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Abstract
Transcription activator-like effectors (TALEs) can be used as DNA-targeting modules by
engineering their repeat domains to dictate user-selected sequence specificity. TALEs have been
shown to function as site-specific transcriptional activators in a variety of cell types and
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organisms. TALE nucleases (TALENs), generated by fusing the FokI cleavage domain to TALE,
have been used to create genomic double-strand breaks. The identity of the TALE repeat variable
di-residues, their number, and their order dictate the DNA sequence specificity. Because TALE
repeats are nearly identical, their assembly by cloning or even by synthesis is challenging and time
consuming. Here, we report the development and use of a rapid and straightforward approach for
the construction of designer TALE (dTALE) activators and nucleases with user-selected DNA
target specificity. Using our plasmid set of 100 repeat modules, researchers can assemble repeat
domains for any 14-nucleotide target sequence in one sequential restriction-ligation cloning step
and in only 24 h. We generated several custom dTALEs and dTALENs with new target sequence
specificities and validated their function by transient expression in tobacco leaves and in vitro
DNA cleavage assays, respectively. Moreover, we developed a web tool, called idTALE, to
facilitate the design of dTALENs and the identification of their genomic targets and potential off-
targets in the genomes of several model species. Our dTALE repeat assembly approach along with
the web tool idTALE will expedite genome-engineering applications in a variety of cell types and
organisms including plants.
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Introduction
The interaction between Xanthomonas pathogenic bacteria and plants leads to the injection
of bacterial proteins through the syringe-like type III secretion system. These injected
bacterial proteins include transcription activator-like effectors (TALEs) that act as
transcription factors to modulate the expression of disease resistance-related genes in the
host nucleus (Boch and Bonas 2010; Romer et al. 2009, 2010). The existence of a large
number of TALEs and information regarding their target genes have been essential for
deciphering how these proteins bind to the promoter regions of their target genes (Boch et
al. 2009; Moscou and Bogdanove 2009). TALEs possess specific structural features,
including an N-terminal secretion signal, a DNA-binding domain (DBD) with a variable
number of 34/35-amino acid repeats, and a nuclear localization signal and acidic activation
domain at the C-terminus (Boch and Bonas 2010; Bonas et al. 1993; Bonas et al. 1989).
Analysis of TALE structure, in particular their DBD repeats and the sequence of the
corresponding DNA-binding box, led to the determination of the TALE protein DNA-
binding code (Boch et al. 2009; Bogdanove et al. 2010; Moscou and Bogdanove 2009). The
number of DBD repeats can range from 1.5 to 30. The repeat variable diresidue (RVD), at
positions 12 and 13 of each repeat, dictates the specificity of the repeat binding to one
nucleotide in the DNA target. Based on this code, the HD repeat specifies the C nucleotide,
NI specifies the A nucleotide, NK specifies the G nucleotide, NG specifies the T nucleotide,
NN specifies the A and G nucleotides, while NS can bind to A, C, G or T with equal affinity
(Boch et al. 2009; Moscou and Bogdanove 2009; Scholze and Boch 2011). The DBD of
TALE has been shown to be adaptable and can be engineered to bind to any user-selected
DNA targets (Christian et al. 2010; Li et al. 2011a; Mahfouz et al. 2011b; Morbitzer et al.
2010; Mussolino et al. 2011; Sander et al. 2011; Zhang et al. 2011). Consequently, TALE
proteins can be used as DNA-binding modules.

