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Mitochondria are organelles that exist in all eukaryotic cells, including 

human cells, and are an intracellular power plant that produces chemical energy. 

Mitochondria have their own DNA separate from the genomic DNA present in the 

cell nucleus. Various mutations in human mitochondrial DNA are responsible for 

maternally inherited genetic diseases that occur at a rate of 1 in 5000, as well as being 

closely linked to cancer, diabetes, and age-related diseases. To date, there are 95 

clinically identified mutations in pathogenic mitochondrial DNA. Of these, 90 (95%) 

are point mutations, which are pathogenic due to mutations in one base of DNA. If 

a technology can correct the point mutation to the original base, most pathogenic 

mitochondrial genetic diseases can be cured. However, despite the development of 
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various gene-editing technologies, it was not possible until recently to fix 

mitochondrial DNA rather than nuclear DNA. 

 In 2020, a technology that can correct the cytosine base of mitochondrial 

DNA with thymine was developed by the Broad Institute in the United States and 

published in Nature journal. However, the base editing technology could not change 

all cytosine bases because it was only possible to change TC to TT when there was 

thymine in front of cytosine. Therefore, only about 10% of the pathogenic point 

mutations in mitochondrial DNA could be treated using this technology. In this study, 

I developed a new gene-editing technology termed TALED that could correct 

adenine bases in mitochondrial DNA for the first time. This is a technology that can 

fix 39 out of 90 pathogenic point mutations, about 43% of the total. In other words, 

the range of mitochondrial DNA that can be targeted has been dramatically increased. 

Also, it has become possible to create various types of mitochondrial-related animal 

disease models. Therefore, it can be said that it has opened a new way to treat genetic 

diseases by correcting mitochondrial mutations fundamentally. Second, I present 

another novel base editing platform, termed zinc finger deaminases (ZFDs), 

composed of custom-designed zinc-finger DNA-binding proteins, the split 

interbacterial toxin deaminase DddAtox, and a uracil glycosylase inhibitor (UGI), 

which catalyze targeted C-to-T base conversions without inducing unwanted small 

insertions and deletions (indels) in human cells. I assemble plasmids encoding ZFDs 

using publicly available zinc finger resources to achieve base editing at frequencies 

of up to 60% in nuclear DNA and 30% in mtDNA. Furthermore, recombinant ZFD 

proteins, expressed in and purified from E. coli, penetrate cultured human cells 

spontaneously to induce targeted base conversions, demonstrating the proof-of-
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principle of gene-free gene therapy 
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Ⅰ. Introduction 

The field of genome editing received the 2020 Nobel Prize in Chemistry and is 

currently in the spotlight worldwide. However, this field is not new and has existed 

for a long time. In the past, the mutation in the genome could be introduced by 

chemical mutagen or radiation. In the 1970s, for the first time, researchers succeeded 

in inserting the desired gene. when there was a homology arm, the DNA segment 

was inserted into DNA through homologous recombination (Capecchi, 1989). 

However, it could not precisely target a desired site. Scientists were most interested 

in editing target DNA sequences, such as restriction enzymes. As such, there are two 

key factors in genome editing. The first is programmable to recognize a specific 

sequence, and the second is to operate efficiently at that location (Kim and Kim, 

2014). Fulfilling this key factors can play a pivotal role in agriculture, medicine, etc. 

The representative technologies that meet this requirement are Zinc finger protein 

(ZFP)-based, Transcription activator-like effector (TALE)-based, and Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR)-based technologies. 

First, I would like to introduce the overall genome editing technologies. In addition, 

I would like to present the research results of ZFD(Lim et al., 2022) and TALED(Cho 

et al., 2022) in this paper, which are ZFP and TALE-based technologies that I 

developed.  
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-Zinc Finger Protein (ZFP) - based genome editing 

Zinc finger nuclease (ZFN) 

 The first programmable genome-editing tool was ZFN. ZFN has two 

domains. One is a domain that binds to target DNA, and another domain that cuts 

the DNA. The first domain, Zinc finger protein itself, is a transcription factor that 

recognizes 3-4 DNA bases. Therefore, by linking 3 to 6 zinc finger proteins, a DNA 

binding domain that specifically recognizes 9-18 bp DNA could be constructed. The 

second domain is a cutting domain derived from the bacterial restriction enzyme 

Fok1. A specific genome editing tool could be created by fusing the DNA-binding 

Zinc finger protein and the DNA-cutting Fok1 (Kim et al., 1996) catalytic domain. 

Since the Fok1 moiety could be active as a dimer (Bitinaite et al., 1998), two ZFN 

monomers must be prepared accordingly. ZFNs made in this way have been proven 

in several animal models, and this programmable genome-editing tool is widely used 

in research (Urnov et al., 2010). The discovery of ZFNs has made great strides in the 

field of genome editing, which can specifically cut the desired region. However, 

despite many advances, there are several limitations in manufacturing zinc finger 

protein. First, one zinc finger recognizes 3 to 4 nucleotides, so 4x4x4=64 zinc finger 

proteins are required to construct a suitable zinc finger protein. However, all 64 zinc 

finger proteins have not yet been developed. Second, making precise ZFNs were 

difficult due to the reason that specificity is low depending on the DNA sequence. 

Despite these limitations, many studies are ongoing to overcome them by developing 
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various forms (Miller et al., 2019) other than canonical form or base skipping 

technology (Paschon et al., 2019). 

 

Zinc finger deaminase ZFD 

 Like ZFN, it is composed of two domains. The DNA binding moiety is 

handled by ZFP, and the catalytic moiety is dealt with by deaminase. Custom-

designed, programmable nucleases such as ZFNs, produce double-strand breaks 

(DSBs), the repair of which give rise to gene knock-out and knock-in in a targeted 

manner. However, programmable nuclease-induced DSBs can cause unwanted large 

deletions(Adikusuma et al., 2018; Kosicki et al., 2018; Shin et al., 2017; Zuccaro et 

al., 2020) at on-target sites, p53 activation(Enache et al., 2020; Haapaniemi et al., 

2018; Ihry et al., 2018), and chromosomal rearrangements(Lee et al., 2010; Lee et 

al., 2012) resulting from the repair of two concurrent DSBs at on- and off-target sites. 

In contrast, programmable deaminases do not produce DSBs, avoiding these 

unwanted events in cells, and catalyze single-nucleotide conversions efficiently 

without a repair template or donor DNA. Recently, Mok et al.(Mok et al., 2020) 

demonstrated that the interbacterial deaminase toxin DddAtox derived from 

Burkholderia cenocepacia could be split and fused to TALE arrays and a uracil 

glycosylase inhibitor (UGI) to create DdCBEs, which catalyze C-to-T base 

conversions in nuclear DNA and mitochondrial DNA (mtDNA) in mammalian cells. 
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The key is the discovery of DddAtox deaminase. The deaminase works on double-

stranded DNA (dsDNA) contrary to all of the previously known deaminases that 

work on single-stranded DNA (ssDNA). Due to these characteristics, it could be used 

as a tool to edit the genome of organelles such as mitochondria by fusion with DNA 

binding protein. In this study, I sought to create zinc finger deaminases (ZFDs) for 

indel-free, precision base editing in human and other eukaryotic cells by linking split 

DddAtox to custom-designed zinc finger proteins (ZFPs). Because zinc finger arrays 

(encoded in a 2 x 0.3~0.6 k base pair (kbp) DNA) are small in size, compared to 

TALE arrays (2 x 1.7~2 kbp) or S. pyogenes Cas9 (4.1 kbp)(Kim and Kim, 2014), 

ZFD-encoding genes can readily be packaged in a viral vector with a limited cargo 

space such as AAV for in vivo studies and gene therapy applications. Unlike TALE 

arrays, zinc finger arrays lack bulky domains at both the C terminus and the N 

terminus, making them engineering friendly: split DddAtox halves can be fused to 

either terminus of a ZFP. Furthermore, ZFPs with an intrinsic cell-penetrating 

activity (Gaj et al., 2012; Liu et al., 2015; Ren et al., 2018; Yun et al., 2008) may 

allow nucleic acid-free gene editing in human cells. These properties may make 

ZFPs an ideal platform as a DNA-binding module for base editing in nuclear and 

organelle DNA. In addition, the CRISPR system the most widely used could not edit 

the organelle genome. It is known that it is probably because RNA cannot be 

delivered. For this reason, along with DdCBE, ZFD is expected as a genome editing 

tool for organelles. 
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-Transcription activator-like effector (TALE) – based genome editing  

Transcription activator-like effector nuclease (TALEN) 

 TALEN, like ZFN, can be programmable to the target sequence (Miller et 

al., 2011). It is simply that the DNA binding domain is changed from ZFP to TALE. 

TALEs are derived from the plant pathogenic Xanthomonas spp. bacterium. It could 

be engineered to bind to target DNA sequences (Doyle et al., 2013; Li et al., 2013c). 

TALE consists of 33-35 amino acid repeats which are specifically attached to the 

one nucleotide of DNA in the major groove (Deng et al., 2012; Mak et al., 2012). 

Among these 33-35 amino acids, nucleotide specificity occurs depending on the 

position at 12 and 13 (Boch et al., 2009; Moscou and Bogdanove, 2009), which is 

called RVD. Unlike ZFP, where one protein is specific for three nucleotides, one 

TALE protein is specific for one nucleotide. Therefore, if there are only four TALE 

proteins specific for adenine, thymine, guanine and cytosine, respectively, any target 

could be programmable designed by linking them. It could be seen that the target 

scope is wider than the relatively limited ZFN. Two monomers must exist before 

they can be used for genome editing like ZFN due to FokI. TALEN can also be used 

for knock-in or knock-out using DSB. Compared to ZFNs, there are two advantages. 

The first is that there is no limit when designing a target. The second is that there is 

less off-target compared to ZFN. However, since the size is much larger than that of 

ZFN, there are several limitation in clinical use according to the capacity of the 
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vector such as viral vectors or nanoparticles. Nevertheless, due to the aforementioned 

advantages, TALEN is being used more widely than ZFNs. 

 

RNA-free DddA-derived cytosine base editors (DdCBEs) 

As mentioned in the ZFD part, DSB causes many problems. Therefore, to overcome 

this, base editing techniques that repair only one nucleotide get a lot of attention. 

Although CRISPR-based technologies have developed dramatically, DdCBE (Mok 

et al., 2020) is the first CRISPR-free base editor as introduced in the ZFD part. 

DdCBE consists of the split interbacterial toxin DddAtox derived from Burkholderia 

cenocepacia, custom-designed DNA-binding transcription activator-like effector 

(TALE) arrays, and a uracil glycosylase inhibitor (UGI). DddAtox was dsDNA 

cytosine deaminase but is largely limited to cytosine editing in the 5’-TC context. To 

overcome this, the group reported a study that expanded the C context through 

Phage-assisted continuous evolution (PACE) (Mok et al., 2022). However, to be 

precise, the overall efficiency of DdCBE is simply increased. Although the efficiency 

has increased for AC, GC, and CC contexts, the efficiency is too low. The TC context 

is still major. Therefore, the editing scope is still a limitation to be overcome. All 

known deaminases reported in the past operate on ssDNA. In the case of a CRISPR-

based base editor, deaminases were able to act on ssDNA because CRISPR-based 

technology exposes ssDNA in the process of attaching to DNA. The CRISPR system 

also had a drawback. This technology could not be used to edit the genome of 
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organelles other than the nucleus. The reason is that the CRISPR system has a key 

component called gRNA, which could not be delivered to organelles such as 

mitochondria. As a result, with the CRISPR technologies, the genome of organelles 

could not be edited. However, the DddAtox made it possible to perform base editing 

with TALE or ZFP instead of the CRISPR system, thus opening up a new field of 

organelle gene editing. Its first runner in organelle genome editing is DdCBE. 

DdCBE is a fusion of cytosine deaminase called DddAtox to TALE, and can cause C-

to-T conversion of organelles. To date, C-to-T conversion has been successfully 

demonstrated not only in human cells, but also in mitochondria and chloroplasts of 

mice and plants. 

 

Transcription activator-like effector (TALE)-linked deaminases (TALEDs) 

 Recently-developed DdCBEs, composed of the split interbacterial toxin 

DddAtox derived from Burkholderia cenocepacia, custom-designed DNA-binding 

TALE arrays, and a UGI, allow researchers to edit mtDNA in cell lines (Mok et al., 

2020), animals (Guo et al., 2021; Jiayin Guo, 2022; Lee et al., 2021), and plants 

(Kang et al., 2021), but are largely limited to cytosine editing in the 5’-TC context. 

As a result, only 9 (= 10%) out of 90 confirmed pathogenic point mutations can be 

corrected by currently-available DdCBEs (Table 1). New forms of base editors 

enabling targeted A-to-G conversions in human mtDNA could correct 39 (= 43%) 

out of these 90 pathogenic mutations, including those causing Leber Hereditary 

Optic Neuropathy (LHON), Mitochondrial Encephalomyopathy, Lactic Acidosis, 
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Stroke-like episodes (MELAS), and Leigh syndrome. Here, I present programmable 

TALE-linked deaminases, composed of custom-designed TALE proteins, a split or 

catalytically-deficient DddA variant, and an engineered adenine deaminase that 

catalyzes the hydrolytic deamination of adenine to yield inosine, which is paired with 

cytosine during replication, for targeted conversions of A:T base pairs to G:C pairs 

(that is, A-to-G conversions) in human mtDNA. 
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Table 1 Pathogenic mitochondrial DNA mutations. Data from MITOMAP 
database (accessed Dec 10, 2021). 

