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Abstract

Functional analyses of mitochondria have been hampered by few effective approaches to
manipulate mtDNA and a lack of existing animal models. Recently a TALE-derived base editor
was shown to induce 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, the first example of majority
mtDNA heteroplasmy induction in any system. Gene editing specificity as precise as a single
nucleotide was observed in vivo for a protein-coding gene. Non-destructive genotyping enables
single animal mtDNA analyses for downstream biological functional genomics
applications. FusXTBE is a new gene editing toolkit for exploring important questions in

mitochondrial biology and genetics.
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Introduction

Mitochondria have critical roles in cellular homeostasis, metabolism, apoptosis, and
aging!. Approximately, 80% of the adult-onset and 25% of the pediatric-onset mitochondrial
disorders can be attributed to genetic lesions in the mitochondrial genome. Mutations in both
nuclear DNA as well as mitochondrial DNA (mtDNA) are pathogenic??. For example, a recurring
5 kilobase deletion underlies Kearns-Sayre syndrome (KSS),and a single point mutation
in mtDNA is the basis for mitochondrial encephalopathy, lactic acidosis, and stroke-like
episodes (MELAS) syndrome*>. 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. A prototypical cell harbors around 100-
100,000 copies of circular, double-stranded mtDNA molecules. The proportion 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 current treatments for patients with
mitochondrial disease. Understanding the pathophysiology of mitochondrial disorders contributed
by variations in the mtDNA has been impeded due to the lack of an effective toolkit to engineer
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®1°

, there are
few tools to manipulate/engineer vertebrate mitochondrial DNA (mtDNA) mainly due to the
absence of any common DNA repair mechanisms. DNA nucleases that create double-stranded
breaks in the nuclear genome and subsequently recruiting repair machinery, instead are proposed
to induce the degradation of mtDNA!!"'4, These inherent mitochondrial gene editing challenges
have been circumvented 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-strand breaks.

Gene editing tools, such as mitochondrially targeted zinc-finger nucleases (mtZFNs),
and mitochondrially targeted transcription activator-like effector nucleases (mitoTALENSs) have
been reported to shift mtDNA heteroplasmy in models of mitochondrial disorders!!: 2 15,

Mitochondrially targeted nucleases selectively bind the mtDNA harboring deletions/edits and


https://doi.org/10.1101/2021.05.18.444740
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.18.444740; this version posted May 20, 2021. The copyright holder for this preprint (which

65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

84
85
86
87
88
89
90
91
92
93

94

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

introduce double stranded breaks, thereby triggering rapid degradation of mtDNA. In a previous
study by our group, we developed an alternative approach to introduce precise deletions in the
mtDNA using a novel “block and nick” approach to model KSS in zebrafish!'®. 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 deaminase toxin, DddAx. The
present system uses split halves of DddA.x fused to each of the TALE monomers programmed to
bind a specific sequence on mtDNA. Mitochondrial DdCBE (DddA-derived cytosine base
editor) introduces C-to-T base edits in the spacer region between 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 targeted editing site. Further, Mok et al. show that to target mtDNA
DddAux can be split into two halves at two different positions, each of the split-halve 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 DACBE to interrogate a single target, a process
that can be quite time-consuming if extended to edit multiple targets present on a given mtDNA
molecule. The application of this editing system has been extended to in vivo in a study wherein
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 edited FO animal'8.

Here we describe a universal and programmable vertebrate mtDNA engineering toolbox suitable
for the establishment of new in vitro cell and in vivo animal models. We build upon the existing
DACBE system to develop a rapid, accessible, and efficient programmable FusX!'* 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 non-invasive
method well adapted to zebrafish provides a unique advantage to genotype and propagate injected
embryos that are 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
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95  Generation of mitoFusX TALE Base Editor (FusXTBE)

96  For the generation of this next generation human mitochondrial TALE base editor, the cassette

97 containing the N-terminus half of the DddAwx (split at 1397 amino acid

98  position), uracil glycosylase inhibitor (UGI) and 3’UTR of human A7P5B was amplified from the

99  published DACBE construct (Addgene plasmid no. 157843). The PCR product was digested with
100 the restriction enzymes Xbal and EcoRI. Digested DNA fragments were then subsequently cloned
101  in the pkTol2c-COX8A-mTALEN vector linearized with Xbal and EcoRI to obtain pkTol2c-
102  FusXTBE-N. To generate pkTol2c-FusXTBE-C, the cassette containing the C terminus half of
103  the DddAwx (split at 1397 amino acid position) and UGI was amplified from the DdACBE plasmid
104  (Addgene plasmid no. 157844). The PCR amplicon was digested with Xbal and BsU36I restriction
105 enzyme and cloned in the pkTol2c-FusXTBE-N vector linearized with Xbal and Bsu36I to
106  generate pkTol2c-FusXTBE-C plasmid. Clones were confirmed by Sanger sequencing
107 (GENEWIZ LLC, USA). For =zebrafish mitochondrial FusX TALE base editor
108  constructs, individual cassettes including partial N- and C-terminus of TALE domain, along with
109  Dddax (split at 1397 amino acid position), and UGI were ordered as clonal fragments in pTwist
110  Amp High Copy plasmids from Twist Bioscience, USA. Each of the clonal fragments was then
111  separately cloned in the Bcll-Pstl cut pkidh2GoldyTAL-lacZ-Fokl vector backbone,
112 generating plasmids pT3-FusXTBE-N and pT3-FusXTBE-C. The final FusX mitoTALE-
113 Dddaix backbone plasmids will be made available via our Addgene repository. RVDs specific to
114  prioritized mtDNA genetic loci (Supplementary table 1) were then cloned in the receiving vector
115  backbones using the one-step FusX assembly system!® (Figure 1A). Each of the constructs was
116  sequence-verified by Sanger sequencing. FusX Extender series was build using previously
117  published FusX system where an additional RVD in all possible combinations was added to each
118  of the pLR (last half-repeat) plasmids. This modified design enables us to synthesize TALEs

119  binding to sequences 17 bp long on mitochondrial or nuclear genome.
120 TALE-based technology design tool for mitochondrial genome engineering

