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Abstrakt:  

Přes dvacet let trvající výzkum interakcí fytopatogenních bakterií rodu Xanthomonas s jejich 

hostiteli vyústil objevem nové proteinové rodiny nazvané Transcription Activator-like (TAL) 

efektory. TAL efektory jsou hlavní faktory virulence umožňující rozmnožování a následné šíření 

bakterií změnami genové exprese rostlinných buněk. TAL efektory rozpoznávají prostřednictvím 

struktury jejich DNA-vazebné domény specifické sekvence v promotorech hostitelských genů, 

jejichž transkripci následně aktivují. DNA-vazebná doména obsahuje krátké repetitivní peptidové 

moduly, které obtáčejí dvouvláknovou DNA a vytvářejí tak unikátní strukturní motiv. Jednotlivé 

moduly rozpoznávají po sobě jdoucí nukleotidy v cílové sekvenci prostřednictvím jedné ze dvou 

polymorfních aminokyselin ve smyčce kontaktující velký žlábek DNA. Dvojce těchto aminokyselin 

určují rozpoznávané nukleotidy takto: NI > A, HD > C, NH > G, NG > T a NN > A nebo G. Tento 

jednoduchý kód umožňuje přípravu umělých TAL DNA-vazebných domén s požadovanou sekvenční 

specifitou během jednoho týdne s minimálními náklady. Umělé TAL domény spojené s nukleázovou 

nebo aktivační doménou nacházejí uplatnění ve výzkumu, biotechnologii a genové terapii pro cílené 

genové modifikace a pro regulaci genové exprese. TAL efektor nukleázy (TALENy) umožňují 

provádět cílené genové modifikace v širokém spektru organismů včetně rostlin, hmyzu i člověka. 
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Abstract:  

Two decades of research on interactions between Xanthomonas phytopathogenic bacteria and their 

hosts resulted in discovery of a novel Transcription Activator-Like Effector (TALE) protein family, 

which confers bacterial virulence in plants. TALEs bind selectively to plant promoters and activate 

expression of cognate genes enabling bacterial reproduction and dissemination. TALEs mediate 

recognition of specific promoter boxes in a simple and predictable manner. The TALE central repeat 

domain contains tandem repeats, which specifically contact single consecutive nucleotides in the 

target sequence via polymorphic amino acid residues. Repeats stack together in an unique right-

handed superhelical assembly, which wraps around the DNA duplex. Validated TALE-DNA binding 

code shows, that two polymorphic amino acids NI, HD, NH, NG and NN in each repeat mediate 

recognition of A, C, G, T and A/G, respectively. The order of repeats determines recognized sequence 

in DNA sense strand. Custom TALE DNA-binding domains with desired specificities can be created 

within one week at low cost. Such designed domains fused to nuclease or activation domains are 

useful in research, biotechnology and gene-therapy for targeted gene editing and gene regulation. 

Notably, gene editing with custom-designed TALE nucleases (TALENs) allows for extending 

targeted genome modifications to a broad spectrum of organisms ranging from plants and insect to 

mammals.  
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Glossary 

 

AAD Acidic activation domain 

ATF Artificial transcription factor 

CRD  Central tandem repeat domain 

DBD  DNA-binding domain 

DSB  Double strand break 

GGC  Golden gate cloning method 

GUS  β-glucoronidase 

Hrp  Hypersensitive response  

HR  Homologous recombination 

NLS  Nuclear localization signal 

PPR  Pentatricopeptid repeat structural motive 

R gene  Resistance plant gene 

RVD  Repeat variable diresidue 

RVR  Repeat variable amino acid residue 

S gene  Susceptibility plant gene 

T3S  Bacterial Type III secretion and translocation system  

TAL-box A promotor box recognized by TAL effector 

      upa-box  upregulated by AvrBs3 

TALE Transcription Activator-like effector 

TALEN  TALE nuclease 

TF  Transcription factor 

TSS  Transcription start site 

ZFN  Zinc finger nuclease 
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1 Introduction 

Ability to precisely target selected DNA loci with engineered DNA-binding domains (DBD) fused 

to selected effector domains allows researchers to edit DNA sequences and to directly regulate gene 

expression within complex eukaryotic genomes. It facilitates determining gene function and extends 

methods of reverse genetics with the most potent techniques available to date. 

