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Expanding mitochondrial base editing tools with broad sequence compat-

ibility is of high need for both research and therapeutic purposes. In this
study, we identify a DddA homolog from Simiaoa sunii (Ddd_Ss) which can
efficiently deaminate cytosine in DC context in double-stranded DNA
(dsDNA). We successfully develop Ddd_Ss-derived cytosine base editors
(DACBE_Ss) and introduce mutations at multiple mitochondrial DNA
(mtDNA) loci including disease-associated mtDNA mutations in previously
inaccessible GC context. Finally, by introducing a single amino acid sub-
stitution from Ddd_Ss, we successfully improve the activity and sequence
compatibility of DACBE derived from DddA of Burkholderia cenocepacia
(DACBE_Bc). Our study expands mtDNA editing tool boxes and provides
resources for further screening and engineering dsDNA base editors for
biological and therapeutic applications.

Base editing enables precise mutations of a target DNA sequence
and is useful for dissecting the function of genes and regulatory
elements, disease modeling, and developing therapeutics to treat
diseases'. Base editing in nuclear DNA has been achieved through
clustered regularly interspaced short palindromic repeats
(CRISPR) derived base editors**. Unfortunately, CRISPR base edi-
tors are currently not applicable for mtDNA editing due to the lack
of approaches delivering guide RNAs into mitochondria®. Recently,
transcription activator-like-effector (TALE) derived base editors
DACBEs®” and TALEDs® have been developed to catalyze C-to-T
and A-to-G editing in mtDNA. These methods depend on DddAox,
a dsDNA deaminase from the bacterium Burkholderia cenocepacia
(Ddd_Bc). The original Ddd_Bc requires a strict TC sequence
context®. Through phage-assisted evolution, Mok et al. have fur-
ther obtained a Ddd_Bc variant that can catalyze C-to-T editing in
HC sequence context’. Moreover, de Moraes et al. have looked into

additional bacterial deaminase toxin families and identified dea-
minases with different sequence contexts and substrates (e.g.,
single- versus double-strand DNA) preferences’. However, DACBEs
suitable for GC context targets are still unavailable. In addition,
whether more dsDNA deaminases can be found in other species is
unknown.

In this study, we identify and engineer dsDNA deaminase homo-
logs to address the above problems. Through PSI-BLAST and deami-
nation assays, we discover a dsDNA deaminase from Simiaoa sunii
(Ddd_Ss) that show high activity and broad sequence compatibility.
Based on this dsDNA deaminase, we develop highly efficient base
editing tools that introduce mutations at multiple mtDNA loci
including disease-related mutations in previously inaccessible GC
context. Finally, by introducing a single amino acid substitution from
Ddd_Ss to Ddd_Bc, we successfully improve the activity and sequence
compatibility of DACBE_Bc.
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Results

SPKK-related motif is important for the deamination activity
of Ddd Bc

From amino acid sequence analysis of Ddd_Bc, we noticed that its
C-terminus contains two SPKK-related peptide motifs'® which are
known to prefer the binding of A/T-rich DNA sequences in the minor
groove of the dsDNA (Fig. 1a). Deletion of the two SPKK-related motifs
completely abolished the dsDNA deaminase activity of Ddd_Bc (Fig. 1b,
c and Supplementary Fig. 1a). Moreover, the addition of AT-hook™ that
has a similar DNA binding property as SPKK-related motifs restored the
deaminase activity of truncated Ddd_Bc (Fig. 1b, ¢ and Supplementary
Fig. 1a). Previous studies indicate that proline-dependent f-turn
structure is important for fitting SPKK peptide into the minor groove

of dsDNA™. Interestingly, mutation of prolines to valine or asparagine
in C-terminal peptide reduced or completely abolished the deaminase
activity of Ddd_Bc (Supplementary Fig. 1b, c). These data suggest that
the SPKK-related motif at the C-terminus of Ddd_Bc is important for its
dsDNA deamination activity, possibly through facilitating DNA binding
or other unknown structural roles.

Identification of homologs of Ddd_Bc with dsDNA deaminase
activity

Next, we used PSI-BLAST" to identify homologs of Ddd_Bc. We suc-
cessfully identified 555 candidate homologs of Ddd_Bc from the non-
redundant protein database (nr50_1_Nov, 2021). We then picked eight
candidates from the list (Supplementary Data 1), four with SPKK-
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Fig. 1| SPKK-related motifs help identify Ddd_Bc homologs with dsDNA dea-
minase activity. a The red boxes mark the SPKK-related motif sequences in Bur-
kholderia cenocepacia Ddd_Bc and Psammechinus miliaris Histone H2B.1. b The
schematic of constructs for wild type Ddd_Bc (WT), Ddd_Bc with two SPKK-related
motifs removed (Delta), and Delta rescued with AT-hook sequence (AT-Hook).

