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CDO0208 CBE exhibited high editing activity in almost all NC contexts
inthe editing window, while rAPOBEC1 CBE had lower editing activity
in GC contexts (Supplementary Fig. 16d). These results indicated
that CD0208™* CBE could efficiently introduce nonsense mutations
in multi-copy genes in mammalian cells.

CDO0208"**is compatible with multiple Cas proteins and
improves product purity
Although the most widely used CBEs are fused with nCas9 and cytidine
deaminase, the NGG PAM and deleterious byproducts have limited
their application. Here, to expand the targeting range of CBEs based on
CD0208™*, we constructed two CBEs that can recognize NNGRRT PAMs
orNGN PAMs by linking CD0208"** withnSaCas9 (D10A) or nSpCas9-NG
(Fig. 5a). These CD0208"**-nSaCas9 or CD0208"**-nSpCas9-NG CBEs
wereindividually co-transfected with multiple sgRNA expression plas-
midsinto HEK293T cells. In addition, CBEs comprising rAPOBEC], YE1,
hA3A or CD0208 fused to nSaCas9 or nSpCas9-NG served as controls.
Analysis of editing activity by high-throughput sequencingindicated
thatexceptfor YE1, CBEs using nSaCas9 exhibited high editing activity
(73.3% for CD0208"*, 78.0% for hA3A, 83.0% for CD0208 and 64.5%
for rAPOBEC]) (Fig. 5b,c and Supplementary Fig. 17a). By contrast,
CBEs consisting of CD0208"** or hA3A with nSpCas9-NG showed
comparable editing efficiencies (67.5% for CD0208™* and 69.0% for
hA3A), which were slightly lower than CD0208 (75.3%), but significantly
higher than rAPOBEC1 (36.7%) and YE1 (25.1%) (Fig. 5d,e and Supple-
mentary Fig. 18a). The editing windows of CD0208"**-nSpCas9-NG
or CD0208™**-nSaCas9 were also narrower than that of CD0208- or
hA3A-fused CBEs (Supplementary Figs. 17b and 18b). These results
indicated that CD0208™?* was indeed compatible with various Cas pro-
teins and retained high editing activity with a narrow editing window.
Previous studies have shown that the rAPOBEC1-dCpf1 CBE iden-
tifies T-rich PAM sequences and induces fewer indels and non-C-to-T
conversions than other editors*’, We therefore adopted the dCpf1 archi-
tectureto construct apotentially context-independent, high-efficiency
and high-accuracy CD0208"**-dCpf1 CBE (Fig. 5a). Editing efficiency
and specificity were evaluated at 13 target sites of dCpfl CBE and eight
target sites of nSpCas9 CBE, where the editing windows of dCpf1 CBE
(position 8-13) and nSpCas9 CBE (position 4-8) overlap. rAPOBEC1,
YEI1, hA3A or CD0208 fused with dCpfl or nCas9 were used as controls.
High-throughput sequencing analysis revealed that the C-to-T editing
efficiencies of CD0208"**-dCpfl (27.3%) and CD0208-dCpf1 (27.1%)
wereboth significantly higher thanthat of the well-characterized CBEs,
rAPOBEC1-dCpfl, YE1-dCpfl and hA3A-dCpfl (8.6% for rAPOBEC1-
dCpfl, 4.1% for YE1-dCpfland 18.2% for hA3A-dCpfl) (Fig. 5f,g). Consist-
entwith the above findings, CD0208™**-dCpf1(C7-C11) had anarrower
editing window than CD0208-dCpf1 (C6-C12) (Fig. 5hand Supplemen-
tary Fig. 19a), but still exhibited high editing efficiency. As in previous
studieswith the rAPOBEC1-dCpf1 CBE*, the CD0208"™?*-dCpf1(C7-C11)
editingwindow shifted backwards compared with the CD0208"**-nCas9
(C3-C7) window (Fig. 5h and Supplementary Fig. 19a,b). Although the
C-to-T editing efficiency of CD0208™?*-dCpfl was reduced compared
with that of nCas9 fusion CBEs (0.5-, 0.6-, 0.5- and 0.4-fold lower than

