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Precision Editing of Nuclear and Mitochondrial Genomes 

 

Abstract 

 

 The ability to convert a target nucleotide sequence into any desired nucleotide 

sequence has been a longstanding goal in genome editing. RNA-guided CRISPR-Cas 

systems have transformed this field because genome editing agents could now be 

directed to almost any target sequence by simply varying the choice of a guide RNA. 

CRISPR-Cas systems have since been engineered extensively by our lab and others to 

perform a myriad of precise DNA modifications, including introduction of a single base 

pair change using base editing, and performing targeted insertion, deletion and multiple 

base pair replacement using prime editing.  

 Apart from the nuclear genome, the mitochondrion contains its own genome that 

encodes for proteins and RNAs critical for energy production. Pathogenic point 

mutations in the mitochondrial genome (mtDNA) have been identified for mitochondrial 

disorders including MELAS, LHON, MERRF and Leigh’s disease. Thousands of somatic 

mtDNA mutations remain uncharacterized for their association with human diseases 

and ageing. Given the importance of the mtDNA in human health, there is a critical need 

to develop tools that enable precise mtDNA manipulation. While base editors and prime 

editors have been shown to edit the nuclear DNA in living cells with high efficiencies, 

the challenge of RNA delivery to the mitochondrial matrix have precluded the use of 

CRISPR-based systems for mtDNA engineering.     
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 This dissertation seeks to address the challenge of precision mtDNA editing. We 

developed a CRISPR-free mitochondrial base editor (DdCBE) that enables the first 

precise C•G to T•A base pair conversion within the mtDNA. DdCBE contains a bacterial 

deaminase toxin, DddA, that exhibits unprecedented double-stranded DNA cytidine 

deaminase activity. We engineered non-toxic split halves of DddA, then fused them to 

programmable DNA-binding TALE array proteins to reassemble active DddA at target 

DNA site, resulting in efficient and sequence-specific base editing in both human 

mtDNA and nuclear DNA.  

 Next, we used laboratory evolution to generate DdCBE variants that result in 

improved activity and expanded targeting scope. The canonical DdCBE showed modest 

editing efficiencies at selected mtDNA sites and was limited to editing cytosines in a TC 

context. Using phage-assisted continuous evolution (PACE), we evolved DdCBEs for 

higher editing activity at TC and non-TC targets. DdCBEs containing the DddA11 

variant offer substantially broadened HC (H = A, C, or T) target sequence context 

compatibility for both mitochondrial and nuclear base editing. We observed >100-fold 

higher average editing efficiency of AC and CC targets in mtDNA (~20-25%) than 

canonical DdCBE and ~10-fold higher average editing efficiency of non-TC targets in 

the nucleus (~15-40%). 

 DdCBE enables the installation of disease-associated mtDNA mutations in 

human cells lines and animal models to accelerate preclinical research. Its potential as 

a future therapeutic for debilitating mitochondrial disorders may be realized with further 

developments and innovations.   
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Chapter One: Introduction To Mitochondrial DNA Engineering  

1.1 Origin and Function of Mitochondrion 
 The mitochondrion is a double-membraned organelle present in almost all 

eukaryotes. The mitochondria stands out from other cellular organelles in that it 

contains its own circular DNA (mtDNA) that is separate from the nuclear genome. To 

trace the origin of the mitochondrion, most attempts involves the extensive comparison 

between the sequences of human mtDNA to the genomes of other prokaryotes. 

Phylogenetic analyses by various research groups have led to conflicting results. Some 

of the earliest work suggested that the mitochondrion evolved from an ancestor related 

to the small alphaproteobacteria Rickettsiales, an order consisting exclusively of 

parasitic pathogens and endosymbiotic bacteria1. Advances in metagenome 

sequencing have enabled an exponential increase in the number of annotated genomes 

of lab-cultivated organisms, and more importantly, non-cultivatable species. This has 

led to a more non-biased sampling of reference genomes for phylogenetic analyses. 

Recent work published by Ettema and coworkers postulated that, contrary to current 

hypotheses, mitochondria did not evolve from Rickettsiales or any other currently 

recognized alphaproteobacterial lineage. The authors instead propose that mitochondria 

diverged from Alphaproteobacteria before the diversification of all currently known 

alphaproteobacterial lineages2. Despite the conflicting results regarding the 

mitochondrial ancestral history, it is widely believed that the mitochondria descended 

from a specialized bacteria that was engulfed by another species of prokaryote. This 

endosymbiotic event is widely accepted as a critical determinant for the evolution of 

eukaryotic organisms.  
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During the transition from endosymbionts to mitochondrion organelle, 

endosymbiotic genes that are redundant or unnecessary in the presence of host genes 

were lost.  Other genes could be transferred intracellularly from the bacteria to the host 

nucleus. Havird and coworkers speculated that the early evolution of specialized 

translocation machinery (TIM/TOC)3 was critical for driving gene loss and gene transfer 

from the mitochondria to the nucleus, which could be compensated by the import of 

nuclear-encoded protein products into the mitochondria4. The extensive gene reduction 

resulted in a minimized mitochondrial genome (16.6 kb in human). 

Each circular double-stranded DNA molecule encodes for two rRNAs and 22 

tRNAs for mitochondrial translation of mtDNA genes to synthesize 13 polypeptides for 

of the electron transport chain (ETC). The nucleus encodes for the remaining 99% of 

the mitochondrial proteins, including mitochondrial outer membrane and intermembrane 

space proteins, as well as for most inner membrane and matrix proteins5. Precursor 

protein in the cytosol contain recognition peptides that target them for delivery to the 

mitochondria6. 

1.2 Types of Mitochondrial DNA Modifications 
Consistent with its prokaryotic origin, the mtDNA lacks the nucleosome 

packaging present in the nuclear DNA. The absence of protective histones causes the 

open mtDNA to be more susceptible to DNA damage, resulting in point mutations, 

deletions and copy number loss.  

1.2.1 Point Mutations  
Alkylating carcinogens and reactive oxygen species may result in mtDNA lesions.  

Thymine glycol and 8-oxoguanine are the mostly commonly observed products of 

mtDNA damage7. In particular, unrepaired 8-oxoguanine mispairs with adenine to 
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produce G•C to T•A transversion mutations following replication8. In the absence of 

exogenous chemicals, point mutations in mtDNA purified from brain tissues of old 

individuals consisted predominantly of C•G to  T•A transitions9. The strong bias towards 

transition mutations is consistent with the replication and repair errors associated with 

DNA polymerase γ (POLG), which is the only polymerase found in the mitochondria10. 

Consistent with the mtDNA mutational spectra associated with aging, C•G to T•A and 

T•A to C•G  mutations formed >90 % of somatic mtDNA mutations of 2,658 cancers 

across all 38 tumor types11. Given that G>A and T>C were overwhelmingly represented 

over their complementary C>T and A>G substitutions, it indicates that mtDNA mutations 

are heavily concentrated on the heavy strand11.The extreme strand bias suggests that 

somatic mtDNA mutations, such as those observed in cancer, are likely caused by 

processes associated with mtDNA replication.  

1.2.2 Deletions  
Large-scale mtDNA deletions have been associated with Kearns-Sayre 

syndrome, Pearson syndrome, and progressive external ophthalmoplegia (PEO)12. 

According to MITOMAP, majority of deletions occur within perfect DNA repeats (class I), 

while the remaining deletions are flanked by either imperfect (class II) or non-repeat 

(class II) sequences. It has been hypothesized that class I deletions are likely produced 

from slippage and mispairing between the light and heavy strands during asynchronous 

mtDNA replication13. Non-homologous end-joining (NHEJ) or microhomology-mediated 

end-joining repair of double-strand breaks (DSB) have been proposed as another 

mechanism for the formation mtDNA deletions, but it remains unclear if these repair 

mechanisms operate in mammalian mitochondria14.  
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1.2.3 Copy Number Alterations 
 Unlike the nuclear DNA, mtDNA comprises of several dozens to hundreds of 

copies of its own genome. Given that mtDNA copy number is strictly regulated during  

cell differentiation, cell types with high ATP requirement generally have more copies 

compared to cells types with lower energy demands. 

 Human mtDNA levels may be experimentally increased or decreased by 

overexpressing or knocking out nuclear-encoded mitochondrial transcription factor A 

(TFAM), respectively15. TFAM is essential for packaging mtDNA into nucleoids and is 

required for initiation of mtDNA transcription16,17. A recent study explored the modulation 

of TFAM to manipulate total mtDNA levels. The authors found that increase in absolute 

wild-type mtDNA levels alleviated disease phenotypes associated with a pathogenic 

mtDNA point mutation despite no change in heteroplasmy level18. This work suggests 

that increasing mtDNA copy number could be a potential therapy for mitochondria 

disorders. Cellular or exogenous factors that influence TFAM expression or activity are 

likely to induce changes in mtDNA copy number.  

1.3 Mitochondrial DNA Repair Pathways  
 Unwanted byproducts of mitochondrial respiration include harmful reactive 

oxygen species (ROS). Despite the elevated concentration of ROS within the 

mitochondria, the levels of G  T substitutions within mtDNA that are produced from 

oxidative damage remains similar to that of nuclear DNA19. The unexpectedly low 

frequency of mtDNA somatic mutations suggest the presence of surveillance 

mechanisms to monitor mtDNA integrity. Evidence for mitochondrial-specific NHEJ and 

homologous recombination (HR) have remained lacking thus far. Repair pathways that 
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have been best characterized in vivo or ex vivo include base excision repair (BER) and 

mtDNA fragmentation accompanied my mitophagy.  

1.3.1 Base Excision Repair  
 As the best characterized repair pathway in the mitochondria, BER is responsible 

for removing and repairing small DNA lesions formed by deamination, oxidation or 

alkylation. Isoforms of DNA glycosylases UNG and OGG1 are appended with a 

mitochondrial targeting sequences (MTS) for localization to the mitochondria. These 

glycosylases excise the damaged base to generate an abasic site, which is then 

cleaved by apurinic/apyrimidinic endonuclease1 (APE1) to generate a single-strand 

break (SSB). Subsequent gap filling and ligation can be achieved by short-patch repair 

or long-patch repair. During short-patch repair, polymerase gamma (POLG) removes 

the residual sugar and inserts a single nucleotide into the gap using its polymerase 

activity20,21. DNA ligase LIG3 then seals the nick to re-form the continuous DNA 

backbone22. If a blocking sugar residue at the 5’-end of the nucleotide gap precludes the 

formation of a 5’-phosphate group, long-patch repair is deployed by POLG for additional 

strand displacement and flap removal prior to sealing of nicked DNA23. 

1.3.2 Mitochondrial DNA Degradation and Mitophagy   
 Rare attempts to repair mitochondrial DSBs often result in the accumulation of 

deleterious mtDNA deletions24. Given the polyploidy nature of mtDNA, DSB-containing 

mtDNA copies are degraded instead of repaired. Recent experiments in human cells 

lines suggest that  the 3’5’ exonuclease activity of POLG  and the mitochondrial 

genome maintenance exonuclease (MGME1) are critical for degradation of linearized 

mtDNA25.  
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 When damage to the mitochondria is extensive or persistent, the whole organelle 

could be targeted for elimination through mitophagy in a ubiquitin-dependent or 

mitochondrial receptor protein-dependent pathway26. Mitophagy enables purifying 

selection in the female germline to limit the transmission of harmful mtDNA mutations to 

the progeny27. The mitochondrial unfolded protein response has been proposed as a 

possible mechanism to prevent propagation of harmful mtDNA mutations that occur in 

somatic cell types28. The complete set of regulatory pathways that control mtDNA 

heteroplasmy, however, remain unclear.  

1.3.3 Mismatch Repair and Nucleotide Excision Repair 
 The is emerging evidence that mismatch repair (MMR) and nucleotide excision 

repair (NER) could be active in the mitochondria. In the nucleus, MMR and NER are 

responsible for bulky lesions that cannot be repaired by MMR. These include base pair 

mismatches, insertion-deletion loops, and adducts formed from UV irradiation or 

carcinogens.  MMR activity has been detected in vitro by incubating a mismatched DNA 

template with cell lysates from rats and human, but protein components associated with 

nuclear MMR were not detected in the mitochondria29,30. The error-prone DNA 

translesion polymerase θ (POLQ) was recently detected in the mitochondrial matrix, but 

it remains unknown if POLQ retains its nuclear ability to bypass UV-damaged mtDNA 31. 

More work is needed to elucidate the components of mitochondrial MMR.   

1.4 Mitochondria DNA Diseases  
 Mitochondrial diseases refer to genetic disorders that are characterized by 

defects in oxidative phosphorylation. With an incidence rate of approximately 1.6 in 

every 5,000 individuals32, mitochondrial diseases are the largest class of inborn errors 

of metabolism33. Given that mitochondria is present in all human cell types except for 
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red blood cells, diseases symptoms often manifest in multiple organs. In particular, 

organs with high energy demands including the heart, brain and skeletal muscles are at 

a higher risk of malfunction34. In this section, we summarize the genetic origins of 

mitochondrial diseases and methods for diagnosis.  

1.4.1 Genetic Basis of Primary Mitochondrial Disorders 
 Out of the 1,158 proteins essential for mitochondrial function, 338 genes have 

been demonstrated to impair energy metabolism when defective35.  These genes are 

collectively referred to as ‘disease genes’. 89% of disease genes are encoded by the 

nuclear DNA and may exhibit autosomal dominant or autosomal recessive modes of 

inheritance depending on the pathogenicity of a given mutation and the presence of 

other disease alleles. 11% of the disease genes are encoded by mtDNA. These 

mutations are inherited maternally or occur through somatic mutations. It is estimated 

that approximately 50% of mitochondrial diseases in children and adult are caused by 

defects in nuclear genes, while the remaining half is driven by point mutations in 

mtDNA36,37.  Given the polyploidy nature of mtDNA, disease genes may be present in 

two or more copies. The mixture of mutant mtDNA with healthy wild-type copies gives 

rise to a phenomenon known as heteroplasmy.  Most mitochondrial diseases that are 

associated with pathogenic mtDNA variants exhibit strong genetic penetrance in which 

higher levels of mutant DNA increases the severity of clinical symptoms. The level of 

mtDNA mutation must exceed a threshold level before clinical symptoms are detected. 

A mutant load of 60%-80% is often considered to be the threshold level, but the exact 

level of heteroplasmy required for the onset of disease symptoms varies depending on 

the individual’s genotype38. 
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1.4.2 Diagnosis  
Clinical diagnosis traditionally begins with a pedigree analysis and medical 

assessment of neurological, ophthalmologic, audiologic, cardiac, gastrointestinal, 

endocrine and renal clinical symptoms39. Although there are a few established 

symptoms suggestive of a mitochondrial etiology, the genetic heterogeneity of 

associated with mitochondrial diseases impedes efforts to categorize patients into well-

defined diagnostic groups. To accelerate the speed and accuracy of diagnosis, 

clinicians may collect blood samples to perform whole exome sequencing of nuclear 

DNA and whole-genome sequencing of mtDNA40. Given the advances in sequencing 

technologies and bioinformatic pipelines, the genomic approach is able to detecting rare 

mutations in the nuclear DNA and mtDNA while keeping costs affordable. Global 

sharing of sequencing data will also facilitate the discovery of new disease-causing 

genes and inform clinicians about potential therapies to treat mitochondrial diseases.   

1.5 Current Treatment Approaches  
Therapies for mitochondrial diseases have historically been challenging. Given 

that many disease-causing mutations within the nuclear and mtDNA are unknown or 

poorly-characterized, it is challenging to identify candidate drug targets, generate animal 

disease models and validate primary outcome measurements to monitor therapeutic 

efficiency. The double-membraned organelle poses an additional challenge for the 

delivery of small-molecule drugs and nucleic acids into the mitochondrial sub-

compartment. Extreme clinically heterogeneity may also require multiple therapy 

regimes to correct all diseases phenotypes. Majority of the recent or active clinical trials 

for mitochondrial diseases rely on small-molecule metabolites to modulate cellular redox 

environment or to stimulate mitochondrial biogenesis41. This section summarizes the 
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pharmacological and gene therapy approaches to treat mitochondrial diseases, and 

highlights the limitations of each approach.  

1.5.1 Pharmacological Approach  
 Antioxidants were proposed as mitochondrial therapeutics owing to its ability to 

eliminate ROS and reduce oxidative stress. Idebenone, an analogue of Coenzyme Q10,   

was recently approved by the European Medicines Agency for the treatment of Leber 

hereditary optic neuropathy (LHON)42. Patients treated with idebenone, however, 

showed only limited recovery of visual acuity. In addition, the off-target effects of long-

term antioxidant usage is poorly understood.  An alternative to using antioxidants for 

modulating redox balance is the NAD+ cofactor. In two recent phase-I clinical trials, oral 

administration of NAD+ into healthy volunteers led to steady-state levels of NAD+ and 

improved muscle strength43. Later trials will likely target patients with primary 

mitochondrial diseases.  

Disruptions in intracellular DNA nucleotide pools can lead to mtDNA depletion 

and impair the activities of respiratory enzymes. Thymidine kinase 2 (TK2) is a nuclear-

encoded protein that is critical for the mitochondrial pyrimidine salvage pathway. TK2 

deficiency causes mtDNA depletion and often leads to progressive muscle weakness. 

Previous studies found that administration of deoxycytidine monophosphate and 

deoxythymidine monophosphate restored ETC function and increase the lifespan in 

TK2-deficient mice44. A phase 3 trial is ongoing to study the efficacy and safety of 

nucleotide supplementation for TK2-deficient patients (NCT04581733).  

Apart from regulating the mitochondrion microenvironment, the number of 

mitochondria could be increased to compensate for deficiencies in mitochondrial 

functions. Small-molecules that are in clinical trials for enhancing mitochondrial 
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biogenesis include NAD+ supplementation (NCT03973203), an NAD+ derivative 

acipimox (ISRCTN12895613), and a NAD+ modulator KL1333 that increases 

intracellular NAD+ levels via NADH oxidation (NCT03888716).  

There are currently very few mitochondrial disorders that can be treated using 

pharmacological approaches. Most of these small-molecules or biologics that are in 

clinical trials aim to alleviate disease symptoms at best, but are unlikely to be curative. 

The potential off-target activities and side-effects from long-term of these drugs also 

require further careful assessment.  

1.5.2 Gene Therapy Approaches 
  Potential gene therapy approaches target with defects within the nuclear DNA or 

the mtDNA. In this section, we outline attempts to use mitochondrial replacement 

therapy, allotopic gene replacement and mtDNA heteroplasmy manipulation to restore 

mitochondrial function in diseases individuals. 

1.5.2.1 Mitochondrial Replacement Therapy  
 Mitochondrial replacement therapy (MRT) is a form of assisted reproduction 

technique to replace the diseased mitochondria in eggs from affected women with 

healthy donor mitochondria. The process typically  involves the transfer of nuclear 

genome from unfertilized oocytes or fertilized zygotes obtained from the prospective 

mother into an enucleated donor egg containing unaffected mitochondria45. Pronuclear 

transfer (PNT)46,47, maternal spindle transfer (MST)48 and polar body transfer (PBT)49 

are the three main approaches for MRT. The UK is currently the only country to regulate 

mitochondrial donation, but it is unclear how many live births have resulted from MRT. A 

clinical trial to monitor the fetal and postnatal development of children conceived using 

PNT is awaiting results (NCT04113447). 
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Current methods of MRT, while effective at minimizing maternal mtDNA 

contamination, are unable to completely eliminate carryover of mutant mtDNA into 

donor cells. Carried-over parental mtDNA was found to persist in nonhuman primates 

generated through MST or PBT50. A live human infant derived from MST was found to 

contain between 2.37 to 9.23% mutant mtDNA seven months after birth. While the 

levels of mtDNA heteroplasmy are low, it remains unclear if the carryover mtDNA will 

eventually outgrow the donor mtDNA to reestablish the disease phenotype. In addition, 

MRT cannot address late-onset diseases arising from mutations that occur de novo in 

somatic tissues. As more research needs to be conducted to ensure the safety and 

efficacy of MRT, developments of alternative therapies should be explored. 

1.5.2.2 Allotopic Gene Replacement  
 To replace a defective mitochondrial gene product, the mitochondria gene is 

recoded using the nuclear genetic code and delivered into cells using a viral or non-viral 

delivery vector. The nuclear expression of mitochondrial genes is referred to as allotopic 

expression. Since the gene includes the MTS, the protein is synthesized in the nucleus 

and trafficked to the mitochondria through the addition of MTS. There are several 

clinical trials investigating the efficacy and safety of allotopic gene expression to treat 

LHON patients with the m.11788G>A mutation in MT-ND4, which is the most common 

mutation signature associated with the disease41. In these trials, recombinant adeno-

associated virus 2 (AAV-2) carrying MT-ND4 were administered into patients via 

intravitreal injection. Patients reported varying levels of improvements in visual acuity 

after four to eight months51,52. A major limitation to allotopic gene replacement is the 

lack of control over gene expression. Overproduction of wild-type protein could lead to 

the toxic buildup of mitochondria protein precursors and accumulation of misfolded 
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protein in the cytosol. This triggers a cellular stress response known as mitochondrial 

precursor overaccumulation stress (mPOS), which could end up disrupting 

mitochondrial function53. Further research into methods for controlled gene expression 

control is required to ensure the safety and efficacy of allotopic gene replacement.  

1.5.2.3 Modulating Mitochondrial DNA Heteroplasmy  
 mtDNA heteroplasmy is determined at birth through germline segregation and 

may vary throughout one’s lifetime by segregation of mtDNA within somatic tissues. For 

penetrant diseases, the disease burden is more severe when the percentage of mutated 

mtDNA exceeds an upper limit. This phenomenon is known as the threshold effect. The 

threshold effect is mutation- and patient-specific, and is typically ~60% or higher54. 

Given that individuals are able to tolerate levels of mutant mtDNA below a threshold 

without manifesting clinical symptoms, an emerging strategy for treating mitochondria 

diseases focuses selectively eliminating mutant mtDNA to shifting heteroplasmy in favor 

of wild-type copies55.  

 To target mutant mtDNA copies, sequence-specific DNA-binding proteins are 

required. Current work on mtDNA targeting have focused on zinc fingers proteins 

(ZFPs) and transcription activator-like effectors (TALEs) that are localized to the 

mitochondria and rely on protein-DNA interactions for target recognition.  

PP consist of a domain that is widespread among eukaryotic transcription 

factors. This domain contains four amino acid residues within a helix to recognize a 3-

bp sequence on one DNA strand56,57. The amino acid identities can be varied 

depending on the target sequence. Multiple ZFPs can be combined in tandem to form 

an extended repeat array that recognizes up to 18-bp58.  



 13 

TALE protein is another class of modular DNA-binding proteins that was first 

discovered in the plant pathogen Xanthomonas. each TALE repeat comprises of 33-35 

amino acids that fold to form two helices connected by a short 2-amino-acid loop in the 

12th and 13th positions of each repeat59. The 12th residue stabilizes the RVD loop and 

the 13th residue makes a base-specific contact. The two amino acids, which are 

referred to as the repeat variable diresidue (RVD), is thus responsible for the single 

nucleotide specificity of each TALE repeat60,61. By changing the RVD, TALE repeats 

have been engineered to recognized endogenous DNA sequences in humans for gene 

regulation and DNA manipulation62,63.   

To shift mtDNA heteroplasmy, DNA nucleases are fused to ZFPs or TALE 

proteins to form a zinc finger nuclease (mtZFN) and TALE nuclease (mitoTALEN), 

respectively. These programmable nucleases are localized to the mitochondria by MTS 

peptides and selectively bind to mutant mtDNA sequences. The sequence nonspecific 

endonuclease FokI has been engineered extensively to function as an obligate 

heterodimer64,65. DSB is introduced to the mutant mtDNA only when both monomers of 

mtZFN or mitoTALEN are bound to the target DNA to reconstitute an active nuclease. 

Linearized mutant mtDNA are rapidly degraded within the mitochondria25,66. The cell 

repopulates its mtDNA pool by using the wild-type mtDNA as a template for replication, 

thus shifting the mtDNA heteroplasmy in favor of wild-type DNA. mtZFNs and 

mitoTALENs have been used to modulate mtDNA heteroplasmy in disease-associated 

human cell lines and mouse models, leading to reversion of disease-related 

phenotypes67-73. Recently, a monomeric I-CreI meganuclease (mitoARCUS) was 

engineered for in vivo heteroplasmic shifting of mouse m.5024C>T mutation in the mt-
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tRNAAla gene74. Unlike mtZFNs and mitoTALENS, meganucleases performs both DNA 

binding and DSB introduction without requiring fusions to other protein effectors53. While 

it remains difficult to engineer the 50-amino-acid interface within the meganuclease that 

contacts ~22 bp of DNA,  the small size of meganucleases (<1100bp) makes it an 

amenable to many delivery modalities. To transit hetroplasmy modulation to clinical trial, 

challenges including potential immunogenicity, off-target DSBs in nuclear DNA and 

mtDNA and delivery will need to be addressed.  

1.6 Precise DNA Editing  
Current mtDNA gene therapies rely on whole organelle replacement, transgene 

expression or targeted mutant mtDNA degradation. These approaches restore 

mitochondrial health by increasing the proportion of healthy mtDNA through various 

mechanisms, but leave the mutant mtDNA unchanged. Given the challenges posed by 

mutant mtDNA carryover and lack of allotopic gene expression control, alternative gene 

therapy options could be explored.  Precise genome editing––defined as the conversion 

of a targeted DNA sequence into a new DNA sequence––has greatly advanced basic 

research and clinical applications. The development of RNA-guided CRISPR-Cas 

systems has revolutionized the field of targeted genome editing75-77. CRISPR-Cas 

proteins use a guide RNA (gRNA) to direct binding of target DNA or RNA. By relying on 

Watson-Crick RNA-DNA or RNA-RNA base pairing, CRISPR-Cas proteins can be 

readily programmed to bind to almost any target DNA or RNA by simply changing the 

gRNA sequence without having the alter the entire amino acid sequence of the protein. 

This is in contrast to traditional DNA-binding proteins including ZFPs, TALEs and 

meganucleases, where a separate protein with a different amino acid sequence will 

have to be synthesized for every distinct DNA target.  
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Given the ease of reprogramming CRISPR-Cas proteins for targeting a desired 

nucleic acid sequence, this system has been extensively engineered for a wide variety 

of applications, including  DSB-induced gene disruption78, epigenome editing, gene 

deletions, gene insertions and gene replacements. In this section, we focus on class of 

CRISPR-based precision genome editing platform known as base editing79. 

Base editing is a technology that enables the targeted introduction of single 

nucleotide changes within the DNA or RNA of living cells. Given that most single 

nucleotide variants in humans remain uncharacterized, and that approximately half of all 

known human pathogenic mutations are caused by DNA point mutations, base editing is 

a versatile and powerful tool for installing or correcting point mutants in the genome and 

transcriptome of humans and other organisms. There are currently two classes of DNA 

base editors – cytosine base editor (CBE) and adenosine base editor (ABE).  

A base editor generally comprise of at least two domains, a programmable DNA-

binding domain (typically an RNA-guided CRISPR-Cas protein) and an effector domain. 

Given the growing number of new CRISPR families being discovered, users may select 

from a suite of Cas proteins that has a protospacer adjacent motif (PAM) preference 

matching the desired target site. The binding affinity of these bacteria-derived Cas9 

proteins for eukaryotic DNA and their expression in mammalian systems, however, 

need to be validated to ensure efficient base editing. For CBE and ABE, a DNA 

deaminase enzyme is used as the effector protein.  

1.6.1 Cytosine Base Editor   
CBE catalyzes the conversion of a C•G to T•A base pair without introducing 

DSBs. The first CBE (BE3) was reported by Komor, Liu and co-workers uses the 

nickase form of Streptococcus pyogenes Cas9 (SpCas9)  fused to a naturally occurring 
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cytidine deaminase enzyme APOBEC1 from Rattus norvegicus (rAPOBEC1). The Cas9 

nickase contains a catalytically inactivating D10A mutation in the HNH nuclease 

domain75. To suppress cellular base excision repair of U•G intermediate to the starting 

C•G80, a uracil glycosylase inhibitor (UGI) protein from Bacillus subtilis bacteriophage 

PBS1 was fused to the C-terminus of the base editor to inhibit uracil-DNA glycosylase81. 

