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Domain expansion contributes to diversification of RNA-guided-
endonucleases including Cas9. However, it remains unclear how REC domain
expansion could benefit Cas9. In this study, we identify an insertion spot that is
compatible with large REC insertion and succeeds in enlarging the non-
catalytic REC domain of Streptococcus pyogenes Cas9. The natural-evolution-
like giant SpCas9 (GS-Cas9) is created and shows substantially improved
editing precision. We further discover that enlarging the REC domain could
enable regulation of the N-terminal adenine deaminase TadASe tethered to the
Cas9 scaffold, which contributes to substantially reducing unexpected editing
and improving the precision of the adenine base editor ABES8e. We provide
proof of concept for evolution-inspired expansion of Cas9 and offer an alter-

native solution for optimizing gene editors. Our study also indicates a vast
potential for engineering the topological malleability of RNA-guided endo-
nucleases and base editors.

As a subset of RNA-guided endonucleases, the diversity of CRISPR-
Cas9 orthologs provides rich material for studying its evolution'?.
However, CRISPR-Cas9 has not yet evolved to be an ideal scaffold for
gaining additional catalytic domains’. The evolution hypothesis sug-
gests that Cas9 originated from a predicted ancestor and underwent a
complex evolution from small to large sizes in hundreds of millions of
years, involving the expansion of various domains through random
insertions* (Fig. 1a). Among these domains, acquisition of the recog-
nition (REC) domain is predicted to play a critical role in enhancing the
specificity of Cas9"**. Although the topological malleability of Cas9
was realized by random insertion of non-Cas9 domain using Mu
transposon®®, the biological influence of natural domain expansion on
Cas9 remains unclear. Despite many efforts to minimize Cas9 off-
target cleavage through introducing amino acid substitutions over the
past decade’™, there is currently no direct experimental evidence
supporting the hypothesis that domain expansion contributes to
improving Cas9 performance. Meanwhile, compact editors have been
paid excessive attention for overcoming the size limitations associated
with viral-based delivery in gene editing™'* (Supplementary Fig. 1a).
Encouragingly, lipid nanoparticle (LNP) delivery has emerged as a safer

and more efficient solution for the delivery of large cargos™*%, which
drives us to explore various routes for engineering gene editors.
Despite increasing payload size, exploring domain expansion can both
aid in refining the knowledge of Cas9 evolution to give a deeper
understanding of Cas9 structure, and open a new pathway to artifi-
cially increase diversity of Cas9 and develop innovative solutions for
improving accuracy and precision of Cas9-based gene editors.

Here, we try obtaining knowledge from the natural evolution of
Cas9 to improve the performance of gene editors. By combining
bioinformatics analysis and protein engineering methods, we are
inspired by nature and create a natural-evolution-like nuclease, giant
SpCas9 (GS-Cas9), carrying the largest REC domain experimentally
identified to date. An unreported role of domain expansion is
uncovered in this study, where enlarging the REC domain could
regulate the catalytic activities of the domain tethered to the
N-terminus of the Cas9 scaffold. ABE8e adenine base editor shows
high compatibility with the enlarged Cas9 scaffold, which results in
improving the precision of base editing. As an alternative strategy,
the GS-Cas9 scaffold may have huge potential to be expanded to
most SpCas9-based base editors to fine-tune their performance. To
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our knowledge, we show a case of developing improved Cas9-based combining various databases', among which there are 138,334

gene editors by harnessing nature-evolution-like concept that is
different from the strategies reported before.

Results

REC domains of Cas9 show high flexibility in size

Zhang and colleagues predicted a total of 161,859
IsrB_IscB_Cas9 sequences from a prokaryotic database constructed by

Cas9 sequences (Supplementary Fig. 1b). However, only a minuscule
fraction of these sequences carrying less than 1700aa has been
experimentally characterized or structurally resolved in the past
decade”?°. To investigate which domain exhibits the representative
expansion in natural evolution, we first compared characteristics of
seven proteins (one IscB and six Cas9s) structurally identified to date.
Compared to an ancestor OgeulscB, FnCas9 (size 1629aa) shows a
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Fig. 1| Comparative analysis of various Cas9 sequences and investigating REC
expansion of SpCas9. a Schematic illustration of REC expansion in the Cas9-
evolution-hypothesis. b Domain size of IscB and Cas9s. Crystal structures of all the
proteins have been identified. REC, recognition (REC) lobe; BH, bridge helix; PAM,
protospacer-adjacent motifs; Pl, PAM-Interacting Domain. FnCas9 (PDB:5B20),
SpCas9 (PDB:4008), St1Cas9 (PDB:6MOV), SaCas9 (PDB:5AXW), NmeCas9
(PDB:6JDQ), CjCas9 (PDB: 6JO0), OgeulscB (PDB:7UTN). ¢ Violin plot illustrating
distribution of Cas9-sizes in various species. One pot means one sequence. n,
number of sequences in each group. d Highlighting evolution of Cas9 proteins in
different species. F, Francisella; Sp, Streptococcus pyogenes; Stl, Streptococcus
thermophilus; Sa, Staphylococcus aureus; Nme, Neisseria meningitidis and Cj, Cam-
pylobacter jejuni. e A crystal structure of StiCas9 (PDB:6MOV). f A crystal structure
of SaCas9 (PDB:5AXW). g Schematic of REC expansion from SpCas9. Insert

positions are shown in cells. h Workflow for testing Cas9 variants activity in
HEK293T cells. Episomal EGFP plasmid was co-transfected with Cas9 and gRNA
plasmids to monitor Cas9 activity. i Activities induced by SpCas9 and variants. Data
are presented as mean #s.d. (n =3). P values were determined by two-way ANOVA
Sidak’s multiple comparisons test. j Testing influences of BHs with different lengths
on activities. Data are presented as mean ts.d.(n = 3). P values were determined by
two-way ANOVA Sidak’s multiple comparisons test. k Variant Left-REC12 mediated
EGFP disruption at different plasmid dosages. Low dosage 1, 2 ng of reporter
plasmid; Low dosage 2, 4 ng of reporter plasmid. Data are presented as mean #s.d.
(n=3). Pvalues were determined by two-way ANOVA Sidak’s multiple comparisons
test. I Disruption activities of SpCas9 and GS-Cas9 on endogenous GFP site in
HEK293-deGFP cells. Data are presented as mean #s.d.(n = 3). Source data are
provided as a Source Data file.

