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Transcription-activator-like effector (TALE)-based tools for base editing
of nuclear and organellar DNA rely on double-stranded DNA deaminases,

which edit substrate bases on both strands of DNA, reducing editing
precision. Here, we present CyDENT base editing, a CRISPR-free,
strand-selective, modular base editor. CyDENT comprises a pair of TALEs
fused with a Fokl nickase, a single-strand-specific cytidine deaminase and an
exonuclease to generate a single-stranded DNA substrate for deamination.
We demonstrate effective base editing in nuclear, mitochondrial and
chloroplast genomes. At certain mitochondrial sites, we show editing
efficiencies of14% and strand specificity of 95%. Furthermore, by exchanging
the CyDENT deaminase with one that prefers editing GC motifs, we
demonstrate up to 20% mitochondrial base editing at sites that are
otherwise inaccessible to editing by other methods. The modular nature of
CyDENT enables a suite of bespoke base editors for various applications.

Mitochondriaare essential semi-autonomous organelles that possess
their own genomes. The human mitochondrial genome is a16.6 kb
double-stranded circular DNA (mitochondrial DNA (mtDNA)) that
contains 37 genes, encoding 13 subunits of the respiratory chain
complexes, two rRNAs and 22 transfer RNAs (tRNAs)'. According to
mitomap data (https:/www.mitomap.org/MITOMAP), more than
19,500 single-nucleotide variations (SNVs) have been found in mtDNA
and more than 250 are believed to be disease-associated?, including
Leber’s hereditary optic neuropathy, Leigh’s syndrome, progressive
encephalomyopathy, MELAS and more*®. CRISPR-based genome edit-
ing technologies, including CRISPR-Cas nucleases*®, base editors’”’
and prime editors'®™, are powerful tools that enable fixing of different
nuclear genomic variations; however, these tools fail to edit efficiently
inmtDNA owing to poor single guide RNA delivery into the mitochon-
dria'. Recently, two protein-based tools, double-stranded DNA deami-
nase (DddA)-derived cytosine base editor (DdCBE)** " and TALE-linked
deaminase (TALED)'®, were developed to enable precise base editing in
mtDNA. BothDACBE and TALED rely on DddA, adouble-stranded DNA
(dsDNA) deaminase, fused in asplit format to a pair of TALE proteins to
direct programmable base editing. Although both DACBE and TALED

can perform efficient C-G-to-T+A and A-T-to-G+C base conversions in
mtDNA, respectively, these editors lack any precision for DNA target
strand specificity. As the DddA protein is essential in directing any
base conversion, it targets substrate bases on both strands of DNA
so that cytosine and adenine bases on both strands of targeted DNA
would be edited, leading to extra undesired mutations'*'®. Therefore,
thereisaneedto develop strand-specific CRISPR-free base editors to
enable precise base conversionsin organellar and nuclear DNA based
on a protein-only system. Here, we present a modular base editing
system, cytidine deaminase-exonuclease-nickase-TALE (CyDENT),
which performs CRISPR-free, strand-selective DNA editing. CyDENT
is amodular assembly comprised of a pair of programmable TALE
proteins, asingle-stranded DNA (ssDNA) deaminase, a nickase and an
exonuclease. Importantly, we show that CyDENT achieves efficientand
strand-selective mitochondrial base editing in human cells.

Results

CyDENT base editing strategy

DACBE"" and TALED'® rely on the dsDNA deaminase DddA to perform
base editing. DddA has been shown to transiently melt single-stranded
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DNA, whichimpairshydrogenbond interactions between both strands
oftarget DNA and allows for transiently exposed ssDNA bases to serve
as substrates for deamination®. In the Cas9-based CBE® and adenine
base editor (ABE)” systems, ssDNA-specific deaminases operate on
the non-targeting DNA single-stranded region contained within the
R-loop structure created by Cas9, thus enabling strand-selective base
editing. We envisioned that generating a ssDNA substrate would be
essential to perform strand-specific base editing and proposed that
the elimination of one strand of DNA through DNA-modifying enzymes
would facilitate the creation of such asubstrate. To partially eliminate
oneof the paired dsDNA strands at a target site of interest, we first com-
bined a TALE-fused Fokl nickase and a nick-compatible exonuclease.
We envisioned that after the nickase nicked one strand of target DNA,
the exonuclease would recognize the nicked region and digest the
nicked DNA strand, thereby exposing a short ssDNA fragment to serve
as asubstrate for ssDNA-specific modifying enzymes. We then used a
locally fused ssDNA-specific deaminase protein to edit this region to
performstrand-specific, protein-based base editing. Furthermore, we
reasoned that the use of single-strand-specific cytidine deaminase in
conjunctionwith afused uracil glycosylase inhibitor (UGI) could further
enhance overall cytosine base editing efficiencies.