 

Locus
Type

1 tRNA MT-TF MELAS / MM & EXIT m.583G>A 583 tRNA Phe 2018.04.18 TTTAT A TAGCT O

2 tRNA MT-TF

Maternally inherited
epilepsy / mito
tubulointerstitial kidney
disease (MITKD)

m.616T>C 616 tRNA Phe 2019.01.19 GAAAA C GTTTA O

3 tRNA MT-RNR1 DEAF m.1494C>T 1494 12S rRNA 2018.04.18 GTCAC T CTCCT O

4 tRNA MT-RNR1

DEAF; autism spectrum
intellectual disability;
possibly
antiatherosclerotic

m.1555A>G 1555 12S rRNA 2018.04.18 AGGAG G CAAGT O

5 tRNA MT-TV AMDF m.1606G>A 1606 tRNA Val 2018.04.18 CCAGA A TGTAG O
6 tRNA MT-TV MNGIE-like disease /

MELAS m.1630A>G 1630 tRNA Val 2018.04.18 ACCCA G CTTAC O

7 tRNA MT-TV Leigh Syndrome / HCM /
MELAS m.1644G>A 1644 tRNA Val 2018.04.18 TAGGA A ATTTC O

8 tRNA MT-TL1

MELAS / Leigh Syndrome
/ DMDF / MIDD / SNHL /
CPEO / MM / FSGS / ASD
/ Cardiac+multi-organ
dysfunction

m.3243A>G 3243 tRNA Leu
(UUR) 2018.04.18 GGCAG G GCCCG O

9 tRNA MT-TL1 MM / MELAS / SNHL /
CPEO m.3243A>T 3243 tRNA Leu

(UUR) 2018.04.18 GGCAG T GCCCG

10 tRNA MT-TL1 MELAS; possible
atherosclerosis risk m.3256C>T 3256 tRNA Leu

(UUR) 2018.04.18 AATCG T ATAAA O

11 tRNA MT-TL1 MELAS / Myopathy m.3258T>C 3258 tRNA Leu
(UUR) 2018.04.18 TCGCA C AAAAC O

12 tRNA MT-TL1 MMC / MELAS m.3260A>G 3260 tRNA Leu
(UUR) 2018.04.18 GCATA G AACTT O

13 tRNA MT-TL1 MELAS / DM m.3271T>C 3271 tRNA Leu
(UUR) 2018.04.18 AAAAC C TTACA O

14 tRNA MT-TL1 PEM / retinal dystrophy in
MELAS m.3273delT 3273 tRNA Leu

(UUR) 2018.04.18 AACTT ACAGT

15 tRNA MT-TL1 Myopathy m.3280A>G 3280 tRNA Leu
(UUR) 2018.04.18 CAGTC G GAGGT O

16 tRNA MT-TL1
MELAS / Myopathy /
Deafness+Cognitive
Impairment

m.3291T>C 3291 tRNA Leu
(UUR) 2018.04.18 TCAAT C CCTCT O

17 tRNA MT-TL1 MM m.3302A>G 3302 tRNA Leu
(UUR) 2018.04.18 TCTTA G CAACA O

18 tRNA MT-TL1 MMC m.3303C>T 3303 tRNA Leu
(UUR) 2018.04.18 CTTAA T AACAT O

19 Coding MT-ND1 LHON MELAS overlap m.3376G>A 3376 E24K 2018.04.18 TTACC A AACGA O
20 Coding MT-ND1 LHON m.3460G>A 3460 A52T 2018.04.18 CTGAC A CCATA O
21 Coding MT-ND1 LHON m.3635G>A 3635 S110N 2018.04.18 CTCTA A CCTAG O
22 Coding MT-ND1 MELAS / Leigh Syndrome

/ LDYT / BSN m.3697G>A 3697 G131S 2018.04.18 TGATC A GCGCA O
23 Coding MT-ND1 LHON m.3700G>A 3700 A132T 2018.04.18 TCGGC A CACTG O
24 Coding MT-ND1 LHON m.3733G>A 3733 E143K 2018.04.18 CATAT A AAGTC O

25 Coding MT-ND1

Progressive
Encephalomyopathy /
Leigh Syndrome / Optic
Atrophy

m.3890G>A 3890 R195Q 2018.04.18 CAACC A AACCC O

26 Coding MT-ND1
EXIT+myalgia / severe
LA+cardiac / 3-MGA
aciduria

m.3902_3908
ACCTTGCinv 3902 DLA-GKV 2018.04.18 CTTCG GCAAGGT CGAAG

27 Coding MT-ND1 LHON / Leigh-like
phenotype m.4171C>A 4171 L289M 2018.04.18 ACCTC A TATGA

28 tRNA MT-TI CPEO / MS m.4298G>A 4298 tRNA Ile 2018.04.18 ATAGA A TAAAT O
29 tRNA MT-TI MICM m.4300A>G 4300 tRNA Ile 2018.04.18 AGAGT G AATAA O
30 tRNA MT-TI CPEO m.4308G>A 4308 tRNA Ile 2018.04.18 TAATA A GAGCT O
31 tRNA MT-TQ Encephalopathy / MELAS m.4332G>A 4332 tRNA Gln 2018.04.18 TTCTA A GACTA O

32 tRNA MT-TM Myopathy / MELAS / Leigh
Syndrome m.4450G>A 4450 tRNA Met 2019.03.06 TGTTG A TTATA O

33 tRNA MT-TW Mitochondrial myopathy m.5521G>A 5521 tRNA Trp 2018.04.18 ATTTA A GTTAA O
34 tRNA MT-TW Leigh Syndrome m.5537_5538i

nsT 5537 tRNA Trp 2018.04.18 GACCA AT GAGCC

35 tRNA MT-TA Myopathy m.5650G>A 5650 tRNA Ala 2018.04.18 GCTAA A CCCTT O
36 tRNA MT-TN CPEO+ptosis+proximal

myopathy m.5690A>G 5690 tRNA Asn 2018.04.18 CACTT G GTTAA O

Disease treatment
via A-to-G editingIndex Locus Associated Diseases Allele Positio

n
aaΔ or
RNA

Last Status
Update 5' Sequence Mutated

nucleotide 3' Sequence Disease modeling
via A-to-G editing
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37 tRNA MT-TN CPEO / MM m.5703G>A 5703 tRNA Asn 2018.04.18 GCTAA A CACCC O
38 tRNA MT-TN Multiorgan failure /

myopathy m.5728T>C 5728 tRNA Asn 2019.08.23 CAATC C ACTTC O

39 Coding MT-CO1 SNHL m.7445A>G 7445 term514te
rm 2018.04.18 TCTAG G CAAAA O

40 tRNA MT-TS1
precursor SNHL m.7445A>G 7445

tRNA Ser
(UCN)
precursor

2018.04.18 TCTAG G CAAAA O

41 tRNA MT-TS1 PEM / AMDF / Motor
neuron disease-like

m.7471_7472i
nsC 7471 tRNA Ser

(UCN) 2018.04.18 CCCCC CC AAAGC

42 tRNA MT-TS1 MM / EXIT m.7497G>A 7497 tRNA Ser
(UCN) 2018.04.18 CCCAT A GCCTC O

43 tRNA MT-TS1 SNHL m.7510T>C 7510 tRNA Ser
(UCN) 2018.04.18 TGACT C TTTCA O

44 tRNA MT-TS1 SNHL/Deafness m.7511T>C 7511 tRNA Ser
(UCN) 2018.04.18 GACTT C TTCAA O

45 tRNA MT-TK
Severe adult-onset
multisymptom myopathy /
Myoclonic epilepsy

m.8306T>C 8306 tRNA Lys 2020.02.04 AAAGC C AACTT O

46 tRNA MT-TK MNGIE / Progressive mito
cytopathy m.8313G>A 8313 tRNA Lys 2020.02.10 ACTTA A CATTA O

47 tRNA MT-TK
Myopathy / Exercise
Intolerance / Eye
disease+SNHL

m.8340G>A 8340 tRNA Lys 2019.08.23 ATTAA A AGAAC O

48 tRNA MT-TK

MERRF; Other - LD /
Depressive mood disorder
/ leukoencephalopathy /
HiCM

m.8344A>G 8344 tRNA Lys 2018.04.18 AGAGA G CCAAC O

49 tRNA MT-TK MERRF m.8356T>C 8356 tRNA Lys 2018.04.18 CCTCT C TACAG O

50 tRNA MT-TK
MICM+DEAF / MERRF /
Autism / Leigh Syndrome /
Ataxia+Lipomas

m.8363G>A 8363 tRNA Lys 2018.04.18 ACAGT A AAATG O

51 Coding MT-
ATP8/6 Infantile cardiomyopathy m.8528T>C 8528

ATP8:W5
5R
ATP6:M1T

2018.04.18 CAAAA C GAACG O

52 Coding MT-ATP6 BSN / Leigh syndrome m.8851T>C 8851 W109R 2018.04.18 CCTTA C GAGCG O

53 Coding MT-ATP6

Mitochondrial myopathy,
lactic acidosis and
sideroblastic anemia
(MLASA) / IgG
nephropathy

m.8969G>A 8969 S148N 2018.04.18 CATCA A CCTAC O

54 Coding MT-ATP6 NARP / Leigh Disease /
MILS / other m.8993T>C 8993 L156P 2018.04.18 AGCCC C GGCCG O

55 Coding MT-ATP6 NARP / Leigh Disease /
MILS / other m.8993T>G 8993 L156R 2018.04.18 AGCCC G GGCCG

56 Coding MT-ATP6 Ataxia syndromes m.9035T>C 9035 L170P 2018.04.18 CCTAC C CATGC O
57 Coding MT-ATP6 MIDD, renal insufficiency m.9155A>G 9155 Q210R 2019.12.09 AATCC G AGCCT O
58 Coding MT-ATP6 FBSN / Leigh Disease m.9176T>C 9176 L217P 2018.04.18 ACTTC C AGTAA O
59 Coding MT-ATP6 Leigh Disease / Spastic

Paraplegia m.9176T>G 9176 L217R 2018.04.18 ACTTC G AGTAA

60 Coding MT-ATP6
Leigh Disease / Ataxia
syndromes / NARP-like
disease

m.9185T>C 9185 L220P 2018.04.18 AAGCC C CTACC O

61 Coding MT-ATP6 Encephalopathy /
Seizures / Lacticacidemia

m.9205_9206d
elTA 9205 Ter-M 2018.04.18 ACACA ()ATGA

62 tRNA MT-TG PEM m.10010T>C 10010 tRNA Gly 2018.04.18 AATAG C ACCGT O
63 Coding MT-ND3 Leigh Disease / MELAS m.10158T>C 10158 S34P 2018.04.18 AAAAA C CCACC O
64 Coding MT-ND3 Leigh Disease / Leigh-like

Disease / ESOC m.10191T>C 10191 S45P 2018.04.18 CTATA C CCCCC O

65 Coding MT-ND3 Leigh Disease / Dystonia /
Stroke / LDYT m.10197G>A 10197 A47T 2018.04.18 CCCCC A CCCGC O

66 Coding MT-ND4L LHON m.10663T>C 10663 V65A 2018.04.18 ACTAG C CTTTG O
67 Coding MT-ND4 Leigh Disease m.11777C>A 11777 R340S 2018.04.18 ACAGT A GCATC

68 Coding MT-ND4 LHON / Progressive
Dystonia m.11778G>A 11778 R340H 2018.04.18 CAGTC A CATCA O

69 tRNA MT-TH MERRF-MELAS /
Encephalopathy m.12147G>A 12147 tRNA His 2018.04.18 ATATA A TTTAA O

70 tRNA MT-TH Maternally inherited non-
syndromic deafness m.12201T>C 12201 tRNA His 2020.09.17 CCTTA C TTACC O

71 tRNA MT-TS2 DMDF / RP+SNHL m.12258C>A 12258 tRNA Ser
(AGY) 2018.04.18 CATGG A TTTCT

72 tRNA MT-TL2 CPEO m.12276G>A 12276 tRNA Leu
(CUN) 2018.04.18 TAAAG A ATAAC O

73 tRNA MT-TL2 CPEO /
EXIT+Ophthalmoplegia m.12294G>A 12294 tRNA Leu

(CUN) 2018.10.12 CATTG A TCTTA O
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74 tRNA MT-TL2

CPEO / KSS / possible
carotid atherosclerosis
risk, trend toward
myocardial infarction risk

m.12315G>A 12315 tRNA Leu
(CUN) 2018.04.18 ATTTT A GTGCA O

75 tRNA MT-TL2 CPEO m.12316G>A 12316 tRNA Leu
(CUN) 2018.04.18 TTTTG A TGCAA O

76 Coding MT-ND5 Leigh Disease m.12706T>C 12706 F124L 2018.04.18 TCATC C TCCTA O
77 Coding MT-ND5 Optic neuropathy/

retinopathy/ LD m.13042G>A 13042 A236T 2018.04.18 CCTCA A CCATA O
78 Coding MT-ND5 LHON m.13051G>A 13051 G239S 2018.04.18 TAGAA A GCCCC O

79 Coding MT-ND5 Ataxia+PEO / MELAS, LD,
LHON, myoclonus, fatigue m.13094T>C 13094 V253A 2018.04.18 TATAG C TGTAG O

80 Coding MT-ND5 LHON m.13379A>C 13379 H348P 2020.04.10 CATCC C CAACC

81 Coding MT-ND5

Leigh Disease / MELAS /
LHON-MELAS Overlap
Syndrome / negative
association w Carotid
Atherosclerosis

m.13513G>A 13513 D393N 2018.04.18 CCAAA A ACCAC O

82 Coding MT-ND5 Leigh Disease / MELAS /
Ca2+ downregulation m.13514A>G 13514 D393G 2018.04.18 CAAAG G CCACA O

83 Coding MT-ND6
LDYT / Leigh Disease /
dystonia / carotid
atherosclerosis risk

m.14459G>A 14459 A72V 2018.04.18 CCATC A CTGTA O

84 Coding MT-ND6 LHON m.14482C>A 14482 M64I 2018.04.18 ACAAC A ATCAT

85 Coding MT-ND6 LHON m.14482C>G 14482 M64I 2018.04.18 ACAAC G ATCAT

86 Coding MT-ND6 LHON m.14484T>C 14484 M64V 2018.04.18 AACCA C CATTC O
87 Coding MT-ND6 Dystonia / Leigh Disease /

ataxia / ptosis / epilepsy m.14487T>C 14487 M63V 2018.04.18 CATCA C TCCCC O
88 Coding MT-ND6 LHON m.14495A>G 14495 L60S 2018.04.18 CCCCT G AATAA O
89 Coding MT-ND6 LHON m.14568C>T 14568 G36S 2018.04.18 CACAC T GCTAA O
90 tRNA MT-TE Reversible COX

deficiency myopathy m.14674T>C 14674 tRNA Glu 2018.04.18 ATCAT C ATTCT O

91 tRNA MT-TE

MM+DMDF /
Encephalomyopathy /
Dementia+diabetes+ophth
almoplegia

m.14709T>C 14709 tRNA Glu 2018.04.18 TGATA C GAAAA O

92 tRNA MT-TE Encephalomyopathy +
Retinopathy m.14710G>A 14710 tRNA Glu 2018.04.18 GATAT A AAAAA O

93 Coding MT-CYB EXIT / Septo-Optic
Dysplasia m.14849T>C 14849 S35P 2018.04.18 TCGGC C CACTC O

94 Coding MT-CYB Multisystem Disorder,
EXIT m.15579A>G 15579 Y278C 2018.04.18 CGCCT G CACAA O

95 tRNA MT-TP MM / PEO m.15990C>T 15990 tRNA Pro 2020.10.23 AGCAC T CAAAG O
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-CRISPR system-based genome editing 

RNA-guided engineered nuclease 

As part of the viral defense mechanism, prokaryotes have developed an 

adaptive immune system called clustered regulatory interspaced short palindromic 

repeats (CRISPR) (Barrangou et al., 2007; Doudna and Charpentier, 2014; 

Makarova et al., 2006). For this system to work in the prokaryote, it takes place in 

three major steps. First, the virus invades the cell, and when the cell survives the 

infection, a DNA fragment of the invading virus is obtained. The obtained gene 

fragment is inserted into the CRISPR locus as a spacer (Wright et al., 2016). Short 

repeat sequences separate these spacers. Due to the spacer obtained in this way, it 

has specific resistance to a specific virus genome sequence. Second, when pre-

CRISPR RNA (pre-crRNA) is transcribed in the CRISPR locus, and trans-activating 

crRNA (tracrRNA) is transcribed in upstream, it is possible to load the cas9 protein 

and to construct an RNP complex that can recognize the specific sequence. Finally, 

the RNP complex created in this way causes a double-strand break when a 

complementary sequence is found (Amitai and Sorek, 2016). In other words, it is an 

adaptive immune system that recognizes and cuts the sequence of the virus that has 

infected it before. The CRISPR system can change the target by changing the spacer 

sequence of gRNA consisting of crRNA/tracrRNA. Therefore, as a tool, it has been 

developed to be used for various cells and organisms (Cho et al., 2013a; Cho et al., 

2013b; Cong et al., 2013; Li et al., 2013a; Li et al., 2013b; Li et al., 2013d; Mali et 
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al., 2013; Nekrasov et al., 2013; Shan et al., 2013; Shen et al., 2013; Sung et al., 

2014). This CRISPR system is mainly composed of 3 types and 12 subtypes (Koonin 

et al., 2017), but Type 2, which binds to DNA and cuts with one protein, is commonly 

used (Shmakov et al., 2017). Typically, the most well-known Cas9 protein is an 

example. There are several technologies derived from this cas9. Here, I will briefly 

explain the main base editor and prime editor. 