Adaptable DNA-binding modules are essential tools for genome-engineering applications.
Different effector domains can be fused to these DNA-binding modules to produce a variety
of sequence-specific genome modifications including epigenetic modifications (Mahfouz
2010; Mahfouz and Li 2011). Several DNA-binding modules have been used for genomic
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targeting, and these include zinc finger modules (Doyon et al. 2008; Durai et al. 2005;
Kandavelou et al. 2009; Porteus 2008). Zinc fingers, however, suffer from low efficiency
and reproducibility; moreover, their use is labor intensive and time consuming (Ramirez et
al. 2008). Highly adaptable DNA-binding modules that can be easily engineered to dictate
any user-selected sequence specificities are in high demand for a broad range of
biotechnological applications in agriculture and medicine. TALE-based DNA-binding
modules should be more efficient than zinc fingers because they confer high sequence
specificity, exhibit low off-target binding and low cytotoxicity, and are highly adaptable to
any user-selected sequence (Huang et al. 2011; Mahfouz et al. 2011b; Miller et al. 2011;
Mussolino et al. 2011; Wood et al. 2011). By using the TALE DNA-binding code,
researchers can develop a suite of precise and efficient molecular genome-modification tools
that are applicable in many different organisms (Mahfouz and Li 2011). These genome-
engineering tools are based on the design of chimeric proteins composed of TALE, which
confers very high DNA sequence specificity when coupled to a variety of functional
domains including nucleases, activation and repression domains, methylases, and integrases
(Mahfouz and Li 2011; Mahfouz et al. 2011a). TALEs fused to the FokI cleavage domain
can generate chimeric nucleases (TALENs) that bind to the DNA and create double-strand
breaks (DSBs) in several systems and cell types (Cermak et al. 2011; Christian et al. 2010;
Huang et al. 2011; Li et al. 2011a; Mahfouz et al. 2011b; Sander et al. 2011; Tesson et al.
2011; Wood et al. 2011). The DSBs, which are mainly repaired by the cellular non-
homologous end-joining repair machinery, lead to small deletions or insertions (InDels)
(Zhang et al. 2010). In the presence of a donor DNA, gene replacements or stacking can be
achieved. In several systems, the DSBs stimulate the efficiency of gene targeting by several
orders of magnitude, allowing highly efficient gene stacking and replacement (Cai et al.
2009; Weinthal et al. 2010).

Using TALENs, we and others have created site-specific DSBs in plant cells (Cermak et al.
2011; Mahfouz et al. 2011b). The ability to target TALENs to a specific genomic sequence
permits researchers to generate a targeted mutation and to add, delete, or edit genes with
extreme precision. The implications of TALEN technology for the modification of crops and
other plant species are profound. For example, the ability to perform targeted genome
modifications in plants can facilitate efficient and robust addition, deletion, activation, and
inactivation of genes. The precise and efficient modification of the plant genome can expand
the number of plant species amenable to genetic modification, accelerate beneficial trait
development, and expand the range of traits that can be modified and developed (Mahfouz
and Li 2011).

The development of an efficient and simple repeat assembly approach for the construction of
designer TALEs (dTALEs) is needed to advance the use of TALE-based genome-
engineering applications across different species and systems. Several repeat assembly
approaches have recently been reported that include PCR-based methods coupled to Golden
Gate cloning or Golden Gate cloning only (Cermak et al. 2011; Geissler et al. 2011; Huang
et al. 2011; Morbitzer et al. 2011; Weber et al. 2011; Zhang et al. 2011). In general, these
methods, apart from being labor-and resource- intensive, are sophisticated and require
several restriction and ligation steps in different backbone vectors.

Here, we present a rapid and efficient approach for the modular assembly of TALE repeats
using the dHax3 scaffold as backbone for TALE transcription factors (TALE-TFs) and
TALENs. With this approach, a dTALE with 12.5 or more repeats can be assembled in just
one sequential restriction-ligation step and in only 24 h from a set of 100 plasmids
containing all possible combinations of repeat modules. In contrast to previously reported
approaches, our approach involves just one sequential restriction-ligation step and results in
a high efficiency and reproducibility of assembly, does not require highly skilled
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researchers, and can be performed in only 24 h. Furthermore, we developed a web-tool
called idTALE that facilitates the design of dTALE-TFs and dTALENs and the
identification of their targets in the genome of several model species including Arabidopsis
thaliana. Using this approach, we generated several dTALEs with novel user-selected
sequence specificities and tested their function in vivo. Because our assembly strategy
facilitates the rapid construction of TALE-TFs and TALENs, it should expedite TALE-
based genome-engineering applications in plants and other eukaryotes.