3.28-fold increase in overall size and a 20.4-fold increase in REC domain
size. Meanwhile, other domains increased less than 3.08-fold (Fig. 1b
and Supplementary Fig. 1c). To further evaluate the distribution of REC
domain sizes in large Cas9s, we filtered sequences larger than FnCas9
to get a total of 45 unique sequences (Supplementary Notes and Sup-
plementary Table. 1) after the removal of 48 repeat sequences. These
proteins were an average size of 1712aa, where CP041030.1 (size
1695aa) isolated from the Francisella sp. LA112445 strain carried a
predicted 841aa REC indicating 22.1-fold larger than that of IscB. This
REC surpasses that of CjCas9, SpCas9 and FnCas9 by 491aa, 217aa and
65aa, respectively (Supplementary Fig. 2). The analysis indicates that
REC shows higher flexibility in size and tolerance for continuous
insertions than other domains. On the other hand, the protospacer
adjacent motif (PAM) for large Cas9 likely becomes shorter than that of
compact Cas9 (Fig. 1b and Supplementary Fig. 1d). Additionally, Cas9
proteins isolated from the same genus or species show a wide range of
protein size (Fig. 1c). We propose that the REC lobe may also serve as a
good mediator for matching and balancing protein-size expansion
during the evolutionary process of Cas9s, thereby maintaining the
functional conformation of multi-domain®*",

To further explore possible insertion sites for REC expansion, we
then systemically analyzed 45,696 Cas9 sequences isolated from five
kinds of organisms (genus Francisella, species Streptococcus pyogenes,
Streptococcus thermophilus, Staphylococcus aureus, Neisseria meningi-
tidis and Campylobacter jejuni, in which at least one Cas9 has been
structurally identified) by removing repeats. Except for S. pyogenes
Cas9 sequences, we found inspirations of REC lobe expansion. Like-
wise, the predicted protein UHCS01000002.1 isolated from S. aureus is
318aa longer than SaCas9 and contains a predicted REC that is 268aa
longer than that of SaCas9. Insertions mainly appear in either the
middle (for S. thermophilus, S. aureus, N. meningitidis and C. jejuni) or
boundaries (for Francisella, S. thermophilus and S. aureus) of REC
domain (Fig. 1d, and Supplementary Figs. 3-8). For the large Cas9 in
Francisella, the expansion seems easier to occur at the C-terminus of
REC. These positions might be used as sites for REC insertion. Most
notably, UHCS01000002.1 shows an 88.3% pairwise sequence identity
with SpCas9 (Supplementary Fig. 9), while LR822033.1 and
VBTK01000005.1 isolated from S. thermophilus have 99.4% and 56.9%
sequence identity with SpCas9, respectively (Supplementary Fig. 10).
Since FnCas9 and SpCas9 were younger than StCas9, SaCas9, and
NmeCas9?’, we suppose that SpCas9 might have evolved from SaCas9
or StlCas9 through domain expansion. Though we didn’t capture
expansion sequences derived from SpCas9, our analysis indicates that
SpCas9 may have high compatibility with the REC domain of SaCas9 or
StlCas9.

Building giant SpCas9 by enlarging REC domain

Based on the bioinformatic analysis above, we assumed that REC
domains have the ability to tolerate large-size insertions. SpCas9 has
been extensively studied in terms of its crystal structure and
mechanism of function, which enables it to be the most widely used in

both academic and industrial fields”. Based on these inspirations
above, we tried to explore whether we could create giant SpCas9
variants by enlarging the REC domain and gaining biological insights®.
Multiple-sequence alignments of S. thermophilus and S. aureus did not
show conserved motifs near the boundaries of REC domains (Sup-
plementary Figs. 5, 6, 11), which suggests that these sites might serve as
recombination hot spots compatible with foreign insertions.

Because domain combinations are often found in only one
sequential order in the evolution of the majority of multi-domain
proteins®*, we first tried inserting the REC lobe of St1Cas9 at the
termini of the REC domain in SpCas9 to generate expansion variants
driven by these understandings. Given flexible linker regions in Cas9
appear to play arole in the inactive-to-active conformational transition
of multiple domains'*?°**, we selected two short-flexible-linkers from
SaCas9 (residues T205 to D223 or K420 to T436) to link insertions
without using any non-Cas9 sequences (Fig. 1e and f). We designed and
constructed four variants in which different REC elements were opti-
mized for humans using codon usages from IDT (Fig. 1g). To avoid
Cas9 variants failing to function in mammalian cells, we chose human
embryonic kidney (HEK) 293T cells to evaluate the activity of our
variants with an EGFP plasmid interference assay modified from pre-
vious research* (Fig. 1h). Unfortunately, we did not observe EGFP
disruption activity from any of the four variants (Fig. 1i). We speculated
that enlarged Cas9-variants might also not need extended BH domains.
We also observed that the excessive length of the BH domain reduced
the cleavage activity of SpCas9-2BH (Supplementary Fig. 12a). There-
fore, we removed the St1-BH sequence in the variant Left-BH-REC12 to
generate the Left-REC12 variant. The new variant still did not induce
reduction of GFP* cell populations, but did lead to a 20% decrease in
mean fluorescence intensity (MFI) of GFP* cells (Fig. 1j). Excitingly, we
observed a significant decrease in GFP* cells in presence of the Left-
RECI2 variant when the substrate plasmid concentration was reduced
to a lower level (Fig. 1k). Then, we tried to use a human cell line bearing
an integrated construct that constitutively expresses a deGFP protein,
HEK293-deGFP*, to evaluate Left-REC12 activity on chromosome sites.
We observed 45.5% to 70% GFP disruption activity relative to SpCas9 in
the presence of various doses of the Left-REC12 variant (Fig. 1I). We
speculated that domain expansion might impact Cas9 kinetics which
caused the great differences of EGFP disruption in presence of differ-
ent molar concentrations of DNA substrate**”. Then, we specially
named Left-RECI2 as giant SpCas9 (GS-Cas9). The GS-Cas9 protein has
a length of 1780 aa and a 207 kDa molecular weight, which is 1.3 times
larger than SpCas9 and might form an unbalanced bilobed structure
(Fig. 2a, Supplementary Fig. 12b). The REC domain of GS-Cas9 consists
0f 1036 amino acids making it 1.66-fold larger than that of SpCas9. This
represents not only the largest Cas9 protein size but also the largest
REC domain size experimentally characterized to date. Though others
have built synthetic Cas9 scaffolds using an engineered Mu transposon
system®®®, all these efforts introduced Mu-recognized sequences or
non-Cas9 domains into variants. By contrast, GS-Cas9 is a nature-like
Cas9 without any non-Cas9 domains being introduced. We also
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Fig. 2 | Investigating GS-Cas9 performance on human genome. a Domain
organization of SpCas9 and GS-Cas9. b Workflow for systemically testing GS-Cas9
activity in HEK293T cells. ¢ Edits rates generated by SpCas9 and GS-Cas9 at seven
loci in HEK293T cells. Data are presented as mean ts.d. (SpCas9, n=2; GS-Cas9,
n=3).d Normalized editing frequencies for 7 target sites for SpCas9 and GS-Cas9.
Each dot represents a different guide. Each data point represents the relative
activity at each site calculated from (c). e Representative sequences of the human
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EMX1 site targeted by GS-Cas9. sgRNA target site and PAM are indicated by blue and
purple respectively. f Average indel length at EMX1 site from (c). g Targeted deep-
sequencing analysis of off-target sites for the EMX1 site. Data are presented as mean
+s.d. (SpCas9, n =2; GS-Cas9, n =3). h Modified levels with guide sequences con-
taining double-base mismatches at VEGFA site. Data are presented as mean +s.d.
(n=23). Source data are provided as a Source Data file.

