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Abstract
Functional analyses of mitochondria have been hampered by few effective approaches to manipulate mitochon-
drial DNA (mtDNA) and a lack of existing animal models. Recently a TALE-derived base editor was shown to in-
duce C-to-T (or G-to-A) sequence changes in mtDNA. We report here the FusX TALE Base Editor (FusXTBE) to
facilitate broad-based access to TALE mitochondrial base editing technology. TALE Writer is a de novo in silico

design tool to map potential mtDNA base editing sites. FusXTBE was demonstrated to function with comparable
activity to the initial base editor in human cells in vitro. Zebrafish embryos were used as a pioneering in vivo test
system, with FusXTBE inducing 90+% editing efficiency in mtDNA loci as an example of near-complete induction
of mtDNA heteroplasmy in vivo. Gene editing specificity as precise as a single nucleotide was observed for a
protein-coding gene. Nondestructive genotyping enables single-animal mtDNA analyses for downstream bio-
logical functional genomic applications. FusXTBE is a new gene editing toolkit for exploring important questions
in mitochondrial biology and genetics.

Introduction
Mitochondria have critical roles in cellular homeostasis,

metabolism, apoptosis, and aging.1 Approximately 80%

of the adult-onset and 25% of the pediatric-onset mito-

chondrial disorders can be attributed to genetic lesions

in the mitochondrial genome. Mutations in both nu-

clear DNA and mitochondrial DNA (mtDNA) are patho-

genic.2,3 For example, a recurring 5 kb deletion underlies

the Kearns–Sayre syndrome (KSS), and a single-point

mutation in mtDNA is the basis for the mitochondrial

encephalopathy, lactic acidosis, and stroke-like episodes

(MELAS) syndrome.4,5 The complex genetics, including

penetrance and phenotypic heterogeneity observed in

the case of mtDNA-associated disorders, can be explained

by the homoplasmic or heteroplasmic condition of

the cell.
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A prototypical cell harbors around 100–100,000 copies

of circular, double-stranded mtDNA molecules. The pro-

portion of the mutant to wild-type mtDNA within a cell

governs the progression of the mitochondrial disease,

the severity of which is directly proportional to the

number of mutant mtDNA molecules. Despite this clear

association of genotype with the disease, there are no cur-

rent treatments for patients with mitochondrial disease.

Understanding the pathophysiology of mitochondrial dis-

orders contributed by variations in the mtDNA has been

impeded due to the lack of an effective toolkit to engi-

neer the powerhouse of the cell. The lack of systems for

the quantitative delivery of exogenous DNA or RNA to

mitochondria also restricts approaches for mtDNA editing.

While gene-editing tools such as CRISPR and TALENs

enable the rapid manipulation of the nuclear genome,6–10

there are few tools to manipulate/engineer vertebrate

mtDNA mainly due to the absence of any common

DNA repair mechanisms. DNA nucleases that create

double-stranded breaks in the nuclear genome and subse-

quently recruiting repair machinery instead are proposed

to induce the degradation of mtDNA.11–14 These inherent

mitochondrial gene editing challenges have been circum-

vented by expanding on the existing protein-based gene

editing delivery systems. Currently, few strategies take

advantage of this feature to target and degrade pathogenic

mtDNA via double-stranded breaks.

Gene editing tools, such as mitochondrially targeted

zinc-finger nucleases (mtZFNs), and mitochondrially

targeted transcription activator-like effector nucleases

(mitoTALENs) have been reported to shift mtDNA heter-

oplasmy in models of mitochondrial disorders.11,12,15

Mitochondrially targeted nucleases selectively bind the

mtDNA harboring deletions/edits and introduce double-

stranded breaks, thereby triggering rapid degradation of

mtDNA. In a previous study by our group, we developed

an alternative methodology to introduce precise deletions

in the mtDNA using a novel ‘‘block and nick’’ approach

to model KSS in zebrafish.16 However, the utility of these

nuclease-based gene editing systems cannot be extended

to correct or model homoplasmic and single-nucleotide

pathogenic mtDNA variations.

Recently, Mok et al. described a novel base editing

system in the mitochondria using a bacterial cytidine de-

aminase toxin, DddAtox.17 The present system uses split

halves of DddAtox fused to each of the TALE monomers

programmed to bind a specific sequence on mtDNA.

Mitochondrial DdCBE (DddA-derived cytosine base ed-

itor) introduces C-to-T base edits in the spacer region be-

tween the two TALE arms with optimal editing efficiency

in vitro. This system has a strong sequential preference

for the presence of T at the 5¢ end of the C around the tar-

geted editing site. Furthermore, Mok et al. show that to

target mtDNA, DddAtox can be split into two halves at

two different positions, each of the split-half molecules

swapped with any one of the TALE monomers.

Using this as a critical study design constraint, one

needs to test four different combinations of the DdCBE

to interrogate a single target, a process that can be quite

time-consuming if extended to edit multiple cytosine res-

idues present on a given mtDNA molecule. The applica-

tion of this editing system has been extended to in vivo in

a study in which Lee et al. have demonstrated to introduce

base edits in the mice mtDNA utilizing DddA-TALE fusion

deaminases. C-to-T transition was detected in multiple

tissues and was also observed to be germline transmitted

in two F1 offsprings born to an edited F0 animal.18

Here we describe a universal and programmable verte-

brate mtDNA engineering toolbox suitable for the estab-

lishment of new in vitro cell and in vivo animal models.

We build upon the existing DdCBE system to develop a

rapid, accessible, and efficient programmable FusX19

TALE base editor system with high editing efficiency

in vitro and in vivo.

To predict all potential editable sites in mtDNA, we

have designed a customizable script that also determines

the target sequences amenable to premature termination

codon (PTC) induction via C-to-T base editing.

A noninvasive method well adapted to zebrafish provi-

des a unique advantage to the genotype and propagate

injected embryos that harbor up to 90% edits in their

mtDNA. The findings from this study provide insights

in exploring the mitochondrial biology and genetics of

disorders caused by mutations in mtDNA.

Materials and Methods
Generation of mitoFusX TALE Base Editor (FusXTBE)
For the synthesis of this next-generation human mito-

chondrial TALE base editor, the cassette containing

the N-terminus half of the DddAtox (split at 1397 amino

acid position), uracil glycosylase inhibitor (UGI), and

3¢UTR of human ATP5B was amplified from the pub-

lished DdCBE construct (Addgene plasmid no. 157843).

The PCR product was digested with the restriction en-

zymes XbaI and EcoRI. Digested DNA fragments were

then subsequently cloned in the pKTol2C-COX8A-

mTALEN vector linearized with XbaI and EcoRI to

obtain pKTol2C-FusXTBE-N. To generate pKTol2C-

FusXTBE-C, the cassette containing the C terminus half

of the DddAtox (split at 1397 amino acid position) and

UGI was amplified from the DdCBE plasmid (Addgene

plasmid no. 157844).

The PCR amplicon was digested with XbaI and

BsU36I restriction enzyme and cloned in the pKTol2C-
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FusXTBE-N vector linearized with XbaI and Bsu36I to

generate the pKTol2C-FusXTBE-C plasmid. Clones were

confirmed by Sanger sequencing (GENEWIZ LLC). For

zebrafish mitochondrial FusX TALE base editor constructs,

individual cassettes including partial N- and C-terminus

of TALE domain, along with Dddatox (split at 1397 amino

acid position), and UGI were ordered as clonal fragments

in pTwist Amp High Copy plasmids from Twist Bioscience.

Each of the clonal fragments was then separately

cloned in the BclI-PstI cut pkidh2GoldyTAL-lacZ-Fok1

vector backbone, generating plasmids pT3-FusXTBE-N

and pT3-FusXTBE-C. The final FusX mitoTALE-Dddatox

backbone plasmids will be made available via our Addg-

ene repository. Repeat variable di-residues (RVDs) spe-

cific to prioritized mtDNA genetic loci (Supplementary

Table S1) were then cloned in the receiving vector back-

bones using the one-step FusX19 assembly system (Fig. 1A).

Each of the constructs was sequence-verified by Sanger

sequencing.

FusX Extender series was built using the previously

published FusX system where an additional RVD in

all possible combinations was added to each of the pLR

(last half-repeat) plasmids. This modified design enables

us to synthesize TALEs binding to sequences 17 bp long

on mitochondrial or nuclear genome.