Results
Assembly of dTALE repeats in a one-step sequential restriction-ligation reaction

We selected the dHax3 TALE protein as a scaffold and backbone for the construction of
dTALE-TFs and dTALENs. The dHax3 backbone has been successfully used in several
systems as a transcriptional activator and chimeric nuclease. Our goal was to establish a tool
kit that facilitates a rapid and ordered assembly and cloning of the repeats to any user-
selected recognition sequence in dTALE-TF or dTALEN backbones. To achieve this goal,
we designed, synthesized, and cloned a plasmid library of fragments containing all possible
combinations of RVDs in the pUCMCS minus vector. The dHax3 repeat sequence was
optimized to include a few restriction enzymes at specific positions so that their restriction
produces several distinct fragments that can be correctly and orderly assembled by
restriction-ligation cloning. These fragments can be assembled in a one-step sequential
restriction-ligation cloning to produce a custom order of repeats for any user-selected target
specificity. Our assembly approach is based on a 100-plasmid library of repeat fragments
and type IIS restriction enzymes. We used PpuMI and SacI to clone the assembled repeats
into the TALE backbone (Fig. 1 and Supplementary Information). To assemble the repeats,
we used BsmAI and BsmBI that cleave outside their recognition sequence and produce 4-bp
overhangs. Repeat fragments were designed to contain BsmAI and BsmBI enzymes so that
ordered assembly of the fragments can be achieved after restriction with BsmAI and BsmBI
by sequential restriction ligation cloning method (Fig. 1). We also used XhoI enzyme to
assemble fragment 6–7. The introduction of this enzyme also serves another purpose—when
confirming the clones by restriction digestion, we used PpuMI and XhoI because XhoI is
absent in the original backbone.

As indicated in Fig. 1, our plasmid library is based on seven fragments; the first fragment
contains one RVD and hence has four plasmids. The second fragment, and also the third
through seventh fragment, contains two RVDs, and hence each has 16 plasmids for all
possible combinations of RVDs (Supplementary Information). The restriction of these
fragments by the designated enzymes produces fragments that can be assembled in a desired
order. The overlaps of the fragments were designed so that only an ordered and correct
assembly is possible. For each fragment, we generated all possible variants that specify the
RVDs, including HD that binds to the C nucleotide, NI that binds to the A nucleotide, NK
that binds to the G nucleotide, NN that binds to the A or G nucleotides, and NG that binds to
the T nucleotide.

We performed the assembly of the repeats using a one-step sequential restriction-ligation
protocol and confirmed the correct assembly of the clones. More than 95% of the clones
confirmed by restriction digestion followed by Sanger sequencing had the correct order and
number of repeats, indicating that this assembly approach is highly efficient. Using this
protocol, we can produce TALENs and TALE-TFs with 12 and 13 repeats in just 24 h with
much less effort than required for other methods. The assembly of 13 repeats can be
achieved if fragment 6 is restricted with BsmAI and XhoI enzymes. This number of repeats
should be sufficient to produce dTALENs that are highly specific, with a single genomic
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target. Although a dTALE-TF with 13 or 14 repeats might have more than one target in the
genome, it would still be sufficiently specific for targeting a group of genes.

Because the dTALEN and dTALE-TF backbone vectors are already in the Gateway-
compatible vector pENTR221, an assembled dTALEN or dTALE-TF can be cloned in any
Gateway-compatible destination vector for bacterial, yeast, plant, or mammalian expression.
The LR Gateway reaction that moves the dTALEN or dTALE-TF clones from the
pENTR221 vector into a plant expression vector can be avoided by the direct assembly of
the repeats in the pK2GW7 expression vector. We performed the assembly of the dTALE
repeats directly in the pK2GW7 plant expression vector. We first restricted the
pK2GW7.dHax3 (for TALE-TF backbone) and pK2GW7.dHax3.N (for TALEN backbone)
clones with the unique SacI and PpuMI and then assembled the repeats as described above.
We generated correctly assembled TALE-TFs and TALENs in the destination expression
vector in one step and with high efficiency. The ability to perform the assembly directly in
the expression vector eliminates the need for a 2-day step and expensive Gateway reagents.
Users could have the choice of assembly directly either in the expression vector or in an
entry Gateway-compatible clone that can be transferred into a variety of expression
destination vectors for different species and different purposes. This assembly approach is
relatively simple, rapid, straightforward, and reproducible, and thus can be utilized by
researchers with different levels of molecular biology skills. Hence, it can facilitate the
generation of genome-engineering reagents and their application in many laboratories and
for various systems and organisms. Using our assembly approach, we efficiently generated
more than 20 TALEs for site-specific transcriptional activation and cleavage purposes.