121 TALE Writer, a script for the efficient design of TALE-based technologies, was
122 developed using Python 3.7.3. The script can be used to (I) design TALEs around user-specified
123 target sequences, (II) design C-to-T base editors against 5°-TC-3" loci'’, and (IIT) design C-to-T
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124  base editors specifically for premature termination codon (PTC) induction?. The main input of the
125  scriptis a sequence of target genes, and the output is the top-ranked design permutation (for TALE
126  design) or a list of the top-ranked design permutations for each target within the input sequence
127  (for C-to-T base editor design). In general, a user-specified sequence is analyzed considering three
128  design parameters: (I) Obligatory 5°-T° for all TALE repeat arrays'®, (I) desired cut site or edit
129  site at least four base pairs from the target sequence of either TALE repeat array, and (III) target
130 and spacer sequences between 14 and 16 base pairs long (these lengths can also be specified by
131  the user). Since there can be multiple design permutations for every target, in order to decrease the
132  size of the output, a scoring system was developed; each possible design permutation is given a
133  score, consisting of the sum of four Gaussian functions that depend on the length of the target and
134  spacer sequences, and the position of the desired cut site or edit site within the spacer region. In
135  brief, permutations that follow a 15-15-15 design format (TALE-spacer-TALE) and that possess
136  the desired cut site or edit site in the middle of the spacer sequence are favored. For PTC induction,
137  herein defined as a DNA edit resulting in the generation of a non-functional gene product due to
138  the premature termination of translation?’, three types of edits were identified. First, the in-frame
139  5’-TGA-3’ motif, in which a G-to-A edit (equivalent to a C-to-T edit on the opposite strand) results
140  in the stop codon UAA. Second, the 5’-TCAA-3’ motif (CAA in-frame), in which a C-to-T edit
141  also results in the stop codon UAA. Lastly, the 5’-TCAG-3’ motif (CAG in-frame), in which a C-
142 to-T edit results in the stop codon UAG. Noteworthy, PTC induction should be possible both in
143  nuclear DNA and mitochondrial DNA through any of these edits. It is also worth mentioning
144  that the availability of types of edits is currently limited by the strong 5’-TC-3" context preference
145  of'the first generation of DACBEs!”. TALE Writer is hosted at https://github.com/srcastillo/TALE-
146  Writer under a GNU General Public License v3.0.

147 Transfection of the mammalian cell line with mitoFusX TALE Base Editor

148 HEK293T cells were cultured and maintained at 37°C with 5% CO,. HEK293T cell line was
149  obtained from ATCC and cultured in DMEM GlutaMax media (Thermo Scientific, USA)
150  supplemented with 10% fetal bovine serum (FBS) (Gibco, USA) and 1X Penicillin-Streptomycin
151  solution (Pen-Strep) (Thermo Scientific, USA). 30,000 cells/well were seeded in a six-well plate
152 18 hours prior to the time of lipofection by Lipofectamine3000 (Thermo Scientific, USA). Cells
153  were transfected with 750 ng of each TALE-BE monomer (left arm- M7-ND4 pkTol2c-FusXTBE-
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154  C and right arm- M7-ND4 pkTol2c-FusXTBE-N) and 500 ng of pkTol2C-EGFP as a positive
155  control for the lipofection. Media was changed 24 hours post-transfection and cells were cultured

156  for 72 hours before collection for mitochondrial genotyping.
157  Genomic DNA isolation and mitochondrial genotyping

158 Following 3 days post-transfection, media was aspirated, and cells were washed with 1X
159  phosphate-buffered saline (PBS) (Thermo Scientific, USA). Total genomic DNA was extracted
160  from cells using DNeasy Blood and Tissue Kit (Qiagen, USA). Primers flanking the M7T-ND4 gene
161  were used to amplify the edited locus using MyTaq polymerase (Bioline, USA). PCR amplicons
162  were gel extracted and purified using QIAquick Gel Extraction Kit (Qiagen, USA). Purified
163  samples were submitted to Genewiz (GENEWIZ LLC, USA) for Sanger sequencing.
164  Mitochondrial heteroplasmy was quantified using EditR software?! to predict the percentage of
165  edits in the m.G11922 site in the M7-ND4 gene. Raw Sanger sequencing files in .ab1 format were

166  uploaded for each of the control and non-transfected samples.
167  Zebrafish handling and husbandry

168  Adult zebrafish and embryos were maintained according to the guidelines established by the Mayo
169  Clinic institutional animal care and use committee (IACUC number: A34513-13-R16).

170  Zebrafish microinjection

171  Targets predicted by TALE Writer were prioritized to introduce edits in protein-coding and tRNA
172 genes. Mitochondrially encoded cytochrome ¢ oxidase I (mt-col) (non-synonymous substitution),
173  mitochondrially encoded cytochrome c¢ oxidase III (mt-co3) (pre-mature termination
174  induction), and mitochondrially encoded tRNA-leu (m¢-trnll) were chosen as target sites in the
175  zebrafish mtDNA locus. m¢-col and mt-co3 code for subunits of complex I'V of the mitochondrial
176  respiratory chain, whereas m¢-trnll is involved in tRNA aminoacylation. Sequence-verified
177 mitoTALE-BE clones were linearized with Pstl restriction enzyme. Linearized plasmid was used
178 as a template to in vitro transcribe mRNA using T3 mMessage mMachine transcription kit
179  (Thermo Scientific, USA). mRNA was purified using NEB Monarch RNA cleanup kit (NEB,
180 USA). 3 nl of 40 pg mRNA of each arm of the FusX mitoTALE-BE (left- pT3-FusXTBE-N and
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181  right- pT3-FusXTBE-C) was injected into single-cell zebrafish embryos. Injected embryos were
182  then raised in embryo water at 29°C.