TALE-based technology design tool for
mitochondrial genome engineering
TALE Writer, a script for the efficient design of TALE-

based technologies, was developed using Python 3.7.3.

TALE Writer is hosted at* under a GNU General Public

License v3.0. The script can be used to (I) design

TALENs, (II) design C-to-T base editors against 5¢-
TC-3¢ loci,17 and (III) design C-to-T base editors specif-

ically for PTC induction.20 The input of the script is a

sequence of interest, the minimum and maximum lengths

of the TALE arms and the spacer, a target window, and,

only for TALEN design, a target coordinate.

In general, the target window is defined as the window

within the spacer that contains the target site and for

which design permutations will be calculated. In other

words, the parameter ‘‘target window’’ denotes the nucle-

otide positions that are not parsed within the protospacer in

search for on-target editable motifs. The algorithm looks

for the target sites at least ‘‘x’’ base pairs from the target

sequence of either TALE repeat array (where x = length

of the target window and is a user-defined parameter).

The parameters herein utilized for base editor design

were TALE arms and spacer region ranging between 14

and 16 bp, and a target window of 4 bp.

The output of the script consists of a table containing

all the design permutations found for the defined target

(for nuclease design) or for each target identified within

the sequence of interest (for base editor design). The

table includes the following: (1) the target index, (2) the

local coordinate of the target, (3) the target motif (i.e., a

specific nucleotide or a short sequence), (4) the design

index, (5) the left TALE arm preceded by a 5¢T, (6) the

right TALE arm followed by a 3¢A, and (7) the sequence

of the spacer (in which the target site is capitalized and

highlighted in blue). In addition, for base editor design,

potential off-target edit sites are highlighted in red, and

a column marks the designs that contain such sites with

an exclamation mark. Moreover, the table can be saved

as a .csv file.

For PTC induction, herein defined as a DNA edit re-

sulting in the generation of a nonfunctional gene product

due to the premature termination of translation,20 three

types of edits were identified. First, the in-frame 5¢-
TGA-3¢ motif, in which a G-to-A edit (equivalent to a

C-to-T edit on the opposite strand) results in the stop

codon UAA. Second, the 5¢-TCAA-3¢ motif (CAA in-

frame), in which a C-to-T edit also results in the stop

codon UAA. Lastly, the 5¢-TCAG-3¢ motif (CAG in-

frame), in which a C-to-T edit results in the stop codon

UAG. Noteworthy, PTC induction should be possible

both in nuclear DNA and mtDNA through any of these

edits. It is also worth mentioning that the availability of

types of edits is currently limited by the strong 5¢-TC-3¢
context preference of the first generation of DdCBEs.

Transfection of the mammalian cell line with
mitoFusX TALE Base Editor
HEK293T cells were cultured and maintained at 37�C

with 5% CO2. The HEK293T cell line was obtained from

ATCC and cultured in DMEM GlutaMAX media (Thermo

Scientific) supplemented with 10% fetal bovine serum

(Gibco) and 1 · penicillin/streptomycin solution (Pen/

Strep) (Thermo Scientific). A total of 30,000 cells/well

were seeded in six-well plate 18 h before the time of lip-

ofection by Lipofectamine3000 (Thermo Scientific).

Cells were transfected with 500 ng of each TALE-BE

monomer for each of the three target genes, MT-ND4,

MT-ND2, and MT-CO1 (left arm- MT-ND4 pKTol2C-

FusXTBE-C and right arm- MT-ND4 pKTol2C-

FusXTBE-N); (left arm- MT-ND2 pKTol2C-FusXTBE-C

and right arm- MT-ND2 pKTol2C-FusXTBE-N); (left

arm- MT-CO1 pKTol2C-FusXTBE-C and right arm-

MT-CO1 pKTol2C-FusXTBE-N), and 500 ng of pKTol2C-

EGFP as a positive control for the lipofection. Media was

changed 24 h post-transfection and cells were cultured

for 72 h before collection for mitochondrial genotyping.*https://github.com/srcastillo/TALE-Writer.
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FIG. 1. Schematic for the assembly of mitochondrial TALE base editors by the FusX reaction with the FusXTBE
architecture. (A) FusX library of all combinations of RVD dimers and trimers enables the mitochondrial TALE base
editor to be built in a single Golden Gate cloning step. (B) Schematic of FusXTBE binding to the human
mitochondrial DNA target, ND4. Repeat divariable residues are shown in different colors (green-guanine-NN; blue-
cytosine-HD; red-thymine-NG; black-adenine-NI). DNA binding region for each of the TALE monomers is black in
color, and the spacer region is depicted in red. Genomic target C is highlighted in green with bold font. Figure 1 was
created using Biorender.com. FusXTBE, FusX TALE Base Editor; MTS, mitochondrial targeting sequence; RVD, repeat
variable di-residues; UGI, uracil glycosylase inhibitor. Color images are available online.
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Genomic DNA isolation and mitochondrial
genotyping
Following 3 days post-transfection, media was aspirated,

and cells were washed with 1 · phosphate-buffered saline

(Thermo Scientific). Total genomic DNA was extracted

from cells using the DNeasy Blood and Tissue Kit (Qia-

gen). Primers (Supplementary Table S2) flanking the tar-

get loci were used to amplify the edited loci using MyTaq

polymerase (Bioline). PCR amplicons were gel extracted

and purified using the QIAquick Gel Extraction Kit

(Qiagen). Purified samples were submitted to Genewiz

(GENEWIZ LLC) for Sanger sequencing. Mitochondrial

heteroplasmy was quantified using EditR software21 to

predict the percentage of edits in the target loci. Raw

Sanger sequencing files in .ab1 format were uploaded for

each of the control and nontransfected samples.

Zebrafish handling and husbandry
Adult zebrafish and embryos were maintained according

to the guidelines established by the Mayo Clinic Institu-

tional Animal Care and Use Committee (IACUC number:

A34513-13-R16) and the Children’s Hospital of Philadel-

phia IACUC (number IAC 21-001154). No Institutional

Review Board (IRB) approval was required for this study.

Zebrafish microinjection
Targets predicted by TALE Writer were prioritized to

introduce edits in protein-coding and tRNA genes. Mito-

chondrially encoded cytochrome c oxidase I (mt-co1)

(nonsynonymous substitution), mitochondrially encoded

cytochrome c oxidase III (mt-co3) (premature termi-

nation induction), and mitochondrially encoded tRNA-

leu (mt-tl1) were chosen as target sites in the zebrafish

mtDNA locus. mt-co1 and mt-co3 code for subunits of

complex IV of the mitochondrial respiratory chain,

whereas mt-tl1 is involved in tRNA aminoacylation.

Sequence-verified mitoTALE-BE clones were linear-

ized with PstI restriction enzyme. Linearized plasmid

was used as a template to in vitro transcribe mRNA using

the T3 mMESSAGE mMACHINE Transcription Kit

(Thermo Scientific). mRNA was purified using the NEB

Monarch RNA cleanup kit (NEB). Three nanoliters of

40 pg mRNA of each arm of the FusX mitoTALE-

BE (left- pT3-FusXTBE-N and right- pT3-FusXTBE-C)

was injected into single-cell zebrafish embryos. Injected

embryos were then raised in embryo water at 29�C.

Noninvasive enzymatic zebrafish genotyping
To assess the in vivo editing efficiency of the mitoTALE

BE, a method of genotyping was needed that enabled the

rapid investigation of the functional readout of mtDNA

edits. A noninvasive enzymatic method to extract nuclear

DNA from zebrafish embryos was used with modifications.22

Larvae aged 3 days postfertilization (dpf) were rinsed

thrice in fresh embryo media, followed by three washes

in collection buffer (30 mM Tris-HCl, 1 · tricaine so-

lution). Larvae were aspirated in 40 lL of genotyping

buffer (1.5 lg/mL proteinase K, 30 mM Tris-HCl, 1 ·
tricaine solution) into a 96-well plate and were incubated

in a shaker at 37�C for 20 min. After incubation, 15 lL of

the lysis buffer (10 mM Tris-HCl, pH 8.0, 50 mM KCl,

0.3% Tween-20, 0.3% NP-40, and 1 mM EDTA) was

added to the incubation mix. The solution was incubated

at 98�C for 5 min to deactivate the proteinase K and re-

lease DNA from cells shed by the larvae upon agitation.