rAPOBEC1-nCas9, YE1-nCas9, hA3A-nCas9 and CD0208™?*-nCas9,
respectively) (Fig. 5g), undesired C-to-A/G (3.0%) substitutions were
also considerably reduced in the CD0208"?*-dCpf1 CBE (8.0% for
rAPOBEC1-nCas9, 8.6% for YE1-nCas9,10.8% for hA3A-nCas9 and 7.6%
for CD0208"**-nCas9) (Fig. 5i). Compared with the relatively highindels
associated with nCas9 CBE activity (8.9% for CD0208™?*-nCas9, 19.2%
for hA3A-nCas9,14.4% for rAPOBEC1-nCas9 and 6.4% for YE1-nCas9),
dCpfl-based CBEs had asignificantly lower proportion ofindels (0.1% for
CD0208™?*-dCpfl, 0.2% for hA3A-dCpfl, 0.1% for rAPOBEC1-dCpfland
0.1% for YE1-dCpf1) (Fig. 5j,k). CD0208"**-dCpf1, rAPOBEC1-dCpfland
YE1-dCpflhadindellevels comparable with that of the untreated groups
(Fig. 5j,k). These cumulative resultsindicated that the CD0208"**-dCpfl
CBE could mediate efficient, context-independent editing at multiple
target sites, thus broadening the scope of potential CBE applications
while reducing undesired byproducts.

Application of CD0208"**-based CBEs in pathogenic gene
editing

As our above results suggested that CBEs incorporating CD0208"
showed obvious potential for gene silencing therapies due to the
high precision and editing efficiency, we next assessed whether
CD0208™?A-nCas9 could induce stop codons or splice mutations in
several disease-linked target genes in N2A cells. As Pcsk9is a target
relevant to hypercholesterolaemia treatment and Hpd silencing can
rescue the lethal phenotype of hereditary tyrosinemia type 1in mice,
we separately targeted eight sgRNA sites in Hpd and seven sgRNA sites
in Pcsk9 with different deaminase CBEs. At these 15 sites, the average
C-to-T editing efficiency of CD0208"**~nCas9 reached 62.2%, which
was comparable to that of hA3A (58.1%), significantly higher than
rAPOBECI (45.7%), YE1 (31.4%) and eA3A (25.9%) fused with nCas9
(Fig. 6a,b). The editing windows of CD0208™?A-nCas9 at these sites
is smaller than that of hA3A (Fig. 6¢). CD0208™?*-nCas9 efficiency
at generating stop codons or splice mutations was 48.2%, which was
similar tohA3A-nCas9 (49.2%) and significantly higher than rAPOBEC1
(36.5%), YE1(23.5%) and eA3A (18.7%) CBEs (Fig. 6d and Supplementary
Fig.20a-d). These results indicated that CD0208"**-nCas9 could
efficiently edit disease-related genes.

Next, we evaluated whether CD0208"**-nCas9 silencing of
PCSK9 indeed improved low-density lipoprotein (LDL) uptake in
the HepG2 human hepatic cell line. We designed hPCSK9-sgRNA, a
sgRNA targeting exon 2 of PCSK9, which introduced a C3 conversion
that generated a TAG stop codon to prematurely terminate PCSK9
protein translation. We then co-transfected hPCSK9-sgRNA with
CD0208"* CBE into HepG2 cells and determined C-to-T editing effi-
ciency by high-throughput sequencing. In addition, cellular uptake of
a Dil-labelled LDL (Dil-LDL) fluorescent probe was evaluated by flow
cytometry. The results showed that the C-to-T editing efficiency of
CD0208"** CBE with hPCSK9-sgRNA was 76.7%, and this CBE system
couldintroduce astop codon at up to 47.9% efficiency (Fig. 6e). Dil-LDL
uptake levels of cells expressing hPCSK9-sgRNA were 1.2 times higher
thanthat of the nontarget (NT)-sgRNA control group (Fig. 6f,g). These
results suggested that CD0208"?* CBE could be used to efficiently

Fig. 5| CD0208"** compatibility with various multiple Cas proteins

and improvement product purity with dCpfl nuclease. a, A schematic of
pCMV-CBE-mCherry architecture and pU6-sgRNA-EGFP plasmids. CMV pro,
Cytomegalovirus promoter; NLS, nuclear localization signal; UGI, uracil-DNA
glycosylase inhibitor; pA, poly (A); puro, puromycin; U6 pro, U6 promoter;
EGFP, enhanced green fluorescent protein. b, C-to-T base editing efficiency
of rAPOBECI-, YE1-, hA3A-, CD0208- and CD0208"**-nSaCas9 CBEs at
seven target sites in HEK293T cells. ¢, Asummary of editing efficiencies from
b.d, C-to-Tbase editing efficiency of rAPOBEC1-, YE1-, hA3A-, CD0208-
and CD0208™**-nSpCas9-NG CBEs at eight target sites in HEK293T cells.

