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Rare-cleaving endonucleases have emerged as important tools for making targeted genome 

modifications. While multiple platforms are now available to generate reagents for research 

applications, each existing platform has significant limitations in one or more of three key 

properties necessary for therapeutic application: efficiency of cleavage at the desired target site, 

specificity of cleavage (i.e. rate of cleavage at "off-target" sites), and efficient/facile means for 

delivery to desired target cells. Here, we describe the development of a single-chain rare-

cleaving nuclease architecture, which we designate "megaTAL", in which a TAL effector 

nuclease is used to "address" a site specific meganuclease adjacent to a single desired target site. 

This architecture allows the generation of extremely active and hyperspecific compact nucleases 

that are compatible with all current viral and non-viral cell delivery methods. 
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Chapter 1  

Introduction: A primer on genome engineering 

 

1.1 Gene manipulation through the years 

A brief history of genetic engineering 

The ability to manipulate genes is a powerful tool that was first employed circa 10,000 BC, 

when farmers began selecting and crossing agricultural crops and livestock for desired traits.  

These early geneticists had little idea of the effect they were having, doing nothing more than 

choosing the sturdiest, most flavorful plants and animals to raise. It was not until Mendel’s 

famous discovery in 1866, on the inheritance pattern of traits in pea plants, that the concept of 

hardcoded elements, later called genes, was first introduced.1 However this idea was largely 

ignored until several decades later, when the molecular unit of inheritance, DNA, was first 

identified in 1944 and its structure subsequently identified by Watson and Crick.2,3 

Over the course of the next twenty years, a number of discoveries, including the existence of 

DNA ligase, restriction enzymes and plasmids, enabled scientists to precisely and predictably 

manipulate the genetic code for the first time.4–6 This led to the generation of the first 

recombinant DNA molecule by Paul Berg and the first genetically modified organism by Boyer 

and Cohen in 1972.7,8 Since this time, advances reducing both the difficulty and cost of copying, 

synthesizing and sequencing DNA have allowed recombinant DNA technology to become 

widespread. Furthermore, methods for introducing exogenous DNA have been developed for a 

number of organisms, including many plants and animals.  

A brief history of gene therapy 
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With the advent of recombinant DNA technology, gene therapy emerged as a possible 

answer to treating genetic disorders. First proposed in the early 1970s as a way to replace 

defective genes, Friedmann and Roblin warned readers of the potential dangers of in vivo gene 

addition.9 Nonetheless, the promise of eradicating seriously debilitating and life-threatening 

disorders was great and so the first clinical trial for gene therapy was performed in 1990 to treat 

4-yr old Ashanti DeSilva, suffering from adenosine deaminase deficient severe combined 

immunodeficiency (ADA-SCID).10 This initial trial found moderate success, having no apparent 

adverse effects and resulting in long-term persistence of modified cells,11 encouraging a number 

of further trials soon thereafter.  

The most notable of these was a clinical trial performed to eradicate X-linked SCID in ten 

children that resulted in initial excitement over the effective correction of the immunodeficiency 

in nine of these patients.12–14 This success was later overshadowed by the discovery that five of 

the treated patients developed leukemia as a result of random integration of the transgene into 

regions of the genome neighboring proto-oncogenes.15,16 Subsequent studies revealed that many 

viral vectors preferentially integrate transgenes either within or immediately 5’ of gene coding 

regions which can lead to inappropriate gene expression. Furthermore, while only an extremely 

small subset of treated cells may initially carry transgene integrations that turn on proto-

oncogenes, the highly proliferative nature of these cells lead to their clonal dominance of the 

population.17–20 These devastating findings revealed the need for more stringent and directed 

delivery methods to ensure safe use of therapeutic transgene delivery. 
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1.2 Targeted genome modification 

The obvious solution to the issues arising from random transgene integration was to develop 

methods by which a DNA modification can be introduced at a pre-determined locus within the 

genome. Targeted genome modification can refer to transgene delivery to a safe harbor locus, as 

well as direct in cellulo manipulation of the therapeutic gene of interest.  

Safe harbor transgene delivery 

Safe harbor transgene delivery makes use of known genomic loci, such as the AAVS1 locus, 

at which exogenous material can be introduced without resulting pathologic effects.21,22 

Recombinases and transposases are two classes of DNA-modifying enzymes that can be used for 

safe harbor delivery due to their ability to catalyze the transfer of genetic material from a donor 

to a recipient. A major advantage of these reagents is that they are autonomous in that they do 

not rely on the cell’s DNA repair machinery, making them able to elicit the transfer of DNA 

regardless of the state of the recipient cell.  

The major drawback of using recombinases for targeted engineering is that they require an 

initial genome modification step to introduce their natural recognition sequences at the desired 

locus. Some success has been found in re-engineering the native specificity of recombinases, 

however, this has proven to be a non-trivial endeavor. Transposases, on the other hand, exhibit 

no natural sequence specificity and while some work has shown that these enzymes can be fused 

to DNA-binding domains to bring about gene targeting, the likelihood of sequence-independent 

gene transfer remains high.23,24 Furthermore, while safe harbor transgene delivery would provide 

a much safer alternative to semi-random integration, it remains to be seen whether a definitively 

safe locus can be identified and off-target integration can be truly ruled out.  

Endogenous genetic manipulation 
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Targeting the root of the cause, the endogenous DNA from which the genetic disorder arises, 

provides a number of significant advantages over transgene delivery that simply supplements 

patients with a corrected copy of the gene.  Modifying the gene in its native environment ensures 

normal regulation and expression of its protein product, avoids any potential issues arising from 

copy number variation and can be used to treat disorders arising from dominant negative 

mutations. Additionally, targeted gene knockout may be achieved by altering a DNA sequence to 

encode a non-functional or truncated protein or by removing a gene entirely. This use opens up 

the potential for a wider range of gene therapy applications, for example, to eliminate virus in 

infected patients by knocking out a critical viral protein.25 Lastly, altering endogenous genomic 

DNA would facilitate the alteration of both coding and non-coding sequences, thus enabling 

manipulation of such non-coding elements as microRNAs, gene regulatory elements and 

repetitive DNA for either therapeutic or research purposes. 

Classical gene targeting has been used to alter endogenous genetic material by providing a 

donor DNA fragment with homology arms matching the DNA flanking the site at which 

alteration is desired. The two DNA molecules can undergo homologous recombination (HR), 

resulting in copying of the donor sequence to the targeted genomic site. While this strategy 

works powerfully in mice and is commonly used to generate transgenic mouse models, a much 

lower efficiency is observed in human cells, diminishing its utility for therapeutic use.  Triplex 

forming oligonucleotides (TFOs), short single-stranded DNA fragments that can anneal to 

complementary genomic sequences, can be fused to a double-stranded DNA donor to increase 

levels of homologous recombination 100-fold over classical HR methods. However, TFOs 

exhibit a number of disadvantages that do not make them an ideal choice for targeted genome 
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modification. Namely, they have thus far been only used to correct point mutations, typically 

require purine-rich TFO recognition sites and are difficult to deliver into cells.23 

The formation of a double-strand break at the desired gene targeting locus was found to 

further increase the efficiency of gene transfer, when made in the presence of a substrate for 

homologous recombination.26 These breaks may be precisely administered using nucleases that 

exhibit DNA specificity and result in a 1000-fold increase in levels of HR over classical gene 

targeting.23 Moreover, repeated DSB break formation can lead to the introduction of indels at the 

site of the DNA break due to mutagenic non-homologous end joining (mutNHEJ). These indels 

can create nonsense and missense mutations in genes to achieve targeted gene knockout.24 While 

nucleases offer perhaps the safest and most effective way to administer genomic modifications 

via DSBs, issues such as the engineerability, specificity and deliverability of these enzymes still 

remain before they can be considered ideal therapeutic reagents.  

 

1.3 Essential properties of nuclease platforms for targeted gene therapy 

Engineerability 

Manipulation of endogenous genomic DNA relies on the ability to generate reagents capable 

of affecting a target locus. While natural and hybrid nucleases with pre-encoded sequence-

specificity exist, these represent a finite set and do not cover the entire space of potential 

sequences needed to target any locus of interest. For this reason, nucleases must be engineerable 

– their DNA-binding interfaces need to be amenable to redesign in order to obtain novel target 

specificities.  

Specificity 
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Perhaps the most important attribute required of a therapeutic-grade nuclease is its genomic 

specificity. The creation of off-target double-strand breaks may lead to inappropriate gene 

targeting and knockout, as well as a number of different chromosomal rearrangements.27–32 The 

severity of such unintended alterations is highly dependent on the affected locus, however they 

have the potential to lead to both cytotoxicity and tumorigenesis.33,34 Achieving single gene 

cutting in the human genome, approximately 3x109bp in length, would require a nuclease with a 

specificity equivalent to the precise readout of a single NDA sequence spanning at least sixteen 

consecutive base-pairs.  

Delivery 

The problem of how to introduce transgenes into cells safely and effectively has been at the 

core of gene therapy since its inception. However, whereas supplementing patients with a 

corrected copy of a gene requires long-term gene expression, nuclease delivery may be transient, 

as the resultant alteration will be retained at the endogenous genomic locus. This enables 

nuclease delivery to be performed using non-integrating delivery vectors, and thus circumvents 

the negative impacts of random gene integration.  

There are three common types of vectors used for cellular transgene delivery: plasmid DNA 

(pDNA), messenger RNA (mRNA) and viral vectors. While pDNA may be the simplest reagent 

to generate, getting these molecules into the nucleus with high efficiency currently requires toxic 

chemical methods not suitable for therapeutic use. On the other hand, transfection of mRNA and 

transduction of non-integrating viral vectors have been used to achieve high levels of transgene 

expression with much lower toxicity.35,36  

Several factors affect the deliverability of a transgene, which, in turn, has bearing on the 

utility of particular nucleases for gene therapy applications. For one, viral vectors are limited in 



 7 

their DNA packaging capacity, with some commonly used vectors having an upper limit of 4-

5kb and shorter transgenes typically yielding better expression.16,37,38 Another important 

consideration for proper viral vectorization is the repetitiveness of the transgene, as 

recombination of repetitive DNA tracts can lead to large deletions in certain types of vectors.39–41 

Lastly, for gene therapy applications, reagents for transgene delivery must be manufactured 

using costly Good Manufacturing Practices (GMP).42 For this reason, minimizing the number of 

delivery molecules, by using monomeric nucleases that would require only a single mRNA 

species or shorter nucleases that can be combined in parallel on a single viral vector, can be 

extremely beneficial.  

Multiplexing 

To date, gene therapy has focused on the delivery or targeting of a single therapeutic gene, 

due to the difficulties associated with multiplex genome engineering.43 However, polygenic 

diseases far outnumber monogenic ones, providing a clear motivation for developing safer 

multiplex gene therapy methods.44 Furthermore, multiplex gene knockout could provide a more 

effective solution for such applications as antiviral treatment, just as drug cocktails do.25 The 

advent of nuclease-based genome engineering may provide the specificity needed for safe 

multiplex gene therapy treatment. For such purposes, the nuclease chosen should be monomeric, 

to avoid inappropriate dimerization between nuclease halves, and encoded by a short open 

reading frame (ORF), to enable effective delivery of more than one enzyme simultaneously.  

 

1.4 Designer, rare-cleaving nuclease platforms  

Four distinct nuclease platforms have emerged at the forefront of targeted genome 

engineering; zinc finger nucleases (ZFNs), meganucleases (mn), transcription activator-like 
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effector nucleases (TALENs) and clustered regularly interspaced short palindromic repeats 

(CRISPR)-CRISPR-associated (Cas) nucleases (Figure 1). Each platform provides distinct 

advantages and disadvantages for gene therapy applications that will be outlined below.  

