A%) 60 60 60 60 50 60
Defocus range (um) (-0.8) - (-2.5) (-0.8) - (-2.5) (-0.8) - (-2.5) (-1.0)-(-2.5) (-0.7)-(-2.4) (-1.0) - (-2.5)
Pixel size (A) 0.82 0.82 0.82 0.82 0.82 0.82
Symmetry imposed Gl C1 ¢l C1 C1 C1
Initial particle images 2,516,939 2,516,939 2,516,939 2,570,806 764,417 1,551,106
(no.)
Final particle images (no.) 353,229 63,887 208,337 688,424 758,970 275,004
Map resolution (A) 220 2.77 252 2.64 2.62 2.88
FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143
Refinement
Initial model used (PDB N.A. N.A. N.A Not refined N.A 8D2N
code)
Model resolution (A)
FSC threshold 0.0/0.143/0.5 0.0/0.143/0.5 0.0/0.143/0.5 0.0/0.143/0.5 0.0/0.143/0.5
Model resolution range 22-2.6 2.7-3.0 2.5-2.9 2.6-3.0 2.8-3.1
&)
Map sharpening B factor 66.5 72.6 89.9 112.2 126.1
(A%
Map correlation 0.77 0.80 0.79 0.70 0.76
coefficient
Model composition
Non-hydrogen atoms 122442 12166 11603 12052 111415
Protein residues 1019 1064 1019 1019 1105
Nucleotide residues 180 161 149 172 128
Ligands 7 2 5! 2 0
Water 21 2 19 9 0
B factors (A)
Protein (min/max/mean)  0.0/119.6/48.2 23.5/219.3/115.7  0.0/97.8/41.2 0.0/36.8/12.7 5.0/135.0/73.4
Nucleotides 0.0/136.6/47.5 0.3/175.8/80.1 0.0/155.8/29.0 0.0/138.3/17.7 3.5/182.1/99.2
(min/max/mean)

Ligand (min/max/mean)

Water (min/max/mean)
R.m.s. deviations

Bond lengths (A)

Bond angles (°)
Validation

MolProbity score

Clashscore

Poor rotamers (%)
Ramachandran plot

Favored (%)

Allowed (%)

Disallowed (%)

23.7/58.4/42.6
13.2/46.3/31.8

0.005
1.031

1.55
497
0.00

95.9
4.1
0.0

55.0/65.9/60.5
44.0/46.3/45.2

0.005
0.764

175
579
0.00

93.4
6.6
0.0

0.16/44.5/27.7
0.1/57.8/20.0

0.005
0.849

141
4.60
0.00

96.9
31
0.0

0.0/42.9/35.7
0.0/13.9/5.1

0.004
0.705

181
102
0.00

95.9
4.1
0.0

0.003
0.635

1.69
833
0.00
96.4

0.0
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

D The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

0 XX X OO

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  cryoEM data were screened at the Biological Science Imaging Resource supported of Florida State University and collected at the Laboratory
for BioMolecular Structure (LBMS) of the Brookhaven National Laboratory.

Data analysis cryoEM data were analyzed by cryoSPARC v3.3.1 and RELION 4.0. Structures were modeled and visualized by COOT 0.8 .9.2, PyMOL v 3.1.4.1,
Chimera v 1.18, and ChimeraX 1.7. The structures were refined by PHENIX. Figures were made using Adobe Illustrator. Bar graphs were
plotted in Graph pad Prism.