Functional testing of custom dTALE-TFs in tobacco leaf transient expression assays
We tested the activity of the assembled dTALE-TFs in vivo in Nicotiana benthamiana
leaves. We used our assembly strategy to assemble several dTALE-TFs in pENTR221. The
pENTR221/dTALE-TF clones were then moved into the pK2GW7 plant expression vector
by LR Gateway cloning. The pK2GW7/dTALE-TF clones were transformed into
Agrobacterium tumefaciens, which was used to infiltrate N. benthamiana leaves. We used
the WT Bs3 promoter and generated different versions of it by inserting different DNA-
binding boxes. We assembled different dTALE-TFs that would recognize these DNA-
binding boxes. Tobacco leaves agroinfiltrated with pK2GW7/dAvrBs3 and BS3::uidA
vectors were collected 48 hpi and assayed for GUS (β-glucuronidase) activity. We tested
several dTALE-TFs that bind to different DNA-binding boxes inserted in the Bs3 promoter,
which is activated by AvrBs3 protein. To activate the WT Bs3 promoter, we assembled a
dTALE-TF (dAvrBs3) with 12.5 repeats that specifically binds the 14-bp AvrBs3 target
sequence. The assembled dAvrBs3-TFs activated the expression of the WT Bs3 promoter
(Fig. 2). Transcriptional activation did not occur following agroinfiltration with the Bs3
promoter only or coinfiltration with other dTALE-TFs that do not contain a binding box in
the Bs3 promoter. These data indicate that the assembled dAvrBs3-TF binds to the Bs3
promoter and activates transcription in vivo.

Functional testing of custom dTALEN activity in DNA cleavage assays in vitro
We tested the ability of the assembled dTALEN proteins to cleave their double-stranded
DNA targets in vitro. Previous studies have shown that the nuclease activity of the FokI
enzyme and the zinc finger hybrid nucleases require dimerization (Mani et al. 2005; Miller
et al. 2007; Pruett-Miller et al. 2009). To test the activity of our dTALENs, we designed
target sequences containing two effector-binding elements in a tail-to-tail orientation and
separated by 16-bp spacers (Li et al. 2011a; Mahfouz et al. 2011b). We assembled the
dTALEN heterodimers that bind to the phytoene desaturase cDNA from A. thaliana. The
heterodimer pair was assembled in pENTR221 and then moved into Thioredoxin. His/
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pET32A by LR Gateway cloning. The linearized pCRII/PDS3 cDNA plasmid was gel-
purified and used as substrate for the PDS3TALEN digestion reactions. The thiroedoxin-
tagged PDS3 dTALEN heterodimer pair proteins were expressed in Escherichia coli and
affinity purified using Ni-NTA. The DNA cleavage activity of the proteins was tested in
vitro on the pCRII/PDS3 cDNA plasmid (Mahfouz et al. 2011b). The heterodimer pair was
active in vitro and resulted in cleavage of the PDS3 target. Digestion reactions performed
using only one monomer of the PDS3 dTALENs (either PDS3 TALEN-F or PDS3 TALEN-
R) did not show any cleavage activity (Fig. 3).