Zinc-finger nucleases 

Zinc finger nucleases (Figure 1a) were the first designer nuclease to be developed and tested, 

originating from the Chandrasegaran laboratory at John Hopkins University.45 These enzymes 

are made by fusing together individual zinc finger proteins, which are naturally employed as 

transcription factors, with the cleavage domain of the Fok I restriction enzyme. Each zinc finger 

module recognizes a triplet base-pair sequence and modules may be combined to increase the 

target site recognition length. Because the Fok I cleavage domain must dimerize to cleave its 

target, two separate ZFN halves, each consisting of zinc fingers fused to Fok I, are required to 

target a single site.45,46  

Figure 1: The four commonly used designer, rare-cleaving nuclease platforms – 
Schematic representation of (a) zinc finger nucleases, (b) meganucleases, (c) TAL effector 
nucleases and (d) CRISPR/Cas nucleases. 
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While it was originally believed that assembling zinc finger arrays for targeting extended 

DNA sequences would be a straightforward task, subsequent examination of the protein-DNA 

binding interface uncovered synergistic effects between individual fingers that complicated ZFN 

design.47 Since the first ZFN was constructed, many advances in both design and selection have 

been made in an attempt to automate the process of zinc finger assembly.48–50 However, these 

attempts have found only moderate success and design of zinc finger arrays towards a given 

DNA sequence remains challenging.51,52 

 One concern regarding the use of zinc finger nucleases as therapeutic agents is the level of 

DNA cleavage specificity they can afford. Each nuclease half is typically built with three or four 

tandem fingers to target 9-12bp sequences on either side of the cleavage site. Despite the length 

of their full DNA recognition sequence being sufficiently long to achieve single gene targeting, 

comprehensive studies performed to analyze the specificity of ZFNs, including one currently in 

use in clinical trials to target the CCR5 gene, have revealed a number of unexpected genomic 

off-target sites.28,29,53 Due to the broad range of DNA specificities obtained from selected zinc 

finger nucleases, future use of these enzymes as gene therapy reagents should require careful 

examination of all possible genomic targets prior to use in human therapeutics.33 

Delivery of zinc finger nucleases appears to be relatively straightforward. Each zinc finger 

half is approximately 1.1kb in length (for a 12bp target), making the total size of genetic material 

for delivery reasonable. One disadvantage, however, is that because each ZFN is comprised of 

two halves, some delivery methods will require two separate molecules to be codelivered, with 

the potential of reducing the nuclease expression efficiency and doubling the cost of generating 

these reagents.  
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Lastly, zinc finger nucleases are not ideal reagents for multiplex genome engineering and 

gene therapy, due in large part to their requirement for dimerization. While the wild-type Fok I 

cleavage head can indiscriminately dimerize to form active homodimeric nucleases, structure-

based redesign has been successfully employed to create obligate heterodimer pairs that exhibit 

reduced cytotoxicity and off-target cleavage.54–56 However, coexpression of even two obligate 

heterodimer pairs leads to cross-reactivity to form inappropriate heterodimeric ZFNs exhibiting 

cleavage at unintended targets and increased toxicity.57 Delivery of two separate halves per target 

becomes increasingly challenging as the number of desired genome modifications increases. 

Meganucleases 

Meganucleases (Figure 1b) are naturally occurring enzymes found in archaeal, prokaryotic 

and eukaryotic microorganisms, as well as viruses. They act solely as selfish genetic elements, 

catalyzing the duplication of their own genetic code at copies of their resident gene lacking the 

mn ORF. This is achieved by a process called homing, during which the nuclease creates a 

double-strand break that can be repaired by homologous recombination, with the meganuclease 

encoding allele serving as a template. Five different families of meganucleases have been 

identified, exhibiting different proteins structures, mechanisms for catalysis and levels of DNA 

sequence specificity. The largest and best-characterized of these is the LAGLIDADG 

meganuclease family, so called for their conserved catalytic motif. LAGLIDADG meganucleases 

recognize DNA targets approximately 20bp long and are the most specific of the meganucleases, 

making them the scaffold of choice for targeted genome engineering.58–60 

The major constraint of using meganucleases as a gene targeting reagent is the 

engineerability of these enzymes; LAGLIDADG mns are compact proteins that have coupled 

cleavage and binding activity, making redesign of their native specificity towards a target of 
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interest a laborious process. In order to more feasibly design active variants, several approaches 

for improving selection methods by testing extensive nuclease libraries have been developed.61–64 

In addition, efforts have focused on identifying novel meganuclease starting scaffolds that can 

facilitate redesign by reducing the distance between the starting and desired target 

specificities.65–67 Nevertheless, meganuclease engineering still requires significant effort as 

existing selection methods often yield low affinity variants that necessitate further optimization. 

Despite the hurdle of redesigning meganuclease specificity, these enzymes offer significant 

advantages over other nucleases platforms due to their high sequence specificity. For one, the 

monomeric, single domain architecture of meganucleases ensures that cleavage occurs in a 

sequence-specific manner and that target specificity is encoded by a single protein, avoiding 

issues with inappropriate nuclease dimerization. Furthermore, meganucleases typically exhibit 

significantly lower toxicity than other nuclease platforms, serving as evidence of reduced off-

target cleavage.68–70 Still, despite their long DNA sequence recognition, meganucleases are not 

absolutely specific and are capable of genomic off-target cleavage.27,65,66,71  

The meganuclease architecture also makes it ideal for therapeutic gene delivery, as the 

monomeric, approximately 1kb ORF can be easily packaged into a single viral vector with 

adequate space for other gene editing tools. Furthermore, meganuclease can be used for 

multiplex genome engineering as their short transgene allows for simultaneous delivery of 

several enzymes and eliminates the unwanted possibility of hybrid dimerization. 

Transcription activator-like effector nucleases 

Transcription activator-like effector nucleases (Figure 1c) are synthetic proteins that have 

been developed and described only in the past few years. These nucleases have a similar 

architecture to zinc finger nucleases, in that they are composed of a DNA-binding domain, a 
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transcription activator-like (TAL) effector, fused to the cleavage domain of the Fok I restriction 

enzyme.72,73 Isolated from plant pathogenic Xanthomonas bacteria, these proteins normally act as 

virulence factors and contain a DNA-binding domain consisting of repetitive elements.74–76 

These repeats were found to span typically 34 amino acids, with only positions 12 and 13 of 

these, termed the repeat-variable diresidues (RVDs) showing hypervariability. It was soon 

discovered that each of these repeat elements conferred binding specificity for a single base on 

the TAL effector DNA target and that the identity of the RVDs corresponds to the partnering 

nucleotide.77,78 Subsequent TAL effector structure determination showed that only residue 13 on 

each repeat forms direct contacts with the DNA base, while residue 12 acts to stabilize the RVD 

loop structure.79,80 

The major significance of these findings is that TAL effectors exhibit a one-to-one 

relationship between individual repeat elements and target nucleotides that can easily be 

exploited to obtain novel DNA target specificities. This has enabled rapid design and selection of 

TALENs targeting a wide range of sequences with an exceptionally high success rate.81,82 In 

addition to their high level of engineerability, TALENs have exhibited levels of cleavage activity 

surpassing that of ZFNs, making this platform very attractive for genome engineering 

applications.83 Furthermore, while a detailed analysis of the off-target activity of TALENs 

remains to be seen, their lowered toxicity compared to rival ZFNs points towards higher 

cleavage specificity.70,84,85 

Although TALENs have proven themselves as extremely useful reagents for targeted genome 

editing, this platform may not lend itself quite as powerfully towards gene therapy applications, 

because of challenges regarding their cellular delivery. Just like zinc finger nucleases, TALENs 

consist of two separate halves for a single target locus. Because TAL effectors can be built to 
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bind any length of DNA, TALENs have been engineered towards targets of variable length; 

however, most studies employ TALEN halves targeted to sequences 13bp or longer, yielding a 

DNA ORF close to 3kb in length. For this reason, codelivery of both TALEN halves, as well as 

other useful factors for increasing genome engineering, becomes problematic due to viral 

packaging size limitations. In addition, the highly repetitive nature of the TAL effector domain 

can cause recombination of the TALEN ORF during viral delivery, leading to expression of 

unwanted protein products that can cause off-target cleavage and increased toxicity.86 These 

delivery issues, as well as the capacity of Fok I to form inappropriate dimerization partners, as 

discussed earlier for ZFNs, also make TALENs a poor reagent choice for multiplex genome 

engineering.  

CRISPR-Cas nucleases 

The CRISPR-Cas system (Figure 1d) is the most recent designer nuclease platform to be 

developed for genome engineering applications. This platform takes advantage of the bacterial 

adaptive immune system evolved to recognize and cleave invading genetic sequences using a 

Cas nuclease under the guidance of RNA serving as a DNA-targeting mechanism.87–89 This 

system quickly became a favorite in the field of genome engineering, due to the fact that DNA 

targeting does not require protein engineering, but rather only necessitates the design of an RNA 

molecule complementary to the sequence of interest. The only design requirement is the need for 

a protospacer-adjacent motif (PAM, 5’-NGG-3’) downstream of the 20bp RNA protospacer 

target. Many groups have since been able to move this platform into various cell types, including 

human cells, and successfully modify endogenous targets within the host genome.90–93 Moreover, 

multiplex genome engineering can be achieved using CRISPR-Cas nucleases by simply 

introducing multiple guide RNAs (gRNAs) simultaneously.93–95 
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Unfortunately, much like TALENs, the advantages that CRISPR-Cas nucleases offer towards 

genome engineering applications do not suffice for therapeutic use. For one, simultaneous 

delivery of the 4kb Cas9 nucleases along with one or more RNA molecules will prove difficult in 

a clinical setting, due to both the large nucleases transgene size and the need to get different 

types of molecules with non-overlapping effective delivery strategies into the desired cell type. 

Perhaps more importantly, CRISPR-Cas nucleases exhibit an unacceptable level of off-target 

cleavage, tolerating mutations along the entire length of the protospacer DNA. While the 

mutation frequency at examined off-target site varied, the rates at some unintended targets rival 

that of the intended, and indels were observed at targets containing as many as five RNA-DNA 

mismatches.94–97 

Other hybrid nucleases 

Several other hybrid nucleases have been constructed in an attempt to generate novel 

reagents with all of the properties desired of therapeutic nucleases. For the most part, these 

constructions have focused on creating single-chain nucleases with sequence-specific cleavage 

heads, typically either I-TevI or scPvuII, in order to reduce the possibility of off-target 

cleavage.98–103 However, using a active monomeric cleavage domain with only a short DNA 

recognition site is likely to result in significant off-target cleavage, independent of the activity of 

the fused DNA binding domain. 

 

1.5 Summary  

Targeted genome engineering shows great potential as a therapeutic approach for rectifying 

genomic abnormalities that lead to disease. However, to minimize potential adverse effects, 

genetic manipulation must be performed in such a way as to prevent any unintended 
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modifications. Nucleases can serve as a powerful tool for creating specific genomic changes, due 

to their capacity to elicit both gene repair and knockout at an endogenous locus in a site-specific 

manner. Nevertheless, while each of the current designer nuclease platforms displays unique 

advantages, limitations regarding their engineerability, specificity, deliverability and potential for 

multiplex use affect their feasible and safe use as agents for gene therapy.  

A next generation nuclease platform for gene therapy applications 

To address the limitations of available nuclease platform technologies, my thesis project has 

focused on the development of a novel hybrid nuclease technology (hereafter megaTAL), which 

combines the advantages of meganuclease specificity with the target-specific affinity and ease of 

engineering afforded by TAL effector DNA-binding domains. The result, as described 

throughout this work, is a technology platform that requires reduced engineering efforts, yet 

allows the generation of single-chain, hyperspecific enzymes compatible with both viral 

vectorization and multiplexing. The combination of these desirable properties in a single nuclease 

platform holds significant promise to extend the impact of genome engineering on human therapeutic 

applications.   
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Chapter 2 

megaTALs: a novel designer nuclease platform 

2.1 Introduction  

The core hypothesis of this thesis is that by fusing auxiliary DNA-binding domains to 

meganuclease cleavage domains, we would be able to build novel nuclease reagents that exhibit 

a high level of sequence-dependent cleavage activity, while lowering the time and resource 

requirements necessary for engineering of the meganuclease component.  The reduced time and 

resource requirements for meganuclease engineering are predicted to occur due to the partial 

separation of binding and cleavage functions in the fusion protein; the affinity of the auxiliary 

DNA binding domain allows the use of a low affinity meganuclease by acting to tether (address) 

the meganuclease cleavage domain in close proximity to its target. Thus, engineering of the 

meganuclease protein/DNA interface need only account for efficient cleavage and target 

specificity, without the need for additionally generating the affinity necessary for sufficient 

enzyme “dwell” time at the target.   