¢ Quantification of the relative amounts of deamination product versus protein
concentration from different protein constructs as shown in b. Associate gels are
shown in Supplementary Fig. 1a. Shown are mean + SD; n =3 independent

experiments. d Summary for the sequence features and the activity of candidate
Ddd_Bc homologs. #1: Ordered by PSI-BLAST score, from high to low. #2: +, the
C-terminal region has one SPKK-related motif; ++, two SPKK-related motifs; -, no
SPKK-related motif. #3: *, activity comparable to Ddd_Bc; **, activity higher than
Ddd_Bc; -, activity low or weak. Associated gels and quantifying results are shown in
Supplementary Fig. 2a-j. e-g Probability sequence logo of the region flanking
mutated cytosines from the genome of UNG-deficient E.coli overexpressing Ddd_Ss
(e), DAd_Fa (f), and Ddd_Bc (g). Source data are provided as a Source Data file.
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related motifs and 4 without (Fig. 1d), to test their deaminase activity
on dsDNA substrates. Interestingly, all four proteins containing SPKK-
related motifs showed relatively high deamination activity, compar-
able to or higher than that of Ddd_Bc (Fig. 1d and Supplementary
Fig. 2a-j). In contrast, all four proteins without SPKK-related motifs
showed only a little or no deamination activity. These results suggest
that SPKK-related motifs may be useful for the identification of dsDNA
deaminases with high activities.

Ddd_Ss is a dsDNA deaminase with high activity and broad
sequence compatibility

In the deamination assay, we noticed multiple bands formed by a
dsDNA deaminase from Simiaoa sunii (Ddd_Ss), indicating a broad
deaminase activity at the non-TC context (Supplementary Fig. 2d).
Indeed, deamination assay using four DNA substrates with different NC
sequence contexts confirmed that Ddd_Ss could target cytosine resi-
dues preceded by A, G, C, or T, while Ddd_Bc only worked efficiently
for TC context (Supplementary Fig. 2k). Furthermore, whole-genome
sequencing of UNG-deficient E. coli strain expressing Ddd_Ss revealed
that it has a preference for deamination at DC context (Fig. 1e), while
another dsDNA deaminase Ddd_Fa had a sequence compatibility for
HC with a slightly higher preference for TC (Fig. 1f), which is similar to
DddA1l (renamed as Ddd Bcll), an evolved variant of Ddd Bc’. As
expected, the original Ddd Bc had a high preference for TC context’
(Fig. 1g). Since Ddd_Ss complements Ddd_Bc and its derivative variants
for deamination at GC context, and it showed the highest deamination
activity among all the deaminases tested including Ddd_Bc (Supple-
mentary Fig. 2j), we then focused on Ddd_Ss throughout this study.

Development of DACBE_Ss as a mtDNA base editor

We next tested Ddd_Ss in targeted mtDNA editing by fusing Ddd_Ss
halves to TALE array proteins containing mitochondrial localization
sequences (MTS). Based on the alignment of the predicted structure of
Ddd_Ss by ColabFold" and the crystal structure of Ddd_Bc (Fig. 2a), the
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N29 and N94 in Ddd_Ss corresponded to optimal splitting sites G1333
and G1397 reported for Ddd_Bc®. We designed the following mito-
chondrial DACBE containing Ddd_Ss (DdCBE_Ss) according to the ori-
ginal DACBE study®: a pair of mito-TALE-split-Ddd_Ss that contains an
MTS, a TALE array, a Ddd_Ss half from the N29 or N94 split, and a UGI
protein (Fig. 2b). C- and N-terminal halves of Ddd_Ss were linked to the
right and left TALE, respectively. We first tested DdCBE_Ss targeting
MT-NDS, a gene encoding NADH dehydrogenase 5 subunit of complex |
(Supplementary Data 2). We found that DACBE_Ss enabled C-to-T
editing at multiple C sites and displayed different sequence pre-
ferences over DACBEs containing Ddd_Bc (DACBE_Bc) in the same
orientation (Fig. 2c). Importantly, DACBE_Ss with the splitting site at
N94 (DACBE_Ss_N94) achieved around 40% editing of C6 at GC con-
text, while the editing efficiency for the C6 by DACBE_Bc with the
splitting site at G1397 (DdCBE_Bc_G1397) was only around 8% (Fig. 2¢
and Supplementary Fig. 3a, b). In addition, for C7 at GC context, the
editing efficiency by DACBE_Ss_ N94 was around 33-fold higher than
that by DdCBE_Bc_G1397 (Fig. 2c). For this MT-ND5.1 site, the
DACBE_Ss_N29 constructs caused generally lower editing at every
cytosine than DACBE_Ss_N94, although its editing efficiency for two GC
sites (C6, 6.1% and C7, 5.2%) was still much higher than
DACBE_Bc_G1333 (both <0.3%) (Fig. 2c and Supplementary Fig. 3a, b).
These results support that we have successfully designed a DACBE
from Ddd_Ss to install mtDNA editing with an advantage over Ddd_Bc
for GC context.