The resulting CBE architecture listed from N- to C-terminus is rAPOBEC1–

SpCas9(D10A)–UGI.  

The base editing mechanism is initiated through the formation of single-stranded 

DNA (ssDNA) at the target DNA site. The dSpCas9–gRNA complex recognizes its 

target DNA through canonical base pairing between the gRNA and the non-PAM-

containing DNA, resulting in the formation of an R-loop intermediate in which a short 

stretch of the PAM-containing DNA strand is displaced as ssDNA. The exposed ssDNA 

bases are positions 4-8 within the protospacer if the PAM is counted as positions 21-23. 

Given that rAPOBEC1 is specific for cytosines within ssDNA, cytosines present within 

this editing window are deaminated to form a U•G intermediate. Uracil, if left unrepaired, 

is read as a thymine by polymerases within the cell and resolved into a T•A base pair.  

Further optimizations to the linker lengths, UGI protein copies and codon-

optimized sequences resulted in CBEs that substantially increased editing efficiencies in 

human cells82,83. In addition to rAPOBEC1, other native or engineered cytosine 

deaminases have been applied for base editing84,85. Depending on the choice of 

deaminase, the editing window of the CBE variant may expand or narrow compared to 

the canonical 4-8 bp targeting window of BE386-90. Engineered cytosine deaminases 

also exhibit altered sequence context preferences neighboring nucleotides flanking the 
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target cytosine86,91. They have also reduced deaminase-dependent DNA and RNA off-

target activities of base editors89,91-94. Cas9 variants with alternative PAM specificities 

have been developed to further complement cytosine base editing84. 

1.6.2 Adenine Base Editor  
 Inspired by CBE, there was growing interest to develop other classes of base 

editors. It is known that adenosine deamination produces inosine, which is most 

commonly read as guanine by cellular polymerases95.  Analogous to CBEs, an adenine 

base editor (ABE) would, in principle, contain a deaminase that targets adenosine within 

the single-stranded R-loop for conversion into inosine. The resulting I•T base pair will 

then resolve into a G•C base pair.  

A-to-I editing was first identified in double-stranded RNA (dsRNA) of Xenopus 

laevis eggs and embryos96. Adenosine deaminase acting on RNA (ADAR) was 

identified as the first family of enzymes that mediated mammalian A-to-I RNA editing97. 

In addition to the ADAR family, adenosine deaminase acting on tRNA (ADATs) have 

been identified in mammals and yeast based on their sequence homology to ADARs98. 

A bacterial ortholog of the  of ADAT, known as TadA, was later identified in Escherichia 

coli99. While enzymes that catalyze A-to-I editing in multiple RNA classes have been 

extensively characterized, there has been no reports of putative A-to-I editing in DNA. 

Adenosine deaminase remains the only known enzyme that converts free 

deoxyadenosines to deoxyinosine100.  The absence of naturally occurring adenosine 

deaminases that accept DNA as substrates presented a significant hurdle for ABE 

development.  

Gaudelli, Liu and coworkers designed an bacterial antibiotic selection strategy to 

evolve TadA enzyme for activity against adenosine in ssDNA. After seven rounds of 



 18 

selection and refinement, the authors reported a TadA variant (ABE7.10) that contained 

14 amino acid mutations101. Given that TadA naturally acts as a homodimer in which 

one monomer binds to the tRNA subtrate and the other monomer catalyzes the 

deamination102, ABE7.10 was fused to a wild-type TadA monomer to form a 

heterodimer that was then tethered to Cas9 nickase. This resulting ABE resulted in 

average editing efficiencies of 58% across 17 genomic loci within living cells, with an 

editing window of positions 4–7 within the protospacer101. Importantly, no DNA repair 

manipulation protein is required given the rare frequency of inosine lesions in DNA.  

Subsequent studies further evolved ABE7.10 for improved activity and enhanced 

compatibility with other Cas9 homologs103,104.  The highly active variants produced 

higher off-target editing frequencies than the starting ABE7.10. To minimize the levels of 

Cas9-dependent and independent DNA off-targeting, transient delivery modalities 

including RNA-protein (RNP) complexes may be considered103-106. Mutations have 

previously been installed in TadA to reduce RNA editing of ABEs94,107,108.  Mutations 

that maintain high on-target DNA activity while minimizing off-target RNA activity may 

be incorporated into the evolved TadA variants103.   

1.6.3 Applications and Limitations  
 Given that ABEs and CBEs enable the installation of all possible DNA transitions, 

these base editors have accelerated the development of therapeutics for many 

debilitating diseases including ex vivo engineering of allogenic chimeric antigen receptor 

T cells for use in cancer immunotherapy104,109, inherited blood disorders110,111, liver 

diseases112,113 and Duchenne muscular dystrophy114.  

 Single nucleotide variant (SNVs) comprise of over 96% of annotated human 

genetic variants. More than 99% of these SNVs currently lack functional 
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characterization115. To elucidate for functional role of a given SNV, base editors have 

been used for high-throughput functional genomics screen. CBEs were recently used to 

identify SNVs that resulted in loss- and gain-of-function in DNA damage response 

genes commonly implicated in cancer.  This growing compendium of functional SNVs 

will be useful for studying drug-gene interactions to develop targeted therapies116,117. 

In addition to human therapeutics, base editing has been used widely for plant 

editing to address critical agriculture challenges118. Cytosine base editing has been 

used to introduce herbicide-resistance point mutations119-121, engineer disease 

resistance122, modulate the nutritional content and flavor profile123-125 and increasing 

crop yield126,127.  

Base editors can efficiently install the four transition mutations (C→T, G→A, 

A→G, and T→C) but cannot currently perform the eight transversion mutations (C→A, 

C→G, G→C, G→T, A→C, A→T, T→A, and T→G), targeted insertions and targeted 

deletions. To address this challenge, Anzalone, Liu and coworkers developed prime 

editing128.  The prime editor consists of a catalytically impaired Cas9 endonuclease 

fused to an engineered reverse transcriptase. The prime editing guide RNA (pegRNA) 

specifies the target site and encodes the desired edit. Prime editing has since been 

testing in human cell lines and animal models for in vivo editing129,130.  

While base editors and prime editors have been applied extensively for nuclear 

DNA engineering, they cannot be used for mtDNA manipulation. The self-contained 

mtDNA encodes for all the tRNAs and rRNAs required for mitochondrial translation. 

Transcription of mtDNA produces a polycistronic transcript which is processed by 

mitochondrial RNase P to release individual transcript. While nuclear RNase P contains 
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a catalytic RNA subunit131, mitochondrial RNase P does not require trans-acting RNA 

for catalysis132. The all-protein nature of mitochondrial RNase P suggest little need for 

RNA import.  RNA species like mitochondrial RNA processing ribonuclease and 5s 

rRNA, which were previously thought to be imported in the mitochondria, have since 

been structurally and biochemically shown to localize exclusively in the nucleus or are 

absent in the mitochondria133-138. A proximity-based labelling method was developed by 

Ting and coworkers to map the cellular localization of endogenous RNAs139,140. Results 

from the study revealed that RNAs enriched in the mitochondria are already encoded by 

the mtDNA. The absence of foreign RNA within the mitochondrial matrix lends support 

to the lack of reliable RNA import machinery for the mitochondria141.  

A defining feature of CRISPR-Cas system is the RNA-guided mechanism for 

target DNA or RNA binding. Since there have been no corroborative evidence for RNA 

import into the mitochondria, other RNA-free nucleic acid binding domains like ZFPs 

and TALE protein will be required for mtDNA binding. However, these proteins do not 

unwind DNA to generate exposed ssDNA bases required for targeting by existing 

deaminase enzymes that have been used for base editing. In fact, all reported cytidine 

deaminases thus far show no activity on dsDNA. As such, performing base editing in 

mitochondria remains challenging.   
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Chapter Two: A Bacterial Cytidine Deaminase Toxin Enables CRISPR-Free 
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2.1 Introduction  
While cytidine and adenosine deaminases are important for precision genome 

editing, their biochemical and functional diversity remain largely unexplored142,143. 

Bacterial genomes contain a variety of uncharacterized deaminases144, raising the 

possibility that some may possess unique activities that enable new genome editing 

capabilities.  

Inherited or acquired mutations in mitochondrial DNA (mtDNA) are associated 

with a spectrum of human diseases145,146. Tools for introducing specific modifications to 

mtDNA are urgently needed both to model and to potentially treat these diseases. The 

development of such tools, however, has been stymied by the challenge of transporting 

RNAs into mitochondria, including guide RNAs that are required to program CRISPR-

associated proteins141.  

Each mammalian cell contains many copies of a circular mtDNA that can exist in 

a heteroplasmic mixture of wild-type and mutant alleles147. Current approaches to 

manipulate mtDNA rely on RNA-free programmable nucleases, such as transcription 

activator-like effectors nucleases (TALENs)69,72 and zinc finger nucleases (ZFNs)148, 

fused to mitochondrial targeting signal (MTS) sequences to induce double-strand 

breaks (DSBs) in mtDNA. Linearized mtDNA is rapidly degraded25,66, resulting in 

heteroplasmic shifts to favor uncut mtDNA genomes. As a candidate therapeutic or 

disease-modelling tool, this approach cannot introduce non-native nucleotide changes 

in mtDNA, and cannot be applied to homoplasmic mtDNA mutations since destroying all 

mtDNA copies is presumed to be harmful147. Moreover, DSBs cause the edited cell to 

undergo the transient loss of targeted mtDNA before repopulation, which could cause 

cellular toxicity.  
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An alternative to targeted destruction of mutant mtDNA through DSBs is 

precision genome editing, a capability that has not been reported for mtDNA. The ability 

to precisely install or correct pathogenic mutations could accelerate disease modeling of 

mtDNA mutations, facilitate preclinical drug candidate testing, and potentially enable 

therapeutic approaches that directly correct pathogenic mtDNA mutations.  

Here, we report the discovery of DddA, an interbacterial toxin that catalyzes 

the unprecedented deamination of cytidines within double-stranded DNA (dsDNA). All 

previously described cytidine deaminases operate on single-stranded DNA149 and thus 

when applied to genome editing require unwinding of dsDNA by macromolecules such 

as CRISPR-Cas9 complexed with a guide RNA142,143. Challenges associated with guide 

RNA delivery into the mitochondria have thus far precluded base editing within 

mitochondrial DNA (mtDNA)141. We reasoned that the ability of DddA to act on dsDNA 

could circumvent this barrier. We engineered split-DddA halves that are non-toxic and 

inactive until brought together on target DNA by adjacently bound programmable DNA-

binding proteins. Fusions of the split-DddA halves, TALE array proteins, and uracil 

glycosylase inhibitor resulted in RNA-free DddA-derived cytosine base editors 

(DdCBEs) that catalyze C•G-to-T•A conversions in human mtDNA with high DNA target 

specificity and product purity. We used DdCBEs to model a disease-associated mtDNA 

mutation in human cells, resulting in changes in respiration rates and oxidative 

phosphorylation. CRISPR-free DdCBEs enable precise manipulation of mtDNA, rather 

than the elimination of mtDNA copies that results from mtDNA cleavage by targeted 

nucleases, with important basic science and biomedical implications. 
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2.2 Results  
2.2.1 A Predicted Deaminase Is A Bacterial Toxin 

Some predicted bacterial deaminases contain sequences, such as domains that 

direct transport through the type VI secretion system (T6SS), that suggest they are 

substrates for intercellular protein delivery systems144. The T6SS mediates antagonism 

between Gram-negative bacteria by transferring antibacterial toxins into contacting 

cells150,151. Given their sequence divergence from characterized deaminases, we sought 

to define the biochemical activity of T6SS-associated deaminases. We focused on a 

predicted deaminase (belonging to the SCP1.201-like family144), henceforth referred to 

as DddA, encoded by Burkholderia cenocepacia (B. cen) (Fig. 2.1a). A B. cen strain 

lacking dddA and the downstream predicted immunity gene (dddIA) exhibited a marked 

growth defect when co-cultivated with the wild-type strain (Fig. 2.1b and Fig. 2.2a, b). 

The ∆dddA ∆dddIA strain was not growth-inhibited when co-cultured with a strain lacking 

T6SS activity (∆icmF1) or a strain expressing DddA with a mutation at a predicted 

catalytic residue (dddAE1347A). These data establish DddA as a T6SS-delivered 

antibacterial toxin. 



 25 

 

Figure 2.1 | DddA is a double-stranded DNA cytidine deaminase that mediates 
T6SS-dependent interbacterial antagonism. a, Domains of full-length DddA. Tox, 
toxin domain; PAAR, proline-alanine-alanine-arginine; RHS, rearrangement hotspot. b, 
Competitiveness of the indicated donor B. cenocepacia strains (D) toward the B. 
cenocepacia ∆dddA ∆dddIA recipient strain (R). c, Viability of E. coli populations 
expressing the indicated deaminases, induced at 300 min (arrow). A3G, APOBEC3G; 
Cdd, E. coli cytidine deaminase; TadA, tRNA adenosine deaminase A. d, Crystal 
structure of Zn2+-associated DddAtox (purple) complexed with DddIA (grey). e, Structural 
alignment of DddAtox (purple), and APOBEC3G (white). The intervening loop of DddAtox 
is absent in APOBEC3G (orange). f, g, In vitro cytidine deamination assays using a 
single-stranded (f) or double-stranded (g) 36-nt 6-carboxyfluorescein (FAM)-labeled 
DNA substrate (S) contains AC, TC, CC, and GC. Cytidine deamination leads to 
products (P) with increased mobility. A3A, APOBEC3A. Gels are representative of three 
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replicates. h, Mutation frequency in E. coli strains expressing DddAtox or catalytically 
inactivated DddAtox(E1347A). pBAD24::udg was used for complementation of ∆udg 
(+udg). Each value shown is averaged from n=8 independent replicates. i, Probability 
sequence logo of the region flanking mutated cytosines in five E. coli ∆udg isolates 
serially exposed to a low level of DddAtox. Values and error bars reflect mean±s.d. of 
n=12 (in (b)) or n=3 (in (c)) independent replicates. *P<0.0001; n.s., not significant 
(P>0.05) by Student’s unpaired two-tailed t-test 

 

Members of the deaminase superfamily are known to catalyze deamination of 

single-stranded DNA (ssDNA), RNA, and free nucleosides, nucleotides, and 

nucleobases144. To define the substrate of DddA, which belongs to a clade of predicted 

deaminases lacking a characterized member144, we first determined whether 

deaminases representing the substrate range of the superfamily were toxic if expressed 

in bacteria. The growth of E. coli was unaffected by production of deaminases that act 

on ssDNA, tRNA, or free cytidine (Fig. 2.1c). In contrast, DddA dramatically reduced the 

viability of E. coli (Fig. 2.1c and Fig. 2.2c). We identified amino acids 1264-1427 of 

DddA as the domain that confers toxicity, referred to henceforth as DddAtox (see 

Methods for toxin domain identification). These findings suggested that DddA may act 

on a previously undescribed deaminase substrate. 
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Figure 2.2 | Analysis of the bactericidal activity of DddA and its activity against 
dsDNA and RNA substrates. a, Genomic context of dddA (purple) and dddIA (blue) in 
B. cenocepacia H111. b, Viability of B. cenocepacia ∆dddA ∆dddIA (recipient) over time 
during competition with B. cenocepacia donor strains carrying wild-type dddAtox or 
dddAtoxE1347A. Values and error bars represent the mean±s.d. of three technical 
replicates. The experiment was repeated three times with similar results. c, α-VSV-g 
western blot analysis of total cell lysates of E. coli expressing the indicated deaminases 
tagged with VSV-G epitope. RNAP-β was used as a loading control. Experiment was 
repeated two times with similar results. d, In vitro DNA cytidine deamination assays 
using double-stranded 36-nt DNA substrates containing AC, TC, CC, and GC with a 
FAM fluorophore on the forward (A) or reverse (B) strand. Deamination activity results in 
a cleaved product (P). A representative image is shown for two independent repetitions 
with similar results. e and f, Poisoned primer extension assay to detect deamination of 
cytidine in single- (e) or double- (f) stranded RNA substrates. A representative image is 
shown for two independent repetitions with similar results. A mix of RNA substrates 
containing the sequences GUCG or GUUG at the indicated ratios were incubated with 
purified DddAtox and reverse transcriptase. Primer extension was performed in reactions 
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with ddGTP to terminate primer extension at cytosines. Cytosine deamination yields the 
31-mer product. 
 
2.2.2 DddA Is A Double-Stranded DNA Cytidine Deaminase 

To further illuminate the substrate and mechanism of DddAtox, we determined a 

2.5-Å resolution co-crystal structure of DddAtox bound to DddIA (Table 2.1). DddAtox 

adopts a typical deaminase fold consisting of a five-stranded β-sheet with helices that 

contribute catalytic residues (Fig. 2.1d). DddIA, the immunity protein, contains a central 

β-sheet that directly occludes the active site of DddAtox to inhibit the toxin (Fig. 2.1d). 

Structure-based homology searches revealed APOBEC enzymes as the closest 

structural relatives of DddAtox, with divergence at the C-terminal β-strands of the two 

enzymes; these strands are antiparallel with an extended intervening loop in DddAtox, 

versus parallel with an intervening α-helix in APOBEC enzymes (Fig. 2.1d, e). 

Table 2.1 | Diffraction data collection and refinement statistics for DddA / DddIA 

 

aAll data collected from a single crystal 
bValues in parentheses are for the highest resolution shell 
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To date, all reported DNA cytidine deaminases operate predominantly on ssDNA, 

often with a preference for the base immediately 5’ of the substrate C149. We measured 

the in vitro activity of DddAtox on a ssDNA substrate containing cytosine in all four 

possible 5’-NC contexts. While the activity of APOBEC3A was readily detected, DddAtox 

did not catalyze CU formation within ssDNA sequences (Fig. 2.1f). As a control, we 

included a related double-stranded DNA (dsDNA) substrate. Consistent with prior 

studies152, APOBEC3A did not display measurable activity against dsDNA. 

Unexpectedly, however, DddAtox efficiently converted cytosine to uracil within dsDNA 

(Fig. 2.1g and Fig. 2.2d). A mutant DddAtox (E1347A) in which we inactivated a 

predicted catalytic residue showed no uracil formation, indicating that deamination was 

dependent on DddAtox activity. Single-stranded or double-stranded RNA substrates were 

not detectably deaminated by DddAtox (Fig. 2.2e, f). These results collectively establish 

DddAtox (double-stranded DNA deaminase toxin A) as an unusual cytidine deaminase 

that operates on dsDNA and rejects RNA.   

 If DddAtox  converts CU specifically within dsDNA, the enzyme should be 

mutagenic in a manner that is dependent on uracil DNA glycosylase (UDG), which 

initiates base excision repair (BER) through uracil removal153. Indeed, expression of 

sub-lethal levels of DddAtox in E. coli substantially increased mutation frequency, and 

these mutagenic effects of DddAtox were enhanced >100-fold in an E. coli strain lacking 

UDG (Fig. 2.1h). We used the high mutation rate caused by sub-lethal DddAtox levels to 

profile the sequence context preference of the enzyme. We performed whole-genome 

sequencing on five E. coli lineages that experienced serial DddAtox exposure and clonal 

bottlenecking, and five control strains that underwent a similar regimen in the presence 
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of inactivated DddAtox(E1347A). Consistent with our mutation frequency measurements, 

we observed ~50-fold more total SNPs in strains exposed to active DddAtox (997) than 

strains producing the inactive enzyme (17), and >99% of the DddAtox-dependent SNPs 

were C•G-to-T•A transitions (Fig. 2.3a-c). Alignment of sequences flanking the 

converted cytosine within these C•G-to-T•A mutations revealed a strong preference for 

5’-TC contexts (Fig. 2.1i), which matches the sequence preference of the enzyme in 

vitro (Fig. 2.3d). Together, these findings reveal that DddAtox deaminates dsDNA 

substrates in vitro and in bacterial cells with a preference for 5’-TC contexts. 
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Figure 2.3 | DddAtox deaminates cytidines in bacteria with strong sequence 
context preference. a, Number of SNPs from the indicated nucleotide classifications 
observed in E. coli ∆udg following intoxication with DddAtox or DddAtox(E1347A). b, c, 
The position of SNPs on the chromosome of E. coli ∆udg isolates intoxicated with 
DddAtox (b) or DddAtox(E1347A) (c). SNPs above the line indicate C-to-T transitions on 
the plus strand; SNPs below indicate C-to-T transitions on the minus strand. Other 
mutations are represented on the plus strand. Sequencing coverage was 203-265× d, 
Deamination assay on DddAtox with double-stranded DNA substrates containing a single 
C with different nucleotides (A, T, C, or G) at the position immediately 5’ of the C (red) 
(S, substrate; P, product). A representative image of three independent repetitions is 
shown. 
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2.2.3 Splitting DddAtox Into Non-Toxic Halves 
Current base editors deaminate nucleotides in ssDNA loops created by RNA-

guided CRISPR proteins101,143,154. The ability of DddAtox to deaminate cytidines in 

dsDNA raises the possibility of using RNA-free programmable dsDNA-binding proteins 

such as zinc-finger arrays155 or TALE repeat arrays156 to direct DddAtox to mtDNA 

targets without requiring CRISPR or guide RNAs.  

As expected (Fig. 2.1b, c), expression of intact DddAtox fused to programmable 

DNA-binding proteins was toxic to human HEK293T cells. To avoid this toxicity, we 

envisioned splitting the protein into two inactive halves, one containing the N-terminus 

of DddAtox (DddAtox-N), and the other containing the C-terminus (DddAtox-C). These 

halves would reconstitute deamination activity only when assembled adjacently on 

target DNA, analogous to the reassembly of FokI monomers to reconstitute nuclease 

activity in ZFNs155 and TALENs156.  

Based on the crystal structure of apo-DddAtox, we split DddAtox into DddAtox-N 

and DddAtox-C halves at seven sites within loops (Fig. 2.4a), naming each split to reflect 

the last residue of DddAtox-N. Screening of split sites was performed with CRISPR-Cas9 

proteins to facilitate testing of split DddAtox variants directed to target DNA half-sites with 

different spacing region lengths (Table 2.2)157. Each DddAtox half was fused to the N-

terminus of dSpCas9158 or an orthogonal S. aureus Cas9 variant (SaKKH-Cas9)159. 

Each split was assayed in its two possible fusion orientations: SaKKH-Cas9 fused either 

to the DddAtox-N (“aureus-N”), or to the DddAtox-C (“aureus-C”) (Fig. 2.4b, c). The top 

DNA strand of test sites contained more TC motifs than the bottom strand and thus was 

more likely to be edited by DddAtox (Fig. 2.5). To enhance edits at target sites, we used 
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SaKKH-Cas9(D10A) nickase160 to nick the bottom strand to promote its resynthesis 

using the edited top DNA strand as a template101,128,154,161.  

Table 2.2 | Schematic and sequences of guide RNAs for split-DddAtox–Cas9 
screen. dSpCas9 guide RNAs (spG7 and spG6) are paired with with SaKKH guide 
RNAs (saG1 to saG4) to generate spacing regions with lengths between 12 and 60 bp.  

 

Among active split-DddAtox–Cas9 fusions, we observed C•G-to-T•A conversions 

in the spacing region between the two protospacers (Fig. 2.4d and Fig. 2.5). All editing 

efficiencies in this study report the fraction of sequenced alleles with the desired C•G-to-

T•A edit among all treated cells with no enrichment. Importantly, we observed no on-

target editing in the absence of guide RNAs or when only one DddAtox–Cas9 half and its 

guide RNA were present (Fig 2.6), indicating that editing is strictly dependent on the 

reassembly of both DddAtox halves at the Cas9-specified target site. 
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Figure 2.4 | Non-toxic split-DddAtox halves that reconstitute activity when co-
localized on DNA in HEK293T cells. a, DddAtox was split at the peptide bond between 
each labeled amino acid and the following residue. b, Architectures of split-DddAtox–
Cas9 fusions. DddAtox-N and DddAtox-C contain the N-terminus and C-terminus of 
DddAtox, respectively. Two fusion orientations (aureus-N or aureus-C) are possible for a 
given split. c, Fusions of split-DddAtox halves to orthogonal Cas9 variants enable 
reassembly of active DddAtox, without creating non-functional homodimers. d, Heat 
maps showing C•G-to-T•A conversion and indel frequencies for G1333 and G1397 
splits at the nuclear EMX1. The split orientations and positions of dSpCas9 (pink) and 
SaKKH-Cas9(D10A) (blue) protospacers are shown. Colors reflect the mean of n=2 
independent biological replicates.  
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Figure 2.5 | Base editing efficiencies and indel frequencies of all DddAtox splits in 
HEK293T cells. Each split was assayed in the aureus-N and aureus-C orientation (see 
Fig. 2b) across spacing region lengths of (a) 12-bp, (b) 17-bp, (c) 23-bp, (d) 28-bp, (e)  
33-bp, (f) 39-bp, (g) 44-bp and (h) 60-bp. Cells were harvested 3 days post-transfection 
for DNA sequencing. Colors reflect the mean of n=2 independent biological replicates. 
 

Among the seven splits tested, G1333 and G1397 yielded the highest editing 

efficiencies of 22-48% at the most highly edited position within the target spacing region 

(Fig. 2.5b, g, h). For a given fusion orientation, the editing efficiencies of target bases 

were dependent on their positions within the spacing region; for example, G1397 

aureus-C yielded 20-22% editing at a target TC14 (the 14th nucleotide of the spacing 

region between the two target protospacers) within 17- and 23-bp spacing regions, and 

41±2.1% within a 44-bp spacing region (Fig. 2.4d). These results collectively suggest 

that splitting DddAtox at G1333 and G1397 produces halves that reconstitute at a target 
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site to mediate C•G-to-T•A conversion in human cells. Spacing region length, target 

cytosine position, and split orientation are all determinants of split-DddAtox base editing 

efficiency. 

 

Figure 2.6 | Editing strictly depends on reassembly of split-DddAtox–Cas9 halves 
at target site in HEK293T cells. a, Base percentages at each position of the EMX1 
locus are shown for all tested split orientations with no guide RNAs for dSpCas9 and 
SaKKH-Cas9(D10A). The nucleotide percentages for G1397 aureus-N split (blue) with 
gRNAs flanking a 23-bp target spacing is shown as a reference. Red arrow indicates 
the position of C-to-T editing within the spacing region (see Fig. 2.5 for expected editing 
efficiencies of all split orientations in the presence of guide RNAs). b, For G1333 and 
G1397 splits, DddAtox–dSpCas9 or DddAtox–SaKKH-Cas9(D10A) halves were directed 
to a site within EMX1 by a guide RNA spG4 or saG4, respectively. The reciprocal 
DddAtox half of each fusion was absent. Target TC bases were present 12-21 bp 
upstream of the protospacer. Shown are the base percentages at each position of the 
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EMX1 locus. All nucleotide percentage plots are obtained 3 days post-transfection and 
representative of n=2 independent replicates.  
 
2.2.4 Nuclear Base Editing By TALE–DddAtox Fusions 

Since DddAtox split at G1333 or G1397 can deaminate target TCs within a modest 

spacing region, we speculated that fusing split DddAtox halves to TALE array proteins 

that bind neighboring DNA sites might result in CRISPR-free, RNA-free base editing in 

human cells.  