Wild-type Fokl is a bipartite restriction endonuclease that rec-
ognizes a non-palindromic DNA sequence (GGATG (9/13)) using
its recognition domain and cuts the dsDNA outside of the recogni-
tion sequence with its endonuclease domain®*>. Fokl nickases
were generated by introducing a D450A mutation to either of the
TALE carboxy-terminal-fused Fokl cleavage domains (FokICD-L and
FokICD-R, abbreviated to Fokl-L and FokI-R hereafter) to abolish
cleavage activity?, resulting in two different potential Fokl nickases,
Fokl-Lnickase (with a D450A mutation introduced in the FokI-R) and
FokI-Rnickase (with a D450A mutation introduced in the FoklI-L),
respectively. We envisioned that the use of such a sequence-agnostic
nickase would be essential as afirst step for performing strand-selective
DNA trimming and exposing a substrate for subsequent deamination
to achieve base editing (Fig. 1a).

Validating CyDENT base editing in plants
We first evaluated CyDENT base editing in the nuclear genome of rice
protoplasts. Four pairs of TALE proteins were custom designed to target
the endogenous rice genomic sites OsDEPI, OsCKX2, OsBADH2 and
0OsSDI1.Exonucleases with 5’ - 3’ (mExol?) or 3’ > 5’ (Trex2 (ref. 26,27))
digestion preferences were used to evaluate the effects of using an exo-
nucleasein conjunction with anickase to generate assDNA intermedi-
ate. We chose the highly efficient cytosine deaminase hAPOBEC3A**%
(hA3A) to perform cytidine deamination specifically on the ssDNA
intermediate and fused a UGl peptide toits C terminito further enhance
editing efficiencies by minimizing the effects of DNA base excision
repair. Nuclear localization signals were fused to the amino termini of
allcomponents todirect editing to the nuclear genome. The combina-
tion of these constructsis hereafter designated as nuCyDENT (Fig. 1b).
nuCyDENT, targeting rice OSDEP1, OsCKX2, OsBADH2 and OsSD1 sites,
was delivered intorice protoplasts, and editing efficiencies were evalu-
ated after 2 days. Following next-generation sequencing, targeted
cytosine base editing was evaluated within the 18 bp spacer region
between the TALE binding sites at all four nuclear genomic sites. We
observed editing efficiencies ranging from 3% to 18% (Fig. 1c and Sup-
plementary Fig. 1a) with low levels of indel formation. Importantly,
we noticed that efficient editing frequencies were dependent on the
presence of the exonuclease protein (Supplementary Fig. 1a). These
results demonstrate that CyDENT base editing can achieve efficient
CRISPR-free base editing with low levels of indel byproduct formation.
We envisioned that the base editing window of nuCyDENT
would be affected by the choice of nickase. We reasoned that the
Fokl-Lnickase-containing (nuCyDENT-L) and Fokl-Rnickase-containing
(nuCyDENT-R) modules could perform base editing on different target

strands, as they are biased towards nicking one strand of DNA**. When
we analyzed the base editing window of the treated groups, we indeed
observed that all four nuCyDENT-R-treated targets showed base editing
primarily on the top DNA strand (Supplementary Fig. 1b). To confirm
these results, both nuCyDENT-L and nuCyDENT-R were delivered into
rice protoplasts separately with a pair of TALE arrays targeting the rice
genomic sites OsCKX2 and OsSDI. At 48 h post polyethylene glycol
(PEG)-mediated protoplast transformation, base editing was evaluated.
We observed that the top DNA strand was edited when transformed
with nuCyDENT-R, whereas only the cytosine bases on the bottom
strand were selectively edited in the presence of nuCyDENT-L, albeit
with a lower average editing efficiency compared to that of the top
strand (Fig. 1d). These results indicated that the CyDENT base edit-
ing strategy could perform efficient strand-selective base editing in
nuclear genomes.

We then sought to use the CyDENT base editing strategy to install
base editsinto the plant chloroplast DNA, animportant plant-specific
organelle with its own genomic DNA (cpDNA) that is also inacces-
sible to CRISPR-derived base editors'®*"*2, We replaced the nuclear
localization signals in a chloroplast transit peptide’® in nuCyDENT
(Fig.1e), resultingin cpCyDENT. We transformed rice protoplasts with
cpCyDENT-L (harboring a Fokl-Lnickase) and cpCyDENT-R (harbor-
ing a Fokl-Rnickase) with TALE proteins targeting the endogenous
ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO) large
subunit gene (rbcL). We observed low but detectable levels of base
editing in the rbcl target when treated with cpCyDENT-L (Fig. 1f).
Importantly, only cytosine bases on the bottom strand of the target
DNA were edited, with a frequency of about 1.67% at G, (counting the
nucleotide closest to the 5’ end of the spacer region as position 1;
Fig.1f). We speculate that the low editing frequencies could be caused
by low delivery efficiencies of PEG-mediated transformationintorice
protoplasts, and subsequently into chloroplasts once inside cells for
cpDNA editing. Importantly, these results highlight that cpCyDENT is
able to selectively and precisely base edit on a strand of DNA in chlo-
roplast genomes.