To test the generality of DACBE_Ss in mtDNA editing, we then
constructed DACBE_Ss targeting MT-ATP6. We observed the highest
editing efficiency around 38% and 24% for DACBE_Ss_N94 and
DACBE_Ss_N29 (Fig. 2d and Supplementary Fig. 3¢, d), respectively. In
the remaining study, we used the G1397 split and N94 split for Ddd_Bc
and Ddd_Ss, respectively. Encouraged by these results, we then tested
editing for 8 additional sites in 6 mitochondrial genes (Supplementary
Data 2) in HEK293T cells, DACBE_Ss resulted in ~6-51% editing at these
sites (Supplementary Figs. 4, 5). Furthermore, we found that DACBE_Ss
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Fig. 2 | DACBE_Ss achieve high-efficiency editing at multiple mtDNA loci.

a Structural alignment of Ddd_Bc (blue, PDB 6U08) and Ddd_Ss (purple, predicted
by ColabFold). Ddd_Bc was split after the red-labeled amino acid G1333 or G1397,
Ddd_Ss was split after the orange-labeled amino acid N29 or N94. b Split deami-
nases fused to left and right TALE proteins targeted to the MT-ATP6 gene.

¢, d mtDNA editing efficiencies and indel frequencies of HEK293T cells treated with

ND5.1-DACBE (c) or ATP6.1-DACBE (d). Bc_G1397: Ddd_Bc-G1397 split; Ss_N94:
Ddd_Ss-N94 split; Bc_G1333: Ddd_Bc-G1333 split; Ss_N29: Ddd_Ss-N29 split. Shown
are mean £ SD; n =3 independent experiments. The transfection time was 3 days.
For ¢, Ss_N94 and Ss_N29 was compared to Bc_G1397 and Bc_G1333, respectively.
P values were calculated by Student’s unpaired two-tailed ¢-test. Source data are
provided as a Source Data file.
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Fig. 3 | DACBE_Ss can install disease-associated mtDNA mutations in previously
inaccessible GC sites. a Use DdCBE_Ss to install disease-associated target
mutations in human mtDNA (R, arginine; H, histidine; A, alanine; V, valine).
b, ¢ Mitochondrial base editing efficiencies of HEK293T cells treated with ND4-
DACBE (b), ND6-DACBE (c), the background color of disease-associated target
sites is orange, the gray nucleotide are part of the TALE binding site, Ddd_Ssl:
Ddd_Ss (T261+ T771+ T1101); Ddd_Ss2: Ddd_Ss (T26l); Ddd_Ss3: Ddd_Ss (T771);
Ddd_Ss4: DAd_Ss (T1101); Ddd_Ss5: Ddd_Ss (T771 + T1101); Dead-Ddd_Ss5:

Ddd_Ss (E44A + T771+ T1101). Shown are mean + SD; n =3 independent
experiments. The transfection time was 3 days. DACBE_Ss5 was compared
against DACBE_Ss. P values were calculated by Student’s unpaired two-tailed ¢-
test. d, e Oxygen consumption rate (OCR) (d) and relative values of respiratory
parameters (e) in HEK293T cells treated with the ND6-DACBE_SsS5 or dead NDé6-
DdCBE_Ss5. Shown are mean + SD; n =3 independent experiments. P values
were calculated by Student’s unpaired two-tailed t-test. Source data are pro-
vided as a Source Data file.

induced efficient editing at ND5.1 and ATP6.1 in HeLa and U20S cells
(Supplementary Fig. 6a-d). Cell viability assay showed that at least for
the three sites studied, DACBE_Ss did not show more significant toxi-
city than DdCBE_Bc (Supplementary Fig. 6e). Together, these results
suggest that DACBE_Ss is a general mtDNA editing tool with no
apparent cell toxicity.

Installment of disease-related mtDNA mutations with optimized
DdCBE_Ss

Next, we tried to install two mutations™'® at GC context in MT-ND4 and
MT-ND6 that have been linked to human diseases including Leber
hereditary optic neuropathy (LHON) and Leigh syndrome (Fig. 3a),
which are both devastating genetic diseases with no effective therapy.
The DACBE_Ss yielded around 10% editing for MT-ND4 (C8) (Fig. 3b)

and 20% for MT-ND6 (C8) (Fig. 3c). To further improve the perfor-
mance of DACBE_Ss, we adopted the mutations that have recently been
shown to improve the editing efficiency of DACBE_Bc’ (T26l, T771, and
T1101 corresponding to S1330I, T1380I, and T1413I). Excitingly, the
DACBE_Ss variant with T771 and T110l mutations (DdCBE_Ss5) sig-
nificantly improved the editing efficiency at disease-associated target
sites (-25% editing for MT-ND4 C8 site and ~30% editing for MT-ND6
C8 site) (Fig. 3b, c). However, like previously reported DACBEs,
DACBE_Ss also caused many bystander mutations other than targeted
sites (Supplementary Fig. 7). We then measured oxygen consumption
rates for cells treated with ND4- or ND6-DdCBEs. Compared to control
cells treated with catalytically inactive DACBE, cells treated with ND6-
DACBE _Ss5 but not ND4-DACBE _Ss5 showed lower rates of oxidative
phosphorylation (Fig. 3d, e and Supplementary Fig. 8a, b). The lack of
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b Genome-wide circos plots representing the distribution and Detect-seq scores of
identified nuclear DNA off-target sites on each chromosome for three different
DdCBEs. The number of off-target sites is shown in parentheses. Source data are
provided as a Source Data file.

phenotype by ND4-DACBE_Ss5 could be due to lower mtDNA editing
frequencies in these cells (Supplementary Fig. 8c-f). These results
suggest that our optimized DACBE derived from Ddd_Ss can install
disease-associated mtDNA mutations in previously inaccessible GC
sites and mitochondrial mutations installed by DACBE_Ss5 can cause
biologically significant phenotypes.