demonstrate an insertion site unidentified by transposon®**, which
may suggest different compatibilities of SpCas9 with non- or nature-
Cas9 domains. Importantly, SpCas9 and GS-Cas9 can allow for com-
parative study to deepen the understanding of influences induced by
domain expansion on Cas9 properties.

We next evaluated the expression of GS-Cas9 using western
blotting. The lower disruption efficiency of GS-Cas9 may be attributed
in part to lower expression relative to that of SpCas9. However,
SpCas9-2BH, GS-Cas9 showed similar expression levels (Supplemen-
tary Fig. 12c). Deletions or mutations of REC domain in various Cas9
nucleases generally led to reduced protein expression in human
cells?*, which suggests that topological changes may play a critical
role in Cas9 expression or stability.

Enlarging REC lobe could enhance editing precision on

human genome

To test whether the enlarged RNA-guided nuclease could enhance
editing precision, we investigated the editing performance of GS-Cas9
on seven endogenous genome loci in HEK293T cells (Fig. 2b). For wild
type SpCas9, modified levels ranged from 35.8%-88.8% at the seven
genomic loci tested, whereas for GS-Cas9 modified levels ranged from
2.6%-70.3% (Fig. 2c). Totally, GS-Cas9 displayed 55% on-target activity
of SpCas9 across seven sites tested (Fig. 2d). Alleles showed patterns of

substitutions, insertions, and deletions (Fig. 2e, Supplementary
Fig. 13), however, we did not observe different indel patterns between
SpCas9 and GS-Cas9 (Fig. 2f). Next, we tested the top 3 known genomic
off-target (OT) sites for EMXI editing as identified by GUIDE-seq
(genome-wide, unbiased identification of double-strand-breaks
enabled by sequencing)’. At all three off-target-sites, we observed
lower editing levels mediated by GS-Cas9 (averaging 0.94%, 0.83% and
1.24% at these 3 off-target sites, respectively) than that of SpCas9
(averaging 7.95%, 5.37% and 7.12%, respectively). Additionally, the ratio
of on-target to off-target editing increased from an average 12.7 for
SpCas9 to 50.2 for GS-Cas9 across these 3 off-target sites (Fig. 2g). To
further evaluate the tolerance of GS-Cas9 for mismatched target sites,
we chose four mutated guide sequences for the VEGFA site introducing
double-base mismatches at different PAM-distal positions reported in
previous research®. Compared with SpCas9, GS-Cas9 induced unde-
tectable modified reads with all mismatched guides, while SpCas9
induced 0.36%-4.21% of modified reads (Fig. 2h). Two sites contain
either a cytosine-rich homopolymeric sequence or a sequence with
multiple TG repeats, where GS-Cas9 mediated significantly lower
editing compared to SpCas9 (14-fold lower at the HBG2 site and 4-fold
lower at the VEGFA site, respectively).

This data demonstrated that GS-Cas9 improved targeting speci-
ficity and retained detectable activity. FnCas9 possesses higher
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specificity than SpCas9*, which may be attributed in part to its larger
REC lobe. Excessive expression of gene editors could lead higher off-
target edits*®, domain expansion may improve editing accuracy by
partially altering protein expression of Cas9. Engineered high-fidelity
SpCas9 variants always suffer loss of editing activity compared to wild
type, for instance, HypaSpCas9 demonstrates 60% activity relative to
SpCas9'>**2, GS-Cas9 shows 55% relative activity compared to SpCas9
across 7 tested sites which is in the similar activity level to HypaSpCas9
in HEK293T cells.

Enlarging REC domain reduces RNA editing of adenine deami-
nase TadAS8e in base editor

In contrast to SpCas9 and SaCas9, the RuvC domain interacts with the
REC domain in FnCas9, a naturally occurring large Cas9” (Fig. 3a). We
also observed that REC-domain sizes often increase with increases in
other domain sizes of Cas9s (Fig. 1c and Supplementary Fig. 1). For
instance, the SpCas9-RuvC domain (307 residues) is 1.45-fold larger
than that of SaCas9 (212 residues). We hypothesized that REC expan-
sion may induce extra interaction between domains than the parent.
Then we chose the ABES8e editor as a fusion model of Cas9 for gain-of-
function to investigate whether REC expansion could impact
N-terminal catalytic domain activities. ABE8e fusion contains an ade-
nine deaminase mutant TadA8e (166aa) with higher activity fused to
the N-terminus of the nickase SpCas9 (D10A), in which TadAS8e is
exposed to the environment with resulting in high mobility and no
specific interaction with the SpCas9 scaffold**** (Fig. 3a). The exposure
increases the freedom of TadA8e, thereby enhancing its chances of
interacting with other DNA or RNA nucleotides, resulting in a higher
occurrence of Cas9-independent off-target editing events®*’. Cas9-
independent off-target DNA editing and RNA editing activities of ABE
are positively correlated with the activity of the tethered adenine
deaminase***%*°, We proposed a hypothetical model in which REC
expansion may lead to a rearrangement of the original REC domain
and shorten the distance between REC and N-terminal TadA by
enlarging the coverage of the engineered REC lobe, thereby generating
influences on TadA (Fig. 3b).