 

Base editor  

The base editor is a fusion of catalytically impaired CRISPR-cas protein 

and ssDNA deaminase. Two representative base editors are cytosine base editor 

(CBE)(Komor et al., 2016), which catalyzes the C-to-T conversion, and adenine base 

editor (ABE) (Gaudelli et al., 2017)which catalyzes the A-to-G conversion. As 

gRNA attaches to the complementary DNA sequence causing displacement of 

dsDNA, the opposite side is exposed as ssDNA called R-loop. Therefore, the ssDNA 

deaminase enzyme performs base editing on the part exposed to ssDNA. CBE and 

ABE have been demonstrated in many different cells, animal models and organisms.  

 

Prime editor 

The prime editor(Anzalone et al., 2019) is a catalytically impaired cas9 fused with 

an engineered reverse transcriptase. In addition to C-to-T or A-to-G conversion of 

existing base editors, all substitutions are possible, and even insertion or deletion is 



14 

 

possible. Theoretically, it is a technology that can treat most human nucleus-related 

genetic diseases. Important parts of this mechanism are gRNA and reverse 

transcriptase. Unlike the conventional gRNA, the prime editor has a longer RNA 

sequence after the gRNA. This sequence is the RNA sequence for the DNA sequence 

to be changed. Simply, reverse transcriptase reverse transcribes the RNA sequence 

to DNA, and the sequence replaces the target sequence. Prime editor is in the 

spotlight because it enables all genome editing in theory. Of course, there are still 

several limitations such as difference in efficiency depending on target sites or low 

efficiency in large insertion or deletion. However, several studies are being actively 

conducted to overcome these limitations. If all the limitations are overcome, I think 

it can become the ultimate gene scissors.   

 

CRISPR based technology has made rapid progress because it is the easiest 

and most efficient. With the advent of prime editor technology, it has come to the 

point where almost all kinds of genome editing can be done. Even this CRISPR 

system has a major limitation, that is, the organelle genome cannot be edited. There 

must always be gRNA in the CRISPR system. However, this gRNA cannot be 

delivered to organelles. As with the nucleus, mitochondrial genetic disorders have 

also been a major challenge in humans. Various mutations in human mitochondrial 

DNA (mtDNA) are associated not only with maternally heritable genetic diseases, 

collectively affecting at least one in 5,000 individuals (Gorman et al., 2015); (Silva-

Pinheiro and Minczuk, 2021), but also with aging and age-related diseases including 
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cancer and diabetes (Taylor and Turnbull, 2005). Among a total of 95 clinically-

confirmed pathogenic mtDNA mutations listed in mitomap (www.mitomap.org), 

point mutations account for the vast majority (90/95 = 94.7%) (Table 1). In principle, 

they could be corrected using base editors enabling single nucleotide conversions. 

Targeted base editing in mtDNA is a promising approach for the treatment of these 

mitochondrial genetic diseases and also for the production of disease models in cell 

lines and animals, but it has been hampered by the lack of appropriate tools and 

methods. Here, I present programmable TALE-linked deaminases, composed of 

custom-designed TALE proteins, a split or catalytically-deficient DddA variant, and 

an engineered adenine deaminase that catalyzes the hydrolytic deamination of 

adenine to yield inosine, which is paired with cytosine during replication, for targeted 

conversions of A:T base pairs to G:C pairs (that is, A-to-G conversions) in human 

mtDNA. This genome editing tool is called TALED. As mentioned above, this 

technology performs A-to-G conversion and can provide a solution for 43% of 

mitochondrial pathogenic mutations (Table 1). In addition to TALED, I would like 

to report another technology, ZFD, a Zinc finger protein-based technology. 

Compared to DdCBE, Only the DNA binding part has been changed. However, not 

only the editing pattern has been changed, but also the size has been reduced, so it 

has a number of great advantages over DdCBE. I will review the experimental results 

in this regard. 
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Ⅱ. Materials and Methods 

 

1. TALED plasmid Construction  

 In preparation for constructing plasmids encoding TALEDs that target 

specific sites, I first created master vectors for the sTALED, mTALED, and dTALED 

systems. These vectors were generated from plasmids p3s-ND5-Left-G1397-C 

(Addgene, #169212) and p3s-ND5-Right-G1397-N (Addgene, #169213), which 

encode DdCBE pairs targeted to the mouse ND5 gene; the new master vectors 

encode the required components for the different TALED constructs and can be 

modified by inserting a custom-designed TALE array sequence, similar to what was 

previously done in the construction of a TALEN library (Kim et al., 2013). In all 

cases, p3s-ND5-Left-G1397-C and p3s-ND5-Right-G1397-N were digested with 

XcmI (NEB) and EcoRI (NEB) to remove the sequences encoding DdCBE, leaving 

other sequences for features such as the MTS and tag; inserts including a stuffer 

containing a BsaI enzyme (NEB) site and sequences encoding TALED components, 

synthesized by IDT, were inserted into the digested vector using a HiFi DNA 

assembly kit (NEB). In summary, the compositions of the master vectors are as 

follows: sTALED master vector (p3s-stuffer-DddAtox half (1333C or 1397C)-AD 

and p3s-stuffer-DddAtox half (1333N or 1397N)); mTALED master vector (p3s-

stuffer-E1347A DddAtox full-AD); and dTALED master vector (p3s-stuffer-E1347A 

DddAtox full-AD and p3s-stuffer-AD). As in the previous study (Kim et al., 2013), 
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the desired TALED construct could be produced by digesting the master vector with 

BsaI to cleave the site in the stuffer and assembling 6 TALE arrays in that position 

through the Golden Gate system. 

 

2. Cell Culture and Transfection 

 HEK 293T cells were maintained in DMEM (Welgene) supplemented with 

10% fetal bovine serum (Welgene) and 1% antibiotic-antimycotic solution 

(Welgene). HCT116 cells and HT1080 cells were cultured in RPMI1640 medium 

containing L-glutamine (300 mg/L), 25 mM HEPES, and 25 mM NaHCO3 

(Welgene); this medium was also supplemented with 10% fetal bovine serum 

(Welgene) and 1% antibiotic-antimycotic solution (Welgene). Cell lines were 

maintained at 37°C with 5% CO2 and were passaged depending on the doubling time 

of the particular cell line, before cells reached 80% confluency.  

Prior to transfection, cells (7.5×10⁴) were seeded into 48-well plates. After 

24 h, the cells were transfected with plasmids (500 ng) using Lipofectamine 2000 

(1.5 μL, Invitrogen). When only one construct was required, such as in the case of 

mTALED, the total amount of transfected plasmid was 500 ng; when two constructs 

were required, in the case of dTALED, sTALED, and DdCBE, the total amount of 

plasmid was 1000 ng (500 ng each). After 96 h, the transfected cells were harvested 

and lysed by incubation at 55 °C for 1 h, and then at 95 °C for 10 min, in 100 μL of 

cell lysis buffer (50 mM Tris-HCl (Sigma-Aldrich), 1 mM EDTA (Sigma-Aldrich), 
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0.005% sodium dodecyl sulfate (Sigma-Aldrich), pH 8.0 at 25 °C) supplemented 

with 5 μL of Proteinase K (Qiagen).  

 

3. Measurement of Oxygen Consumption Rates 

 Oxygen consumption rates were measured using Seahorse XFe96 Analyzer 

(Agilent) and following the manufacturer’s protocol. 100 µl of cells (1×106 cells/ml) 

were seeded into Seahorse XF96 cell culture microplates (Agilent) 16 h before 

measurements were taken. Analysis was performed in Seahorse XF DMEM pH 7.4 

supplemented with 25 mM glucose and 1 mM sodium pyruvate (Agilent). The XF 

cell mito stress test protocol was applied using 1.5 µM oligomycin, 0.5 µM FCCP, 

and 0.5 µM rotenone + antimycin A. 

 

4. Cell Viability Assays 

 Cell viability assays were performed using CellTiter 96® Aqueous One 

Solution (Promega) every 3 or 4 days over a 15-day time period. The MTS 

compound is bio-reduced into formazan, a colored substance, such that its 

concentration is proportional to the number of living cells. The viability is measured 

by recording the absorbance at 490nm. The protocol supplied by Promega was 

followed for the experiments. 
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5. Chloramphenicol Selection 

 To introduce a mutation causing chloramphenicol resistance in the RNR2 

gene in mtDNA, a plasmid encoding the sTALED with the highest efficiency at the 

site was transfected into HT1080 cells and HCT116 cells (Day 0) (Figure 11). Three 

days after transfection, the cells were harvested. Some were passaged, and some 

were lysed by incubation at 55 °C for 1 h, and then at 95 °C for 10 min, in 100 μL of 

cell lysis buffer (50 mM Tris-HCl (Sigma-Aldrich), 1 mM EDTA (Sigma-Aldrich), 

0.005% sodium dodecyl sulfate (Sigma-Aldrich), pH 8.0 at 25 °C) supplemented 

with 5 μL of Proteinase K (Qiagen) in preparation for deep sequencing. From day 3, 

cells were maintained in medium containing chloramphenicol. Cells were passaged 

every 3-4 days. An aliquot was obtained every 6-7 days for deep sequencing analysis 

(Figure 12B). 

 

6. Purification of Genomic DNA from Cultured Mammalian 

Cells 

 After removal of the culture medium, cells were washed with 1X 

Dulbecco’s phosphate-buffered saline (PBS; Welgene), trypsinized, and collected by 

centrifugation (500g, 4 min, 4° C). The medium containing trypsin was removed and 

cells were washed with PBS. After removal of the PBS, genomic DNA was isolated 

using a DNeasy Blood & Tissue Kit (Qiagen) according to manufacturer’s 

instructions. 
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7. mtDNA Copy Number Measurement 

 A method for obtaining the copy number of mtDNA has previously been 

described (Mok et al., 2020). Quantitative PCR (qPCR) was conducted on a 

C1000/CFX96 qPCR machine (Bio-rad) using KAPA SYBR® FAST qPCR Kit 

(Kapa Biosystems) every 3 or 4 days over a 16-day time period. 5 ng of purified 

DNA was used as template for qPCR in a 20 μL reaction volume. The protocol used 

was 40 cycles of amplification (10 s at 95°C, 20 s at 60 °C) after an initial heating 

step of 3 min at 95 °C. The abundance of mtDNA was determined by measuring the 

ratio of amplified mtDNA gene to genomic DNA (β-actin gene). The ratio was 

determined using the formula below. 

Ratio = 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝐶𝐶𝑞𝑞(𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢)−𝐶𝐶𝑞𝑞(𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢))/𝐸𝐸𝛽𝛽−𝑎𝑎𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎(𝐶𝐶𝑞𝑞(𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢)−𝐶𝐶𝑞𝑞(𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢)) 

E is the efficiency of the qPCR reaction; END1 = 2.0291, END4 = 1.9926, END5.2 = 

1.9901, ECOX3.1 = 2.0211, ERNR2 = 2.0066, Eß-actin = 2.0038. 

 

8. Growth Rate Determination 

 To measure the growth rate of chloramphenicol-resistant single cell-derived 

clonal popoulations of cells and wild-type cells in the presence of chloramphenicol, 

cells were grown in media at different chloramphenicol concentrations. Cells were 
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counted each time the cultures were passaged, which was done every 2-4 days with 

a split ratio of 1:10.  

 

9. Targeted Deep Sequencing  

 Nested PCR was used to produce libraries for next generation sequencing 

(NGS). The region of interest was first amplified by PCR using PrimeSTAR® GXL 

polymerase (Takara). To generate NGS libraries, amplicons were amplified again 

using TruSeq DNA-RNA CD index-containing primers to label each fragment with 

adapter and index sequences. Final PCR products were purified using a PCR 

purification kit (MGmed) and sequenced using a MiniSeq sequencer (Illumina) with 

a GenerateFASTQ workflow. Base editing frequencies from targeted deep 

sequencing data were calculated with source code (https://github.com/ibs-

cge/maund).  

 

10. Whole Mitochondrial Genome Sequencing 

 Because more cells were required for analysis of the whole mitochondrial 

genome than for analysis of the editing efficiency at defined sites, three samples, 

transfected under the same conditions as described above, were collected as a single 

sample (at 3 times the scale). For whole mitochondrial genome sequencing, four 

steps were required: mtDNA extraction from isolated mitochondria, PCR 

amplification, NGS library generation, and NGS. First, 3×105 HEK 293T cells were 

https://github.com/ibs-cge/maund
https://github.com/ibs-cge/maund
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trypsinized and collected by centrifugation (500g, 4 min, 4° C) 96 h after transfection. 

Then, cells were washed with ice-cold PBS (Welgene), and collected again by 

centrifugation. The supernatant was removed, and the mitochondria were isolated 

from cultured cells using the reagent-based method of the Mitochondria Isolation Kit 

for Cultured Cells (Thermo Fisher) according to the manufacturer’s protocol. 

mtDNA was extracted from isolated mitochondria with a DNeasy Blood & Tissue 

Kit (Qiagen). Second, extracted mtDNA was amplified by PCR using PrimeSTAR® 

GXL polymerase (Takara). To eliminate primer bias, PCR was performed using two 

sets of partially overlapping primers. About half of the mtDNA was amplified by 

each set of primers. Then, the PCR products were purified using a PCR purification 

kit (MGmed). Third, to generate a NGS library from the purified PCR products, I 

used an Illumina DNA Prep kit with Nextera™ DNA CD Indexes (Illumina). Finally, 

the libraries were pooled and loaded onto a MiniSeq sequencer (Illumina). 

 

11. Analysis of Mitochondrial Genome-wide Off-Target 

Editing  

 To analyze NGS data from whole mitochondrial genome sequencing, I 

referred to a method previously used for analysis of the off-target effects in 

mitochondrial genome (Lim et al., 2022; Mok et al., 2020). First, I aligned the Fastq 

files to the GRCh38.p13 (release v102) reference genome using BWA (v.0.7.17), and 

generated BAM files with SAMtools (v.1.9) by fixing read pairing information and 
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flags. Then, I used the REDItoolDenovo.py script from REDItools (v.1.2.1) to 

identify the positions with conversion rates ≥ 0.1% among all cytosine, guanines, 

thymines, and adenines in the mitochondrial genome. I excluded positions with 

conversion rates ≥ 10% in both treated and untreated samples, regarding these as 

SNVs in the cell lines. I also excluded the on-target sites for each construct. I 

considered the remaining positions to be off-target sites and counted the number of 

edited C/G or A/T nucleotides with an editing frequency ≥ 0.1%. I averaged the 

conversion rates at each base position in the off-target sites to calculate the average 

C/G to T/A or A/T to G/C editing frequency for all bases in the mitochondrial 

genome (Figure 13A) as shown below. 

Average mtDNA-wide C-to-T editing frequency 

= 𝑆𝑆𝑆𝑆𝑚𝑚 𝑜𝑜𝑜𝑜 C/G to T/A  off−target (%)
All bases in the mitochondrial genome

 

Or 

Average mtDNA-wide A-to-G editing frequency 

= 𝑆𝑆𝑆𝑆𝑚𝑚 𝑜𝑜𝑜𝑜 A/T to G/C  off−target (%)
All bases in the mitochondrial genome

 

 

Mitochondrial genome-wide graphs (Figure 13B) were created by plotting the 

conversion rates at on-target and off-target sites with an editing frequency ≥ 1% 

across the entire mitochondrial genome. 
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12. ZFD plasmid construction 

 p3s-ZFD plasmids for mammalian expression were created by modifying 

the p3s-ABE7.10 plasmid (addgene, #113128)32 after digestion with HindIII and 

XhoI (NEB). The digested p3s plasmid and synthesized insert DNAs were assembled 

using a HiFi DNA assembly kit (NEB). All insert DNAs, which encoded MTS, ZFP 

(from Toolgen36, Sangamo28 and Barbas module37), split DddA, or UGI, were 

synthesized by IDT.  