Characterization of mitochondrial and nuclear DNA off-target
activities of DACBE_Ss

We then characterized the off-target activities of Ddd_Ss. We per-
formed an assay for transposase-accessible chromatin with sequen-
cing (ATAC-seq) to detect off-target mutations in the mitochondrial
genome. In all cases investigated, including NDS5.1-DdCBE, ATP6.1-
DACBE, and TALE-free split Ddd pairs, DACBE_Ss induced mutations at
fewer off-target sites than DACBE_Bc (Fig. 4a and Supplementary
Fig. 9). In addition, we checked off-target editing by ND4-, ND5.1-, and
ND6-DACBE in pseudogenes encoded in the nuclear genome. For
nuclear pseudogenes with the greatest homology (1-3 bp difference
from mtDNA on-target sites), no significant off-target editing was
observed (Supplementary Fig. 10). Recent work by ref. V. shows that
the current design of DACBEs could cause a broad extent of off-target
editing at non-pseudogene sites in the nuclear genome. To compre-
hensively profile nuclear off-target editing activities of DACBE_Ss, we
performed Detect-seq experiment'® for HEK293T cells transfected with
plasmids encoding NDS5.1-DdCBE_Ss, ATP6.1-DACBE_Ss and NDé6-11397-
N (DACBE_Bc from Lei et al. as a positive control). Consistent with
results from ref. 7, ND6-L1397-N caused editing at more than 900 off-
target sites in the nuclear genome. NDS.I-DdCBE_Ss and ATP6.1I-
DACBE_Ss caused editing at 158 and 74 off-target sites in the nuclear
genome (Fig. 4b), at a range similar to other DACBE_Bc constructs".
These data indicate that our mitochondrial DACBE_Ss construct could
induce numerous off-target editing in the nuclear genome. As
demonstrated by previous studies”””, various approaches may be
applied to reduce nuclear off-target editing by DACBE, including
fusion of nuclear export signals to DdCBE, co-expression of nucleus
targeted inhibitor of DNA deaminases, or introduction of mutations to
decrease the spontaneous assembly of split deaminase halves.

Engineering DACBE_Bc variant with improved activity and
sequence compatibility

The DACBE_Ss had a different sequence context preference from that
of the DACBE_Bc. Previous studies on C-to-U RNA editing enzyme
APOBEC show that loop sequence is important for the sequence

preference of enzymatic activity®®. To figure out which sequence var-
iation may underlie the different substrate preferences of Ddd_Ss and
Ddd_Bc, we mutated three loops proximal to the active site of Ddd_Bc
individually according to loop sequences from Ddd_Ss (Supplemen-
tary Fig. 11a). For MT-ND5.1 site, the editing efficiency was increased
approximately 3.2-fold at C6 (GC context), 2.0-fold at C13 (AC context),
and 2.3-fold at C14 (CC context) by mutant DACBE_Bc with E1370N but
not P1369T mutation in loop 2 (Fig. 5a and Supplementary Fig. 11b). In
contrast, loop 3 modification had little impact on the activity of
DACBE_Bc, while loop 1 modification led to significantly reduced
activity for DACBE_Bc (Fig. 5a). Moreover, E1370N variant of DACBE_Bc
also yielded higher editing efficiency for MT-ND1 and MT-ND5.2 sites
than the original DACBE_Bc (Fig. 5b, ¢ and Supplementary Fig. 1ic, d).
Together, these results show that the sequence compatibility and
editing efficiency of DACBEs may be rationally optimized by swapping
sequences from different homologs.

Discussion

In this study, we show that SPKK-related motifs at C-terminus are
important for efficient DNA deamination by Ddd_Bc. We further
identify numerous Ddd_Bc homolog candidates by PSI-BLAST and
confirm four homologs with high dsDNA deaminase activity, all of
which have SPKK-related motifs. We develop DACBEs derived from
Ddd_Ss and achieve high-efficiency editing for 14 mtDNA sites from 10
mitochondrial genes. Importantly, the engineered variant of DACBE_Ss
successfully installs disease-associated C-to-T mtDNA mutations with
high efficiency at previously inaccessible GC context. Finally, by
introducing variations from Ddd_Ss into Ddd_Bc, we successfully
develop a DACBE_Bc variant with broadened sequence compatibility
and higher editing efficiency. Our study expands C-to-T mtDNA editing
to previously inaccessible GC context and provides resources for fur-
ther screening and engineering dsDNA base editors for a wide range of
applications in biology and medicine.