a FnCas9 (PDB 5b20)
Only show RuvC-BH-REC domains

We first established a time-saving and cost-effective method,
plasmid-based RNA editing and DNA editing reporter assay (pbREA-
DER), to evaluate editing activities of ABE8e variants (Fig. 4a, Supple-
mentary Figs. 14 to 15, Supplement Notes). Four variants ABESe-2BH,
GS-ABE8e, GS-ABE8e-1.5BH and GS-ABE8e-2BH were constructed
(Fig. 4b). We observed that GS-ABE8e-2BH induced comparable RNA
editing and DNA editing activities with ABE8e, but MFI reduction of
DNA editing mediated by GS-ABE8e-2BH was 2.3-fold less compared to
ABES8e (Supplementary Fig. 16a and b). Meanwhile, we did not observe
both RNA editing and DNA editing activities from the ABES8e/RR12
variant with the REC domain inserted at the C-terminus of Cas9 scaf-
fold in ABESe. Given the SpCas9/Right-RECI2 data, we suggest that the
insertion at the C-terminus of the REC domain may lead to protein
misfolding. GS-ABESe-2BH showed efficient editing activities, which
indicates that GS-Cas9-2BH retains on-target binding. As a long a-helix,
BH also acts as a rigid spacer between REC and RuvC-l of Cas9*.
Compared to GS-ABE8e-2BH, truncated BH induced not only a
decrease in RNA editing but also increased DNA editing activity
(Fig. 4c-f). Of note, EGFP activation of GS-ABE8e mediated by RNA
editing reduced 4.46-fold and 3.64-fold compared to the GS-ABES8e-
2BH and ABESEe, respectively. We observed similar trends in transfec-
tion with or without loading non-target sgRNA containing 20nt-guides.
We did not observe differences in MFI mediated by RNA editing for
these variants. However, MFI difference induced by DNA editing from
GS-ABE8e showed an almost 2-fold increase relative to GS-ABES8e-2BH
(Fig. 4g). This indicates that GS-ABE8e maintains the same DNA editing
activity on EGFP plasmid as ABE8e. We also observed similar differ-
ences between ABE8e and ABE8e-2BH (Supplementary Fig. 16¢). Like
GS-Cas9, ABE8e-expansion variants with the single-BH configuration
exhibited the best performance. This aligns with the natural evolu-
tionary selection of Cas9s, in which near-fixed BH length enables
adaptation to wide range of Cas9 sizes. Unlike GS-Cas9, western blot-
ting indicated that GS-ABE8e, GS-ABE8e-1.5BH and GS-ABESe-2BH
showed similar expression levels with ABE8e (Supplementary Fig. 16d).
We further assessed whether GS-ABE8e reduced off-target RNA editing
activity on endogenous transcripts within the cell. After transfection of
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Fig. 3 | ABE8e was chosen for investigating the influences of REC expansion on
N-end catalytic domain. a Protein structure of FnCas9 and ABES8e. Left, FnCas9
(PDB 5b20); right, ABE8e (PDB 6vpc) contains an engineered deoxyadenosine
deaminase TadA from Escherichia coli and a nickase SpCas9 (D10A). b Hypothetical

Lower unexpected edits

model of REC expansion for Cas9 fusion. In this proposed model, the insertion may
lead to a rearrangement of the original REC domain and shorten the distance
between REC and TadA by enlarging the coverage of the engineered REC lobe,
thereby generating additional interactions between these two domains.
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editing and DNA editing reporter (pbREADER) assay. b A schematic illustration of
the ABE8e and hypothetical GS-ABES8e variants. ¢ Representative sequences of
reporter plasmid pCMV-EGFP(W58stop) targeted by SpCas9 or GS-Cas9. Below,
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e Activation of EGFP mediated by various base editors. Data are presented as mean
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way ANOVA Tukey’s multiple comparisons test. h Average A-to-1 RNA editing fre-
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guide RNA. Data are presented as mean +s.d. (n =3). Source data are provided as a
Source Data file.

HEK293T cells by nickase SpCas9 (D10A), ABE8e, and GS-ABE8e, RNA
was extracted from cells. The IP90 transcript reported in previous
study***' was used to evaluate off-target RNA editing. The amplicon
was produced by PCR after complementary DNA (cDNA) and analyzed
for A-to-l editing by high-throughput sequencing. We found that GS-
ABES8e drastically reduced A-to-l levels at all A positions inside the
amplicon (Fig. 4h). Especially, A-to-I efficiencies at TAG motif reduced
more than 2-fold compared to ABE8e. These results reveal that enlar-
ging the REC domain succeeds in regulating adenine deaminase
activities in ABESe.

We then evaluated whether GS-ABES8e variants still could retain
on-target editing activity on a genome locus in HEK293T cells. We
observed similar A-to-G editing rates at the EMX1 site for these variants
loaded with 20nt-gRNA (cumulative editing rates of 36.98%, 38.44%
and 32.79% for ABE8e, GS-ABE8e, and GS-ABE8e-1.5BH, respectively)
(Fig. 4i and Supplementary Fig. 17). Importantly, we observed

decreases in indel levels for both REC expansion variants (averaging
indels of 7.09%, 3.63%, and 3.58% for ABE8e, GS-ABE8e, and GS-ABES8e-
1.5BH, respectively). Enlarged REC domains may provide protection
for the non-target strand by reducing the ssDNA exposed to solvent,
which may decrease double-strand breaks and indels. REC expansion
variants induced slightly lower A-to-G efficiencies in the presence of a
35nt-gRNA (cumulative editing rates of 41.10%, 28.78% and 23.50% for
ABE8e, GS-ABE8e, and GS-ABE8e-1.5BH, respectively), while indel
levels were around 4.25-fold lower compared to ABES8e (2.72%, 0.95%,
and 0.64% for ABESe, GS-ABE8e, and GS-ABE8e-1.5BH, respectively)
(Fig. 4j and Supplementary Fig. 18). We did not observe edits outside of
the 20-nt protospacer, which suggests that enlarging the REC lobe
does not enlarge the editing window in presence of longer guide
sequences.

Here we show that enlarging the REC domain enables
Cas9 scaffold to reduce the activities of N-end fused catalytic domain
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in ABE8e on RNA transcripts, which indicates an unreported role of
REC domain expansion. Given the non-specific DNA mutations medi-
ated by free HNH or RuvC nucleases’>*, we suggest that REC acquisi-
tion or expansion might play a ‘peacemaker’ role during natural
evolution to influence catalytic domains to work within a specific space
and reduce non-specific cleavage (Fig. 3b). GS-Cas9 variant exhibited
advantages in editing precision over SpCas9, therefore we performed
all subsequent experiments with GS-ABE8e to systemically compare it
with ABE8e and determine the characteristics of GS-ABES8e.