idTALE web-based tool: a designer and target finder of dTALE-TFs and dTALENs
To expedite the in silico design of TALE-TFs and TALENs and to find their potential
genomic targets and off-targets (Fu et al. 2009; Sander et al. 2007), we developed a web-
based tool called idTALE. idTALE, available at (http://idtale.kaust.edu.sa/), provides users
with options to either design a dTALE and/or to check for potential dTALE targets and off-
targets within the genome of choice among several model species. To design a dTALE,
users can submit either the Ensembl Gene ID or the gene sequence. These two options
require information regarding the spacer length and the TALE repeat number as input.
Based on this input, the program outputs the result back to the web browser. The idTALE
web tool offers searching options for dTALE and dTALEN target sites within the genome of
choice. Providing the dTALEN repeat sequence in either homodimer or heterodimers
format, the idTALE web tool can identify the potential target and off-target loci
(Supplementary Information). In either case, users must provide a spacer length range and
the distance upstream of the gene within which they would like to search for binding sites
(Sander et al. 2010). When the search for TALE design is performed, possible TALENs as
homodimers and heterodimers are returned in a tabulated form. A simple scoring algorithm
is applied to filter out the common results, which are listed as distinct tabs for clarity.
Because naturally occurring TALEs bind only to targets with a preceding thymine, this
nucleotide is included in the calculation but not in the output. As a result of searching for
dTALE target sites in the genome of choice, coordinates meeting predefined criteria are
returned to the user together with other potential binding loci within the genome. The
coordinates link to publicly available genome browsers such as Ensembl and NCBI.

Discussion
TALEs provide powerful and adaptable DNA-binding modules with great potential for a
variety of biotechnological applications in agriculture and medicine. TALE RVDs dictate
the DNA sequence specificity. The engineering of the RVDs of TALE repeats to bind to a
user-selected DNA specificity is a challenging task. Because of their repetitive nature,
engineering by PCR approaches is complex and not reproducible. Moreover, commercial
synthesis is feasible but relatively slow (8–12 weeks for a single TALE) and expensive
(around 3,500 USD per TALE). To fully realize the potential of TALEs in different
applications and organisms, a robust, efficient and inexpensive custom construction is
required.

Here, we report the development of a rapid, robust, and highly efficient approach for dTALE
repeat assembly in dTALE-TF and dTALEN backbones. To our knowledge, this approach is
the simplest, quickest, and most efficient among the approaches reported in the literature. A
library of 100 plasmids can be used to assemble 12 and 13 TALE repeats, thereby dictating
DNA-binding specificity to any user-selected 13- or 14-bp targets, respectively. Our
approach can also be used to construct dTALEs with a greater number of repeats—a library
of fragment 5.1 (Supplementary Information) would be used to construct TALEs with two
additional repeats. Because nine DNA fragments can be efficiently assembled using
sequential restriction ligation cloning, our assembly approach can be used to assemble
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dTALEs with 18 repeats. Because the method uses sequence-verified clones, the integrity of
the assembled clones is guaranteed.

Our dTALE assembly approach relies on the use of the type II restriction enzymes PpuMI,
BsmAI, BsmBI, XhoI, and SacI. These restriction enzymes are used in one sequential
restriction-ligation reaction as indicated in Fig. 1. A further advantage of our approach is
that the assembly can be done in a variety of backbones, including activator, nuclease,
repressor, etc. Additionally, the assembled repeats can be transferred from one backbone to
another by PpuMI and SacI restriction ligation. This is particularly advantageous for the
simultaneous study of transcriptional activation and repression of a specific gene target
(Mahfouz et al. 2011a). Our modular assembly tool kit is composed of HD, NG, NI, and NK
repeat modules, which have been shown to be highly specific in binding the C, T, A, and G
nucleotides, respectively. This allows the design of highly specific dTALENs and dTALE
activators and dTALEs fused with any functional domains. It was recently reported that the
efficiency of dTALEs with NN repeat modules is much higher than those with NK repeat
modules (Huang et al. 2011). Accordingly, we also generated a library containing NN
instead of NK so that users would have the choice of using either one or both. The number
and identity of the repeats influence TALE target specificity (Boch et al. 2009; Cermak et al.
2011; Morbitzer et al. 2011). Other factors, however, may also influence the binding in vivo.
These factors include, but are not limited to, the chromatin status and the neighboring effects
from the DNA sequence.