We fused DddAtox halves split at G1333 to TALE array proteins containing a 

nuclear localization signal (bpNLS) to bind nuclear DNA sequences flanking an 18-bp 

spacing region within CCR5 in human U2OS cells (Fig. 2.7a). Compared to simple 

fusions that do not contain a uracil glycosylase (UGI), appending two copies of UGI (2x-

UGI)82,154 to the N-terminus increased editing efficiency at C9 by ~8-fold to 22-27% and 

reduced indels to <2.3±0.31%. Fusing 2x-UGI to the C-terminus through a 2-or 16-

amino acid linker resulted in lower editing efficiency of 12±3.5% or 3.3±1.3%, 

respectively (Fig. 2.7a). These results collectively demonstrate that split DddAtox can be 

fused to TALE arrays to mediate C•G-to-T•A conversions in human nuclear DNA, and 

that fusing UGI to these proteins enhances editing efficiencies and reduces indel 

byproducts82,154. 
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Figure 2.7 | TALE–split DddAtox proteins mediate efficient base editing in nuclear 
DNA of U2OS cells. a, Left–G1333-DddAtox-N and Right–G1333-DddAtox-C bind DNA 
sequences within CCR5. Target cytosines are shown in purple and TALE binding sites 
are shown in blue. Two copies of UGI proteins (2x-UGI) were fused to the N- or C-
terminus through a 2- or 16-amino acid linker. Editing efficiencies and indel frequencies 
for the possible combinations of UGI positions and linker lengths are shown. In the 
absence of UGI protein, only C9-to-T9 edit was observed. b, Architecture of nuclear-
targeting CCR5-DdCBE (see Fig. 2.9c for optimized DdCBE architecture targeting 
mtDNA). Target cytosines are shown in purple. c, Editing efficiencies and indel 
frequencies of cells treated with CCR5-DdCBE and ND6-DdCBE 3-days-post 
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transfection are shown. Dead-DdCBEs containing the inactivating DddAtox(E1347A) 
mutation were used as negative controls. d, Outcomes among edited alleles in which 
the specified target C is mutated are shown for indicated base editor. Values and error 
bars in (a), (c) and (d) reflect the mean±s.d. of n=3 independent biological replicates 
 
2.2.5 Mitochondrial Base Editing By mitoTALE–DddAtox Fusions 

To apply TALE–split DddAtox fusions for mitochondrial base editing, we fused 

split DddAtox halves to MTS-linked TALE proteins that target ND669, a mitochondrial 

gene encoding the NADH dehydrogenase 6 subunit of complex I. Among the non-UGI-

containing fusions, we observed the highest level of mtDNA target editing (4.9±0.17%) 

for the Right–G1397-C + Left–G1397-N architecture (Fig. 2.8a, b). 

 

Figure 2.8 | Unoptimized mitoTALE–split DddAtox fusions mediate modest editing 
of mitochondrial ND6 in HEK293T cells. a, Architectures of non-UGI containing ND6-
mitoTALE–DddAtox fusion pair. DddAtox was split at G1333 or G1397, with each half 
fused to either the left- or right-TALE. TALEs bind to mtDNA sequences (blue) that flank 
a 15-bp spacing region in mitochondrial ND6. Target cytosines are shown in purple. The 
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last TALE repeat (*) did not match the reference genome69 (see Table 2.4). b, mtDNA 
editing efficiencies of mitoTALE–DddAtox pairs in the listed split orientations. The 
dashed line is drawn at 0.1%. Values and error bars reflect the mean±s.d. of n=3 
independent biological replicates. 
 

 In contrast to nuclear-localized TALE–DddAtox, fusing one or two UGI proteins to 

the N-terminus of each mitoTALE–DddAtox half did not enhance C•G-to-T•A conversion.  

Appending one UGI to the C-terminus, however, greatly increased editing levels by 3- to 

10-fold compared to constructs lacking UGI (up to 16-27% for C6, C7, and C13 in TC 

contexts). Adding a second copy of UGI to the C-terminus did not further increase 

mtDNA editing efficiencies (Fig. 2.9a). UGI likely inhibits mitochondrial UDG1 to 

enhance editing efficiencies by impeding uracil excision162. Removing the MTS 

sequences or replacing them with a bpNLS abrogated editing, demonstrating that ND6 

editing is dependent on mitochondrial localization of the mitoTALE–DddAtox fusions 

(Fig. 2.9a).  

Fluorescence microscopy revealed that while MTS–mitoTALE–split-DddAtox–UGI 

fusions localized to the mitochondria in HeLa cells, MTS–UGI–mitoTALE–split-DddAtox 

fusions remained diffused throughout the cytoplasm (Fig. 2.9b). These findings explain 

the observed dependence of editing efficiency on UGI fusion position and suggest that 

proximity between the MTS and an N-terminal UGI may impede mitochondrial import of 

the fusion protein.  

These results collectively suggested an optimized mitoTALE–split-DddAtox 

architecture: (in N- to C-terminus order): an MTS, a TALE array, a 2-amino acid linker, a 

DddAtox half from the G1333 or G1397 split, and one UGI protein (Fig. 2.9c). This 

architecture, hereafter referred to as DddA-derived cytosine base editor (DdCBE), 



 41 

represents to our knowledge the first agent capable of performing precise genome 

editing in mtDNA, in contrast with previously reported uses of nucleases69,72,148 to make 

DSBs in mtDNA that result in copy number loss or heteroplasmic shifts. 

 

Figure 2.9 |TALE–split DddAtox fusions for mitochondrial base editing in HEK293T 
cells. a, Candidate TALE–split DddAtox fusions to target mitochondrial ND6. Target 
cytosines and TALE binding sites are shown in blue and purple, respectively. ND6 
editing efficiencies from fusions containing 1x- or 2x-UGI at the N- or C-terminus 3 days 
post-transfection are shown. b, Fluorescence imaging of HA- and FLAG-tagged halves 
of UGI–TALE–split DddAtox and TALE–split DddAtox–UGI pairs in HeLa cells 24 h after 
plasmid transfection. Mitochondrial localization was followed using Mitotracker 
(magenta). Scale bar, 10 µm. Images are representative of 3 independent biological 
replicates. c, Optimized DdCBE architecture containing one UGI fused to the C-
terminus of each TALE–split DddAtox fusion. Editing and indel frequencies at ND6 
(mtDNA) and EMX1 (nuclear DNA) 3 days post-transfection are shown. BE2max: 
rAPOBEC1–dSpCas9–2xUGI. For (a) and (c), the last TALE repeat (*) does not match 
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the reference genome69. d, Outcomes among edited alleles in (c) are shown for 
indicated DdCBE variant. e, ND6 allele frequencies in (c). Edited cytosines are boxed. 
Values and error bars for (a), (c), (d), and (e) reflect the mean±s.d. of n=3 independent 
biological replicates. 
 

Given that DddAtox can edit cytosines on either DNA strand, intermediates 

containing uracils on opposing DNA strands could produce DSBs during DNA repair, 

causing unwanted indels. While the standard cytosine base editor BE4max83 targeting 

EMX1 in the nucleus resulted in 1.8±0.67% indels in HEK293T cells, indels were not 

detected (<0.1%) at mtND6 despite DdCBE editing both mtDNA strands (Fig. 2.9c and 

Fig. 2.7b, c). We observed remarkably high product purities (≥99.5%) for DdCBE-

mediated mtDNA base editing of ND6 in HEK293T cells and U2OS cells, even beyond 

the product purities of nuclear-targeted BE4max (96±0.78%) and CCR5-DdCBE 

(95±0.52%) (Fig. 2.9d and Fig. 2.7d). These results suggest that DNA repair processes 

that lead to indels and other byproducts in nuclear DNA153 are inefficient in 

mitochondria. In contrast, lesion-containing mtDNA is degraded rather than repaired66, 

resulting in selective maintenance of cleanly edited mtDNA copies. 

Collectively, these findings establish a precision mtDNA editing capability that 

uses an unprecedented dsDNA-specific cytidine deaminase that we split to mitigate 

toxicity, programmable dsDNA-binding TALE arrays localized to the mitochondria, and a 

uracil glycosylase inhibitor to achieve RNA-free base editing in the mitochondria. 

2.2.6 Mitochondrial Base Editing Of Five mtDNA Genes  
To explore the generality of DdCBE for mtDNA editing, we engineered or 

adapted seven pairs of TALE arrays to target five mitochondrial genes: ND1, ND2, ND4, 

ND5, and ATP8.  
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Mitochondrial base editing efficiencies of DdCBEs in HEK293T cells 3-6 days 

after treatment varied between 4.6-49% depending on the split type, split orientation, 

and target cytosine position within the spacing region. For DdCBEs using the G1333 

split, the Right–G1333-C + Left–G1333-N orientation resulted in 2.1- to 15-fold higher 

editing efficiencies than Right–G1333-N + Left–G1333-C, regardless of the spacing 

length and positions of TC target bases (Fig. 2.10a-e, g). In contrast, the effect of split 

orientation on editing efficiencies was more site-dependent for G1397 (Fig. 2.10b, d, e, 

f). 

 

Figure 2.10 | DdCBE editing at five mtDNA genes in HEK293T cells. Target spacing 
region and split DddAtox orientation that resulted in the highest editing efficiency are 
shown for (a) ND1-DdCBE, (b) ND5.1-DdCBE, (c) ND4-DdCBE, (d) ND5.2-DdCBE, (e) 
ND5.3-DdCBE, (f) ATP8-DdCBE, and (g) ND2-DdCBE. Editing efficiencies are shown 
to the right. Genomic DNA was harvested 3 days (b, d, f) or 6 days (a, c, e, g) post-
transfection. h, DdCBE orientations and corresponding approximate windows (blue) 
within which target cytosines are edited. i, Mitochondrial DNA editing efficiencies in 
untransformed human primary fibroblasts 5 days after nucleofection of mRNA encoding 
the DdCBEs shown; n=2 independent biological replicates. Oxygen consumption rate 
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(OCR) (j) and relative values of respiratory parameters (k) in ND4-DdCBE-treated 
HEK293T cells. l, BN-PAGE of ND4-DdCBE-treated HEK293T mitochondrial lysates 
visualized with antibodies against indicated subunits of mitochondrial complexes; n=3 
independent biological replicates. m, Measurement of complex I and complex IV 
activities. Values and error bars in (a)-(g), (j), (k) and (m) reflect the mean±s.d. of n=3 
independent biological replicates. *P<0.05; **P<0.01; ns, not significant (P>0.05) by 
Student’s unpaired two-tailed t-test. 

 

Collectively, optimized G1397-split DdCBEs mediated 42±2.5% average base 

editing efficiencies at four well-edited mtDNA sites (Fig. 2.10a-c, e) and 9.0±0.92% 

average efficiencies at two modestly-edited sites (Fig. 2.10d, f), while the most efficient 

G1333-split DdCBEs yielded 43±2.2% average conversion at three sites (Fig. 2.10a-c) 

and 7.4±0.58% average efficiencies at three other sites (Fig. 2.10, e, g). We did not 

detect indels or base editing outside the spacing region (Tables 2.3). 

Table 2.3 | Indel frequencies of DdCBEs in their optimized orientations. Shown are 
the percent of indels in HEK293T cells for each DdCBE in its optimized split orientation 
(see Fig. 2.10a-g for on-target editing efficiencies of optimized DdCBEs). Cells treated 
with ND5.1-, ND5.2-, and ATP8-DdCBE were harvested 3 days post-transfection; cells 
treated with ND1-, ND2, ND4- and ND5.3-DdCBE were harvested 6 days post-
transfection.  
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Within 14-18 bp spacing regions, G1397-split DdCBE preferentially edited TCs 

positioned ~4-7 nucleotides upstream of the 3’ end of the spacing region in either 

mtDNA strand. In contrast, G1333-split DdCBE preferentially edited TCs positioned ~4-

10 nucleotides from the 5’ end of the spacing region in either mtDNA strand (Fig. 

2.10h). These results indicate that each split edits TCs with a preference for specific 

windows in the spacing region. For a given target sequence, we recommend testing 

G1397 and G1333 splits in both orientations, using spacing lengths and TALE-binding 

sites guided by the above principles.  

We confirmed the durability of mtDNA edits in HEK293T over 18 days (Fig. 

2.11a-d). In addition, mtDNA editing did not reduce cell viability, produced no large 

mtDNA deletions, and did not perturb mtDNA copy numbers (Fig. 2.11g-i).  
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Figure 2.11 | DdCBE editing in HEK293T cells persist over multiple divisions while 
maintaining cell viability and mitochondrial DNA integrity. Editing efficiencies for 
optimized (a) ND6-DdCBE, (b) ND5.1-DdCBE, (c) ND5.2-DdCBE, (d) ATP-DdCBE and 
(e) BE2 and BE4max are shown for each timepoint. C•G-to-T•A conversions at protein-
coding genes that generate missense mutations (green) of the putative amino acid (red) 
are shown. f, Western blots of ND6-, ND5.1-, ND5.2-, and ATP8-DdCBE at various 
timepoints. The Right halves were FLAG-tagged and the Left halves were HA-tagged.  
Day 3 images are representative of n=3 independent biological replicates; n=1 for Day 6 
and Day 12 images. Nuclear β-actin was used as loading control. g, Cell viability was 
measured by luminescence at indicated timepoints. Luminescence values were 
normalized to untreated control. h, DNA gel of PCR-amplified mtDNA captured as two 
amplicons (red). Images are representative of n=3 independent biological replicates. i, 
mtDNA levels of DdCBE-edited cells were measured by qPCR relative to untreated 
cells. Values and error bars in (a-e), (g) and (i) reflect the mean±s.d of n=3 independent 
biological replicates. For (a-e), asterisks indicate significant editing based on a 
comparison between indicated time points. *P<0.05 and **P<0.01 by Student’s two-
tailed paired t-test. 
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We observed substantial reduction of editing when mtDNA replication was blocked by 

induced expression of a dominant negative polymerase gamma mutant163 (Fig. 2.12). 

We speculate that during mtDNA replication, replicative polymerases incorporate A 

opposite U to resolve the U:G intermediate into a T:A base pair. DdCBE-mediated 

mtDNA editing in non-dividing cells should be feasible since mtDNA replication 

proceeds even in post-mitotic cells164. Indeed, untransformed primary human fibroblasts 

also supported efficient mtDNA base editing (typically 30-40%) despite dividing much 

less frequently than HEK293T, indicating that the use of DdCBE is not limited to 

immortalized cell lines (Fig. 2.10i).  

 

Figure 2.12 | Stalling mtDNA replication impairs mitochondrial base editing in 
human cells. a, Schematic of experimental design. Addition of doxycycline (Dox) 
induces the stable expression of a dominant-negative mutant of DNA polymerase-
gamma containing a D1153A substitution (POLGdn) in a HEK293-derived cell line163. 
Total cell lysate was collected at indicated timepoints for western blotting of POLGdn in 
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n=3 independent biological replicates. b, mtDNA levels of uninduced (no Dox) and 
induced (+ Dox) cells treated with indicated DdCBE 48 h post-transfection. mtDNA 
levels were measured by quantitative PCR (qPCR) and normalized to uninduced cells 
without DdCBE treatment. c, Editing efficiencies of indicated DdCBE in uninduced and 
induced cells 48 h post-transfection. All values and error bars in (b) and (c) reflect the 
mean±s.d of n=3 independent biological replicates. 
 

Given that mutations in mtDNA genes encoding complex I subunits are thought 

to be pathogenic in rare tumors of the thyroid and kidney145,165, we characterized the 

consequences ND4-edited cells containing the m.11922G>A mutation. For 

characterization of other edited sites, see Fig. 2.13c-f. Compared to control cells 

treated with catalytically inactivated DdCBE, cells treated with ND4-DdCBE had lower 

rates of oxidative phosphorylation (Fig. 2.10j) and decreased basal and uncoupled 

respiration rates (Fig. 2.10k), consistent with complex I disruption. Mitochondrial DNA 

homeostasis was unchanged (Fig. 2.13a, b). Further consistent with a specific defect in 

complex I, enzymatic activity and assembly of complex I, but not complex IV, were 

markedly reduced in these cells (Fig. 2.10l, m). These results establish that precise 

DdCBE editing can be applied to study mitochondrial phenotypes arising from disease-

associated mtDNA mutations. 
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Figure 2.13 | Effect of DdCBE editing on mitochondrial function and mtDNA 
homeostasis. a, mtDNA levels of ND4-edited cells measured by quantitative PCR 
(qPCR) relative to cells treated with dead ND4-DdCBE. b, mtRNA levels of ND4-edited 
cells measured by RT-qPCR relative to cells treated with dead ND4-DdCBE. 
Confirmation of editing by Sanger sequencing and oxygen consumption rate (OCR) of 
cells treated with (c) ND5.1-DdCBE, (d) ND5.2-DdCBE, (e) ND5.3-DdCBE, and (f) 
ND1-DdCBE. Untreated cells were used as controls. All cells were harvested 6 days 
post-transfection. For all Sanger sequencing plots, n = 3 independent biological 
replicates. All values and error bars shown in (a), (b), and OCR plots in (c)-(f) reflect the 
mean±SEM of n=3 independent biological replicates. For (a) and (b), Student’s unpaired 
two-tailed t-test was applied. ns, not significant (P>0.05).\ 
 
2.2.7 Off-Target Editing By DdCBEs 

To profile DdCBE off-target activity in the human mitochondrial genome, we 

transfected HEK293T cells with plasmids that constitutively expressed optimized 

DdCBE or the corresponding dead-DdCBE control to distinguish DdCBE-induced 

single-nucleotide variants (SNVs) from background heteroplasmy. To test possible 

editing from spontaneous assembly of split DddAtox in the absence of TALE-directed 

DNA binding, cells were also transfected with plasmids expressing MTS–G1397 split–

UGI, with no TALE array (Fig. 2.14a).  
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Figure 2.14 | Mitochondrial genome-wide off-target DNA editing by DdCBEs. a, 
HEK293T cells were transfected with plasmids encoding active DdCBE, dead-DdCBE, 
or TALE-free MTS–split DddAtox–UGI. Average coverage of each base was 5,100- to 
9,900-fold. b, Average percentage of genome-wide C•G-to-T•A off-target editing in 
mtDNA for each DdCBE and controls. The vertical line represents the percentage of 
endogenous C•G-to-T•A conversions in mtDNA in untreated cells. Values and error bars 
reflect the mean±SEM of n=3 independent biological replicates c, Sequence logos 
generated from off-target C•G-to-T•A conversions by each indicated DdCBE. Bits reflect 
sequence conservation at a given position. 
 

The average frequencies of mitochondrial genome-wide off-target C•G-to-T•A 

editing by ND5.2-, ND4- and ATP8-DdCBE (0.030-0.034%) were similar to that of the 

untreated and dead-DdCBE controls (0.024-0.030%), while ND5.1-DdCBE had 1.6-fold 

higher average off-target editing frequency (0.049%) compared to the untreated control 

(Fig. 2.14b). We attribute the unusually high average off-target editing frequency by 

ND6-DdCBE (0.13%) to its permissive mutant TALE N-terminal domain (NTD) (Fig. 

2.9a), which may increase non-specific binding of TALE arrays. Off-target mutations 

from spontaneous reassembly of TALE-free split DddAtox were not detected above 

mutation levels in untreated cells (Fig. 2.14b). Importantly, we did not observe 

significant off-target editing at nuclear pseudogenes that differ at only 1-2 bp from the 

mtDNA on-targets (Fig. 2.15) 



 52 

 

Figure 2.15 | Off-target editing activity of DdCBEs in nuclear DNA of HEK293T 
cells.  The on-target editing site in mtDNA and the corresponding nuclear DNA 
sequence with the greatest homology are shown for (a) ND6-DdCBE, (b) ND5.1-DdCBE 
and (c) ND4-DdCBE. TALE binding sites begin at N0 and are shown in blue. Target 
cytosines are in purple. Nucleotide mismatches between the mtDNA and nuclear 
pseudogene are in red. Editing efficiencies are measured by targeted amplicon 
sequencing 3 days post-transfection (a, b) or six days post-transfection (c) (see 
Methods for primer sequences). Each amplicon was sequenced at >44,000x coverage. 
All values and error bars reflect the mean±s.d of n=3 independent biological replicates. 
Student’s unpaired two-tailed t-test was applied. ns, not significant (P>0.05). 
 

 DdCBEs with standard NTDs generally exhibited 150- to 860-fold higher on-

target editing relative to off-target editing, with no strong correlation between on-target 

editing efficiencies and off-target activity. Since all of these standard DdCBEs exhibit 

similar protein expression levels (Fig. 2.11f), share wild-type NTDs and deaminase 

domains, but different TALE repeats, we conclude that TALE domains influence off-

target activity. Moreover, it is necessary for TALE–split DddA fusions to be positioned in 

close proximity for both on-target and off-target editing (Fig. 2.16).  
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Figure 2.16 | TALE arrays need to bind to mtDNA sequences positioned in close 
proximity to reassemble catalytically active DddAtox for off-target editing. a, The 
identities and relative binding positions of each mismatched (MM) TALE–DddAtox half is 
shown. MM-1 and MM-2 contain a TALE-bound DddAtox half and a TALE-free DddAtox 
half. MM-3 and MM-4 contain DddAtox halves fused to TALE repeat arrays that bind to 
distant regions in mtDNA. ND6-Right TALE contains a permissive N-terminal domain. b, 
The average percentage of genome-wide C•G-to-T•A off-target editing in mtDNA by 
indicated DdCBE and MM pairs. The dashed line represents the percentage of 
endogenous C•G-to-T•A conversions in mtDNA as measured in the untreated control. 
Values and error bars reflect the mean±SEM of n=3 independent biological replicates. 
 

To probe the nature of off-target edits, we searched the 20-bp regions flanking 

each off-target SNV for any sequence homology to the on-target TALE-binding sites. 

While we noted a strong 5’-TC-3’ preference for ND6- and ND5.1-DdCBE off-target 

edits that matches the sequence preference for free DddAtox in E. coli (Fig. 2.8c and 

Fig. 2.1i ), we did not observe any consensus off-target sequences that closely 

resemble on-target TALE binding sites (Fig. 2.14c). Collectively, these results suggest 
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that off-target editing does not arise from editing at sequences similar to on-target sites. 

Instead, we speculate that DdCBE halves containing TALE arrays with greater non-

specific DNA binding activity166 are more likely to bind proximally to transiently 

reassemble active DddAtox, which can then engage off-target mtDNA regions with no 

necessary homology to the on-target site. 

2.3 Conclusion and Discussion 
This study describes the discovery of a dsDNA-specific cytidine deaminase toxin, 

and its development into an CRISPR-free, RNA-free base editor that can install the first 

targeted mutations in the human mitochondrial genome, with efficiencies ranging from 

~5-50%. The resulting DdCBEs enable programmable C•G-to-T•A conversions in 

mtDNA without requiring DSBs, a new capability that has the potential to model 

mitochondrial disease mutations, correct pathogenic variants, and expand our 

knowledge about mitochondrial biology.  

Additional research will be needed to fully elucidate the principles governing 

DdCBE efficiency and specificity. Developing in vitro and in vivo strategies to deliver 

DdCBEs will be essential for exploring their therapeutic potential in other cell types and 

in animal models of mitochondrial diseases. Exploring additional sources of natural 

diversity among bacterial DNA deaminases, or engineering DddAtox variants with altered 

sequence context and substrate preferences beyond 5’-TC-3’, would further expand the 

scope of mtDNA editing. Finally, while this study has focused on the use of DdCBE for 

mitochondrial base editing, some features of DdCBE (or zinc-finger array variants), such 

as its all-protein nature, lack of a PAM requirement, and independence from CRISPR 

components, may also offer advantages for base editing beyond mitochondria. 
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2.4 Methods  
 
Bacterial strains and culture conditions 

Except as noted, all bacterial strains used in this study were grown in Lysogeny 

Broth (LB) at 37 °C or on LB medium solidified with agar (LBA, 1.5% w/v, except as 

noted). When required, media was supplemented with the following: carbenicillin (150 

μg mL-1) gentamycin (15 μg mL-1), IPTG (80 μM, except as noted), rhamnose (0.05% 

w/v) except as noted), chloramphenicol (10 μg mL-1) or tetracycline (20 μg mL-1) for E 

coli, 120 μg mL-1 for B. cenocepacia). E. coli strains DH5α, XK1502, and BL21 were 

used for plasmid maintenance, toxicity and mutagenesis assays, and protein 

expression, respectively. B. cenocepacia strains were derived from the cystic fibrosis 

clinical isolate H111. A detailed description of the bacterial strains and plasmids used in 

this study is provided in  Table 2.4. 

 
Table 2.4 | List of bacterial strains and plasmids used in this study  
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Genetic techniques and plasmid construction for bacterial expression  
All procedures for DNA manipulation and transformation were performed with 

standard methods. Molecular biology reagents, Phusion® high fidelity DNA polymerase, 

restriction enzymes, UDG, and Gibson Assembly Reagent were obtained from New 

England Biolabs (NEB). GoTaq® Green Master Mix was obtained from Promega. 

Primers and gBlocks used in this study were synthesized by Integrated DNA 

Technologies (IDT). A list of all primers is provided in Table 2.5 

Protein expression constructs were generated by Gibson assembly. The toxin 

domain of DddA was identified by remote homology with characterized deaminase 

domains identified through HMMER167. For functional protein expression assays of 

DddAtox, TadA and CDD, the relevant genes or gene fragments were amplified from B. 

cenocepacia (DddAtox) or E. coli  genomic DNA and cloned into the vector pSCRhaB2. 

The gene encoding DddIA was amplified from B. cenocepacia and cloned into pPSV39, 

and the expression construct for DddAtox (E1347A) was generated by splicing by overlap 

extension PCR followed by Gibson assembly with pSCRhaB2. For the APOBEC3G 

expression construct, the gene sequence was codon optimized for expression in E. coli, 

generated by synthesis as a gBLOCK (IDT) and cloned into pSCRhaB2. For protein 

purification, genes encoding DddAtox and DddAI were amplified from B. cenocepacia 

and cloned into pETDuet.   

In-frame gene deletions and nucleotide substitutions in B. cenocepacia were 

performed by homologous recombination using the plasmid pDONRPEX18Tp-SceI-

pheS, followed by counter-selection using the plasmid pDAI-SceI and plasmid curing 

using 0.1% (w/v) p-chlorophenylalanine, as described previously168. B. cenocepacia 

contains two complete T6SSs169 and both were inactivated (∆icmF1, I35_RS01770; 
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∆icmF2, I35_RS17395) and tested in this study. The ∆icmF2 mutation did not influence 

DddA-dependent intercellular intoxication and is thus not included in Fig. 2.1b for the 

sake of brevity. Gentamycin-resistant B. cenocepacia was generated by insertion of a 

resistance cassette at the Tn7 site attachment site as described previously170. 