To test this hypothesis, we developed a test set of TAL effector DNA binding domains fused 

to meganucleases (e.g. “megaTALs”) in order to identify an optimal working megaTAL 

architecture for fusion, and used the protein and DNA properties ascertained from these 

experiments to explore the relationship between meganuclease affinity and megaTAL cleavage 

activity.  

 

2.2 Designing and testing a functional megaTAL architecture 

The first questions we sought to answer were whether we could identify a megaTAL 

architecture that does not result in steric hinderance, preventing one or both domains from 
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functioning properly, and what effect the TAL effector would have on meganuclease cleavage 

activity. We tested the function of megaTALs using the Traffic Light Reporter (TLR) assay, 

which provides a readout of both homologous recombination and mutagenic NHEJ. This reporter 

can be integrated into genomic DNA in order to more realistically assess levels of cellular repair 

in reporter cell lines.104 In designing this initial experiment, there were a number of different 

considerations that needed to be addressed and these are discussed in detail below.  

Orientation 

MegaTAL nucleases can be designed in two orientations, positioning the TAL effector either 

N’- or C’-terminally to the meganuclease. We chose to interrogate the former architecture 

(Figure 2), due to the presence of degenerate repeats at the N-terminus of the TAL effector. 

These repeats provide non-specific DNA affinity through the interaction of positively-charged 

protein residues with the negatively-charged DNA backbone and are proposed to seed TAL 

effector binding as a means to explore DNA for its target site.105 Thus, fusing the TAL effector 

C-terminally to a meganuclease would be predicted to have the effect of non-specifically 

enhancing the meganuclease’s affinity for DNA. In contrast, by positioning the TAL effector N-

terminally to the meganuclease, the megaTAL would be predicted to function optimally only 

when the entire TAL effector were efficiently annealed to its cognate target. 

TAL effector 

Figure 2: Schematic representation of a megaTAL - The megaTAL architecture involves fusion of a 
TAL effector with truncated N and C-terminal domains through a short peptide linker to the N-terminus 
of a meganuclease. Aligned below the megaTAL schematic is the DNA sequence for the L538-I-AniI 
megaTAL target with a DNA spacer length of seven, the L538 DNA target underlined in green, the I-
AniI DNA target underlined in blue and the DNA spacer separating the two outlined with a black box. 
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We chose a validated TAL effector for testing, to ensure that possible lack of effect could not 

be caused by use of a non-functional TAL effector. This TAL effector, designated L538, was 

designed by Sangamo Biosciences to target a 17bp sequence within the CCR5 gene and was 

shown to be active as part of a TALEN pair.106  

Meganuclease 

To determine whether TAL effectors can be used to rescue activity of low affinity 

meganucleases, we made megaTAL fusions using variants of the I-AniI meganuclease. These 

variants all target the same DNA sequence with different affinities and include the wild-type I-

AniI mn (KD = 90 nM, hereafter WT), two experimentally-evolved variants I-AniI F13Y (KD = 50 nM, 

hereafter F13Y) and I-AniI Y2 (KD = 10 nM, hereafter Y2), as well as the catalytically dead variant I-

AniI E148D (hereafter E148D).107 

DNA spacer 

In order to identify megaTAL fusions with the highest level of activity, we needed to 

determine the ideal length of DNA sequence separating the target site of the TAL effector and 

meganuclease. DNA spacers of 2-16bp were chosen for testing, based on previous data 

examining spacer length for TALENs, and TLR cell lines were generated harboring target sites 

consisting of the L538 target separated from the I-AniI target by the variable DNA spacer length. 

The sequence of the DNA spacer was kept identical to the extent possible across all target sites 

to minimize any possible effects the DNA spacer sequence itself could have on cleavage activity 

(Table 1).  

Fusion linker 

As mentioned briefly above, one potential issue with fusing proteins together is that the 

individual parts may be linked in such a way as to prevent proper functioning of one or both 
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domains due to steric hindrance. To avoid this possibility, we tested four separate protein linkers: 

the native Fok linker (hereafter Fok) used in many ZFN and TALEN designs, as well as three 

flexible linkers (hereafter Zn4, Flex1 and Flex2). Furthermore, different protein linkers might 

have different ideal DNA spacer lengths and could be used interchangeably to achieve the 

highest level of cleavage for a given locus.  

TLR results 

Testing of the original megaTAL architecture proved to be very successful and provided a 

great deal of information regarding important properties of the fused product. MegaTAL fusions 

were able to increase levels of both homologous recombination and mutNHEJ, when compared 

to the standalone meganuclease, in an affinity and DNA spacer-dependent manner.  

Fusion of the L538 TAL effector to the lowest affinity meganuclease, WT, resulted in up to 

18 and 24-fold increases in levels of mutNHEJ and homologous recombination, respectively 

(Figure 3). A similar effect was observed for megaTALs made with the moderate (F13Y) and 

high (Y2) affinity mn variants, albeit to a lesser degree (≤13-fold increase for F13Y, ≤4-fold for 

Table 1: TLR Targets with varying DNA spacers (2-16 nucleotides) separating the 
L538 TAL effector (underlined green) and I-AniI (underlined blue) binding sites tested in 
the reporter cell lines for cleavage activity with megaTALs and their corresponding 
standalone meganucleases. 



 20 

Y2) correlating with the intrinsic affinity 

of the meganuclease variant (Figure 4). 

Importantly, megaTALs made with all 

three meganuclease variants of differing 

affinities were improved to achieve 3-4-

fold increases in mutNHEJ and 2-3-fold in 

homologous recombination over the high 

affinity standalone Y2 meganuclease. 

Furthermore, testing of each I-AniI 

megaTAL against a reporter cell line 

target consisting of the L538 binding site 

upstream of a scrambled I-AniI target  

(Figure 4, labeled scr) showed only 

background levels of cleavage activity, 

indicating that docking of the 

meganuclease in proximity to the TAL effector binding site does not lead to non-specific 

cleavage. MegaTAL activity was found to be highly spacer-dependent, with the affinity of the 

starting meganuclease correlating to the range of operational spacer lengths. The WT megaTAL 

was active at spacers 5-10bp long, while cleavage activity of the Y2 megaTAL was increased 

across all spacer lengths tested, which we attribute to the N-terminal pseudo repeats of the TAL 

effector providing sufficient non-specific affinity to affect the on/off rate of the meganuclease.105 

The maximum activity for all three megaTAL variants was achieved with a DNA spacer 7 

nucleotides in length (assuming a 20bp meganuclease target).  

Figure 3: Levels of mutagenic NHEJ (mutNHEJ) and 
homologous recombination (HR) achieved with the I-
AniI megaTAL fusion. Results shown are derived from 
assays of cleavage activity using TLR reporter 293T cells 
treated 72 hours with the L538-Zn4-WT megaTAL (mT) 
or WT I-AniI meganuclease (mn) across targets with 
different spacer lengths or a ‘scrambled’ (scr) I-AniI 
target. Cleavage activity for L538-WT megaTAL for a 
given spacer length is normalized to the activity of the 
WT meganuclease level (represented by a dashed line) 
across all cell lines. For all graphs, error bars indicate 
s.e.m and P-value comparing megaTALs with their 
appropriate meganuclease counterpart is indicated by 
asterix (* signifies P<0.05, ** P<0.005, *** P<.0005).   
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Activity across different DNA spacer lengths tested appears to exhibit periodicity; while the 

activity of the F13Y megaTAL decreases between 7 and 12bp, it begins to rise back up with a 

16bp spacer. Moreover, the minimum activity was observed with spacers 2 and 12bp in length, a 

distance that corresponds approximately to one turn of the DNA helix. These findings suggest 

that the effect of DNA spacer length on activity may be due to the relative position of the TAL 

effector and meganuclease targets along the DNA helix, rather than their distance. Further testing 

with DNA spacers ranging from approximately 12 to 22bp would provide a clearer view on how 

spacer length restricts megaTAL activity.  

Figure 4: Activity of megaTALs built with I-AniI meganucleases with varying affinities - Levels of 
mutNHEJ (top) and homologous recombination (bottom) in TLR cell lines containing targets with 
different DNA spacer lengths. The level of activity for each megaTAL tested was normalized to the 
activity of Y2 (represented by green line) in the same TLR cell line. The average activity of the WT, 
F13Y meganucleases across each cell line are represented by blue and orange lines, respectively. 
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Figure 5: Comparison of cleavage activity of megaTALs made with different protein linkers. 
Level of mutNHEJ (red symbols, left column) and homologous recombination (green symbols, 
right column) measured in Traffic Light reporter cell lines with targets from Table 2. Reporter cells 
were treated with megaTALs made by fusing the L538 TAL effector to either the E148D (pink 
lines), WT (blue lines), F13Y (orange lines) or Y2 (green lines) variant of the I-AniI meganuclease 
by four different protein linkers (Fok, Zn4, Flex1 and Flex2). Activity of the standalone 
meganuclease variant was also tested. 
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No discernible differences in activity were observed between megaTALs constructed with 

different protein linkers (Figure 5), which we believe is explained the fact that the C-terminus of 

the TAL effector is unstructured and thus highly flexible. This flexibility may also account for 

the apparent wide range of DNA spacer lengths that can be tolerated by megaTAL fusions. We 

speculate that reconfiguration of the C-terminus of the TAL effector to form a structured linker 

could provide higher cleavage specificity and would be a valuable approach to designing a 2nd 

generation megaTAL platform with enhanced performance properties. 

 

2.3 Effect of megaTALs on target site affinity and cleavage activity 

Engineering of native meganucleases towards desired sequences frequently results in the 

isolation of variants that exhibit either a reduced target site affinity or catalytic defects, due to the 

combinatorial barrier posed by the highly integrated LAGLIDADG meganuclease-DNA binding 

surface. To save both time and resources when designing megaTALs, it would be advantageous 

to understand which types of meganuclease variants could be successfully rescued to attain a 

highly active nuclease. We hypothesized that fusing an auxiliary DNA binding domain to 

meganucleases would be an effective 

approach to rescue variants that exhibit low 

target site affinity, but would be less 

efficient for rescuing those enzymes with 

catalytic defects.  

In order to discern between these 

possible effects, we tested the Y2 

meganuclease and L538-Y2 megaTAL 

Table 2: Affinity and catalytic activity of the Y2 
meganuclease at I-AniI near native targets - Wild-
type and singly-substituted I-AniI targets and 
previously determined kcat* and KM* values.   
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against a series of DNA target variants that harbor single basepair substitutions (relative to the 

native I-AniI target, wt) for which the kcat* and KM* of the meganuclease have previously been 

measured (Table 2).71 Targets were chosen for which Y2 displays either “high KM*” (Y2 exhibits 

a similar kcat*, but reduced affinity relative to wt) or “low kcat*” (Y2 exhibits a reduced kcat*, but 

comparable binding affinity compared to wt). Cleavage activity was measured using TLR 

reporter cells with targets comprised of the L538 binding site and the individual high KM*, low 

kcat* or wt I-AniI targets, separated by an 8bp spacer.  

 

TLR results 

The stand-alone Y2 meganuclease showed very low levels of cleavage activity against all six 

non-native targets, ranging from background rates to less than 0.2% for either pathway (Figure 

6). In contrast, cleavage activity was considerably increased (12-38-fold for HR, 8-27-fold for 

mutNHEJ) against all high KM* targets treated with the megaTAL, while little or no effect was 

observed for the low kcat* targets (0-3-fold for HR and mutNHEJ). However, megaTAL activity 

against the low kcat* target -1G was found to be significantly increased compared to the 

standalone meganuclease treatment, suggesting that in some cases a strong target site affinity can 

partially compensate for low catalytic activity. A significantly higher rate of mutNHEJ was 

observed against the low KM* target -8G, without a corresponding increase in levels of HR, 

indicating both that enzymes combining strong cleavage activity and high affinity may yield very 

active nucleases and that nucleases with different biochemical properties may display diverse 

repair pathway biases.  
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Figure 6: Effect of megaTAL addressing on 
activity of Y2 I-AniI towards DNA targets 
for which it exhibits different biochemical 
properties. (a) Representative flow plots 
showing mutNHEJ and homologous 
recombination for the Y2 meganuclease (left 
column) and megaTAL (right column) against 
high KM* and low kcat* targets. Numbers inside 
the gates give the percent of mCherry and GFP 
positive cells and the inset graphs show BFP 
positive cells on which the experiment was 
gated. (b) Graphical representation of data from 
(a) for replicates. 
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2.4 Summary 

Fusion of TAL effectors to both high and low affinity meganucleases can yield hybrid 

nucleases with increased cleavage activity. We found that megaTALs could be made to rescue 

the activity of both the WT and Y2 I-AniI meganucleases against targets for which no or very 

low cleavage activity was observed with the standalone meganuclease, due to reduced affinity 

for the target site. Moreover, megaTALs could further increase levels of both mutagenic NHEJ 

and homologous recombination for active meganucleases with moderate (F13Y) or high (Y2) 

affinity for a given target.  