This DNA was used as a template for the PCR amplifica-

tion to genotype the larvae.

Each larva was then individually rescued from the 96-

well plate and rinsed in 4-quadrant Petri dishes with fresh

embryo water, before being placed in 24-well plates for

incubation at 29�C.

Next-generation amplicon sequencing
DNA extracted from transfected and control cells for the

in vitro experiments and from mutant and control em-

bryos for the in vivo studies was used as a template for

the amplicon sequencing. PCR was carried out using

primers with Illumina adaptor sequences attached at the

5¢ end (Supplementary Table S2). Amplicons were gel

extracted and purified using the QIAquick Gel Extraction

Kit (Qiagen). Purified amplicons (a total amount of

150 ng/amplicon) were submitted to Genewiz (GENE-

WIZ LLC) for next-generation amplicon sequencing

(GeneWiz AmpliconEZ). Raw fasta files obtained after

the sequencing run were analyzed using CasAnalzyer23,{

to estimate the editing frequency and nucleotide changes

in each allele.

mtDNA genotyping in zebrafish embryos
PCR amplification was performed for each of mt-co1,

mt-co3, and mt-tl1 using the respective primers men-

tioned in Supplementary Table S2. PCR consisted of

4 lL of 5 · MyTaq Red PCR buffer, 1 lL of 10 lM for-

ward primer, 1 lL of 10 lM reverse primer, 0.2 lL of

MyTaq DNA polymerase, 8 lL of template, and 5.8 lL

dH2O. Samples were run in a thermal cycler with the fol-

lowing PCR conditions: (1) 95�C, 3 min; (2) 95�C, 1 min;

(3) 58�C, 30 s; (4) 72�C, 30 s; (5) go to step 2 34 · ; (6)

72�C, 5 min; and (7) 12�C, hold. PCR amplicons were

run on 2% agarose gel and analyzed.

Eight microliters of the PCR amplicon was used as the

substrate DNA for the restriction fragment length poly-

morphism (RFLP) assay in a total reaction volume of

{www.rgenome.net/cas-analyzer/#!.
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20 lL (1 · buffer, 5 U of restriction enzyme, and remaining

volume dH2O). Embryos injected with mt-co1, mt-co3, and

mt-tl1 TALE BE RNAs were surveyed for loss of BstYI,

gain of MseI, and loss of SacI restriction sites, respec-

tively. PCR amplicons for the samples confirmed positive

by RFLP were then gel extracted and purified using the

QIAquick Gel Extraction Kit (Qiagen).

Purified amplicons were then submitted to Sanger

sequencing (GENEWIZ LLC) to estimate the editing

efficiency and any off-target edits in the protospacer re-

gion (protospacer region is the sequence between two

bound TALE monomers). Chromatogram files were

then analyzed using EditR software21 to calculate the

heteroplasmy in the injected embryos. Embryos harbor-

ing base edits were then placed on the fish facility at 6

dpf to enable the investigation of potential longitudinal

functional studies, including assessing any tissue-specific

differential maintenance of heteroplasmy of the induced

edits.

Relative mitochondrial copy number
To estimate the relative mitochondrial copy number be-

tween mutants and control animals, individual embryos

were placed in PCR tubes and incubated in the DNA ex-

traction buffer (50 mM Tris-HCl pH 8.5, 1 mM EDTA,

0.5% Tween-20, 200 lg/mL proteinase K) at 55�C over-

night. Following incubation, lysate was centrifuged at

16,000 g for 2 min and the supernatant was transferred

to the fresh tube. Each DNA sample was screened for the

editing by RFLP and those displaying nucleotide changes

in the protospacer region were prioritized for the mtDNA

copy number analysis. Relative mtDNA abundance was

measured using primers for mt-nd1 as the mitochondrial

control and polg as the nuclear control (Supplementary

Table S2). PCR was performed using the SensiFAST

SYBR Lo-ROX Kit (Bioline).

Mitochondrial respiration analysis, ATP, and lactate
measurement
To carry out biochemical assays, 20 embryos were col-

lected per tube and washed two times with E3 buffer.

After buffer removal, embryos were immediately frozen

in liquid nitrogen, and then stored at �80�C until ready

for analysis. For respiratory chain complex and citrate

synthase assays, frozen zebrafish larvae were homoge-

nized in a mitochondrial isolation buffer (250 mM sucrose,

20 mM Tris-HCl, 3 mM EDTA, pH 7.4) on ice with a mo-

torized pestle, followed by three freeze/thaw cycles with

liquid N2. The lysate was then subjected to differential

centrifugation to obtain mitochondrial-enriched fractions.

For ATP and lactate assays, frozen 7 dpf zebrafish lar-

vae were homogenized in ice-cold 0.5 M perchloric acid

(PCA) by grinding them with motorized pestle followed

by 2 s of sonication, and one freeze/thaw cycle in liquid

nitrogen/room temperature water. Supernatant was then

spun at 16,000 g for 15 min, and subsequently neutralized

by ice-cold 1 M potassium carbonate. The supernatant

after centrifuge at 16,000 g for 10 min was used. Spectro-

photometric assays were performed at 37�C for lactate

assay or at 30�C for respiratory complex and citrate syn-

thase assays in 170 lL of final volume using a Tecan

Infinite 200 PRO plate reader.

Complex I and complex II activities were estimated

by the reduction of 2,6-dichlorobenzenone-indophenol

sodium salt (2,6-DCPIP) at 600 nm (e600 = 21 mM�1 cm�1).

Complex I assay buffer contained 25 mM KH2PO4, pH

7.4, 5 mM MgCl2, 3 mg/mL bovine serum albumin

(BSA), 25 lM ubiquinone Q1, 5 lM antimycin A, and

mitochondrial-enriched fraction. After the addition of

100 lM NADH in the presence and absence of 5 lM ro-

tenone, the rates were calculated after the subtracting

rotenone-insensitive activities.

Complex II assays comprised 25 mM KH2PO4 pH 7.4,

5 mM MgCl2, 3 mg/mL BSA, 25 lM ubiquinone Q1,

5 lM antimycin A, 5 lM rotenone, and mitochondrial-

enriched fraction. Reaction began with the addition of

20 mM succinate to the assay buffer. Oxidation of re-

duced cytochrome c at 550 nm (e550 = 21 mM�1 cm�1)

was used to investigate the activity of complex IV. The

assay buffer contained 25 mM KH2PO4 pH 7.4, 5 mM

MgCl2, 0.015% n-dodecyl-b-D-maltoside, 5 lM antimy-

cin A, 5 lM rotenone, and mitochondrial-enriched frac-

tion. Fifteen micromolar-reduced cytochrome c was

used to start the reaction and the rates were calculated

as a first-order constant. Fish numbers or protein concen-

tration (estimated by Bradford assay)24 was used to nor-

malize the enzyme activity.

ATP levels were investigated using a YMC-Pack

ODS-A column (5 lm, 4.6 · 250 mm) preceded by a

guard column at 50�C. Flow rate was set at 0.4 mL/

min. Initially the mobile phase (A) was 100% mobile,

0.1 M NaH2PO4 buffer, pH 6.0, after which the concen-

tration of methanol was linearly increased with mobile-

phase solution (B) consisting of 0.1 M NaH2PO4 buffer,

pH 6.0, containing 25% methanol to 20% over 10 min.

The mobile phase B was increased to 100% for 5 min

to aid in the washing of the column after each separa-

tion. UV absorbance was monitored at 260 nm with a

Shimadzu SPD-M20A. Pertinent peak areas were inte-

grated by the LabSolution software from Shimadzu.

ATP levels were quantified using standard curves and

normalized per fish or protein concentration.

A highly sensitive lactate oxidase (LOX)-based color-

imetric assay was used to assess the lactate levels.25
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(carboxymethylaminocarbonyl)-4,4¢-bis(dimethylamino)-

diphenylamine sodium salt (DA-64) (FUJIFILM Wako

Chemicals U.S.A Corporation), a dye that is a highly sen-

sitive indicator, was used for the detection of hydrogen

peroxide.26 The following reaction is catalyzed by LOX:

L-lactate + O2 / pyruvate + H2O2.