 
Table 2.5 | Sequences used for DddAtox characterization in bacteria 
Primers for cloning dddA deaminase domain into pScrhaB2-V 
NdeI-DddA TCAAGTACTACATATGATAGGACTCAACGGTGGGGC 
DddA-NS-
XbaI 

TACTGATTGATCTAGAACAACCTCCTTTCGTGGGGGA 
  

Primers for cloning dddAI deaminase domain into pPSV39-CV 
DddAI-
XbaI 

TACTGATTGATCTAGATTACAACTCGCTCCATGTCAGTTG 

SacI-RBS-
DddAI 

TCAAGTACTAGAGCTCACGGGAGGAAAGATGTACGCAGAC
GATTTCGACG   

Primers for cloning dddA deaminase domain into  pETDuet-1 mcs1 
BamHI-
DddA_duet 

TATCAGAAACGGATCCATAGGACTCAACGGTGGGGC 

DddA_duet
-NotI 

TATGTTACTAGCGGCCGCTCAACAACCTCCTTTCGTGGG 
  

Primers for cloning  dddAI  deaminase domain into  pETDuet-1 mcs1 
NdeI_Ddd
AI 

TCAAGTACTACATATGTACGCAGACGATTTCGACG 

DddAI-
BglII 

TATGTTACTAAGATCTTTACAACTCGCTCCATGTCAGTTG 
  

Primers for cloning dddA(E1347A) deaminase domain into pETDuet-1 
mcs1 
DddA_E13
47A-3 

CGGACTGACCGGCAACGTGCCCGGCGTTTGC 

DddA_E13
47A-4 

GGCACGTTGCCGGTCAGTCCGCCTTATTTATGC 
  

Primers for construction of deletion cassette for icmF1 using 
pDONRPEX18Gm-SceI-pheS 
HindIII-
ISecI-
IcmF1 

TGTTAAGCTAAAGCTTTAGGGATAACAGGGTAATCTGCTGG
ATCCGGATTTCCG 
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IcmF1-2 TTCAGCATGCTTGCGGCTCGAGTTGATGCGTTGCATAGGA
CGTTCA 

Icmf1-3 AACTCGAGCCGCAAGCATGCTGAAAGGGCGCAATGACGCA
AACC 

Bcen_Icm
F1-XbaI 

TCAATCAGTATCTAGAGTAGAACGGATCGACCGGCA 

HindIII-
ISecI-
IcmF2 

TGTTAAGCTAAAGCTTTAGGGATAACAGGGTAATCGCTCAT
TGTCCGTTTGCAGC 

IcmF2-2 TTCAGCATGCTTGCGGCTCGAGTTGCGAACGATCATGTGT
GATACAC 

IcmF2-3 AACTCGAGCCGCAAGCATGCTGAATTTCGAGACCCGCGAT
GACG 

IcmF2-
XbaI 

TCAATCAGTATCTAGACGAGCCGCTCGATACGATTG 
  

Primers for construction of deletion cassette for dddA-dddAI using 
pDONRPEX18Gm-SceI-pheS 
HindIII-ISecI-
DddADddAI 

TGTTAAGCTAAAGCTTTAGGGATAACAGGGTAATGTGGTACTTC
AACGAAGCAGATG 

DddADddAI-2 TTCAGCATGCTTGCGGCTCGAGTTATCGGATCAGTGACTCGTG
C 

DddADddAI-3 AACTCGAGCCGCAAGCATGCTGAAAGCGAGTTGTAAGAAACGG
AGC 

Bcen_E1-I1-
XbaI 

TCAATCAGTATCTAGAAGTGAGCTCTCCGAAATCGAAC 
  

Primers for construction of dddA(E147A) using pDONRPEX18Gm-SceI-pheS 
Bcen_E1347A
-1 

TAAAACGACGGCCAGTGCCAAGCTTAGGGATAACAGGGTAATA
GCAGCTACGTGTACAGTCCGGACGCACCGTATTCGC 

Bcen_E1347A
-2 

AATAAGGCGGACTGACCGGCAACGTGCCCGGCGTTTGCGTAGT
TGG 

Bcen_E1347A
-3 

CCGGGCACGTTGCCGGTCAGTCCGCCTTATTTATGCGC 

Bcen_E1347A
-4 

GCTCGGTACCCGGGGATCCTCTAGACTCGCTCCATGTCAGTTG
CTCGGGCCG   

Primers for cloning of cdd into pScrhaB2-V 
CDD_fwd TGAAATTCAGCAGGATCACATATGCATCCACGTTTTCAAACCGC 
CDD_rev TGCATGCCTGCAGGTCGACTCTAGAAGCGAGAAGCACTCGGTC   

Primers for cloning of tadA into pScrhaB2-V 
tadA_fwd AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA

CGCTCTTCCGATCT 
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tadA_rev TGCATGCCTGCAGGTCGACTCTAGACTTAAAAATACGTATCGCT
TTAG   

Primers for cloning of A3G into pScrhaB2-V 
A3G_fwd TGAAATTCAGCAGGATCACATATGGACCCACCAACTTTTACTTTT

AATTTTAAC 
A3G_rev TGCCTGCAGGTCGACTCTAGAGTTTTCCTGGTTTTGTAAGATTG   

Primers for ung deletion in E.coli 
ung_del-F TAGAAAGAAGCAGTTAAGCTAGGCGGATTGAAGATTCGCAGGA

GAGCGAGATGGTGTAGGCTGGAGCTGCTTC 
ung_del-R TGATAAATCAGCCGGGTGGCAACTCTGCCATCCGGCATTTCCC

CGCAAATTTACATATGAATATCCTCCTTAG   

Primers for cloning ung into pBAD24 
EcoRI_ung TAGTACAGAGAATTCATGGCTAACGAATTAACCTGGCATGAC 
ung_XbaI TCAATCAGTATCTAGATTACTCACTCTCTGCCGGTAATACTG   

Sequences for poisoned primer extension assay 
Substrate 
GUUG AUGGUUGGUAGUGGAUGUGGAUAAGAUGGAG 
Substrate 
GUCG AUGGUCGGUAGUGGAUGUGGAUAAGAUGGAG 
Primer 5’FAM-CTCCATCTTATCCACATCCACT 

 
Plasmid construction for mammalian expression 

PCR was performed using Phusion U Green Multiplex PCR Master Mix 

(ThermoFisher Scientific), Phusion U Green Hot Start DNA Polymerase (ThermoFisher 

Scientific) or Q5 Hot Start High-Fidelity DNA Polymerase (New England Biolabs). All 

plasmids were constructed using USER cloning (New England Biolabs). DddAtox and 

mitoTALE genes were synthesized as gene blocks and codon optimized for human 

expression (Genscript). BE4max was obtained from previous report83. BE2max 

(rAPOBEC1–dSpCas9–UGI–UGI) was cloned from BE4max plasmid. Compared to 

BE2154, BE2max contains an extra UGI protein and uses codon optimization from 

BE4max. DddAtox–Cas9 fusions and DdCBE variants were cloned into pCMV 

(mammalian codon-optimized) backbones. sgRNA plasmids were constructed by blunt-
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end ligation of a linear polymerase chain reaction (PCR) product generated by encoding 

the 20- to 23-nt variable protospacer sequence onto the 5′ end of an amplification 

primer and treating the resulting piece with KLD Enzyme Mix (New England Biolabs) 

according to the manufacturer’s instruction. Mach1 chemically competent E. coli cells 

(ThermoFisher Scientific)  were used for plasmid construction. Plasmids for mammalian 

transfection were purified using ZymoPURE II Plasmid Midiprep Kits (Zymo Research), 

as previously described107. A list of all primers used in mammalian expression 

constructs is provided in Table 2.6.  

Table 2.6 | Sequences used for characterization of DddAtox and its fusions in 
mammalian cells. 
Primers used for generating sgRNA transfection plasmids. Rev_sgRNA_plasmid 
was used in all cases    

rev_sgRNA_plasmid  GGTGTTTCGTCCTTTCCACAAG  
fwd_saG1 GTCTGTGCCCCTCCCTCCCTGGCGTTTTAGTACT

CTGTAATGAAAATTACAGAATCTAC 
fwd_saG2 GCCCCTCCCTCCCTGGCCCAGGTGTTTTAGTAC

TCTGTAATGAAAATTACAGAATCTAC 
fwd_saG3 GCCCTCCCTGGCCCAGGTGAAGGGTTTTAGTAC

TCTGTAATGAAAATTACAGAATCTAC 
fwd_saG4 GTGTGGTTCCAGAACCGGAGGAGTTTTAGTACT

CTGTAATGAAAATTACAGAATCTAC 
fwd_spG6 GAGGCCCCCAGAGCAGCCACGTTTTAGAGCTAG

AAATAGCAAGTTAAAATAAGGC 
fwd_spG7 GCCACTGGGGCCTCAACACTCGTTTTAGAGCTA

GAAATAGCAAGTTAAAATAAGGC 
fwd_EMX1 GAGTCCGAGCAGAAGAAGAAGTTTTAGAGCTAG

AAATAGCAAGTTAAAATAAGGC    

Primers for HTS of on-target sites from all mammalian cell culture experiments  
fwd_CCR5_HTS  ACACTCTTTCCCTACACGACGCTCTTCCGATCTN

NNNCAAGTGTGATCACTTGGGTGG 
rev_CCR5_HTS  TGGAGTTCAGACGTGTGCTCTTCCGATCTGGATT

CCCGAGTAGCAGATG 
fwd_EMX1_HTS ACACTCTTTCCCTACACGACGCTCTTCCGATCTN

NNNGGCCCCTAACCCTATGTAGC 
rev_EMX1_HTS  TGGAGTTCAGACGTGTGCTCTTCCGATCTCTTCT

GCTCGGACTCAGGC 
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fwd_ND1_HTS  ACACTCTTTCCCTACACGACGCTCTTCCGATCTN
NNNCTCACCATCGCTCTTCTACTATG 

rev_ND1_HTS  TGGAGTTCAGACGTGTGCTCTTCCGATCTGGCTA
GGGTGACTTCATATGAG 

fwd_ND2_HTS  ACACTCTTTCCCTACACGACGCTCTTCCGATCTN
NNNCGTAAGCCTTCTCCTCACT 

rev_ND2_HTS  TGGAGTTCAGACGTGTGCTCTTCCGATCTGTTGA
GTAGTAGGAATGCGGTAG 

fwd_ND4_HTS ACACTCTTTCCCTACACGACGCTCTTCCGATCTN
NNNGACTTCAAACTCTACTCCCACTAATAG 

rev_ND4_HTS TGGAGTTCAGACGTGTGCTCTTCCGATCTGTTGT
GGTAAATATGTAGAGGGAG 

fwd_ND5.1/5.2_HTS ACACTCTTTCCCTACACGACGCTCTTCCGATCTN
NNNCGGGTCCATCATCCACAAC 

rev_ND5.1/5.2_HTS TGGAGTTCAGACGTGTGCTCTTCCGATCTAGAGT
AATAGATAGGGCTCAGGC 

fwd_ND5.3_HTS ACACTCTTTCCCTACACGACGCTCTTCCGATCTN
NNNCTGTAGCATTGTTCGTTACATGG 

rev_ND5.3_HTS TGGAGTTCAGACGTGTGCTCTTCCGATCTCTGAT
GAGCAAGAAGGATATAATTCC 

fwd_ND6_HTS ACACTCTTTCCCTACACGACGCTCTTCCGATCTN
NNNCTCTTTCACCCACAGCACC 

rev_ND6_HTS  TGGAGTTCAGACGTGTGCTCTTCCGATCTGATTG
TTAGCGGTGTGGTCG 

fwd_ATP8_HTS ACACTCTTTCCCTACACGACGCTCTTCCGATCTN
NNNCTTTACAGTGAAATGCCCCAAC 

rev_ATP8_HTS TGGAGTTCAGACGTGTGCTCTTCCGATCTGGGG
GCAATGAATGAAGCG   

Primers for HTS of off-target sites from all mammalian cell culture experiments  
fwd_5303_HTS ACACTCTTTCCCTACACGACGCTCTTCCGATCTN

NNNGCTAACATGACTAACACCCTTAATTC 
rev_5303_HTS TGGAGTTCAGACGTGTGCTCTTCCGATCTGTAG

GAGTAGCGTGGTAAGG 
fwd_7994/8115_HTS ACACTCTTTCCCTACACGACGCTCTTCCGATCTN

NNNCCCCCATTATTCCTAGAACCAG 
rev_7994/8115_HTS TGGAGTTCAGACGTGTGCTCTTCCGATCTGCTAT

AGGGTAAATACGGGCC 
fwd_8619/8648/8720_HTS ACACTCTTTCCCTACACGACGCTCTTCCGATCTN

NNNGATCATTCTATTTCCCCCTCTATTG 
rev_8619/8648/8720_HTS TGGAGTTCAGACGTGTGCTCTTCCGATCTCACTG

TGCCCGCTCATAAG 
fwd_10192/10205/10349_HTS ACACTCTTTCCCTACACGACGCTCTTCCGATCTN

NNNGAAAAATCCACCCCTTACGAG 
rev_10192/10205/10349_HTS TGGAGTTCAGACGTGTGCTCTTCCGATCTCGTTT

TGTTTAAACTATATACCAATTCGG 
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fwd_13763_HTS ACACTCTTTCCCTACACGACGCTCTTCCGATCTN
NNNCCCCACCCTTACTAACATTAACG 

rev_13763_HTS TGGAGTTCAGACGTGTGCTCTTCCGATCTGTTTG
TTGGTTAGGTAGTTGAGG 

fwd_15598/15619/15646/1567
5_HTS 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTN
NNNCCTATTCGCCTACACAATTCTC 

rev_15598/15619/15646/1567
5_HTS 

TGGAGTTCAGACGTGTGCTCTTCCGATCTGTTGG
TATTAGGATTAGGATTGTTGTG 

fwd_15950_HTS ACACTCTTTCCCTACACGACGCTCTTCCGATCTN
NNNCTCAAATGGGCCTGTCCTTG 

rev_15950_HTS TGGAGTTCAGACGTGTGCTCTTCCGATCTGTACT
ACAGGTGGTCAAGTATTTATG 

fwd_16363/16393/16394_HTS ACACTCTTTCCCTACACGACGCTCTTCCGATCTN
NNNCCATTTACCGTACATAGCACATTAC 

rev_16363/16393/16394_HTS TGGAGTTCAGACGTGTGCTCTTCCGATCTCGTGA
GTGGTTAATAGGGTGATAG   

Primers for mtDNA copy number anaylsis by quantitative PCR 
fwd_ND5.1/5.2_qPCR GAACAAGATATTCGAAAAATAGGAGGAC 
rev_ND5.1/5.2_qPCR  GCGGTTTCGATGATGTGG 
fwd_ND6_qPCR CACTCACCAAGACCTCAACC 
rev_ND6_qPCR  GAATGATGGTTGTCTTTGGATATACTAC 
fwd_ATP8_qPCR CTTACACTATTCCTCATCACCCAAC 
rev_ATP8_qPCR  GTTCATTTTGGTTCTCAGGGTTTG 
fwd_β-actin_qPCR AGGCACCAGGGCGTGAT 
rev_β-actin_qPCR CAGGGTGAGGATGCCTC   

Primers for long-range PCR of whole mitochondrial genome as two amplicons 
fwd_2478-10858 GCAAATCTTACCCCGCCTG 
rev_2478-10858 AATTAGGCTGTGGGTGGTTG 
fwd_2688-10653 GCCATACTAGTCTTTGCCGC 
rev_2688-10653 GGCAGGTCAATTTCACTGG   

Primer for amplification of ND4 gene fragement from ND4-edited cells  
fwd_ND4_PCR  GCCATTCTCATCCAAACC 
Rev_ND4_PCR GGTTGAGGGATAGGAGGAG   

Primers for qPCR and RT-qPCR of ND4-edited cells  
fwd_ND4_RT-qPCR  CAAGCTCCATCTGCCTACGA 
rev_ND4_RT-qPCR  GCGATTATGAGAATGACTGC 
fwd_RNR1_RT-qPCR  ATTACACATGCAAGCATCCC 
rev_RNR1_RT-qPCR  CACGAAATTGACCAACCCTG 
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fwd_ND1_RT-qPCR  TAGCAGAGACCAACCGAACC    
rev_ND1_RT-qPCR  ATGAAGAATAGGGCGAAGGG 
fwd_ND2_RT-qPCR  CTATCTCGCACCTGAAACAAGC 
rev_ND2_RT-qPCR  GGTGGAGTAGATTAGGCGTAGG 
fwd_ATP6/8_RT-qPCR  TGTTAGCGGTTAGGCGTA 
rev_ATP6/8_RT-qPCR  TTACACCAACCACCCAAC 
fwd_CO3_RT-qPCR  TTTACCCTCCTACAAGCC 
rev_CO3_RT-qPCR  GCGGATGAAGCAGATAGT 
fwd_CYB_RT-qPCR  GCCTGCCTGATCCTCCAAAT  
rev_CYB_RT-qPCR  AAGGTAGCGGATGATTCAGCC 
fwd_B2M_RT-qPCR_qPCR CAGGTACTCCAAAGATTCAGG    
rev_B2M_RT-qPCR _qPCR 
  

GTCAACTTCAATGTCGGATGG 

Nextera primers for ATAC-seq  
i5_common 
 
i7_1 
 
i7_2 
 
i7_3 
 
i7_4 
 
i7_5 
 
i7_6 
 
i7_7 
 
i7_8 
 
i7_9 

AATGATACGGCGACCACCGAGATCTACACTCGT
CGGCAGCGTCAGATGTG 
CAAGCAGAAGACGGCATACGAGAT 
TCGCCTTAGTCTCG TGGGCTCGGAGATGT 
CAAGCAGAAGACGGCATACGAGATCTAGTACGG
TCTCGTGGGCTCGGAGATGT 
CAAGCAGAAGACGGCATACGAGATTTCTGCCTG
TCTCGTGGGCTCGGAGATGT 
CAAGCAGAAGACGGCATACGAGATGCTCAGGAG
TCTCGTGGGCTCGGAGATGT 
CAAGCAGAAGACGGCATACGAGATAGGAGTCCG
TCTCGTGGGCTCGGAGATGT 
CAAGCAGAAGACGGCATACGAGATCATGCCTAG
TCTCGTGGGCTCGGAGATGT 
CAAGCAGAAGACGGCATACGAGATGTAGAGAGG
TCTCGTGGGCTCGGAGATGT 
CAAGCAGAAGACGGCATACGAGATCCTCTCTGG
TCTCGTGGGCTCGGAGATGT 
CAAGCAGAAGACGGCATACGAGATAGCGTAGCG
TCTCGTGGGCTCGGAGATGT 
 

Bacterial competition experiments 
Bacterial competition experiments were used to evaluate the fitness of B. 

cenocepacia strains in interbacterial interactions. Donor and recipient strains were 

grown overnight and mixed in a 10:1 (v/v) ratio for donor and recipient, respectively. Cell 

suspensions were then concentrated to a total OD600 of 10, and 10 µL was spotted on a 

0.2 µm nitrocellulose membrane placed on LBA (3% w/v) and incubated for 6 hours at 
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37 °C. After incubation, cells were scraped from the membranes surface and 

resuspended in 1 mL LB. The initial donor:recipient ratio and the post-incubation ratio 

were determined by plating on LB agar (LBA) to determine the total number of colony 

forming units (c.f.u) and on LBA with gentamycin to quantify c.f.u. of the recipient strain. 

Toxicity assays 
To evaluate the toxicity of deaminases expressed heterologously, overnight 

cultures of E. coli XK1502 containing the appropriate plasmids were diluted 1:1000 into 

fresh medium and grown until reaching exponential phase (OD600 0.6), at which point 

deaminase expression was induced with rhamnose (0.2% w/v). Aliquots of cultures 

were then collected periodically until 480 minutes of growth and were diluted and plated 

onto LBA for c.f.u determination.  

Crystallization and Structure Determination 
 Crystals of the selenomethionine derivative hexahistidine-tagged DddAtox (a.a. 

1264-1427)·DddIA complex were obtained at 5-10 mg/mL in crystallization buffer (15 

mM Tris pH 7.5, 150 mM NaCl, 1.0 mM tris(2-carboxyethyl)phosphine (TCEP)), mixed 

1:1 with crystallization solution containing 25% (w/v) PEG 3350, 0.1 M Bis-Tris:HCl pH 

6.5, 200 mM MgCl2. Rectangular crystals grew to 400 x 200 x 100 µm over 5 days. 

Selenomethionine DddAtox· DddIA crystals displayed the symmetry of space group 

P21212 (a = 126.8 Å, b = 145.0 Å, c = 64.2 Å,  𝛂𝛂 = 𝛃𝛃 = 𝛄𝛄 = 90°), with four dimers in the 

asymmetric unit. Prior to data collection, crystals were cryoprotected in crystallization 

solution 15% glycerol, 25% PEG3350, 100 mM MgCl2, 100 mM NaCl, 7.5 mM Tris pH 

7.5, 50 mM Bis-Tris pH 6.5, 0.5 mM TCEP. 

 Highly redundant anomalous (SAD) data were obtained at 0.9790 Å (peak) 

wavelength from a single selenomethionine crystal at 100 K temperature at the BL502 
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beamline (ALS, Lawrence Berkeley National Laboratory). Data were processed using 

HKL2000171. Heavy atom searching using phenix.autosol identified 18 possible sites, 

and refinement yielded an estimated Bayes correlation coefficient of 55.9 to 2.5 Å 

resolution. After density modification, the estimated Bayes correlation coefficient 

increased to 61.2. Approximately 70% of the selenomethionine model was constructed 

automatically, and the remaining portion was built manually. The current model (Table 

2.1) contains four DddA·DddIA dimers.  

 Refinement was carried out against peak anomalous data with Bijvoet pairs kept 

separate using phenix.refine172 interspersed with manual model revisions using the 

program Coot173 and consisted of conjugate-gradient minimization and calculation of 

individual atomic displacement and translation/libration/screw parameters174. Residues 

that could not be identified in the electron density were: 1250-1289 and 1423-1427 for 

DddA, and 71-73 for DddIA. Both models exhibit excellent geometry, as determined by 

MolProbity175. Ramachandran analysis identified 99.1% favored, 0.9% allowed, and 0% 

disallowed residues for the model. Coordinates and structure factors are deposited in 

the RCSB Protein Data Bank (ID 6U08). 

Mutation frequency determination and SNP generation assay 
To determine the frequency of mutations induced by expression of DddAtox and 

DddAtox (E1347A), overnight cultures of E. coli containing the expression plasmids for 

these proteins together with the plasmid for expression of DddIA were diluted 1:1000 

into fresh medium and grown until reaching exponential phase (OD600 0.6). The cultures 

were then induced with IPTG (0.08 mM) for DddIA and rhamnose (0.04% w/v) for 

DddAtox or DddAtox (E1347A) expression. The combined expression of both toxin and 

immunity proteins at this low level allows the cells expressing DddAtox to suffer growth 
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arrest but does not result in a decrease in culture viability. After 1 hour under these 

inducing conditions, cultures were supplemented with 1 mM of IPTG to increase DddIA 

expression and thus block DddA toxicity and were then grown an additional 16 hours. 

After this recovery period, the cultures were plated onto LBA containing rifampicin (100 

μg/mL) or no antibiotics.  Mutation frequency was determined dividing the number of 

rifampicin resistant colonies by the total c.f.u obtained on non-selective medium.   

For the genome-wide identification of SNPs that accumulate following low level 

expression of DddAtox or DddAtox (E1347A), E. coli ∆udg carrying plasmids for 

expression of one of these proteins plus the plasmid for expressing DddIA was 

submitted to seven rounds of expression and recovery as described above, with 

cultures being plated after recovery and single colonies being selected and used to 

inoculate the subsequent round of expression. Randomly chosen single colonies were 

used to avoid introducing selection for increased fitness under the culture conditions176. 

Five isolated colonies from each starting population subjected to this regimen were 

selected for whole genome sequencing. We confirmed the presence of non-

mutagenized dddAtox and dddAtox (E1347A) in these sequencing data. 

Western blot for deaminase expression in E. coli 
Western blotting to detect deaminases expressed in E. coli was performed using 

rabbit α-VSV-G (diluted 1:5000, Sigma) and detected with α-rabbit horseradish 

peroxidase-conjugated secondary antibodies (diluted 1:5000, Sigma). Loading control 

was performed with mouse α-RNAP (diluted 1:500, Biolegend) and detected with sheep 

α-mouse (diluted 1:500, Millipore). Western blots were developed using 

chemiluminescent substrate (SuperSignal West Pico Substrate, Thermo Scientific) and 

imaged with a C600 imager (Azure biosystems). 
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Western blot for deaminase expression in mammalian cells 
HEK293T cells were transfected as described below. For preparation of cell 

lysate for western blot analysis of DdCBE, cells were lysed in 150 μL of ice-cold 1x 

RIPA buffer (Sigma) with added protease inhibitor (Roche Complete Mini) by incubating 

for 30 min at 4 °C with agitation. Lysates were cleared by pelleting at 12,000 rcf for 10 

min at 4˚C.  

60 µL of cleared lysate supernatant was added to 20 µL of 4X LDS sample 

loading buffer (ThermoFisher Scientific) with a final DTT (Sigma Aldrich) concentration 

of 10 mM. Lysates were boiled for 10 min at 95˚C. 15-20 µL of protein lysate was 

loaded into the wells of a Bolt 4–12% Bis-Tris Plus (Thermo Fisher Scientific) pre-cast 

gel. 6 μL of Precision Plus Protein Dual Color Standard (Bio-Rad) was used as a 

reference. Samples were separated by electrophoresis at 180 V for 45 min in Bolt MES 

SDS running buffer (Thermo Fisher Scientific). Transfer to a PVDF membrane was 

performed using an iBlot 2 Gel Transfer Device (Thermo Fisher Scientific) according to 

manufacturer’s protocols. The membrane was blocked in Odyssey Blocking Buffer (LI-

COR) for 1 h at room temperature, then incubated with rat anti-FLAG (ThermoFisher 

Scientific MA1-142; 1:2000 dilution), mouse anti-HA (ThermoFisher Scientific 26183; 

1:2000 dilution) and rabbit anti-actin (CST 4970; 1:2000 dilution) in blocking buffer 

(0.5% Tween-20 in 1xPBS, 0.2 µm filtered)  overnight at 4˚C. The membrane was 

washed 3x with TBST (1xTBS in 0.5% Tween-20, 0.2 µm filtered) for 10 min each at 

room temperature, then incubated with IRDye-labeled secondary antibodies goat anti-

rat 680RD (LI-COR 926-68076), goat anti-mouse 800CW (LI-COR 926-32210) and 

donkey anti-rabbit 800CW (LI-COR 926–32213) diluted 1:5000 in blocking buffer for 1 h 
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at room temperature. The membrane was washed as before, then imaged using an 

Odyssey Imaging System (LI-COR). 

Mitochondria isolation and BN-PAGE analysis  
Mitochondria isolation was performed as described177. Cells were harvested from 

the plates by pipetting in NKM buffer (1 mM Tris–HCl, pH 7.4, 130 mM NaCl, 5 mM KCl, 

7.5 mM MgCl2) followed by centrifugation at 400 × g at 4°C for 8 min. Pellets were 

resuspended in ice-cold 0.1 × homogenization buffer (4 mM Tris-HCl, pH 7.8, 2.5 mM 

NaCl, 0.5 mM MgCl2) and incubated for 5 min on ice. Twenty strokes of a tight-fitting 

pestle (Dounce homogenizer) were applied to homogenize cells and buffer was 

adjusted to isotonic conditions by addition of one-ninth volume of 10 × homogenization 

buffer. Cell debris and nuclei were pelleted by two succeeding centrifugations at  900 × 

g at 4°C for 4 min and mitochondria were collected by centrifugation at 10 000 × g at 

4°C for 2 min. 50μg of mitochondria were suspended in NativePAGE solubilization 

buffer (ThermoFisher) with addition of digitonin at 4g/g digitonin/protein ratio and 

incubated on ice for 10 min. Samples were centrifuged 16000 x g at 4°C for 10 min, 

supernatants were collected to new tubes and NativePAGE G-250 Sample Additive 

(ThermoFisher) was added to each sample to final concentration of 0.25%. Samples 

were loaded onto NativePAGE 3-12% Bis-Tris Gels (ThermoFisher) and electrophoresis 

was performed with the use of NativePAGE Running Buffer system (ThermoFisher) at 

constant 150 V for 45 min at 4°C followed by 250 V for 90 min at room temperature. 

After initial 45 min electrophoresis, the Dark Blue Cathode Buffer was replaced with the 

Light Blue Cathode Buffer. After electrophoresis transfer to PVDF membrane (BioRad) 

was performed using semi-dry Trans Blot Turbo transfer system (BioRad). Membranes 

were incubated for 5 min in 8% v/v acetic acid and washed shortly with methanol 
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following 5 min incubation in dH2O. Membranes were washed twice with TBST (TBS-

Tween-20, Boston BioProducts) and blocked with 5% w/v Blotting-Grade Blocker 

(BioRad) in TBST. Membranes were incubated with primary antibodies overnight at 4°C. 

Membranes were washed 3 times for 10 min with TBST and incubated with secondary 

antibodies for 1 h at room temperature followed by washing 3 times for 10 min with 

TBST. Membranes were incubated with Western Lightning Plus-ECL (PerkinElmer) and 

signal was registered on the Amersham Hyperfilm high performance autoradiography 

film (GE Helthcare). Films were scanned and 8-bit grayscale files were used for 

quantification with Fiji software178. For each image, ROI of the same size was used to 

quantify all bands and their corresponding background signals. Obtained values were 

inverted so that white pixels = 0 and black pixels = 255. Net values were calculated as a 

difference between band values and background values. Obtained net values were 

used to calculate the ratio relative to mock edited cells. 