Enlarging REC domain contributes to reducing ABESe unex-
pected editing in plasmid-based reporter system
The orthogonal R-loop assay is commonly used for evaluating Cas9-
independent off-target editing induced by base editor**. Because the
GS-Cas9 scaffold was a chimera of multiple Cas9s, we then investigated
whether GS-ABE8e was compatible with gRNA-scaffolds from related
Cas9 systems using the EGFP disruption assay (Supplementary Fig. 19a
and b). GS-ABES8e still exhibited the highest GFP disruption activity in
the presence of a SpCas9 gRNA-scaffold, which was like ABESe. We
observed similar activities for ABES8e and GS-ABES8e in the presence of
gRNAs with Sa- or St1-gRNA-scaffolds. Interestingly, GS-ABE8e showed
greater activity than ABE8e in the presence of a gRNA-FnCas9-scaffold
(Supplementary Fig. 19¢). Additionally, GS-ABE8e did not show activity
with a gRNA carrying the SaCas9-gRNA-scaffold and a guide sequence
targeting an EGFP-DNA region bearing the promiscuous 5-CGGAGT-
PAM for SaCas9 and SpCas9 (Supplementary Fig. 19d and e). These
results indicate that GS-Cas9 scaffold retains its original orthogonality.
sgRNA may suffer degradation from nuclease in cells*, we next
evaluated the tolerance of GS-ABES8e for truncated guide sequences.
Compared with ABE8e, GS-ABES8e exhibited lower relative activity with
12nt, 10nt and 8nt guides (Fig. 5a), which indicates that GS-ABES8e is
more sensitive to truncated guide sequences. To further determine
whether GS-ABES8e is still sensitive to mismatched target sites, we
systematically mutated the EGFP guide sequence to introduce double-
base mismatches at various positions (Fig. 5b). Compared with ABESe,
GS-ABE8e showed lower relative activity with mismatches located
inside of the 1- to 10-base pair seed sequence. This revealed that
enlarging REC domain also enhanced targeting specificity of ABESe
base editor.

Base editors could generate unexpected ultra-low edits outside
of the protospacer sequence (that is, out-of-protospacer), which is
lower than the detection limit of next generation sequencing (NGS)*.
The EGFP reporter enables a much lower 10-fold detection limit for
base editing than NGS-based strategies”. To evaluate whether GS-
ABES8e has the potential to reduce edits out-of-protospacer on non-
target strands, we compared the EGFP reporter activities of GS-
ABE8e and ABES8e on an adenine base located at position 4 out-of-
protospacer (that is, A (-4)). Notably, we observed that A (-4) out-of-
protospacer edits for GS-ABE8e reduced 13.3-fold compared to
ABES8e (Fig. 5¢ and Supplementary Fig. 20). In an orthogonal R-loop
assay using reporter plasmid, GS-ABE8e mediated EGFP activation
was 6.5-fold lower than ABE8e (Fig. 5d), which contributes to higher
resolution outcomes on low EGFP-DNA-substrate concentrations
(Supplementary Fig. 21). Moreover, in an orthogonal R-loop assay for
Cas9-independent off-target DNA editing on genome (Fig. Se), GS-
ABES8e expectedly generated much lower rates of off-target effects
(averaging 0.29% and up to 0.56%), but ABE8e generated much
higher Cas9-independent off-target editing (averaging 3.1% and up to
6.8%) (Fig. 5f). Reasonably, this improvement might benefit from
extra interaction between the enlarged REC domain and TadA
domain. Meanwhile, GS-ABE8e retains similar editing activity with
ABES8e on locus site 1 (Fig. 5g).

Anti-Cas9 protein AcrllA4 can inhibit ABE activity by occupying
both PAM-interacting and non-target DNA strand cleavage catalytic
pockets of SpCas9°%. In our EGFP disruption assay, we observed no MFI

reduction induced by GS-ABES8e in the presence of AcrllA4 (MFI
reduction 24% for ABESe vs 0% for GS-ABES8e, respectively) (Supple-
mentary Fig. 22). These data reveal that GS-ABE8e shows greater sen-
sitivity to anti-Cas9 protein.

GS-ABES8e shows lower indels and Cas9-dependent off-target
editing than ABES8e on human genome

It has been challenging to achieve a balance between the target and off-
target activities of ABE in previous studies. Though Cas9-independent
RNA off-target editing and DNA off-target editing of ABE8e has been
reduced through directed evolution of TadA8e, TadA8e mutants were
difficult to reduce unexpected indel events***s. Conversely, ABESe
constructs were compatible with previously described high-fidelity
SpCas9 variants (e.g., SpCas9-HF1, evoSpCas9, SuperFi-Cas9) bearing
different residue-mutations and succeeded in minimizing Cas-
dependent off-target editing, which unfortunately showed sub-
stantial loss in on-target editing’*®% To investigate the performance of
GS-ABE8e more thoroughly, 11 endogenous human genome loci pre-
viously reported***#*** were tested. We compared ABE8e with GS-
ABES8e side by side using 11 additional gRNA sites. The activity (defined
as the editing level at the position with the highest A-to-G rate in each
site) of GS-ABE8e ranged from 40.4% to 81.0%, which was similar with
ABES8e (45.6% to 74.7%) at 10 of 11 sites (Fig. 6a and b). Compared with
ABESe, indel levels induced by GS-ABES8e at 11 target sites decreased by
1.7- to 3.4-fold (0.46% to 2.49% for GS-ABE8e vs 1.07% to 8.63% for
ABESe, respectively) (Fig. 6¢). Across all 12 tested sites (EMX1 site in
Fig. 4i and 11 sites in Fig. 6¢), GS-ABES8e induced a 2-fold decrease of
indels compared to ABE8e (Fig. 6d). We examined the base editing
window of GS-ABES8e and ABESe. Consistent with ABESe, GS-ABE8e can
efficiently edit A2-A8 positions, counting the PAM as positions 21-23
(Fig. 6e). Because REC expansion enhanced targeting specificity of
SpCas9, we further selected Cas9-dependent off-target sites reported
in previous study**** to investigate off-target activity of GS-ABESe in
HEK293T cells. The top 5 or 2 known ABE off-target loci for EMX1 and
ABE site 2 (VISTA enhancer) editing were evaluated. We observed a
decrease in editing at one of the top two off-target sites for ABE site2
when comparing GS-ABE8e to ABE8e (0.95% vs 2.70%) (Fig. 6f). At the
top 5 EMXI off-target sites, we observed remarkable decreases in GS-
ABE8e-mediated A-to-G editing (averaging 44.63% vs 31.1%, 1.28% vs
0.60%, 4.65% vs 2.58%, 2.19% vs 1.37%, 0.1% vs 0.00% at the top five sites
for ABESe and GS-ABESe, respectively) (Fig. 6g). The ratio of on-target
to off-target editing was much higher than ABES8e at these sites (Fig. 6h
and i). GS-ABE8e also produced lower rates of indels at all off-target
sites (averaging 2.17% vs 1.04%, 0.13% vs 0.01%, 0.11% vs 0.06%, 0.21% vs
0.12%, 0.007% vs 0.005%, at the top 5 sites ABES8e and GS-ABESe,
respectively) (Fig. 6j and k). GS-ABE8e also mediated lower A-to-G edits
at 19 out of 20 positions on non-target strands across 12 sites (only
positions with editing >0.1% were counted for this conclusion) (Sup-
plementary Fig. 23). These observations reveal that GS-ABE8e is a
highly efficient adenine base editor with reducing unexpected indels
and off-target edits.