Five microliters of neutralized PCA extract was added

to 155 lL of lactate assay reaction mixture (0.2 mM

DA-64, 1 mM EDTA, 0.1% Triton X-100, and 5 U/mL

horseradish peroxidase in 100 mM HEPES, pH 7.4),

mixed thoroughly, and then incubated at 37�C for 3 min.

Absorbance was measured every 20 s at 727 nm for

15 min, after the addition of 10 lL of freshly prepared

LOX (2 U/mL). Lactate concentrations were calculated

using the standard curve obtained with sodium L-lactate

and were normalized per fish or protein concentration.

Results
Assembly of FusXTBE plasmids
To assess the activity of FusXTBE plasmids in mamma-

lian cells, we cloned the split halves of DddAtox (split

at 1397 amino acid position) and UGI in an FusX-

compatible, codon-optimized destination plasmid, pKTol2C-

COX8A-mTALEN. This receiving plasmid contained the

mitochondrial targeting sequence of human cytochrome c

oxidase subunit 8a (COX8A) upstream of the N-terminal

domain of the TALE cassette to facilitate the import

of base editor inside mitochondria. The resulting mito-

chondrial targeting sequence (MTS)-TALE-DddAtox

module was cloned upstream to 3¢UTR sequence from

the human ATP5B gene to increase the efficiency of

mRNA sorting near the proximity of mammalian mito-

chondria.27

To quantify the editing efficiency in vertebrate zebra-

fish embryos, a cassette containing DddAtox was cloned

at the 3¢ end of the C-terminus of the TALE domain in

the linearized pK-idh2GoldyTAL-lacZ-Fok1 destination

vector. We identified a highly functional and suffi-

cient mitochondrial targeting sequence from a reverse-

engineered in vivo protein trap in a nuclearly encoded

mitochondrial protein.16,28 This derived minimal MTS

was highly active in zebrafish in vivo compared with

the previously described MTS and was used to target an

array of different proteins capable of interacting with

the mtDNA genome.16

We were able to rapidly assemble and test different

TALE constructs using the previously published FusX

system.19 This method utilizes a library of dimer and tri-

mer RVD (TALE repeat) modules that uses Golden Gate

cloning to synthesize a TALE that targets any 15- and 16-

mer DNA sequence of interest (Fig. 1A, B).

TALE Writer predicts potential base editing sites
in the human and zebrafish mitochondrial genome
TALE Writer, a computational tool for the efficient de-

sign of TALE-based technologies, was developed utiliz-

ing Python 3.7.3 to rapidly identify potential target sites

for base editing in the human and zebrafish mitochondrial

genomes.

Based on specific design parameters from prior TALE-

based nuclease and gene editor work (described in the

Materials and Methods section), the script allows the

identification of cytosines within 5¢-TC-3¢ loci that can

potentially be targeted by FusXTBEs. Some of these

edits can lead to the induction of PTCs, which can result

in the generation of nonfunctional gene products due to

the premature termination of translation.20 TALE Writer

can specifically identify such targets and calculate all

their possible FusXTBE design permutations. The calcu-

lation of these designs is contingent on user-specified

parameters, such as the lengths of the TALE arms and

the spacer region.

Following user-specified design parameters, TALE

Writer identified a total of 1617 potential target sites

for C-to-T base editing via FusXTBEs in the human mi-

tochondrial genome, 94 of which were amenable to PTC

induction (Fig. 2A). For example, multiple design permu-

tations were found for the locus m.G11922, which coin-

cides with an in-frame 5¢-TGA-3¢ motif in the forward

strand of the human gene MT-ND4. In this case, a suc-

cessful G-to-A edit (equivalent to a C-to-T edit on the

opposite strand) leads to the stop codon UAA.

Similarly, a total of 1570 potential target sites for C-to-

T base editing via FusXTBEs were found in the zebrafish

mitochondrial genome, 115 of which coincided with loci

amenable to PTC induction (Fig. 2B). For example, mul-

tiple design permutations were found for the locus

m.C10215, which coincided with a 5¢-TCAA-3¢ motif in

the forward strand of the zebrafish gene mt-co3. In this

case, a successful C-to-T edit leads to the stop codon UAA.

Based on the originally selected design parameters, no

targetable sites amenable to PTC induction in the zebra-

fish gene mt-nd6 were found (Fig. 2B). However, by

expanding the allowable lengths of the TALE arms and

the spacer region up to 17 bp, various design permuta-

tions for PTC induction were identified around a single

target in this gene (Fig. 2B). Specifically, the zebrafish

locus m.C14967, which coincides with an in-frame 5¢-
TGA-3¢ motif in the heavy strand of the gene mt-nd6,

can be targeted. A successful G-to-Aedit in this site (equiv-

alent to a C-to-T edit in the opposite strand) would result

in the UAA stop codon. Our FusX Extender series sys-

tem can enable the manufacturing of such a design per-

mutation as a single-tube reaction.
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Engineering base edits in vitro using FusXTBE
To assess the activity of the modular mitoFusXTBE sys-

tem in vitro, we used the computational tool TALE

Writer, to predict the target sites in the human mtDNA

locus that are amenable to PTC induction. Out of the

94 potential predicted target sites, we chose to edit the

cytosine on the reverse strand at the m.G11922 position

of MT-ND4 gene (Fig. 3A). We transfected HEK293T

cells with each of the monomers of the FusX compatible

TALE base editor with G1397-C-DddAtox (left) and

G1397-N-DddAtox (right) and measured the editing effi-

ciencies at 3 days post-transfection. PCR across the target

locus and subsequent Sanger sequencing revealed editing

efficiency at C5 in the range of 30% – 4% (Fig. 3B, C). No

FIG. 2. Targetable sites for PTC induction in human and zebrafish mtDNA. (A) Based on design parameters
extrapolated from TALEN and initial mtDNA base editor work, and including assembly parameters for the FusX
system, TALE Writer identified a total of 1617 potential target sites for C-to-T base editing in the human
mitochondrial genome, 94 of which are amenable to PTC induction (red circles). The human mitochondrial genes
MT-ND2 and MT-ND4 are represented below the human mtDNA map as light green arrows. The big red circles
correspond to the targets chosen for this study. The table at the bottom includes the number of the targets within
their respective genes, their local coordinates, their sequence motifs, and the sequences of their TALE arms and
spacers. (B) Similarly, the zebrafish mitochondrial genome possesses a total of 1570 potential target sites for C-to-T
base editing, 115 of which correspond to targets amenable to PTC induction (red circles). The zebrafish
mitochondrial gene mt-co3 is represented below the zebrafish mtDNA map as a green arrow. The big red circle
corresponds to the target chosen for this study. The table at the bottom includes the number of the target within
mt-co3, its local coordinate, its sequence motif, and the sequences of its TALE arms and spacer. The single black
asterisk in the zebrafish gene mt-nd6 represents a site for PTC induction made available by setting the maximum
TALE arm and spacer lengths to 17 bp; such a FusXTBE format can be assembled via our FusX extender kit. mtDNA,
mitochondrial DNA. PTC, premature termination codon. Color images are available online.
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other edits were observed in the spacer region between

the two TALE binding sites, despite favorable C1 and

C8 present upstream and downstream to the PTC target.

To gain a better understanding of the effect of the pro-

grammable FusX-TALE modular domain on the editing

activity, we compared the FusXTBE system with the orig-

inal DdCBE construct reported,17 targeting the same

mtDNA locus. Cells transfected with the original DdCBE

system exhibited editing efficiencies in the range of

35% – 3% across a series of experiments (Fig. 3B, C).

These findings were corroborated by NGS amplicon

sequencing of the MT-ND4 locus, in which 43% of the al-

leles harbored single edit at the C5 position (Fig. 3D).

We also interrogated the activity of FusXTBE at two

other genetic loci MT-ND2 and MT-CO1. Mitochondrial

heteroplasmy assessment of the MT-CO1 locus revealed

multiple C-to-T transitions (m.G6574, m.G6577, m.G6579,

m.G6580, and m.G6582) in the protospacer region in

the range between 11% and 32% (Fig. 4A). Maximum

editing efficiency in the range of 29–32% was observed

at the C6 and C7 position, where C6 was preceded by

5’TC (Fig. 4B, C).