Methods

Bacterial strains and culture conditions

All bacterial strains were grown in Luria-Bertani (LB) media or on
Agar solidified LB media at 37 °C. Kanamycin (50 mg/L), Ampicillin
(100 mg/L), L-arabinose (2g/L), and IPTG (0.5mM) were added to
culture media when required. E. coli strains DH5«, BL21 (DE3), and
BW25113 Aung were used for constructing and producing plasmids,
protein expression, and heterologous expression of candidate dea-
minases to determine the substrate preference, respectively.

Nature Communications | (2023)14:874



Article

https://doi.org/10.1038/s41467-023-36600-2

a ND5.1-DdCBE
TALE CATGTG CCTAGAC,,C,,AAG| TALE

Left GTACAC,GGATCTG G TTC| Right
g
60 ? 5)
a Q
2
B 40 g
f-f 3 @@ Ddd_Bc
o N - - 3 Ddd_Bc_L1
L Q -5 .S
© 20 38 g8 @8 Ddd_Bc_P1369T
o) S = 3 Ddd_Bc_E1370N
& va Ya 3 Ddd_Bc_L3
0-
c6 c13 c14
c ND5.2-DdCBE
TAIE|AGAAG G C,C A
Left TCTTC,C.GG G G TG
g
5]
o
j=2]
£
%
(5]
<
K
2
Q
(@]
N

Ddd_Bc

Ddd_Ss

Fig. 5 | E1370N mutation extensively increases the editing efficiency and
sequence compatibility of DACBE_Bc. a mtDNA editing efficiencies of
HEK293T cells treated with NDS.1-DdCBE derived from different Ddd_Bc variants.
For Ddd_Bc_L1 and Ddd_Bc_L3, loop 1 and loop 3 sequences in Ddd_Bc are
replaced with the corresponding sequence of Ddd_Ss as shown in Supplementary
Fig. 11a. Shown are mean + SD; n =3 independent experiments. P values were

Ddd_Bc_E1370N

b ND7-DACBE
JALE G ATC G G CGCAC, TGCG| TALE
Left (© TAG C,C,GCGTG ACGC| Right
&
8 o
s 8
30 -
o [ CqtoTedit(TC)
= 3 Cy4to T4 edit (TC)
B 20 mm Csto Tsedit (CC)
< mm Cgto T edit (GC)
5 B Cqq to Ty edit (AC)
o 10
(@]
X
0- -
Ddd_Bc Ddd_Ss Ddd_Bc_E1370N Untreated
C | TALE
G G G| Right

Cs to T edit (CC)
Cg to Ty edit (GC)
C; to T edit (GC)
Cg to T edit (CC)
Cy to Ty edit (CC)
Cyp to Ty edit (CC)
Cyy to Ty, edit (AC)
Cy3to T43 edit (CC)
Cy4to Ty, edit (CC)

0.0002

goomEpDOmE

0.0003

P =0.0001
P=
P

-

Untreated

calculated by two-way ANOVA followed by Dunnett’s test. b, ¢ mtDNA editing
efficiencies of HEK293T cells treated with NDI-DdCBE (b) and NDS5.2-DACBE (c).
Shown are mean + SD; n =3 independent experiments. Ddd_Bc_E1370N was
compared against Ddd_Bc. P values were calculated by Student’s unpaired two-
tailed t-test. Source data are provided as a Source Data file.

PSI-BLAST search and selection of candidate Ddd_Bc homologs
PSI-BLAST from the MPI Bioinformatics Toolkit" was used to identify
homologs of Ddd_Bc. Briefly, the initial search of homologs was con-
ducted by using the Ddd_Bc sequence as a query against the non-
redundant (NR) protein database (2021, nr50_1Nov). A query
sequence profile was then constructed by including newly identified
homologs for the next search iteration. The process was repeated until
no new homologs are detected. The eight candidates were selected
according to the PSI-BLAST score and C-terminal sequence diversity.
For homologs with similar C-terminal sequences, only the one with the
highest score was selected for further testing.

Plasmid construction

To construct plasmids for deaminase expression, genes for deami-
nases and corresponding immunity proteins were synthesized by
Azenta Life Sciences (Suzhou, China), cloned into the MCS-1 (BamHI
and Notl sites, introducing an N-terminal hexahistidine tag) and MCS-2
(Ndel and Xhol sites) of pCOLADuetl. For deaminase expression’ in
E.coli BW25113 Aung, Ddd_Bc, Ddd Ss, and Ddd_Fa were cloned
downstream of araBAD promoter in pBAD, corresponding immunity
protein genes driven by T7 promoter were cloned into the same
plasmid downstream of the deaminase gene. For the assembly of
DACBEs, the golden gate cloning approach was used to assemble TALE
arrays from tetramer templates”, then TALE arrays were digested with
Ndel (NEB) and BamHI (NEB) and ligated with split deaminases, UGI
and other DACBE sequences. DACBE constructs in this study contained
mitochondrial targeting sequences from the TXN2 gene, Flag/HA tag,
TALE array, split deaminases, and UGI. All DACBE were fused to GFP
through a self-cleaving T2A sequence except for Bc_G1397 and Ss_N94

in Fig. 2c, d. DACBEs were cloned under the control of a CAGGS pro-
moter in a piggyBac vector. Amino acid sequences to construct
DACBEs in this study are provided in Supplementary Notes 1, 2.