In this text, I will recognize two main categories of engineered proteins that may share the 

same DBD but differ in their effector domains, hence in their mode of action: the first (and more 

intensively studied group) can be denoted genome editors; they comprise of engineered nickases 

and, especially, nucleases. The second group is genome regulators, which include artificial 

transcription factors (ATFs) and epigenetic modifiers.  

Technologies based on programmable, site-specific Cis2His2 zinc-finger DBDs were being 

developed over a decade. Notably, genome editing with zinc finger nucleases (ZFNs) was in focus 

(reviewed in Carroll, 2011;and in Urnov et al., 2010). A commonly used nuclease domain originates 

from the type IIS restriction endonuclease FokI, which acts as a dimer and introduces a double 

strand break (DSB)(Bitinaite et al., 1998; Kim and Chandrasegaran, 1994; Li et al., 1992). DSBs at 

preselected loci rapidly increase local frequencies of homologous recombination. This fact enables 

the extension of precise gene targeting to a broad range of model organisms, a variety of cell lines, 

as well as to crop plants and livestock. Research in ZFNs field has established valuable principles 

recently adopted by the transcription activator-like (TAL) effector nucleases (TALENs) (reviewed in 

Joung and Sander, 2013). 

TALEN technology is based on the novel modular DBD of TAL effectors (TALEs) from plant-

pathogenic bacterial genus Xanthomonas. In contrast to a zinc-finger DBD, where one finger 

predominantly recognizes nucleotide triplets (Pavletich and Pabo, 1991), TALE-DBD recognizes 

target sequence via a modular structure where one module recognizes one nucleotide (see Figure 1 

for comparison of TALE and ZF DBDs) 

 

Naturally occurring TALEs contain from five to over thirty highly conserved repetitive 

modules packed in their DBD. Each repeat module typically has 34 amino acids (aa) in length, while 

the last C-terminal truncated, so called half-repeat, consists of only 20 amino acids (reviewed in 

detail in Boch and Bonas, 2010). Individual repeats have helix-loop-helix secondary structure (Deng 

et al., 2012a; Mak et al., 2012). Two polymorphic aa residues at positions 12 and 13 localized in the 

loop region are called repeat-variable diresidue (RVD). Residue number 13 is responsible for 
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Figure 1  
Comparison of Zinc finger and Transcription activator-like 
effector DNA-binding domains. (a) Front and lateral view of a 
six-finger zinc finger protein that consists of six tandem repeats of 
C2H2 zinc finger motifs, each consisting of approximately 30 
amino acids. A single zinc finger recognizes 3 nucleotide of DNA. 
(b) TAL effectors consist of repeats of 34 amino acids that 
recognize one single nucleotide of DNA. Adopted from Perez-
Pinera et al., 2012 

 

preferential binding of the repeat 

to a single specific nucleotide in 

the major groove of target DNA 

sequence (summarized in Mak et 

al., 2013). A simple binding code, 

also referred to as Boch-

Bogdanove code, was deciphered 

in 2009 by two independent 

groups (Boch et al., 2009; Moscou 

and Bogdanove, 2009). Four most 

common RVDs HD, NG, NI and NN 

determine binding of repeat 

modules to cytosine, thymine, 

adenine and guanine/adenine, 

respectively. The order of 

modules from N to C-terminus within TALE DBD corresponds to recognized DNA sequence in 5’ to 

3’ direction (See Figure 2 on page 5). This simple code allows researchers to arrange the repeat 

modules in a desired order to gain a DBD with new sequence-specificity as shown for the very first 

time on chimeric TALE nucleases (Christian et al., 2010). 