The pTarget plasmids were designed for determining the optimal length of the spacer 

sequence for ZFD activity. Each pTarget plasmid, which contains two ZFP-binding 

sites with a spacer of variable length between them, was constructed by inserting the 

ZFP-binding sequences and a spacer sequence into the pRGS-CCR5-NHEJ reporter 

plasmid after it had been digested with two enzymes (EcoRI and BamHI, NEB), 

which recognize sites between the RFP and EGFP sequences.  

pET-ZFD plasmids for protein production in E. coli were created by modifying the 

pET-Hisx6-rAPOBEC1-XTEN-nCas9-UGI-NLS plasmid (addgene, #89508)33 

after digestion with NcoI and XhoI (NEB). ZFD sequences were amplified from the 

p3s-ZFD plasmid using PCR, and Hisx6 tag and GST tag sequences were 

synthesized as oligonucleotides (Macrogen). All plasmids were generated using a 

HiFi DNA assembly kit (NEB) to insert sequences encoding the ZFD and tag for 

protein purification into the digested pET plasmid. 

DH5ɑ chemically competent E. coli cells were used for transformation of plasmids, 

and plasmids were purified with an AccuPrep Plasmid Mini Extraction Kit (Bioneer) 
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according to the manufacturer’s protocol. The desired plasmids were selected after 

confirming the entire sequence with Sanger sequencing 

 

13. ZFD design scheme 

 In this paper, ZFDs were prepared in two ways. First, ZFDs were made by 

removing or attaching zinc finger protein from previously constructed ZFN. Unlike 

the ZFN whose optimal spacer is 5~6 bp, the optimal spacer of ZFD is more than 7 

bp, so the zinc finger on the back part was removed to widen the spacer. When 

manufacturing zinc finger array protein, it is recommended to use 4 or more fingers. 

If there were less than four after removing one zinc finger, I added one zinc finger to 

the front part (Figure. 19). Second, ZFDs were de novo assembled using a publicly 

available zinc finger resource (from Toolgen36). In this resource, 33 ZFP were 

recommended for use. In this way, since the binding ability of the ZFP array is 

considered critical for ZFD activity, choose the N type or C type that can use the 

recommended ZFP at the DNA binding site. Finally, the generated ZFP was cloned 

using different original plasmids depending on the nucleus and mitochondria targets 

(Figure 20 and 23). 

 

14. K562 cell culture and transfection 
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 K562 cells (ATCC, CCL-243) were maintained in RPMI 1640 

supplemented with 10% fetal bovine serum (Welgene) and 1% antibiotic-

antimycotic solution (Welgene).  

For ZFD delivery into K562 cells by electroporation, an Amaxa 4D-Nucleofector™ 

X Unit system with program FF-120 (Lonza) was used. The maximum volume of 

substrate solution added to each sample was 2 μL when using a 16-well 

Nucleocuvette™ Strip. 220 pmol (for maximum capacity) or 110 pmol (for half of 

the maximum capacity) of each of the left and right ZFD proteins, or 500 ng of 

plasmid encoding left and right ZFD, were transfected into K562 cells (1×105). At 

96 h post treatment, cells were collected by centrifugation at 100g for 5 min, and 

lysed by incubation at 55°C for 1 h, and then at 95°C for 10 min, in 100 μL of cell 

lysis buffer (50 mM Tris-HCl, pH 8.0 (Sigma-Aldrich), 1 mM EDTA (Sigma-

Aldrich), 0.005% sodium dodecyl sulfate (Sigma-Aldrich)) supplemented with 5 μL 

of Proteinase K (Qiagen). 

For direct delivery of ZFD or ZFD-encoding plasmids into K562 cells, I referred to 

a method previously used for direct delivery of ZFN24. A mixture of left and right 

ZFD proteins (at a final concentration of 50 μM) or a mixture of plasmids encoding 

left and right ZFD (500 ng each) was diluted into serum-free medium containing 100 

mM L-arginine and 90 μM ZnCl2 at pH 7.4 to a final volume of 20 μL.  K562 cells 

(1×105) were centrifuged at 100g for 5 min, and the supernatant was removed. The 

cells were then resuspended in the diluted ZFD solution and incubated for 1 h at 

37 °C. After incubation, cells were centrifuged at 100g for 5 min, and then 

resuspended in fresh culture medium. Cells were maintained at 30 °C (for a transient 
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hypothermic condition) or 37 °C for 18 h, and then for two more days at 37 °C. Some 

cells were subjected to a second treatment, following the above process. Cells were 

analyzed 96 h after treatment. 

 

15. ZFD protein expression and purification 

 The plasmids encoding each pair of ZFDs, each with a C-terminal GST tag, 

were transformed into Rosetta (DE3) competent cells, which were then cultured on 

LB-agar plates containing 50 µg/ml kanamycin. After incubation overnight, a single 

colony was picked and grown overnight (pre-culture) in LB broth containing 50 

µg/ml kanamycin and 100 µM ZnCl2 at 37 °C. The next day, part of the pre-culture 

was transferred to a large volume of LB broth, which was incubated at 37 °C with 

shaking at 200 rpm until the absorbance, A600 nm, = ~0.5–0.70. The cultures were 

put on ice for about 1 h, after which ZFD protein expression was induced by the 

addition of 0.5 mM of isopropyl β-D-1-thiogalactopyranoside (IPTG; GoldBio) and 

the culture was incubated at 18°C for 14-16 h.  

Protein purification steps were carried out at 0-4 °C. For cell lysis, the cells were 

harvested by centrifugation at 5,000g for 10 min and then resuspended in lysis buffer 

(50 mM Tris-HCl (Sigma-Aldrich), 500 mM NaCl (Sigma-Aldrich), 1 mM MgCl2 

(Sigma-Aldrich), 10 mM 1,4-dithiothreitol (DTT; GoldBio), 1% Triton X-100 

(Sigma-Aldrich), 10% glycerol, 1 mM phenylmethylsulfonyl fluoride (Sigma-

Aldrich), 1 mg/ml lysozyme from chicken egg white (Sigma-Aldrich), 100 µM 

ZnCl2 (Sigma-Aldrich), 100 mM arginine (Sigma-Aldrich), pH 8.0). For further 
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lysis, cells were sonicated (3 min total, 5 s on, 10 s off), after which the solution was 

centrifuged at 18,500g to clear the lysate. The supernatant was then incubated with 

Glutathione Sepharose 4B (GE healthcare) for 1 h with gentle rotation. After this 

incubation, the resin-lysate mixture was loaded onto a column, which was then 

washed three times with wash buffer (50 mM Tris-HCl (Sigma-Aldrich), 500 mM 

NaCl (Sigma-Aldrich), 10 mM DTT (GoldBio), 1 mM MgCl2 (Sigma-Aldrich), 

100 µM ZnCl2 (Sigma-Aldrich), 10% glycerol, 100 mM arginine (Sigma-Aldrich), 

pH 8.0). The bound proteins were eluted with elution buffer (50 mM Tris-HCl 

(Sigma-Aldrich), 500 mM NaCl (Sigma-Aldrich), 1 mM MgCl2 (Sigma-Aldrich), 

40 mM glutathione (Sigma-Aldrich), 10% glycerol, 1 mM DTT (GoldBio), 100 µM 

ZnCl2 (Sigma-Aldrich), 100 mM arginine (Sigma-Aldrich), pH 8.0). Finally, the 

eluted proteins were concentrated to a concentration of ~15 ng/μL (200-240 pmol/μL, 

depending on the protein size) using an Amicon Ultra-4 column with a 30,000 kDa 

cutoff (Millipore) at 5,000g.  

 

16. In vitro deamination of PCR amplicons by ZFD 

 An amplicon containing the TRAC site was prepared using PCR. 8 µg of 

the amplicon was incubated with 2 µg of each ZFD protein (Left-G1397-N and 

Right-G1397-C) in NEB3.1 buffer containing 100 µM ZnCl2 for 1-2 h at 37 °C. 

Following the reaction, ZFD proteins were removed by incubating with 4 µL of 

Proteinase K solution (Qiagen) for 30 min at 55 °C, and the amplicon was purified 

using a PCR purification kit (MGmed). 1 µg of purified amplicon was incubated 
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with 2 units of USER enzyme (NEB) for 1 h at 37 °C. Then, the amplicon was 

incubated with 4 μL of Proteinase K solution (Qiagen) and purified again using a 

PCR purification kit (MGmed). The product was subjected to electrophoresis on an 

agarose gel and imaged. 

 

17. mRNA preparation  

 DNA templates containing a T7 RNA polymerase promoter upstream of the 

ZFD sequence were generated from p3s-ZFD plasmids by PCR amplification using 

Q5 high fidelity DNA polymerase (NEB) with forward and reverse primers (Forward: 

5’-CATCAATGGGCGTGGATAG-3’, Reverse: 5’-

GACACCTACTCAGACAATGC-3’). mRNAs were synthesized in vitro using an 

mMESSAGE mMACHINE™ T7 ULTRA Transcription Kit (Thermo Fisher). In 

vitro transcribed mRNAs were purified using a MEGAclear™ Transcription Clean-

Up Kit (Thermo Fisher) according to the manufacturer’s protocol.  

 

18. Targeted deep sequencing  

 Nested PCR was used to produce libraries for next generation sequencing 

(NGS). The region of interest was first amplified by PCR using KAPA HiFi HotStart 

PCR polymerase (Roche). To generate NGS libraries, amplicons were amplified 

again using TruSeq DNA-RNA CD index-containing primers to label each fragment 

with adapter and index sequences. Final PCR products were purified using a PCR 
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purification kit (MGmed) and sequenced using a MiniSeq sequencer (Illumina) with 

a GenerateFASTQ workflow. Substitution and indel frequencies from targeted deep 

sequencing data were calculated with source code (https://github.com/ibs-

cge/maund, written by BotBot Inc.).  
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Ⅲ. Results  

 

1. TALE-fused adenine deaminases inducing A-to-G editing 

in mtDNA 

In an effort to create adenine base editors enabling A-to-G substitutions in 

organelle DNA, I first investigated whether fusion proteins containing a TALE 

protein custom-designed to bind to the ND1 or ND4 gene in human mitochondria, 

a deoxyadenosine deaminase variant, termed TadA8e, engineered from E. coli 

TadA (Richter et al., 2020) (shown as AD in the figures), and a mitochondrial 

targeting sequence (MTS) could catalyze A-to-G conversions in human 

embryonic kidney 293T (HEK 293T) cells (Figures 1 and Figures 2). Targeted 

deep sequencing showed that the fusion proteins were poorly active, inducing 

A-to-G conversions in the immediate proximity of TALE-binding sites with 

frequencies that ranged from 0.7% to 1.2% (indicated by the arrows in Figure 

1B), which were impractically low but clearly above noise levels caused by 

sequencing errors (~0.4%) (Figures 1B and Figures 2). This result suggests that, 

although the TadA variant is known to operate on single-stranded DNA (ssDNA) 

rather than double-stranded DNA (dsDNA), it can catalyze adenine deamination 

in dsDNA, when fused to a TALE protein bound to a target DNA site, albeit 

much less efficiently than in ssDNA, reminiscent of zinc finger protein-fused 

cytidine deaminases poorly catalyzing C-to-T conversions in a reporter gene 

stably integrated into the human genome (Yang et al., 2016).   
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Figure 1. TALE-fused adenine deaminases inducing A-to-G editing in human 

mtDNA.  

(A) TadA-derived adenine deaminase (AD) fused to left and right TALE proteins (L-

AD and R-AD, respectively) targeted to the MT-ND1 gene. MTS, mitochondrial 

targeting sequence; NTD, N-terminal domain; and CTD (NG), C-terminal domain 

with NG repeat variable di-residues. (B) Base editing frequencies and product 

purities of TALE-linked adenine deaminases at the ND1 site. TALE-binding 
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sequences are outlined with green boxes. Arrows indicate the positions of A-to-G 

conversions. Error bars represent s.e.m. for three (untreated) and four (L-AD or R-

AD) independent biological replicates. 
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Figure 2. TALE-fused adenine deaminases inducing A-to-G editing at the 

mitochondrial ND4 site. 

Percentages of total sequencing reads with base conversions induced by TALE-

linked adenine deaminases at the ND4 site. TALE-binding sequences are outlined 

with green boxes. Arrows indicate the positions of A-to-G conversions. Data are 

shown as means with standard error of the mean (s.e.m.) from n=4 (L-AD or R-AD) 

and n=3 (untreated) biologically independent samples. 
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2. TALE deaminases enabling concurrent A-to-G and C-to-T 

editing 

 Encouraged by this result, I sought to enhance the editing efficiency of 

TALE-linked deaminases by fusing the TadA variant to pre-characterized 

DdCBEs containing DddAtox, an enzymatic moiety responsible for cytosine 

deamination in the interbacterial toxin DddA. I reasoned that the addition of 

DddAtox, which operates on dsDNA, might make DNA more accessible to the 

TadA variant. DdCBEs are composed of a pair of TALE arrays (shown as L (Left 

TALE) or R (Right TALE)), each fused to a catalytically-deficient, split DddAtox 

half (shown as 1397N and 1397C (N-terminal and C-terminal DddAtox half, 

respectively, split at G1397) in Figure 3 and Figure 4)), and UGI, which 

suppresses the removal of uracil, a product of cytosine deamination, in DNA by 

endogenous uracil glycosylase. Note that DddAtox is split to avoid cytotoxicity 

of the full-length DddAtox protein. I replaced UGI with the TadA variant in a pre-

characterized ND1-specific DdCBE pair to create a chimeric subunit containing 

the TadA variant and the C-terminal DddAtox half split at G1397 (L-1397C-AD 

or R-1397C-AD). Interestingly, when paired with the other TALE fusions 

containing 1397N and UGI (R-1397N-UGI or L-1397N-UGI, respectively), 

these chimeric subunits catalyzed A-to-G (= T-to-C in the other DNA strand) 

substitutions in the spacer region of 16 base pairs (bps) in length between the 

two TALE-binding sites with editing frequencies of up to 19% in HEK 293T 

cells (Figures 3B, 3C, and 3D). Small insertions and deletions (indels) or A-to-
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C or T conversions were rarely induced at the target site. In addition, C-to-T (= 

G-to-A) conversions were also induced by these pairs with comparable 

efficiencies (up to 14%). In contrast, the two original DdCBE pairs (L-1397N-

UGI + R-1397C-UGI and L-1397C-UGI + R-1397N-UGI) induced C-to-T 

conversions exclusively without A-to-G conversions (Figure 3B). This result 

showed that composite TALE deaminases created by fusing the TadA variant to 

a split DddAtox half in DdCBEs could induce simultaneous A-to-G and C-to-T 

edits in human mtDNA, which would be useful for random mutagenesis or 

composite editing, as shown by CRISPR RNA-guided base editors for nuclear 

DNA editing (Zhang et al., 2020); (Grunewald et al., 2020); (Sakata et al., 2020); 

(Li et al., 2020). 
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Figure 3. TALE deaminases enabling concurrent A-to-G and C-to-T editing.  

(A) Architectures of DdCBE and split TALE deaminase (sTALED) containing UGI. 

(B) Editing frequencies of DdCBEs and sTALEDs containing UGI at the ND1 site. 

(C-D) Editing frequencies at each base position and product purities of DdCBEs and 

sTALEDs containing UGI at the ND1 site. TALE-binding sequences are outlined 

with green boxes. Error bars represent s.e.m. for two independent biological 

replicates.
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Figure 4. Architecture of DdCBE and sTALED with or without UGI. 

(A) Architecture of DdCBE. The split DddAtox halves and UGI are attached to the 

C terminus of the TALE array. (B) Architecture of sTALED with UGI. Adenosine 

deaminase is linked to the C-terminal end of one half of DddAtox, and UGI is linked 

to the C-terminal end of the other half. (C) Architecture of sTALED without UGI. 