Protein purification for DNA deamination assays in vitro

To express deaminases, BL21 (DE3) were transformed with pCOLA-
Duetl containing genes for a deaminase and its corresponding
immunity protein. A single colony was picked for characterization and
expansion. Protein expression was induced with 0.5 mM IPTG at ODggo
of 0.6-0.8 at 18 °C overnight. Cells were harvested and resuspended in
lysis buffer (50 mM Tris-HCI, pH 7.5, 500 mM NaCl, 5% glycerol, 20 mM
imidazole, 5mM 2-Mercaptoethanol, and 1mM PMSF) and lysed by
sonication, the supernatant was separated by centrifugation in a JA-
25.50 rotor (Beckman) for 30 min at 39,190 xg. The deaminase-
immunity protein complex was purified from cell lysates by nickel
affinity chromatography using 1 mL Ni Sepharose 6 Fast Flow agarose
beads loaded onto a gravity-flow column (GE Healthcare). The super-
natant was loaded onto the column and the resin was washed with
10 mL of wash buffer (50 mM Tris-HCI, pH 7.5, 500 mM NacCl, 20 mM
imidazole, and 5mM 2-Mercaptoethanol). The deaminase-immunity
protein complex was eluted with 3 mL elution buffer (50 mM Tris-HCI
pH 7.5, 300 mM imidazole, 500 mM NaCl, and 5 mM 2-Mercaptoetha-
nol), then the deaminase is isolated from the complex through dena-
turing and renaturing steps. For denaturation, the eluted protein
samples were added to 25 mL 6 M GuHCI denaturing buffer (50 mM
Tris-HCI pH 7.5, 20 mM imidazole, 500 mM NacCl, and 5mM 2-Mer-
captoethanol) and incubated for 1h at 4 °C. About 6 M GuHCI buffer
with the eluted proteins were loaded on a gravity-flow column with
1 mL Ni Sepharose 6 Fast Flow agarose beads. The column was washed
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with 10 mL 6 M GuHCI buffer to remove any remaining immunity
protein. While still bound to Ni agarose beads, deaminase was rena-
tured by sequential washes with 8 mL denaturing buffer with
decreasing the concentration of GuHCI (5, 4, 3, 2, 1M) containing
10 pM ZnCl,, and a last wash with wash buffer to remove remaining
traces of GuHCI. Proteins bound to the column were then eluted with
3 mL elution buffer. The eluted deaminases were purified again by size-
exclusion chromatography using a Superdex75 column (GE Health-
care) in sizing buffer (20 mM Tris-HCI pH 7.5, 200 mM NacCl, 5 mM 2-
Mercaptoethanol, and 5% glycerol). The fraction purity was evaluated
by SDS-PAGE stained with Coomassie blue and the highest quality
fractions were stored at 80 °C.

DNA deamination assays

DNA deamination assays were conducted as reported previously’, with
some modifications. DNA substrates were purchased from Sangon
Biotech (Shanghai, China), and contained a 6-FAM fluorophore at the 5
end for visualization. To generate dsDNA substrates, a reverse com-
plement oligo without modification was annealed to the substrate
modified with a 6-FAM fluorophore at an equimolar concentration.
Reactions were performed in 10 pL of deamination buffer consisting of
20 mM Tris-HCI pH 7.5, 200 mM NaCl, 5 mM 2-Mercaptoethanol, and
1M substrate. Reactions were incubated for 1 h at 37 °C, followed by
the addition of 5 puL of UDG reaction solution (New England Biolabs,
MO0372S; 0.02 U/puL UDG in 1xUDG buffer) and an additional 30 min
incubation at 37°C. Cleavage of abasic sites generated by UDG-
mediated cleavage of uracil residues in substrates was induced by the
addition of 100 mM NaOH and incubation at 95 °C for 2 min. Reactions
were analyzed by 20% acrylamide 8 M urea gel electrophoresis in
1xTBE buffer and the 6-FAM fluorophore signal was detected by
fluorescence imaging with ChemiDoc MP imaging system (Bio-Rad).
Quantification of the deamination percentage was performed via
ImageJ. Uncropped gel images are provided in the Source Data file.