MegaTALs made with the three different I-AniI variants yielded equal levels of activity 

against the native I-AniI target separated from the L538 TAL effector binding site by a 7bp DNA 

spacer, suggesting that the 16.5 RVD TAL effector was able to compensate for any affinity 

differences between the variants for targets with an ideal DNA spacer. Disparities in megaTAL 

activity were observed, however, at targets with non-ideal spacer lengths, which may be due to 

either a small boost in affinity afforded by non-specific interactions between the N-terminus of 

the TAL effector and DNA backbone or to the ability of higher affinity meganucleases to 

function on their own during dissociation of the TAL effector from its target.  

We also observed that a megaTAL made with the Y2 meganuclease showed rescued 

cleavage activity only against singly-substituted targets for which the standalone meganuclease 

exhibits low affinity and not those for which it exhibits low catalytic activity. Furthermore, levels 

of mutNHEJ and HR varied among the megaTAL-treated high KM* targets, suggesting that 

differences in meganuclease catalytic activity will still affect the outcome of repair.  

Taken together, these findings indicate that megaTALs can be consistently constructed to 

generate highly efficient and specific enzymes using low affinity meganuclease cleavage heads. 
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These properties suggest that engineering of meganuclease cleavage heads for use in the 

megaTAL architecture should be significantly less time and resource intensive than engineering 

of a standalone meganuclease, due to the ease with which TAL effectors can be generated 

towards almost all DNA sequences and the reduced affinity requirement of the meganuclease 

domain of the fusion protein.  

 

2.5 Materials & methods 

MegaTAL and meganuclease construct generation 

MegaTALs were constructed using the Golden Gate assembly strategy previously described 

by Cermak et al, using an RVD plasmid library and destination vector generously provided by 

the Voytas lab.108 The pthX01 destination vector was modified to include a hemagglutinin (HA) 

tag immediately downstream of the NLS and to yield a NΔ154, C+63 TALEN scaffold. TAL 

effectors were built using the following RVDs to target each specific nucleotide: A – NI, C – 

HD, G – NN and T – NG. Following cloning of the TAL effector repeats into the destination 

vector, the protein linkers (Fok: SQLVKS, Zn4: VGGS, Flex1: GGSG or Flex2: GGSGGGSG) 

and I-AniI meganuclease variants were cloned in place of the FokI nuclease catalytic domain 

between the Xba-I and Sal-I restriction sites. All megaTALs, except those used to compare linker 

activity (Figure 5), were made using the Zn4 protein linker. Control constructs expressing 

standalone meganuclease variants were made by cloning the nuclease downstream of an NLS 

and HA tag between the Sbf-I and Sal-I restriction sites. All constructs encode BFP-T2A-

nuclease for tracking of nuclease expression during flow cytometry.  

Cell line derivation 
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HEK293T cell lines were generated harboring either the original traffic light reporter (TLR 

2.1)104 or a modified traffic light reporter containing an iRFP gene in place of puromycin 

(epigenetic TLR, unpublished data), with the appropriate target site embedded within the GFP 

ORF. Cells were derived as previously described with slight modifications. Briefly, HEK293T 

cells were transduced with recombinant lentivirus to yield 5-10% transduction, based on either 

iRFP expression (epigenetic TLR) or cell survival after treatment with puromycin (TLR 2.1). 

Approximately five days post transduction, cells were sorted for iRFP+/mCherry- populations 

(epigenetic TLR) or mCherry- populations (TLR 2.1).  

Cell sorting and flow cytometry 

Cells were analyzed by flow cytometry on the BD LSRII and sorted on the BD FACS 

ARIAII. Fluorophores were detected using the following lasers and filters: mCherry – excited 

561nm, acquired 610/20, mTagBFP – excited 405nm, acquired 450/50, eGFP – excited 488nm, 

acquired 525/50, iRFP – excited 640nm, acquired 730/45. Data were analyzed using FlowJo 

software.  

Traffic Light Reporter Assay 

The traffic light reporter assay was performed as previously described with slight 

modifications. Cells harboring the TLR 2.1 or epigenetic TLR were plated at 2.0x105 cells/well 

in a 24-well dish 24h prior to transfection. XtremeGene9 (Roche) was used at 2µl/µg DNA to 

transfect cells with 0.5µg of both nuclease and GFP donor constructs. Cells were harvested 72h 

post transfection and read on the flow cytometer. Data were obtained from BFP+ (TLR 2.1) or 

iRFP+/BFP+ populations (epigenetic TLR).  

Statistical analysis 
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Error bars on graphs represent s.e.m. P-values were calculated using Student’s one-tailed 

unpaired t-test to compare activity of megaTALs with their specific meganuclease counterpart 

(P<0.05 shown as *, P<0.005 **, P<0.0005 ***).  

  



 30 

Chapter 3 

megaTALs: a hyperspecific nuclease platform 

3.1 Introduction 

For therapeutic applications, the importance that reagents exhibit sufficiently high cleavage 

specificity to ensure minimal off-target effects outweighs considerations of engineerability, as 

the resources to engineer a nuclease are minimal in comparison to total therapeutic development 

costs. Currently, none of the available nuclease platforms exhibit complete single target 

specificity and both off-target cleavage and cytotoxicity have been observed with ZFNs, 

meganucleases, TALENs and CRISPR/Cas nucleases.27,29,70 We hypothesized that the hybrid 

megaTAL architecture would support extremely high cleavage specificity due to the elongated 

target site provided by fusion of the TAL effector binding domain and meganuclease catalytic 

domain, coupled with the inherent high cleavage specificity of the meganuclease domain. 

 

3.2 Designing megaTALs to address genomic loci 

To evaluate the specificity of the megaTAL architecture, we tested whether a megaTAL 

nuclease could distinguish between intended and unintended genomic target sites, all cleaved by 

a common meganuclease cleavage domain. We reasoned that binding of the TAL effector to a 

target upstream of the desired meganuclease cleavage site could “address” the meganuclease 

towards that locus, enhancing activity specifically at the addressed locus versus unintended 

targets lacking the TAL effector docking site.  

Identifying candidate genomic targets 

Near-native targets of the I-AniI meganuclease (DNA sequences containing 3 or fewer 

basepair differences from the wild-type I-AniI recognition sequence) were previously identified 
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in the human genome by Dr. Michael Certo, using the UCSC BLAT tool.109 Dr. Certo 

subsequently assessed the level of cleavage activity at these near cognates with the Y2 

meganuclease using both episomal and endogenous targets (data not shown). The five sites that 

displayed the highest levels of cleavage by the endonuclease in those assays (designated +9T, 

+5A+8T, +2T+9G, +1C+5A and -2A+1G) were chosen for further examination (Table 3). 

Building site-specific megaTALs 

We chose the +9T and +5A+8T genomic loci for megaTAL targeting, based on the fact that 

they showed the highest level of DNA cleavage by the Y2 meganuclease as assessed by 

sequencing at the endogenous loci in Y2-treated cells. Several considerations were taken into 

account when choosing a TAL effector DNA binding site upstream of the near-native I-AniI 

target at both loci: 

-­‐ DNA spacer length: A +9T megaTAL target with a spacer 8 nucleotides in length was 

chosen based on our original findings that this length spacer gave maximal megaTAL 

activity; however, it was later discovered that these results were obtained against 

suboptimal targets, as we neglected to include a thymine base at the 0th position of the 

TLR targets (data not shown). The +5A+8T megaTAL target was chosen later, once 

reevaluation of the DNA spacer indicated that a 7bp spacer gives maximal activity, to 

reflect this new information. 

-­‐ Length of the TAL effector DNA binding sequence: Since previous experiments had all 

been performed with the L538 TAL effector that targets a DNA sequence 17bp long, we 

wanted to choose genomic targets for the +9T and +5A+8T loci of approximately the 

same length to ensure that the synthetic megaTALs would function optimally. However, 

as the 16.5 RVD L538 TAL effector was found to maximize affinity, as discussed in the 
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previous chapter, we felt that TAL effectors with fewer repeats could function equally 

well. 

-­‐ Requirement for a thymine at the 0th position of the TAL effector target: Examination of 

the native TAL effector DNA targets, experiments in which the DNA base just 5’ to the 

TAL effector target (designated the 0th position of the sequence) is varied as well as 

structural analyses of the TAL effector have all shown that these proteins have a 

preference for a thymine at 0th position (T0).79,110,111 As we observed this same base 

preference when testing our initial megaTAL architecture, we chose +9T and +5A+8T 

TAL effector targets such that they would have a 5’ T0.  

Given the above restrictions, we chose TAL effector binding targets 14 and 18bp long for the 

+5A+8T and +9T TAL effectors, respectively, as shown in Table 3. Both synthetic TAL 

effectors were built and fused to the WT, F13Y and Y2 I-AniI variants for experimental testing. 

 

3.3 Assessing cleavage specificity at Traffic Light Reporter loci 

To evaluate megaTAL target specificity, we first generated TLR reporter cells harboring 

each of the five I-AniI near-native targets (shown in Table 3). These reporter cells were treated 

with each of the +5A+8T and +9T megaTALs, as well as the standalone I-AniI meganucleases, 

and assessed for levels of homologous recombination (mutNHEJ was not measured due to the 

Table 3: I-AniI human genomic near-native sequences and their location in the genome. Synthetic 
TAL effectors were built against the +9T and +5A+8T sequences underlined in green and the I-AniI near-
natives sequences are underlined in blue.  
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presence of a stop codon in some TLR lines that prevented readout). The results from these 

experiments show that the megaTALs built towards a specific near-native site showed significant 

increases in cleavage activity towards the “addressed” target, compared to the standalone 

meganuclease, while levels of HR were unaffected at the “unaddressed” targets (Figure 7a). All 

three megaTAL variants targeted towards the +5A+8T site showed similar levels of homologous 

recombination, regardless of the affinity of the meganuclease used. In contrast, the +9T 

megaTAL constructed with the WT I-AniI meganuclease exhibited lower levels of cleavage than 

Figure 7: Mutation rates using “addressed” I-AniI megaTALs and “unadressed” meganucleases. 
The level of mutNHEJ at (a) reporter and (b) endogenous I-AniI near-native targets was determined in 
293T cells after 72 of treatment with meganuclease and megaTAL variants based on reporter output 
(top) and MiSeq sequencing results (bottom). 
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did the F13Y and Y2 megaTALs, which we attribute to the fact that a non-ideal DNA spacer 

length was chosen for targeting at that locus.  

These results also showed that while the TAL effector supports substantially increased on-

target cleavage by localizing the meganuclease to its target, it has little or no effect on cleavage 

at off-target sites. Therefore, each of the megaTAL variants tested showed comparable levels of 

homologous recombination to the standalone meganuclease variant at targets unaddressed by the 

TAL effector. Since the Y2 meganuclease was able to cleave all of the sites with some 

efficiency, the +5A+8T and +9T megaTALs showed the same level of cleavage activity at the 

unaddressed sites. However, because the WT and F13Y meganucleases exhibited very low 

cleavage activity, so did the megaTALs made with these variants at the sites that were not 

addressed by their TAL effector domain.  

From these results, we can thus draw two important conclusions: 1) fusing a TAL effector to 

a meganuclease increases on-target cleavage dramatically in a site-specific manner and 2) by 

constructing megaTALs with low affinity meganucleases that show no or little activity on their 

own, hyperspecific reagents can be generated to yield high on-target cleavage activity with 

extremely low off-target cleavage.  

 

3.4 Assessing cleavage specificity at endogenous loci 

Because therapeutic applications require manipulation of endogenous DNA sequences, we 

wanted to verify that gene editing results at the endogenous I-AniI near-native genomic targets 

would parallel what was observed using integrated reporter DNA sequences. To this end, we 

treated 293T cells with each of the I-AniI meganuclease and +5A+8T or +9T megaTAL variants 

and performed high-throughput sequencing at each of the five near-native sites tested above to 
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determine the proportion of alleles harboring indels. Sequencing results revealed a single-

nucleotide polymorphism at the “+2T+9G” locus of the treated cells that included a third 

mutation from the native I-AniI target (+2T+7C+9G). As no cleavage activity was observed at 

this site, data obtained from this locus will not be further discussed.  