183  Non-invasive enzymatic zebrafish genotyping

184  To assess the in vivo editing efficiency of the mitoTALE BE, a method of genotyping was
185 needed that enabled the rapid investigation of the functional readout of mtDNA edits. A non-
186 invasive enzymatic method to extract nuclear DNA from zebrafish embryos was employed with
187  modifications®?. Larvae aged 3 days post fertilization (dpf) were rinsed thrice in fresh embryo
188 media, followed by three washes in collection buffer (30 mM Tris-HCI, 1X tricaine solution).
189  Larvae were aspirated in 40 pL of genotyping buffer (1.5pg/mL proteinase K, 30 mM Tris-HCI,
190  1X tricaine solution) into a 96 well plate and were incubated in a shaker at 37°C for 20 minutes.
191  After incubation, 15uL of the lysis buffer (10 mM Tris-HCI, pH 8.0, 50 mM KCI, 0.3% Tween-
192 20, 0.3% NP-40 and 1 mM EDTA) was added to the incubation mix. The solution was incubated
193  at 98°C for 5 minutes to deactivate the proteinase K and release DNA from cells shed by the larvae
194  upon agitation. This DNA was used as a template for the PCR amplification to genotype the larvae.
195  Each larva was then individually rescued from the 96 well plate and rinsed in 4-quadrant petri

196  dishes with fresh embryo water, before being placed in 24-well plates for incubation at 29°C.
197  Mitochondrial DNA genotyping in zebrafish embryos

198 PCR amplification was performed for each of mt-col, mt-co3, mt-trnll using the respective
199  primers mentioned in supplementary table 2. PCR reaction consisted of 4 pL of 5x MyTaq Red
200 PCR Buffer, I puL of 10uM forward primer, 1 pL of 10uM reverse primer, 0.2 pL. of MyTaq DNA
201  Polymerase, 8 uL of template, and 5.8 pL. dH20. Samples were run in a thermal cycler
202  with the following PCR conditions: (1) 95°C, 3 mins; (2) 95°C, 1 min; (3) 58°C, 30 sec; (4) 72°C,
203 30 sec; (5) go to step 2 34X; (6) 72°C, 5 min; (7) 12°C, hold. PCR amplicons were run on 2%
204  agarose gel and analyzed. 8 pL of the PCR amplicon was used as the substrate DNA for the
205  restriction fragment length polymorphism (RFLP) assay in a total reaction volume of 20 pL (1X
206  buffer, 5 units of restriction enzyme, and remaining volume dH20). Embryos injected with mt-
207  col, mt-co3, and mt-trnll TALE BE RNAs were surveyed for loss of BstYI, gain of Msel, and
208 loss of Sacl restriction sites, respectively. PCR amplicons for the samples confirmed positive by

209 RFLP were then gel extracted and purified using the QIAquick Gel Extraction kit (Qiagen, USA).
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210  Purified amplicons were then submitted to Sanger sequencing (GENEWIZ LLC, USA) to estimate
211  the editing efficiency and any off-target edits in the protospacer region (protospacer region is the
212 sequence between two bound TALE monomers). Chromatogram files were then analyzed using
213 EditR software?! to calculate the heteroplasmy in the injected embryos. Embryos harboring base
214  edits were then placed on the fish facility at 6 dpf to enable the investigation of potential germline

215  transmission and tissue-specific heteroplasmy of the edits.
216  Results

217  Assembly of FusXTBE plasmids

218 To assess the activity of FusXTBE plasmids in mammalian cells, we cloned the split halves
219  of DddAx (split at 1397 amino acid position) and UGI in a FusX-compatible, codon-optimized
220  destination plasmid, pkTol2c-COX84A-mTALEN. This receiving plasmid contained the
221  mitochondrial targeting sequence of human cytochrome c oxidase subunit 8a (COX84) upstream
222 of the N-terminal domain of the TALE cassette to facilitate the import of base editor
223  inside mitochondria. The resulting MTS-TALE-DddA«x module was cloned upstream to 3’UTR
224  sequence from the human A7P5B gene in order to increase the efficiency of mRNA sorting near
225  the proximity of mammalian mitochondria®’. To quantify the editing efficiency in vertebrate
226  zebrafish embryos, a cassette containing DddAx was cloned at the 3’ end of the C-terminus of the
227  TALE domain in the linearized pk-idh2GoldyTAL-lacZ-Fok1 destination vector. We identified a
228  highly functional and sufficient mitochondrial targeting sequence from a reverse engineered in

1624 This derived minimal

229  vivo protein trap in anuclearly encoded mitochondrial protein
230 mitochondrial targeting sequence (MTS) was highly active in zebrafish in vivo compared to
231  previously described MTS sequences and was used to target an array of different proteins capable
232 of interacting with the mtDNA genome!6. We were able to rapidly assemble and test different
233 TALE constructs using the previously published FusX system!®. This method utilizes a library of
234 dimer and trimer RVD (TALE repeat) modules that uses Golden Gate cloning to synthesize a

235  TALE that targets any 15- and 16-mer DNA sequence of interest (Figure 1A-B).

236 TALE Writer predicts potential base editing sites in the human and zebrafish

237  mitochondrial genome
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238 TALE Writer, a computational tool for the efficient design of TALE-based technologies, was
239  developed utilizing Python 3.7.3 to rapidly identify potential target sites for base editing in the
240 human and zebrafish mitochondrial genomes. Based on specific design parameters from prior
241  TALE-based nuclease and gene editor work (described in the methods section), the script allows
242 the identification of cytosines within 5’-TC-3’ loci that can potentially be targeted by FusXTBEs.
243 Some of these edits can lead to the induction of premature termination codons (PTCs), which can
244  result in the generation of non-functional gene products due to the premature termination of
245  translation?’. TALE Writer can specifically identify such targets and
246  calculate their possible FusXTBE design permutations contingent on user-specified parameters,
247  such as the lengths of the TALE arms and the spacer region. Moreover, to decrease the output
248  size,a scoring system that favored a 15-15-15 design format (TALE-spacer-TALE) with

249  target cytosines within the middle of the spacer region was adopted.

250 Following user-specified design parameters, TALE Writer identified a total of 1,547 potential
251  target sites for C-to-T base editing via FusXTBEs in the human mitochondrial genome, 89 of
252 which were amenable to PTC induction (Figure 2A). For example, multiple design permutations
253  were found for the locus m.G11922, which coincides with an in-frame 5°-TGA-3' motif in the
254  forward strand of the human gene M7-ND4. In this case, a successful G-to-A edit (equivalent to a
255  C-to-T edit on the opposite strand) leads to the stop codon UAA. However, this target site is only
256 215 bp upstream of the natural termination codon of the 1,378 bp-long M7-ND4 gene

257  (Supplementary figure 1A), which could complicate downstream analyses of base editing.

258  Similarly, a total of 1,513 potential target sites for C-to-T base editing via FusXTBEs were
259  found in the zebrafish mitochondrial genome, 112 of which coincided with loci amenable to PTC
260 induction (Figure 2B). For example, multiple design permutations were found for the locus
261 m.C10215, which coincided with a 5’-TCAA-3' motif in the forward strand of the zebrafish
262  gene mt-co3. In this case, a successful C-to-T edit leads to the stop codon UAA. Although the top-
263  ranked design permutation for this target had alow-score according to our adopted scoring
264  system (Supplementary figure 1B). This target site is located 305 bp upstream of the natural
265  termination codon of the 786-bp long m¢-co3 gene, which could facilitate downstream analyses of

266  base editing.