Single nucleotide variation (SNV) analysis

To obtain genome DNA, E.coli BW25113 Aung strains expressing
candidate deaminases were inoculated into 20 mL of LB broth in a
1:100 dilution and cultures were grown to approximately ODggo 0.6,
then deaminases was induced with 2 g/L 1-arabinose for 1h. A 3 mL
bacteria culture was used to extract the bacteria genome with Fas-
tPure Blood/Cell/Tissue/Bacteria DNA Isolation Mini Kit (Vazyme,
DC112). The extraction yield was quantified using Qubit®3.0 Fluo-
rometer (Thermo Fisher Scientific). Sequencing libraries were con-
structed using the VAHTS Universal Plus DNA Library Prep Kit for
Illumina V2 (Vazyme, ND627) following the manufacturer’s instruc-
tions, except that the VAHTS HiFi Amplification Mix was substituted
with KAPA HiFi HotStart Uracil+ ReadyMix (Kapa Biosystems,
KK2801) to enable efficient amplification of uracil encountered in the
DNA template. Library concentration and quality were evaluated with
Qubit and 1% agarose gel electrophoresis. Sequencing was per-
formed with an Illumina Nova-seq 6000 sequencing system (Novo-
gene), and the BWA software (version 0.7.17) was used to map reads
against a reference genome (NC_000913.3, https://www.ncbi.nlm.
nih.gov/nuccore/NC_000913.3). Duplicates were removed using
Picard tools (version 2.18.29). Pileup data from alignments were
generated with SAMtools (version 1.14), and variant calling was per-
formed with VarScan (version 2.4.4)*. A threshold for SNV validation
of variant frequency >0.01, coverage >50 reads per base, and p value
<0.01 was used. Probability logos of the consensus region flanking
modified bases were generated with the online tool WebLogo 3
(version 3.7.12, https://weblogo.threeplusone.com).

Mammalian cell culture and transfection
HEK293T (ATCC, CRL-3216), HeLa (ATCC, CCL-2), and U20S (ATCC,
HTB-96) cells were cultured at 37 °C under 5% CO, in high glucose

Dulbecco’s Modified Eagle’s Medium (DMEM, Hyclone, D6429) sup-
plemented with 10% (v/v) FBS (PANSera, 2602-P130707) and 1% (v/v)
penicillin/streptomycin (Gibco, 15140163). Cells were passaged every
2-3 days. For HEK293T transfection, 8 x 10* cells were plated on 0.01%
(w/v) poly-p-lysine (Beyotime, ST508) coated 24-well plate around 20 h
before transfection. For HeLa and U20S transfection, 6 x 10* cells and
4 x10* cells were respectively plated on a 24-well plate around 20 h
before transfection. Cells were transfected with 250 ng of each DACBE
monomer to make up 500 ng of total plasmid DNA using jetPRIME
transfection reagent (Polyplus-transfection, 468 PT-114-75). Cells were
harvested 72 h after transfection for genomic DNA extraction, then the
region containing the targeted editing site was PCR amplified for
Sanger sequencing (Azenta Life Sciences) or for producing libraries for
next-generation sequencing.

Targeted amplicon sequencing and analysis

For targeted amplicon sequencing, the region of interest was first
amplified by PCR round 1 using KAPA HiFi HotStart Uracil+ ReadyMix
(Kapa Biosystems, KK2801), then PCR round 1 product were ream-
plified in PCR round 2 to add Illumina indices using N323 VAHTS RNA
Multiplex Oligos Set 1 for lllumina (Vazyme, N323). The number of PCR
cycles was optimized using qPCR to the top of the linear range to
minimize biased amplification. Typically, we used 12 cycles in PCR
round 1 and 10 cycles in PCR round 2 for 100 ng whole-cell genome as
initial templates. The products were further purified by 1xVAHTS DNA
Clean Beads (Vazyme, N411), then the libraries were subjected to
sequence by an Illumina Nova-seq 6000 sequencing system. CRIS-
PResso2 (version 2.2.7) was used for targeted amplicon sequencing
analysis®. The output file “Nucleotide percentage table.txt” was
imported into Microsoft Excel 2019 for the quantification of editing
frequencies. Adobe Illustrator CC2018 was used for data visualization.
Each amplicon was sequenced with more than 10,000x coverage.
Primers for PCR of on-target and off-target regions are listed in Sup-
plementary Tables 1, 2.

Cell viability assay

Cell viability was measured every 3 to 6 days over an 18-day time
course using the CellTiter-Glo 2.0 Assay (Promega, G9241) following
the manufacturer’s instruction. Luminescence was measured in 96-
well flat-bottom white polystyrene microplates (Corning, 3917) using
Centro XS® LB 960 reader with a 1s integration time.

Oxygen consumption measurements

HEK293T cells were transfected with the left and right halves of DACBE
fused to GFP and mCherry through a self-cleaving T2A sequence. Three
days after transfection, cells that express both halves of the DACBE
were enriched by fluorescence-activated cell sorting (FACS) using BD
FACSAria Ill. The FACS gating strategy is shown in Supplementary
Note 3. The sorted cells were recovered three generations (passaged
every other day) before measuring the oxygen consumption rate.
Oxygen consumption rates of HEK293T cells were measured using a
Seahorse XF24 Extracellular Flux analyzer (Agilent) following the
manufacturer’s instruction. In brief, 45,000 cells were seeded on the
Seahorse plate coated with 0.01% (w/v) poly-p-lysine for 16 h. Analysis
was performed in Seahorse XF DMEM Medium pH 7.4 (Agilent, 103575-
100) supplemented with 10 mM glucose (Agilent, 103577-100), 2 mM L-
glutamine (Agilent, 103579-100), and 1 mM sodium pyruvate (Sigma,
S$8636). Mito stress protocol was applied with the use of 1 uM oligo-
mycin, 0.5 uM FCCP, and 1 pM rotenone + antimycin A.