Adenosine deaminase is linked to the C-terminal end of one half of DddAtox, and 

no UGI is linked to the other half. 



39 

 

3. TALE deaminases catalyzing A-to-G but not C-to-T 

conversions 

 I next sought to create different types of base editors that would catalyze A-

to-G conversions exclusively without C-to-T conversions in mtDNA. I reasoned 

that a composite TALE deaminase pair with no UGI in either subunit would 

avoid C-to-T substitutions while retaining A-to-G editing activity (Figure 5). 

Interestingly, two UGI-free TALE deaminase pairs (L-1397C-AD + R-1397N 

and L-1397N + R-1397C-AD) targeted to the ND1 site induced A-to-G 

conversions with an editing frequency of 49% or 40% (Figure53B), much more 

efficiently than UGI-containing TALE deaminase pairs, without causing C-to-T 

substitutions (< 0.2%) or unwanted indels (< 0.3%). I also constructed UGI-free 

TALE deaminases targeted to the ND4 gene and found that these adenine base 

editors achieved A-to-G conversions with high frequencies of up to 34% without 

causing unwanted C-to-T edits or indels (Figure 5C). In addition, I found that 

UGI-free TALE deaminases in which DddAtox was split at G1333 rather than 

G1397 were also highly efficient, catalyzing A-to-G edits with frequencies that 

ranged from 10% to 33% (Figure 5B). Adenines and thymines in the middle of 

the spacer region were edited more efficiently (31~46%) than those positioned 

toward the edge (< 10%) near the TALE-binding site (Figures 5D and 5E). The 

product purity, defined as the percentage of sequencing reads with the target A 

converted to G among those with the target A converted to C, G, or T, ranged 

from 93% to 99%. These results showed that the TadA-derived deoxyadenosine 
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deaminase fused with a TALE protein and a split DddAtox system could 

deaminate adenine in dsDNA, catalyzing A-to-G substitutions efficiently in 

human mitochondria. 
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Figure 5. UGI-free TALE deaminases catalyzing A-to-G but not C-to-T 

conversions.  

(A) Architecture of split TALED without UGI targeted to the ND1 site. (B-C) Editing 

frequencies of TALEDs at the ND1 and ND4 sites. (D-E) Editing frequencies at each 

base position and product purities of TALEDs at the ND1 and ND4 sites. Error bars 

represent s.e.m. for three independent biological replicates. TALE-binding 

sequences are outlined with green boxes. 
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4. Monomeric and dimeric TALE deaminases enabling A-to-

G conversions 

 I next investigated whether the catalytically-deficient, non-toxic, full-

length DddAtox variant with an active-site E1347A mutation, rather than the 

G1333 or G1397 split system, could still be used for boosting the A-to-G editing 

activity of TALE-AD fusion deaminases. Two types of TALE deaminases 

(hereinafter termed TALEDs) containing the E1347A DddAtox variant were 

constructed: monomeric and dimeric TALEDs. Monomeric TALEDs 

(mTALEDs) were composed of a single TALE array fused to the TadA variant 

and the full-length E1347A DddAtox, resulting in the TALE-AD-E1347A 

architecture, which was more efficient than the TALE-E1347A-AD architecture 

(Figure 6A), whereas dimeric TALEDs (dTALEDs) were composed of two 

neighboring, Watson and Crick strand-specific TALE arrays in a tail-to-tail 

configuration, each fused either to the TadA variant or the E1347A DddAtox 

variant (Figure 7A). Both mTALEDs and dTALEDs induced A-to-G edits at the 

ND1 site with frequencies that ranged from 10% to 35% and with high product 

purity (Figures 7B and 7C). Unwanted indels and C-to-T edits were rarely 

induced by these TALEDs. This result showed that the cytidine deaminase 

activity of DddAtox is dispensable for enhancing the adenine deaminase activity 

of the TadA variant on dsDNA and that E1347A DddAtox can be either cis-acting 

(mTALEDs) or trans-acting (dTALEDs) with the TadA variant.  
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 I designed mTALEDs, dTALEDs, and TALEDs with DddAtox split at 

G1397 (split TALEDs or sTALEDs) targeted to 11 additional sites (a total of 12 

sites) in human mtDNA to compare the A-to-G editing efficiencies of the three 

types of programmable deaminases with one another in HEK 293T cells (Figure 

7D, Figure 6 and Figure 8). sTALEDs were the most active with an average A-

to-G editing frequency of 27 ± 3% at a total of 12 sites including the ND1 site, 

on par with DdCBEs targeted to 5 sites with an average C-to-T editing frequency 

of 32 ± 4% (Figure 6B). mTALEDs and dTALEDs were slightly less efficient 

than sTALEDs with an average editing frequency of 19 ± 4%. However, there 

were some exceptions: The CYTB-targeted mTALED (31 ± 2%) and the 

COX3.1-targeted dTALED (28 ± 3%) were more efficient than the 

corresponding sTALEDs (18 ± 1% and 16 ± 1%, respectively) (Figure 8P).  

 I also found that TALEDs, unlike DdCBEs, could catalyze base editing at 

sites that did not contain a 5’-TC motif, which is recognized by DddAtox. Thus, 

at the ND3, ND5.2 and ATP8 sites, which all lack a 5’-TC motif in the spacer 

region between the two TALE-binding sites, sTALEDs achieved A-to-G 

conversions with editing frequencies of 3.8 ± 0.5%, 13.4 ± 1.3%, and 19 ± 0.5%, 

respectively (Figures 8B, 8E and 8H). This result suggests that, although the 

deaminase activity of DddAtox in DdCBEs is largely limited to the 5’-TC context, 

DddAtox in TALEDs can make dsDNA accessible to the TadA variant without 

the requirement for the TC motif at a target site.  

 To define an editing window for sTALEDs, dTALEDs, and mTALEDs, I 

plotted adenine editing frequencies at each nucleotide position downstream of a 
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TadA8e-linked TALE-binding sequence. Adenines immediately or farther 

downstream of the TadA8e-containing TALE-binding site were poorly edited, 

whereas those in the middle (positions 5 to 12 for sTALEDs or 7 to 12 for 

mTALEDs and dTALEDs in Figures 7E, 7F, and 7G) were converted more 

efficiently. I also found that A and T (A in the opposite strand) in the editing 

window were equally editable by sTALEDs (Figure 8Q). 
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Figure 6. DdCBE, mTALED, and dTALED editing in various mtDNA genes. 

(A) Comparison of editing frequencies induced at the ND1 site by two different 

mTALED architectures. Data are shown as means with standard error of the mean 

(s.e.m.) from n=2 biologically independent samples. (B) Editing frequency of 

DdCBE at each position in the spacer at 5 sites. Data are shown as means with 
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standard error of the mean (s.e.m.) from n=3 biologically independent samples. (C) 

Editing frequency of mTALED and dTALED within the spacer at 10 sites. Data are 

shown as means with standard error of the mean (s.e.m.) from n=3 biologically 

independent samples. 
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Figure 7. Monomeric and dimeric TALE deaminases enabling A-to-G 

conversions.  

(A) Architectures of monomeric and dimeric TALE deaminases (mTALEDs and 

dTALEDs, respectively) targeted to the ND1 site. (B and C) Editing frequencies of 

mTALEDs and dTALEDs at the ND1 site. Error bars represent s.e.m. for three 

independent biological replicates. TALE-binding sequences are shown in green 
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boxes. (D) Editing frequencies of mTALEDs, dTALEDs, and sTALEDs at 12 target 

sites. Lines and bars indicate mean and s.e.m, respectively. (E-G) Editing frequencies 

obtained with total of 16 sites (sTALED) or 11 sites (dTALEDs and mTALEDs) at 

each nucleotide position downstream of a TadA8e-linked TALE-binding sequence. 
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Figure 8. sTALED editing in various mtDNA genes. 

(A-O) Editing frequency of sTALED at each position in the spacer at 15 sites in 

mtDNA. Data are shown as means with standard error of the mean (s.e.m.) from n=3 

biologically independent samples. (P) Editing frequency of sTALED, mTALED, and 

dTALED, all with the same TALE array, at various sites. Data are shown as means 

with standard error of the mean (s.e.m.) from n=3 biologically independent samples. 
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(Q) Percentages of A or T bases in the editing window that were respectively 

converted to G or A, with editing frequencies of at least 5%. Editing frequencies 

were obtained from a total of 34 sTALED pairs at 17 sites. 
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5. Shifting editing windows of TALE deaminases 

 I next designed a tiling array of TALE proteins, each fused to E1347A 

DddAtox and the TadA variant, to construct a series of overlapping mTALEDs 

targeted to the ND1 site and investigated whether editing windows could be 

shifted around the target site (Figure 9). As expected, mTALEDs showed A-to-

G editing immediately 3’ downstream of TALE-binding sites within a window 

of 10~20 bp in length. Some mTALEDs (e.g., #14 in Figure 9A) induced A-to-

G conversion at nucleotide position 39 (indicated by an arrow in Figure 9) ≥ 35 

bp downstream of the TALE-binding sites with editing frequencies of up to 9%.  

 I also compared the editing windows of mTALEDs with those of dTALEDs 

and sTALEDs targeted to the ND1 site. Interestingly, each TALED showed a 

different edit pattern. For example, the L-1397C-AD + R-1397N sTALED pair 

induced A-to-G conversions at three positions (T7, T10, and T12 in Figure 9B) 

comparably with > 25% editing frequencies, whereas the L-AD-E1347A 

mTALED induced base edits only at T7 with a frequency of > 25%. The L-

E1347A + R-AD dTALED pair showed the highest editing frequency (> 25%) 

at T12, whereas the L-AD + R-E1347A dTALED pair was most efficient at T7 

with a frequency of 27± 0.2%. I also noted that a bystander edit at T39 (indicated 

by an arrow) observed with some mTALEDs and the L-1397C-AD + R-1397N 

sTALED pair was almost absent (< 1.0%) with the L-E1347A + R-AD dTALED 

pair. Taken together, these results suggest that one can choose appropriate 

TALEDs with desired edit patterns by testing sTALEDs, dTALEDs, and 

mTALEDs with overlapping TALE proteins. 
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Figure 9. Shifting editing windows of TALE deaminases.  

(A) Top, Monomeric TALE deaminases composed of a tiling array of overlapping 

TALE proteins targeted to the ND1 site. The original left TALE binding site is shown 

in red. Bottom, A heat map showing A-to-G conversions by TALE deaminases. The 

original left TALE binding site is outlined with a red box. An arrow indicates the 

position of a bystander edit (T39). (B) A heat map showing A-to-G editing 

frequencies induced by sTALEDs, mTALEDs, and dTALEDs targeted to the ND1 

site. TALE-binding sites are shown in green boxes. Data are shown as means from n 

= 3 biologically independent samples. 
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6. Single cell-derived clones containing mtDNA edits 

 I next investigated whether TALED-induced mtDNA edits were maintained 

in single cell-derived clones. I isolated clonal populations of cells that had been 

transfected using the ND4 and ND1-targeted split TALED or mTALED via 

limiting dilution (Figure 10). Targeted A-to-G edits were observed in 5 out of 10 

clones (= 50%) that had been treated using the ND4–specific sTALED with 

editing frequencies that ranged from 0.6% to 67% (16 ± 13%, on average) and 

in 16 out of 20 clones (= 80%) that had been transfected using the ND4 mTALED 

with editing frequencies of up to 76% (23 ± 6%, on average) (Figures S5A and 

S5B). I also were able to obtain 5 ND1-edited, single cell-expanded clones with 

editing frequencies of up to 84% (38 ± 14%) using the ND1-targeted sTALEDs 

or mTALEDs (Figures 10C and 10D). The other TALED-transfected clones and 

several mock-treated clones showed editing frequencies of ≤ 0.3%, presumably 

caused by high-throughput sequencing errors or naturally-occurring 

heteroplasmy. This result showed that TALED expression in cells could be 

tolerated, allowing isolation of single cell-derived mutant clones, and also that 

mtDNA edits were not evenly distributed in a population of cells transfected with 

TALEDs. 
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Figure 10. Single cell-derived clones containing mtDNA edits. 

(A) The editing frequency in clones obtained through single cell expansion after 

treatment with ND4-targeted sTALED or mTALED. The TALE binding site is 

indicated in green, and the target adenines previously identified with targeted deep 

sequencing are indicated in red. (B) Allele analysis in single cell-derived clones that 

exhibited high frequencies of base editing in ND4. The H strand and the encoded 
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amino acid (AA) sequence are shown. The TALE binding site is indicated in green 

and base changes are shown in red. Only the top 6 sequence reads among hundreds 

of edited ones are shown. (C) The editing frequency in clones obtained through 

single cell expansion after treatment with ND1-targeted sTALED or mTALED. The 

TALE binding site is indicated in green, and the target adenines previously identified 

with targeted deep sequencing are indicated in red. (D) Allele analysis in single cell-

derived clones that exhibited high frequencies of base editing in ND1. The H strand 

and the encoded AA sequence are shown. The TALE binding site is indicated in green 

and base changes are shown in red. Only the top 8 sequence reads among hundreds 

of edited ones are shown. 
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7. Effects of TALED-mediated mtDNA editing on 

mitochondrial functions 

 I examined the effects of TALED-mediated mtDNA editing on cell viability, 

mtDNA copy numbers, and mitochondrial functions. I transfected each of five 

highly efficient sTALED pairs targeted to ND1, ND4, ND5.2, COX3.1, and 

RNR2 into HEK 293T cells, monitored cell viability using an MTS assay up to 

15 days (Figure 11A), and measured mtDNA levels relative to genomic DNA 

levels by quantitative PCR for up to 16 days (Figure 11B). No significant 

changes in cell viability or mtDNA levels were observed in the resulting 

TALED-transfected cells, compared to control cells transfected with the plasmid 

encoding the inactive monomer R-1397N or L-1397N alone. I also measured 

oxygen consumption rates in transfected cells and found that A-to-G editing in 

these genes did not significantly alter rates of oxidative phosphorylation for up 

to 6 days (Figure 11C). These results suggest that TALED-mediated mtDNA 

editing is not cytotoxic and does not cause mtDNA instability or dysfunction. 

 

8. mtDNA edits in the RNR2 gene caused chloramphenicol 

resistance 

 To demonstrate that TALEDs can be used for mtDNA editing in cell lines 

other than HEK 293T and also that homoplasmic (> 99%) edits can be obtained 

via drug selection, I transfected the RNR2-sTALEDs into human fibrosarcoma 
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HT1080 and colon cancer HCT116 cell lines (Figure 12), which were then 

treated with chloramphenicol, an antibiotic inhibiting the peptidyl transferase 

activity of prokaryotic and mitochondrial ribosomes. Note that various 

mutations in the yeast or human RNR2 gene encoding the mitochondrial 16S 

RNA can confer cells with chloramphenicol resistance (Figure 12A) (Kearsey 

and Craig, 1981) (King and Attardi, 1988). Before chloramphenicol treatment 

(at day 3 post-transfection), the RNR2 site was edited with frequencies of up to 

17% in HT1080 cells (Figures 12C, 12D, and 12E) and 13% in HCT116 cells 

(Figures 11D-11F). Editing frequencies at this site were increased to 92% or 87% 

at day 30 post-transfection in HT1080 or HCT116 cells, respectively, upon 

chloramphenicol treatment but were unchanged without the drug selection. 

Encouraged by this result, I isolated several clonal populations of HT1080 and 

HCT116 cells and found that these clones retained multiple A-to-G edits in the 

editing window with high frequencies of up to 99.9% (Figure 11G). As expected, 

the HCT116 clone with ~99.9% A-to-G mutations was resistant to 

chloramphenicol (Figure 11H). This result showed that TALED-induced 

mutations at the RNR2 site caused chloramphenicol resistance and that 

homoplasmic mutations in mtDNA could be obtained by drug selection. 
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Figure 11. Characterization of cells containing TALED-generated mutant 

mtDNA. 