Protospacer in the target locus of MT-ND2 had two Cs

(C6- m.G4969 and C12- m.G4975) on the antisense strand

amenable to C-to-T transitions (Fig. 4D), which were edi-

ted at the frequency of 24.5% – 1.3% and 16.8% – 1.7%,

respectively (Fig. 4E, F). Majority of the edited alleles,

that is, 32.9% – 0.3% harbored single edit at C6 position, fol-

lowed by alleles with edits at C12 position. Only 9.2% of the

edited alleles carried C-to-T edits at both C6 and C12 po-

sitions (Fig. 4G). C-to-T transition at C6 position (G on

the sense strand) leads to an introduction of stop codon

[p.(Trp161*)]. A bystander edit at m.C4846 in the MT-

ND2 gene locus was also observed post-NGS analysis.

The results from the prioritized human mtDNA loci in-

dicate that the FusXTBE system has a comparable editing

efficiency in vitro when bound to the mtDNA and estab-

lished this tool for potential additional applications,

leveraging the informatic base mapping and rapid assem-

bly system.

FusXTBE introduces base edits in vivo
We used TALE Writer to predict potential sites amenable

to base editing in the protein-coding and tRNA genes in

zebrafish mtDNA. Out of the 1570 potential sites, we pri-

oritized three targets: two protein-coding genes, mt-co1

and mt-co3, and the mt-tRNA-leu gene (or mt-tl1). Amino

acid sequences of the zebrafish Mt-Co1 (Fig. 5A) and Mt-

Co3 (Fig. 5B) proteins displayed >80% similarity to their

human orthologs indicating a high level of sequence con-

servation between these vertebrate species. Zebrafish mt-

tl1 displayed *69% sequence similarity with the human

ortholog at the nucleotide level (Fig. 5C).

The zebrafish-applicable version of the FusXTBE spe-

cific to each of the target loci was assembled using the

FusX assembly protocol. The expression of the mito-

chondrially targeted TALE base editor system (left- pT3-

FusXTBE-N and right- pT3-FusXTBE-C) as in vitro

synthesized mRNA was injected into the single-cell

zebrafish embryos (Fig. 5D). More than 70% survival was

observed for the embryos injected with mt-co1, mt-co3,

and mt-tl1 BE RNAs over a range of experiments.

Three dpf injected embryos were subjected to noninva-

sive genotyping to facilitate downstream longitudinal

analyses during the future course of studies (Fig. 5D). Post-

genotyping, survival was monitored for 2 days, and mortal-

ity in the range between 15% and 20% was observed

‰
FIG. 3. Demonstrating the editing activity of FusXTBE system in vitro for mtDNA. (A) Potential target sites
favorable for base editing in the protospacer region of the targeted human MT-ND4 locus. (B) Editing efficiency
of the mitochondrial FusXTBE and DdCBE systems in HEK293T cells for the C5 and C8 positions, assessed by
Sanger sequencing. Data are represented from independent experiments. Red and green colored data points
represent editing efficiency by FusXTBE and DdCBE systems, respectively. Black colored data points represent the
wild-type heteroplasmy in the target locus in the nontransfected cells. Error bars are represented as standard error
of the mean. No significant difference was observed in the editing efficiencies between the FusXTBE and DdCBE
systems ( p > 0.05 as determined by Student’s t-test). (C) Representative chromatogram of the control
(nontransfected) and cells transfected with FusXTBE and DdCBE plasmids. Asterisk (*) denotes the site of edit (C5

position) with corresponding editing percentage (C-to-T or G-to-A). Chromatograms and editing table plot were
obtained using EditR. (D) Editing frequency of MT-ND4 alleles estimated by deep sequencing of the target
amplicon. Edited cytosine (antisense strand) residue (or guanine on the sense strand) is highlighted in red and
circled. Frequency reflects the mean percentage – standard deviation from independent biological replicates (N = 6
for FusXTBE and N = 3 for DdCBE). A combination of left arm- pKTol2C-FusXTBE-C and right arm- pKTol2C-
FusXTBE-N was used to obtain the edits. Color images are available online.
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across the three target-specific genotyping experiments.

Subsequently, DNA was extracted from the shed cells

in the solution and was used as a template for down-

stream assays such as PCR and RFLP. Base edits in

any of the target sites either created a loss or gain of re-

striction enzyme site, facilitating the scoring for embryos

harboring variations in the mtDNA locus.

mt-co1 BE RNA was designed to edit the cytosine (C8)

on the reverse strand at the m.C7106 of zebrafish mtDNA

(Fig. 6A). m.G7106A edit on the forward strand, or the

C-to-T transition on the reverse strand, leads to the loss

of a restriction site for the enzyme BstYI. Amplification

of the target locus from the extracted DNA followed

by mitochondrial genotyping revealed the presence of
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undigested band (431 bp) in the case of injected embryos

compared with the digested products (265 and 166 bp ob-

served) in the noninjected control embryos (Fig. 6B).

Sanger sequencing files (.ab1) were then assessed

using EditR software21 to quantify the level of editing

in the injected embryos. This analysis demonstrated that

FusXTBE was highly efficient in vivo compared with

in vitro, showing editing efficiencies as high as up to

90% (Fig. 6C). More than 70% of the injected embryos

exhibited mutant mtDNA heteroplasmy. Analysis of the

protospacer region revealed that the editing happened

in both strands in the pyrimidine stretch present in the

protospacer region, with efficiency in the range of 60–

80% (Fig. 6C, D) in individual zebrafish embryos.

To leverage the potential of this construct in study-

ing loss-of-function studies for mitochondrial genes,

we chose to test the system against the site m.C10215

(C10) present in the mt-co3 gene (Fig. 7A). A C-to-T

edit at this position creates a new PTC, UAA, leading

to a truncated protein of 160 amino acids [p.(Gln161*)],

as determined by in silico analyses. Embryos were scored

based on the gain of restriction site for the enzyme MseI.

RFLP analyses from the injected animals revealed the

presence of digested products at the expected size of

159 and 152 bp along with the 311 bp undigested WT

band (Fig. 7B).

RFLP analysis was confirmed by Sanger sequencing,

in which RFLP-positive embryos displayed 85% mu-

tant heteroplasmy (Fig. 7C, D). We did not observe any

other C-to-T edits in the protospacer region (C14 and

C16). Deep sequencing of the target amplicon was consis-

tent with the findings from the Sanger sequencing. In the

individual embryos, editing frequency of the alleles as

high as up to 80–90% was observed with precise edit of

the introduction of [p.(Gln161*)] in the mt-co3 gene

(Fig. 7E and Supplementary Fig. S1).

However, we did also observe two bystander edits at

m.C10253 and m.C10179, which lies outside the TALE

binding window. Bystander C-to-T edit at m.C10179

position leads to an amino acid change from histidine

to tyrosine. Edit at m.C10253 lies outside the truncated

protein region and leads to a synonymous amino acid

substitution.

To confirm that our results were not specific to just

protein-coding genes, we decided to test our system against

the zebrafish mitochondrial tRNA gene, mt-tl1 (Fig. 8A).

We chose a site that was conserved across the human and

zebrafish genomes. A C-to-T transition at the target site

m.G3739 (C5 on the reverse strand) created a loss of re-

striction site for the enzyme SacI (Fig. 8B).

Individual embryos that displayed the loss of re-

striction site corresponding to the uncut band at 363 bp

(Fig. 8B) harbored 60–70% mtDNA mutant hetero-

plasmy levels for the target locus (Fig. 8C, D). We

also observed another edit at m.C3744 (C10) in the pro-

tospacer region with comparable mutant heteroplasmy.