Because dTALENs require a dimerization step for their cleavage activity, two monomers in
a homo- or heterodimers form are needed. Several studies have shown that dTALENs based
on the dHax3 backbone are highly efficient in generating DSBs in mammalian and plant
cells. Given that two monomers (two heterodimers that bind 13 or 14 bp in a tail-to-tail
orientation and that are separated by a 12–30-bp spacer region) are required, dTALENs with
12 or 13 repeats should be sufficient for the design of effective and highly specific TALE-
based nucleases.

Several strategies have been previously described for dTALE assembly and for construction
of chimeric activators and nucleases (Cermak et al. 2011; Geissler et al. 2011; Huang et al.
2011; Li et al. 2011b; Morbitzer et al. 2011; Weber et al. 2011; Zhang et al. 2011). Some of
these previously reported protocols rely on PCR amplification of repeat modules followed
by subsequent restriction ligations and transfer between more than one backbone vectors to
achieve the final assembled clone.Zhang et al. (2011), for example, have reported a Golden
Gate-based assembly approach. Their strategy involves two rounds of PCR amplification,
restriction digestions and ligations of the assembled repeats in the final backbone (http://
www.taleffectors.com). Although this approach has allowed the assembly and functional
testing of several dTALE-TFs (Zhang et al. 2011), it depends on PCR amplification and is
therefore prone to sequence mutations and recombination between the repeats. Using a
different approach,Li et al. (2011b) have reported a modular construction of dTALENs by
synthesis of eight sets of four RVD modules; these eight sets are used to assemble eight
repeat subarrays, and the confirmed sequence of the eight repeat subarrays (for 16- or 24-bp
targets) can be ligated together in a final dTALE backbone. In addition, Weber et al. (2011)
have used the native AvrBs3 scaffold to assemble dTALEs in two successive cloning steps;
in the first step, five or six repeats are assembled in three preassembly vectors for positions
1–6, 7–12, and 13–17. Then, these three preassembled repeats are ligated together in a
second cloning step to produce dTALEs with 17.5 repeats. Similarly, Morbitzer et al. (2011)
and Geissler et al. (2011) have reported dTALE assembly by two successive cut-ligation
cloning steps that produced 17.5 repeats sufficient to confer high DNA-binding specificity.
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Compared to these previously reported protocols, our tool kit represents a major
improvement because it depends on a plasmid library of repeat modules to ensure the
reliability of the sequence and the efficiency and reproducibility of a robust assembly.
Moreover, our assembly strategy offers the following technical advantages: it does not
require PCR amplification, which has the risk of repeat recombination; it requires only one
sequential restriction-ligation cloning step, which can be performed in only 1 day (including
confirmation of the clones by restriction digestion analysis); and the assembled repeats can
be transferred between different backbones with different functional domains, which
facilitates the study of different genomic modifications at a particular locus.

Our approach will be extremely useful when a library of dTALE activators or repressors and
dTALENs is needed for genome-wide applications. All the restricted fragments of all
possible RVDs can be ligated, and the library of pENTR221/dTALE activator, repressor, or
nuclease can be transferred to a destination expression vector specific to a certain organism,
including yeast, plant, mammalian cells, etc. The library of dTALE in a plant expression
vector can be transformed into A. tumefaciens and then into the plant species of interest. The
generation of an overexpression TALE library in plants can be used, for example, to screen
for phenotypes with useful agronomic traits. Following phenotypic selection and heritability
analysis, the TALE repeat sequences can be determined and their targets identified.

Our entire plasmid library for dTALE construction is available from King Abdullah
University of Science and Technology (KAUST) for non-profit use. Because a user-friendly
software tool for the in silico design of dTALEs and the identification of their potential
targets and off-targets was lacking, we developed a web interface, idTALE, that allows the
design and interrogation of the genomes of several model species for dTALE targets.