Mitochondria base editingin HEK293T cells using CYDENT
Encouraged by the results in plant chloroplasts, we sought to evalu-
ate CyDENT base editing for mtDNA base editing in human cells. We
first generated mtCyDENT constructs by substituting the nuclear
localization signals of nuCyDENT with a mitochondrial targeting sig-
nal and replacing the promoters and terminators for expression in
HEK293T cells. We speculated that recruiting the individually expressed
deaminase, exonuclease and UGl to the TALE-Fokl nickase could further
enhance base editing frequencies. Therefore, we leveraged the use of
asmall peptide known as yb, fused to the N terminus of each module
in mtCyDENT, to drive protein recruitment (Fig. 2a). yb is a viral RNA
silencing suppressor® derived from the barley stripe mosaic virus that
isknown to self-interact. Furthermore, asthe Trex2 exonuclease is much
smaller (236 amino acids versus 837 amino acids in mExol) and showed
editing efficiencies comparable to mExol (Fig. 1c and Supplementary
Fig.1a), we focused on Trex2 for further tests.

We transfected mtCyDENT and yb-fused mtCyDENT plasmids
into HEK293T cells targeting the endogenous ND6 gene in mtDNA. At
3 days post transfection, cells were collected and genomic DNA was
prepared for next-generation sequencing analysis. We observed that
although targeted base editing was detected in the ND6 target, the
yb-fused mtCyDENT constructs showed higher editing frequencies.
Upon further modular protein assemblies, we found that yb fused to
the UGl domain exhibited the greatestincrease in editing efficiencies,
followed by fusion to Trex2; however, fusing yb to the TALE domain
did not elevate editing frequency, and fusing yb to the N terminus of
the deaminase hA3A negatively impacted editing efficiency (Supple-
mentary Fig. 2a,b). Therefore, we refer to the mtCyDENT variant with
yb fused only to the UGl and Trex2 domains as mtCyDENTI1b.
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Fig.1|Strand-selective base editing using CyDENT in plant cells. a, Schematic
overview of CyDENT base editing. A Fokl nickase is directed by TALE proteins.

An exonuclease uses the nicked site to excise ashort patch of DNA, serving as a
substrate for deamination and base editing, exemplified by CyDENT-R as shown
inthe schematic. b, Schematic overview of modular CyDENT constructs used
innuclear genome editing. NLS, nuclear localization signal; UBI pro, ubiquitin
promoter. ¢, Frequencies of C-to-T conversions and indels by nuCyDENT-R and
TALE nuclease (TALEN) at the OsDEPI, OsSDI1, OsCKX2 and OsBADH2 sites inrice
protoplasts. Mean +s.e.m. for three (or two for TALEN in OsDEPI) independent
biological replicates. d, CYDENT base editing at each base position at sites

T T T T 1 1 T T 1T ~T°T 1T T T T 7
c ¢ 6 6 6 C G C Ci G C C G C G G G

OsCKX2and OsSDI inrice protoplasts. TALE binding sites and spacers are
shown. The position of the C base is named the same as its position in the sense
strand. Mean * s.e.m. for three independent biological replicates. e, Schematic
overview of modular CyDENT constructs used in chloroplast genome editing
exemplified by cpCyDENT-R in the schematic. CTP, chloroplast transit peptide.
f, CyDENT base editing at each base position at the OsrbcL site in rice protoplasts.
TALE binding sites and spacers are shown. The position of the C base is named
the same as its position in the sense strand. Mean + s.e.m. for two independent
biological replicates.
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Fig.2|Strand-selective mtDNA base editing using CyDENT in HEK293T cells.
a, Schematic overview of modular mtCyDENT constructs used in mitochondrial
genome editing, exemplified by mtCyDENT-R. MTS, mitochondrial targeting
signal; CMV pro, cytomegalovirus promoter. b-e, Frequencies of desired edits
by DACBE, mtCyDENT-R, mtCyDENT1b-R, mtCyDENT-L and mtCyDENT1b-L
atthe ND1.2 (b), ND1.3 (c), ND3 (d) and ND6.2 (e) sites in the mitochondria

of HEK293T cells. Mean + s.e.m. for three independent biological replicates.
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Student’s ¢-test. f-i, Evaluation of editing strand preferences by DACBE,
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(f) ND1.3(g), ND3 (h) and NDé.2 (i) sites in the mitochondria of HEK293T cells.
TALE binding sites and spacers are shown. The position of the C base is named
the same as its position in the sense strand. Mean + s.e.m. for three independent

biological replicates.

We next evaluated mtCyDENT and mtCyDENT1b across seven addi-
tional endogenous mtDNA genomicsites. We observed average editing
frequencies of mtCyDENT ranging from1.16-11.7%, with mtCyDENT1b
further increasing the average editing efficiencies by 2.42-6.18-fold,
reaching 4.55-39.3% (Fig. 2b-e and Supplementary Fig. 2c). Impor-
tantly, we observed that editing frequencies of mtCyDENT1b were
higher than that of DdCBE at the ND1.2, ND1.3, ND3 and ND6.2 target
sites with the same TALE arrays. Furthermore, we noted the absence
ofindel formation when using CyDENT base editing on mtDNA target
sites (Supplementary Fig. 2d). These results indicate that mtCyDENT
and mtCyDENTI1b can achieve efficient base editingin human mtDNA.