This observation cannot be deemed as off-target since

any C preceded by T at the 5¢ end is observed to be ame-

nable to base editing by the DdCBE system as reported

previously.17

NGS sequencing revealed that the edited alleles had

C-to-T transitions both at C5 and C10 positions predomi-

nantly (Fig. 8E and Supplementary Fig. S2). Precise C5

edit was observed to be the least favorable event in the

embryos injected with mt-tl1 BE RNA. The observations

from the deep sequencing of amplicon analysis also

revealed two bystander edits at positions m.G3621 and

m.C3581. These edits were observed to be in the

‰
FIG. 4. Engineering base edits in MT-CO1 and MT-ND2 genes in vitro using the FusXTBE system. (A) Sequence of
the potential editing sites in the MT-CO1 protospacer region. (B) Editing efficiency for the 5¢TCs present in the
protospacer region plotted as individual data points for each of the target nucleotides in the transfected and
control HEK293T cells. Error bars are represented as standard error of the mean. (C) Representative chromatogram
of the control and cells transfected with MT-CO1 FusXTBE plasmid. Asterisk (*) denotes the site of edit with
corresponding editing percentage (C-to-T or G-to-A). (D) Protospacer region in the MT-ND2 locus highlighting the
edited nucleotides. (E) Editing efficiency assessed by Sanger sequencing of mitochondrial FusXTBE for the each of
the 5¢TCs (C6 and C12) in the MT-ND2 target locus. Error bars are represented as standard error of the mean. (F)
Representative chromatogram of the control (nontransfected) and cells transfected with MT-ND2 FusXTBE plasmid
DNA. Asterisk (*) denotes the sites of edit (C6 and C12 positions). (G) Editing frequency of MT-ND2 alleles obtained by
deep sequencing. Edited cytosine (antisense strand) residue (or guanine on the sense strand) is highlighted in red and
circled. Frequency reflects the mean percentage – standard deviation from independent biological replicates [N = 3 for
MT-CO1, N = 4 for MT-ND2 (C6), and N = 3 for MT-ND2 (C12)]. Each point represents data from independent
experiments. Chromatograms and editing table plot were obtained using EditR. The combination of left arm- pKTol2C-
FusXTBE-C and right arm- pKTol2C-FusXTBE-N was used to obtain the edits. Color images are available online.
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FIG. 5. Schematic to prioritize base editing targets and noninvasively genotype mtDNA from zebrafish embryos.
(A, B) Targets identified in the mitochondrial protein-coding genes, mt-co1 and mt-co3, were prioritized to test the
editing efficiency of FusXTBE in vivo. Amino acid alignments are shown for the human MT-CO3 and MT-CO1
proteins with zebrafish Mt-co1 and Mt-co3 proteins. Edited amino acids are shaded and boxed. (C) The
mitochondrial-encoded tRNA gene, mt-tl1, was prioritized to introduce base edits. Sequence alignment of human
MT-TL1 and zebrafish ortholog mt-tl1 is shown. Target nucleotide is shaded and boxed. Red indicates sequences fully
conserved between the two species. Blue indicates similar and black indicates positions with no similar or identical
relationship. (D) Longitudinal study design assay for potential functional phenotype of the engineered edits in the
zebrafish mtDNA locus. Zebrafish embryos are gently shaken in the genotyping buffer supplemented with
proteinase K. Following recovery of the embryos, DNA is isolated from the shed cells, and mitochondrial genotyping
is conducted for the target locus. Positive embryos can then be screened for germ line transmission or different
functional and molecular studies. For Figure 4A–C, sequences were aligned using T-COFFEE multiple sequence
alignment webserver and color-coded using BoxShade server. Figure 4D was created using Biorender.com. Color
images are available online.
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noncoding region of the mtDNA in the mitochondrially

encoded 16S RNA gene, which lies outside the DNA-

binding region of the TALE BE molecule.

Introduction of base edits in mtDNA affects the
mitochondrial function in vivo
The ability of the FusXTBE system to introduce C-to-T

transitions in vivo was successfully demonstrated by the

molecular genotyping studies. Gaining confidence from

these observations, we were interested to assess the im-

pact of the mutant mtDNA heteroplasmy on the mito-

chondrial function and mtDNA content. mt-co3 encodes

for a protein cytochrome c oxidase III that forms an im-

portant subunit of the mitochondrial respiratory chain

complex IV, which plays an critical role in the reduction

of oxygen molecule to water during the oxidative phos-

phorylation. Mutations in this gene have been observed

to be associated with clinical phenotypes such as com-

plex IV deficiency, lactic acidosis, encephalopathy, exer-

cise intolerance, and myopathy.29

We used 7 dpf injected larvae to characterize the respira-

tory chain activity in the enriched mitochondrial fraction

obtained from homogenization of whole larvae in mito-

chondrial isolation buffer (Fig. 9A–C). Complex I activity

appeared to be slightly reduced, but the reduction was insig-

nificant in the mt-co3 BE larvae, whereas complex II enzyme

activity was maintained across the control and injected ani-

mals. Interestingly, we observed the complex IV activity to

be significantly reduced to 51.5% in the embryos injected

with mt-co3 BE RNA, supporting a specific downregulation

of target enzyme activity of the mitochondrial electron trans-

port chain. No difference in the citrate synthase enzyme ac-

tivity was observed across both genotypes (Fig. 9C).

Lactate was also observed to be significantly elevated

by *30% in the mt-co3 BE group (Fig. 9A), with ATP

levels being maintained in the injected animals (Fig.

9B). For the embryos injected with mt-tl1, predominantly

edited alleles harbored mutations at both C5 and C10 po-

sitions. To explore the functional consequence of the al-

tered tl1 sequence on the mitochondrial function, injected

larvae were subjected to the same enzyme activity assays

as previously described. Introduction of the C-to-T tran-

sitions did influence the mitochondrial function in the tl1

BE-injected animals. Lactate levels were observed to be

significantly increased by 2.5-fold compared with the

control larvae (Fig. 9A). This mimics the clinical pheno-

type observed in patients presenting with pathogenic var-

iations in MT-TL1 gene.

Complex I and complex IV activities were reduced to

72.2% and 73.8%, respectively (Fig. 9C). Complex II ac-

tivity and steady-state ATP levels (Fig. 9B) were main-

tained across both the experimental and control groups.

We also interrogated the relative levels of copies of mito-

chondrial genome in the cell for both mutant and control

animals, but did not detect any evidence showing that

base edits modulate mtDNA copy number (Supplemen-

tary Fig. S3). Relative mtDNA copy number was main-

tained across all genotypes.

Discussion
mtDNA engineering had witnessed significant advance-

ments in the past decade due to the advent of mitochond-

rially targeted nucleases that leveraged the potential of

the absence of double-stranded break repair in shifting

the heteroplasmy from mutant to wild-type mtDNA lev-

els.11,12,15 However, the utility of this toolkit could not

‰
FIG. 6. Introducing base edits in the zebrafish mt-co1 gene using the FusXTBE system. (A) Protospacer region in
the mt-co1 locus highlighting the potential editing sites. Restriction site for the enzyme BstY1 is marked by dotted
rectangle. (B) Screening of embryos harboring mutations by RFLP. C-to-T edits in the protospacer region leads to
loss of recognition site for BstYI restriction enzyme. PCR amplicons from control embryos show the presence of
two wild-type digested products. PCR amplicons from the injected embryos indicate the presence of an
undigested band marked by white asterisk (*). Each lane represents an individual embryo. (C) Editing efficiency for
the favorable 5¢TC sites present in the protospacer region, both in mt-co1 BE RNA and control zebrafish embryos.
Embryos harboring edits and control embryos are highlighted by red and black color circles, respectively. Each data
point represents an individual zebrafish embryo. Data are represented from independent experiments (Injected:
N = 120 embryos and were screened and N = 10 embryos [RFLP positive] were genotyped by Sanger sequencing;
Control = 60 embryos were screened and N = 4 embryos were genotyped by Sanger sequencing for which data
have been included in the graph). (D) Representative chromatogram of the control and mutant embryos. Asterisk
(*) denotes the site of edit with corresponding editing percentage (C-to-T or G-to-A). Chromatograms and editing
table plot were obtained using EditR. The combination of left arm- pT3-FusXTBE-N and right arm- pT3-FusXTBE-C
was used to obtain the edits. RFLP, restriction fragment length polymorphism. Color images are available online.
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address treating mutant mtDNA homoplasmy or intro-

ducing precise edits in the mitochondrial genome.

Mok et al. recently described a bacterial toxin, cyto-

sine deaminase, that catalyzes the conversion of C�G to

T�A in the mtDNA.17 This obligate two-component sys-

tem utilizes two separate nontoxic halves of DddAtox

fused to TALE monomers to introduce single-nucleotide

changes in the mtDNA in vitro. This system was not read-

ily accessible due to the nature of the TALE construction

approach used and did not include any corresponding

FUSXTBE FOR RAPID MTDNA PROGRAMMING IN ZEBRAFISH 813



informatic-based genomic analyses for exploring the po-

tential gene editing outcomes. We built upon this initial

architecture and extended the application of mtDNA

base editing to model different mutations in mitochon-

drial genes implicated with clinical manifestations and

to leverage it as a tool to understand basic mitochondrial

biology.