e, Asummary of editing efficiencies fromd. f, C-to-T editing efficiency of
the rAPOBEC1-, YE1-, hA3A-, CD0208- and CD0208"?*-dCpfl1 CBEs at 13

endogenoussites in HEK293T cells compared with rAPOBEC1-, YE1-, hA3A-and
CD0208"*-nSpCas9 CBEs. g, A summary of editing efficiencies fromf. h, C-to-T
editing efficiency in the editing window of each CBE from g at 13 endogenous
sitesin HEK293T cells. i-k, Analysis of base substitution patterns iniand indels
(jand k) of the tested CBEs at 13 endogenous sites in HEK293T cells. The x axis in
i-kshows the CBEs containing various Cas proteins and cytidine deaminases.
The errorbarsinb-f,jand k indicate the mean + s.e.m. of three independent
experiments. The centre linein gindicates the median, and bottom and top lines
ofthe box represent the first and third quartiles, respectively, of the editing
efficiency obtained from three or more independent experiments. The tails
extend to the minimum and maximum values. Pvalues were calculated by a
two-sided unpaired ¢-test.
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Fig. 6| CD0208"5*A CBE editing of pathogenic genes. a, The C-to-T base editing
efficiency of rAPOBECI-, YE1-, hA3A-, eA3A- and CD0208™?*-nSpCas9 CBEs at
eight target sites in the Hpd gene and seven target sites in the Pcsk9 gene in mouse
N2A cells. b, Asummary of datafroma. ¢, The average cytosine substitution
efficiency of target sites at every position within the editing windows of each CBE
inN2A cells. d, The efficiency of nonsense mutation introduction by the CBEs at
eight target sites in the Hpd gene and seven target sites in the Pcsk9 gene in mouse
N2A cells. e, C-to-T conversion efficiency of the CD0208"? CBE at C3 versus all C

bases at the target site in the PCSK9 gene in HepG2 cells. f, Representative
images of flow cytometry analysis of Dil-LDL uptake assays in HepG2 cells.

g, Statistical analysis of relative Dil-LDL uptake. The error barsin a, eand
gindicate the mean + s.e.m. of three or more independent experiments. The
centrelineinband dindicates the median, and bottom and top lines of the box
represent the first and third quartiles, respectively, of the editing efficiency
obtained from three or more independent experiments. Pvalues were calculated
by atwo-sided unpaired ¢-test.

correct hypercholesterolaemia-related mutations in PCSK9in human
hepatocytes, resulting in significantly improved LDL uptake.

Discussion

Amino acid sequence alignment is an essential step in data mining
for functional proteins. However, an understanding of the 3D protein
structure is also required to overcome challenges in screening protein

function. Unfortunately, experimental biochemical or biophysical char-
acterization of proteinstructure (suchas through X-ray crystallography)
is expensive and time consuming”®. Recent advancesin Al have thus ena-
bled breakthroughsin proteinstructure prediction®®™. In this study, we
used high-throughput 3D protein structure prediction to identify newand
potentially useful cytidine deaminases for applicationin CBEs. This screen
yielded several deaminases with potentially valuable characteristics.
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We first used the primary amino acid sequence of the cytidine deam-
inase catalyticdomainto search for homologous deaminase sequences.
Wethen employed AlphaFold2 to predict the structure of these possible
homologues and clustered themaccording to differences or similarities
intheir predicted structure. We believed that the deaminase 3D structure
isfundamentally linked toits functional properties, so we characterized
the function (C-to-T editing activity) of representative deaminases from
eachcluster.Only the active domain of APOBEC-like deaminase was used
as the basis for identifying candidate homologue deaminases in this
study sinceitis responsible for catalysing the C-to-T editing activity on
ssDNA. This focus potentially bypasses the likelihood of including struc-
turally similar but catalytically inactive non-deaminases. Thus, increasing
thebreadth of cytidine deaminase classes (such as, cytidine deaminasel,
double-stranded DNA-specific cytidine deaminase and so on) used as
references willincrease the diversity of candidate deaminases, resulting
in more clusters during the discovery phase and a broader diversity of
characteristics in the functional characterization phase.