The results from targeting the endogenous near-native loci mirrored those obtained against 

the TLR target, with one major difference: on-target activity observed at addressed megaTAL 

targets was greater than expected based on reporter readout (Figure 7b and Table 4). One 

potential explanation for this observation may be that the traffic light reporter cells were used to 

measure a different DNA repair pathway than the high-throughput sequencing analysis (HR  

versus mutNHEJ), however we are more inclined to speculate that the TLR provides only a 

comparative and not quantitative measurement of cleavage events due to under reporting of 

silenced alleles and biases in frame of repair. The percent of modified alleles obtained at the 

megaTAL addressed +5A+8T and +9T loci reached 75% and 55%, respectively. These 

sequencing results demonstrate that rates of mutNHEJ obtained using megaTALs rival or surpass 

those of any other available nuclease platform.  

Table 4: High-throughput sequencing results at endogenous human I-AniI 
near-native targets in 293T cells treated with meganucleases and megaTALs.  
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Figure 8: Plots showing the position and size of indels found by high-throughput sequencing 
of megaTAL and meganuclease treated 293T cells at “addressed” and “unaddressed” loci. For 
each loci, the panel on the left shows a histogram of indels by their midpoint position and the 
panel on the right shows a tornado plot of all unique indels that were identified, sorted by 
insertion or deletion size. 
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Figure 8, cont. 
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Figure 8, cont. 
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Additionally, the high throughput data confirmed the observation from reporter cells that 

megaTALs do not increase cleavage activity at off-target sites, as these megaTAL nucleases 

showed comparable levels of indel formation to their meganuclease counterparts at unaddressed 

targets. As suggested from the TLR results, both the Y2 meganuclease and megaTALs resulted 

in measurable levels of off-target cleavage at each unaddressed site (1-3%), while each of the 

WT and F13Y nucleases formed 

indels in less than 1% of 

sequenced alleles at these loci. 

Due to the error rates of both the 

PCR amplification and 

sequencing steps of the high-

throughput sequencing protocol, 

background rates of  0.1-0.3% 

indel formation were obtained 

from untreated cells. Given the 

measured level of background 

error, and that sequencing was 

performed in singlicate, we were 

unable to accurately determine the level of normal deviation within the experiment. Thus, the 

absolute specificity of the tested megaTAL variants could not be assessed, however it is clear 

that modification rates at unaddressed sites after treatment with the WT meganuclease or 

megaTALs are comparable. Specifically, the +5A+8T megaTAL formed with the WT I-AniI 

variant achieved 65% on-target modification with <0.4% indel rates above background. Hence, 

Figure 9: Plot comparing the indel rate and average deletion 
size at the endogenous +9T and +5A+8T genomic loci after 
treatment with different nucleases. The addressed megaTALs 
seem to result in on average larger deletions, however it is unclear 
whether this may be due to differences in the nuclease architecture, 
affinity, or number of sequence reads obtained for each.  
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the high-throughput sequencing data confirm that megaTALs formed with low affinity 

meganucleases can be used to achieve efficient and hyperspecific genome engineering.  

An unexpected observation gathered from the high throughput sequencing data is that the 

deletions found in megaTAL-treated cells appear to be, on average, larger than those from 

meganuclease-treated cells (Figure 8, right panels). Further analysis revealed that the average 

deletion size seems to increase with nuclease activity (Figure 9), although the large discrepancy 

in the number of deletion events obtained between megaTAL and meganuclease-treated samples 

prevented any meaningful statistical comparison on deletion size from being performed. A more 

detailed comparison of the deletions obtained at the +5A+8T locus from cells treated with either 

the Y2 meganuclease or +5A+8T Y2 megaTAL shows how this skew is resultant from both a 

proportional loss of very small deletions (1-4bp) and a gain of large deletions (on the order of 

100-200bp) (Figure 10). Moreover, the +5A+8T Y2 megaTAL treated cells seem to show a 

Figure 10: Genomic deletions at the +5A+8T locus in 293T cells after treatment with the addressed 
megaTAL or unaddressed meganuclease. Analysis of high-throughput sequencing results from Y2 and 
+5A+8T Y2 treated cells revealed a skew towards larger deletions in the latter. Bars represent the number 
of reads obtained for unique deletions, where each color represents a unique deletion of the given size.  
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greater bias towards unique deletions (fewer distinct, recurring deletions), perhaps suggesting 

that this skew may be due to a bias towards microhomology-mediated end joining. Further study 

of the deletion distribution using a larger set of megaTALs would help to further clarify whether 

deletion size may be affected by the architecture of the megaTAL or may simply be related to the 

overall nuclease activity.  

 

 

3.5 Summary 

High genomic specificity is an extremely desirable property for a therapeutic reagent, with an 

ideal goal of achieving single gene targeting. Experiments performed to assess the level of 

sequence-specificity afforded by megaTALs demonstrated that these nucleases do, in fact, 

exhibit improved specificity with the help of their auxiliary TAL effector DNA binding domain. 

This added DNA recognition heightens the specificity of active meganucleases by increasing the 

level of cleavage activity at the addressed site only, resulting in a proportionally greater number 

of cleavage events at the addressed site only for high on-target cleavage. This level of specificity 

would be desirable for both therapeutic and research applications in which pools of nuclease-

treated cells may be thoroughly examined and only those cells with the desired gene 

modification(s) can be expanded for use, as with ex vivo gene therapy. However, one should be 

particularly cautious when using a megaTAL made with a meganuclease that exhibits substantial 

cleavage activity as a standalone nuclease, particularly if there are significant numbers of near-

cognate sites, as the added affinity provided by the non-specific DNA binding activity of the 

TAL effector may increase the number of cleavable near-native sequences, requiring 

comprehensive analyses of potential genomic targets prior to its use. 
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For applications that require higher stringency sequence-specific cleavage, megaTALs can be 

built using meganucleases exhibit no or low in vivo activity as standalone enzymes. These 

meganucleases should be chosen such that they exhibit DNA sequence-specificity and catalytic 

activity when assessed under conditions in which affinity is not required for target cleavage, such 

as a tethered in vitro assay,63 but sufficiently low affinity that their capacity for in vivo DNA 

cleavage as a standalone reagent is not detectable. Once fused to a TAL effector that can then 

rescue the meganuclease affinity deficiency towards the “adressed” target, the resulting 

megaTAL would be predicted to exhibit a high degree of in vivo activity with essentially no off 

target activity. The +5A+8T and +9T megaTALs are proof of concept for this approach to 

creating therapeutic gene editing reagents, as the respective TAL effector fusions to the WT I-

AniI mn were found to have extremely high activity at their intended targets and low off-target. 

Assessing the target specificity of megaTALs made from a panel of meganucleases with 

different biochemical properties may help identify additional traits that can be used to develop 

megaTALs with even more consistent and predictable stringent single gene specificity.  

 

3.6 Material & methods 

MegaTAL and meganuclease construct generation 

MegaTALs were constructed using the Golden Gate assembly strategy previously described 

by Cermak et al, using an RVD plasmid library and destination vector generously provided by 

the Voytas lab.108 The pthX01 destination vector was modified to include a hemagglutinin (HA) 

tag immediately downstream of the NLS and to yield a NΔ154, C+63 TALEN scaffold. TAL 

effectors were built using the following RVDs to target each specific nucleotide: A – NI, C – 

HD, G – NN and T – NG. Following cloning of the TAL effector repeats into the destination 
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vector, the Zn4 (VGGS) protein linker and I-AniI meganuclease variants were cloned in place of 

the FokI nuclease catalytic domain between the Xba-I and Sal-I restriction sites. Control 

constructs expressing standalone meganuclease variants were made by cloning the nuclease 

downstream of an NLS and HA tag between the Sbf-I and Sal-I restriction sites. All constructs 

encode BFP-T2A-nuclease for tracking of nuclease expression during flow cytometry.  

Cell line derivation 

HEK293T cell lines were generated harboring the original traffic light reporter (TLR 2.1)104, 

with the appropriate target site embedded within the GFP ORF. Cells were derived as previously 

described with slight modifications. Briefly, HEK293T cells were transduced with recombinant 

lentivirus to yield 5-10% transduction, based on cell survival after treatment with puromycin. 

Approximately five days post transduction, cells were sorted for mCherry- populations.  

Cell sorting and flow cytometry 

Cells were analyzed by flow cytometry on the BD LSRII and sorted on the BD FACS 

ARIAII. Fluorophores were detected using the following lasers and filters: mCherry – excited 

561nm, acquired 610/20, mTagBFP – excited 405nm, acquired 450/50, eGFP – excited 488nm, 

acquired 525/50. Data were analyzed using FlowJo software.  

Traffic Light Reporter Assay 

The traffic light reporter assay was performed as previously described with slight 

modifications. Cells harboring the TLR 2.1 were plated at 2.0x105 cells/well in a 24-well dish 

24h prior to transfection. XtremeGene9 (Roche) was used at 2µl/µg DNA to transfect cells with 

0.5µg of both nuclease and GFP donor constructs. Cells were harvested 72h post transfection and 

read on the flow cytometer. Data were obtained from BFP+ cell populations.  

High-throughput sequencing and analysis 
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HEK 293T cells were plated at 2.0x105 cells/well in a 24-well dish 24h prior to transfection. 

XtremeGene9 (Roche) was used at 2µl/µg DNA to transfect cells with 0.5µg each nuclease 

construct. Cells were harvested 72h post transfection and BFP expressing cells were sorted on 

the flow cytometer. Genomic DNA was extracted from these cells, as well as untreated 293T 

cells, using the Qiagen Blood and Tissue Kit. PCR of genomic DNA was performed using 

primers designed to target ~150-200bp on each side of the putative megaTAL cut site and 

append Illumina sequencing primer adaptors. Amplicons for all samples, including negative 

controls, were then subjected to a second round of amplification to append library barcodes as 

well as outer-most flowcell sequences. This setup allowed for library indexing at both the 

barcode and amplicon level. Final libraries were sequenced on 1.25 runs of a MiSeq (v2) using 

paired end 250 bp read chemistry with a 9 bp index read. Reads for each de-multiplexed library 

were aligned to their respective amplicon references using the Phaster read aligner (Phil Green, 

personal communication) due to its superior ability to accurately align reads with large indel 

events. Each aligned read pair was then individually genotyped for the presence of indels. Miseq 

run and data analysis was kindly performed by Andrew Adey in Dr. Jay Shendure’s lab at the 

University of Washington.  

Statistical analysis 

Error bars on graphs represent s.e.m. P-values were calculated using Student’s one-tailed 

unpaired t-test to compare activity of megaTALs with their specific meganuclease counterpart 

(P<0.05 shown as *, P<0.005 **, P<0.0005 ***).   
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Chapter 4 

megaTALs: a nuclease platform compatible with both viral and non-viral delivery methods 

 

4.1 Introduction 

Therapeutic genome engineering requires a reagent that is deliverable to different cell types 

with reasonable efficiency and therefore must be compatible with different forms of transgene 

delivery.  The three properties that affect the deliverability of a nuclease platform most are: 1) 

the number of separate proteins chains required to form a nuclease, 2) the size of the nuclease 

transgene and 3) the repetitiveness of the transgene sequence. Since megaTALs were developed 

as single chain proteins, we focused on reducing the size and repetitiveness of their DNA ORF in 

order to improve the efficiency of viral packing and delivery.  

 

4.2 Reducing the size of the megaTAL transgene 

Since our previous experiments had all employed megaTALs built with TAL effectors 

consisting of 14 or more repeat units, we wanted to determine the minimal number of repeats 

required for high megaTAL activity. We hypothesized that fewer repeat units would be required 

to form an active and specific megaTAL than would be similarly required for a TALEN half, due 

to the fact that the meganuclease cleavage domain can provide DNA target site affinity, while the 

FokI cleavage domain provides effectively none. By building megaTALs with fewer TAL 

effector repeats, the size of the megaTAL transgene could potentially be reduced significantly for 

the vast majority of engineered megaTALs (by approximately 100bp per repeat unit).  