10
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267  Based on the originally selected design parameters, no targetable sites amenable to PTC induction
268 in the zebrafish gene mt-nd6 were found (Figure 2B). However, by expanding the allowable
269  lengths of TALE arms and spacer regions up to 17 bp, a 16-16-17 (TALE-spacer-TALE) design
270  permutation for PTC induction was identified in this gene (Figure 2B). Specifically, the zebrafish
271  locus m.C14967, which coincides with an in-frame 5’-TGA-3' motif in the heavy strand of the
272 gene mt-nd6, can be targeted. A successful G-to-A edit in this site (equivalent to a C-to-T edit in
273 the opposite strand) would result in the UAA stop codon. Our FusX Extender series system can

274  enable the manufacturing of such a design permutation as a single-tube reaction.
275 Engineering base edits in vitro using FusXTBE

276  To assess the activity of the modular mito FusXTBE system in vitro, we used the computational
277  tool TALE Writer, to predict the target sites in the human mtDNA locus that are amenable to PTC
278  induction. Out of the 89 potential predicted target sites, we chose to edit the cytosine on the reverse
279  strand at the m.G11922 position of M7-ND4 gene (Figure 3A). We transfected HEK293T
280 cells with each of the monomers of the FusX compatible TALE base editor with G1397-C-
281  DddAqox (left) and G1397-N-DddA o« (right) and measured the editing efficiencies at 3 days post-
282  transfection. PCR across the target locus and subsequent Sanger sequencing revealed editing
283 efficiency at Cs in the range of 30 + 4% (Figure 3B-C). No non-specific edits were observed in the
284  spacer region between the two TALE binding sites, despite favorable Ci and Cs present upstream
285 and downstreamtothe PTC target. To gain a better understanding of the effect
286  of the programmable FusX-TALE modular domain on the editing activity, we compared the
287 FusXTBE system with the original DACBE construct reported!’ targeting the same mtDNA
288  locus. Cells transfected with the original DACBE system exhibited editing efficiencies in the range
289 of 35 + 3% across a series of experiments (Figure 3B-C). These results indicate that
290  the FusXTBE system has a comparable editing efficiency in vitro when bound to the
291 mitochondrial DNA and established this tool for potential additional applications, leveraging the

292  informatic base mapping and rapid assembly system.
293  FusXTBE introduces base edits in vivo

294  Weused TALE Writer to predict potential sites amenable to base editing in the protein-coding and
295  tRNA genes in zebrafish mtDNA. Out of the 1,513 potential sites, we prioritized three targets: two
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296  protein-coding genes, mt-col and mt-co3, and the mt-tRNA-leu gene (or mt-trnll). Amino acid
297  sequences of the zebrafish Mt-Col (Figure 4A) and Mt-Co3 (Figure 4B) proteins displayed more
298  than 80% similarity to their human orthologs indicating a high level of sequence conservation
299  between these vertebrate species. Zebrafish ms-trnll displayed ~69% sequence similarity with the
300 human ortholog at the nucleotide level (Figure 4C). The zebrafish-applicable version of the
301 FusXTBE specific to each of the target loci were assembled using the FusX assembly protocol.
302  The expression of the mitochondrially targeted TALE base editor system (left- pT3-FusXTBE-N
303 and right- pT3-FusXTBE-C) as in vitro synthesized mRNA was injected into the single-cell
304  zebrafish embryos (Figure 4D). More than 70% survival was observed for the embryos injected
305  with mt-col, mt-co3 and mt-trnll BE RNAs over a range of experiments. 3 dpf injected embryos
306  were subjected to non-invasive genotyping to facilitate downstream, longitudinal analyses during
307 the future course of studies (Figure 4D). Survival was monitored till 2 days post genotyping and
308 mortality in the range between 15-20% was observed across the three target-specific genotyping
309 experiments. Subsequently, DNA was extracted from the shed cells in the solution and was used
310 as atemplate for downstream assays such as PCR and RFLP. Base edits in any of the target sites
311  either created a loss or gain of restriction enzyme site, facilitating the scoring for embryos

312 harboring variations in the mtDNA locus.

313  mt-col BE RNAs was designed to edit the cytosine (Cg) on the reverse strand at the m.C7106 of
314  zebrafish mtDNA (Figure 5A). m.G7106A edit on the forward strand or (C-to-T transition on the
315 reverse strand) leads to the loss of a restriction site for the enzyme BstYI. Amplification of the
316  target locus from the extracted DNA followed by mitochondrial genotyping revealed the presence
317  of undigested band (431 bp) in the case of injected embryos as compared to the digested products
318 (265 and 166 bp observed in the non-injected control embryos) (Figure 5B). Sanger sequencing
319 files (.abl) were then assessed using EditR software?! to quantify the level of editing injected
320 embryos. This analysis demonstrated that FusXTBE was highly efficient in vivo as compared to in
321  vitro, showing editing efficiencies as high as up to 90% (Figure 5C). More than 70% of the injected
322  embryos exhibited mutant mtDNA heteroplasmy. Analysis of the protospacer region revealed that
323  the editing happened in both strands in the pyrimidine stretch present in the protospacer region,

324  with efficiency in the range of 60-80% (Figure 5C-D) in individual zebrafish embryos.
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325 To leverage the potential of this construct in studying loss of function studies for mitochondrial
326  genes, we chose to test the system against the site m.C10215 (Cio) present in the mt-co3 gene
327  (Figure 6A). A C-to-T edit at this position creates a new premature termination codon, UAA,
328 leading to a truncated protein of 160 amino acids [p.(GInl161%*)], as determined by in silico
329  analyses. Embryos were scored based on the gain of restriction site for the enzyme Msel. RFLP
330 analyses from the injected animals revealed the presence of digested products at the expected size
331 of 159 and 152 bp along with the 311 bp undigested WT band (Figure 6B). RFLP analysis was
332  confirmed by Sanger sequencing, wherein RFLP positive embryos displayed 85% mutant
333  heteroplasmy (Figure 6C-D). We did not observe any non-specific C-to-T edits in the protospacer
334  region (Cisand Cis).