We next sought to evaluate the editing strand preferences of
CyDENT base editing in mtDNA. We found that the mtCyDENT-R
(harboring a Fokl-Rnickase) and mtCyDENTI1b-R (harboring a
FoklI-Rnickase) constructs preferred editing the bottom DNA strand at
six out of the seven (except for ND1.2) genomic sites tested, whereas the
mtCyDENT-L (harboring a Fokl-Lnickase) and mtCyDENTI1b-L (harbor-
ingaFokl-Lnickase) constructs showed higher editing on the top strand
atthe ND1.2and NDé6.2sites (Fig. 2f-i and Supplementary Fig. 2e). We
noticed that mtCyDENTI1b-L edited both strands at the ND1.3site, which
couldbearesult of the D450A mutation in Fokl not fully abolishing its
cleavage activity®*, which affects the overall strand-nicking preference
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(Supplementary Fig. 2f). We next sought to evaluate any phenotypic
result mediated by CyDENT editing. We used mtCyDENT1b-R to tar-
get the ND3 gene, which encodes for an NADH dehydrogenase com-
plex in mitochondria, and subsequently measured ATP production
rates using a Seahorse assay. As this complex is directly implicated
in mitochondrial function and overall ATP production, we found that
edited cellsdisplayed decreased ATP levels compared to the untreated
group (Supplementary Fig. 2g). These results demonstrate that the
modular CyDENT base editing strategy is effective at strand-preferred
base editing in mitochondrial genomes and that further efforts can
continue to identify factors that can enhance strand precision and
editing efficiencies.

Enhancing CyDENT editing efficiency and precision

Given that CyDENT is modularly assembled, we reasoned that the
deaminase domainin CyDENT could be exchanged to leverage unique
deaminase properties that enhance activity or promote editing strand
precision. Recently, anewly identified ssDNA-specific cytidine deami-
nase, Sdd7, was found to exhibit much higher editing activity com-
pared to other deaminases®. We introduced Sdd7 into mtCyDENT1b
and evaluated editing efficiencies at the mtDNA target sites ND5.1,
ND6 and ND1.3. We observed that 87.5% of the alleles base-edited by
Sdd7-mtCyDENT1b-L occurred on a single strand of DNA and 93.0%
of the alleles base-edited by Sdd7-mtCyDENT1b-R also occurred on a
single strand, highlighting the superior base editing strand specificity
of CyDENT (Fig.3a-i). These two editors resulted in the bottom target
strand of DNA being edited with average editing efficiencies ranging
from 4.88-9.13% (Fig.3a,d,g and Supplementary Fig. 3a-d). The results
particularly showcase the ability to exchange deaminase domains dur-
ing the modular assembly of mtCyDENT.

Inthe mtCyDENT1b architecture, we used yb torecruit individual
modulestogether. We next sought to further enhance editing efficiency
by engineering fusion constructs surmising that local recruitment
of modules by direct protein fusion would enhance local effective
concentration. We evaluated a variety of protein architectures (Sup-
plementary Fig. 3e) at the endogenous mtDNA ND6 site, as the per-
formance of mtCyDENT1b was poor at that site relative to its editing
ability at other sites. We identified a particular construct in which the
deaminase and exonuclease domains are fused to the N terminus of
TALE-L and TALE-R using a 48-amino-acid flexible linker, and the UGI
was fused to the C terminus and N terminus of Fokl-L and FokI-R. This
construct architecture is hereby referred to as mtCyDENT2 (Fig. 3j).
We observed strand-selective base editing at ND6 using mtCyDENT2-L
(harboring a Fokl-Lnickase), with a total of 94.5% of the edited alleles
exhibiting base conversions selectively on the top strand (Fig. 3k,I).

In designing TALE nucleases, the length of the spacer region
between the TALE binding sites has a substantial influence on gene
knock-out efficiencies***. While evaluating CyDENT base editing,
we noticed that a wider spacer region seemed to benefit editing effi-
ciency at the ND6 site, with average editing efficiencies increasing

from17.8-25.9% when the spacer expended from 15-26 bp (Fig.3m,n);
however, future efforts will need to more systematically evaluate spacer
length effects across multiple sites and cell types.

mtCyDENT base editing at GC sequence motifs
The DddA-dependent DACBE system demonstrated a strict TC
sequence-context constraint for cytidine deamination and found
that editing in GC sequence contexts occurred at alower frequency?.
Recently, phage-assisted non-continuous and continuous evolution
was used to evolve the wild-type DddA, resulting in a DddA11 variant
that exhibited broadened AC and CC sequence compatibility, but edit-
ing GC sequence motifs by DddA1l remained challenging®. A DddA
homolog from Simiaoa sunii (Ddd_Ss) was found to show efficient cyti-
dine deamination in DC contexts, highlighting the ability to modularly
use different components with desired properties*’. We reasoned that
CyDENT could enable efficient and strand-selective GC sequence-motif
base editing through a modular exchange of the deaminase domain.
We incorporated a ssDNA-specific cytidine deaminase that
edits efficiently at GC sequence motifs to develop a GC-compatible
mtCyDENT base editor. Recently, a newly identified ssDNA-specific,
GC-compatible and AC-compatible cytidine deaminase, Sdd3, was
found to exhibit much higher editing activity than other deaminases
at GC sequence motifs®. We designed TALE arrays to target the ND4,
ND1.2,ND3and ND6.2sitesin HEK293T cells (Supplementary Fig. 4a-d
and Fig. 4a-f) to evaluate editing preferences at sequence motifs that
were previously difficult to edit. Strikingly, strand-specific cytosine
base editing was observed at GC contexts with efficiencies reaching
21.0%and 20.0% for the ND1.2and ND6.2sites, respectively, which were
previously inaccessible to editing by DACBE; at ND1.2, 96.9% of the
edits occurred selectively on the top DNA strand, and at ND6.2,92.0%
ofthe edits occurred selectively on the bottom DNA strand (Fig. 4a-f).
Notably, we observed 2.06% editing by Sdd3-mtCyDENT at the ND6.2
site after adjusting the TALE binding sites (Fig. 4g,h). This particular
mutation (m.14453G>A) was reported to be directly associated with
the development of Leigh’s syndrome® but is inaccessible to editing
by DACBE in these two TALE constructs. Therefore, mtCyDENT and
potential future enhancements will serve as a superior approach to
base editing, allowing for more precise modifications of additional
mtDNA pathogenic variants.