 

In the following chapter, I recapitulate the history of the Xanthomonas effectors research, 

which led to the identification of TAL effectors and to deciphering of their binding code. The unique 

structure of TALE-DBD is described in chapter 3 with implications to its biotechnological 

applications. TALE-bases genome editors (nucleases, nickases), representing the core of the 

research field, and genome regulators (activators, repressors), as just emerging tools, are discussed 

in chapter 4. 
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2 TAL effectors - virulence factors of Xanthomonas 

2.1 Xanthomonas as a causal agent of plant diseases 

Gram-negative γ-proteobacteria of the genus Xanthomonas are responsible for important 

plant diseases worldwide and are among the most important plant bacterial pathogens (reviewed in 

Mansfield et al., 2012). These phytopathogens cause serious losses in yields of crop plants such as 

wheat, rice, cassava or cotton; therefore, they have been intensively studied over the last three 

decades. Individual Xanthomonas species are divided into so called pathovars1 (pv.) accordingly to 

their host specificity. For example, rice pathogen Xanthomonas oryzae pv.oryzae (Xoo) is a causal 

agent of Bacterial leaf blight (BLB) of rice leading up to 50% yield losses (Mansfield et al., 2012). X. 

campestris pv. vesicatoria (Xcv) causes Bacterial spot of tomato and pepper. X. axonopodis pv. 

manihotis severely affects cassava, the crop which serves as an essential nutrient for approx. 10% of 

human population. Xanthomonas axanopodis pv. citri (Xac) is a common pathogen of citrus fruit 

(Ryan et al., 2011). 

Xanthomonas enter the host plant through surface wounds or natural openings (stomata and 

hydatodes); they spread, multiply inside the plant tissue, and form microcolonies. Xcv, Xac and Xam 

live extracellularly in the apoplast and cause leaf spots and streaks. Xcc and Xoo invade into the 

vascular system, populate entire host plant systematically, and form typical water soaking lesions at 

the infected sites. The excreted bacterial exopolysacharide xanthan can plug xylem vessels and 

prohibit water uptake and nutrition transport. Consequently, the infected plan wilts. Xanthomonas 

feed from living cells, while dissemination occurs at ruptured necrotic sites or at canker lesions, 

which develop in a later stage of the infection (reviewed in detail in Boch and Bonas, 2010; and 

Ryan et al., 2011). 

To facilitate growth, reproduction, dissemination and to overcome basal plant defence, 

Xanthomonas secrete into host cells through the Hrp-type III secretion (T3S) system a cocktail of 

various effector proteins with different biochemical activities (Buttner, 2002; Gürlebeck et al., 

2006).  

2.2 The AvrBs3-family effectors manipulates plant transcription 

Here, I would like to recapitulate two decades of intensive research, which unraveled that 

bacterial TAL effectors (originally AvrBs3-family effectors) work as eukaryotic-like transcription 

factors. 

                                                             
1 Pathovars - Pathogenic variants within a species that are defined by characteristic host range and/or 

tissue specificity. Definition adopted from Ryan et al., 2011 
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Xanthomonas TAL effectors primarily confer virulence on susceptible host plants. A set of 

activated target susceptibility (S) genes defines the resulting plant response. In addition to the 

necessary plant defence suppression, known host phenotypes include induction of cell enlargement 

(hypertrophy) or multiplication of mesophyll cells (hyperplasia), facilitating bacterial dissemination 

by a rupture of an infected site. Induced output is naturally pleiotropic, depending on particular 

effector specificity. For example, hypertrophy is triggered by AvrBs3 effector-mediated activation of 

upa20 gene (Marois et al., 2002), while hyperplasia is induced by Xac pathovars bearing effector 

PthA ( Gürlebeck et al., 2006).  