Because the currently available tool, TALE-NT, provides very limited design and search
options, idTALE can significantly facilitate the design of dTALEs for genome-wide
applications and thus should be extremely useful to researchers (Cermak et al. 2011). The
currently available TALE-NT software (http://boglabx.plp.iastate.edu/TALENT) exhibits
several limitations: it allows users to generate dTALENs based on an input sequence with a
maximal length of only 5,000 bp; it does not allow the user to specify a desired dTALE
RVD number, thereby creating by default all possible RVDs between 15–30 bp long and
making the output enormously confusing and unreadable unless other software is used; and
it is not possible to check whether individual dTALEN monomers would form a heterodimer
in the genome of interest. idTALE, in contrast, allows researchers to design dTALE RVDs
by submitting the Ensembl Gene ID or the gene sequence in FASTA format. Moreover, an
option to design RVDs around the input sequence means that idTALE has no limitations for
input length or model organism. Providing idTALE with the Ensembl Gene ID ensures that
the output of RVDs will generate a heterodimer or homodimer for the coding sequence of
the gene of interest. Furthermore, idTALE allows users to choose and check for the same
dTALEN targets within multiple species. In conclusion, our assembly approach and web
interface should facilitate the application of TALE-based genome modifications in plants
and other eukaryotes.

Note: Our assembly plasmid library set is available for non-profit use, and the idTALE web
tool is freely available online.
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Materials and methods
Design and efficient construction of TALE-TFs and TALENs using the dHax3 and dHax3.N
scaffolds

We previously reported the optimization of dHax3 cDNA to reduce the homology between
the 102-bp repeat units and the codon optimization for in planta expression (Mahfouz et al.
2011b). The dHax3 and dHax3.N cDNAs, in the pENTR221 vector, were used as backbones
to construct the TALE-TFs and TALENs, respectively. The PpuMI/SacI fragment
containing the repeat regions was divided into seven different fragments. Each fragment had
two repeats and therefore two RVDs, except fragment 1, which had only one repeat. The
sequence of each fragment and the primers used for amplification and cloning in pUC-
minusMCS are provided in SI. These fragment clones were confirmed by sequencing, and
their repeat RVDs were mutagenized to produce different RVDs. Moreover, because these
fragments were short, we generated a whole library of all possible RVDs in each fragment
by commercial synthesis (Blue Heron Bothell, WA, USA). As a result, we produced and
amplified a library of fragments 1–7 containing all possible RVDs in every repeat in every
fragment. We performed in silico assembly of the seven fragments, and the produced clones
were identical to our dHax3 and dHax3.N except for the user-selected RVDs
(Supplementary Information). pUC-minusMCS was chosen to clone the library of all repeat
fragments because it confers ampicillin resistance while the pENTR221 backbone assembly
vector confers kanamycin resistance; these antibiotic markers facilitate the screening of the
correctly assembled dTALE-TFs or dTALENs. The correctly assembled dTALE-TF- or
dTALEN-confirmed clones could be sub-cloned in any Gateway-based destination vector by
LR recombination reactions for bacterial, yeast, plant, and mammalian expression.

One-step sequential restriction-ligation assembly protocol
Plasmids that contained the seven fragments were selected based on the desired TALE
repeat sequence. Each fragment was restricted as follows: fragment 1 (F1) with PpuMI and
BsmAI, purify target band of 192 bp; fragments 2, 3, 4, and 5 (F2, F3, F4, and F5) with
BsmAI, purify target bands of 234, 161, 193, and 204 bp, respectively; fragment 6 (F6) first
with XhoI and then with BsmAI, purify target band of 207 bp; fragment 7 (F7) with XhoI
and SacI, purify target band of 541 bp. Equi-molar amounts of fragments were ligated with
the restricted backbone using T7 ligase at 23°C for 2 h or T4 ligase at 16°C for 6 h. A 2-µL
volume of the ligation product was used to transform to TOP10 competent cells. Positive
colonies were selected, and recombinant plasmid was purified and checked by restriction
digestion with XhoI and PpuMI enzymes—the product band was expected to be about 1,190
bp. Sanger sequencing was used to further confirm the positive clones.