Off-target analysis of mtCyDENT base editing

Mitochondrial editing using DACBE was shown to induce substan-
tial nuclear off-target editing'”*%. To evaluate the off-target activity of
CyDENT in both nuclear and mitochondrial genomes, we transfected
HEK293T cells with mtCyDENT1b-R (hA3A) and DACBE plasmids tar-
geting ND3, and with mtCyDENT2-L (Sdd3) plasmids targeting ND6.2,
which s able to install edits at GC context motifs. We obtained a total
of 2.25Tb of clean bases, with an average of 281.13 Gb for each sample
and an average depth of sequencing the mitochondrial genome at
approximately 6,362-fold (Fig. 5a). We found that the average mapping

Fig.3|Optimization of CyDENT for mtDNA base editing. a,b,c, Frequencies
of desired edits by mtCyDENT1b-L and mtCyDENT1b-R with the Sdd7 deaminase
atthe NDS.1(a), NDé6 (b) and ND1.3(c) sites of HEK293T cells. Mean +s.e.m. for
three independentbiological replicates. d,e,f, Ratio of specified editing events
to total editing events generated by mtCyDENT1b-L and mtCyDENT1b-R with
the Sdd7 deaminase at the NDS.1 (d), NDé6 (e) and ND1.3 (f) sites of HEK293T cells.
Mean +s.e.m. for three independent biological replicates. g,h,i, Evaluation of
editing strand preferences by mtCyDENT1b-L and mtCyDENTI1b-R with the Sdd7
deaminase at the ND5.1(g), ND6 (h) and ND1.3 (i) sites of HEK293T cells. TALE
binding sites and spacers are shown. The position of the C base is named the same
asits position in the sense strand. The bases in red indicate mismatched bases in
the TALE. Mean +s.e.m. for three independent biological replicates. j, Schematic
overview of mtCyDENT2 constructs used in mitochondrial genome editing.

k, Frequencies of desired edits by DACBE, mtCyDENT2-L and mtCyDENT2-R with

three different corresponding deaminases at the NDé6 site in HEK293T cells.
Mean ts.e.m.for three (mock, DACBE or mtCyDENT2 (rAPOBEC1)) or two (mtCyDENT2
(hA3A or Sdd7)) independent biological replicates. I, Ratio of specified
editing events to total editing events generated by DACBE, mtCyDENT2-L and
mtCyDENT2-Rwith three different corresponding deaminases at the ND6

site in HEK293T cells. Mean £ s.e.m. for three (mock, DACBE or mtCyDENT2
(rAPOBECI)) or two (mtCyDENT2 (hA3A or Sdd7)) independent biological
replicates. m, Frequencies of desired edits by mtCyDENT2-L with 15 or 26 bp
spacers at the NDé6 site in HEK293T cells. Mean + s.e.m. for two independent
biological replicates. Statistical differences between groups were tested using
atwo-tailed Student’s ¢-test. n, Evaluation of editing strand preferences by
mtCyDENT2-L with the rAPOBEC1 deaminase at the ND6 site in HEK293T cells.
TALE binding sites and spacers are shown. Mean + s.e.m. for two independent
biological replicates.
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Fig. 4| mtCyDENT enables efficient strand-selective base editing under
GC contexts. a,b, Frequencies of desired edits by DACBE and mtCyDENT2-L
with the Sdd3 deaminase at the ND1.2 (a) and ND6.2 (b) sites of HEK293T
cells. Mean t s.e.m. for three independent biological replicates. c,d, Ratio

of specified editing events to total editing events generated by DdACBE and
mtCyDENT2-L with the Sdd3 deaminase at the ND1.2 (c) and ND6.2 (d) sites
of HEK293T cells. Mean +s.e.m. for three independent biological replicates.
e,f, Evaluation of editing strand preferences by DACBE and mtCyDENT2-L
with the Sdd3 deaminase at the ND1.2 (e) and ND6.2 (f) sites of HEK293T cells.