335 To confirm that our results were not specific to just protein-coding genes, we decided to test our
336  system against the zebrafish mitochondrial tRNA gene, m¢-trnll (Figure 7A). We chose a site that
337  was conserved across the human and zebrafish genomes. A C-to-T transition at the target site
338 m.G3739 (Cs on the reverse strand) created a loss of restriction site for the enzyme Sacl (Figure
339  7B). Individual embryos that displayed the loss of restriction site corresponding to the uncut band
340 at 363 bp (Figure 7B) harbored 60-70% mtDNA mutant heteroplasmy levels for the target locus
341  (Figure 7C-D). We also observed another edit at m.C3744 (Co) in the protospacer region with
342  comparable mutant heteroplasmy. This observation cannot be deemed as off-target since any C
343  which is preceded by T at the 5° end is observed to be amenable to base editing by the DACBE

344  system as reported previously'’.
345 Discussion

346  Mitochondrial DNA engineering had witnessed significant advancements in the past decade due
347  to the advent of mitochondrially targeted nucleases that leveraged the potential of the absence of
348 double stranded break repair in shifting the heteroplasmy from mutant to wild type mtDNA
349  levels'!: 12 15, However, the utility of this toolkit could not address treating mutant mtDNA
350 homoplasmy or introducing precise edits in the mitochondrial genome. Mok et al., recently
351  described a bacterial toxin, cytosine deaminase that catalyzes the conversion of C+G to T*A in
352  the mtDNA'. This obligate two-component system utilizes two separate non-toxic halves of

353 DddAixfused to TALE monomers to introduce single nucleotide changes in the mtDNA in

13


https://doi.org/10.1101/2021.05.18.444740
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.18.444740; this version posted May 20, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

354  vitro. This system was not readily accessible due to the nature of the TALE construction
355  approach used and did not include any corresponding informatics-based genomic analyses for
356  exploring the potential gene editing outcomes. We built upon this initial architecture and extended
357  the application of mtDNA base editing to model different mutations in mitochondrial genes
358 implicated with clinical manifestations and to leverage it as a tool to understand basic

359  mitochondrial biology.

360 As described previously, investigating a single target would require a user to test four different
361 combinations of the DACBE system (left-G1397-N and right-G1397C, left-G1397-C and right-
362 GI1397N, left-G1333-N and right-G1333C or left-G1333-C and right-G1333N)!7. This system
363 does open an avenue to model or treat single nucleotide pathogenic variations in animal and
364 cellular models. However, traditional methods of TALE assembly either
365 by conventional Golden Gate cloning or via expensive gene blocks impede the progress that the
366 community can make in establishing mtDNA disease animal models. To circumvent
367  these challenges, we integrated our rapid one-step Golden Gate FusX TALE assembly system for
368 use with the DdCBE base editor. We created the mitochondrial FusX TALE base editor
369 (FusXTBE) architecture, where split halves of DddAwxand UGI were fused
370  with a modular FusX!'” compatible with MTS-TALE module. The FusX system consists of 340
371  plasmids, which are pre-assembled trimers (spanning across six libraries), to generate 14.5-to
372 16.5-mer TALE repeats in a single Golden Gate reaction with a 3-days turnaround time. This
373  toolbox offers an additional advantage of being compatible with mitochondrially and
374  nuclearly targeted TALE scaffolds. The FusX system can be automated and integrated to a high
375  throughput robotic liquid handling device, thereby scaling up the number of TALE base editors
376  that can be assembled with minimal human error. This system is available at Addgene and
377  has been successfully utilized for nuclear and mitochondrial gene editing applications, both in

378  vitro and in vivo, with high efficiency'% °.

379  The DACBE system is known to edit C in a 5°TC sequence specific manner on any of the strands.
380 To aid in interrogating different potential base editing sites, we developed TALE Writer, a
381  customizable Python-based script. TALE Writer not only allowed predicting 5’ TC sites across the
382  human and zebrafish mitochondrial genomes. It also provided the top-ranked combinations of

383 TALE arms and spacer regions specific for each identified site. While we identified more than
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384 1,500 such potential 5’TC sitesin each ofthe two species, we were further interested in
385 modeling loss of function studies for mitochondrially encoded protein-coding genes. Loss of
386  function or translational defects due to the creation of premature stop codons in a protein-coding
387  gene will allow us to elucidate its role in mitochondrial disease biology. TALE Writer identified
388  more than 85 such sites in each of the interrogated genomes and can be used to model clinically
389  significant loss of function mtDNA variations in the protein-coding genes, both in cellular and
390 animal models (such as zebrafish). The computation time of the script is usually negligible (the
391  output is virtually immediate) from the moment a user provides an input sequence for a protein-
392  coding gene to obtaining an output with the top-ranked FusX compatible TALE sequences. All the
393 targets used in this study were identified by the algorithm and were experimentally validated in

394  different in vitro and in vivo model systems.

395 As aquantitative test of the FusX TALE modular cassette to DddAwxas a base editor, we
396 compared our system with the previously published DdCBE system for the
397 same mtDNA locus'’. It  was  notable  from  our findings that  FusXTBE
398 demonstrated no significant difference in activity in this in vitro assay (Figure 3B). This served as
399 areference test system for expanding applications including additional work in vivo. For example,
400 the modular linker present in FusXTBE between the RVD domain and DddAx enables changes
401 in the potential editing window in the protospacer region. FusXTBE also offers an opportunity to

402  drive heteroplasmy levels well beyond 30% for other mtDNA targets in mammalian cell lines.

403  Multi-systemic clinical manifestations and varying mtDNA heteroplasmy from tissue to tissue in
404  the case of mitochondrial disorders cannot be replicated by cells in a dish. Therefore, we explored
405  the opportunity of testing the FusXTBE system in vivo. Zebrafish is a suitable animal model for
406  studying mitochondrial disorders due to the 65% sequence conservation with human mtDNA as
407  well as the shared mitochondrial-specific genetic code, strand-specific nucleotide frequencies
408  and fully syntenic gene order®> 26, Microinjection of FusXTBE RNAs in single cell zebrafish
409 embryos not only enhances the cellular delivery but gives a rapid turnaround time to genotype
410 positive embryos within 3 days post fertilization (3 dpf). The poor correlation of phenotype to
411  genotype and stochastic mode of transmission makes it challenging to study the biology of the
412  mtDNA-encoded disorders. To overcome this technical hurdle, we adopted a non-invasive

413  enzymatic genotyping approach?? to screen for embryos harboring positive edits. This approach
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414  allowed us to subject the animals to functional assessment or monitoring the germline
415  transmission of the edits in the F; generation. This assay involves the extraction of DNA from the
416  cells that are shed after an event of modest shaking, ensuring optimal survival. This assay was
417  originally described earlier for the nuclear genotyping?? and with some modifications, we have
418  adapted this assay to genotype mtDNA from zebrafish embryos. High survival rate of injected
419  embryos, i.e., 80%, and successful amplification of the mtDNA RFLP, coupled with rapid TALE

420 assembly, accelerates the process to model various pathogenic mutations in vivo.