Resistant plant cultivars evolved over time as a response to Xanthomonas pressure. Many type 

III effectors were identified as strain-specific avirulence (avr) genes inducing hypersensitive 

response2 (HR) in resistant plants, which carry specific resistance (R) gene (e.g. Bs3 resistance gene 

in pepper). The term avirulence indicates that pathogen is not able to trigger disease in a resistant 

host plant. The same effector may confer virulence in a susceptible-genotype context or induce 

hypersensitive response in a resistant plant.  

2.2.1 Repeat domain determines activity and host specificity 

The AvrBs3 from Xcv was the first identified TAL Effector in Xanthomonas. The avrBs3 gene on 

a self-transmissible plasmid encodes for 122 kDa AvrBs3 protein. DNA sequence analysis revealed 

17½ highly homologous direct 102-bp long repeats in the central part of this protein (Bonas, 1989). 

Many homologs of avrBs3 gene were subsequently discovered in different Xanthomonas species; e.g. 

avrXa5, avrXa7 and avrXa10 from X. oryzae pv. Oryzae (Hopkins et al., 1992). This led to recognition 

of AvrBs3 protein family and boosted further research in early nineties’.  

Some Xanthomonas strains secrete none or only a few AvrBs3 family effectors (e.g. Xcv, Xcc), 

while others carry tens of them (e.g. Xcm, Xoo, or Xo. pv. oryzicola). It is therefore difficult to assess 

importance of an individual-effector in virulence as effector functions may be redundant. Particular 

AvrBs3 family effectors have been shown to be indispensable for the virulence (e.g. AvrBs3 from 

Xcv; PthA and PthB from Xcc; AvrXa7, PthXo1, PthXo2, PthXo3 from Xoo), while role of others is 

unclear (Boch and Bonas, 2010). 

AvrBs3 Homologs3 contained similar repeats shuffled in different order; interestingly, 

inter-repeat polymorphism was identified predominantly at aa residue positions 12 and 13 (Figure 

2 and Figure 8) denoted as a repeat variable diresidue (RVD). Deletion and shuffling experiments of 
                                                             
2 HR is a process leading to localized programmed cell-death which cease bacterial invasion (Mittler 

and Lam, 1996) 
3 Comprehensive and actualized database containing published Xanthomonas genomes, effectors lists and 

information about meetings is available online at www.xanthomonas.org website. 

http://www.xanthomonas.org/
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Figure 2  
TALE structure and DNA-binding code  
(a) TALEs contain nuclear localization signals (NLS, yellow) and an 
activation domain (AD, green) to function as transcriptional activators. 
A central tandem repeat domain (CRD, red) confers specific DNA-
binding and host specificity.  Translocation signal (blue) and 4 cryptic 
repeats (brown) required for initiation of DNA-binding and for 
recognition of 5’-T are located at N-terminus.  
Each 34 aa repeat binds to one nucleotide with specificity determined 
mainly by aa 13. One sample repeat is shown. Numbers refer to aa 
positions within the repeat. Repeat zero is indicated which specifies for 
T. (b) Repeat types have specificity for one or several nucleotides. Only 
bases of the DNA leading strand are shown. Adapted from Scholze and 
Boch, 2011 according to Boch and Bonas, 2010; Mak et al., 2012; and 
Gao et al., 2012. 

the AvrBs3 central repeat domain (CRD) showed that this domain is needed for 

virulence/avirulence mediated phenotype of host plant; and that the activity and host specificity 

depends on the repeats number and order (Herbers et al., 1992). Structure of CRD and its features 

are described in the chapter 3.  