Our strategy employed a similar combination of Al-assisted pro-
tein structure prediction, structural alignments and clustering to that
of another recent study® to classify relationships among deaminases.
However, somekey differences in methodology between studies, and
the resulting advantages, warrant consideration. First, the candidate
deaminases obtained for structural analysis and clustering differed
betweenstudies. Thelatest study predicted and clustered 238 protein
sequences from 16 different deaminase families, which allowed them
to screen for deaminases with a variety of properties. By contrast,
our current study examined 1,483 cytidine deaminases, all from the
APOBEC-like deaminase family (Supplementary Table 5), which could
be categorized into 184 clusters to facilitate a detailed comparison of
editing properties among clusters. More importantly, both studies
applied completely different clustering methods, with the latest study
adopting a hierarchical clustering approach, which we found did not
provide an even distribution of proteins across clusters. Thus, our
study demonstrates the power of partitional clustering to resolve fine
structural differences among candidate deaminases. Despite these dif-
ferencesin strategy, both studies demonstrate advanced methods for
Al-assisted structure prediction and clustering toimprove the mining
efficiency of functional proteins, and provideinnovationsinoptimizing
deaminases for cytosine base editing.

As a smaller deaminase size has substantial advantages for
adeno-associated virus-mediated gene therapies, Al-assisted engi-
neering hasbeen used to truncate proteins, whichled toreduced-size
cytosine deaminases (such as 158 aaminiSdd7 and 138 aaminiSdd6)°®.
Among the 272 deaminases between 78 and 1,338 aa examined in this
study, although 6 were smaller than 150 aa (such as 78 aa CD0938,
95aaCDO0145,107 aaCD0359,113 aaCD0292,125 aaCD0501and 140 aa
CDO0261) (Supplementary Table 3), none showed editing activity inthe
102 sgRNA-targetlibrary (less than1.5%). However, further application
of astructure-guided truncation approach to the candidate deaminases
in this study will probably result in generating small, high-efficiency,
context-independent deaminases, with low off-target effects.

Due to the immense potential of CBEs for clinical therapeutic
application, considerable research efforts continue to focus on
decreasing the off-target effects of CBEs****. CBEs generate off-target
edits, including sgRNA-dependent edits associated with sgRNA-Cas9
and sgRNA-independent edits caused by random deaminase binding
with ssDNA or RNA*. Optimizing sgRNAs and improving Cas9 fidelity
can generally reduce sgRNA-dependent off-targets®**". By contrast,
cytidine deaminases with low sgRNA-independent off targets typi-
cally also display low on-target efficiency?. To address this issue, we
based our strategy on previous reports that showed mutation of the
deaminase ssDNA/RNA binding domain could potentially decrease the
sgRNA-independent off-target effect’®. Focusing on the high efficiency,
context-independent candidate, CD0208, we predicted amino acid
residues potentially relevant to ssDNA/RNA-proteininteractions using

DRNApred online software. We then constructed a series of CD0208
variants through alanine scanning and determined their on-target/
off-target editing activity. Among these variants, CD0208"** induced
significantly fewer offtargets than CD0208, reaching levels compara-
bleto YEL, whileits on-target activity decreased only slightly, remaining
2.2-fold that of YE1. Additionally, although our results showed that the
overall on-target efficiency of CD0208™** decreased, further experi-
ments are necessary to better understand the mechanistic relationship
between the ssDNA binding with the P52 residue and off-target effects.

We further tested the characteristics of CD0208"**-based
CBEs, including editing efficiency, off-target effects, preferential
sequence context and editing windows, at endogenous loci and
genome-integrated sequences across multiple celltypes, using a panel
of 17 classical and recently developed cytosine deaminase-derived
CBEs as controls. These complementary experiments further dem-
onstrate that CD0208™?* provides high editing efficiency with low
off-target effects, no bias in target site sequence context and a narrow
editing window, collectively supporting its further development as an
advanced editing tool for high-specificity targeting, such as required for
gene therapies. Furthermore, CD0208%* exhibits strong compatibility
withnSpCas9-NG and nSaCas9 proteins, highlighting its versatility for
combination with awide diversity of nuclease components. Inline with
this broad compatibility, CBEs comprising CD0208"* fused with dCpfl
showreduced undesired editing products, whichis alsorelevant to ther-
apeutic applications requiring high edit product purity. Moreover, by
silencing disease-linked genes through the introduction of stop codons
or splice site variants, this study provides proof-of-concept evidence
that CD0208™2* CBEs canbe appliedingene therapies, and these results
were validated by improved functionality in human hepatic cells, further
emphasizing the potential of CD0208”* for therapeutic application.