As described previously, investigating a single target

would require a user to test four different combinations

of the DdCBE system (left-G1397-N and right-G1397C,

left-G1397-C and right-G1397N, left-G1333-N and right-

G1333C, or left-G1333-C and right-G1333N).17 This

system does open an avenue to model or treat single-

nucleotide pathogenic variations in animal and cellular

models. However, traditional methods of TALE assem-

bly either by conventional Golden Gate cloning or via

expensive gene blocks impede the progress that the com-

munity can make in establishing mtDNA disease animal

models.

To circumvent these challenges, we integrated our

rapid one-step Golden Gate FusX TALE assembly sys-

tem for use with the DdCBE base editor. We created

the mitochondrial FusX TALE base editor (FusXTBE)

architecture, where split halves of DddAtox and UGI

were fused with a modular FusX19 compatible with the

MTS-TALE module. The FusX system consists of 340

plasmids, which are preassembled trimers (spanning

across six libraries), to generate 14.5- to 16.5-mer TALE

repeats in a single Golden Gate reaction with a 3-day turn-

around time. This toolbox offers an additional advantage

of being compatible with mitochondrially and nuclearly

targeted TALE scaffolds.

The FusX system can be automated and integrated to a

high-throughput robotic liquid handling device, thereby

scaling up the number of TALE base editors that can

be assembled with minimal human error. This system is

available at Addgene and has been successfully utilized

for nuclear and mitochondrial gene editing applications,

both in vitro and in vivo, with high efficiency.16,19

The DdCBE system is known to edit C in a 5¢TC

sequence-specific manner on any of the strands. To aid

in interrogating different potential base editing sites, we

developed TALE Writer, a customizable Python-based

script. TALE Writer not only allowed predicting 5¢TC

sites across the human and zebrafish mitochondrial ge-

nomes, contingent on user-specified parameters, it also

provided a list of all the possible combinations of TALE

arms and spacer regions specific for each identified site.

While we identified >1500 such potential 5¢TC sites

in each of the two species, we were further interested

in modeling loss-of-function studies for mitochondrially

encoded protein-coding genes. Loss of function or trans-

lational defects due to the creation of premature stop co-

dons in a protein-coding gene will allow us to elucidate

its role in mitochondrial disease biology. TALE Writer

identified >90 such sites in each of the interrogated ge-

nomes and can be used to model clinically significant

loss-of-function mtDNA variations in the protein-coding

genes, both in cellular and animal models (such as zebra-

fish).

‰
FIG. 7. Engineering precise base edits in vivo in the zebrafish mt-co3 gene. (A) Sequence of the potential editing
sites in the mt-co3 protospacer region. The resulting gain of the restriction site for the enzyme MseI postediting
event is marked by a dotted rectangle. (B) Screening of embryos harboring mutations by RFLP. C-to-T edits in the
protospacer region lead to gain of recognition site for the MseI restriction enzyme. PCR amplicons from the
control embryos show the presence of uncut product (311 bp). PCR amplicons from the injected embryos indicate
the presence of expected 159 and 152 bp digested bands marked by a white asterisk (*). Each lane represents an
individual embryo. (C) Editing efficiency for the target C10 present in the protospacer region in both groups of
zebrafish embryos. Red and black color circles denote mutant and control embryos, respectively. Each data point
represents an individual zebrafish embryo. Data are represented from independent experiments (Injected: N = 140
embryos and were screened and N = 10 embryos [RFLP positive] were genotyped by Sanger sequencing;
Control = 60 embryos were screened and N = 4 embryos were genotyped by Sanger sequencing for which data
have been included in the graph). (D) Representative chromatogram of the control and injected embryos. Asterisk
(*) denotes the site of edit with corresponding editing percentage (C-to-T or G-to-A). Chromatograms and editing
table plot were obtained using EditR. The combination of left arm- pT3-FusXTBE-N and right arm- pT3-FusXTBE-C
was used to obtain the edits. (E) Percentage of reads with C-to-T transitions estimated by deep sequencing of
target amplicon. Representative data from embryo 8 show the editing frequency of cytosine residues (C10, C14, and
C16) in the protospacer region (highlighted in red and circled). The combination of left arm- pT3-FusXTBE-N and
right arm- pT3-FusXTBE-C was used to obtain the edits. Color images are available online.
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Regarding the computation of the script, the time be-

tween the moments a user provides an input sequence

to obtaining an output with all the possible design permu-

tations for each of the targets identified within that se-

quence is usually negligible. All the targets used in this

study were identified by the algorithm and were experi-

mentally validated in different in vitro and in vivo model

systems.

As a quantitative test of the FusX TALE modular cas-

sette to DddAtox as a base editor, we compared our system

with the previously published DdCBE system for the

same mtDNA locus.17 It was notable from our findings

that FusXTBE demonstrated no significant difference in

activity in this in vitro assay (Fig. 3B). This served as a

reference test system for expanding applications, includ-

ing additional work in vivo. For example, the modular

linker present in FusXTBE between the RVD domain

and DddAtox enables changes in the potential editing win-

dow in the protospacer region. FusXTBE also offers an

opportunity to drive heteroplasmy levels well beyond

30% for other mtDNA targets in mammalian cell lines.

Multisystemic clinical manifestations and varying

mtDNA heteroplasmy from tissue to tissue in the case

of mitochondrial disorders cannot be replicated by cells

in a dish. Therefore, we explored the opportunity of test-

ing the FusXTBE system in vivo. Zebrafish is a suitable

animal model for studying mitochondrial disorders due

to the 65% sequence conservation with human mtDNA

as well as the shared mitochondrial-specific genetic code,

strand-specific nucleotide frequencies, and fully syntenic

gene order.30,31 Microinjection of FusXTBE RNAs in

single-cell zebrafish embryos not only enhances the cel-

lular delivery but also gives a rapid turnaround time to

genotype-injected embryos within 3 dpf.

The poor correlation of phenotype to genotype and the

stochastic mode of transmission make it challenging to

study the biology of the mtDNA-encoded disorders. To

overcome this technical hurdle, we adopted a noninva-

sive enzymatic genotyping approach22 to screen for em-

bryos harboring desired edits. This approach allowed

us to subject the animals to functional assessment or to

monitor the germ line transmission of the edits in the

F1 generation.

This assay involves the extraction of DNA from the

cells that are shed after an event of modest shaking, en-

suring optimal survival. This assay was originally de-

scribed earlier for the nuclear genotyping,22 and with

some modifications, we have adapted this assay to geno-

type mtDNA from zebrafish embryos. The high survival

rate of injected embryos, that is, 80%, and successful am-

plification of the mtDNA RFLP, coupled with rapid

TALE assembly, accelerates the process to model various

pathogenic mutations in vivo.

One of the rationales to prioritize targets in zebrafish

was to look for genes involved in clinically associated

symptoms and those that are indispensable for mitochon-

drial function. Mutations in MT-CO1 and MT-CO3 are

associated with conditions such as Leber optic atrophy,

cytochrome c oxidase deficiency.32,33 MELAS disease is

primarily associated with mutations in the gene MT-TL1

‰
FIG. 8. Modeling mutations in the zebrafish mt-tl1 gene. (A) Protospacer region highlighting the putative
cytosine targets in the mt-tl1 locus. Restriction site for the enzyme SacI is marked by a dotted rectangle. (B)
Screening of embryos harboring mutations by RFLP. C-to-T editing event in the target locus leads to loss of
restriction site for the SacI restriction enzyme. The presence of undigested WT bands of expected size, 186 and
177 bp (marked by red arrow), is observed in control embryos. PCR amplicons from the injected embryos show the
undigested band, indicated by the loss of restriction site postediting (marked by white asterisk*). Each lane
represents an individual embryo. (C) Editing efficiency for the favorable 5¢TC sites present in the protospacer
region, both in mutant and control zebrafish embryos. Control embryos and embryos harboring desired C-to-T
edits are highlighted by black and red color circles, respectively. Each data point represents an individual zebrafish
embryo. Data are represented from independent experiments (Injected: N = 150 embryos and were screened and
N = 10 embryos [RFLP positive] were genotyped by Sanger sequencing; Control = 60 embryos were screened and
N = 7 embryos were genotyped by Sanger sequencing for which data have been included in the graph). (D)
Representative chromatogram of the control and mutant embryos indicating the percentage of editing at each
cytosine residue in the protospacer region. Asterisk (*) denotes the site of edit with corresponding editing
percentage (C-to-T or G-to-A). Chromatograms and editing table plot were obtained using EditR. (E) Percentage of
edited alleles with C-to-T edits at different cytosine residues obtained from deep sequencing. Representative data
from embryo 4 show the editing frequency of cytosine (antisense strand) residue (or guanine on the sense strand),
which is highlighted in red and circled. The combination of left arm- pT3-FusXTBE-N and right arm- pT3-FusXTBE-C
was used to obtain the edits. Color images are available online.
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and is presented with symptoms such as mitochondrial

encephalomyopathy, lactic acidosis, and stroke-like epi-

sodes.4

Initially, we chose a pyrimidine-rich target on the

zebrafish mt-co1 gene to identify the editing window

within the protospacer region. Genotyping analyses

revealed that *70% of the injected embryos displayed

editing frequencies of up to 90%. Interestingly, we also

observed several C-to-T edits having a 5¢TCC sequence

context, which may be due to the accessibility of the

DddAtox molecule to the unstacked pyrimidine strand

during the editing event.