(A) Cell viability was measured by recording the color change caused by the 

generation of formazan at the indicated time points. Absorbance values were 

normalized to values from untreated cells. Data are shown as means with standard 

error of the mean (s.e.m.) from n=3 biologically independent samples. (B) The 
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mtDNA copy number was measured by qPCR at the indicated time points. mtDNA 

levels in edited cells were normalized to values from untreated cells. Data are shown 

as means with standard error of the mean (s.e.m.) from n=3 biologically independent 

samples. (C) The oxygen consumption rate (OCR) of cells treated with sTALEDs 

targeting ND1, ND4, ND5.2, COX3.1, and RNR2 (above). FCCP, carbonyl cyanide-

4-(trifluoromethoxy)phenylhydrazone. Each respiratory parameter was normalized 

to the value from untreated cells (below). Data are shown as means with standard 

error of the mean (s.e.m.) from n=3 biologically independent samples. (D) Editing 

frequencies at day 3, 10, 16, 23, and 30 post-transfection in HCT116 cells cultured 

in 0 μg/ml chloramphenicol. (E) Editing frequencies at day 3, 10, 16, 23, and 30 

post-transfection in HCT116 cells cultured in 50 μg/ml chloramphenicol. (F) Editing 

frequencies at each position in the spacer at day 3, 16, and 30 post-transfection in 

HCT116 cells cultured in 50 μg/ml chloramphenicol. (G) Editing frequencies at each 

position in the spacer in single cell-derived clones with a genetic mutation in the 

RNR2 site induced by sTALED. (H) Growth rate at different chloramphenicol 

concentrations in single cell-derived clones with a high mutation frequency in the 

RNR2 site and wild-type cells. Data are shown as means with standard error of the 

mean (s.e.m.) from n=2 biologically independent samples. 
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Figure 12. TALED-mediated RNR2 mutations causing chloramphenicol 

resistance.  

(A) The RNR2 site targeted by TALEDs. TALE-binding sequences are outlined with 

green boxes. Two nucleotides shown in red and blue indicate the positions at which 

mutations responsible for chloramphenicol resistance in yeast and human cells, 

respectively. (B) Experimental scheme through which chloramphenicol resistance 
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was induced by TALEDs. (C-E) Editing frequencies at day 3, 10, 16, 23, and 30 post-

transfection.  

9. Off-target editing by TALEDs 

 I performed whole mitochondrial genome sequencing to profile off-target 

activities of various forms (split, monomeric, and dimeric) of TALEDs in 

comparison with those of DdCBEs. mtDNA samples isolated from TALED-

untreated cells or cells transfected with TALE-free deaminase constructs were 

also analyzed. High-throughput sequencing revealed several naturally-occurring 

single-nucleotide variations (SNVs) with a heteroplasmy fraction of ≥ 10% 

across all DNA samples, including that isolated from TALED-untreated cells, 

which were excluded in our analyses of mtDNA genome-wide off-target editing 

frequencies. In line with previous reports, DdCBEs targeted to 6 human 

mitochondrial genes induced off-target mutations with average frequencies of 

mitochondrial genome-wide off-target editing that ranged from 0.010% to 0.018% 

(0.013 ± 0.001%), 2~4-fold higher than that observed with the untreated control 

(0.005%) (Figure 13A). sTALEDs targeted to the same 6 sites and one additional 

site also showed off-target editing with frequencies that ranged from 0.013% to 

0.025% (0.019 ± 0.002%). mTALEDs and dTALEDs were more specific than 

sTALEDs, with average off-target editing frequencies of 0.009 ± 0.001% and 

0,008 ± 0.001%, respectively. As expected, DdCBE off-target edits were largely 

confined to C-to-T conversions, whereas TALED off-target edits were largely 

limited to A-to-G conversions. Interestingly, TALE-free split DddAtox fused to 
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the TadA variant (1397N + 1397C-AD) showed a 24-fold higher average off-

target editing frequency (0.12%) compared with the untreated control, 

suggesting that the spontaneous assembly of DddAtox can cause off-target A-to-

G edits by the TadA deoxyadenosine deaminase. Notably, however, the TadA 

variant fused to the catalytically-deficient, full-length E1347A DddAtox variant 

(AD-E1347A), with an average mitochondrial genome-wide editing frequency 

of 0.004%, did not exhibit off-target editing compared with the untreated control, 

whereas separate expression of the TALE-free E1347A DddAtox variant and the 

TALE-free TadA deoxyadenosine deaminase (AD + E1347A) led to off-target 

effects with an average off-target editing frequency of 0.015%. This result 

suggests that off-target edits caused by the TALE-free deaminases (1397N + 

1397C-AD and AD + E1347A) can be largely avoided by using TALE-

deaminase fusion proteins.  

 I next examined the positions of off-target edits induced by DdCBEs and 

TALEDs composed of the same TALE arrays (Figure 13B). The ND1-specific 

DdCBE caused C-to-T off-target edits at 41 sites in human mtDNA with 

frequencies of ≥ 1.0%, whereas sTALED, composed of the same TALE arrays, 

induced A-to-G edits at 32 sites. Notably, DdCBE off-target sites did not overlap 

with sTALED off-target sites, suggesting that off-target effects caused by these 

deaminases are independent of the TALE arrays. In fact, no consensus sequences 

homologous to the two TALE-binding sites were observed at the DdCBE and 

TALED off-target sites (Figure 14A). mTALED and dTALED containing 

E1347A DddAtox targeted to the same site largely avoided these off-target edits. 
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Thus, ND1-mTALED induced merely 10 A-to-G off-target edits with 

frequencies of ≥ 1.0%, whereas ND1-dTALED induced 8 A-to-G off-target edits. 

Interestingly, most of these off-target edits were found in the displacement-loop 

(D-loop), a highly polymorphic, non-coding region of 1.1 kbp in length in human 

mtDNA.  

 Finally, I investigated whether TALEDs containing an MTS rather than a 

nuclear localization signal (NLS) could, nevertheless, induce off-target DNA 

editing in the nuclear genome. I identified several potential off-target sites in the 

nuclear genome, which differ by one or two nucleotides from their respective 

on-target sites in mtDNA, and measured A-to-G editing frequencies at these sites 

using high-throughput sequencing. None of 10 sTALED pairs detectably 

induced A-to-G edits at these sites in the nuclear genome (Figure 14B), 

suggesting that TALEDs containing an MTS do not have access to nuclear DNA. 
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Figure 13. Mitochondrial genome-wide off-target effects.  

(A) Average percentage of mitochondrial genome-wide off-target editing for 

DdCBEs and TALEDs and for TALE-free controls containing a mitochondrial 

targeting sequence. (B) Mitochondrial genome-wide plots showing on-target and off-

target sites. Blue and red dots indicate C-to-T and A-to-G substitutions, respectively, 

with ≥ 1% frequencies. Gray dots indicate naturally-occurring SNVs. The X axis 

represents nucleotide positions in human mtDNA. Data are shown as means from n 

= 2 biologically independent samples. 
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Figure 14. TALED off-target sites in mtDNA and genomic DNA. 

(A) Sequence logos obtained using DNA sequences at C-to-T and A-to-G off-target 

edits induced with frequencies of ≥ 1% by the ND1-specific DdCBE and TALEDs. 

(B) Editing frequencies at potential off-target sites in the nuclear genome. Data are 

shown as means with standard error of the mean (s.e.m.) from n=3 biologically 

independent samples. 
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10.  Optimization of ZFD architecture 

 To develop ZFDs for base editing in human and other eukaryotic cells, I 

first sought to optimize both the length of the amino-acid (AA) linkers that 

connect ZFPs to split DddAtox halves and the length of the spacers, where C-to-

T conversions would be induced, between the left and right ZFP-binding sites. I 

chose a well-characterized ZFN pair, targeted to the human CCR5 gene, to make 

ZFDs with variable linkers of 2, 5, 10, 16, 24, and 32 AA residues in length and 

constructed a series of target plasmids (pTargets) that contained left and right 

ZFP-binding sites separated by variable spacers, composed of repetitive ‘TC’ 

motifs, of one to 24 base pairs (bps) in length (Figure. 15a, b) Note that DddAtox 

can be split at two positions (G1333 and G1397) and that each half can be fused 

to either a left or right ZFP. I measured the base editing efficiencies of the 

resulting 24 (= 6 linkers x 2 split positions x 2 possible fusions (left or right)) 

ZFD constructs with each of the 24 pTarget plasmids in HEK 293T cells at day 

4 post-transfection via targeted deep sequencing. ZFD constructs with short 

linkers (2- and 5-AA in length) were poorly efficient or inactive, whereas those 

with linkers of at least 10-AA in length induced C-to-T conversions with pTarget 

plasmids containing spacers of at least 4-bp in length at frequencies that ranged 

from 1% to 24% (Figure. 15c and Figure. 16a,b). ZFD pairs with a 24-AA linker 

showed the highest editing efficiencies. To determine the best combinations of 

linkers, I also measured the editing efficiencies of ZFD pairs that consisted of a 

left ZFD construct with the 24-AA linker and a right ZFD with variable linkers 

or vice versa (Figure. 15d and Figure. 17). I found that the right ZFD with the 
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24-AA linker was most active when paired with the left ZFD with the same 24-

AA linker. I also found that ZFDs with DddAtox split at G1397 were more 

efficient than those with DddAtox split at G1333 (Figure. 15c and Figure. 16a,b). 

Cytosines were edited by these most efficient ZFD pairs with high efficiencies 

of > 6.8% in spacer regions of 7-21 bps in length (Figure. 15c and Figure. 16a,c). 
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Figure 15. Development of ZFDs. 

a, ZFD (zinc finger deaminase) architecture. Split-DddAtox halves are fused to the C 

terminus of ZFPs (zinc finger proteins) (C type). b, Optimization of the ZFD 

platform using pTarget libraries. pTarget plasmids contain a spacer region that ranges 

in size from 1 to 24 bp (shown in red) and ZFP DNA binding sites of (shown in 



70 

 

green). ZFD constructs contain AA (amino acid) linkers of different lengths (shown 

in yellow and orange) and different DddAtox split sites and orientations (shown in 

blue). c-d, ZFD activities were measured at on-target sites in the pTarget library to 

examine the effect of the variables described in (b). ZFD pairs with linkers of the 

same (c) or different (d) lengths in the left and right ZFD were tested. Base editing 

frequencies were measured by targeted deep sequencing of the relevant region of 

pTarget plasmids. Data are shown as means from n=2 biologically independent 

samples. 
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Figure 16. Optimization of ZFD base editing using pTarget plasmids.  

a, The frequency of C/G-to-non-C/G edits in pTarget spacers, which varied in length 

from 1-24 bps, depicted in a heat map. A variety of ZFD constructs were tested, 

which varied in the number of amino acids in the linker between the ZFP and the 

split DddAtox half and the site at which DddAtox was split. b, The overall activity of 

each ZFD pair is shown. In the nomenclature used for the x-axis labels, the left finger 
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is listed first and the right finger is listed second. c, The frequency of C/G-to-non-

C/G edits as a function of the spacer length. “AA” refers to the number of amino 

acids in the linker. Data are shown as means from n = 2 biologically independent 

samples. 

Figure 17. Effects of ZFD linker length on the base editing efficiency.  

Effect of the ZFD linker length on the frequency of C/G-to-non-C/G edits depicted 

in a heat map. The left member of the ZFD pair contained a fixed with the 24 AA 

linker and the right member contained linkers of variable length, or vice versa. Data 

are shown as means from n = 2 biologically independent samples. 
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11.  Base editing at endogenous target sites 

 Next, I investigated whether ZFDs with the 24-AA linker could catalyze C-

to-T edits at endogenous chromosomal target sites in human cells. A total of 22 

ZFD pairs were designed to target 11 sites (2 ZFD pairs per site) in 8 genes 

(Figure. 18). Among them, 14 ZFD pairs were constructed from scratch using 

publically-available zinc finger resources. I also modified previously-

characterized ZFNs (specific to CCR5(Perez et al., 2008) and TRAC(Paschon et 

al., 2019)) to make the other 8 ZFD pairs. Because ZFN pairs cleave target DNA 

in spacer regions of 5-7 bps(Kim and Kim, 2014) in length, whereas our ZFD 

pairs preferentially operate in spacer regions of at least 7 bps, I deleted one or 

two zinc fingers from these ZFN pairs and added a few zinc fingers to make 

ZFDs (Figure. 19). Since the FokI nuclease domain can be fused to either the N- 

or C-termini of ZFPs to create ZFNs with four different configurations(Paschon 

et al., 2019), I also constructed two ZFD pairs (TRAC-NC in Figure. 18b) with 

an alternative configuration (shown as NC configuration in Figure. 18a and 

Figure. 20) to test whether split DddAtox halves can be fused to the N terminus 

of ZFPs.  

 In HEK 293T cells, efficiencies of C-to-T base editing by these ZFDs, 

including those with the NC configuration, ranged from 1.0% to 60%, whereas 

indels were rarely induced, showing frequencies of < 0.4% (Figure. 18b and 

Figure. 21). As anticipated from our plasmid-based assays described above, two 
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ZFD pairs targeted to the CCR5 site with a 5-bp spacer were poorly efficient. 

The other 20 ZFD pairs targeted to sites with spacers of at least 7 bps showed an 

average editing frequency of 12.0±3.4%, on par with Cas9-derived Base Editor 

2 (8.3±2.2%)(Kim et al., 2017).  In addition to cytosines in the context of TC, 

those in the context of AC and GCC were also converted to thymine, albeit less 

efficiently (Figure. 18c-f). Thus, C6 in the context of AC at the NUMBL site and 

C7 in the context of GCC at the INPP5D-2 site were converted to T with 

frequencies of up to 4.6% and 1.9%, respectively. 
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Figure 18. Cytosine base editing by ZFDs at endogenous target sites. 

a, Architecture of nuclear DNA-targeting ZFDs. Split-DddAtox halves are fused to 

the C terminus (C type) or N terminus (N type) of ZFPs. ZFD pairs were designed 

in CC or NC configurations, which are composed of a C-type left ZFD and a C-type 

right ZFD or an N-type left ZFD and a C-type right ZFD, respectively. b, Base 

editing frequencies induced by ZFDs at endogenous target sites in HEK 293T cells. 
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All statistical analysis for comparing with untreated samples was conducted using 

unpaired Student’s t-test (two-tailed) in GraphPad Prism 8. Statistical significance 

as compared with untreated samples was denoted with * = P≤0.05, ** = P≤0.01, *** 

= P≤0.001, **** = P≤0.0001, n.s. (not significant) = P>0.05. Data are shown as 

means with standard error of the mean (s.e.m.) from n=3 biologically independent 

samples. c-f, ZFD-induced base editing efficiencies at each base position within the 

spacer at the NUMBL (c), INPP5D-2 (d), TRAC-CC (e), and TRAC-NC (f) target 

sites in HEK 293T cells. Data are shown as means ± s.e.m. from n=3 biologically 

independent samples. g, ZFD-induced base editing frequencies in K562 cells 

following electroporation or direct delivery of ZFDs or ZFD-encoding plasmids. 

ZFD proteins with one or four NLSs were tested, and equimolar amounts of left and 

right ZFDs were used. Electroporation was performed using an Amaxa 4D-

Nucleofector. For direct ZFD delivery, K562 cells were incubated with cell medium 

containing left and right ZFD proteins. Cells were treated either once (1x) or twice 

(2x) in the same way. Data are shown as means from n=2 biologically independent 

samples. 
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Figure 19. Designing the ZFD pairs by modifying previously-characterized 

ZFNs.  