421  One of the rationales to prioritize targets in zebrafish was to look for genes involved in clinically
422  associated symptoms and those that are indispensable for mitochondrial function. Mutations in
423  MT-COI and MT-CO3 are associated with conditions such as Leber optic atrophy, cytochrome c
424  oxidase deficiency?”- 28, MELAS disease is primarily associated with mutations in the gene MT-
425  TRNLI and is presented with symptoms such as mitochondrial encephalomyopathy, lactic acidosis,
426  and stroke-like episodes*. Initially, we chose a pyrimidine rich target on the zebrafish mz-col gene
427  to identify the editing window within the protospacer region. Genotyping analyses revealed that
428  approximately 70% of the injected embryos displayed editing frequencies of up to 90%.
429 Interestingly, we also observed several non-specific C-to-T edits having a 5’TCC sequence
430  context, which may be due to the accessibility of the DddA«x molecule to the unstacked pyrimidine

431  strand during the editing event.

432  Gaining insights from these observations, we chose a target in the m¢-co3 locus to introduce a
433  premature termination codon upon a successful C-to-T edit at the m.C10215 position, thereby
434  truncating the amino acid sequence, instead of the usual glutamine at that location. Sequence
435  specificity for such targets is of utmost importance to avoid any non-specific amino acid
436  substitutions either upstream or downstream of the target nucleotide. Consistent with the high
437  editing efficiency percentage observed for the previous target, frequencies of CeG to TeA
438 transitions ranged between 75-88% for the injected individual embryos. Such high percentages of
439  precise edits in vivo generated with FusXTBE in zebrafish mtDNA allow us to understand the
440  functional consequence of the truncation of mitochondrial Co-3 protein in the context of
441  mitochondrial biology. None of these mutations were embryonically lethal, allowing us to monitor
442  the germline transmission of these edits in subsequent F1 generations during the future course of

443  the study. It will be interesting to see if such high percentage of edits are able to withstand the

16


https://doi.org/10.1101/2021.05.18.444740
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.18.444740; this version posted May 20, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

444  oocyte selection of mutant mtDNA as observed previously with low heteroplasmy of mtDNA
445  large-scale deletion in zebrafish!S. Recently, a study describing mice editing with a custom
446  designed DACBE demonstrated base edits in mice FO and F1 embryos albeit with maximum
447  mtDNA editing efficiency up to 57% in FO generation for one of the loci. Two pups born to the
448 mutant FO female mouse harboring edits exhibited edits at a frequency that ranged between 6-

449  26%'%.

450  Our analysis documented C+G to T*A transitions in another target, mt-trnll, ortholog of human
451  gene MT-TRNLI that is implicated in the pathogenicity of the MELAS. Approximately 70% of
452  MELAS cases are attributed to the m.A3243G?° mutation in the human MT-TRNLI gene.
453  However, modeling this exact variation was not possible utilizing the DddAx system due to the
454  lack of a 5°TC in the target locus. We adopted a sequence similarity and secondary structure
455  alignment informatic analyses to prioritize targets in the zebrafish locus (data not shown). One of
456  the targets identified in the zebrafish mt-trnll gene was upstream to the conserved nucleotide to
457  m.A3243 of the human orthologue. In 70% of the injected embryos, we observed C-to-T edits at
458 m.G3744 (Co) in the range between 69-82%. We did notice another edit with similar percentage
459  at m.G3739 (Cs) within the protospacer window. This non-specific edit could be masked by using
460  our FusX Extender series to design 17-mer TALE repeats that could bind to this nucleotide and
461 make it inaccessible for cytidine deaminase activity. This improved FusXTBE architecture could

462  aid in eliminating non-specific edits near the targeted cytosine residue.

463  In summary, our study reports the first incidence of in vivo editing of mtDNA in zebrafish using a
464  programmable FusX compatible TALE base editor. Rapid one-tube FusXTBE system with TALE
465  Writer enables the facile design of TALE targets against potential base editing (5’TC) sites in
466  human and mitochondrial genomes. The FusXTBE system demonstrated more than 85% C-G to
467  TeA transitions in individual zebrafish embryos for both protein-coding and tRNA genes. Studies
468  measuring the germline transmission of high mutant mtDNA heteroplasmy load and genotype to
469  phenotype correlation will shed more light on the underlying mitochondrial disease biology of

470 mtDNA variations.

471  Conclusion
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472  Mitochondrial medicine was galvanized by the recent discovery of the DACBE system enabling
473  single nucleotide edits in the mitochondrial genome. In this study, we build upon this paradigm to
474  extend the base editing in vivo using the rapid one-tube Golden Gate TALE assembly system,
475  FusXTBE. Our programmable system also provides an adaptable algorithm to predict potential
476  base editing sites in the human and zebrafish genome based on known editing guidelines,
477  facilitating the design of TALE targets, and accelerating turnaround time. The FusXTBE system
478  has demonstrated editing efficiencies of more than >85% in the mtDNA locus in vivo, offering
479  unique insights into using this automatable and high-throughput toolbox to model or correct
480  pathogenic mutations in the mitochondrial genome in cellular and animal models. The findings
481  presented in this study opens an avenue to explore the biology of the mitochondrial genome and

482 its implications in mitochondrial disorders.
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Figure 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 and italicized font. Figure 1 was created using Biorender.com
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Figure 2: Predicted targetable sites for premature termination codon (PTC) induction in

human and zebrafish mtDNA as determined by TALE Writer. (A) Using design parameters

extrapolated from TALEN and initial mtDNA base editor work and including assembly parameters

for the FusX system, the human mitochondrial genome possesses a possible 1,547 target sites for

C-to-T base editing, 89 of which are amenable to PTC induction (red circles). (B) Similarly, the

zebrafish mitochondrial genome possesses a total of 1,513 target sites for C-to-T base editing, 112

of which correspond to targets for PTC induction (red circles). 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- as a single-tube reaction.