Insummary, we have reported the discovery of several deaminases
with remarkably high editing efficiency and context-independent
editing activity. High-efficiency deaminases are an essential compo-
nent for the development of advanced CBEs. Also, the capacity for
context-independent motif editing can substantially expand therange
of possible target sites and improve the versatility of CBEs for research
and clinical applications.

Methods

Identification and 3D structure-based clustering of candidate
cytidine deaminases

To obtain candidate deaminases, we downloaded the torrent files of
all annotated cytidine deaminase accessions containing at least one
of either the APOBEC-like N-terminal (Pfam identifier PFO8210) or
APOBEC-like C-terminal (Pfamidentifier PF05240) domains from the
Pfam database, and from among 215,011,540 proteins in Uniprot_sprot,
Uniprot_sprot_varsplicand Uniprot_trembl. Torrent files for PF08210
and PF05240 were used to construct hmm files with default parameters
via hmmbuild. These hmm files were then used as queries to search
and download proteinsin the UniProt database using the hmmsearch
functionin HMMER (v3.3.1) software, with an e-value threshold of <0.01.
Protein sequences in the database that did not begin with methionine
orend with astop codonwere removed from the dataset.

The catalytic domain of candidate deaminases was annotated by
hmmscan (ftp:/ftp.ebi.ac.uk/pub/databases/Pfam/releases/Pfam35.0/
Pfam-A.hmm.gz). To screen for potentially efficient deaminases with
distinct characteristics, all candidate deaminases were classified
according to 3D structure. Then, representatives of each cluster were
functionally validated through activity assays. For this workflow, 3D
structure prediction was performed using AlphaFold2 with a mono-
mer model. Then, USalign (v20220924) was used to calculate the 3D
structural similarity of proteins with default parameters. We then
calculated the TM score of the 3D predicted structures of each can-
didate to assess the structural similarity between these deaminases.
The TM score was normalized according to amino acid length. When
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comparing structural similarity between two proteins of different
length, normalizing to thelonger protein will resultin lower TM score
compared with that obtained when normalizing to the shorter protein.
The partitional clustering method, whichis sensitive to the selection of
theinitial cluster centre, was then used to classify these deaminases. As
normalization of the TM score s related to protein length, we selected
thelongest deaminase as theinitial core point. Therefore, the proteins
were arranged in descending order of length and those with TM score
greater than 0.7 were grouped into one category. The proteins that par-
ticipatedin clustering did not participate in subsequent clustering. The
clustering process and script are available on GitHub (https://github.
com/offtargetor/TM-cluster). After clustering, the current system
time was used to generate random seeds via Perl’s rand, and the rand
function was used to generaterandomintegersto select representative
deaminases™. Intotal, 10% of the proteins in each cluster were randomly
selected for subsequent analysis, with one protein selected fromgroups
with less than 10 members, or the number of selected proteins was
rounded up for clusters with member numbers between factors of 10.

Plasmid construction

The codon-optimized cytidine deaminase DNA sequences were
synthesized by Beijing Genomics Institute and cloned to the
pCMV-nSpCas9-CBE vector backbone (Supplementary Fig. 3¢) or
pCMV-dCpfl-CBE (Addgene plasmid #107685). Oligos were syn-
thesized by GENEWIZ and cloned into the SpCas9-U6-sgRNA,
pCMV-dSaCas9-U6-sgRNA or Cpfl-U6-sgRNA vectors to construct
SpCas9-matched, SaCas9-matched or Cpfl-matched sgRNA vectors,
respectively. Synthetic sgRNA-target oligo libraries were cloned to the
lenti-sgRNA-EGFP backbone (Supplementary Fig. 3d).