2.2.2 AvrBs3-family effectors act in the plant cell nucleus  

A direct delivery of 

AvrBs3 into the host cells via 

the bacterial T3S system was 

proposed (Van den Ackerveken 

et al., 1996) and the conserved 

N-terminal secretion and 

translocation signal was 

subsequently identified in all 

known AvrBs3 family members  

(Escolar et al., 2001). First 

approx. 150 N-terminal amino 

acids were identified being 

necessary for T3S mediated 

transport. (Casper-Lindley et 

al., 2002; Szurek et al., 2002) 

Sequence analysis 

revealed three monopartite 

nuclear localization signals 

(NLS) in the C-terminal region 

of AvrBs3 protein family. 

Particle bombardment of onion epidermis with β-glucoronidase (GUS) reporter gene fused to the 

last   190 C-terminal aa from PthA, AvrB6 and AvrBs3 confirmed that these NLS are functional and 

drive the reporter to cell nucleus (Yang and Gabriel, 1995 and Van den Ackerveken et al., 1996). 

Further experiments showed that presence of intact NLS2 or NLS3 is essential for nuclear 

localization and avirulence activity in resistant pepper plants (Van den Ackerveken et al., 1996). 

Moreover, AvrBs3 interacts through NLS with the importin-α, which mediates nuclear import ( 

Szurek et al., 2002; Szurek et al., 2001).  



 
6 

 

Figure 3 
Simplified model of TAL effector 
interaction with host plant 
adopted from Boch and Bonas (2010) 

Plant cell 

Remarkably, the presence of the eukaryotic-like acidic transcriptional activation domain 

(AAD) was described at the C-terminus of the AvrXa104 from Xoo (Zhu et al., 1998). This domain is 

required for HR-induction and could be functionally replaced with the VP16 AD from Herpes simplex 

virus (Zhu et al., 1999 and Szurek et al., 2001). Sequence analysis of AvrBs3 homologs showed that 

both NLS and AAD are highly conserved motifs of this effector family. Furthermore, Yang and 

coworkers (2000) demonstrated that AvrXa7 has general double-stranded DNA-binding activity 

with preference towards AT-rich sequences. These findings further supported suggested function of 

AvrBs3 effector family as eukaryotic-like transcription 

activators. 

According to the model, AvrBs3 family effectors 

are secreted through the T3S system directly into the 

plant cell cytoplasm, where they might undergo 

dimerization (documented for AvrBs3 by Gürlebeck et 

al., 2005). Next, they are transported into the nucleus 

through the interaction with importin-α. The binding of 

target promoters and subsequent interaction with the 

basal transcriptional machinery through AAD 

(Domingues et al., 2012) drive transcription of specific 

plant target genes (Figure 3). 

2.3 AvrBs3-family effectors bind target gene promoters 

Observations that AvrBs3-family effectors play an important role in virulence and that this 

protein family functions as transcription factors directed research to analysis of upregulated target 

genes. Marois et al. reported specific AvrBs3-induced hypertrophy of infected mesophyll tissue in 

susceptible pepper and tomato plants. Indeed, they described 13 upregulated genes with 

homologies to auxin-induced and expansin-like genes (Marois et al., 2002). Both gene groups were 

known to play role in cell growth and enlargement.  Identified genes were named as upa1 to upa13 - 

upregulated by AvrBs3. Majority of upregulated genes were dependent on de-novo protein synthesis 

except upa10 and upa11 suggesting that: 1) transcription of these two genes is directly activated by 

AvrBs3 and 2) most upa genes are downstream of AvrBs3-activated transcription factors (protein 

synthesis is required). Furthermore, CRD was shown to be responsible for upregulation of specific 

gene set. AvrBs3Δrep16, which lacks repeats 11-14 and AvrBs3-homolog AvrBs4 with subtle 

                                                             
4 Amino acid sequence of AvrXa10 AAD contains mainly acidic or large hydrophobic aa: N-1064-

EQDAAPFAGAADDFPAFNEEELAWLMELLPQ-1095-C 
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differences in order of repeats activates different set of upa genes but not upa10 and upa11 (Marois 

et al., 2002). Similarly, the set of target genes upregulated directly by AvrBs3 homologs from Xoo 

was identified (Gu et al., 2005; Yang et al., 2006). 