Gaining insights from these observations, we chose

a target in the mt-co3 locus to introduce a PTC upon a

successful C-to-T edit at the m.C10215 position, thereby

truncating the amino acid sequence, instead of the usual

FIG. 9. Functional consequence of base edits in mtDNA in zebrafish larvae. (A-B) Zebrafish larvae injected with
mt-co3 and mt-tl1 BE RNAs raised to 7 dpf were collected and homogenized in 0.5 M perchloric acid and used for
lactate (A) and ATP (B) assays. (A) Lactate concentrations in the samples were quantified (20 larvae each replicate:
N = 6). Larvae injected with mt-co3 and mt-tl1 RNA displayed significant elevated lactate levels compared with the
control ( p < 0.05). Each data represent one biological replicate and error bars are represented as standard deviation.
(B) No significant difference was observed in the steady-state ATP levels of larvae injected with the BE RNAs for mt-
co3 and mt-tl1 genes compared with control larvae ( p > 0.05) (N = 5 for mt-co3 and N = 6 for mt-tl1). ATP levels were
maintained for both the groups. (C) For the mitochondrial respiratory chain complex activities, 20 larvae each tube
were homogenized in the mitochondrial isolation buffer (250 mM sucrose, 20 mM Tris-HCl, 3 mM EDTA, pH 7.4)
followed by differential centrifugation (to enrich mitochondrial fraction), and an assay was performed (N = 6
biological replicates of 20 pooled 7 dpf zebrafish larvae). Slight decrease in the complex I enzyme activity was
observed for both mt-co3 and mt-tl1 BE groups compared with the control larvae, whereas activity for the complex
II was maintained across all the three groups. For complex IV, a significant decrease in the activity was observed for
both sets of larvae injected with mt-co3 and mt-tl1 BE RNA compared with the control. No difference in the citrate
synthase activity was observed between the injected and control larvae (*p < 0.05; **p < 0.01). p-Values were
determined by Student’s t-test. Error bars represent the standard deviation. dpf, days postfertilization. Color images
are available online.
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glutamine at that location. Sequence specificity for such

targets is of utmost importance to avoid any nonspecific

amino acid substitutions either upstream or downstream

of the target nucleotide. Consistent with the high editing

efficiency percentage observed for the previous target,

frequencies of C�G to T�A transitions ranged between

75% and 88% for the injected individual embryos.

Such high percentages of precise edits in vivo gener-

ated with FusXTBE in zebrafish mtDNA allow us to un-

derstand the functional consequence of the truncation of

mitochondrial Co-3 protein in the context of mitochon-

drial biology. Introduction of the premature stop codon

in the mt-co3 gene appeared to significantly downregulate

the activity of complex IV of the mitochondrial respiratory

chain in addition to elevation of lactate concentration.

These differences between mutant and control larvae indi-

cated towards mitochondrial dysfunction in the edited lar-

vae. Moreover, these assays were performed on the larvae,

and it is possible that the difference could be enriched in

specific extensive energy requiring organs such as muscle,

brain, and heart in adult animals.

It will be interesting to see if such high percentage of

edits are able to withstand the oocyte selection of mutant

mtDNA as observed previously with low heteroplasmy of

mtDNA large-scale deletion in zebrafish.16 Recently, a

study describing mice editing with a custom-designed

DdCBE demonstrated base edits in mice F0 and F1 em-

bryos although with maximum mtDNA editing efficiency

up to 57% in F0 generation for one of the loci. Two pups

born to the mutant F0 female mouse harboring edits exhibited

edits at a frequency that ranged between 6% and 26%.18

Our analysis documented C�G to T�A transitions in an-

other target, mt-tl1, an ortholog of human gene MT-TL1

that is implicated in the pathogenicity of the MELAS.

Approximately 70% of MELAS cases are attributed to

the m.A3243G mutation in the human MT-TL1 gene.34

However, modeling this exact variation was not possible

utilizing the DddAtox system due to the lack of a 5¢TC in

the target locus. We adopted a sequence similarity and

secondary structure alignment informatic analyses to pri-

oritize targets in the zebrafish locus (data not shown).

One of the targets identified in the zebrafish mt-tl1 gene

was upstream to the conserved nucleotide to m.A3243

of the human ortholog.

In 70% of the injected embryos, we observed C-to-T

edits at m.G3744 (C10) in the range between 69% and

82%. We did notice another edit with similar percentage

at m.G3739 (C5) within the protospacer window. This

edit at C10 could be masked by using our FusX Extender

series to design 17-mer TALE repeats that could bind to

this nucleotide and make it inaccessible for cytidine de-

aminase activity. This improved FusXTBE architecture

could aid in eliminating nonspecific edits near the tar-

geted cytosine residue.

The two edits in the protospacer region appeared to af-

fect complex I and complex IV of the mitochondrial elec-

tron transport chain, but not complex II, which does not

contain any mtDNA-encoded subunit. These findings

were consistent with the clinical phenotypes strengthened

further by elevated levels of lactate in whole larvae. It

needs to be appreciated that the effects that appear to

be in the range of 25–30% appear to be milder, but that

decrease is at the whole organism level.

Mitochondrial heteroplasmy varies from tissue to tis-

sue and the decrease may be underrepresented by those

tissues with normal mitochondrial function compared

with the ones with impaired bioenergetics. Tissue-

specific effects of this innovational FusXTBE are under-

way. However, the functional studies carried out in vivo

do underscore the ability of FusXTBE to create novel

or already known clinical pathogenic variations in animal

models, which is critical to understand disease mecha-

nism and also useful to perform preclinical drug screens

to identify potential future therapies.

In summary, our study reports the first incidence of

in vivo editing of mtDNA in zebrafish using a program-

mable FusX compatible TALE base editor. Rapid one-

tube FusXTBE system with TALE Writer enables the

facile design of TALE targets against potential base edit-

ing (5¢TC) sites in human and mitochondrial genomes.

The FusXTBE system demonstrated upto 90% C�G to

T�A transitions in individual zebrafish embryos for both

protein-coding and tRNA genes. Studies measuring the

germ line transmission of high mutant mtDNA hetero-

plasmy load and genotype to phenotype correlation will

shed more light on the underlying mitochondrial disease

biology of mtDNA variations.

Conclusion
Mitochondrial medicine was galvanized by the recent

discovery of the DdCBE system enabling single-

nucleotide edits in the mitochondrial genome. In this

study, we build upon this paradigm to extend the base

editing in vivo using the rapid one-tube Golden Gate

TALE assembly system, FusXTBE. Our programmable

system also provides an adaptable algorithm to predict

potential base editing sites in the human and zebrafish ge-

nome based on known editing guidelines, facilitating the

design of TALE targets, and accelerating turnaround time.

The FusXTBE system has demonstrated editing

efficiencies of upto 90% in the mtDNA locus in vivo, of-

fering unique insights into using this automatable and

high-throughput toolbox to model or correct pathogenic

mutations in the mitochondrial genome in cellular
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and animal models. The findings presented in this study

open an avenue to explore the biology of the mitochon-

drial genome and its implications in mitochondrial

disorders.
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