We used reporter cell lines previously generated to test the effect of DNA spacer length, as 

these already contained target inserts with closely matching DNA sequences for which TAL 
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effectors of increasing RVD array length could be built (Table 5, targets underlined in green). 

Because TAL effectors have been shown to exhibit polarity, with the N-terminal RVD repeats 

contributing more to the DNA target affinity than the C-terminal repeats, we ensured that the 

TAL effector targets used for comparison were matched towards their 5’ ends to minimize 

possible sequence-specific variations in affinity that could contribute to differences in cleavage 

activity.112 TAL effectors varying in array size from 2.5 to 10.5 repeat units were built to target 

corresponding DNA sequences 7bp upstream of the I-AniI target, as shown below. These 

synthetic TAL effectors were fused to the WT, F13Y and Y2 meganuclease variants and tested 

alongside the 16.5 RVD L538 megaTALs (discussed in Chapter 2) and the standalone 

meganucleases, in their appropriate reporter cell line. 

MegaTALs constructed with the Y2 meganuclease all exhibited similar levels of homologous 

recombination and mutNHEJ, regardless of the number of RVD repeats in their TAL effector 

domain (Figure 11). We posit that this result is due to the N-terminal pseudo repeats of the TAL 

effector that increase the overall DNA affinity of the megaTAL sufficiently to achieve maximal 

cleavage activity with a meganuclease that exhibits high affinity on its own. MegaTALs 

constructed with the WT and F13Y meganuclease variants resulted in increased levels of 

Table 5: Traffic Light Reporter targets used to test the effect of number of TAL effector array units on 
megaTAL activity, with the TAL effector and I-AniI binding sites underlined in green and blue, respectively. 
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cleavage activity over the standalone meganucleases with only a 3.5 RVD TAL effector array 

and cleavage levels rose in correlation with TALE repeat number until the activity reached its 

maximum with TAL effectors 7.5 and 4.5 RVDs long, respectively.   

The one outlier point from this data set was the WT megaTAL made with a 6.5 RVD TAL 

effector, for which we observed an unexpected decrease in cleavage activity in relation to the 

other megaTALs tested. We attributed this result to either the presence of a second putative 

binding target for the 6.5 repeat TAL effector (ACAGCTT) within the TAL effector-spacer 

region of the intended TAL effector target or to the use of two RVDs at the C-terminus of the 

Figure 11: Effect of TAL effector RVD array number on nuclease activity in reporter cells. Level of 
mutNHEJ (top) and homolgous recombination (bottom) were measured after treatment with WT, F13Y 
and Y2 I-AniI megaTALs with varying number of TAL effector repeat units (2.5-16.5) or the standalone 
meganuclease (0). 
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TAL effector that provide low DNA affinity (NG for T and NI for A).113 We reasoned that the 

presence of a second cryptic target could result in lowered cleavage activity due to binding of the 

TAL effector at this site blocking the meganuclease from accessing its DNA target, while the 

weak RVD-base interactions at the C-terminus of the TAL effector may not provide sufficient 

affinity for the TAL effector to bind the 3’ end of its intended target site and effectively place the 

meganuclease in the required proximity to its cleavage site.  

To investigate these possible causes, we built reporter cells harboring targets similar to the 

6.5 RVD site tested (designated A), except either varying in the last nucleotide of the TAL 

effector binding site (designated C, G and T) or with the cryptic TAL effector binding site 

ablated (designated A*)(Table 6).  Novel 6.5 RVD megaTALs were built with appropriate the 

RVD within the last repeat of the TAL effector to target each substituted base and were 

constructed with both the WT and F13Y meganucleases. Cleavage activity at the reporter target 

in which the cryptic TAL effector binding site was ablated (A*) was not increased compared to 

the original target (Figure 12). However, substitution of the last base of the TAL effector target 

resulted in significant differences in levels of homologous recombination and mutNHEJ, with 

cleavage activity correlating to the reported strength of RVD-base interactions (C > G > A > 

T).113 These results suggest that the unexpected activity drop observed with the original 6.5 RVD 

TAL effector resulted from low affinity of the TAL effector for the 3’ end of its target DNA. 

Table 6: Traffic light reporter target sites for 6.5 RVD array megaTALs tested against targets in 
which the last base of the TAL effector target is varied (A, C, G and T) or the second cryptic TALE 
binding site ablated (A*). 
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However, these findings demonstrate the complexity of TAL effector binding, as one would 

expect the 7.5 RVD megaTAL constructed with the WT meganuclease to show a similarly low 

level of cleavage activity, given that its TAL effector target differs from that of the 6.5RVD 

TALE only by an additional thymine at its 3’ end.  

Despite our inability to completely define the relationship between RVD-base interactions 

and cleavage activity, these results have shown that highly active megaTALs can be generated 

using significantly fewer TAL effector repeat units than previously tested. For even the low 

affinity WT meganuclease, a 6.5 RVD array provided sufficient supplemental affinity to reach 

maximal reporter activity. With this in mind, the size of megaTAL transgene  can be reduced to 

approximately 2kb long, compared to 3kb for the original 16.5 RVD L538 megaTAL fusion 

constructed.  

 

4.3 Precise megaTAL viral packaging and expression using codon diverged TAL effectors 

Lentiviral vectors are commonly used for transgene delivery due to their ability to transduce 

a broad range of both dividing and non-dividing cells, high packaging capacity and low 

Figure 12: Cleavage activity measured using 6.5 RVD array megaTALS. Levels of mutNHEJ (left) 
and gene targeting (right) in Traffic Light Reporter cells using WT, F13Y and Y2 I-AniI megaTALs with 
6.5 repeat TAL effectors varying in their last RVD or the standalone meganuclease (mn). 
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immunogenicity.114 One of the major disadvantages of the TALEN platform is that these 

nucleases cannot be delivered to cells using lentivirus, due to the rearrangement of the repetitive 

TAL effector sequence during viral packaging.86 Delivery of such recombined TALEN ORFs 

would not only lead to lowered expression of the full-length protein product, but also the 

expression of recombined nuclease halves with unanticipated sequence specificity that could 

cause significant off-target cleavage.    

Given our finding that a 6.5 RVD TAL effector may be sufficient to transform low affinity 

meganucleases into highly active enzymes, we hypothesized that megaTALs could be properly 

packaged and expressed using lentiviral delivery by diverging the DNA sequence of each TAL 

effector repeat unit to prevent recombination. To test this, we built a codon diverged version of 

the 6.5(C)-WT megaTAL, discussed in the previous section, by avoiding the use of two identical 

successive codons across repeats wherever possible (Figure 13). Both integrating and non-

integrating lentivirus were produced for the diverged (designated CD) and non-diverged 

(designated GG for the Golden gate cloning method used to build it) megaTALs, as well as the 

standalone WT meganuclease. We compared the activity of each nuclease delivered by lentiviral 

transduction and pDNA transfection using the appropriate reporter cell line. The results 

confirmed that both the CD and GG megaTALs were able to rescue the activity of the WT 

meganuclease, with no significant differences in levels of mutNHEJ observed between these 

nuclease after delivery by plasmid transfection (Figure 14). However, delivery of megaTALs by 

Figure 13: Alignment of RVD arrays used to generate a 6.5 RVD codon diverged megaTAL. The 
sequence of each array was diverged so as to reduce the extent of identical DNA stretches across repeats. 
Alternating codons are shown in red and black with the RVD codons in bold.  
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both integrating and non-integrating lentivirus resulted in approximately 1.5 to 2-fold less 

activity, respectively, in cells treated with the non-diverged megaTAL compared to the diverged. 

While we attributed this drop in activity to recombination of the non-diverged megaTAL ORF 

during viral packaging, the increased levels of mutNHEJ observed in cells treated with the GG 

megaTAL compared to the standalone WT meganuclease suggest that a portion of the GG 

megaTAL transgene delivered to cells expressed the full length protein product capable of 

cleaving the reporter target.  

To visualize the level of the full length versus recombined megaTAL nuclease products 

being expressed under each condition, we collected whole cell lysates from the nuclease-treated 

reporter cells and ran a western blot to detect expression of nucleases by blotting for the HA tag. 

Bands corresponding to the expected size of the full-length nuclease protein were observed from 

each of the samples treated with either the meganuclease or CD megaTAL (Figure 15, top), 

regardless of the delivery method used. In contrast, blotting of protein collected from GG 

megaTAL lentiviral transduced cells revealed bands migrating at both the expected protein size 

and smaller. Protein expressed in the GG megaTAL pDNA transfected cells yielded the correct 

Figure 2: Comparing the 
effect of delivering 
diverged or non-diverged 
megaTAL gene ORFs. 
The WT meganuclease, 
diverged and non-diverged 
6.5RVD-WT megaTAL 
were delivered into TLR 
293T cells using pDNA, 
integrating or non-
integrating lentivirus and 
levels of mutNHEJ were 
assessed 72 hours post 
delivery. T-test were 
performed either between 
the mn and mT (red *) or 
CD and GG mT (black *). 
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sized band, indicating that the smaller protein products observed in LV-treated cells is directly 

resultant from the delivery vehicle and not intrinsic to the starting sequence of the non-diverged 

megaTAL. Expression of the GG megaTAL in IDLV treated cells was low, preventing visual 

assessment of the size of the expressing nuclease products. Taken together, these findings 

substantiate the assertion that lentiviral delivery of TAL effectors results in recombination of the 

transgene ORF, yet indicates that divergence of the TAL effector repeat sequences can 

effectively prevent such recombination.  

We next wanted to determine the proportion of lentiviral integrations in which the megaTAL 

transgene remained intact (no recombination) in cells treated with either the codon diverged or 

non-diverged megaTALs. To do so, we performed a clonal analysis by amplifying the TAL 

effector RVD array off of genomic DNA prepped from nuclease-treated reporter cells, using 

Figure 15: Analysis of the fidelity of 
transgene packaging after lentiviral 
delivery of diverged and non-
diverged nucleases sequences. (Left) 
Western blot comparing protein 
expression (by HA tag labeling, green) 
in cells transfected with pDNA or 
transduced with LV or IDLV encoding 
the WT meganuclease, codon diverged 
and non-diverged megaTAL. This blot 
shows streaking corresponding the non-
intact delivery of the non-diverged 
megaTAL by lentiviral delivery. Actin 
was blotted as a loading control (red). 
(Bottom) Clonal assessment of TAL 
effector transgene insertion size 
revealed that the diverged sequence 
results in near perfect delivery of 
nuclease, while the non-divereged 
version exhibits high levels of 
erroneous transgene integration. 
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primers flanking the TAL effector repeat array. The amplified products were subsequently 

ligated into the pJET (Clonejet) vector and transformed into bacterial cells so that individual 

amplicons could be isolated for quantitative characterization of the precision of megaTAL 

packaging. Colony PCR was performed on individual clones obtained from each ligation 

reaction to reamplify the TAL effector repeat array and these PCR products were run on a gel to 

assess amplicon size. Results from this analysis indicate that only 21% of the non-diverged 

megaTAL delivered by lentiviral transduction encoded the full protein, while nearly all (96.6%) 

integrations obtained from LV transduction of the codon-diverged nuclease contain the intact 

ORF (Figure 15, bottom).  

  

4.4 Summary 

Assessment of the number of TAL effector RVD repeats needed for reaching maximal 

cleavage activity in reporter 293T cells revealed that megaTALs exhibit different requirements 

based on the affinity of the standalone meganuclease. A 6.5 repeat array was sufficient to 

achieve maximal activity with even the lowest affinity meganuclease tested, the WT variant, 

allowing for the construction of a highly active genome engineering reagent with only a 2kb 

transgene. Given that megaTALs made with TAL effectors binding shorter DNA sequences may 

result in greater off-target activity by increasing the likelihood of tethering a meganuclease in 

close proximity to a potential cleavage site, we believe that a 6.5RVD megaTAL architecture 

provides the appropriate balance between decreased transgene size and a reduced potential for 

off-target cleavage desired for therapeutic use. The reduced size requirement of the megaTAL 

positively impacts the ability to deliver these nucleases to the necessary cell type by ensuring 

sufficient levels of expression as well as their compatibility with multiple delivery vectors.  
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In addition, by reducing the number of TAL effector repeat units, we were able to package 

megaTALs made with a codon diverged 6.5 RVD array TAL effector into a lentiviral vector with 

near perfect fidelity. Sequencing of clones obtained from amplification of the TAL array off of 

codon diverged megaTALs should provide insight into the particular microhomologies that 

enable recombination and can inform the construction of a next generation codon diverged 

megaTAL in order to test whether the risk of transgene recombination can be completely ablated. 