24


https://doi.org/10.1101/2021.05.18.444740
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.18.444740; this version posted May 20, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 3:
A B -
(A) Human MT-ND4 B) 4 . »
S5TCCT G ATCAAATATSY 830_% :
>
PAGGACTAGTTTATAS 2 .®
S
lFusXTBE g 2
[=]
£
STCCT A ATGCGAAATATSY S 104
PAGGAT, TAGTTTATAS =
0

1 1 L]
FusXTBE DdCBE Control

(© Control T CCTGATOGAAATAT
N T o4 2 38 2 3 8 3 6 4 4 9 3 9

[ G 1 2 1 39 010 2 0 7 6 5 6 0

/,«‘( ‘\\ [\ C 49594 12 2 2 3 91 2 2 1 2 0 2

— eIl Ao A 001 2 0 2|2 + R : B :

S‘TCCTGsATCsAAATATT

FusXTBE % D
T C C T|IG|IA T C A A A TAT
N\ T 8 2 7 8|1 (|6 8 2 3 8 8 6 88
A [*| G o 1 2 9/67|{2 1 0 2 1 1 0 1 0
VIRVERVAR! J \ [\ /| C 12958 4|01 108 2 1 0 3 0 9
SVAY VeV W AV ) AP PNV
5T C C T Gs A T Cg A A A T A T3 A 1 2 3 682|9 3 9 94 9 91 11 92 4
* *
DdCBE T CcC C T[G]A T ¢C A A A TAT
/\ T 8 2 5 8|2|5 8 1 0 7 8 7 88
[ P\
A | “\ G 2 3 3 9|61|2 0o 2 3 1 1 1 3 1
VRVIRVR i VER'JRYVZN \/ Cc 11 9 8 2|0 |0 8 8 2 1 0 1 0 8
ERMVAN SNV . o—W. N 4. U Z\L
55T C C T Gs A T Cg A A A T A T3 A 2 5 6 7892 2 13 94 9 92 12 91 2
sense strand sense strand

Figure 3: Engineering base edits in human cells in vitro using the FusXTBE system. (A)
Potential target sites favorable for base editing in the protospacer region of the targeted human
MT-ND4 locus. (B) Editing efficiency assessed of mitochondrial FusXTBE and DdCBE system in
HEK293T cells, assessed by Sanger sequencing. Data is represented from independent
experiments. Black circle represents editing efficiency by FusXTBE system and black circle

denotes DACBE system. Blue circle represents the wild type heteroplasmy in the target locus in
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the non-transfected cells. Error bars are represented as standard error of the mean. No significant
difference was observed in the editing efficiencies between the FusXTBE and DACBE system (p-
value >0.05 as determined by Student’s t-test). (C) Representative chromatogram of the control
(non-transfected) and cells transfected with FusXTBE and DdCBE plasmids. Asterisk (*) denotes
the site of edit (Cs position) with corresponding editing percentage (C-to-T or G-to-A).

Chromatograms and editing table plot were obtained using EditR.
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Figure 4: Schematic to prioritize base editing targets and non-invasively genotype mtDNA
from zebrafish embryos. (A and B) Targets identified in the mitochondrial protein-coding genes,
mt-col 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-col and
Mt-co3 proteins. (C) The mitochondrial-encoded tRNA gene, mt-trnll, was prioritized to
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introduce base edits. Sequence alignment of human MT-TRNL1 and zebrafish orthologue mt-trnl1
are shown. Red indicates nucleic acid sequences fully conserved between the two species. (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 germline transmission or different functional and molecular studies. Figure
4b was created using Biorender.com. For figure 4A, sequences were aligned using performed by

T-COFFEE multiple sequence alignment webserver and color-coded using BoxShade server.
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Figure 5: Introducing base edits in the zebrafish m#-col gene using the FusXTBE system.
(A) Protospacer region in the mt-col 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
Bstyl restriction enzyme. PCR amplicon from non-injected 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
injected and non-injected control zebrafish embryos. Specific and non-specific target nucleotides
are indicated by red and black colored circles, respectively. Each data point represents an
individual zebrafish embryo. Data is represented from independent experiments. (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). Specific and non-specific edits are
denoted by red and green asterisks (*), respectively. Chromatograms and editing table plot were

obtained using EditR.
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Figure 6:
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Figure 6: Engineering precise base edits in vivo in the zebrafish mz-co3 gene. (A) Sequence of
the potential editing sites in the m#-co3 protospacer region. The resulting gain of the restriction site
for the enzyme Msel post editing event is marked by a dotted rectangle. (B) Screening of embryos
harboring mutations by RFLP. C-to-T edits in the protospacer region leads to gain of recognition
site for the Msel restriction enzyme. PCR amplicon from non-injected 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 Cio present in the protospacer
region both in injected and non-injected control zebrafish embryos. Specific (Cio) and other
DddAtox amenable (Cio and Cis) nucleotides are indicated by red and black colored circles,
respectively. Each data point represents an individual zebrafish embryo. Data is represented from
independent experiments. (D) Representative chromatogram of the non-injected (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.
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Figure 7:
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Figure 7: Modeling mutations in the zebrafish mt-trnll gene. (A) Protospacer region
highlighting the putative cytosine targets in the m¢-trnl1 locus. Restriction site for the enzyme Sacl
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 Sacl restriction enzyme.
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 post-editing (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 injected and non-injected control zebrafish embryos. Specific and non-
specific target nucleotides are indicated by red and black color circles, respectively. Each data
point represents an individual zebrafish embryo. Data is represented from independent
experiments. (D) Representative chromatogram of the control and injected 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). Specific and non-specific
edits are denoted by red and green asterisks (*), respectively. Chromatograms and editing table

plot were obtained using EditR.
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Supplementary table

Supplementary table 1: RVD sequence for mtDNA loci targeted by FusXTBE.