Cell culture

In this study, HEK293T, N2A and PK-15 cells were maintained in Dul-
becco’s modified Eagle medium (Yeasen, 41401ES76) supplemented
with10% fetal bovine serum (Biological Industries, 04-001-1ACS) and
1% penicillin-streptomycin (Beyotime, C0224-100ml). mESCs were
culturedin Dulbecco’s modified Eagle medium (Millipore, SLM-220-B)
supplemented with15% fetal bovine serum (Gibco,10099141), 1% mini-
mal essential medium non-essential amino acids solution (Millipore,
TMS-001-C),1% GlutaMAX (Thermo Fisher, 35050061), 1% nucleosides
(Millipore, ES-008-D), 1% 3-mercaptoethanol (Millipore, ES-007-E),
1uMPD0325901 (Selleck,S1036), 3 uM CHIR99021 (Selleck, S1263) and
1,000 units mI" mouse leukemiainhibitory factor (Millipore, ESG1107).
All cells were cultured at 37 °Cin an incubator with 5% CO.,.

Lentivirus packaging and transduction

Forlentivirus packaging, 1.5 x 10’ HEK293T cells were seeded in15-cm
dishes and transfected with 22.5 pglentiviral packaging plasmids, 15 ug
plasmids encoding lentiviral envelope and 30 pg plasmids express-
ing the sgRNA library with 125 pl polyetherimide (PEI) (Polysciences,
24765-1) according to the manufacturer’s instructions. The medium
was freshened at 6 h after transfection, and the viral particles from
the medium were collected and concentrated 48 h after transfection.
Virus titres were detected by qPCR assay. For lentivirus transduction,
HEK293T cells were infected with lentivirus (multiplicity of infection
(MOI) of 0.3) and the medium was freshened at 6 h after transduc-
tion. To establish HEK293T cells stably expressing 102 sgRNA-target
library, green fluorescent protein (GFP)-positive cells were isolated by
fluorescence-assisted cell sorting (FACS, BD FACSArialll) at 7 days after
transduction. To generate HEK293T cells expressing the 11,868 sgRNA
library, the cells were cultured in 2 pg ml™ puromycin (Invivogen,
ant-pr-1) to select positive cells at 72 h after transduction.

Cell transfection
For the 102 sgRNA-target library experiment, 1 x 10° HEK293T cells
stably expressing sgRNA-target library were seeded ina 6-well plate and

transfected with 6 pg CBE expression plasmids when they reached 80%
confluence, using 12 pl PEL After 24 h, cells were cultured in 3 pg ml™
puromycinto enrich positively transfected cellsand were collected at
120 h post-transfection to evaluate editing efficiency.

Forexperimentsinvolving the 11,868 sgRNA-target library, 6 x 10°
HEK293T cells stably expressing the library were seeded ina10-cmdish,
then transfected with 40 pg plasmids encoding the respective base
editors using 80 pul PEIwhenthey reached 80% confluence. Then, 1x 10’
positively transfected cells wereisolated by FACS 72 h post-transfection
and extracted the gDNA (Tiangen, DP304-03).

For the orthogonal R-loop assay experiment, 2 x 10° HEK293T cells
were seeded in 24-well plates, and 0.75 pg pCMV-dSaCas9-U6-sgRNA
and 0.75 pg pCMV-nSpCas9-CBE vectors were co-transfected using
3 pl PEL After 24 h, 3 pg ml™ puromycin was added to cultures to
select positively transfected cells, and cells were collected at 120 h
post-transfection to evaluate off-target effects.

Tointroduce nonsense mutationsin the Tyrgene, 2 x 10°N2A cells
were seeded in a 24-well plate and transfected with 0.75 pg plasmids
encoding sgRNA and 0.75 pg CBE expression plasmids using 3 pl PEI
after growing to 80% confluence. Positively transfected cells were
isolated by FACS at 72 h post-transfection for gDNA extraction.

Tointroduce nonsense mutations in multi-copy gene experiments,
mESCs (derived in our laboratory) were seeded in 24-well plates. After
reaching 80% confluence, cells were transfected with 0.25 pg plasmids
encoding sgRNA and 0.25 pg CBE expression plasmids via Lipofectamine
3000 transfection reagent (Invitrogen, L3000015), according to the
manufacturer’sinstructions. Positively transfected cells were sorted by
FACS at 72 h post-transfection for gDNA extraction. Then, 1 x 10° PK-15
cellswereseededin a 6-well plate. After growing to 80% confluence, cells
were transfected with 3 pg plasmids encoding sgRNA and 3 pg of CBE
expression plasmids using nuclear transfection solution with a Lonz
Nucleofector2b Device set to the T-020 program. Positively transfected
cellswere sorted by FACS at 72 h post-transfection for gDNA extraction.