 Antibodies used: 

Antigen Host Company Cat # Dilution 

Anti-NDUFA9  mouse Abcam ab14713 1:1000 

Anti-UQCRC2 rabbit Abcam ab103616 1:1000 

Anti-ATP5A mouse Abcam ab14748 1:6000 

Anti-MTCO2 mouse Abcam ab110258 1:1000 

Anti-SDHB mouse Abcam ab14714 1:1000 
 
Purification of proteins for bacterial biochemical assays 

Overnight cultures of E. coli BL21 pETDuet-1::dddAtox-dddIA, or E. coli BL21 

pETDuet-1::dddAtox (E1347A) were used to inoculate 2 L of LB broth in a 1:100 dilution 

and cultures were grown to approximately OD600 0.6. At this point, plasmid expression 

was induced with 0.5 mM IPTG and the cultures were incubated for 16 hours at 18 °C in 
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a shaking incubator. Cell pellets were harvested by centrifugation at 4000 g for 20 min, 

followed by resuspension in 50 mL of lysis buffer (50 mM Tris-HCl pH 7.5, 500 mM 

NaCl, 30 mM imidazole, 1 mM DTT, and 1 mg/mL lysozyme). Cell pellets were then 

lysed by sonication (5 pulses, 10 s each) and supernatant was separated by 

centrifugation at 25,000 g for 30 min. 

The DddAtox-DddIA complex or DddAtox (E1347A) was purified from cell lysates by 

nickel affinity chromatography using 4 mL of Ni-NTA agarose beads loaded onto a 

gravity-flow column. Supernatant was loaded onto the column and resin was washed 

with 50 mL of wash buffer (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 30 mM imidazole, 1 

mM DTT). Proteins of interest were eluted with 5 mL elution buffer (50 mM Tris-HCl pH 

7.5, 300 mM Imidazole, 500 mM NaCl, 30 mM imidazole, 1 mM DTT). When DddAtox 

(E1347A) was purified, the eluted samples were applied directly to size exclusion 

chromatography.  For DddA-DddIA, the eluted samples underwent a denaturation and 

renaturation step to isolate only the toxin. In this case, the eluted proteins were added to 

50 mL 8 M urea denaturing buffer (50 mM Tris-HCl pH 7.5, 300 mM Imidazole, 500 mM 

NaCl, and 1 mM DTT) and incubated for 16 hours at 4 °C. The 8 M urea denaturing 

buffer with the eluted proteins was loaded on a gravity-flow column with 4 mL Ni-NTA 

agarose beads. The column was washed with 50 mL 8 M urea denaturing buffer to 

remove any remaining DddIA. While still bound to Ni-NTA agarose beads, DddAtox was 

renatured by sequential washes with 25 mL denaturing buffer with decreasing 

concentrations of urea (6 M, 4 M, 2 M, 1 M), and a last wash with wash buffer to remove 

remaining traces of urea. Proteins bound to the column were then eluted with 5 mL 

elution buffer. The eluted samples were purified again by sizing exclusion 
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chromatography using protein liquid chromatography (FPLC) with gel filtration on a 

Superdex200 column (GE Healthcare) in sizing buffer (20 mM Tris-HCl pH 7.5, 200 mM 

NaCl, 1 mM DTT, 5% (w/v) glycerol). The fraction purity was evaluated by SDS-PAGE 

gel stained with Coomassie Brilliant Blue and the highest quality factions were stored at 

-80 °C.  

DNA deamination assays 
All the DNA substrates were purchased from Integrated DNA Technologies (IDT), 

and a 6-FAM fluorophore was added for visualization (see Table 2.5 for substrate 

sequences). Reactions were performed in 10 µL of deamination buffer (20 mM MES pH 

6.4, 200 mM NaCl, 1 mM DTT, 8% Ficoll 70, and 1 µM substrate) with APOBEC3A, 

DddAtox or DddAtox (E1347A) at the concentrations indicated in Fig. 2.1f, g. Reactions 

were incubated for 1 hour at 37 °C, followed by the addition 5 µL of UDG solution (New 

England Biolabs, 0.02 U/µL UDG in 1X UDG buffer) and further incubated for 30 

minutes. Cleavage of substrates was induced by addition of 100 mM NaOH and 

incubation at 95 °C for 3 minutes. Samples were analyzed by denaturing 15% 

acrylamide gel electrophoresis and the resulting fluorescent DNA fragments were 

detected by fluorescence imaging with Azure biosystems. 

Poisoned primer extension assay for RNA deamination 
All substrate sequences are listed in Table 2.5. The RNA substrates and the 

oligonucleotide containing a 5' 6-FAM fluorophore for visualization were purchased from 

Integrated DNA Technologies (IDT). Deamination reactions were performed in 10 µL of 

RNA deamination buffer (Tris-HCl pH 7.5, 200 mM NaCl, 1 mM DTT) with the addition 

of 1 µM of DddAtox or DddAtox(E1347A). Substrate combinations and concentrations 

were added as indicated in Fig. 2.2d-f, and reactions were incubated for 1 hour at 37 
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°C. cDNA synthesis was performed in a 10-µL reaction (2.5 U/µL MultiScribe™ Reverse 

Transcriptase (ThermoFisher), 1 µL deamination reaction, 1.5 µM oligonucleotide, 100 

µM dATP, 100 µM dCTP, 100 µM dTTP, and 100 µM ddGTP). The reaction was 

incubated at 37 °C for 10 minutes and samples were analyzed by denaturing 15% 

acrylamide gel electrophoresis. The synthesized cDNA fragments were detected by 

fluorescence imaging with a C600 (Azure biosystems). 

Genome sequencing and SNP identification in bacteria 
Overnight cultures from isolated colonies were used for total gDNA extraction 

with the DNeasy Blood & Tissue kit (Qiagen), and extraction yield was quantified using 

a Qubit (Thermo Fisher Scientific). Sequencing libraries were constructed using the 

Nextera DNA Flex Library Prep Kit (Illumina). Library quality and concentration was 

evaluated with a Qubit and TapeStation System (Agilent). Sequencing was performed 

with an Illumina MiSeq instrument (300 cycles paired end program). Genome mapping 

was performed with BWA179 using the E. coli MG1655 (NC_000913.3) genome as a 

reference. Pileup data from alignments were generated with SAMtools and variant 

calling was performed with VarScan2180. SNPs were considered valid if they were 

present at a frequency higher than 90%. 

Mammalian cell culture 
All cells were cultured and maintained at 37 °C with 5% CO2. Antibiotics were not 

used for cell culture of HEK293T cells, U2OS cells, T-Rex-293-based POLGdn cells and 

primary fibroblasts. HEK293T cells [CRL-3216, American Type Culture Collection 

(ATCC)] were cultured in DMEM with GlutaMax (Thermo Fisher Scientific) 

supplemented with 10% (v/v) fetal bovine serum (Gibco). U2OS cells (HTB-96, ATCC) 

were cultured in MyCoy’s 5A medium with GlutaMax (Thermo Fisher Scientific) 
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supplemented with 10% (v/v) fetal bovine serum (Gibco). HeLa cells (ATCC CCL-2) 

were cultured in high glucose DMEM (Gibco) with 10% fetal bovine serum (Atlanta 

Biological), and 100 U/ mL penicillin (Sigma-Aldrich). Primary human fibroblasts 

(GM04541, Coriell) were cultured in DMEM with GlutaMAX supplemented with 20% 

(vol/vol) FBS (Thermo Fisher Scientific). T-Rex-293-based POLGdn cells were a 

generous gift from Vamsi Mootha and were cultured in DMEM with GlutaMax (Thermo 

Fisher Scientific) supplemented with 10% (v/v) fetal bovine serum (Gibco), 1 mM 

sodium pyruvate and 50 µg/mL uridine (Sigma-Aldrich). Cell lines were authenticated by 

their respective suppliers and tested negative for mycoplasma.  

HEK293T and T-Rex-293-based POLGdn mammalian cell lipofection 
Cells were seeded on 48-well collagen-coated plates (Corning) at a density of 

2x105 cells/mL 18-24 hours before lipofection. Lipofection was performed at a cell 

density of approximately 70%. For split DddAtox-Cas9 screening, cells were transfected 

with 375 ng of split DddAtox–dSpCas9 monomer expression plasmid, 375 ng of split 

DddAtox–SaKKH-Cas9(D10A) monomer expression plasmid, 125 ng of SpCas9 gRNA 

expression plasmid and 125 ng of SaKKH gRNA plasmid. pUC19 was used as a filler 

DNA for monomer and no-gRNA control experiments to make up to 1000 ng of total 

plasmid DNA. For DdCBE experiments, cells were transfected with 500 ng of each 

mitoTALE monomer to make up 1000 ng of total plasmid DNA. Lipofectamine 2000 (1.5 

μL; ThermoFisher Scientific) was used per well. Cells were harvested at the indicated 

timepoint.  

For western blot analysis of DdCBEs expressed in mammalian cells, HEK293T 

cells were seeded on 6-well tissue culture-treated plates (Corning) at a density of 2x105 

cells/mL 18-24 hours before lipofection. Cells were transfected with 4000 ng of each 
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mitoTALE monomer to make up 8000 ng of total plasmid DNA. Lipofectamine 2000 (12 

μL; ThermoFisher Scientific) was used per well. Cells were harvested at the indicated 

timepoint. 

U2OS cell plasmid nucleofection 
We combined 500 ng of Left DdCBE monomer and 500 ng of Right DdCBE 

monomer in a volume that did not exceed 2 μL. This combined plasmid mixture was 

nucleofected in a final volume of 22 μL per sample in a 16-well Nucleocuvette strip 

(Lonza). U2OS cells were nucleofected using the SE Cell Line 4D-Nucleofector X Kit 

(Lonza) with 30,000 – 50,000 cells per sample (program DN-100), according to the 

manufacturer’s protocol.  

Cas9 mRNA in vitro transcription 
A fragment containing a T7 promoter driving expression of poly-adenylated Cas9 

transcript was isolated from purified plasmid (5 µg) using SpeI-HF restriction digestion 

(New England Biolabs) and purified with the MinElute PCR Purification Kit (Qiagen). 

mRNA was transcribed using the HiScribe T7 ARCA mRNA Kit (NEB) and purified using 

MEGAclear Transcription Clean-up kit (Thermo Fisher) according to the manufacturer’s 

instructions. 

Human primary fibroblast nucleofection 
Human primary fibroblasts were nucleofected as previously described181. Briefly, 

500 ng of in vitro-transcribed left-DdCBE mRNA and 500 ng of in vitro-transcribed right-

DdCBE mRNA were combined in a volume that did not exceed 2 μL. This combined 

mRNA mixture was nucleofected in a final volume of 22 μL per sample in a 16-well 

Nucleocuvette strip (Lonza). Human primary fibroblasts (GM04541, Coriell) were 

nucleofected using the P2 Primary Cell 4D-Nucleofector kit (Lonza) with 2.5 × 105 cells 

per sample (program DS-150), according to the manufacturer’s protocol. The medium 
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was changed after 24 h of nucleofection and cultured for 5 days before harvesting for 

high-throughput sequencing.  

Cell viability assays 
Cell viability was measured every 3 to 6-days over an 18-day time course using 

the CellTiter-Glo 2.0 assay (Promega) according to the manufacturer’s protocol. 

Luminescence was measured in 96-well flat black-bottomed polystyrene microplates 

(Corning) using a M1000 Pro microplate reader (Tecan) with a 1-s integration time. 

Genomic DNA isolation from mammalian cell culture  
Medium was removed, and cells were washed once with 1× Dulbecco’s 

phosphate-buffered saline (ThermoFisher Scientific). Genomic DNA extraction was 

performed by addition of 40 µL freshly prepared lysis buffer (10 mM Tris-HCl (pH 8.0), 

0.05% SDS, and proteinase K (20 μg/mL; ThermoFisher Scientific)) directly into the 48-

well culture well. The extraction solution was incubated at 37 °C for 60 min and then 80 

°C for 20 min. Resulting genomic DNA was subjected to bead cleanup with AMPure 

DNAdvance beads according to manufacturer’s instructions (Beckman Coulter A48705). 

For DNA isolation and Sanger sequencing of ND4-edited cells, total DNA was 

extracted from cells with the use of DNeasy Blood & Tissue Kit (Qiagen). ND4 gene 

fragment spanning edited m.11922 site was amplified with the use of AccuPrime Taq 

DNA Polymerase System (ThermoFisher). Primers used for the PCR are listed in Table 

2.6. PCR reaction products were purified by gel extraction with the use of QIAquick Gel 

Extraction Kit (Qiagen) and subjected to Sanger sequencing at Genwiz. For the 

assessment of mtDNA level, 8 ng of isolated DNA was used in qPCR reaction 

performed with the use of iQ SYBR Green Supermix (Bio-Rad). Relative abundance of 
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amplified ND1 gene fragment was normalized to amplified B2M gene fragment. Refer to 

Table 2.6 for list of qPCR primers used. 

High-throughput DNA sequencing of genomic DNA samples 
Genomic sites of interest were amplified from genomic DNA samples and 

sequenced on an Illumina MiSeq as previously described with the following 

modifications105. Amplification primers containing Illumina forward and reverse adapters 

(Table 2.6) were used for a first round of PCR (PCR 1) to amplify the genomic region of 

interest. Briefly, 1 µL of purified genomic DNA was used as input into the first round of 

PCR (PCR1). For PCR1, DNA was amplified to the top of the linear range using 

Phusion Hot Start II High-Fidelity DNA Polymerase (ThermoFisher Scientific), according 

to the manufacturer’s instructions but with the addition of 0.5x SYBR Green Nucleic 

Acid Gel Stain (Lonza) in each 25-µL reaction. For all amplicons, the PCR1 protocol 

used was an initial heating step of 2 min at 98 °C followed by an optimized number of 

amplification cycles (10 s at 98 °C, 20 s at 62 °C, 30 s at 72 °C). Quantitative PCR was 

performed to determine the optimal cycle number for each amplicon. The number of 

cycles needed to reach the top of the linear range of amplification are ~27-28 cycles for 

nuclear DNA amplicons and ~17-19 cycles for mtDNA amplicons. Barcoding PCR2 

reactions (25 µL) were performed with 1 uL of unpurified PCR1 product and amplified 

with Q5 Hot Start MasterMix (New England Biolabs) using the following protocol 98 °C 

for 2 min, then 9 cycles of [98 °C for 10 s, 61 °C for 20 s, and 72 °C for 30 s], followed by 

a final 72 °C extension for 2 min. PCR products were evaluated analytically by 

electrophoresis in a 1.5% agarose gel. After PCR2, up to 300 samples with different 

barcode combinations were combined and purified by gel extraction using the QIAquick 

Gel Extraction Kit (QIAGEN). DNA concentration was quantified using the Qubit ssDNA 
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HS Assay Kit (Thermo Fisher Scientific) to make up a 4 nM library. The library 

concentration was further verified by qPCR (KAPA Library Quantification Kit-Illumina, 

KAPA Biosystems) and sequenced using an Illumina MiSeq with 210- to 300-bp single-

end reads. 

Analysis of HTS data for DNA sequencing and targeted amplicon sequencing  
Sequencing reads were demultiplexed using MiSeq Reporter (Illumina). Batch 

analysis with CRISPResso2182 was used for targeted amplicon and DNA sequencing 

analysis. A 10-bp window was used to quantify indels centered around the middle of the 

dsDNA spacing. To set the cleavage offset, a hypothetical 15-or 16-bp spacing region 

has a cleavage offset of -8. Otherwise, the default parameters were used for analysis. 

The output file “Reference.NUCLEOTIDE_PERCENTAGE_SUMMARY.txt” was 

imported into Microsoft Excel for quantification of editing frequencies. Reads containing 

indels within the 10-bp window are excluded for calculation of editing frequencies. The 

output file “CRISPRessoBatch_quantification_of_editing_frequency.txt” was imported 

into Microsoft Excel for quantification of indel frequencies. Indel frequencies were 

computed by dividing the sum of Insertions and Deletions over the total number of 

aligned reads.  

Determination of relative total mitochondrial DNA levels by quantitative PCR  
Quantitative PCR (qPCR) reactions were performed on a Bio-Rad CFX96/C1000 

qPCR machine performed using SYBR green (Lonza). 5 ng of purified DNA was used 

as template input in a 25 µL reaction volume for Fig. 2.11i. 8 ng of purified DNA was 

used as template input in a 25 µL reaction volume Fig. 2.13a. For all reactions, the 

protocol used was an initial heating step of 2 min at 98 °C followed by 40 cycles of 

amplification (10 s at 98 °C, 20 s at 62 °C, 15 s at 72 °C).  Single threshold values (∆C) 
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\were determined by manufacturer’s software. The level of mtDNA was determined by 

the calculating the ratio of total mtDNA to genomic DNA (β-actin) (Ratio = EmtDNA∆C(DdCBE 

– dead DdCBE) (÷) Eβ-actin ∆C(DdCBE – dead DdCBE), where E is the efficiency of the qPCR reaction; 

END6 =0.858 , END5 = 0.844, EATP8 =0.995, Eβ-actin = 1.05). Refer to Table 2.6 for list of 

primers used. NC_012920 was used as the reference for mtDNA; NG_003019 was 

used as the reference for human ACTBP2.  

RNA isolation and RT-qPCR 
Total RNA was extracted from cells with the use of RNeasy Mini Kit (Qiagen) and 

digested with DNase I (Qiagen). 500 ng of isolated RNA was used for reverse 

transcription performed with the use of SuperScript III First-Strand Synthesis SuperMix 

for qRT-PCR (ThermoFisher). Obtained cDNA was used for qPCR.  Analysis of 

mitochondrial gene expression was performed with the use of iQ SYBR Green 

Supermix (BioRad) using primers listed in Table 2.6. Data was normalized to B2M 

abundance. 

Oxygen consumption analysis by Seahorse XF analyzer 
Seahorse plate was coated with 0.01% (w/v) poly-L-lysine (Sigma). 1.6x104 cells 

were seeded on the coated Seahorse plate 16 hours prior to the analysis in the 

Seahorse XFe96 Analyzer (Agilent). Analysis was performed in the Seahorse XF 

DMEM Medium pH 7.4 (Agilent) supplemented with 10mM glucose (Agilent), 2mM L-

glutamine (Gibco) and 1mM sodium pyruvate (Gibco). Mito stress protocol was applied 

with the use of 1.5 mM oligomycin, 1 mM FCCP and 1 mM piericidin + 1 mM antimycin. 

Complex I and IV activity assay  
Complex I activity assay was performed with the use of colorimetric Complex I 

Enzyme Activity Microplate Assay Kit (Abcam) according to the manufacturer’s protocol. 

Complex IV activity assay was performed with the use of colorimetric Complex IV 
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Human Enzyme Activity Microplate Assay Kit (Abcam) according to the manufacturer’s 

protocol. Briefly, cells were harvested and washed twice with PBS (Gibco) followed by 

protein extraction and incubation of clarified cell lysates at concentration of 0.25 mg/ml 

on the microplates for 3h at room temperature. Complex I activity was determined by 

measurement of absorbance at OD = 450 nm which is increased by reduction of a dye 

simultaneous to NADH to NAD+ oxidation. Complex IV activity was determined by 

measurement of absorbance at OD = 550 nm which decreases following oxidation of 

reduced cytochrome c. 

Long-range PCR to detect mtDNA deletions 
Long-range PCR was performed on purified genomic DNA as previously with 

listed primers (Table 2.6) to capture the whole mtDNA genome as two overlapping 

fragment of ~8 kb each. Briefly, ~50-200 ng of purified DNA was used as input for 

amplification by PRIMESTAR GXL DNA polymerase (Takara). For all reactions, the 

protocol used was an initial heating step of 1 min at 94 °C followed by 30 cycles of 

amplification (30 s at 98 °C, 30 s at 60 °C, 9 min at 72 °C). Unpurified PCR products 

were run on 0.8% agarose gel and stained with ethidium bromide.  

Immunocytochemical studies of DdCBE localization 
HeLa cells were transfected with a total of 1 ug of plasmid DNA to express left 

(HA-tagged) or right (FLAG-tagged) monomers of each DdCBE using Lipofectamine 

3000 (Thermo Fisher) according to the manufacturer’s protocol. After 24 hours 

incubation, cells were labelled with MitoTracker Deep Red (Thermo Fisher) at a final 

concentration of 100 nM for 30 minutes at 37 °C, 5% CO2 incubator. Cells were then 

seeded on an 8-well chamber glass slide (Ibidi) and fixed in 4% paraformaldehyde/PBS 

for 15 minutes at room temperature. Next, cells were washed twice with PBS and 
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permeabilized in PBS containing 0.1% saponin and 1% BSA for 30 minutes at room 

temperature. Cells were then immunostained with α-HA (Biolegend) or α-Flag (Sigma 

Aldrich), followed by Alexa-fluor conjugated α-mouse (HA tag) or α-rabbit (FLAG tag) 

secondary antibodies (Thermo Fisher). Images were taken using a 60x objective with 

the high-resolution widefield Nikon system. Acquired images were processed in Fiji178. 

Bulk ATAC-seq for whole mitochondrial genome sequencing 
ATAC-seq was performed as previously described183. In brief, 5,000-10,000 cells 

were trypsinzed, washed with PBS, pelleted by centrifugation and lysed in 50 µL of lysis 

buffer (0.1% Igepal CA-360 (v/v %), 10 mM Tris-HCl, 10 mM NaCl and 3 mM MgCl2 in 

nuclease-free water). Lysates were incubated on ice for 3 minutes, pelleted at 500 rcf 

for 10 minutes at 4 °C and tagmented with 2.5 µL of Tn5 transposase (Illumina 

#15027865) in a total volume of 10 µL containing 1xTD buffer (Illumina #15027866), 

0.1% NP-40 (Sigma), and 0.3x PBS. Samples were incubated at 37 °C for 30 minutes 

on a thermomixer at 300 rpm. DNA was purified using the MinElute PCR Kit (Qiagen) 

and eluted in 10 µL elution buffer. All 10 µL of the eluate was amplified using indexed 

primers (1.25 μM each) listed in the Table 2.6 and NEBNext High-Fidelity 2X PCR 

Master Mix (New England Biolabs) in a total volume of 50 μL using the following 

protocol 72 °C for 5 min, 98 °C for 30 s, then 5 cycles of [98 °C for 10 s, 63 °C for 30 s, 

and 72 °C for 60 s], followed by a final 72 °C extension for 1 min. After the initial 5 

cycles of pre-amplification, 5 µL of partially amplified library was used as input DNA in a 

total volume of 15 µL for quantitative PCR using SYBR Green to determine the number 

of additional cycles needed to reach 1/3 of the maximum fluorescence intensity. 

Typically, 3-8 cycles were conducted on the remaining 45 µL of partially amplified 

library. The final library was purified using a MinElute PCR kit (Qiagen) and quantified 
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using a Qubit dsDNA HS Assay kit (Invitrogen) and a High Sensitivity DNA chip run on a 

Bioanalyzer 2100 system (Agilent). All libraries were sequenced using Nextseq High 

Output Cartridge kits on an Illumina Nextseq 500 sequencer. Libraries were sequenced 

using paired-end 2x75 cycles and demultiplexed using the bcl2fastq program. 

Targeted amplicon sequencing for nuclear DNA off-target analyses 
Genomic DNA was isolated and purified as described in earlier section. The on-

target mtDNA binding sites for ND6-, ND5.1- and ND4-DdCBE were aligned to the NCBI 

reference sequence for human chromosome 5 (NC_000005.10) to identify MTND6P4, 

MTND5P11, MTND4P12. These pseudogenes are regions in the nuclear DNA that 

contain the greatest homology to their respective DdCBE binding sites in mtDNA. 

Samples were prepared for high-throughput sequencing as described in earlier section. 

The following primers were used for appending sequencing adapters to MTND6P4:  

 
MTND6P4 forward: 
ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNGTTGTAGCCCGTGCAAGAATAATG 
MTND6P4 reverse: 
TGGAGTTCAGACGTGTGCTCTTCCGATCTTAACACTAATCCTACTTCCATC 
 
For MTND5P11 and MTND4P12, a 5 kb region was amplified with primer set 1 to 

ensure selective amplification of nuclear DNA over mtDNA. The 5 kb fragment was 

purified using MinElute PCR Kit (Qiagen) and used as the DNA input for subsequent 

amplification steps using the indicated sequencing adapter primers:  

Forward 1: CTAATTCTCTTTGAGGAGCATGGTTAG 
Forward 2: TATCACTTCCAGCCACCTATTTCC 
MTND5P11 forward:  
ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNGGAAGCGAGGCTGACCTGTTA 
MTND5P11 reverse:  
TGGAGTTCAGACGTGTGCTCTTCCGATCT CCACGCCTTCTTCAAAGCCAT 
MTND4P12 forward: 
ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNCTATATTTACAGGAGGAAAACCCGG 
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MTND4P12 reverse: 
TGGAGTTCAGACGTGTGCTCTTCCGATCTGACTTCTAGCAAGCCTCACTAATC 
Genome sequencing and SNP identification in mitochondria 

SNP identification in mitochondria was performed similarly to in bacteria, with the 

following modifications. Genome mapping was performed with BWA (v0.7.17) using 

NC_012920 genome as a reference. Duplicates were marked using Picard tools 

(v2.20.7). Pileup data from alignments were generated with SAMtools (v1.9) and variant 

calling was performed with VarScan2 (v2.4.3). Variants that were present at a frequency 

greater than 0.1% and a p-value less than 0.05 (Fisher’s Exact Test) were called as 

high-confidence SNPs independently in each biological replicate. Only reads with Q > 

30 at a given position were taken into account when calling SNPs at that particular 

position. 

Calculation of average off-target C•G-to-T•A editing frequency  
To calculate the mitochondrial genome-wide average off-target editing frequency 

for each DdCBE in Fig. 2.14b, REDItools was used (v1.2.1)184. All nucleobases except 

cytosines and guanines were removed and the number of reads covering each C•G 

base pair with a PHRED quality score greater than 30 (Q > 30) was calculated. The on-

target C•G base pairs (depending on the DdCBE used in each treatment) were 

excluded in order to only consider off-target effects. C•G-to-T•A SNVs present at high 

frequencies (>50%) in both treated and untreated samples (that therefore did not arise 

from DdCBE treatment) were also excluded. The average off-target editing frequency 

was then calculated independently for each biological replicate of each treatment 

condition as: (number of reads in which a given C•G base pair was called as a T•A base 

pair, summed over all non-target C•G base pairs)÷(total number of reads that covered 
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all non-target C•G base pair). Sequence logos in Fig. 2.14c depicting the local 

sequence context of all off-target SNVs were generated as described previously91.  

Effect prediction of the C•G-to-T•A off-target SNVs identified by ATAC-seq  
SIFT185 (https://sift.bii.a-star.edu.sg/) was used to predict the outcome of 

nonsynonymous mutations on protein function. High- and low-confidence calls were 

made using standard SIFT parameters with GRCh37.74 database as the reference 

genome.  

Data availability 
High-throughput sequencing and whole-mitochondria sequencing data is 

deposited in the NCBI Seqeunce Read Archive (PRJNA603010)  
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Chapter Three: Continuous Evolution of CRISPR-free Mitochondrial and Nuclear 
Base Editors with Enhanced Activity and Expanded Targeting Scope  
 

This chapter has been adapted from:  
 
Mok, B. Y., Raguram, A., Huang, T.P., Liu, D.R. Continuous evolution of CRISPR-free 
mitochondrial and nuclear base editors with enhanced activity and expanded targeting 
scope. In review 
 
Contributions:  
 

B.Y.M. designed, performed and analyzed evolution experiments and 
characterization of DddA variants in bacteria and mammalian cells, and wrote the 
manuscript; A.R. designed selection circuit and performed off-target analyses; T.P.H 
designed sequence context profiling assay in bacteria; D.R.L. supervised the research 
and wrote the manuscript. 
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3.1 Introduction 
Each human cell can contain hundreds of mitochondria, and each mitochondrion 

contains hundreds to thousands of copies of circular mtDNA. The human mitochondrial 

genome contains tRNAs and rRNAs that enable mitochondrial translation of mtDNA 

genes encoding protein subunits of the electron transport chain. Due to the essential 

role of the mitochondria in energy homeostasis and other biological processes, single-

nucleotide mutations in the mtDNA could contribute to developmental disorders186, 

neuromuscular degeneration187 and cancer progression11. Whole genome analyses 

from large patient cohorts continue to reveal a growing number of mtDNA somatic 

substitutions that could contribute to human diseases188. To elucidate the role of these 

mutations in pathogenesis, there is an urgent need to develop technologies that enable 

the precise installation of point mutations within mtDNA. Such tools could also have the 

potential to correct deleterious mutations present in the mtDNA.  