Target gene

Nucleotide sequence (5’-

RVD sequence

3%)
Human MT-ND4 (left)y | GCTAGTAACCACGTTC | NN HD NG NI NN NG NI NI HD HD NI HD NN NG NG HD
Human MT-ND4 (righty | GTAAGTAGGAGAGTG | NN NG NI NI NN NG NI NN NN NI NN NI NN NG NN
Zebrafish mt-col (lef) | CTTTGACCCGGCAGG | HD NG NG NG NN NI HD HD HD NN NN HD NI NN NN
Zebrafish mt-col (right) | AAGTGTTGATAAAGA | NI NI NN NG NN NG NG NN NI NG NI NI NI NN NI
Zebrafish mt-co3 (Ief) | GGAAGGAGAACGAAAA | NN NN NI NI NN NN NI NN NI NI HD NN NI NI NI NI
Zcbrafish mt-co3 (right) | AGAATTGTAAGAGCAA | NI NN NI NI NG NG NN NG NI NI NN NI NN HD NI NI
Zebrafish mt-trnll (left) | AAGGGTTGCTGGGAT | NI NI NN NN NN NG NG NN HD NG NN NN NN NI NG
Zebrafish mt-trnll (right) | TAGGCCTTTTGCAAT NG NI NN NN HD HD NG NG NG NG NN HD NI NI NG

Supplementary table 2: List of oligonucleotides used in the study.

Target gene Forward primer (5’-3’) Reverse primer (5°-3°)
Human MT-ND4 | GCCATTCTCATCCAAACC GGTTGAGGGATAGGAGGAG
Zebrafish mt-col | TGCAGGAGCATCTGTTGATC GACCAATAGCCATTATAGCTC
Zebrafish mt-co3 | CTGAACTAGGGGGATGTTGA GGTTGATCCAATAATAACGTGT

Zebrafish mt-trnll | GTTCAGACCGGAGTAATCCA GGAGTTGTATATAGCCTAACAC
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Supplementary figure
(A) 1 (B) 7
Ll e o L] L] eoe i
:Target:Coordinate Motif: 1+Lleftarm | Spacer Rightarm + 1 :Score vTarget-Coordinate'Motif' 1+Lleftarm | Spacer [ Rightarm +1 [score]
1| 46 TGA | ttatattactaccac | tgacaTGActttcca | aaaaacacataatttga | 86 1 46 | TGA | tatcacatagttgacc | caagcccaTGAcca | ctaactggagctgta | 40 |
2 70 TGA | tttccaaaaaacaca | taattTGAatcaaca | caaccacccacagecta | 86 L2 169 | TGA | tcttattttaactata | atccaaTGAtgacga | gacattattcgagaa | 93 |
3 568 TGA | tgcccaagaactatca | aactccTGAgccaac | aacttaatatgacta | 93 3 172 | TGA | tattttaactataatc |caatgaTGAcgagac| attattcgagaaggga | 100 |
4 586 TGA | tcctgagccaacaact | taataTGActagct | tacacaatagctttta | 99 | 4 201 |TCAA| ttattcgagaaggga | ccttTCAAggccac | cataccccgeecgta | 64 |
5 643 TGA T tacctcmacggactc' cacttaTGActccct | aaageccatgtcgaa T 86 | S 295 | TGA | ttttttttcctaggat | ttttcTGAgctttt | tatcattcaagttta | 93 |
6 799 TGA | taccccttecttgtact .atccctaTGA cata | attataacaagctcca | 71 g e TGA | tageatccggagtaaca | gtaacaTGAgeacat | cacagectcatggaa | 86
7 919 TGAAt ttgt " T Tgi m g H T 6 7/ 480 fTCAA[tggaaggagaacgaaaa[caagccatTCAAtctc ttgctcttacaattcta | 39
| taacagecattcteatc | caaacceec agc caccggegeagtca | 8 528 |TCAG| taggattgtacttcaca |gcactTCAGgctatag aatactatgaagcccca) 64 |
8 1035 TCAA( tcacagtcgcatcataa | tcctctcTCAAggact | tcaaactctactccca | 71 9 718 TGA | tttggttttgaagctg ccgctTGAtattga | cacttcgtcgacgta | 93
9 1044 TCAAA tcataatcctctcte | aaggactTCAAact ctactcccactaata | 39 L 10 | 724 | TGA | tttgaagctgcecgett | gatatTGAcacttc | gtcgacgtagtctga | 93 |
10 1072 TGA | tctactcccactaata | gettttTGAtgactt | ctagcaagectcgeta | 100 | 11 | 745 | TGA | tgacacttcgtcgacg | tagtcTGActattcc | tctacgtatcaatcta | 100 |
11 1075 TGA | tactcccactaataget | ttttgaTGActtct agcaagcectegctaa | 64 | 12 | 772 | TGA | ttcctctacgtatcaa | tctatTGAtgagge | tcatagcctttcta | 84 |
12 1162 TGA | tgctagtaaccacgttc\» tccTGAtcaaatat cactctcctacttaca \ 46 13 | 775 | TGA | ttcctctacgtatcaa | tctattgaTGAgge | tcatagectttcta | 31

Supplementary figure 1: TALE Writer predicted targetable sites for PTC induction in the
(A) human gene M7-ND4 and the (B) zebrafish gene mt-co3. Horizontal arrows represent the
open reading frames for each gene. The tables shown below correspond to raw output generated
by TALE Writer. For each target site, the following information is given: (I) The coordinate of the
target with respect to the start site of the input sequence, (II) the target motif (i.e., TGA, TCAA,
or TCAG), (III) the target sequence of the left TALE (always preceded by an extra 5°TO0), (IV) the
spacer sequence (with only the target motif in capital letters), (V) the sequence complementary to
the target sequence of the right TALE (plus an additional 3’ A, which corresponds to a 5°TO in the
actual TALE target sequence), and (VI) a score with a minimum value of 31 and a maximum value
of 100. TALE Writer generates the top-ranked design permutations for each target, but other design
permutations are stored and accessible. (A) Utilizing initial selected design parameters, TALE
Writer identified a total of 12 target sites amenable to PTC induction in the human mitochondrial
gene MT-ND4. In the light green arrows, each predicted PTC site is represented by a red circle
located at its corresponding local coordinate. Site number 12 (big red circle on the arrow,
highlighted row in the table) was selected for experimental validation. (B) Based on the same
design parameters, TALE Writer identified a total of 13 target sites amenable to PTC induction in
the zebrafish mitochondrial gene m#-co3 (red circles). Site number seven (big red circle on the

arrow, highlighted row in the table) was selected for experimental validation.
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