TALE binding sites and spacers are shown; in the case of ND1.2, the left TALE
shifted to a new binding site. The position of the C base is named the same as
its position in the sense strand. Mean + s.e.m. for three independent biological
replicates. g, TALE designs to target the Leigh’s syndrome pathogenic mutation
atsite ND6.2. h, Evaluation of editing strand preferences by mtCyDENT2-L
with the Sdd3 deaminase and TALE-L1 + TALE-R1 at the ND6.2 site in HEK293T
cells. TALE binding sites and spacers are shown. The position of the C base
isnamed the same as its position in the sense strand. Mean + s.e.m. for three
independent biological replicates.

ratioto the humanreference genome (hgl9) was 99.57% with an average
depth of approximately 89.61-fold (Supplementary Table 4).

Wefirst confirmed efficient target editing in these samples (Fig. 5b)
and then analyzed whole mitochondrial genome and nuclear
genome-wide off-target frequencies. The average mitochondrial
genome-wide C+G-to-T+A and G+C-to-A-T base conversion frequency
was 4.8%, 6.9%, 16.5% and 5.9% for the mock, DdACBE, mtCyDENT1b-R
(hA3A) and mtCyDENT2-L (Sdd3)-treated groups, respectively (Fig. 5c).
We identified an average of 32, 678 and 16 SNVs in the mitochondrial

genome when treated with the DACBE, mtCyDENT1b-R (hA3A) and
mtCyDENT2-L (Sdd3)-treated groups, respectively, compared to
the mock treatment (Fig. 5d). After analyzing the 5 bp regions flank-
ing each potential off-target SNV, a consensus TC motif was found
fromthe DACBE and mtCyDENT1b-R (hA3A) groups, and a consensus
GC-AC motif was found in the mtCyDENT2-L (Sdd3) group (Fig. 5e).
Through this off-target analysis, we highlight the ability to mitigate
CyDENT-mediated off-target effects through the modular exchange
of CyDENT components and through optimized editor architectures.
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Fig. 5| Whole nuclear genome and mitochondrial genome-wide off-target
analysis of mtCyDENT. a, Average depth of the mitochondrial genome obtained
by whole-genome sequencing (WGS). b, On-target editing frequencies of ND3
and ND6.2by WGS and next-generation sequencing (NGS). Mean +s.e.m. for

two independent biological replicates. ¢, Average mitochondrial genome-wide
C+G-to-T*A and G+C-to-A+T base conversion frequency (per cent). Mean £ s.e.m.
for twoindependent biological replicates. d, Number of identified SNVs by
different treatments with the mock set as baseline levels. Mean + s.e.m. for two
independent biological replicates. Statistical differences between controls and
treatments were defined using Dunnett’s multiple comparisons test after ANOVA.

e, Sequence logos generated from off-target C*G-to-T+A and G+C-to-A-T base
conversion by the indicated editors. Bits reflect sequence conservation at agiven
position. f, Allele SNV frequency identified in the potential-TALE-dependent off-
target sites. Mean t s.e.m. for two independent biological replicates. Statistical
differences between controls and treatments were defined using Dunnett’s
multiple comparisons test after ANOVA. g, Allele indel frequency identified in the
potential-TALE-dependent off-target sites. Mean + s.e.m. for two independent
biological replicates. Statistical differences between controls and treatments
were defined using Dunnett’s multiple comparisons test after ANOVA.

In the nuclear genome, we analyzed TALE-dependent off-target
effects. A total of 74,963 potential off-target regions (containing 0-3
mismatches to the ND3and NDé6.2 TALE binding sites) were identified
(Supplementary Table 5). We observed no significant difference in
theallele SNV frequencies between the mock, DACBE, mtCyDENT1b-R
(hA3A) and mtCyDENT2-L (Sdd3)-treated groups for the ND3or ND6.2
sites (Fig. 5f). Furthermore, we observed no difference of indel forma-
tions at these TALE-dependent off-target sites (Fig. 5g). These results
indicate that modular assembly and optimization of CyDENT can mini-
mize off-target effects inboth the mitochondrial and nuclear genomes.

To assess any negative cellular impact of mtDNA editing using
mtCyDENT, we evaluated cell viability at 2, 4 and 6 days post trans-
fection and found that the performance of mtCyDENT was similar
to DACBE. Notably, 6 days after transfection, cell viabilities of both
CyDENT and DACBE-treated cells tended to recover to levels similar

to that of untreated controls. The viabilities of cells transfected with
solely Trex2 and yb-Trex2 were also similar to that of the untreated
group (Supplementary Fig. 5a). These resultsindicate that mtCyDENT
could be a valuable tool for mitochondrial genome editing.

Discussion

CRISPR-dependent base editors fundamentally rely on a transient
ssDNA R-loop structure created by a Cas protein and a single guide
RNA*?, whereas the DACBE and TALED systems require aspecial dsSDNA
deaminase totarget bases onboth strands of aparticular dsDNAregion
for effective base editing'*®. In this study, we present a base editing
mechanism that separates DNA binding, ssDNA exposure and DNA
editing into individual modular protein components. CyDENT base
editing enables the easy exchange of protein domains with unique
properties to perform strand-specific, CRISPR-free base editing.
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This suite of CyDENT base editors and potential future additions will
expand the suite of precision genome editing technologies for both
nuclear and organelle genome editing.