Agrobacterium tumefaciens-mediated transient expression and dTALE-TF activity assays
To test the activity of dTALE-TFs, we performed LR reactions between pENTR221/
dTALE-TF entry clones and the pK2GW7 Gateway-compatible binary vector and generated
overexpression clones pK2GW7/dTALE-TFs. These expression clones were transformed
into A. tumefaciens GV3101 and used for transient expression in tobacco leaves. To assay
the activity of dTALE-TFs in planta, we coinfiltrated or separately infiltrated A. tumefaciens
GV3101 harboring BS3::uidA and its dTALE activator into tobacco leaves. Infiltrated discs
were collected 48 hpi. The GUS qualitative assay was performed by immersing leaf discs in
GUS-staining solution (10 mM sodium phosphate, pH 7, 10 mM EDTA, 0.1% Triton X-100,
0.1% 5-bromo-4-chloro-3-indolyl-β-D-glucuronide, 1 mM potassium ferricyanide, 1 mM
potassium ferrocyanide) at 37°C for 24 h. The discs were cleared in ethanol.
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Bacterial expression and purification of dTALENs
The assembled dTALEN clones were confirmed by restriction digestions and sequencing.
LR reactions were performed between the entry clones, pENTR221/dTALENs, and the
Gateway-compatible pET32a expression vector (following the manufacturer’s instructions)
to generate pET32a.dTALENs. The expression clones were transformed into E. coli BL21,
and protein expression was induced at 25°C for 5 h with 1 mM isopropyl β-D-1-
thiogalactopyranoside. The TRX.6His.dHax3.N proteins were purified using Qiagen Ni-
NTA agarose resin according to the manufacturer’s instructions. The purified proteins, as
homodimers or heterodimers for one specific target, were used for DNA cleavage assays as
previously described (Mahfouz et al. 2011b).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Construction of TALE-based transcription factors and nucleases by one sequential
restriction ligation approach. a Schematic representation of the dHax3 repeat region
showing the seven restriction fragments and the overhang sequence of each fragment
produced by a restriction digestion. b Overall assembly strategy showing the steps required
to produce the final expression clone of TALE-TF or TALEN. The repeat region can be
transferred between different dHax3-based backbones, with different effectors, using the
PpuMI and SacI restriction enzymes. c Confirmation of the assembly clones by restriction
digestion analysis. The lower bands, indicated by the arrow, are the products of PpuMI and
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XhoI digestion and demonstrate the successful and correct assembly of the repeats. All
restriction digestion positive clones showed the correct order and sequence of the repeats,
indicating the extreme fidelity of this assembly approach. M 1-kb plus marker, lane 1–4,
dAvrBs3, lane 5–8 dHax3deltaBs3, lane 9–12 dTALEN.PDS3.2F, and lanes 13–16
dTALEN.PDS3.2R
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Fig. 2.
Validation of custom assembled dTALE-TFs in transcriptional activation of EBE containing
promoters. Assembled dTALE-TFs, dAvrBs3, dHax3, PDS3.2F, and PDS3.2R EBE activate
WT Bs3 promoter or modified Bs3 promoter containing their respective binding EBE boxes
(lane 3, 6, 9, and 12). For a negative control, we used Bs3 promoter only (lane 1, 4, 7, and
10) or modified Bs3 promoter. The 35S::dTALE.TLYCV.2F, which bind to a different EBE
was used as a negative control as well (lane 2, 5, 8, and 11)
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Fig. 3.
Validation of custom assembled TALEN activity using the DNA cleavage assays. TALEN
heterodimer dTALEN.PDS3-1F/1R a and dTALEN.homodimer b digested target DNA of
PDS3 cDNA fragment in the pCRII vector (pCRII/PDS3). Arrows indicate the digestion
products of the TALEN proteins. M 1-kb plus marker. Lanes in a are 1 undigested pCRII/
PDS3 plasmid, 2 SacI-digested pCRII/PDS3, 3 pCRII/PDS3 digested with
dTALEN.PDS3-1F, 4 pCRII/PDS3 digested with dTALEN.PDS31R, 5–7, pCRII/PDS3
digested with dTALEN.PDS3-1F/1R heterodimer. Lanes in b are 1 plasmid of pCRII/PDS3,
2 SacI-digested pCRII/PDS3, 3 and 4 pCRII/PDS3 digested with dTALEN.PDS3
homodimer
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