The safe lentiviral delivery of megaTALs would provide an efficient method for transgene 

delivery that could also be used for applications in which long-term expression of nucleases is 

desired.  

 

4.5 Materials & methods 

MegaTAL and meganuclease construct generation 

MegaTALs were constructed using the Golden Gate assembly strategy previously described 

by Cermak et al, using an RVD plasmid library and destination vector generously provided by 

the Voytas lab.108 The pthX01 destination vector was modified to include a hemagglutinin (HA) 

tag immediately downstream of the NLS and to yield a NΔ154, C+63 TALEN scaffold. TAL 

effectors were built using the following RVDs to target each specific nucleotide: A – NI, C – 

HD, G – NN and T – NG. Following cloning of the TAL effector repeats into the destination 

vector, the Zn4 (VGGS) protein linker and I-AniI meganuclease variants were cloned in place of 

the FokI nuclease catalytic domain between the Xba-I and Sal-I restriction sites. Control 

constructs expressing standalone meganuclease variants were made by cloning the nuclease 

downstream of an NLS and HA tag between the Sbf-I and Sal-I restriction sites. The codon 

diverged 6.5C-WT megaTAL was constructed by gene synthesizing a TAL effector repeat array  
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(Invitrogen) that was then cloned between Age-I and Xho-I sites in the Golden Gate destination 

vector. All constructs encode BFP-T2A-nuclease for tracking of nuclease expression during flow 

cytometry.  

Lentiviral production 

Lentivirus (LV) and integration-deficient LV (IDLV) were generated as previously 

described.115 Briefly, 9x106cells were transfected in 10cm dishes with 6µg of the nuclease 

construct, 3µg of psPAX2 viral packaging plasmid and 1.5µg of either pMD2G (for LV) or 

integration-deficient D64V pMD2G (for IDLV) viral envelope plasmid using PEI 

(Polysciences). Two days post transfection viral supernatants were collected and concentrated by 

centrifugation. Viral titers were determined from the population of BFP expressing cells 72hrs 

after transducing 293T cells with varying volumes of concentrated virus using polybrene. 

Cell line derivation 

HEK293T cell lines were generated harboring a modified traffic light reporter containing an 

iRFP gene in place of puromycin (epigenetic TLR, unpublished data), with the appropriate target 

site embedded within the GFP ORF. Cells were derived as previously described with slight 

modifications. Briefly, HEK293T cells were transduced with recombinant lentivirus to yield 5-

10% transduction, based on iRFP expression. Approximately five days post transduction, cells 

were sorted for iRFP+/mCherry- populations.  

Cell sorting and flow cytometry 

Cells were analyzed by flow cytometry on the BD LSRII and sorted on the BD FACS 

ARIAII. Fluorophores were detected using the following lasers and filters: mCherry – excited 

561nm, acquired 610/20, mTagBFP – excited 405nm, acquired 450/50, eGFP – excited 488nm, 
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acquired 525/50, iRFP – excited 640nm, acquired 730/45. Data were analyzed using FlowJo 

software.  

Traffic Light Reporter Assay 

The traffic light reporter assay was performed as previously described with slight 

modifications. Cells harboring the epigenetic TLR were plated at 2.0x105 cells/well in a 24-well 

dish 24h prior to transfection/transduction. For pDNA transfection, XtremeGene9 (Roche) was 

used at 2µl/µg DNA to transfect cells with 0.5µg of both nuclease and GFP donor constructs. For 

LV and IDLV transduction, cells were transfected at an MOI of 10 with 4µg/ml polybrene. Cells 

were harvested 72h post transfection and read on the flow cytometer. Data were obtained from 

iRFP+/BFP+ cell populations.  

Western blot analysis 

Reporter 293T cells were collected 72hr post treatment and lysed using RIPA lysis buffer 

with protease inhibitors, then lysates were run on a QiaShredder column (Qiagen). Protein 

concentrations were determined using the BioRad protein assay reagent and 5-10µg of protein 

was run on a 10% acrylamide gel alongside Kaleidoscope protein ladder (BioRad) then 

transferred onto an Immobilo-FL membrane (Millipore) using semi-dry transfer. The membrane 

was blocked using Licor blocking buffer prior to staining with primary rabbit anti-HA (Cell 

Signaling Technology) and mouse anti-β-actin monoclonal antibodies and secondary PE-

conjugated anti-mouse (Medial & Biological Laboratories) and GFP-conjugated anti-rabbit 

(Invitrogen) monoclonal antibodies. Membrane fluorescence was then detected using the Licor 

Odyssey.  

PCR analysis of TAL effector size 



 57 

Reporter 293T cells were collected 72hr after lentiviral transduction and genomic DNA was 

extracted from these cells using the Qiagen Blood and Tissue Kit. Nested PCR was performed 

using two sets of primers to amplify the TAL effector repeats from the integrated megaTAL 

ORFs as well as the original megaTAL constructs for comparison. The PCR products from the 

LV-treated samples were cloned into the pJET vector (Clonejet) and transformed into DH5α 

cells. For each sample, 47 colonies were picked and subjected to colony PCR to amplify the 

pJET insert. PCR products were run on a 1.2% agarose gel for size determination.  

Statistical analysis 

Error bars on graphs represent s.e.m. P-values were calculated using Student’s one-tailed 

unpaired t-test to compare activity of megaTALs with their specific meganuclease counterpart 

(P<0.05 shown as *, P<0.005 **, P<0.0005 ***). 
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Chapter 5 

megaTALs: a therapeutic grade nuclease 

 

5.1 Introduction 

While each of the experiments described above was carried out using close variants of the 

native I-AniI meganuclease, genome engineering applications will require that non-native, 

engineered meganucleases be transformed into functional megaTALs. For this reason, we 

wanted to test a megaTAL directed towards a translational target of interest to verify that 

therapeutic reagents could be constructed that exhibit the same properties observed in the proof-

of-principle experiments described in previous chapters. Moreover, we wanted to determine 

whether the benefits of the megaTAL platform could be captured in a primary cell line with 

relevance to therapeutic applications. To this end, we chose to focus our studies on a variant of 

the I-OnuI meganuclease designed to knockout the TCRα (T-cell receptor alpha chain) gene.  

 

5.2 Building a TCRα megaTAL 

TCRα as a therapeutic target 

Knockout of the TCRα gene is highly desired in order to create an anti-cancer reagent that 

can be administered to a wide number of recipients. T-cells expressing synthetic chimeric 

antigens receptors (CARs) that recognize tumor associated antigens can be used to target and kill 

cancerous cells. However, because transplantation of allogeneic donor cells can lead to graft-

versus-host disease, knockout of the T-cell receptor (TCR) is first required in order to generate a 

universal reagent that can be given to multiple recipients.116 Disruption of the TCRα subunit of 

the T-cell receptor has been shown to yield this desired TCR knockdown. 
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A TCRα meganuclease 

A TCRα meganuclease was engineered from the native I-OnuI meganuclease by Dr. Jordan 

Jarjour of Pregenen, Inc, using a method by which the native enzyme is split into ‘modules’ by 

redesigning its specificity towards substitutions within short pockets of the DNA target and the 

resulting module mutations are combined to target the full desired sequence.117 An alignment of 

the native I-OnuI and reengineered TCRα target sites are shown below (Figure 16). Analysis of 

the meganuclease binding activity by flow cytometry revealed that the enzyme exhibits a high 

affinity, with a KD only slightly lower than the original I-OnuI starting scaffold (50 vs 80 pM, 

Figure 17).   

A TCRα megaTAL 

Given that the structure of the I-AniI and I-OnuI meganucleases are highly identical, we 

Figure 16: Alignment of the DNA specificity of the starting I-
OnuI scaffold and evolved TCRα variant. Substitutions from 
the native target for which the specificity of the enzyme had to 
be reengineered are shown as lower case letters.  

Figure 17: Affinity of the I-OnuI and TCRaα meganucleases for their targets. Increasing amounts (0-
2000pM final) of DNA substrates containing the I-Onu I meganuclease and TCRα meganuclease targets 
(directly labeled with Alexa-647 to indicate binding) was incubated with yeast displaying the appropriate 
nuclease (labeled with anti-Myc FITC to indicate expression) indicating that the target site affinity of the 
engineered TCRα meganuclease is similar to the of the wild-type I-Onu I meganuclease. 
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chose to build a TCRα megaTAL with a 7bp DNA spacer (6bp, assuming a 22bp mn target, as 

shown in Figure 18). Due to the preference for a thymine at the 0th position of the DNA, there 

were two appropriate sequences towards which we could build the TAL effector: sequences 7 or 

11bp upstream of the DNA spacer. Despite the high affinity of the meganuclease, suggesting that 

the shorter TAL effector would function as effectively as the longer, we opted to construct a 

megaTAL with a 10.5 RVD array in order to ensure maximal cleavage activity could be 

achieved.  

 

5.3 Assessing TCRα knockdown in primary T-cells 

T-cell receptor knockout 

Primary T-cells were transfected with mRNA encoding either the TCRα megaTAL or the 

stand-alone meganuclease. In order to increase to efficiency of gene knockout, samples were 

included wherein either the meganuclease or the megaTAL were co-transfected with mRNA 

encoding Trex2, a 3’->5’ exonuclease that has been shown to significantly increase rates of 

mutNHEJ at meganuclease cleavage sites.118,119 Disruption of the TCRα gene was measured by 

staining for CD3, a multi-protein complex that is associated with the α/β T-cell receptor. 

Strikingly, while gene disruption occurred at minimal rates in cells treated with the stand-alone 

meganuclease (1.6%), the TCRα megaTAL exhibited approximately a 20-fold increase in 

activity at the addressed target site in the TCRα gene (Figure 19). The low cleavage activity of 

Figure 18: Schematic of the TCRα megaTAL formed by fusing a synthetic TAL effector built 
towards the TCRα sequence underlined in green to a designed TCRα meganuclease (target 
underlined in blue). 
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the meganuclease was somewhat unexpected, given the high starting affinity of the standalone 

meganuclease and levels of cleavage obtained in 293T cells with lower affinity meganucleases, 

and underline the importance of testing nuclease reagents in the relevant primary cell type. This 

reduced activity could be due to lower DNA accessibility, which could be overcome by the 

added megaTAL affinity, or more robust DSB repair in T-cells, for which scaffolding of the 

meganuclease by the TAL effector could increase the recurrence of DSB formation and thus 

likelihood of indel incorporation. Co-transfection of each nuclease with Trex2 further increased 

the rate of disruption, yielding rates of TCRα gene disruption consistently exceeding 70%. Given 

that no marker was used to approximate transgene delivery, these values may provide an 

underestimation of the rates of knockout in nuclease-expressing cells.  

Mutation rates at the TCRα locus 

Figure 19: TCR knockout achieved by parental 
TCRα meganuclease and TCRα megaTAL in 
human primary T-cells.  Human primary T-cells 
were transfected with 10 micrograms of RNA 
encoding the indicated constructs, with or without 
10 micrograms of mRNA encoding the Trex2 
exonuclease. TCRα gene disruption was assessed 
by measuring the percentage of cells that transition 
to being CD3- at 5 days following transfection. 
Representative flow plots (top) and total data (left) 
both shown.    
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Nuclease activity was further examined by high-throughput sequencing of the TCRα locus in 

FACS sorted CD3- populations of nuclease/Trex2 treated cells and indel rates obtained from 

these samples were compared to those from untreated T-cells (Table 7). The rate of indel 

formation at the TCRα locus in cells treated with only the meganuclease was found to be below 

background (<0.1% vs. 0.2% for control cells). This result was not surprising given that the 

sample used for sequencing also showed lower levels of CD3 knockout by staining (Figure 19, 

top), suggesting that the sorted CD3- population consisted of predominantly unstained cells. 