Orthogonal R-loop assays

To evaluate sgRNA-independent off targets, orthogonal R-loop
assays>*® were performed for base editors. Specifically, we selected
four dSaCas9-sgRNA recognition sites (Sa site3, Sa site4, Sa site5 and
Sasite6) as potential sgRNA-independent DNA off-target sites. Then,
2 x10°HEK293T cells were seeded in 24-well plates then co-transfected
with 0.75 pg dSaCas9-sgRNA expression plasmid and 0.75 pg plas-
mid encoding CBEs using 3 pl PEL. Next, the cells were treated with
3 pg ml™ puromycin, then collected for gDNA extraction at 5 days
post-transfection. Finally, editing at genomic loci was detected by
high-throughput sequencing. All primers for the off-target assays are
listed in Supplementary Table 6.

Targeted deep sequencing

PCR amplification was performed using extracted gDNA from cells
as template with Takara Ex Taq Polymerase (Takara, RR902A). In the
second round of PCR, barcodes were added to distinguish samples.
A universal DNA purification kit (Tiangen, DP219) was used to purify
PCR products following the manufacturer’sinstructions. The purified
DNA was sequenced in 150-bp paired-end reads by high-throughput
sequencing. Foracompletelist of primers, see Supplementary Table 6.

Quantitativereal-time PCR

Total RNA was isolated using RNA-easy Isolation Reagent (Vazyme,
R701-02), and cDNA was synthesized with a HiScript Il Q RT SuperMix
for qPCR kit (Vazyme, R223-01). The qPCR reaction was performed in
triplicate using the AceQ Universal SYBR qPCR Master Mix (Vazyme,
Q511-02) on a CFXOplus96 System (Bio-Rad), according to the manu-
facturer’sinstructions. The 22““method was used to quantify relative
expression levels normalized to the GAPDH housekeeping gene. All
primer sequences are listed in Supplementary Table 6.
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Dil-LDL uptake assay

ToassessLDLuptake,1x10°HepG2 cells were incubated witha20 pg ml™
Dil-LDL fluorescent probe (Yiyuan Biotechnologies, YB-0011) in 24-
wellplatesat37° Cfor4 h. The cells were detached with trypsin, washed
andresuspendedin PBS for flow cytometry analysis. Data were analysed
using the FlowJo V10 software (TreeStar Inc.).

Bioinformatic analysis

Sequencing reads were demultiplexed using fastq-multx (v1.4.2) and
FASTQ files were analysed using CRISPRess02 (v2.2.7). Based on the
results of 3D structural similarity, the Phangorn package was utilized
for the unweighted pair group method with arithmetic mean phylo-
genetic tree. A 3D structural similarity matrix was constructed using
pheatMap (v1.0.12). The phylogenetic tree was drawn using the ggtree
(v3.8.0) scriptin R (v4.1). Other articleimages were also drawn using R
scripts such as ggplot2 (v3.4.2) and pheatMap.

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

Data availability

Theraw sequence data are available from the National Center for Bio-
technology Information Sequence Read Archive database under the
accession code PRJNA1001278. All raw sequence data are also available
from the China National GenBank DataBase under accession number
CNP0004653. Source data are provided with this paper.
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Extended Data Fig.1| Sequence context preference of candidate deaminase-derived CBEs. The ordinate represents the average percentage of sequencing reads

with C-to-T conversion at every position within the protospacer across all members in the 11,868 sgRNA-target library, with rAPOBEC1, YE1, eA3A, and hA3A serving
as controls.
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Extended Data Fig. 2| Assessing the editing efficiencies of candidate
deaminase-derived CBEs for each base conversion pattern. Distribution of
the average editing efficiencies of base conversion types for 272 deaminases at

Editing efficiency (%)
102 sgRNA-target sites. The X-axis represents the average editing efficiencies of
272 deaminases at 102 sgRNA-target sites, while the Y-axis represents the density
distribution of editing efficiencies.
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Extended DataFig. 3 | Off-target editing of candidate deaminase-derived CBEs using an orthogonal R-loop assay. a, The off-target effects of candidate deaminases
infour dSaCas9-sgRNA recognition sites (Sasite 3, Sasite 4, Sa site 5, and Sasite 6). b, C-to-T conversion of a single cytosine and its sequence context. Error barsindicate
the mean + SE of three independent experiments.
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