Owing to its modular assembly, CyDENT enables bespoke editor
designs, as demonstrated by the exchange of exonucleases with dif-
ferent trimming directions and deaminases with different sequence
context biases and editing activities. In addition to cytidine deami-
nases, we speculated that a similar mechanism could be used for ABE
by substituting the cytidine deaminase with an adenosine deaminase,
resultinginadenine deaminase-exonuclease-nickase-TALE (AdDENT).
When we evaluated AADENT base editing in the nuclear genome using
the evolved ssDNA-specific adenosine deaminase TadA-8e**, we
observed targeted ABE, both in plant and human cells at frequencies
ofaround 0.90% and 2.10%, respectively (Supplementary Fig. 5b,c). As
TadA-8e and other E. coli TadA variants were directly evolved from the
tRNA-targeting wild-type adenosine deaminase TadA fused with Cas9
(refs.7,44), we surmised that additional protein engineering and efforts
would be required to perform ABE with TALEs inthe AADENT editor.

Given that CyDENT base editing relies on Fokl nickase-mediated
ssDNA nicking, we speculate that the overall construct architecture,
deaminase choice and specific genome modifications could influence
dimer formation and nicking activity, which may substantially affect
thelevels of CyDENT base editing. Future work to elucidate these fac-
tors and the use of other nickases could improve the editing activity
and specificity of the CyDENT and AADENT base editors. As the field
of precision genome editing advances from the lab to the clinic, we
recognize the need for bespoke editors that have greater precisionand
are designed to target a particular base. As DACBE and TALED funda-
mentally rely ona dsDNA deaminase, the lack of precision for editing a
particular base onone strand of DNAisagreat limitation to this suite of
protein-based base editors. Recently, mtDNA base editors were used for
strand-biased mtDNA editing by combining sequence-specific nickases
MutH or Nt.BspD6I(C) and adenine deaminase or cytosine deaminase
formtDNA base editing®. In addition to a nickase and a deaminase, the
presence of an exonuclease in the CyDENT strategy presented here
boosted editing frequency (Supplementary Fig. 1a). Owing to their
modularity, CyDENT and AdDENT also serve as initial forays into the
realm of bespoke, modular, CRISPR-free, precision genome editing
technologies, and future work will further explore the potential of
these unique protein assemblies.
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Methods

Plasmid construction

Genesencodingthe modules for cpCyDENT and part of the mtCyDENT
were codon-optimized and synthesized by GenScript. The genes
for expression in plant and HEK293T cell lines were PCR-amplified
using 2x Phanta Max Master Mix (Vazyme Biotech) and cloned into
the pGW3 (ref. 46) (rice codon-optimized) backbone and pCMV**
backbone, respectively, using ClonExpress Il One Step CloningKit
(Vazyme Biotech).

Plasmids for HEK293T cell line transfection were extracted and
purified using EndoFree Plasmid Kits (Qiagen) or the FastPure EndoF-
ree Plasmid MiniKit DC203 (Vazyme Biotech). Plasmids for protoplast
transfection were purified using the Wizard Plus Maxipreps DNA Puri-
fication System according to the manufacturer’s instructions. The
amino acid sequences of all CyDENT vectors used are provided in the
Supplementary Information (Supplementary Sequences). Primer sets
for plasmid construction in this work were synthesized by the Beijing
Genomics Institute and are listed in Supplementary Table 3.

PEG-mediated protoplast transformation

The Japonicarice cultivar Kitaake was used to isolate protoplasts and
was transformed as previously described*®. In brief, plasmids (5 pug
per construct) were mixed and introduced into the protoplast by
PEG-mediated transfection. After 48 hincubation at 26 °Cin the dark,
total genomic DNA was extracted with the CTAB method and used for
amplicon deep sequencing.

Cell culture and transfection

HEK293T cells were cultured in DMEM (Gibco) supplemented with
10% (vol/vol) fetal bovine serum (FBS, Gibco) and 1% (vol/vol) Peni-
cillin-Streptomycin (Gibco) in a humidified incubator at 37 °C with
5% CO,. All cells were routinely tested for Mycoplasma contamina-
tion with a Mycoplasma Detection Kit (TransGen Biotech). A total of
40,000 cells per well were seeded into 48-well poly-D-lysine-coated
plates (Corning) in the absence of antibiotics. After 16-24 h, cellswere
transfected with1 pljetPRIME transfection reagent (Polyplus),400 ng
(for mtCyDENT2, 200 ng each construct) or 450 ng (for mtCyDENTI1b,
50 ng for UGl expression vector and 100 ng for each of the other four
vectors) mtCyDENT plasmids per well at a 60-80% cell confluency.
For DACBE transfection, cells were incubated with 1 pl jetPRIME
transfection reagent, 200 ng left DACBE and 200 ng right DdCBE.
Cells were washed with PBS and followed by DNA extraction 72 h after
transfection.

Genomic DNA isolation from mammalian cell culture

Genomic DNA extraction was performed by the addition of 100 pl
freshly prepared lysis buffer (10 mM Tris-HCI (pH 8.0), 0.05% SDS and
25 ug ml™ proteinase K (Thermo Fisher Scientific)) directly into the
48-well culture plate after cells were washed once with 1x Dulbecco’s
PBS (Thermo Fisher Scientific). The mixture was incubated at 37 °C for
60 min and then at 80 °C for 20 min.