ATAC-seq

ATAC-Seq was performed as previously described in ref. ** with slight
modifications. Cells were digested and washed with cold PBS, and
50,000 cells were collected by centrifugation at 500 x g for 5 min at
4.°C. Cell pellets were lysed in 50 pL of cold lysis buffer (10 mM Tris-
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HCI, pH 7.4, 10 mM NaCl, 3mM MgCl,, 0.1% IGEPAL CA-630) and
incubate on ice for 5 min. Centrifuge immediately after lysis at 500 x g
for 10 min at 4 °C and the cell pellets were tagmented with 50 pL
transposition mix (10 pL 5 x TTBL, 5 pL TTE Mix V50, 35 pL nuclease-
free H,0, Vazyme TD501). Samples were incubated at 37 °C for 30 min
on a PCR thermocycler then purified with VAHTS DNA Clean beads
(Vazyme, N411) and eluted in 24 pL ddH,O. All 24 pL of the eluate was
amplified using 10 pL 5 x TAB, 5 puL PPM, 5 puL N5 Primer, 5 pL N7 Pri-
mer, 1puL TAE (Vazyme, TD501) in a total volume of 50 pL using the
following protocol: 72 °C for 5 min, 98 °C for 30 s and then 12 cycles of
(98°C for 15s, 60 °C for 30's, and 72 °C for 3 min), followed by a final
72 °C extension for 5 min. Amplification products were further purified
and size selected by VAHTS DNA Clean Beads. The libraries were then
subjected to sequence by an Illumina Nova-seq 6000 sequencing
system.

Analysis of mitochondrial genome-wide off-target editing
Analysis was conducted as reported previously’®, with some mod-
ifications. Genome mapping was performed with BWA software (ver-
sion 0.7.17) using NC_012920.1 genome as a reference (https://www.
ncbi.nlm.nih.gov/nuccore/NC_012920.1). Duplicates were marked
using Picard tools (version 2.18.29). The sequencing depth of each
sample was more than 3000x. To calculate the mtDNA-wide average
C-G to T-A editing frequency, REDItools (version 1.2.1) was used®. All
bases except cytosines and guanines were removed, and bases with a
PHRED quality score greater than 30 was calculated. The on-target
sites (the region between two TALE binding sites) were excluded to
consider only off-target effects. C+G to T-A SNVs present at high fre-
quencies (>50%) in untreated samples (regarding as SNVs in the cell
lines) were also excluded. The remaining bases with C+G to T-A editing
frequency greater than 0.1% was counted as off-target sites. The
average off-target editing frequency was then calculated as the sum
over all off-target sites C+G to T-A editing frequency divided by the
total number of all non-target C+G bases. mtDNA-wide graphs were
created by plotting the editing efficiency at on-target and off-target
sites with an editing frequency greater than 1% across the entire
mitochondrial genome.

Detect-seq experiment and analysis

Detect-seq experiment was conducted as reported previously™. About
4 x10° HEK293T cells were plated on a six-well plate and 1250 ng of
each DACBE monomer was used for transfection. Cells were harvested
72 h after transfection, and genomic DNA was isolated using DNA
Isolation Mini Kit (Vazyme, DC112). DNA damage was repaired or
protected to reduce the background noise. DNA fragments containing
DdCBE-induced deoxyuridine bases were recognized by UDG and
labeled via nick translation and subsequent chemical reactions. The
biotin-labeled fragments were enriched by streptavidin C1 beads
(Invitrogen, 65001) and ligated with Y adapters. Detect-seq libraries
were sequenced on MGISEQ-2000. The efficiency and specificity of
Detect-seq libraries were evaluated by qPCR and Sanger sequencing on
spike-in molecules. Detect-seq data were mapped and processed fol-
lowing the steps described in the Detect-seq tool website (www.detect-
seq.com). The DACBE default parameters were used for analysis.

Statistics and reproducibility

Graphical visualization of data and statistical analyses were performed
with GraphPad Prism 6. The data were presented as mean + SD except
where indicated otherwise. Student’s unpaired two-tailed t-test and
two-way ANOVA with Dunnett’s test were used as specified in the figure
legends. P value <0.05 was considered statistically significant.

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

Data availability

The high-throughput sequencing data generated in this study
have been deposited in the NCBI's Sequence Read Archive (SRA)
database under accession code PRJNA915236. NC_000913.3 was
used as the E.coli reference genome. NC_012920.1 was used as a
human mitochondrial reference genome. Amino acid sequences
to construct DACBEs in this study are provided in Supplementary
Notes 1 and 2. Source data are provided with this paper.

Code availability

Bacterial genome SNVs were called using VarScan2 (version 2.4.4)%.
High-throughput sequencing data of targeted amplicon was analyzed
using CRISPResso2 (version 2.2.7)”. mtDNA off-target effects from
ATAC-seq data were calculated using REDItools (version 1.2.1)%.
Detect-seq data were processed using the Detect-seq tool (www.
detect-seq.com).
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