Traditional nuclease-based strategies to manipulate mtDNA make targeted 

double-strand breaks (DSBs) within mtDNA copies that contain specific mutations67,69. 

Since DSBs in mtDNA lead to the destruction of that copy of mtDNA25,66, this approach 

is useful for eliminating diseased copies of mtDNA54. Nucleases, however, cannot 

introduce specific sequence changes in mtDNA. Precise genome editing agents 

including base editors101,154 and prime editors128 are capable of directly installing precise 

changes in a target DNA sequence, but typically rely on a guide RNA sequence to direct 

CRISPR-Cas proteins for binding to its target DNA. Due to the challenge of importing 

guide RNAs into the mitochondria139, CRISPR-based systems have thus far not been 

reliably used for mtDNA engineering141.  
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To begin to address this challenge, we recently developed DdCBE to enable 

targeted C•G-to-T•A conversions within mtDNA189. DdCBE uses two mitochondrial-

localized TALE proteins to specify the double-stranded DNA (dsDNA) region for editing. 

Each TALE is fused to a non-toxic half of DddA cytidine deaminase and one copy of 

uracil glycosylase inhibitor protein to suppress uracil base excision repair. Binding of 

two TALE–split DddA–UGI fusions to adjacent sites promotes reassembly of functional 

DddA for deamination of target cytosines within the dsDNA spacing region. DdCBEs 

have since been applied for mitochondrial base editing in mice and plants190,191. 

In our initial studies, we observed a range of mtDNA editing efficiencies (4.6% to 

49%) depending on the position of the target C within the spacing region between the 

DNA-bound DdCBE halves189. We hypothesized that enhancing the activity of split 

DddA could increase mtDNA editing efficiencies at putative 5’-TC contexts by improving 

the compatibility of DddA with different TALE designs and deaminase orientations.  

Given the strict sequence preference of DddA, DdCBEs are currently limited 

predominantly to TC targets. In this study, we sought to increase DdCBE activity at both 

TC and non-TC targets by applying rapid phage-assisted continuous evolution (PACE) 

and related non-continuous PANCE methods86,192. Development of a selection circuit for 

DdCBE activity followed by PANCE and PACE resulted in several families of DddA 

variants with conserved mutations enriched during evolution. Evolved variants DddA6 

and DddA11 mediated 3.7- to 5.6-fold average improvement in mtDNA base editing 

efficiency at TC targets compared to wild-type DddA. Importantly, while wild-type DddA 

mediates only very low levels of editing at target Cs that are not preceded by a T, 

DddA11 increased editing levels at AC and CC mtDNA targets by an average of 150- 
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and 738-fold, respectively, while maintaining efficient editing at TC. In the nucleus, 

DddA11 improved editing at non-TC targets by an average of 9.2- to 12-fold. These 

variants collectively enable the installation or correction of C•G-to-T•A point mutations at 

both TC and non-TC targets, thus substantially expanding the overall utility of DdCBEs.  

3.2 Results 
3.2.1 Adapting BE-PACE to Evolve TALE-based DdCBEs  

PACE uses an M13 phage that is modified to contain an evolving gene in place 

of gene III (gIII)193. gIII encodes a capsid protein pIII that is essential for producing 

infectious phage progeny. To establish a selection circuit, gIII is encoded in an 

accessory plasmid (AP) within the E. coli host cell such that gIII expression is 

dependent on the evolving activity. We previously reported a BE-PACE system to 

evolve CRISPR cytosine base editors86. In this system, the AP encodes gIII under the 

control of a T7 promoter. A complementary plasmid (CP) encodes T7 RNA polymerase 

(T7 RNAP) fused to a degron through a 2-amino-acid linker (Fig. 3.1a). In the absence 

of C•G-to-T•A editing of the linker sequence, the degron triggers constitutive proteolysis 

of T7, preventing gIII expression (Fig. 3.1b). We define the target cytosines for DdCBE-

mediated editing as C6 and C7, where the subscripted numbers refer to the position in 

the spacing region, counting the DNA nucleotide immediately after the binding site of 

the left-side TALE (TALE3) as position 1. Successful C•G-to-T•A editing of either one or 

both C6 and C7 targets introduces a stop codon within the linker to prevent translation of 

the degron tag with T7 RNAP. Active T7 RNAP then initiates gIII expression (Fig. 3.1b). 

The nucleotide at position 8 may be modified to either A, T, C or G without changing the 

protein sequence of T7 RNAP or the degron, thus enabling selection against TC and 

non-TC contexts (Fig. 3.1b).  
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We previously observed that splitting DddA at G1397 and fusing the N-terminal 

and C-terminal deaminase halves to the left- and right-side TALE repeat arrays, 

respectively, resulted in efficient editing of target Cs positioned 4 to 7 bp from the 3’ end 

of the transcription template strand189. Guided by this observation, we designed a 

DdCBE that targeted the linker sequence within the T7 RNAP–degron fusion encoded 

by the CP. This DdCBE consisted of a left-side TALE (TALE3) and a right-side TALE 

(TALE4) flanking a 15-bp spacing region, with the target C7 positioned 7 bp from the 3’ 

end of the transcription template strand (Fig. 3.1c). Since E. coli lack mitochondria and 

the selection circuit relies on editing plasmid DNA in the cytoplasm, we removed the 

mitochondria-targeting signal sequences. We also fused one copy of UGI to the N-

terminus of the TALE protein, which we previously showed resulted in higher editing of 

nuclear DNA compared to C-terminal UGI fusions189 (Fig. 3.1c). We encoded UGI–

TALE3–DddA-G1397-N and UGI–TALE4–DddA-G1397-C, the T7 RNAP–degron linker-

targeting DdCBE that we refer to hereafter as T7-DdCBE, in the selection phage (SP) to 

co-evolve both halves of DdCBE (Fig. 3.1a).  
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Figure 3.1 | Phage-assisted evolution of DddA-derived cytosine base editor for 
improved activity and expanded targeting scope. a, Selection to evolve DdCBE 
using PANCE and PACE. An accessory plasmid (AP, purple) contains gene III driven by 
the T7 promoter. The complementary plasmid (CP, orange) expresses a T7 RNAP–
degron fusion. The evolving T7-DdCBE containing DddA split at G1397 is encoded in 
the selection phage (SP, blue). The phage genome is continuously mutagenized by an 
arabinose-inducible mutagenesis plasmid (MP, red). Where relevant, the promoters and 
strengths of the ribosome binding sites (RBS) are indicated. b, A 2-amino-acid linker 
connects T7 RNAP to the degron. The linker sequence contains cytidines C6 and C7 that 
are targets for DdCBE editing. The nucleotide at position 8 can be varied to T, A, C or G 
to form plasmids CP-TCC, CP-ACC, CP-CCC and CP-GCC, respectively. In the 
absence of target C-to-T editing, expression of degron (brown) results in proteolysis of 
T7 RNAP (orange) and inhibition of gIII expression. Active T7-DdCBE edits one or both 
target cytidines to install a stop codon (red ⁎) within the linker, thus restoring active T7 
RNAP to mediate gIII expression. c, Architecture of T7-DdCBE and the 15-bp target 
spacing region. Nucleotides corresponding to DNA sequences within T7 RNAP, linker 
and degron genes are colored in orange, gray and brown, respectively.  
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To modulate selection stringency, we generated host strains 1 to 4. Each host 

strain contained combinations of AP and CP with different promoter and ribosome 

binding site strengths, such that strain 1 resulted in the lowest selection stringency and 

strain 4 provided the highest stringency. All tested CPs encoded the TCC linker 

sequence (Fig. 3.2a). We then tested overnight propagation of the SP in these host 

strains. At the highest stringency, we observed ~100-fold overnight phage propagation 

of an SP containing an active T7-DdCBE, consistent with DdCBE’s ability to edit 5’-TC 

targets. Importantly, phage containing an inactivating E1347A mutation within DddA of 

T7-DdCBE (dead T7-DdCBE phage) did not propagate (Fig. 3.2b). These results 

establish the dependence of phage propagation on DdCBE activity, and that BE-PACE 

can be successfully adapted to select TALE-based DdCBEs. 
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Figure 3.2 | Evolution of canonical T7-DdCBE for improved TC activity using 
PANCE. a, Strains for screening selection stringency. Strains were generated by 
transformation with a variant of an AP and a variant of a CP. All CPs encode a TCC 
linker. b, Overnight phage propagation in the host strains shown in a to test the activity 
of phage under conditions of increasing stringency. Dead T7-DdCBE phage contained 
the catalytically inactivating E1347A mutation in DddA. The fold phage propagation is 
the output phage titer divided by the input titer. c, Phage passage schedule for 
canonical T7-DdCBE evolution in PANCE using strain 4 transformed with MP6. Table 
indicates the dilution factor for the input phage population. Output phage titers for each 
replicate (A, B, C and D) are shown for each passage. Average fold propagation was 
obtained by averaging the fold propagation obtained from each of the four replicates. d, 
Mitochondrial base editing efficiencies of HEK293T cells treated with canonical DdCBE 
or with DdCBEs containing the indicated mutations within DddA. Mutations were 



 93 

enriched after PANCE against a TCC linker. For each base editor, the DddA split 
orientation and target cytosine (purple) within the spacing region is indicated. For b and 
d, values and error bars reflect the mean±s.d of n=3 independent biological replicates. 
 
3.2.2 Phage-Assisted Evolution Of DdCBE Towards Higher Editing Efficiency At 
5’-TC 

We reasoned that beginning evolution with PANCE may be useful to increase 

activity and phage propagation before moving into PACE192. PANCE is less stringent 

because fresh host cells are manually infected with SP from a preceding passage, so 

no phage is lost to continuous dilution.  

To evolve DdCBEs for higher C-to-T editing activity at TC targets, we initiated 

PANCE of canonical T7-DdCBE by infecting SP into high-stringency strain 4 

transformed with MP6 (Fig. 3.2a). After seven passages, phage populations from all 

four replicates propagated approximately 10,000-fold overnight (Fig. 3.2c). Isolated 

clonal phage from two or more independent replicates were enriched for the mutations 

T1372I, M1379I, and T1380I within the DddA gene (Table 3.1).  

Table 3.1 | Mutation table of variants from PANCE of canonical T7-DdCBE for 
improved TC activity.  Strain 4 transformed with MP6 was infected with input SP 
encoding the canonical T7-DdCBE (see Fig. 3.2a). Four plaques from each replicate (A, 
B, C and D) were sequenced after 7 passages. Mutations are highlighted in blue. 
Genotypes in red were tested for mitochondrial base editing in human cells (see 
Extended Data Fig. 3.2d). 
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To validate the editing activity associated with these DddA genotypes, we 

incorporated each of these mutations into our previously published G1397-split DdCBEs 

that targeted human MT-ATP8, MT-ND4 and MT-ND5189. We plasmid-transfected 

HEK293T cells with canonical versions of ATP8-DdCBE, ND4-DdCBE and ND5.2-

DdCBE and compared their editing efficiencies to those produced from the 

corresponding DdCBEs containing the DddA mutants. While T1372I and M1379I 

impaired editing, T1380I increased C•G-to-T•A conversions by an average of 1.2- to 

2.0-fold across the three mtDNA sites (Fig. 3.2d). It is possible that the benefit of 

T1372I and M1379I may require additional mutations evolved during PANCE but not 

tested in mammalian cells. These results indicate that PANCE of canonical T7-DdCBE 

was able to yield a DddA variant that resulted in modest improvements in TC editing. 

We refer to the DddA (T1380I) mutant as DddA1 (Fig. 3.3a). 
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Figure 3.3 | Evolved DddA variants improve mitochondrial base editing activity at 
5’-TC. a, Mutations within the DddA gene of T7-DdCBE. Variants were isolated after 
evolution of canonical T7-DdCBE using PANCE and PACE in strain 4 transformed with 
MP6 (see Extended Data Fig. 1a). Mutations are highlighted in orange. DddA6 was 
rationally designed by incorporating the T1413I mutation into DddA5. b, Crystal 
structure of DddA (grey, PDB 6U08) complexed with DddI immunity protein (not shown). 
Mutations enriched after PANCE and PACE are colored in orange. The catalytic residue 
E1347 is shown. DddA was split at G1397 (red) to generate T7-DdCBE. c, d, 
Mitochondrial DNA editing efficiencies and indel frequencies of HEK293T cells treated 
with (c) ND5.2-DdCBE or (d) ATP8-DdCBE. The architecture of each DdCBE half is 
MTS–TALE–[DddA half]–2-amino-acid linker–UGI. Cells were harvested 3 days post-
transfection for DNA sequencing. The genotypes of DddA variants correspond to Fig. 
2a. For each base editor, the DNA spacing region, target cytosines and DddA split 
orientation are shown. For c and d, values and error bars reflect the mean±s.d. of n=3 
independent biological replicates. 
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To further increase selection stringency, we conducted PACE using an SP 

encoding the DddA1 variant of T7-DdCBE (T7-DdCBE-DddA1). After 140 h of 

continuous propagation at a flow rate of 1.5 to 3.0 lagoon vol/h, we observed 

enrichment of mutations that were distinct across the four replicates, with the T1380I 

mutation maintained across all lagoons (Table 3.2). We selected the most enriched 

genotype in each of the four replicates (DddA2, DddA3, DddA4 and DddA5) and tested 

their mtDNA editing efficiencies (Fig. 3.3a and 3.3b). DddA2, DddA3 and DddA4 

improved average editing efficiencies at target TCs within MT-ND5 and MT-ATP8 from 

6.8±0.81% with starting DddA to 14±3.6%, 20±1.5% and 27±4.8%, respectively. We 

observed the greatest increase in editing efficiencies with DddA5 at 33±3.1% (Fig. 3.3c 

and 3.3d).  

 
Table 3.2 | Mutation table of variants from PACE of T7-DdCBE-DddA1 for 
improved TC activity. Strain 4 transformed with MP6 was infected with SP encoding 
T7-DdCBE-DddA1 (see Fig. 3.2a). Individual plaques were isolated at the end of PACE 
and sequenced for their DddA genes. Genotypes in red were tested for mitochondrial 
base editing in human cells. 
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The T1413I mutation in DddA4, which is in the C-terminal half of split-DddA, 

improved base editing activity of DddA4 by an average of 2.2-fold compared to DddA1. 

Given that T1413I is positioned along the interface between the two split DddA halves 

(Fig. 3.3b), we hypothesized that this mutation could be promoting the reconstitution of 

split DddA halves. Incorporating T1413I into DddA5 to form DddA6 (Q1310R + S1330I + 

T1380I + T1413I) further increased editing efficiencies to 36±2.1%%, representing a 

5.3-fold average improvement in TC editing activity compared to wild-type DddA (Fig. 

3.3c and 3.3d). These results establish DddA6 as a dsDNA cytidine deaminase variant 

with enhanced editing activity at TC sequences.  

We evolved DddA6 from T7-DdCBE containing DddA split at G1397. To check if 

DddA6 is compatible with the G1333 split, we tested DddA6 at three mtDNA sites using 

DdCBEs split at G1333 and observed a 1.3- to 3.6-fold improvement in editing 

efficiencies compared to wild-type DddA (Fig. 3.4a-c). These data indicate that 

mutations in DddA6 can enhance mtDNA editing efficiencies of other split DddA 

variants. We noted that increases in editing efficiencies with DddA6 compared to wild-

type DddA were modest at sites that exhibit efficient editing even with wild-type DddA, 

such as MT-ND1 and MT-ND4 (Fig. 3.4a and 3.4d). For such sites already efficiently 

edited with canonical DdCBEs, other deaminase-independent factors, such as mtDNA 

repair, could limit editing efficiency more than deaminase activity.  
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Figure 3.4 | DddA6 is compatible with split-G1333 and split-G1397 DdCBE 
orientations. a-d, Mitochondrial base editing efficiencies and indel frequencies of 
HEK293T cells treated with (a) ND1.1-DdCBE, (b) ND1.2-DdCBE, (c) ND2-DdCBE and 
(d) ND4-DdCBE. Target spacing regions and split DddA orientations are shown above 
each plot. The architecture of each DdCBE half is MTS–TALE–[DddA half]–2-amino-
acid linker–UGI. Values and error bars reflect the mean±s.d of n=3 independent 
biological replicates. 
 
3.2.3 Evolving DddA Variants With Expanded Sequence Context Compatibility  

Next, we assessed if the enhanced activity of DddA6 would enable base editing 

at target cytosines not in the native TC sequence context. To measure the activity of 

DddA6 and subsequent evolved variants at TC and non-TC targets, we designed a 

bacterial plasmid assay to measure C•G-to-T•A conversion of a target C within an NCN 

context, where N = A, T, C or G. We transformed a plasmid-encoded NCN target library 

into bacteria expressing T7-DdCBE that contained a given DddA variant. After overnight 

incubation, the plasmid library was isolated and subjected to high-throughput 
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sequencing to measure the C•G-to-T•A conversion at each of the 16 NCN targets (Fig. 

3.5a). 

Consistent with earlier human cell mtDNA editing results, DddA6 improved the 

average editing efficiencies of bacterial plasmids containing TCN substrates by 

approximately 1.3-fold. DddA6-mediated editing at non-TC sequences, however, 

remained negligible (<0.20%) (Fig. 3.5b), suggesting the possibility of further evolving 

DddA to deaminate non-TC targets. 
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Figure 3.5 | Evolved DddA variants show broadened targeting scope at TC and 
non-TC sequences in mitochondrial and nuclear DNA. a, Bacterial assay to profile 
sequence preferences of evolved DddA variants. E. coli host cells expressing both 
halves of canonical or evolved T7-DdCBE were electroporated with a 16-membered 
library of NCN target plasmids for base editing. Target plasmids were isolated after 
overnight incubation for high-throughput sequencing of the spacing region (pink 
highlight). b, Heat map showing C•G-to-T•A editing efficiencies of NCN sequence in 
each target plasmid. Target cytosines in all 16 possible NCN sequences, including the 
second cytosine in NCC sequences, are colored in purple. Genotypes of listed variants 
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correspond to Fig. 2a and Fig. 3c. Mock-treated cells did not express T7-DdCBE and 
contained only the library of target plasmids. Shading levels reflect the mean of n=3 
independent biological replicates. c, Genotypes of DddA variants after evolving T7-
DdCBE-DddA1 (DddA mutation is highlighted in orange) using context-specific PANCE 
and PACE. Mutations enriched for activity on a CCC linker or GCC linker are highlighted 
in red and blue, respectively. d, e, Mitochondrial C•G-to-T•A editing efficiencies of 
HEK293T cells treated with canonical and evolved variants of (d) ND5.2-DdCBE or (e) 
ATP8-DdCBE. Target spacing regions and split DddA orientations are shown for each 
base editor. Cytosines highlighted in light purple and dark purple are in non-TC 
contexts. The architecture of each DdCBE half is MTS–TALE–[DddA half]–2-amino-acid 
linker–UGI. f, g, Nuclear DNA C•G-to-T•A editing efficiencies of HEK293T cells treated 
with the canonical or DddA11 variant of (f) SIRT6-DdCBE or (g) JAK2-DdCBE. Target 
spacing regions and split DddA orientations are shown for each base editor. Cytosines 
highlighted in yellow, red, or blue are in AC, CC, or GC contexts, respectively. The 
architecture of each nuclear DdCBE half is bpNLS–TALE–[DddA half]–2-amino-acid 
linker–UGI. h, Average percentage of genome-wide C•G-to-T•A off-target editing in 
mtDNA for each DdCBE and controls in HEK293T cells. For d-g, values and error bars 
reflect the mean±s.d of n=3 independent biological replicates. 
 

We modified the linker sequence in the CP to contain ACC, CCC or GCC. We 

next generated three high-stringency E. coli hosts (strains 5, 6, and 7) by co-

transforming cells with AP1 and one of three possible CP plasmids (CP2-ACC, CP2-

CCC or CP2-GCC) (Fig. 3.1b and Fig. 3.6a). We infected the host strains with SP 

encoding T7-DdCBE-DddA1. A large drop in overnight phage titers across strains 5, 6, 

and 7 suggested that the starting T7-DdCBE-DddA1 activity against non-TC sequences 

was too low to support PACE, so we initiated evolution with PANCE (Fig. 3.6b). We first 

conducted a round of mutagenic drift to diversify the phage genome in the absence of 

selection pressure194. Next, we initiated three parallel PANCE campaigns of T7-DdCBE-

DddA1 (PANCE-ACC, PANCE-CCC and PANCE-GCC). Each campaign was 

challenged with a non-TC linker and was conducted in four replicates (Fig. 3.6c-e).  
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Figure 3.6 | Evolution of DddA1-containing T7-DdCBE for expanded targeting 
scope using PANCE. a, Strains for overnight phage propagation assays on non-TC 
linker substrates. b, Overnight fold propagation of indicated SP in host strains encoding 
TC or non-TC linkers. Strains correspond to Fig. 3.6a. T7-DdCBE-DddA1 phage 
harbors a T1380I mutation in DddA. Dead T7-DdCBE-DddA1 phage contains an 
additional catalytically inactivating E1347A mutation in DddA. Values and error bars 
reflect the mean±s.d of n=3 independent biological replicates. c-e, Phage passage 
schedule for T7-DdCBE-DddA1 evolution in PANCE using (c) strain 5 transformed with 
MP6, (d) strain 6 transformed with MP6 or (e) strain 7 transformed with MP6. Tables 
indicate the dilution factor for the input phage population. To initiate drift, phage from the 
previous passage was diluted 2 to 5-fold by mixing with log-phase cells containing 
pJC175e-DddI and MP6. Phage was isolated after drifting for ~8 h and mixed with the 
respective selection host strain for activity-dependent overnight phage propagation. For 
a given linker target, the output phage titers for each replicate (A, B, C and D) are 
shown for each passage. Average fold propagations above the dotted line in each graph 
represent propagation >1-fold. Average fold propagation was obtained by averaging the 
fold propagation obtained from each of the four replicates.  
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We isolated phage that propagated >10,000-fold overnight after nine passages of 

PANCE. The DddA genotypes surviving PANCE were strongly enriched for N1342S and 

E1370K mutations across all PANCE campaigns. Positions A1341 and G1344 were 

hotspots for substitutions to different amino acids depending on the target linker 

sequence (Table 3.3).  

Table 3.3 | Mutation table of variants from PANCE of T7-DdCBE-DddA1 for 
expanded targeting scope. Strains 5, 6 or 7, which were each transformed with MP6, 
were used for PANCE-ACC, PANCE-CCC or PANCE-GCC, respectively (see Fig. 3.6a 
for strain identities). Each host strain was infected with input SP encoding T7-DdCBE-
DddA1. Plaques from each replicate (A, B, C and D) were sequenced after 9 passages. 
Mutations are highlighted in blue. Phage lagoons highlighted in red were used as inputs 
for PACE. 
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Given the substantial increase in phage propagation strength after nine PANCE 

passages (surviving in total ~1016-19-fold dilution), we increased selection stringency by 

challenging three surviving phage populations (PANCE-CCC-B, PANCE-GCC-A and 

PANCE-GCC-D) to 138 hours of PACE at a flow rate of 1.5 to 3.5 lagoon vol/h. For 

PACE, we used the same MP6-transformed strains 6 and 7 that had been applied in 

earlier PANCE campaigns (Fig. 3.6a). The resulting PACE-evolved DddA variants 

converged on the additional mutations T1314A, E1396K, and T1413I (Table 3.4). Given 

that earlier PACE variant DddA4, which contained T1380I and T1413I mutations, 

showed 2.2-fold improved TC editing relative to DddA1, T1413I could be broadly 

beneficial for enhancing DddA activity at both TC and non-TC contexts.  

Table 3.4 | Mutation table of variants from the PACE evolution to expand targeting 
scope. Host strain 6 transformed with MP6 was infected with the phage population 
CCC-B from PANCE. Host strain 7 transformed with MP6 was infected either phage 
population GCC-A or GCC-D from, both of which were derived from PANCE (see Fig. 
3.6a for strain identities). The consensus genotypes of input phage populations from 
PANCE are shown. Data was obtained by sequencing individual plaques isolated at the 
end of PACE. Genotypes in red were tested for base editing in mammalian cells. 
†T1413I was included in this genotype.  
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3.2.4 Characterizing Sequence Context Preferences Of DddA Variants  
From the phage populations that survived PACE against a CCC- or GCC linker 

target, we sequenced six to eight clones and isolated five DddA variants (DddA7, 

DddA8, DddA9, DddA10 and DddA11) based on the consensus mutations within DddA 

(Fig. 3.5c). We then profiled their sequence context preferences using the same 

bacterial NCN plasmid assay used to characterized DddA6 (Fig. 3.5a).  

Overall, all variants maintained or improved editing efficiencies at TC, averaging 

17-50% (Fig. 3.5b). DddA9 and DddA10 resulted in approximately 2.0-fold higher TC 

editing than wild-type DddA but yielded very low CC editing (<3.0%) (Fig. 3.5b). While 

the average AC and CC editing by wild-type DddA was negligible (<0.66%), DddA7, 

DddA8 and DddA11 yielded an average of 3.4-5.1% editing at these contexts within 

bacterial plasmids (Fig. 3.5b). These results demonstrate that PACE can be 

successfully applied to evolve for DddA variants that show expanded targeting activity 

beyond TC.  

To validate the activity of these DddA variants in human mtDNA, we replaced 

wild-type DddA in ND5.2-DdCBE and ATP8-DdCBE with DddA7, DddA8, Ddd9, 

DddA10, or DddA11. Consistent with bacterial plasmid editing results, DddA9 and 

DddA10 improved TC editing at MT-ND5 and MT-ATP8 by an average of 3.8- and 5.3-

fold, respectively. This improvement in TC editing is similar to that observed with DddA6 

(Fig. 3.5d and 3.5e).  While DddA9 and DddA10 variants resulted in an average of 

4.2% editing of AC and CC sequences within MT-ND5 (Fig. 3.5d), editing of non-TC 

sequences within MT-ATP8 was low at an average of 0.71% (Fig. 3.5e). These results 

indicate that DddA9 and DddA10 variants are useful for improving TC editing but do not 

exhibit consistent non-TC editing across multiple mtDNA sites.  
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Among variants DddA7, DddA8 and DddA11, we noted that DddA8 and DddA11 

outperformed DddA7 for non-TC editing by an average 2.7-fold at MT-ND5 (Fig. 3.5d) 

and 7.2-fold at MT-ATP8 (Fig. 3.5e). Given that Ddd8 and DddA11 resulted in 

substantially higher AC and CC editing than DddA7 in human mtDNA, we hypothesized 

that DddA8 and DddA11 might be more toxic than DddA7 when expressed in bacteria. 

This could explain the lower editing activity of DddA8 and DddA11 relative to DddA7 in 

the context profiling assay performed in bacteria (Fig. 3.5b).   

Among the five newly evolved variants, DddA11 supported the highest mtDNA 

editing efficiencies at TC (27-34%), AC (4.2-4.9%), and CC (15-17%) target sites tested 

in HEK293T cells (Fig. 3.5d and 3.5e). When compared to canonical DdCBE, these 

editing efficiencies represents an average improvement of 3.6-fold in TC editing, 235-

fold in AC editing and 1,126-fold in CC editing at the two tested sites (Fig. 3d and Fig. 