TadAS8e is reported with the much higher deoxyadenosine dea-
minase activity and leads higher off-target editing (e.g., Cas9-depen-
dent, Cas9-independent, and RNA transcriptome) than that of variants
with lower activity*’. GS-Cas9 allows base editors to reduce unex-
pected edits even when carrying TadA8e. Importantly, our study
demonstrates that the same goal can be achieved by adjusting the
topological malleability of the Cas9 scaffold, unlike previous research
which aimed to reduce unwanted edits through continuous muta-
genesis of TadA8e>. GS-Cas9 has the potential to balance high on-
target editing with low off-target editing and off-targets for ther-
apeutic applications of base editors containing catalytic domains
tethered to the N-terminus in future research. Here, our data demon-
strate advantages of the GS-Cas9 scaffold in improving overall per-
formance of adenine base editor.
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Fig. 5 | Investigating performance of GS-ABES8e using a plasmid-based reporter
system. a Targeting ABE8e and GS-ABES8e to a representative EGFP locus in
HEK293T cells with gRNAs containing guides in various lengths. Data are presented
as mean #s.d. (n=3). b EGFP disruption with guide sequences containing con-
secutive transversion mismatches. Data are presented as mean ts.d. (n=3).
cInvestigating base editors’ activities on out-of-protospacer A-to-G editing. 10 ng of
EGFP(Q81stop) plasmid was used for each well. Data are presented as mean +s.d.
(n=2or 3).d Plasmid-based orthogonal R-loop assay. Here, EGFPstop was activated
by Cas9-independent off-target DNA editing. Data are presented as mean *s.d.
(n=3). P value was determined by two-way ANOVA Sidak’s multiple comparisons
test. NS, not significant. e Orthogonal R-loop assay overview on human genomic
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orthogonal R-loop assay at each R-loop site with dSaCas9 and a SaCas9 sgRNA. Each
R-loop was performed by co-transfection of ABE8e or GS-ABES8e, and a

SpCas9 sgRNA targeting site ABE sitel with dSaCas9 and a SaCas9 sgRNA targeting
R-loops 1-5, respectively. Amplicons of R-loops sites were analyzed by high-
throughput sequencing. For all plots, bars represent mean #s.d. of three indepen-
dent biological replicates. g On-target base editing efficiencies for ABE8e and GS-
ABE8e in HEK293T cells at ABE site 1 in HEK293T cells for the orthogonal R-loop
assay. Amplicons of ABE site 1 were analyzed by Sanger sequencing. For all plots,
dots represent individual biological replicates and bars represent mean +s.d. of
three independent biological replicates. Source data are provided as a Source
Data file.

GS-Cas9 scaffold is compatible with various TadAS8e variants

Different substitutions introduced in deaminase can critically affect its
compatibilities with Cas homologs**. We then extensively investigated
whether various TadA8e-derived variants could be compatible with the
GS-Cas9 scaffold. We first tested the possible compatibility of GS-Cas9
with other TadA9 variants (with N108Q and L145T variants in Tad8e)*5,
GS-ABE9 retained slightly lower MFI disruption activities than ABE9
(Supplementary Fig. 24). After evaluation at 9 endogenous sites, we
observed that both ABE9 and GS-ABE9 showed moderately lower
activity than GS-ABES8e, but GS-ABE9 significantly reduced unexpected

indel levels at tested sites and narrowed the editing window from 7
nucleotides (A2 to A7) to 3 nucleotides (A4 to A6) (Supplementary
Fig. 25). This data shows that specific residues can impact the com-
patibility of TadA with GS-Cas9 scaffold. Additionally, GS-Cas9 also
showed good capabilities with TadA8e (N46L) and TadA8e (VI06W)
variants previously reported®®’, which showed higher editing effi-
ciencies than GS-ABE9 editor (Supplementary Fig. 26). Excitedly, we
observed that GS-ABE8e(V106W) reduced 3-fold EGFP activation
mediated by RNA editing than ABES8e(V106W) (Supplementary Fig. 27).
This data further suggests that previous strategies reported for
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engineering TadA8e to improve editing precision could be used to
improve GS-ABE8e performance in future research. The evaluation of
base editing also showed no difference in PAM preference between GS-
ABE8e and ABESe (Supplementary Table. 2).

Discussion

We reached the inspirations for REC lobe expansion in Cas9 after
systemically analyzing thousands natural sequences and realized arti-
ficially enlarging SpCas9. To our knowledge, this is the first report that
evolution-inspired engineering of Cas9 domain expansion can
improve gene editing performance. Extensive structural study is nee-
ded to understand this enlarged Cas9, which may offer novel insights
for innovative strategies of optimizing gene editors. Structural growth
trajectory of II-C Cas9s was predicted in a recent study®®, which indi-
cates a vast potential for engineering the topological malleability of
RNA-guided endonucleases. The ratio of REC lobe size to NUC
(nuclease) lobe size may play crucial roles in regulating function of
Cas9 or Cas9-based gene editors (Supplementary Fig. 28). Considering
the highly conserved bilobed structures of Cas9 orthologs, this largest
REC domain could possibly be expanded to other Cas9s. Analysis of
structures also shows REC lobe extension parallel with other domain
extensions in another RNA-guided-endonuclease family in which Fan-
zor and Casl2a derived from an ancestor TnpB®’. Our strategy to create
diverse Cas9 variants by enlarging specific domains in the laboratory
instead of natural evolution improves the efficacy of the editors.
However, we should acknowledge that increasing the size of gene
editors could pose challenges for delivery using adeno-associated
viruses (AAV). Alternative delivery approaches, such as the split AAV
method or LNP-based non-viral systems, could provide potential
solutions to this challenge. For example, recent research showed that
split inteins can enable AAV delivery of proteins as large as 470 kDa®,
These developments offer potential solutions for delivering larger
gene editors.

Importantly, these crucial insights on REC-expansion may spur
further fundamental research to deepen the understanding of RNA-
guided-endonuclease topology and stimulate more innovative solu-
tions to overcome the critical challenges associated with gene editors.
We believe that this approach is complementary to previous engi-
neering strategies of RNA-guided gene editors, holding great potential
advancing safer gene editing for development and optimization of
clinical drug.

Methods

Analysis of sequences

Alignment and annotation analyses were performed with Geneious
Prime 11.0.18. Filtration of sequences was performed using Microsoft
Excel. NCBI blastp (protein-protein BLAST) was used to double check
candidate-sequences.