Amplicon deep sequencing and data analysis

Nested PCR was used for the amplification of amplicons spanning the
targetsites. Inthe first round of PCR, the target region was amplified
from genomic DNA with site-specific primers. In the second round,
both forward and reverse barcodes were added to the ends of the PCR
products for library construction. Equal amounts of PCR product
were pooled and purified with a GeneJET Gel Extraction Kit (Thermo
Scientific) and quantified with a Qubit 4 Fluorometer (Thermo Sci-
entific). The purified products were sequenced using the MiSeq plat-
form, and the sequences around the target regions were examined
for editing events. Amplicon sequencing was repeated three times
for each target site using genomic DNA extracted from three inde-
pendent samples unless specifically mentioned. Sequences of the

amplicons are listed in Supplementary Table 1, and DNA sequences
recognized by TALE proteins are listed in Supplementary Table 2.
Analysis of base editing outcomes by MiSeq was performed as
described previously*.

For strand-specificity analysis, the top strands of the targets were
used asreference sequences. Top strand-specific editing was calculated
astheratio of sequencing reads with only C-to-T conversionto the total
edited reads, and bottom strand-specific editing was calculated as
the ratio of sequencing reads with only G-to-A conversion to the total
edited reads. The ratio of sequencing reads withboth C-to-T and G-to-A
conversions to the total edited reads were sorted as editing events on
both strands. A custom perl script was written for this analysis and is
includedinthe Supplementary Information.

Cell viability assays

Cell viability was measured 2, 4 and 6 days after transfection using
the CellTiter 96 AQ .., One Solution Kit (Promega) according to the
manufacturer’s protocol. Cells were transfected at 80-90% conflu-
ency.Absorbance at 490 nm was measured using a 96-well plate reader
(Tecan).

Oxygen consumption analysis by Seahorse XF Analyzer
Cellswere seeded onthe Seahorse plate and analyzed in the Seahorse
XFe96 Analyzer (Agilent) when they reached 70-80% cell confluency.
Analysis was performedin the Seahorse XF DMEM Medium pH 7.4 (Agi-
lent) supplemented with 10 mM glucose (Agilent), 2 mM L-Glutamine
(Gibco) and 1 mM sodium pyruvate (Gibco). The mito stress protocol
was applied with the use of 1.5 mM oligomycin,1 mM FCCP and 0.5 mM
rotenone plus antimycin.

Analysis of nuclear genome-wide off-target editing

Genomic DNA was extracted from transfected cells using the FastPure
Cell/Tissue DNA Isolation Mini Kit (Vazyme) according to the manu-
facturer’s instructions. Whole-genome sequencing was performed
by using the MGl DNBSEQ-T7 platform. The sequencing data was
cleaned using fastp*® (v.0.23.2) to obtain high-quality clean data. The
clean data were then aligned to hgl9 (ftp://gsapubftp-anonymous@
ftp.broadinstitute.org/bundle) through BWA* (v.0.7.17-r1188) using
the default parameters. Read group information was also added (-R)
during the process. The data were subsequently processed through
MarkDuplicates with Sambamba®® and quality-calibrated with GATK"'
(v.4.4.0.0) BaseRecalibrator and ApplyBQSR modules. Finally, the
Mutect2 module was used to obtain the SNVs.

The allele frequency was calculated using the DP tag from the
results obtained from the VCF file. The depth calculation was per-
formed using the depth module of SAMtools® (v.1.8).

Whole-genome-wide off-target analysis was performed using
Cas-OFFinder®, which predicted potential off-target sites with three
or fewer mismatches to the TALE binding sites within the genome.

Analysis of mitochondrial genome-wide off-target editing
Analysis of C+G-to-T+A and G-C-to-A-T conversion frequency on the
mitochondrial genome was conducted by using SAMtools** (v.1.8) to
extract all mitochondrial data from the whole-genome sequencing
data. Firstly, we extracted the data of the mock and obtained all the
homozygous SNV mutations of the mock on hgl9 using SAMtools.
Then, we corrected allmutations to create the pseudo mtDNA genome.
Subsequently, the mitochondrial sequencing data from all samples
were extracted and aligned back to the pseudo mtDNA genome using
the BW-aln algorithm. A perl script (in-house) was employed to parse
the MD tag from BAM files in order to obtain all reads with C-G-to-T-A
or G=C-to-A-T variants. SAMtools was used to extract variant reads in
the on-targetregion. Reads outside the on-target region were excluded
from all mitochondrial data to obtain the final off-target results. The
result was calculated as follows:
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Statistical analysis

GraphPad Prism 9 software was used to analyze the data. Allnumerical
values are presented as means + s.e.m. Statistical differences between
controls and treatments were tested using the Student’s ¢-test and
one-way ANOVA; P < 0.05 was considered statistically significant and
P <0.01was considered highly significant.

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

Data availability

The deep amplicon sequencing data are deposited at the NCBI as
Bioproject PRINA957099 and PRJNA957096 ref. 54. All other data are
available in the paper or Supplementary Information.
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