Other replicates in which the mn produced above background CD3 knockout would have likely 

have yielded higher rates of indel formation by sequencing. Cells treated with both meganuclease 

and Trex2 yielded indels at the TCRα locus in 39% of sequenced copies, corresponding to the 

expected rate of monoallelic disruption given some background, unstained cells contaminating 

the sorted population. As expected, cells treated with the megaTAL nuclease, both with and 

without Trex2, contained indels rates greater than 50%, substantiating that observed CD3 

knockdown was due to mutations at the expressing, open TCRα allele. Surprisingly, indel rates 

in megaTAL+/Trex2- treated cells exceeded those in which Trex2 was coexpressed (71% vs 

52%, respectively), indicating higher rates of biallelic disruption in the former set. These results 

may simply be due to sampling error or increased nuclease expression in the singly-transfected 

cells, however, they may also suggest a more complex mechanism by which megaTALs are able 

to more readily access the closed TCRα allele in the absence of Trex2.  
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Table 7: High-throughput sequencing results and analysis of on-target and putative off-target 
cleavage in T-cells. Summary of high-throughput sequencing results at TCRα and putative off-target loci 
from T-cells treated with the TCRα meganuclease or megaTAL +/- Trex2.  
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5.4 Assessing off-target cleavage of therapeutic nucleases  

Identifying putative human genomic off-target sites 

Using information gathered about the specificity profile of the TCRα meganuclease (data not 

shown), our collaborators developed a position-specific scoring matrix (PSSM) to identify 

putative off-target sites within the human genome. The activity of the TCRα meganuclease was 

tested in vitro against a subset of 192 genomic targets identified from the PSSM, using a flow-

cytometry based cleavage assay. From these, twenty-four targets for which the meganuclease 

displayed above background cleavage activity were designated putative off-targets sites and 

chosen for further examination (Figure 20, Table 8).  

TCRα nuclease off-target analysis 

High-throughput sequencing of the putative off-targets sites was performed from CD3- 

nuclease/Trex2 treated samples, as discussed in the previous section. Rates of indel formation 

were obtained for 22 of these targets which each of the different treatments, as well as control 

untreated T-cells (Table 7). Results from the OT12 and OT19 loci were thrown out due to high 

background rates of mutations in all samples, including untreated.  

For the majority of the putative off-target sites scrutinized, treatment with either the 

meganuclease of megaTAL +/- Trex2 did not result in significantly elevated levels of indel 

formation compared to background levels in untreated cells (with rates from 0.6% below to 0.9% 

above background, excluding the two samples discussed in the next paragraph). Given the 

variable background levels obtained across these sequenced loci and that sequencing was 

performed in singlicate, it was not possible to determine statistically whether nuclease-treated 

samples with slightly increased indel rates were due to normal variance or to off-target cleavage. 

Importantly, cells treated with only the TCRα megaTAL exhibited very low levels of indel  
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Figure 20: Identification of 
putative TCRα nuclease off-
target sites. A cleavage 
specificity profile was 
obtained for the TCRα 
meganuclease and was used to 
identify putative off-target 
sites in the human genome 
using a PSSM. Sub-groups of 
theses distributed along the 
PSSM scoring range were 
tested for in vitro cleavage 
activity using a yeast surface 
display cleavage assay. A 
shift in between Ca++ (black) 
and Mg++ (magenta) treated 
cells indicates cleavage by 
loss of an oligo-tethered 
fluorophore.  
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  Figure 20, cont. 
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Table 8: Table of putative genomic off-target sites that were further analyzed for in vivo cleavage 
with the TCRα meganuclease or megaTAL with the identifying name, target site sequence (lower case 
letters indicated base substitutions from the TCRα target), genomic position and Ca++/ Mg++ ratio 
(indicating level of cleavage by yeast display). 
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formation at the putative off-target loci, with rates ranging from 0.1% below to 0.1% above 

background.  

There were only two sites at which greater than 1% above background indel rates were 

obtained by sequencing - OT5 (3.9% with the meganuclease + Trex2) and OT23 (1.7% with the 

megaTAL + Trex2). It is not entirely clear, however, that these increased rates are resultant from 

off-target nuclease cleavage rather than sampling error, as discussed in the two following points. 

For one, we would expect to observe a similar increase in cleavage activity at OT5 in cells 

treated with both the TCRα megaTAL and Trex2, given that we have seen no evidence of the 

megaTAL TAL effector being able to reduce off-target cleavage. Second, we would expect 

increased levels of cleavage activity at OT23 in megaTAL/Trex2 compared to 

meganuclease/Trex2 treated cells only if the locus contains a DNA target at which the megaTAL 

TAL effector could bind to “address” the meganuclease, however, an in-depth search allowing 

for high RVD-base degeneracy did not identify any such possible binding site.  These 

discrepancies may again simply reflect differences in the accumulation of errors between 

samples during PCR amplification, or may be resultant from lower expression of the larger 

megaTAL protein relative to the standalone meganuclease. 

 

5.5 Summary 

Fusion of a locus-specific TAL effector to the engineered TCRα meganuclease resulted a 

hyperspecific reagent capable of capable of extremely high levels of cleavage activity. Despite 

its high affinity, the standalone TCRα meganuclease yielded low rates of in vivo cleavage and 

gene knockout in T-cells, whereas fusion of a 10.5RVD TAL effector to this endonuclease 

increased gene disruption to 70% when paired with the Trex2 exonuclease. Furthermore, of the 
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22 genomic targets found to be cleaved in vitro by the meganuclease, only one of these loci 

showed significant levels of mutation after treatment with both the megaTAL and Trex2. These 

results support our earlier findings that low activity meganucleases can be transformed into 

hyperspecific megaTAL reagents for achieving safe and effective therapeutic genome 

engineering. 

 

5.6 Materials & methods 

MegaTAL and meganuclease construct generation 

The TCRα meganuclease was generously provided by Pregenen, Inc. The TCRα megaTAL 

was constructed using the Golden Gate assembly strategy previously described by Cermak et al, 

using an RVD plasmid library and destination vector generously provided by the Voytas lab.108 

The pthX01 destination vector was modified to include a hemagglutinin (HA) tag immediately 

downstream of the NLS and to yield a NΔ154, C+63 TALEN scaffold. TAL effectors were built 

using the following RVDs to target each specific nucleotide: A – NI, C – HD, G – NN and T – 

NG. Following cloning of the TAL effector repeats into the destination vector, the Zn4 (VGGS) 

protein linker and TCRα meganuclease were cloned in place of the FokI nuclease catalytic 

domain between the XbaI and SalI restriction sites and the T7 promoter was cloned in upstream 

of the transcription start site between the AscI and SbfI restriction sites. A control construct 

expressing the standalone meganuclease was made by cloning the nuclease downstream of an 

NLS and HA tag between the SbfI and SalI restriction sites.  

In vitro production of synthetic mRNA 

We used the T7-Scribe kit (CellScript) for production of synthetic mRNA. Two different 

templates were utilized for in vitro transcription: a linearized plasmid (megaTAL and HE) or a 
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PCR product containing a T7-promoter (Trex2), generated with the following primers:  Trex2 

Forward, 

GGATCCTAATACGACTCACTATAGGGGCCGCCACCATGTCTGAGCCACCTCGGGCTGAG; 

Trex2 reverse, 

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTAGGCTTCGAGGCTTGGAC, with T7 

promoter underlined. The resultant mRNA was purified with the RNeasy miniprep columns 

(Qiagen) and a 5’ cap was enzymatically added using the vaccinia capping system combined 

with a Cap 2’-O-Methyltransferase enzyme (both from NEB). A poly(A) tailing kit (Life 

Technologies) was used to add a polyadenylation tail to 5’-capped mRNA and mRNA was 

purified using the RNeasy kit. The capped/polyadenylated mRNA was eluted in sterile water and 

stored at -20°.  

Cell culture 

We used the EasySEP Human T-cell enrichment kit (Stemcell technologies) to purify T cells 

from human peripheral blood mononuclear cells (PBMCs) obtained from anonymous donors at 

the Puget Sound Blood Center. Isolated T-cells were stimulated with CD3/CD28 activation 

beads (Life Technologies) based on manufacturer’s instructions. Activated T-cells were cultured 

in RPMI supplemented with 10% FCS, 1x GlutaMAX, 55mM b-mercaptoethanol, 100 U/ml 

penicillin, 100mg/mlstreptomycin, 10mM HEPES and 10ng/ml IL-2 (Biolegend). The beads 

were magnetically removed after 36hr of incubation and the T-cell resuspended in fresh culture 

media for 6-12 hours prior to electroporation (48-56hrs total culture time before electroporation).  

Human T-cell transfection 

The Neon transfection system (Life Technologies) was used for T-cell electroporation, with 

the 10ml electroporation kit used for all transfections.  T-cells were washed with PBS and 
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resuspended in Buffer T at 2x107 cells/ml, with 2x105 cells used per transfection. Approximately 

1-1.5mg of each individual mRNA was added to each sample prior to electroporation. A 

maximum of 2.5mg of total mRNA was used for samples that had more than mRNA species (ie 

megaTAL with Trex2). Cells were electroporated with the following conditions: 3 pulses, 

1400V/pulse, with 10ms pulse width. After electroporation, cells were immediately dispersed 

into pre-warmed, antibotic-free T-cell media with IL2 and cultured for 4-6 days, with regular 

media changes, prior to analysis. Analysis of the T-cell receptor expression was performed using 

the anti-CD3-AlexaFluor 488 antibody (Biolegend, clone SK7).  

Cell sorting and flow cytometry 

Cells were analyzed by flow cytometry on the BD LSRII and sorted on the BD FACS 

ARIAII. Fluorophores were detected using the following lasers and filters: eGFP – excited 

488nm, acquired 525/50. Data were analyzed using FlowJo software.  

High-throughput sequencing and analysis 

Following mRNA transfection, CD3- T-cells were sorted on the flow cytometer. Genomic 

DNA was extracted from these, as well as control T-cells, using the Qiagen Blood and Tissue 

Kit. PCR of genomic DNA was performed using primers designed to target ~150-200bp on each 

side of the putative megaTAL cut site and append Illumina sequencing primer adaptors. 

Amplicons for all samples, including negative controls, were then subjected to a second round of 

amplification to append library barcodes as well as outer-most flowcell sequences. This setup 

allowed for library indexing at both the barcode and amplicon level. Final libraries were 

sequenced on 1.25 runs of a MiSeq (v2) using paired end 250 bp read chemistry with a 9 bp 

index read. Reads for each de-multiplexed library were aligned to their respective amplicon 

references using the Phaster read aligner (Phil Green, personal communication) due to its 
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superior ability to accurately align reads with large indel events. Each aligned read pair was then 

individually genotyped for the presence of indels. Miseq run and data analysis was kindly 

performed by Andrew Adey in Dr. Jay Shendure’s lab at the University of Washington.  

Statistical analysis 

Error bars on graphs represent s.e.m. P-values were calculated using Student’s one-tailed 

unpaired t-test to compare activity of megaTALs with their specific meganuclease counterpart 

(P<0.05 shown as *, P<0.005 **, P<0.0005 ***).  
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Chapter 6 

Overview of the megaTAL platform 

 

In summary, the megaTAL nuclease architecture described here addresses the key limitations 

of existing nuclease platforms for therapeutic genome editing. For one, these reagents can be 

readily generated due to the ease with which TAL effectors can be built and the reduced affinity 

requirement of the meganuclease domain (Chapter 2).  More importantly for therapeutic 

applications, megaTALs may achieve an extraordinary level of target specificity due to their 

extended DNA recognition size and linked binding and cleavage. We have shown that by 

“addressing” megaTALs towards a TAL effector binding site, we can drastically increase the 

level of on-target cleavage and that megaTALs made with low affinity meganucleases can 

achieve extremely low rates of off-target cleavage (Chapter 3). Furthermore, we found that because 

the meganuclease cleavage domain of the megaTAL exhibits sequence-specificity, the number of TAL 

effector repeats units required to achieve maximal activity could be significantly reduced and allowed for 

divergence of the repetitive elements to prevent recombination of the nuclease ORF during lentiviral 

packaging (Chapter 4). Lastly, using the information that was gathered on the ideal properties of a 

megaTAL fusion protein, we generated a therapeutic megaTAL with the goal of knocking out the TCRα 

gene in T-cells. As with our initial test set of megaTALs, this reagent rescued activity of an 

engineered meganuclease to exhibit extremely high on-target cleavage with very low off-target 

activity (Chapter 5). Based on these results, we conclude that the enhanced properties available with the 

megaTAL architecture thus set a new standard for efficiency and safety of nuclease-based genome 

engineering for human therapeutic applications.  
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