If no other instructions are given, in the text, FnCas9 specifically
refers to PDB:5B20, SpCas9 specifically refers to PDB:4008,
StlCas9 specifically refers to PDB:6MOV, SaCas9 specifically refers to
PDB:5SAXW, NmeCas9 specifically refers to PDB:6JDQ, CjCas9 specifically
refers to PDB: 6JOO, OgeulscB specifically refers to PDB:7UTN.

Construction of plasmids

We used general cloning methods including Gibson assembly with
GeneArt Gibson Assembly HiFi Master Mix (Thermo Fisher, A46628)
and Quick ligation kit (New England Biolabs, M2200S) with a variety of
type IIS restriction enzymes. One Shot™ MAX Efficiency™ DH5a-TIR
Competent Cells (Thermo Fisher, 12297016) were used for DNA clon-
ing. The sequences of cloned constructs were confirmed by sanger
sequencing following extraction with QlAprep kit (QIAGEN, 27106).
Plasmids including vectors purchased from Addgene used in this study
can be found in Supplementary Table. 3 to 5. All human genome sites
are available in Supplementary Table. 6. Oligonucleotides and

fragments used in this research can be found in the Supplementary
Table. 7 to 10. EGFP expression plasmids containing amino acid sub-
stitutions were generated by standard PCR with Q5 Site-Directed
Mutagenesis Kit (New England Biolabs, E0554S). Human-codon-
optimized fragments used for REC expansions, oligonucleotides and
sgRNA expression plasmids were synthesized by IDT (Integrated DNA
Technologies, USA). Unless otherwise indicated, all sgRNAs were
designed to target sites containing a 5’ guanine nucleotide. Plasmids
encoding GS-Cas9 and GS-ABES8e variants are available from Addgene.

Cell culture and transfection

HEK293T cells (ATCC, CRL-3216) and HEK293-deGFP cells* (a gift from
Prof. Eben Alsberg, University of lllinois at Chicago) were cultured in
DMEM (Sigma, D6429) supplemented with 10% FBS and 1% Gibco™
Penicillin-Streptomycin (10,000 U/mL) at 37 °C and 5% CO,. Cells were
seeded one day prior to transfection in 24-well plates. For screening
Cas9 variants, cells were plated at a density of approximately 70,000
cells per well, and cells were transfected with 200 ng of nuclease editor
expression plasmid DNA, 200 ng of sgRNA plasmid, and 10 ng of
reporter plasmid (pCMV-GFP plasmid). For the pbREADER assay, cells
were plated at a density of approximately 70,000 cells per well, and
cells were transfected with 40 fmol of base editor expression plasmid
DNA, 200 ng of sgRNA plasmid, and 200 ng or 10 ng of reporter
plasmid (200 ng of EGFPstop plasmid, 10 ng of pCMV-GFP plasmid).
Unless otherwise noted, cells were plated at a density of approximately
50,000 cells per well for in vitro cell genome editing, cells were
transfected with 70 fmol of nuclease or 80 fmol base editor expression
plasmid DNA and 200 ng of sgRNA plasmid per well. Transfections
were performed with Lipofectamine 2000 (Invitrogen, 11668027) and
Lipofectamine 3000 (Thermo Fisher, L3000008) according to the
manufacturer’s recommended protocol in the cpREADER assay and
genome editing, respectively. Of note, the ratio of lipofectamine to
DNA was set at 2.5:1. NEBioCalculator version 1.15.5 was used to convert
dsDNA mass to moles of dsDNA.

The EGFPstop mRNA activation assay was performed according to
the following protocol. mRNA carried a stop codon UAG in place of
UGG at the 58-position, and mRNA was prepared as described in our
previous study®. dsDNA templates were prepared in a 50 ul reaction
containing 100 ng pMRNA-GFPstop plasmid, 25ul NEBNext High-
Fidelity 2X PCR Master Mix, and 5 ul Tail primer mix (SBI, MR-TAIL-
PR). Templates were transcribed using the HiScribe™ T7 High Yield
RNA Synthesis Kit (NEB, E2040S) and the standard RNA synthesis
protocol in a total volume of 20 ul for 2h at 37 °C. For unmodified
mRNA, 40 mM m7G(5)ppp(5)G RNA Cap Structure Analog (NEB,
S1404), clean cap GG (Trilink, N-7133-1), and 100 mM each of ATP, UTP,
GTP, and CTPs were used. RNA was purified using a Monarch RNA
Cleanup Kit (NEB, T2040). HEK293T cells were plated at a density of
approximately 70,000 cells per well in 24-well plates. Cells were
transfected with 200 ng of ABE8e plasmid or ABE9 plasmid using
Lipofectamine 3000. After 6 h, cells were transfected with 400 ng of
mRNA using Lipofectamine 2000. Then 48 h, cells were analyzed using
a BD Accuri™ C6 Flow Cytometer.

Western blotting assay

HEK293T cells were lysed 3 days after transfection using RIPA buffer
complemented with proteinase and phosphatase inhibitors (Pierce,
Protease Phosphatase Inhibitor Tablets, Thermo Fisher Scientific:
A32959). The total protein concentrations of cell lysate supernatants
were quantified using a BCA protein assay kit (Thermo Fisher Scien-
tific). In total, 20 pg of total protein per well was loaded for electro-
phoresis using a 10-well 4-12% Bis-Tris Gel (Invitrogen, NW04125BOX)
and transferred using an XCell II™ Blot Module and PVDF (0.45-pm
pore size)). Bolt™ Transfer Buffer (Invitrogen, BT0006) containing 5%
methanol was selected as transferring buffer. 25 min and 70 min at
30V were used for transferring small protein (<50kDa) and large
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protein (>150 kDa), respectively. The gel was stained using Coomassie
Blue to confirm transferring efficiency. The membranes were blocked
with 5% Non-Fat Dry Milk (AmericanBio, AB10109) for 1h at room
temperature and then divided and processed with different primary
antibodies including anti-beta-actin (1:10,000; Abcam, ab49900) and
the anti-Flag (1:5000 dilution; Abcam, ab205606) separately overnight
at 4 °C. Then, the membranes were incubated with Goat Anti-Rabbit
IgG H&L (HRP) (1:10,000 dilution; Abcam, ab205718) for 1h and
visualized using the Bio-Rad imaging system (ChemiDoc™ MP Imaging
System). Blot was incubated in chemiluminescent substrate (Thermo
Scientific, A38554) for 5 min prior to imaging.