To make ZFD pairs with spacer regions of at least 7bps, previously-characterized 

ZFNs pairs were modified by deleting one or two zinc fingers or adding a few zinc 

fingers. ZFP-binding sites are underlined and shown in green. 
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Figure 20. Possible ZFD architectures and DddAtox orientations.  

a-d, Four potential ZFD configurations. The NC and CN configurations are 

structurally identical, but the types of left and right ZFD constructs are different. e, 

Four ZFD constructs, in which different DddAtox split orientations are used with the 

left and right zinc fingers.  
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Figure 21. Indel frequencies generated by ZFDs targeted to endogenous sites. 

All tested ZFDs generated indels at a frequency < 0.4%. All statistical analysis for 

comparing with untreated samples was conducted using unpaired Student’s t-test 

(two-tailed) in GraphPad Prism 8. Statistical significance as compared with untreated 

samples was denoted with * = p≤0.05, ** = p≤0.01, *** = p≤0.001, **** = p≤0.0001, 

n.s. (not significant) = p>0.05. p values of Left-G1397-N + Right-G1397-C form of 

NUMBL and TRAC-NC are 0.00226 and 0.00003. Data are shown as means with 

standard error of the mean (s.e.m.) from n=3 biologically independent samples. 
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12.  Direct delivery of purified ZFD proteins into human cells 

 Delivery of purified recombinant gene-editing enzymes, rather than 

plasmid DNA encoding them, into cells can reduce off-target effects, avoid 

innate immune responses against foreign DNA, and exclude the possibility of 

integration of plasmid DNA fragments into the genome. I and others have shown 

that ZFPs can spontaneously penetrate into mammalian cells both in vitro(Gaj et 

al., 2012; Liu et al., 2015) and in vivo(Yun et al., 2008). To demonstrate ZFD 

protein-mediated base editing in cultured human cells, I chose the highly active 

ZFD pair targeted to the TRAC site (TRAC-NC) and purified recombinant TRAC-

NC proteins, containing one or four copies of a nuclear localization signal (NLS), 

from E. coli. I first assessed the deaminase activity of the ZFD proteins in vitro 

using a PCR amplicon containing the TRAC site and found that they were highly 

active, showing efficient DNA cleavage upon treatment with Uracil-Specific 

Excision Reagent (USER), a mixture of Uracil DNA glycosylase and DNA 

glycosylase-lyase Endonuclease VIII (Figure. 22). I then delivered the TRAC-

NC ZFD proteins into human leukemia K562 cells via two different methods, 

electroporation or direct delivery without electroporation. These ZFD proteins 

were highly efficient, inducing targeted C-to-T conversions at frequencies of up 

to 27% (electroporation) and 17% (direct delivery) (Figure. 18g). Taken together, 

these results show that plasmids encoding ZFDs or purified recombinant ZFD 

proteins can be used for base editing of nuclear DNA in human cells. 
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Figure 22. ZFD protein purification and in vitro activity. 

a, Purification steps for a ZFD pair targeted to the TRAC site. GST-tagged proteins 

were purified from E. coli cell lysates using glutathione sepharose beads; purification 

steps were monitored using polyacrylamide gel electrophoresis. The gels were 

stained with Coomassie blue. Lane 1, molecular weight markers. Lane 2, Sample 

from cells in which protein expression was not induced with IPTG. Lane 3, Sample 
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from cells in which protein expression was induced with IPTG. Lane 4, soluble 

fraction after sonication. Lane 5, insoluble fraction after sonication. Lane 6, flow-

through fraction from the column. Lane 6, wash fraction. Lane 7, elution fraction. 

The sizes of representative markers are indicated on the left. The red box indicates 

the ZFD protein. Similar results were obtained in three replicates during the protein 

purification process. b, Left and right ZFD binding sites. The red arrows indicate 

possible sites for ZFD-induced deamination. c, Overview of ZFD activity on the 

PCR amplicon containing the TRAC site. The TRAC-NC ZFD pair first deaminates 

cytosines, generating uracils (indicated in red). The USER enzyme then excises the 

uracils, generating gaps (indicated by the red triangles). d, Untreated PCR amplicons 

(left) and PCR amplicons treated with the ZFD pair (right) analyzed by agarose gel 

electrophoresis. 
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13.  Mitochondrial DNA editing with ZFDs 

 One major advantage of the split DddAtox system fused to custom-designed 

DNA-binding proteins is that these programmable deaminases, unlike CRISPR-

based systems, can be used for editing organelle DNA including mtDNA(Mok 

et al., 2020) and chloroplast DNA(Kang et al., 2021; Nakazato et al., 2021). To 

deliver ZFDs to mitochondria, I constructed mitoZFDs (mitochondria-targeting 

ZFDs) by linking the mitochondrial targeting signal (MTS) and nuclear export 

signal (NES) sequences(Gammage et al., 2014) to the N terminus of custom-

designed ZFDs targeted to nine mitochondrial genes (Figure. 23). ZFP-encoding 

DNA segments for these ZFDs were assembled using a publicly available zinc 

finger resource. These ZFDs were designed to recognize left- and right-binding 

sites of 12 bps in length separated by a spacer of 7-15 bps. The efficiencies of 

mtDNA editing in HEK 293T cells by these mitoZFDs ranged from 2.6% to 30% 

(11±2% on average, n = 18) (Figure. 24a). Interestingly, mitoZFDs with the NC 

configuration (NC ZFDs) were more efficient (13±3%, n = 12) than those with 

the CC configuration (CC ZFDs) (7±2%, n = 6). (However, this does not mean 

that NC ZFDs, in general, are advantageous over CC ZFDs, because different 

ZFPs are used in NC ZFDs and CC ZFDs. It is possible that CC ZFDs but not 

NC ZFDs (or vice versa) can be designed to recognize a pre-determined target 

site.) Most cytosines in the TC context (and those in the TCC context, which can 

be converted to TTC first and then to TTT) in a spacer region were converted, 

with variable efficiencies (Figure. 24b-g). In addition, two cytosines (C8 and C9) 
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in the ND2 site in the context of ACC were edited with fair frequencies of up to 

12% and 11%, respectively (Figure. 24b), which suggests that ZFD-mediated C-

to-T editing is not limited to the TC motif.  

 I next isolated single cell-derived clonal populations of mtDNA mutant 

cells to demonstrate that mitoZFDs are not cytotoxic and that mtDNA mutations 

are stably maintained after clonal expansion. Among 30 single cell-derived 

clones obtained from HEK 293T cells treated with the ND1-specific mitoZFD, 

5 clones contained mutations in the ND1 gene with frequencies ranging from 35% 

to 98% (Figure. 25a). Likewise, among 36 single cell-derived clones isolated 

from ND2-mitoZFD treated cells, I obtained 7 base-edited clones that contained 

ND2 mutations with frequencies that ranged from 26% to 76% (Figure. 25b). All 

of the other clones had mutations at low frequencies of 0.4-1.0%, most likely 

resulting from sequencing errors: ZFD-untreated cells had mutations at similar 

frequencies (Figure.25c). These results show that mitoZFDs induced 

heteroplasmic mutations unevenly in a population of cells: Thus, most of the 

ZFD-transfected cells were homoplasmically wild-type, whereas mutant cells 

contained heteroplasmic mutations at high frequencies of up to 98%, which were 

stably maintained after clonal expansion (Figure. 26 and 27). 
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Figure 23. Possible mitoZFD architectures. 

a-d, Four potential mitoZFD configurations. The NLS in conventional ZFDs has 

been replaced with an MTS and NES. The NC and CN configurations are structurally 

identical, but the types of left and right ZFD constructs are different. 
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Figure 24. mtDNA editing with mitoZFDs.  

a, Base editing frequencies in mtDNA induced by mitoZFDs and a TALE-DdCBE 

in HEK 293T cells. All statistical analysis for comparing with untreated samples was 

conducted using unpaired Student’s t-test (two-tailed) in GraphPad Prism 8. 

Statistical significance as compared with untreated samples was denoted with * = 

P≤0.05, ** = P≤0.01, *** = P≤0.001, **** = P≤0.0001, n.s. (not significant) = 

P>0.05. Data are shown as means from n=2 biologically independent samples. b-g, 

mitoZFD-induced base editing efficiencies at each base position within the spacer at 

the ND2 (b), ND4L (c), COX2 (d), ND5-2 (e), and ND1 (f) target sites, and TALE-

DdCBE-induced base editing efficiencies at the ND1 (g) target site, in HEK 293T 

cells. Data are shown as means from n=2 biologically independent samples. h, 
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Comparison of DNA changes and amino acid changes in the ND1 gene introduced 

by mitoZFD and TALE-DdCBE. The reference sequence (Ref.) is at the top. In the 

alleles, the red letters indicate changes in the amino acid sequence. (* indicates a 

stop codon.) The frequency of sequencing reads (%) for each mutant allele was 

measured by targeted deep sequencing. The spacer regions for the ZFD pair and the 

TALE-DdCBE pair are indicated with blue dashed lines. 

Figure 25. Editing in single cell-derived clones from populations of mitoZFD-

treated HEK 293T cells. 
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Single cell-derived clones were obtained for allele analysis. The frequencies of C/G-

to-non-C/G edits in each single cell-derived clone were determined with targeted 

deep sequencing. a, Single cell-derived clones from a population of HEK 293T cells 

treated with ND1-targeted mitoZFD. b, Single cell-derived clones from a population 

of HEK 293T cells treated with ND2-targeted mitoZFD. c, Single cell-derived clones 

from a population of untreated HEK 293T cells. The ZFP binding sites are shown in 

green. The high editing frequencies in clones that underwent mitoZFD-induced 

editing are shown in red. 
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Figure 26. Analysis of allele frequencies in single cell-derived clones from a 

population of ND1-mitoZFD-treated HEK 293T cells.   
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Allele analysis in single cell-derived clones that exhibited high frequencies of base 

editing. The table shows the amino acids that were changed as a result of base editing 

in ND1. In the reference sequence at the top, the red letters indicate the spacer. In the 

alleles, the red letters indicate changes in the amino acid sequence. (* indicates a 

stop codon.) 

 

Figure 27. Analysis of allele frequencies in single cell-derived clones from a 

population of ND2-mitoZFD-treated HEK 293T cells. 

Allele analysis in single cell-derived clones that exhibited high frequencies of base 

editing. The table shows the amino acids that were changed as a result of base editing 
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in ND2. In the reference sequence at the top, the red letters indicate the spacer. In the 

alleles, the red letters indicate changes in the amino acid sequence. 



92 

 

14.  mitoZFDs and TALE-based DdCBEs 

 I found that mutation patterns induced by our ND1-specific mitoZFDs were 

quite different from those induced by two TALE-based DdCBE pairs designed 

to target the same site (Figure. 24f-h). Thus, the two mitoZFDs catalyzed C-to-

T conversions at the C5 or C8 position (Figure. 24f), whereas the DdCBEs 

induced base conversions at C8, C9, and C11 positions (Figure. 24g). As a result, 

amino-acid changes caused by mitoZFDs were completely different from those 

caused by DdCBEs (Figure. 24h). Note that our mitoZFDs bind to left- and right-

half sites separated by an 8-bp spacer, whereas DdCBEs bind to target sites 

separated by a 16-bp spacer, which is likely responsible for the differential 

mutation patterns. These results suggest that mitoZFDs and DdCBEs can be used 

to generate complementary, diverse mutation patterns in mtDNA. 

 To further expand possible mutation patterns, I tested whether a ZFD 

monomer could be combined with a DdCBE monomer to create a functional 

hybrid pair (Figure. 28a). Ten ZFD/DdCBE hybrid pairs specific to the ND1 site 

were highly efficient in HEK 293T cells, with an average editing frequency of 

17±3% (Figure. 28b). In fact, one of the hybrid pairs (TALE-L/ZFD-R1) was 

more efficient than the two DdCBE pairs and 10 ZFD pairs targeted to the same 

site and exhibited the highest editing frequency (41%) (Figure. 28b). 

Furthermore, hybrid pairs yielded mutation patterns different from those 

obtained with ZFDs or DdCBEs (Figure. 28c). Of note, a few hybrid pairs (for 

example, ZFD-L1/TALE-R and ZFD-L2/TALE-R) induced C-to-T edits at 
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single positions without bystander edits. In contrast, most of the ZFD pairs and 

DdCBE pairs induced C-to-T conversions at multiple positions in spacer regions. 

I also found that ZFD/DdCBE hybrid pairs designed to target a Cox2 site were 

as efficient as ZFD pairs and DdCBE pairs targeted to the same site and produced 

mutation patterns distinct from those obtained with ZFD pairs and DdCBE pairs 

(Figure. 29). These results demonstrate that ZFD/DdCBE hybrid pairs can create 

unique mutation patterns and produce certain mutations that cannot be obtained 

using ZFDs or DdCBEs. 
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Figure 28. Activity of mitoZFDs, TALE-based DdCBEs, and ZFD/DdCBE 

hybrid pairs.  

(A) DNA sequences of the binding regions of the mitoZFD and TALE-DdCBE pairs. 

Sites recognized by the TALE-DdCBEs are highlighted in green and for the 

mitoZFDs in blue. The upper sequence represents the mtDNA heavy strand and the 

lower sequence represents the mtDNA light strand. b, Frequencies of cytosines 

edited by ZFDs, TALE-DdCBEs, and ZFD/DdCBE hybrid pairs. All statistical 
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analysis for comparing with untreated samples was conducted using unpaired 

Student’s t-test (two-tailed) in GraphPad Prism 8. Statistical significance as 

compared with untreated samples was denoted with * = P≤0.05, ** = P≤0.01, *** = 

P≤0.001, **** = P≤0.0001, n.s. (not significant) = P>0.05. Data are shown as 

means from n=2 biologically independent samples. c, Heat maps of base editing 

activities at each base position. The red box indicates the spacer region for each 

construct. The blue arrows indicate the position in the mtDNA. 
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Figure 29. Base editing activities of mitoZFDs, TALE-based DdCBEs, and 

ZFD/DdCBE hybrid pairs for the Cox2 site. 

a, DNA sequences of the binding regions of the mitoZFD and TALE-DdCBE pairs 

for the Cox2 site. Sites recognized by the TALE-DdCBEs are shown in green and for 

the mitoZFDs in blue. The upper sequence represents the mtDNA heavy strand and 

the lower sequence represents the mtDNA light strand. b, Frequencies of cytosines 

edited by ZFDs, TALE-DdCBEs, and ZFD/DdCBE hybrid pairs obtained using 

targeted deep sequencing. All statistical analysis for comparing with untreated 

samples was conducted using unpaired Student’s t-test (two-tailed) in GraphPad 
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Prism 8. Statistical significance as compared with untreated samples was denoted 

with * = p≤0.05, ** = p≤0.01, *** = p≤0.001, **** = p≤0.0001, n.s. (not significant) 

= p>0.05. p values of Left-G1397-N + Right-G1397-C form of ZFD-L2 + ZFD-R1, 

TALE-L + ZFD-R1, ZFD-L1 + TALE-R, ZFD-L2 + TALE-R, and TALE + TALE-R 

are 0.000052, 0.000079, 0.000001, 0.000269 and 0.001124. p values of Left-G1397-

C + Right-G1397-N form of ZFD-L2 + ZFD-R1, TALE-L + ZFD-R1, ZFD-L1 + 

TALE-R, ZFD-L2 + TALE-R, and TALE + TALE-R are 0.000004, 0.000081, 

0.000014, 0.000017 and 0.000026.  Data are shown as means with standard error 

of the mean (s.e.m.) from n=3 biologically independent samples. c, Heat maps of 

base editing activities at each base position. The red box indicates the spacer region. 