3e). Next, we tested DddA6 and DddA11 in three other human cell lines for 

mitochondrial base editing using ATP8-DdCBE and ND5.2-DdCBE. Across U2OS, K562 

and HeLa cells,  DddA6 increased average TC editing by 7.2-fold and DddA11 

improved average non-TC editing by 359-fold (Fig. 3.7a and 3.7b). These results 

indicate that cell lines other than HEK293T support improved mitochondrial base editing 

by evolved DddA variants, although the improvements in editing efficiencies vary 

depending on the cell type and is typically lower in HeLa cells.  
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Figure 3.7 | Evolved DddA variants mediate mitochondrial base editing in multiple 
human cell lines. Mitochondrial DNA editing efficiencies of U2OS, K562 and HeLa 
cells nucleofected with plasmid DNA encoding (a) ATP8-DdCBE or (b) ND5.2-DdCBE. 
Each base editor contained wild-type DddA, DddA6 or DddA11. Target spacing regions 
and split DddA orientations are shown for each base editor. Cytosines highlighted in 
light purple and dark purple are in non-TC contexts. The architecture of each DdCBE 
half is MTS–TALE–[DddA half]–2-amino-acid linker–UGI. Values and error bars reflect 
the mean±s.d of n=3 independent biological replicates. 
 

Given that DddA11 resulted in the highest mtDNA editing efficiencies at HC 

targets, we conducted a reversion analysis on DddA11 to identify the individual 

contributions of the mutations. We generated eight different reversion mutants of 

DddA11 (11a-h). Compared to DddA11a, DddA11e had detectable AC and CC editing 
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at MT-ATP8 (0.48-0.76%), indicating that acquisition of N1342S alone was sufficient for 

modest editing activity at non-TC sequences (Fig. 3.8). The additive effect of N1342S 

and E1370K in 11g further increased AC and CC editing efficiencies, up to 3.4-5.4%. 

S13330I and A1341V exerted their positive epistatic effect only in the presence of 

N1342S and E1370K (compare 11b to 11) (Fig. 3.8). These results collectively suggest 

that N1342S and E1370K are essential for broadening the sequence preference of 

DddA beyond 5’-TC. Mutations S1330I and A1341V synergize with N1342S and 

E1370K to achieve efficient editing at HC sequences. The combination of the six 

mutations S1330I, A1341V, N1342S, E1370K, T1380I and T1413I enable DddA11 to 

catalyze efficient base editing at broadened HC contexts that are poorly edited by 

canonical DdCBE.   

 

Figure 3.8 | Reversion analysis of DddA11. Mitochondrial base editing efficiencies of 
reversion mutants from ATP8-DdCBE-DddA11 (labelled as 11) in HEK293T cells. 
Reversion mutants are designated 11a-11h. Amino acids that differ from those in 
canonical ATP8-DdCBE are indicated, so the absence of an amino acid indicates a 
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reversion to the corresponding canonical amino acid in the first column. Values and 
error bars reflect the mean±s.d of n=3 independent biological replicates. 
 
We previously demonstrated that nuclear-localized DdCBE can mediate base editing at 

nuclear TC targets, which may provide useful alternatives to CRISPR CBEs when guide 

RNA or PAM requirements are limiting. To test if DddA11 also expands the targeting 

scope of CRISPR-free nuclear DNA base editing, we transfected HEK293T cells with 

DdCBEs that targeted nuclear SIRT6 or JAK2 loci 62. When localized to the nucleus in 

the G1397-split orientation, DddA11 improved AC, CC and GC editing at nuclear SIRT6 

and JAK2 by an average of 9.2- to 12-fold compared to canonical DdCBEs (Fig. 3.5f 

and 3.5g). These results collectively show that DddA11 substantially enhances non-TC 

editing efficiencies for all-protein base editing of both mitochondrial and nuclear DNA.  

3.2.5 Attempts To Further Increase Activity At GC Sequences  
We noted that DddA11 was active mostly at GC7C6 and not GC7C6 (Fig. 3.5b). 

Given that a single C6-to-T6 conversion in a CC context is sufficient to generate a stop 

codon (Fig. 3.1b), the selection pressure to evolve acceptance of GC substrates was 

likely attenuated. To increase selection stringency, we modified the linker to encode 

either GCA or GCG such that only DddA variants that show activity at GC were able to 

restore active T7 RNAP (Fig. 3.9a). To test for overnight phage propagation when 

challenged with these modified linkers, we generated host strains 9 and 10. Strain 9 

contains a CP encoding the GCA linker and strain 10 contains a CP encoding the GCG 

linker (Fig. 3.9b). Consistent with the weak GC activity of DddA11 (Fig. 3.5b), we 

observed a drop in overnight phage titers in strains 9 and 10, suggesting that the activity 

of T7-DdCBE-DddA11 against GCA and GCG was too low to support PACE (Fig. 3.9c).  



 111 

 

Figure 3.9 | Evolution of T7-DdCBE-DddA11 using PANCE for improved GC 
activity. a, The sequence encoding the T7 RNAP–degron linker was modified to 
contain GCA or GCG in an effort to evolve higher activity on GC targets. T7-DdCBE 
must convert GC8 to GT8 to install a stop codon in the linker sequence and restore T7 
RNAP activity. b, Strains for overnight phage propagation assays on GCA or GCG 
linkers. c, Overnight fold propagation of indicated SP in host strains encoding GCA or 
GCG linkers. Strains correspond to Fig. 3.8a. T7-DdCBE-DddA11 phage contains the 
mutations S1330I, A1341V, N1342S, E1370K, T1380I and T1413I in DddA. Dead T7-
DdCBE-DddA11 phage contains an additional inactivating E1347A mutation in DddA. 
Values and error bars reflect the mean±s.d of n=3 independent biological replicates. d, 
Phage passage schedule for T7-DdCBE-DddA11 evolution in PANCE using strain 9 
transformed with MP6 (red) or strain 10 transformed with MP6 (blue). The table 
indicates the dilution factor for the input phage population. To initiate drift, phage from 
the previous passage was diluted 2-fold by mixing with log-phase cells containing 
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pJC175e-DddI and MP6. Phage were isolated after drifting for ~8 h and mixed with the 
respective selection host strain for activity-dependent overnight phage propagation. 
Output phage titer and fold propagation are shown for a single replicate. Fold 
propagations above the dotted line in each graph represent propagation >1-fold. 
 

We initiated PANCE of T7-DdCBE-DddA11 in MP6-transformed host strains 9 

and 10. After 12 passages, overnight phage propagation increased to approximately 

100- to 1,000-fold (Fig. 3.9d). We sequenced the surviving phage isolates from round 9 

and round 12 to derive four consensus DddA genotypes (Fig. 3.10a and Table 3.5).  

Table 3.5 | Mutation table of variants from the GC-specific PANCE. Strain 9 
transformed with MP6 was used for PANCE-GCA. Strain 10 transformed with MP6 was 
used for PANCE-GCG (Fig. 3.9b for strain identities). Each host strain was infected with 
input SP encoding the DddA11 variant of T7-DdCBE. Plaques were sequenced after 
nine and 12 passages. Mutations are highlighted in blue.  

 

When tested as DdCBEs targeting four mtDNA sites, the evolved variants did not 

show consistently improved editing efficiencies or targeting scope compared with 

DddA11, although we noted that variant 7.9.1 showed higher editing efficiencies at TC 

targets compared to DddA6 and DddA11 (Fig. 3.10b-e). These results suggest that 
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variants of DddA11 that are able to process GC substrates with improved efficiency are 

very rare. 

  
Figure 3.10 | Mitochondrial editing efficiencies of DdCBE variants evolved from 
GC-specific PANCE . a, Enriched mutations within the DddA gene of T7-DdCBE after 
PANCE against a GCA or GCG linker. T7-DdCBE-DddA11 was used as the input SP for 
PANCE. DddA mutations in the input SP are shown in beige. Mutations enriched after 9 
or 12 PANCE passages are shown in blue. b-e, Heat maps of mitochondrial base 
editing efficiencies of HEK293T cells treated with canonical and evolved variants of (b) 
ND4.3-DdCBE, (c) ND5.4-DdCBE (d) ND5.2-DdCBE and (e) ATP8-DdCBE. Target 
spacing regions and split DddA orientations are shown for each base editor. The 
architecture of each DdCBE half is MTS–TALE–[DddA half]–2 amino acid-linker–UGI. 
For b-e, colors reflect the mean of n=3 independent biological replicates. 
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3.2.6 Off-Target Activity Of Evolved DddA Variants  
To profile off-target editing activities of DdCBEs containing DddA6 and DddA11, 

we performed ATAC-seq of whole mitochondria genomes from HEK293T cells 

transfected with plasmids encoding canonical or evolved variants of ND5.2-DdCBE or 

ATP8-DdCBE.  

Consistent with previous results189, frequencies of off-target editing arising from 

canonical DdCBEs (0.033±0.002%) were comparable to the untreated control or 

DdCBEs containing dead DddA6 (0.028±0.001%) (Fig. 3.5h). Importantly, the average 

ratio of on-target:off-target editing levels of DdCBEs that contained DddA6 or DddA11 

were comparable or higher than those containing wild-type DddA (Fig. 3.11). 

For DdCBEs containing DddA6 or DddA11, the average off-target frequencies 

were dependent on the identity of the TALE proteins. Off-target frequencies associated 

with ND5.2-DdCBE were 1.5-fold higher for DddA6 and DddA11 compared to wild-type 

DddA, and 3.0- to 4.8-fold for ATP8-DdCBE (Fig. 3.5h). We hypothesize that 

differences in TALE repeat arrays could influence its non-specific DNA-binding 

affinity195,196. DdCBEs that bind more frequently to non-target DNA are likely to result in 

higher off-target editing when fused to DddA variants evolved for much higher activity at 

TC and non-TC sequences.  

These results collectively indicate that mtDNA off-target editing increases slightly 

for DdCBEs that use DddA6 and DddA11, as expected given their higher activity and 

widened targeting scope, but that the frequency of off-target editing per on-target editing 

event remains low, and similar to that of canonical DdCBE.  
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Figure 3.11 | Mitochondrial genome-wide off-target C•G-to-T•A mutations. a-f, 
Average frequency and mitochondrial genome position of each unique C•G-to-T•A 
single nucleotide variant is shown for HEK293T cells treated with (a) canonical ND5.2-
DdCBE, (b) ND5.2-DdCBE containing DddA6, (c) ND5.2-DdCBE containing DddA11, 
(d) canonical ATP8-DdCBE, (e) ATP8-DdCBE containing DddA6 and (f) ATP8-DdCBE 
containing DddA11. The ratio of average on-target:off-target editing was calculated for 
each treatment condition as: (average frequency of all on-target C•G base 
pairs)÷(average frequency of non-target C•G base pairs present in the mitochondrial 
genome).  
 
3.2.7 Installing Previously Inaccessible Pathogenic Mutations In mtDNA  

To demonstrate the utility of evolved DddA variants with broadened sequence 

context compatibility, we designed three DdCBEs to install disease-associated C•G-to-
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T•A mutations at non-TC positions in human mtDNA. ND4.2-DdCBE installs a 

m.11696G>A mutation in an ACT context. This mutation is reported to be pathogenic in 

Leber's hereditary optic neuropathy (LHON)197. ND4.3-DdCBE installs a m.11642G>A 

mutation in a GCT context and ND5.4-DdCBE installs a m.13297G>A mutation in a 

CCC context. Both of these mutations were previously implicated in renal 

oncocytoma145. These mutations occur in coding mitochondrial genes and result in 

either a premature stop codon or a change in amino acid sequence (Fig. 3.12a).  

 

Figure 3.12 | Application of DddA6 and DddA11 variants of DdCBE to install 
pathogenic mutations at non-TC targets in HEK293T cells. a, Summary of DdCBEs 
for installation of disease-associated target mutations in human mtDNA. (V, valine; I, 
isoleucine; A, alanine; T, threonine; Q, glutamine; ∗, stop. b-d, Mitochondrial base 
editing efficiencies of HEK293T cells treated with canonical or evolved (b) ND4.2-
DdCBE, (c) ND5.4-DdCBE and (d) ND4.3-DdCBE. The target spacing region and the 
corresponding encoded amino acids are shown. Nucleotide sequences in gray form part 
of the TALE-binding site and are excluded from the target spacing region. On-target 



 117 

cytosines are bolded in blue. The architecture of each DdCBE half is MTS–TALE–
[DddA half]–2-amino-acid linker–UGI. For b-d, values and error bars reflect the 
mean±s.d of n=3 independent biological replicates. 
 

We compared the editing efficiencies among DdCBEs containing wild-type DddA, 

DddA6 and DddA11. While canonical DdCBEs resulted in negligible editing at non-TC 

sites, DddA11 resulted in overall on-target editing efficiencies ranging from 7.1% to 21% 

(Fig. 3.12b-d)—a large improvement in editing efficiency at AC, CC, and GC by 105-

fold, 40-fold, and 214-fold, respectively (Fig. 3.12b-d).  

The DddA11 variant of ND4.2-DdCBE (ND4.2-DdCBE-DddA11) edited the on-

target AC7 and non-target TC9 and TC13 (Fig. 3.12b). The vast majority of the DddA11-

edited alleles contained only desired AC7 edit and the silent bystander TC9 (16±0.64%), 

while 0.73±0.03% of edited alleles contained the target AC7 edit and the missense TC13 

edit (Fig. 3.13a). When minimizing bystander editing is a priority, DddA6 may be useful. 

DddA6 edited AC7 with a lower 6.5±0.26% efficiency, but alleles containing the 

undesired TC13 edit were not detected (Fig. 3.12b and Fig. 3.13a). 
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Figure 3.13 | Allele compositions at disease-relevant mtDNA sites in HEK293T 
cells following base editing by evolved DdCBE variants. a-c, Allele frequency table 
of HEK293T cells treated with (a) ND4.2-DdCBE, (b) ND5.4-DdCBE and (c) ND4.3-
DdCBE to install the non-TC mutations m.11696G>A, m.13297>A and m.11642G>A, 
respectively. The numbering of target C•G base pair (blue) and bystander edits (black) 
correspond to Fig. 3.12b-d. The data shown is representative of three biological 
replicates.  
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DdCBEs such as ND5.4-DdCBE, which flank spacing regions containing minimal 

HC bystander cytosines within the editing window, minimize bystander editing. ND5.4-

DdCBE-DddA11 resulted in 22±0.79% on-target editing of CC12, of which nearly all 

edited alleles contained either one or both silent edits at C8 and C11 (Fig. 3.12c and Fig. 

3.13b).  

While DddA11 resulted in very low levels of GC editing in the bacteria plasmid 

assay (Fig. 3.5b), ND5.4-DdCBE-DddA11 resulted in 7.1±0.69% editing of the on-target 

GC6 in HEK293T cells (Fig. 3.12d), including 4.0±0.62% of cleanly edited alleles that 

contained only the GC6 target. The remaining edited alleles contained a mixture of the 

on-target edit and bystander edits arising from deamination of cytosines within TC and 

CC sequences (Fig. 3.13c). These results collectively indicate that DddA11 enables 

much higher levels of base editing at AC, CC, and GC targets than wild-type DddA, 

even though absolute editing levels at GC targets are modest.  

3.3 Conclusions and Discussion  
Our recently reported DdCBEs enable installation of precise mutations within 

mtDNA for the first time, but target cytosines are primarily limited to 5’-TC contexts, and 

some target sites are edited with low efficiencies (≤5%)189. To address these 

challenges, we applied PACE to rapidly evolve DdCBEs towards improved activity and 

expanded targeting scope. Our work resulted in two DddA variants, DddA6 and 

DddA11, that are function as DdCBEs to mediate mitochondrial base editing with 

enhanced activity and sequence context compatibility compared to canonical DdCBE, 

while maintaining comparably high on-target to off-target editing ratios.  

Given that DddA6 edits TC more efficiently than at AC, CC, or GC, it is 

particularly useful for enhancing editing at TC while minimizing bystander editing of non-
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TC sequences present within the editing window. In contrast, DddA11 improves editing 

efficiencies at both TC and non-TC contexts in mtDNA and nuclear DNA compared to 

canonical DdCBE. Its broadened targeting capabilities renders DddA11 especially 

useful for installing mutations at AC and CC targets, and with modest efficiency at GC 

sequences.  

Additional protein evolution or engineering could further improve the editing 

efficiency of DddA variants, especially at GC targets. While the structure of DddA bound 

to its dsDNA target is currently unavailable, structural alignment of DddA to existing 

deaminases with altered sequence specificities could offer insights for further DddA 

engineering efforts (Fig. 3.14). In addition to evolving DddA variants that maximize 

targeting scope, developing context-specific cytidine deaminases may be advantageous 

for minimizing bystander base editing and off-target activity93. 

 

Figure 3.14 | Structural alignment of DddA with ssDNA-bound APOBEC3G. a, 
Crystal structure of DddA (grey, PDB 6U08) complexed with DddI immunity protein (not 
shown). Positions of mutations common to the CCC- and GCC-specific evolutions are 
colored in purple. Additional mutations are colored according to Fig. 3.5c. DddA was 
split at G1397 (red) to generate T7-DdCBE for PANCE and PACE. b, Zinc-bound DddA 
(PDB 6UO8, grey) was aligned to the catalytic domain of APOBEC3G (PDB 2KBO, red) 
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complexed to its ssDNA 5’-CCA substrate (orange) using Pymol. The target C 
undergoing deamination by APOBEC3G is indicated as C0.The DddI protein was 
removed for clarity. DddA residue positions that were highly enriched for mutations after 
non-TC PANCE and PACE are colored based on Fig. 3.14a. Reversion analysis on the 
DddA11 mutant indicated that A1341V, N1342S and E1370K are critical for expanding 
the targeting scope of DddA (see Fig. 3.8). D317 (red) confers 5’-CC specificity in 
APOBEC3G and loop 3 controls the catalytic activity of the APOBEC3G.  

3.4 Methods  
 
General methods and molecular cloning.  

Antibiotics (Gold Biotechnology) were used at the following working 

concentrations: carbenicillin 100 μg/mL, spectinomycin 50 μg/mL, chloramphenicol 25 

μg/mL, kanamycin 50 μg/mL, tetracycline 10 μg/mL, streptomycin 50 μg/mL. Nuclease-

free water (Qiagen) was used for PCR reactions and cloning. For all other experiments, 

water was purified using a MilliQ purification system (Millipore). PCR was performed 

using Phusion U Green Multiplex PCR Master Mix (ThermoFisher Scientific), Phusion U 

Green Hot Start DNA Polymerase (ThermoFisher Scientific) or Phusion Hot Start II DNA 

polymerase (ThermoFisher Scientific). All plasmids were constructed using USER 

cloning (New England Biolabs) and cloned into Mach1 chemically competent E. coli 

cells (ThermoFisher Scientific). Unless otherwise noted, plasmid or SP DNA was 

amplified using the Illustra Templiphi 100 Amplification Kit (GE Healthcare Life 

Sciences) prior to Sanger sequencing. Plasmids for bacterial transformation were 

purified using Qiagen Miniprep Kit according to manufacturer’s instructions. Plasmids 

for mammalian transfection were purified using Qiagen Midiprep Kit according to 

manufacturer’s instructions, but with 1.5 mL of RNAse A (1,000 µg/mL) added to 

Resuspension buffer. Codon-optimized sequences for human cell expression were 

obtained from GenScript. A full list of bacterial plasmids used in this work is given in 
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Table 3.6. TALE sequences for SIRT6-DdCBE and JAK2-DdCBE from Addgene 

plasmids #TAL2406, TAL2407, TAL2454 and TAL2455. 

Table 3.6 | List of bacterial plasmids used in this work    

 
Preparation and transformation of chemically competent cells 

Strain S2060198 was used in all phage propagation, plaque assays and PACE 

experiments. To prepare competent cells, an overnight culture was diluted 100-fold into 

50 mL of 2xYT media (United States Biologicals) supplemented with tetracycline and 

streptomycin and grown at 37˚C with shaking at 230 RPM to OD600 ~ 0.4–0.6. Cells 

were pelleted by centrifugation at 4,000 g for 10 minutes at 4˚C. The cell pellet was then 

resuspended by gentle stirring in 2.5 mL of ice-cold LB media (United States 
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Biologicals) 2.5 mL of 2x TSS (LB media supplemented with 10% v/v DMSO, 20% w/v 

PEG 3350, and 40 mM MgCl2) was added. The cell suspension was stirred to mix 

completely, aliquoted into 100-µL volumes and frozen on dry ice, and stored at −80˚C 

until use. 

To transform cells, 100 μL of competent cells thawed on ice was added to a pre-

chilled mixture of plasmid (1-2 μL each; up to 3 plasmids per transformation) in 20 μL 5x 

KCM solution (500 mM KCl, 150 mM CaCl2, and 250 mM MgCl2 in H2O) and 80 μL H2O, 

and stirred gently with a pipette tip. The mixture was incubated on ice for 20 min and 

heat shocked at 42˚C for 75 s before 600 μL of SOC media (New England BioLabs) was 

added. Cells were allowed to recover at 37˚C with shaking at 230 RPM for 1.5 h, 

streaked on 2xYT media + 1.5% agar (United States Biologicals) plates containing the 

appropriate antibiotics, and incubated at 37˚C for 16–18 h.  

Bacteriophage cloning 
For USER assembly of phage, 0.25 pmol of each PCR fragment was added to a 

make up a final volume of 25 µL. Following USER assembly, the 25 µL USER reaction 

was transformed into 100 µL chemicompetent S2060 E. coli host cells containing 

plasmid pJC175e193 that was modified to include constitutive DddI expression to 

minimize potential toxicity arising from split DddA expression in bacteria. This plasmid is 

referred to as pJC175e-DddI. Cells transformed with pJC175e-DddI enables activity-

independent phage propagation and were grown overnight at 37 °C with shaking in 

antibiotic-free 2xYT media. Bacteria were then centrifuged for 2 min at 9,000 g and were 

plaqued as described below. Individual phage plaques were grown in DRM media 

(prepared from US Biological CS050H-001/CS050H-003) until the bacteria reached the 

late growth phase (~ 8 hours). Bacteria were centrifuged for 2 min at 9,000 g and the 
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supernatants containing phage were filtered through 0.22 μm PVDF Ultrafree centrifugal 

filter (Millipore) to remove residual bacteria and stored at 4°C.  

Plaque assays for phage titer quantification and phage cloning 
Phage were plaqued on S2060198 E. coli host cells containing plasmid pJC175e-

DddI (for activity-independent propagation)193 or host cells transformed with AP and CP 

for activity dependent propagation (see Table 3.6 for list of plasmids used in this study). 

To prepare a cell stock for plaquing, an overnight culture of host cells (fresh or stored at 

4 °C for up to ~1 week) was diluted 50-fold in 2× YT medium containing appropriate 

antibiotics and cells were grown at 37 °C to an OD600 of 0.8-1.0. Serial dilutions of 

phage (ten-fold) were made in 2xYT media. To prepare plates, molten 2× YT medium 

agar (1.5% agar, 55 °C) was mixed with Bluo-gal (4% w/v in DMF) to a final 

concentration of 0.08% Bluo-gal. The molten agar mixture was pipetted into quadrants 

of quartered Petri dishes (1.5 mL per quadrant) or wells of a 12-well plate (~1 mL per 

well) and was allowed to set. To prepare top agar, a 3:2 mixture of 2× YT medium and 

molten 2× YT medium agar (1.5%, resulting in a 0.6% agar final concentration) was 

prepared. To plaque, cell stock (100 or 150 µL for a 12-well plate or Petri dish, 

respectively) and phage (10 µL) were mixed in 2 mL library tubes (VWR International), 

and 55 °C top agar was added (400 or 1,000 µL for a 12-well plate or Petri dish, 

respectively) and mixed one time by pipetting up and down, and then the mixture was 

immediately pipetted onto the solid agar medium in one well of a 12-well plate or one 

quadrant of a quartered Petri dish. Top agar was allowed to set undisturbed for 2 min at 

25 °C, then plates or dishes were incubated, without inverting, at 37 °C overnight. 

Phage titers were determined by quantifying blue plaques. 

Phage propagation assays 
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S2060 cells transformed with AP and CP plasmids of interest were prepared as 

described above and were inoculated in DRM. Host cells from an overnight culture in 

DRM were diluted 50-fold into fresh DRM and were grown at 37 °C to an OD600 of 0.3-

0.4. Previously titered phage stocks were added to 1 mL of bacterial culture at a final 

concentration of ~105 p.f.u. mL−1. The cultures were grown overnight with shaking at 

37 °C and were then centrifuged at 4,000 g for 10 min to remove cells. The supernatants 

were titered by plaquing as described above. Fold enrichment was calculated by 

dividing the titer of phage propagated on host cells by the titer of phage at the same 

input concentration shaken overnight in DRM without host cells. 

Phage-assisted non-continuous evolution experiments 
Host cells transformed with AP and CP were made chemically competent as 

described above. Chemically competent host cells were transformed with mutagenesis 

plasmid MP6199 and plated on 2× YT agar containing 10 mM glucose along with 

appropriate concentrations of antibiotics. Four colonies were picked into 1 mL DRM 

each in a 96-well deep well plate, and this was diluted 5-fold eight times serially into 

DRM. The plate was sealed with a porous sealing film and grown at 37˚C with shaking 

at 230 RPM for 16–18 h. Dilutions with OD600 ~ 0.3-0.4 were then treated with 10 mM 

arabinose to induce mutagenesis. Treated cultures were split into the desired number of 

1 mL cultures in a 96-well plate, and inoculated with selection phage at the indicated 

dilution (see Fig. 3.2c, Fig. 3.6c-e and Fig. 3.9d). Infected cultures were grown for 16-18 

h at 37°C and harvested the next day via centrifugation at 4,000 x g for 10 min. 

Supernatant containing evolved phage was isolated and stored at 4°C. Isolated phage 

were then used to infect the next passage and the process repeated for the duration of 

the selection. Phage titers were determined by plaque assay. 
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Phage-assisted continuous evolution 
Unless otherwise noted, PACE apparatus, including host cell strains, lagoons, 

chemostats, and media, were all used as previously described200. Host cells were 

prepared as described for PANCE above. Four colonies were picked into 1 mL DRM 

each in a 96-well deep well plate, and this was diluted 5-fold eight times serially into 

DRM. The plate was sealed with a porous sealing film and grown at 37˚C with shaking 

at 230 RPM for 16–18 h. Dilutions with OD600 ~ 0.4–0.8 were then used to inoculate a 

chemostat containing 80 mL DRM. The chemostat was grown to OD600 ~ 0.6-0.8, then 

continuously diluted with fresh DRM at a rate of 1-1.5 chemostat volumes/h to keep the 

cell density roughly constant. The chemostat was maintained at a volume of 60–80 mL. 

Prior to SP infection, lagoons were continuously diluted with culture from the chemostat 

at 1 lagoon volume/h and pre-induced with 10 mM arabinose for at least 2 h. Lagoons 

were infected with SP at a starting titer of 107 pfu/mL and maintained at a volume of 15 

mL. Samples (500 μL) of the SP population were taken at indicated times from lagoon 

waste lines. These were centrifuged at 9,000 g for 2 min, and the supernatant was 

stored at 4˚C. Lagoon titers were determined by plaque assays using S2060 cells 

transformed with pJC175e-DddI.  

For Sanger sequencing of lagoons, single plaques were PCR amplified using 

primers AB1793 (5’-TAATGGAAACTTCCTCATGAAAAAGTCTTTAG) and AB1396 (5’- 

ACAGAGAGAATAACATAAAAACAGGGAAGC) to amplify UGI–TALE3-DddA-G1397-N; 

Primers AR163 (5’-CCAGCAAGGCCGATAGTTTG) and AR611 (5’-

CTAGCTGATAAATTCATGCCAG) amplified UGI–TALE3-DddA-G1397-C. Both sets of 

primers anneal to regions of the phage backbone flanking the evolving gene of interest. 

Generally, eight plaques were picked and sequenced per lagoon. Mutation analyses 
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were performed using Mutato. Mutato is available as a Docker image at 

https://hub.docker.com/r/araguram/mutato. See Table 3.7 for sequences of all evolved 

DddA variants.  