Plasmid based gene editing results were analyzed with ICE Analysis. 2019. v3.0. Synthego., which is accessible at https://www.synthego.com/
products/bioinformatics/crispr-analysis. Messenger RNA and RNP based gene editing results were analyzed with CRISPResso2 (Clement, et al.,
201 9)., which is accessible at https://crispresso2.pinellolab.org/submission

For Flow Cytometry, we analyzed data using BD FACSDiva. 8.0.1 software.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Uncropped and unedited gel data that support our findings are included in this published article (and its supplementary information files). Reported cryo-EM
structures and associated maps have been deposited to PDB and EMDB with 9AR4 and 43769 for the CpC DNA-ThermoCas9 post-cleavage complex, 9AR6 and
43771 for the CpC DNA-ThermoCas9 pre-cleavage complex, 9AR7 and 43772 for the CpC DNA target-only complex, 9AR5 and 43770 for the 5SmCpC AceCas9
complex, and 9BS6 and 44859 for the CpG DNA-ThermoCas9 post-cleavage complex, respectively.

Amplicon nanopore sequencing data have been deposited to the NCBI Sequence Read Archive database under accession PRINA1426056. Infinium MethylationEPIC
array data for MCF-10A and MCF-7 cells have been deposited to the GEO repository under accession GSE322563.

Reduced Representation bisulfite sequencing (RRBS) data was collected from the ENCODE functional genomics database for various cell lines. We downloaded the
call sets (bed files) from the ENCODE portal (https://www.encodeproject.org/) with the following identifiers: ENCFFOO1TMR, ENCFFO01TMQ, ENCFFOO1TMS,
ENCFFOO1TMT for HEK293T cell and ENCFFOO1TMM, ENCFFOO1TMN for HCT116 cell.

There is no restriction on data availability from this study.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender n/a

Reporting on race, ethnicity, or n/a
other socially relevant

groupings

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size All in vitro cleavage assays were performed with at least three experimental replicates. All cellular assays were performed with at least two or
three experimental replicates. These replicate numbers are in accordance with previous literature and standards in the field of genome
editing technologies. Sample sizes for in vivo experiments are specified in each of the figure legends. No statistical method was used to
predetermine the sample sizes. Our sample sizes are similar to those reported in previous publications: as example see (Eggers et al., 2024).

Data exclusions  No data was excluded.

Replication All attempts at replication were successful. All in vitro cleavage assays were performed with at least three experimental replicates. All cellular
assays were performed with at least tow or three experimental replicates.

Randomization  No randomization was performed in this study. The experiments consisted of cryo-EM structural analyses, in vitro biochemical assays, and
genome editing experiments in established cell lines, for which random allocation to experimental groups is not applicable. No human
participants or animals were involved.

>
Q
—
(e
(D
1®)
(@)
=
S
c
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<




Blinding Nanopore sequencing data were analyzed using CRISPResso2 that doesn't allow experimenter intervention. Therefore, the experimenter was
not blinded.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |:| |Z Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Plants

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T, HCT116, MCF-7 and MCF-10A cells were obtained from ATCC (CRL-3216, CCL-247, HTB-22, and CRL10317
respectively).

Authentication HEK293T, HCT116, MCF-7 and MCF-10A cells were authenticated by ATCC using STR profiling.
Mycoplasma contamination Cells used tested negative for mycoplasma. We utilize the abcam Mycoplasma detection kit (AB289834) for routine testing.

Commonly misidentified lines  no commonly misidentified cell lines were used.
(See ICLAC register)

Plants

Seed stocks n/a

Novel plant genotypes  n/a

Authentication n/a

Flow Cytometry

Plots
Confirm that:
g The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation For plasmid based transfections for both HEK293T and HCT116 were trypsinized (TryPLE) quenched in respective medium,
pelleted, resuspended in complete media, and filtered through a 52-micron cell strainer prior to flow cytometry.




Instrument BD FACSAria
Software Data were analyzed with BD FACSDiva 8.0.1 software.

Cell population abundance All collected cells from a well were sorted. HEK293T have a range of 9,000-22,000 events depending on the replicated.
HCT116 had a range of 8,000-11,000 events depending on the replicate and a smaller range due to the lower transfection
efficiency with plasmid DNA.

Gating strategy All collected cells were gated for far-green GFP (the highest intensity of green fluorescence cells on the x-axis of the FACS
plots (488-530/30-A)). We have included gating strategies in the supplementary information.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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