The blue arrows indicate the position in the mtDNA. 
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15.  Mitochondrial genome-wide target specificity of ZFDs 

 To investigate whether mitoZFDs exhibit off-target DNA editing in mtDNA, 

I performed whole mitochondrial genome sequencing using DNA samples 

isolated from cells transfected with ND1- or ND2-targeted mitoZFD pairs. 

Variable amounts (5-500 ng) of mRNA or plasmids encoding these ZFD pairs 

were transfected into HEK 293T cells. As expected, on-target editing frequencies 

were dose-dependent. High doses (100, 200, and 500 ng) of mRNA or plasmids 

yielded on-target C-to-T edits with frequencies of > 30% but also caused 

hundreds of off-target edits with frequencies of > 1.0% in the mitochondrial 

genome (Figure. 30-33). Sequence logos obtained at off-target sites of the ND2-

specific mitoZFD showed a preference for the TC context, indicative of the 

DddAtox substrate specificity (Figure. 35). Low doses (5 and 10 ng) of mRNA or 

plasmids largely avoided these off-target edits but reduced on-target mutation 

frequencies significantly. A medium dose (50 ng) of mRNA was optimal, 

avoiding hundreds of off-target edits, while maintaining high on-target mutation 

frequencies. To further eliminate remaining off-target edits, I incorporated R(-

5)Q mutations in each zinc finger in the ZFDs to remove non-specific DNA 

contacts(Miller et al., 2019). The resulting ZFD variant pair (shown as QQ in 

Figure. 34) retained high on-target activity and showed exquisite specificity with 

almost no off-target edits, compared to untreated mtDNA. In particular, the 

specificity ratio was improved by 8.2-fold, when 50 ng mRNA of mitoZFD with 

R(-5)Q mutations was used, compared to 200 ng of WT mitoZFD mRNA (Figure. 
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34e). Additionally, I assessed off-target editing in nuclear DNA at sites with high 

sequence homology to ZFP-binding sequences. No off-target edits were 

detectably induced by the ND4L mitoZFD at three homologous sites that differ 

from the on-target site by a single or two nucleotides (Figure. 36a), whereas off-

target edits were induced with low (~1.0%) frequencies by the ND2 mitoZFD at 

a homologous site with one-nucleotide mismatch (Figure. 36b). Use of the QQ 

variant pair reduced off-target edit frequency to 0.4% at this site (Figure. 36b). 
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Figure 30. Mitochondrial genome-wide target specificity of the ND1-targeted 

mitoZFD depends on the concentration of the ZFD-encoding mRNA or plasmid.  

On- and off-target editing frequencies determined by whole-mtDNA sequencing. 

Results from HEK 293T cells transfected with the indicated amounts of ND1-

targeted mitoZFD-encoding plasmid or mRNA are shown on the plots. The red 

arrows indicate the on-target site, the red dots indicate the frequency of base editing 

at the on-target site, and gray dots indicate SNPs that are also present in controls. 



101 

 

Error bars are the standard error of the mean (s.e.m.) for n = 2 biologically 

independent samples. 

Figure 31. Analysis of on- and off-target activity of ND1-targeted mitoZFD. 

a, The illustration on the top shows the ZFD binding at the ND1 site. The ZFD 

binding sites are indicated in green. The on-target cytosines in the spacer are 

indicated in red. On-target activity determined from whole-mtDNA sequencing data 
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from Figure 30. The activity decreases as the amount of transfected mitoZFD-

encoding plasmid or mRNA decreases. b, The number of C/G sites that are edited 

with a frequency > 1% for each amount of plasmid or mRNA. c, The average C/G-

to-T/A editing frequency for all C/Gs in the mitochondrial genome for each amount 

of plasmid or mRNA. Data are shown as means from n = 2 biologically independent 

samples. 
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Figure 32. Mitochondrial genome-wide target specificity of the ND2-targeted 

mitoZFD depends on the concentration of the ZFD-encoding mRNA or plasmid. 

On- and off-target editing frequencies determined by whole-mtDNA sequencing. 

Results from HEK 293T cells transfected with the indicated amounts of ND2-

targeted mitoZFD-encoding plasmid or mRNA are shown on the plots. The red 

arrows indicate the on-target site, the red dotes indicate the frequency of base 

editing at the on-target site, and gray dots indicate SNPs that are also present in 

controls. Error bars are the standard error of the mean (s.e.m.) for n = 2 

biologically independent samples. 
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Figure 33. Analysis of the on- and off-target activity of ND2-targeted mitoZFD. 

a, The illustration on the top shows the ZFD binding at the ND2 site. The ZFD 

binding sites are indicated in green. The on-target cytosines in the spacer are 

indicated in red. On-target activity determined from whole-mtDNA sequencing data 

from Figure 32. The activity decreases as the amount of transfected mitoZFD-

encoding plasmid or mRNA decreases. b, The number of C/G sites that are edited 

with a frequency > 1% for each amount of plasmid or mRNA. c, The average C/G-
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to-T/A editing frequency for all C/Gs in the mitochondrial genome for each amount 

of plasmid or mRNA. Data are shown as means from n = 2 biologically independent 

samples. 

Figure 34. Improving the mitochondrial genome-wide target specificity of 

mitoZFDs. 



106 

 

a, QQ mitoZFD variants contain R(-5)Q mutations in each zinc finger in the ZFD to 

remove non-specific DNA contacts. F1-F4; Finger 1-4. (If no R was present at 

position -5 of the zinc finger framework, a nearby K or R was converted to Q.) b, 

Whole-mtDNA sequencing of mitoZFD-treated cells. Editing frequencies at on-

target and off-target sites are indicated by red and black dots, respectively. Error bars 

are shown as standard error of the mean (s.e.m.) for n = 2 biologically independent 

samples. All C/G-to-T/A base changes present at frequencies > 1% are presented. c-

e, Editing efficiencies and specificities depend on the dose of ZFD-encoding mRNA 

delivered. Data are shown as means from n=2 biologically independent samples. c, 

The average C/G-to-T/A editing frequency for all C/Gs in the mitochondrial genome. 

d, The number of edited C/G sites with base editing frequencies >1%. e, The 

specificity ratio was calculated by dividing (average editing frequency at on-target 

Cs) by (average editing frequency at off-target Cs). 
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(With Kayeong Lim in Institute for Basic Science) 

Figure 35. Sequence logos with off-target sites of ND2-targeted mitoZFD. 

Sequence logos obtained via WebLogo using DNA sequences of the region flanking 

mutated cytosines from Fig. 34. 
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(With Kayeong Lim in Institute for Basic Science) 

Figure 36. Potential off-target sites of mitoZFD in nuclear DNA. 

Base editing activity at each base position within the spacer at the on-target and 

potential off-target sites in nuclear DNA with high sequence homology for the ND4L 

(a) and ND2 (b) target. ZFP-binding sites are underlined and mismatches bases are 

shown in green. Data are shown as means from n = 2 biologically independent 

samples (a) or means with the standard error of the mean (s.e.m.) for n = 3 

biologically independent samples (b).  
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Ⅳ. Discussion 

-TALED 

In this study, I generated new types of base editors termed TALEDs that enable A-

to-G base editing in human mtDNA. I found that a full-length, non-toxic E1347A 

DddAtox variant functioned in cis (mTALEDs) or in trans (dTALEDs) with the 

deoxyadenosine deaminase derived from TadA fused to a custom-designed TALE 

DNA-binding protein to allow the deaminase to catalyze A-to-G conversions in 

double-stranded mtDNA. Both mTALEDs and dTALEDs were reasonably specific, 

merely inducing several off-target edits in the mtDNA D loop, which appeared to be 

TALE-independent, with low frequencies. sTALEDs containing split DddAtox rather 

than the full-length variant were more efficient in general than mTALEDs or 

dTALEDs, composed of the same TALE arrays, but were less specific. mTALED-

encoding genes (3.1~3.5 kbp in length), unlike those encoding sTALEDs or 

dTALEDs or DdCBEs (> 5.3 kbp), can be readily packaged in a viral vector with a 

small cargo size such as adeno-associated virus (AAV), a key advantage in in vivo 

gene delivery. Furthermore, mTALEDs with one TALE protein are more flexible 

than sTALEDs and dTALEDs with two TALE proteins, whose binding sites typically 

have thymine at both the 5’ and 3’ ends, although thymine at the 3’ end is not essential: 

As a result, mTALEDs can be designed to bind to certain sites, whereas sTALEDs 

and dTALEDs cannot.  

         I admit that I cannot explain exactly how DddAtox can make dsDNA 

accessible to the ssDNA-specific TadA variant. I speculate that DddAtox may 
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transiently unwind dsDNA, exposing a few nucleotides, upon binding to dsDNA or 

catalyzing cytosine deamination. It is also of note that TadA8e is a highly active 

enzyme, capturing transient DNA melting induced by Cas9 (Lapinaite et al., 2020). 

It will be interesting to investigate whether DddAtox can be used as a generalized 

platform to make dsDNA accessible to other TadA variants with slower kinetics and 

also to other ssDNA-specific DNA-modifying enzymes to expand the scope of 

genome and epigenome editing. 

In the short term, TALEDs will be useful for generating mtDNA mutations in 

cell lines and animals to create disease models, an essential step in drug development. 

Out of 90 confirmed pathogenic mtDNA point mutations listed in mitomap, 42 (= 

47%) of them can be produced in human cell lines or model organisms using 

TALEDs enabling A-to-G conversions, whereas only 9 (= 10%) of the mutations can 

be induced using DdCBEs catalyzing TC-to-TT conversions. In the long term, 

TALEDs with improved efficiency and specificity could pave the way for correction 

of disease-causing mtDNA mutations in embryos, fetuses, newborns, or adult 

patients, heralding a new era of mitochondrial gene therapy. In addition, as shown 

recently with DdCBEs (Kang et al., 2021; Li et al., 2021b; Nakazato et al., 2021), 

chloroplast DNA encoding hundreds of genes in plants, many of which are essential 

for photosynthesis, can be edited with plant-compatible TALEDs, opening a new 

chapter in plant genetics and biotechnology.  

 

LIMITATIONS OF THE STUDY 
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Both TALEDs and DdCBEs are limited by bystander editing: In addition to the 

intended target nucleotide, adjacent nucleotides in an editing window can also be 

converted. Here, I showed that the use of overlapping TALE proteins in the 

construction of a tiling array of TALEDs can partially address this problem. 

Engineering of the TadA deoxyadenosine deaminase or DddAtox may reduce or 

eliminate the bystander editing activity of TALEDs. TadA8e is known to catalyze 

adenine deamination in RNA (Lapinaite et al., 2020). As a result, CRISPR RNA-

guided adenine base editors containing TadA8e, the Cas9 nickase, UGI, and an NLS 

induce off-target RNA editing in mammalian cells. Although TALEDs contain an 

MTS rather than an NLS, it is possible that they still induce off-target editing of 

cellular RNAs encoded in the genome as well as mitochondrial RNAs. TadA variants 

with reduced RNA editing activity (Grunewald et al., 2019; Li et al., 2021a; Rees et 

al., 2019; Zhou et al., 2019) can be used to avoid this potential problem.  

 

-ZFD 

Compared to DdCBEs, ZFDs are smaller in size, because the ZFPs in ZFDs 

are compact, whereas the TALE arrays in DdCBEs are bulky. As a result, a ZFD pair-

encoding gene but not a DdCBE pair-encoding gene can be readily packaged in an 

AAV vector with a small cargo space. In addition, compact ZFPs are engineering 

friendly, making it possible to fuse split DddAtox halves to either the C or N terminus 

of a ZFP, creating ZFDs that operate either upstream or downstream of a ZFP-
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binding site. Furthermore, recombinant ZFD proteins can penetrate into human cells 

spontaneously without electroporation or lipofection, potentially enabling gene-free 

gene therapy. Last but not least, ZFD pairs or ZFD/DdCBE hybrid pairs can produce 

unique mutation patterns, which cannot be obtained using DdCBEs alone. These 

properties will make ZFDs a powerful platform for modeling and treating 

mitochondrial diseases.   

I expect that ZFDs can be further engineered to improve efficiency and 

specificity. Here, I showed that use of ZFP variants and ZFD mRNA can reduce off-

target activity. DddAtox can also be engineered to avoid ZFD off-target mutations. 

ZFDs with enhanced efficiency and precision could pave the way for correcting 

pathogenic mitochondrial DNA mutations in human embryos, fetuses, and patients.  
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국문초록 

 미토콘드리아는 인간 세포를 포함한 모든 진핵 세포에 존재하는 세포 

소기관으로 화학 에너지를 생산하는 세포 내 발전소이다. 

미토콘드리아는 핵에 존재하는 Genomic DNA 와 별개의 자체 DNA 

(mtDNA)를 가지고 있다. 인간 미토콘드리아 DNA 의 다양한 

돌연변이는 심각한 질병을 야기하는데, 5,000 분의 1 의 비율로 발생하는 

모계 유전 질환의 원인이 될 뿐만 아니라 암, 당뇨병 및 노화 관련 

질병에도 밀접한 관련이 있다. 현재까지 임상적으로 확인된 병원성을 

가지는 미토콘드리아 DNA 의 돌연변이는 95 개가 있다. 이 중 

90 개(95%)는 점 돌연변이(point mutation)이며 DNA 단일 염기의 

돌연변이로 인해 병원성을 가지게 된다. 이런 점 돌연변이를 원래의 

염기로 교정하는 기술이 있다면, 대부분의 병원성 미토콘드리아 

유전병을 치료할 수 있다. 그러나 다양한 유전자 교정 기술의 발달에도 

불구하고 최근까지 핵 DNA 가 아닌 미토콘드리아 DNA 를 교정하는 

것은 불가능했다. 

 2020 년 미국 브로드 연구소에서 미토콘드리아 DNA 의 시토신 염기를 

티민으로 교정할 수 있는 기술을 개발해 네이처 저널에 게재했다. 

그러나 해당 염기 교정 기술은 시토신 앞에 티민이 있을 때만 TC 를 

TT 로 변경할 수 있었기 때문에 모든 시토신을 변경할 수 없었다. 해당 

기술로 치료할 수 있는 병원성을 가지는 미토콘드리아 DNA 점 
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돌연변이는 약 10%에 불과하였다. 이 연구에서 나는 미토콘드리아 

DNA 의 아데닌 염기를 교정할 수 있는 TALED 라는 새로운 유전자 

교정 기술을 처음으로 개발했다. 90 개 병원성 점 돌연변이 중 43%를 

고칠 수 있는 기술이다. 이 기술은 미토콘드리아 DNA 의 타겟할 수 

있는 범위를 비약적으로 증가시켰다. 결과적으로, 다양한 형태의 

미토콘드리아 관련 동물 질병 모델의 제작이 가능하게 되었으며, 

미토콘드리아 유전병을 치료할 수 있는 새로운 길을 열었다고 할 수 

있다. TALED 와 더불어서 나는 ZFD 라는 또 다른 새로운 염기 교정 

플랫폼을 해당 논문에서 소개하고자 한다. ZFD 는 징크 핑거 DNA 결합 

단백질, DddAtox 시토신 탈아민효소 그리고 우라실 글리코실라제 

억제제(UGI)로 구성되어있다. 나는 공개적으로 사용 가능한 징크 핑거 

리소스를 사용하여 ZFD 를 만들었고, 핵 DNA 에서 최대 60%, 

mtDNA 에서 최대 30%의 빈도로 시토신에서 티민으로 염기 교정을 

달성하였다. 또한, 대장균에서 정제한 ZFD 단백질은 인간 세포에 다른 

시약의 도움 없이 자발적으로 세포 내로 들어가 핵 DNA의 타겟 염기를 

성공적으로 교정시켰다.  
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