Table 3.7 | Sequences of full-length DddA variants  
 
DddA1 (T1380I)  
GSYALGPYQISAPQLPAYNGQTVGTFYYVNDAGGLESKVFSSGGPTPYPNYANAGHVEGQSALF
MRDNGISEGLVFHNNPEGTCGFCVNMIETLLPENAKMTVVPPEGAIPVKRGATGETKVFTGNSN
SPKSPTKGGC 
 
DddA2 (T1314A + T1380I)  
GSYALGPYQISAPQLPAYNGQTVGAFYYVNDAGGLESKVFSSGGPTPYPNYANAGHVEGQSALF
MRDNGISEGLVFHNNPEGTCGFCVNMIETLLPENAKMTVVPPEGAIPVKRGATGETKVFTGNSN
SPKSPTKGGC 
 
DddA3 (T1314A + T1380I + E1396K)  
GSYALGPYQISAPQLPAYNGQTVGAFYYVNDAGGLESKVFSSGGPTPYPNYANAGHVEGQSALF
MRDNGISEGLVFHNNPEGTCGFCVNMIETLLPENAKMTVVPPKGAIPVKRGATGETKVFTGNSN
SPKSPTKGGC 
 
DddA4 (T1380I + T1413I)  
GSYALGPYQISAPQLPAYNGQTVGTFYYVNDAGGLESKVFSSGGPTPYPNYANAGHVEGQSALF
MRDNGISEGLVFHNNPEGTCGFCVNMIETLLPENAKMTVVPPEGAIPVKRGATGETKVFIGNSN
SPKSPTKGGC 
 
DddA5 (Q1310R + S1330I + T1380I)  
GSYALGPYQISAPQLPAYNGRTVGTFYYVNDAGGLESKVFISGGPTPYPNYANAGHVEGQSALF
MRDNGISEGLVFHNNPEGTCGFCVNMIETLLPENAKMTVVPPEGAIPVKRGATGETKVFTGNSN
SPKSPTKGGC 
 
DddA6 (Q1310R + S1330I + T1380I + T1413I)  
GSYALGPYQISAPQLPAYNGRTVGTFYYVNDAGGLESKVFISGGPTPYPNYANAGHVEGQSALF
MRDNGISEGLVFHNNPEGTCGFCVNMIETLLPENAKMTVVPPEGAIPVKRGATGETKVFIGNSN
SPKSPTKGGC 
 
DddA7 (T1314A + G1344R + V1364M + E1370K + T1380I + T1413I)  
GSYALGPYQISAPQLPAYNGQTVGAFYYVNDAGGLESKVFSSGGPTPYPNYANARHVEGQSALF
MRDNGISEGLMFHNNPKGTCGFCVNMIETLLPENAKMTVVPPEGAIPVKRGATGETKVFIGNSN
SPKSPTKGGC 
 
DddA8 (N1342S + G1344R + V1364M + E1370K + T1380I + T1413I)  
GSYALGPYQISAPQLPAYNGQTVGTFYYVNDAGGLESKVFSSGGPTPYPNYASARHVEGQSALF
MRDNGISEGLMFHNNPKGTCGFCVNMIETLLPENAKMTVVPPEGAIPVKRGATGETKVFIGNSN
SPKSPTKGGC 

https://hub.docker.com/r/araguram/mutato
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DddA9 (T1314A + G1344S + E1370K + T1380I + A1398T + T1413I)  
GSYALGPYQISAPQLPAYNGQTVGAFYYVNDAGGLESKVFSSGGPTPYPNYANASHVEGQSALF
MRDNGISEGLVFHNNPKGTCGFCVNMIETLLPENAKMTVVPPEGTIPVKRGATGETKVFIGNSN
SPKSPTKGGC 
 
DddA10 (T1314A + G1344S + E1370K + T1380I + E1396K + A1398T + T1413I)  
GSYALGPYQISAPQLPAYNGQTVGAFYYVNDAGGLESKVFSSGGPTPYPNYANASHVEGQSALF
MRDNGISEGLVFHNNPKGTCGFCVNMIETLLPENAKMTVVPPKGTIPVKRGATGETKVFIGNSN
SPKSPTKGGC 
 
DddA11 (S1330I + A1341V + N1342S + E1370K + T1380I + T1413I)  
GSYALGPYQISAPQLPAYNGQTVGTFYYVNDAGGLESKVFISGGPTPYPNYVSAGHVEGQSALF
MRDNGISEGLVFHNNPKGTCGFCVNMIETLLPENAKMTVVPPEGAIPVKRGATGETKVFIGNSN
SPKSPTKGGC 
 
DddA-7.9.1(E1325K + S1330I + A1341V + N1342S + E1370K + N1378S + T1380I + 
T1413I) 
GSYALGPYQISAPQLPAYNGQTVGTFYYVNDAGGLKSKVFISGGPTPYPNYVSAGHVEGQSALF
MRDNGISEGLVFHNNPKGTCGFCVSMIETLLPENAKMTVVPPEGAIPVKRGATGETKVFIGNSN
SPKSPTKGGC 
 
DddA-7.12.1(S1330I + A1341I + N1342S + E1370K + N1378S + T1380I + P1394S + 
T1413I) 
GSYALGPYQISAPQLPAYNGQTVGTFYYVNDAGGLESKVFISGGPTPYPNYISAGHVEGQSALF
MRDNGISEGLVFHNNPKGTCGFCVSMIETLLPENAKMTVVSPEGAIPVKRGATGETKVFIGNSN
SPKSPTKGGC 
 
DddA-7.12.2 (S1330I + P1334S + A1341V + N1342S + E1370K + N1378S + T1380I + 
T1413I)  
GSYALGPYQISAPQLPAYNGQTVGTFYYVNDAGGLESKVFISGGSTPYPNYVSAGHVEGQSALF
MRDNGISEGLVFHNNPKGTCGFCVSMIETLLPENAKMTVVPPEGAIPVKRGATGETKVFIGNSN
SPKSPTKGGC 
 
DddA-7.12.3 (S1330I + P1334S + P1336S + A1341V + N1342S + E1370K + N1378S + 
T1380I + T1413I)  
GSYALGPYQISAPQLPAYNGQTVGTFYYVNDAGGLESKVFISGGSTSYPNYVSAGHVEGQSALF
MRDNGISEGLVFHNNPKGTCGFCVSMIETLLPENAKMTVVPPEGAIPVKRGATGETKVFIGNSN
SPKSPTKGGC 
 
Evolution of canonical T7-DdCBE for improved TC activity 

Host cells transformed with AP2, CP2-TCC and MP6 were maintained in an 

80 mL chemostat. Four lagoons were each infected with SPBM13a (see Table 3.6). 

Upon infection, lagoon dilution rates were increased to 1.5 volume/h. Lagoon dilution 
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rates were increased to 2 vol/h at 20 h and 3 vol/h at 67 h. The experiment ended at 

139 h. 

Evolution of T7-DdCBE-CCC-B for broadened targeting scope 
Host cells transformed with AP1, CP2-CCC and MP6 were maintained in a 50 mL 

chemostat. Two lagoons were each infected with phage pool CCC-B derived from 

PANCE. Upon infection, lagoon dilution rates were increased to 1.5 volume/h. Lagoon 

dilution rates were increased to 2.5 vol/h at 19 h, 3 vol/h at 66 h and 3.5 vol/h at 114h. 

The experiment ended at 138 h. 

Evolution of T7-DdCBE-GCC-A and T7-DdCBE-GCC-D for broadened targeting scope 
Host cells transformed with AP1, CP2-GCC and MP6 were maintained in a 50 mL 

chemostat. One lagoon was infected with phage pool GCC-A and a separate lagoon 

was infected with phage pool GCC-D. Both phage pools were derived from PANCE. 

Upon infection, lagoon dilution rates were increased to 1.5 volume/h. Lagoon dilution 

rates were increased to 2 vol/h at 66 h, 2.5 vol/h at 90 h and 3 vol/h at 114h. The 

experiment ended at 138 h. 

Bacterial NCN plasmid profiling assay  

To generate NCN target library, 16 µL of plasmids pBM10a to pBM10p were 

pooled (~100-200 ng/µL, 1 µL each) and added to 100 μl NEB 10-beta electrocompetent 

E. coli. The resulting mixture was incubated on ice for 15 min before transferring into 4 x 

25 µL aliquots in a pre-chilled 16-well Nucleocuvette strip. E. coli cells were 

electroporated with a Lonza 4D-Nucleofector System using bacterial program X-13. 

Freshly electroporated E. coli was immediately recovered in 1.4 mL pre-warmed NEB 

Outgrowth media and incubated with shaking at 200 rpm for 1 h. After recovery, the 1.5 

mL culture was divided into two 750 µL aliquots for plating on two 245 mm square 
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dishes (Corning) containing 2× YT medium agar (1.5% agar) mixed with 100 µg/mL of 

carbenicillin for plasmid maintenance. The dishes were incubated, without inverting, at 

37 °C overnight. Colonies were scrapped from the plate the following day and 

resuspended in 50 mL of 2× YT media. The plasmid library was isolated with a Qiagen 

Midiprep Kit according to manufacturer’s instructions and was eluted in 100 μL H2O.  

To generate the T7-DdCBE-expressing host cells, ~20-50 µL of NEB 10-beta 

chemically competent E. coli was transformed with a plasmid from the pBM13 series to 

express the left-side TALE and a plasmid from the pBM14 series to express the right-

side TALE (see Table 3.66), according to manufacturer’s instructions. Cells were plated 

on 2× YT medium agar (1.5% agar) mixed with 50 µg/mL of spectinomycin, 50 µg/mL of 

kanamycin and 25 mM glucose. Glucose was added to minimize leaky expression of 

DdCBE. To make electrocompetent host cells, a single colony of DdCBE-expressing 

host cells was inoculated in 5 mL DRM media and grown at 37 °C with shaking at 

200 rpm Cells were grown to OD600 ~0.4, chilled on ice for ~ 10 min before centrifuging 

at 4,000 g for 10 min. Supernatant was discarded and the cell pellet was resuspended 

with 500 µL of ice-cold 10% glycerol. The process was repeated for four glycerol 

washes. On the last wash, cells were resuspended in 50 µL of 10% glycerol, mixed with 

2 µL of NCN target library (20 ng total) and incubated on ice for 5 min. Cells were 

transferred into a pre-chilled 16-well Nucleocuvette strip (50 µL per well) and 

electroporated with a Lonza 4D-Nucleofector System using bacterial program X-5. 

Freshly electroporated E. coli was immediately recovered in 750 µL of pre-warmed NEB 

Outgrowth media and recovered by shaking at 200 rpm for 10 min. After recovery, 20 

mL of DRM was added with 100 µg/mL of carbenicillin, 50 µg/mL of spectinomycin, 50 
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µg/mL of kanamycin and 10 mM arabinose (to induce DdCBE expression). Cells were 

incubated with shaking at 200 rpm overnight. Library and base editor plasmids were 

isolated with a Qiagen Midiprep Kit according to manufacturer’s instructions and was 

eluted in 50 μL H2O.  

General mammalian cell culture condition 

HEK293T (ATCC CRL-3216), U2OS (ATTC HTB-96), K562 (CCL-243) and HeLa 

(CCL-2) cells were purchased from ATCC and cultured and passaged in Dulbecco’s 

modified Eagle’s medium (DMEM) plus GlutaMAX (ThermoFisher Scientific), McCoy’s 

5A medium (Gibco), RPMI medium 1640 plus GlutaMAX (Gibco), or DMEM plus 

GlutaMAX (ThermoFisher Scientific), respectively, each supplemented with 10% (v/v) 

fetal bovine serum (Gibco, qualified). Cells were incubated, maintained, and cultured at 

37 °C with 5% CO2. Cell lines were authenticated by their respective suppliers and 

tested negative for mycoplasma. 

HEK293T human cell lipofection 
Cells were seeded on 48-well collagen-coated plates (Corning) at a density of 

1.6- to 2x105 cells/mL 18-24 hours before lipofection. Lipofection was performed at a 

cell density of approximately 70%. For DdCBE experiments, cells were transfected with 

500 ng of each mitoTALE monomer to make up 1000 ng of total plasmid DNA. 

Lipofectamine 2000 (1.2 μL; ThermoFisher Scientific) was used per well. Cells were 

harvested 72 h after lipofection for genomic DNA extraction (see Table 3.8 for list of 

TALE binding sites).  

 
Table 3.8 | List of DNA sequences recognized by TALE proteins  
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U2OS, K562 and HeLa human cell nucleofection 
Nucleofection was used for transfection in all experiments using K562, HeLa, and 

U2OS cells. 125 ng of each DdCBE expression plasmid (total 250 ng plasmid) was 

nucleofected in a final volume of 20 μl in a 16-well nucleocuvette strip (Lonza). K562 

cells were nucleofected using the SF Cell Line 4D-Nucleofector X Kit (Lonza) with 5 × 

105 cells per sample (program FF-120), according to the manufacturer’s protocol. U2OS 

cells were nucleofected using the SE Cell Line 4D-Nucleofector X Kit (Lonza) with 4 × 

105 cells per sample (program DN-100), according to the manufacturer’s protocol. HeLa 

cells were nucleofected using the SE Cell Line 4D-Nucleofector X Kit (Lonza) with 2 × 

105 cells per sample (program CN-114), according to the manufacturer’s protocol. Cells 

were harvested 72 h after nucleofection for genomic DNA extraction. 

Genomic DNA isolation from mammalian cell culture  
Medium was removed, and cells were washed once with 1× Dulbecco’s 

phosphate-buffered saline (ThermoFisher Scientific). Genomic DNA extraction was 

performed by addition of 40-50 µL freshly prepared lysis buffer (10 mM Tris-HCl (pH 

8.0), 0.05% SDS, and proteinase K (20 μg/mL; ThermoFisher Scientific)) directly into 

the 48-well culture well. The extraction solution was incubated at 37 °C for 60 min and 

then 80 °C for 20 min. Resulting genomic DNA was subjected to bead cleanup with 
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AMPure DNAdvance beads according to manufacturer’s instructions (Beckman Coulter 

A48705). 

High-throughput DNA sequencing of genomic DNA samples 
Genomic sites of interest were amplified from genomic DNA samples and 

sequenced on an Illumina MiSeq as previously described189. Amplification primers 

containing Illumina forward and reverse adapters (Table 3.9) were used for a first round 

of PCR (PCR 1) to amplify the genomic region of interest. Briefly, 1 µL of purified 

genomic DNA was used as input into the first round of PCR (PCR1). For PCR1, DNA 

was amplified to the top of the linear range using Phusion Hot Start II High-Fidelity DNA 

Polymerase (ThermoFisher Scientific), according to the manufacturer’s instructions but 

with the addition of 0.5x SYBR Green Nucleic Acid Gel Stain (Lonza) in each 25 µL 

reaction. For all amplicons, the PCR1 protocol used was an initial heating step of 2 min 

at 98 °C followed by an optimized number of amplification cycles (10 s at 98 °C, 20 s at 

62 °C, 30 s at 72 °C). Quantitative PCR was performed to determine the optimal cycle 

number for each amplicon. The number of cycles needed to reach the top of the linear 

range of amplification are ~17-19 cycles for mtDNA amplicons. Barcoding PCR2 

reactions (25 µL) were performed with 1 uL of unpurified PCR1 product and amplified 

with Phusion Hot Start II High-Fidelity DNA Polymerase (ThermoFisher Scientific) using 

the following protocol 98 °C for 2 min, then 10 cycles of [98 °C for 10 s, 61 °C for 20 s, 

and 72 °C for 30 s], followed by a final 72 °C extension for 2 min. PCR products were 

evaluated analytically by electrophoresis in a 1.5% agarose gel. After PCR2, up to 300 

samples with different barcode combinations were combined and purified by gel 

extraction using the QIAquick Gel Extraction Kit (QIAGEN). DNA concentration was 

quantified using the Qubit ssDNA HS Assay Kit (Thermo Fisher Scientific) to make up a 
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4 nM library. The library concentration was further verified by qPCR (KAPA Library 

Quantification Kit-Illumina, KAPA Biosystems) and sequenced using an Illumina MiSeq 

with 210- to 300-bp single-end reads. 

 
Table 3.9 | Primers used for mammalian and bacteria cell genomic DNA amplification at 
sites targeted by DdCBEs  

 
 

High-throughput sequencing of NCN library plasmids  
 Primers T7-DdCBE Fwd and T7-DdCBE Rev were used to amplify the region 

containing the NCN target spacing region (see Table 3.9). Briefly, 100 ng of purified 

plasmids were used as input into the first round of PCR (PCR1) in a total reaction 

volume of 50 µL. For PCR1, quantitative PCR was used to amplify DNA to the top of the 

linear range as described above (~14 cycles). PCR1 products were purified with 

QIAquick PCR Purification kit according to manufacturer’s instructions and eluted in 20 

µL. Barcoding PCR2 reactions (50 µL) were performed with 10 uL of purified PCR1 
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product and amplified for 8 cycles. Subsequent steps after PCR2 are as described 

above.  

 
Analysis of HTS data for DNA sequencing and targeted amplicon sequencing  

Sequencing reads were demultiplexed using MiSeq Reporter (Illumina). Batch 

analysis with CRISPResso2182 was used for targeted amplicon and DNA sequencing 

analysis (see Table 3.10 for list of amplicon sequences used for alignment. A 10-bp 

window was used to quantify indels centered around the middle of the dsDNA spacing. 

To set the cleavage offset, a hypothetical 15-or 16-bp spacing region has a cleavage 

offset of -8. Otherwise, the default parameters were used for analysis. The output file 

“Reference.NUCLEOTIDE_PERCENTAGE_SUMMARY.txt” was imported into Microsoft 

Excel for quantification of editing frequencies. Reads containing indels within the 10-bp 

window are excluded for calculation of editing frequencies. The output file 

“CRISPRessoBatch_quantification_of_editing_frequency.txt” was imported into 

Microsoft Excel for quantification of indel frequencies. Indel frequencies were computed 

by dividing the sum of Insertions and Deletions over the total number of aligned reads. 

 
Table 3.10 | Amplicons for high-throughput sequencing analyses 
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Analysis of demultiplexed reads obtained from high-throughput sequencing of NCN 
target plasmids 

A unique molecular identifier (UMI) was included within each target plasmid. The 

UMI served to distinguish reads that contained an NCN sequence in the original target 

plasmid from reads that contained the NCN sequence produced as a result of base 

editing (see Table 3.11). Seqkit package (grep)201 was used to assign fastq files 

containing a given UMI to its starting NCN target plasmid. Batch analysis with 

CRISPResso2 was performed as described above for quantification of editing 

frequencies.  
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Table 3.11 | Sequences of unique molecular identifiers associated with each target 
plasmid. Each target plasmid contains a target cytosine flanked by two nucleotides of 
either A, T, C or G.   

 
 
Bulk ATAC-seq for whole mitochondrial genome sequencing 

ATAC-seq was performed as previously described189. In brief, 5,000-10,000 cells 

were trypsinzed, washed with PBS, pelleted by centrifugation and lysed in 50 µL of lysis 

buffer (0.1% Igepal CA-360 (v/v %), 10 mM Tris-HCl, 10 mM NaCl and 3 mM MgCl2 in 

nuclease-free water). Lysates were incubated on ice for 3 minutes, pelleted at 500 rcf 

for 10 minutes at 4 °C and tagmented with 2.5 µL of Tn5 transposase (Illumina 

#15027865) in a total volume of 10 µL containing 1xTD buffer (Illumina #15027866), 

0.1% NP-40 (Sigma), and 0.3x PBS. Samples were incubated at 37 °C for 30 minutes 

on a thermomixer at 300 rpm. DNA was purified using the MinElute PCR Kit (Qiagen) 

and eluted in 10 µL elution buffer. All 10 µL of the eluate was amplified using indexed 

primers (1.25 μM each, sequences available as previously reported189)and NEBNext 

High-Fidelity 2X PCR Master Mix (New England Biolabs) in a total volume of 50 μL 

using the following protocol 72 °C for 5 min, 98 °C for 30 s, then 5 cycles of [98 °C for 10 

s, 63 °C for 30 s, and 72 °C for 60 s], followed by a final 72 °C extension for 1 min. After 
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the initial 5 cycles of pre-amplification, 5 µL of partially amplified library was used as 

input DNA in a total volume of 15 µL for quantitative PCR using SYBR Green to 

determine the number of additional cycles needed to reach 1/3 of the maximum 

fluorescence intensity. Typically, 3-8 cycles were conducted on the remaining 45 µL of 

partially amplified library. The final library was purified using a MinElute PCR kit 

(Qiagen) and quantified using a Qubit dsDNA HS Assay kit (Invitrogen) and a High 

Sensitivity DNA chip run on a Bioanalyzer 2100 system (Agilent). All libraries were 

sequenced using Nextseq High Output Cartridge kits on an Illumina Nextseq 500 

sequencer. Libraries were sequenced using paired-end 2x75 cycles and demultiplexed 

using the bcl2fastq program. 

Genome sequencing and SNP identification in mitochondria 
Analysis was performed as previously described189. Genome mapping was 

performed with BWA (v0.7.17) using NC_012920 genome as a reference. Duplicates 

were marked using Picard tools (v2.20.7). Pileup data from alignments were generated 

with SAMtools (v1.9) and variant calling was performed with VarScan2 (v2.4.3). 

Variants that were present at a frequency greater than 0.1% and a p-value less than 

0.05 (Fisher’s Exact Test) were called as high-confidence SNPs independently in each 

biological replicate. Only reads with Q > 30 at a given position were taken into account 

when calling SNPs at that particular position. For Fig. 3.11, all SNPs that were called in 

untreated samples were excluded from the analyses of treated samples. Each SNP was 

called in treated samples if it appeared in at least one biological replicate, and the 

average frequency was calculated by taking the average of all replicate(s) in which the 

SNP was present.  
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Calculation of average off-target C•G-to-T•A editing frequency  
Analysis was performed as previously described91,189. To calculate the 

mitochondrial genome-wide average off-target editing frequency for each DdCBE in Fig. 

3.5h, REDItools was used (v1.2.1)184. All nucleobases except cytosines and guanines 

were removed and the number of reads covering each C•G base pair with a PHRED 

quality score greater than 30 (Q > 30) was calculated. The on-target C•G base pairs 

(depending on the DdCBE used in each treatment) were excluded in order to only 

consider off-target effects. C•G-to-T•A SNVs present at high frequencies (>50%) in both 

treated and untreated samples (that therefore did not arise from DdCBE treatment) 

were also excluded. The average off-target editing frequency was then calculated 

independently for each biological replicate of each treatment condition as: (number of 

reads in which a given C•G base pair was called as a T•A base pair, summed over all 

non-target C•G base pairs)÷(total number of reads that covered all non-target C•G base 

pair).  

Data availability 
High-throughput sequencing and whole mitochondria sequencing data have been 

deposited in the NCBI Sequence Read Archive under accession code PRJNA753136.  
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Chapter Four: Conclusion and Future Perspectives  
 The first microscopic image of mitochondrial DNA was captured by Margit and 

Sylvan Nass in 1963. Since the seminal discovery of non-chromosomal DNA in 

eukaryotes, our understanding of mitochondrial inheritance and their role in human 

health has increased exponentially. However, the research methods available for 

studying the mitochondrial genome still lag behind those developed for the study of the 

nuclear DNA. To identify functional mtDNA mutations, scientists often rely on genome-

wide association studies. Whole mitochondrial genome sequences from healthy 

volunteers and patient cohorts are collected for analyses and comparisons to identify 

genetic differences that might be responsible for a clinical symptom. If a mutation is 

found in high frequency among multiple patient cohorts across different geographical 

and cultural regions, the mutation is confirmed to be pathogenic. For a proposed 

pathogenic mutation in the nuclear DNA, scientists can go a step further to install the 

mutation in a disease cell line and animal model to verify the phenotypes –– a process 

commonly known as reverse genetics. This process, however, has remained off-limits to 

the mitochondria until the development of the mitochondrial base editor.  

Precise mtDNA manipulation has been a longstanding goal in the field of genome 

engineering. To address the decades-old challenge, unconventional solutions are 

required. The development of DdCBE was made possible by the discovery of a bacterial 

toxin (DddA) normally used in bacterial warfare to protect the host from invading 

pathogens. By drawing lessons from the original nuclear CBE154 and earlier nuclease-

based genome editing strategies202,203, we engineered a non-toxic form of DddA for 

CRISPR-free editing of mtDNA. While DdCBEs have enabled the first precise C•G-to-
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T•A conversions in the mitochondria, more work is needed to improve its utility for basic 

research and potentially as therapeutics.  

4.1 Mitochondrial Base Editing  
Our latest work has expanded the scope of DdCBE editing to include cytosine 

editing at non-TC contexts. The DddA11 variant enables reliable TC and non-TC editing 

of nuclear and  mitochondrial DNA when used as a G1397 split orientation, although the 

editing efficiencies of GC sequences can be further improved.  

In addition to an expanded targeting scope, DdCBEs are able to edit non-target 

cytosines present within the editing window ––a phenomenon known as bystander 

editing. TALE-binding sites could be varied to flank a target sites that minimizes the 

number of bystander cytosines, but a more generalizable approach will be ideal.  

Current DdCBEs only enable installation of C→T and G→A transitions. 

Developing adenine base editor and prime editor equivalents for mitochondrial editing 

will be a challenging but rewarding goal. The discovery of DddA sheds light on immense 

diversity of bacterial proteins that remain understudied. To begin the development of an 

adenine base editor, a bioinformatic-guided approach could be developed to screen for 

previously uncharacterized proteins for deaminase activity against adenosines in 

double-stranded DNA. Directed protein evolution of existing deaminases including 

DddA, TadA and ADAR may be conducted to endow these proteins with dsDNA-specific 

adenosine deamination activity.  

4.2 Beyond Single-Nucleotide Changes  
Development of a prime editor equivalent for organelle editing present significant 

challenges. A hallmark of prime editing is the reliance on the pegRNA to specify the 

desired edit.  Due to the impermeability of the mitochondrial inner membrane to 
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hydrophilic molecules, passage of DNA and RNA through the mitochondrial double 

membrane remains challenging204. Three approaches have been developed for 

exogenous DNA delivery into the mitochondrial matrix.  

Firstly, short sequences of single-stranded peptide nucleic acids (PNA) or PNA–

DNA oligonucleotides were covalently fused to an MTS and delivered into the 

mitochondrial matrix of intact cells using cationic polymers like polyethylenimine or 

transient membrane permeabilization using bacterial toxin SL-O205,206. For this strategy, 

a non-hydrophobic MTS is required. Secondly, an MTS fused to an 18-amino acid long 

KH peptide was used as the building block for a peptide-based self-assembling system 

to encapsulate and deliver plasmid DNA207. Lastly, a COX8 MTS peptide was fused to 

the VP2 capsid protein to generate MTS–adeno-associated virus. This MTS–AAV 

encapsulated the human ND4 gene and injected into the retina of mice208,209. Mouse 

mtDNA was extracted and episomal ND4 gene was detected with high-throughput 

sequencing210.   

While these three approaches were used to deliver DNA, their efficiencies remain 

low and the mode of administration is cumbersome for routine applications. In addition, 

these approaches have yet to be verified for RNA delivery. Recent papers have 

reported controversial CRISPR-mediated DSB in mtDNA using unmodified gRNA211 or 

gRNAs appended with stem-loop elements that purportedly promotes localization of 

nuclear-encoded transcripts to the mitochondria through the polynucleotide 

phosphorylase enzyme212,213. We prepared plasmids encoding stem-loop-containing 

gRNAs targeting MT-ND5 and co-transfected them with a plasmid encoding the NG 

variant of BE4max83,214 into HEK293T cells. While ND5.1-DdCBE resulted in ~36% C•G 
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to T•A conversion, we did not detect any base editing mediated by NG-BE4max using 

the modified gRNA architecture reported by McLaughlin and coworkers213 (Fig. 4.1). 

These results suggest that current gRNA modifications are insufficient to support base 

editing, and by extension, are unlikely to work for prime editing.  

 

 
Figure 4.1 | Stem-loop modified gRNA do not enable mitochondrial base editing. 
Allele frequency table of HEK293T cells treated with NG-BE4max with modified gRNA 
(MRP or RP) or ND5.1-DdCBE. Schematic of modified gRNA and sequences of gRNA 
protospacer and stem loop structures are shown below. The tables shown are 
representative of three biological replicates.  
 

 The programmability, robustness and throughput of RNA-guided CRISPR 

systems remains unrivaled. To begin to address the challenge of nucleic acid delivery 

into the mitochondria, a deeper understanding of mitochondrial cargo trafficking to the 

mitochondria could be helpful215. Further guide RNA engineering could also be further 

explored216.   
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