Genomic DNA isolation

Cells were harvested 3 days post transfection. Genomic DNA was
extracted from transfected cells using DNeasy Blood & Tissue Kit
(Qiagen, 69504) following the manufacturer’s protocol. Extracted DNA
was normalized to a final concentration of 20 ng per pl with ddH,0.

Flow cytometry detection

Adherent cells were treated with 100 pl of 0.25% Trypsin-EDTA (Gibco,
25200056) incubated for 5min at 37 °C to completely detach cells.
400 ul of DMEM was used to stop trypsin digestion. Samples were
applied to the BD Accuri™ C6 Flow Cytometer (BD Biosciences)
directly, and GFP fluorescence was measured. Data analysis was per-
formed with BD Accuri C6 Software and Microsoft Excel. Prism
(GraphPad) was used to generate column graphs and for calculations.
EGFP disruption or EGFPstop activation experiments in pbREADER
assays were performed as the following protocol. Briefly, transfected
cells were analyzed 48 h after transfection for loss or restoration of
EGFP fluorescence. The background was determined by gating a
negative control transfection.

RNA isolation from mammalian cells

HEK293T cells were transfected with nSpCas9-EGFP, ABE8e-EGFP or
GS-ABE8e-EGFP plasmid. 48 h post-transfection, ~300,000 cells were
harvested for mRNA isolation. RNA isolation was performed with the
RNeasy Plus Mini Kit (QIAGEN, 74134) according to the manufacturer’s
instructions. In short, RNA isolation began with removal of the culture
medium and washing the cells with 1x PBS (Thermo Fisher Scientific).
350 ul of RLT Plus Buffer was added into each well; cells were homo-
genized by pipetting and transferred into a DNA eliminator column,
and the subsequent binding and washing steps for RNA isolation using
the RNeasy columns were performed as recommended by the manu-
facturer. Upon elution of RNA from the RNeasy column with 45 ul of
RNase (ribonuclease) free water (QIAGEN), 2 ul of RNase inhibitor (New
England Biolabs, M0314S) was added to prevent RNA degradation, and
RNA was stored at -80 °C.

cDNA synthesis

cDNA synthesis was performed using ProtoScript Il First Strand cDNA
Synthesis Kit (New England Biolabs, E6560) with 1ug of RNA in a total
reaction volume of 20 ul. Reactions were incubated for 2 hr at 42 °C.
2 ul cDNA was input into 50 ul NEBNext High-Fidelity 2X PCR Master
Mix (New England Biolabs, M0541S) containing specific primers. The
purification of target products was performed with GeneJET PCR
Purification Kit (Thermo Fisher, KO702).

Preparation of genomic DNA amplicons for deep sequencing

Targeted regions flanking the on-target or off-targeted sites were
amplified with specific primers and Q5 Hot Start High-Fidelity 2X
Master Mix (NEB, M0494S) under the following thermal cycling con-
ditions: one cycle, 98 °C, 1 min; one cycle, 98 °C, 30 s; 35 cycles, 98 °C,
105s,65°C, 305, 72°C, 15s; one cycle, 72 °C, 2 min; 4 °C hold. 100 ng of
isolated genomic DNA was input into each 50 pl of PCR. PCR products
were analyzed on an agarose gel electrophoresis system to verify both

size and purity. PCR products were purified with GeneJET PCR Pur-
ification Kit (Thermo Fisher, K0702) followed by normalizing to a final
concentration of 20 ng per pl with ddH20.

Analysis of HTS data for targeted amplicon sequencing
Targeted amplicon sequencing was carried out by Genwiz (Azenta,
South Plainfield, NJ, US) using the Amplicon-EZ protocol. Batch ana-
lysis with the CRISPResso2 pipeline was used for targeted amplicon
sequencing. For DNA analysis, a 30-bp window was used to quantify
indels around the DNA nick site. Otherwise, the default parameters
were used for analysis. The output file “NUCLEOTIDE_PERCENTAGE -
TABLE.txt” was imported into Microsoft Excel for quantification of
editing frequencies and “Indel_histogram.txt” for quantification of
indel frequencies. Indel percentage was re-checked with BEanalyzer if
requested. For analysis of RNA amplicon editing, no sgRNA flag was
used. Instead, the output file “NUCLEOTIDE_PERCENTAGE_TABLE.txt”
was imported into Microsoft Excel for analysis of A-to-G editing rates
associated with each sample (inosine in RNA is read as a guanosine by
polymerases).

Prism (GraphPad) was used to generate dot plots and bar plots of
these data. For instances in the text where means have been calculated
across multiple genomic or transcriptomic loci, the SDs reported
represent the SD of the mean for all biological replicates.

Amplicon sequencing using Sanger sequencing
Sanger sequencing results of PCR amplicons were analyzed using EditR
version 1.0.10 (https://moriaritylab.shinyapps.io/editr v10/).

Orthogonal R-loop assay

Orthogonal R-loop assays were performed to measure Cas9-
independent off-target editing as described previously, with minor
modifications. Under standard conditions, 200 ng of base editor
plasmid, 300 ng of dSaCas9 plasmid, 100 ng of SpCas9 sgRNA plasmid
and 100ng of SaCas9 sgRNA plasmid were co-transfected into
HEK293T cells using 1.5 pl of Lipofectamine 3000. Cells were cultured
for 4 days after treatment followed by genomic DNA isolation.

Statistical analysis and graphical illustrations

Curve plotting and statistical analysis were performed using Prism 8
(GraphPad, LaJolla, CA). Data are shown as means + standard error of
the mean for groups of two or more replicates or as individual values
with the mean indicated. Graphical illustrations were created using
Office PowerPoint.

Statistics and reproducibility

All bar plots display individual biological replicates as dots, as specified
in each figure. Detailed statistical information is provided in the figure
legends or descriptions. No statistical method was used to pre-
determine sample size. Sample sizes were based on observed varia-
bility across independent experiments and were consistent with
standard practices in related research. No data was excluded from the
analysis. Investigators were not blinded to group allocation during
experiments or outcome assessment. Statistical significance was
defined as P<0.05, with “ns” indicating non-significance. P-values are
provided in the Source Data.

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

Data availability

High-throughput DNA sequencing FASTQ files generated in this study
have been deposited in the National Center of Biotechnology’s Infor-
mation Sequence Read Archive under BioProject “PRJNA1121945 and
PRJNA1121941”. Amino acid and DNA sequences of RECs designed in
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this work are listed in the Supplementary Information. Source data are
provided with this paper. The published structure of FnCas9 (5B20),
SpCas9 (4008), SaCas9 (5AXW), St1Cas9 (6MOV), NmeCas9 (6)DQ),
CjCas9 (6J00), OgeulscB (7UTN), and ABE8e (6VPC) are available in
the Protein Data Bank. Source data are provided with this paper.
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