Another screen for upregulated target genes led to identification of the  AvrBs3-activated 

transcription factor upa20, which is a master regulator of cell size (Kay et al., 2007), supporting 

hypothesis of Marois et al. Furthermore, short sequence motif in upa20 promoter was identified to 

be essential for upa20 activation and was denoted as upa-box5. Specific binding of the AvrBs3 repeat 

domain to the upa-box DNA was shown in vitro in electro mobility shift (EMS) assays6. Thus, CRD 

was described as a novel DNA-binding domain. Interestingly, the transcription start site (TSS) of the 

upa20 was shifted by 37-bp downstream of the putative start site used for basal transcription 

suggesting that AvrBs3 initiates transcription from an alternative start site (Kay et al., 2007). 

Further studies showed that TSS is generally shifted from 41 to 46 nucleotides from 3’ end of the 

upa-box (Romer et al., 2009). 

Not only susceptibility (S) genes such as the upa20, but also resistance (R) genes were 

identified among upregulated targets of AvrBs3 effectors. In most cases, promoters of R genes are 

bound by a AvrBs3 homolog; expression of these genes is induced and leads to the HR through 

various downstream pathways. These R genes are therefore termed ‘gene mousetraps’, because 

their promoters catch AvrBs3 family effectors, whose original role is to activate S genes (Romer et 

al., 2009). The first documented instance of the gene mousetrap was AvrBs3-mediated activation of 

Bs3 gene in a resistant pepper cultivar identified by Römer and coworkers in 2007. Bs3 encodes a 

homolog of flavin monooxygenase 1 (FMO1) – the gene from Arabidopsis, which plays role in the 

pathogen defense.  

The same upa-box in Bs3, upa10, and upa11 promoters was identified supporting its 

importance for AvrBs3 mediated gene activation, which results in different responses (hypertrophy 

or HR) according to the host plant genotype. The evidence for direct AvrBs3 DNA-binding to target 

promoter boxes was a breakthrough in the functional analysis of this effector family. It was clearly 

demonstrated that this family functions as transcription activators; therefore it was renamed as 

Transcription Activator-like (TAL) effector family. 

                                                             
5 Upa-box consensus sequence revealed in 2009: TATATAAACCTN2CCCTCT (Kay et al., 2009) 
6 EMSA is used for detection of protien-DNA interactions. Labeled DNA is loaded to parallel lines in 
agarose gel with a tested protein and alone. If a protein interacts with tested DNA sequence, mobility of 
DNA fragment is lower and specific band appears. 
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2.4 Mostly deciphered TALE-DNA binding code 

Two co-published studies finally solved the 20 years lasting mystery of the TAL effector 

mediated host and target gene specificity (Boch et al., 2009; Moscou and Bogdanove, 2009). The 

discovery capitalized several preceding observations: 

 Specific activity of particular TAL effector is determined by the number and order of nearly 

identical 34-bp tandem repeats within its central DNA-binding domain.  

 The Inter-repeat variability is limited mainly to amino acid residues in position 12 and 13 

within each repeat, therefore called repeat-variable diresidue (RVD)(Figure 8).  

 Structural predictions localize RVDs to surface loops exposed to the solvent and thus also to 

putative interactions with DNA target (Schornack et al., 2006). 

 AvrHah1 from X. gardneri, which is quite dissimilar from AvrBs3, also activates pepper Bs3 

resistance gene. AvrBs3 and AvrHah1 have almost same order of their RVDs (Schornack et al., 

2008). 

 The length of bound promoter sequences generally matches to the number of repeats (Kay et 

al., 2009; Romer et al., 2009).  

This led both research groups to the same 

conclusion that one repeat contacts one 

specific DNA base pair via the RVD. 

Repeats were grouped to separate types 

according to their RVDs. Both groups 

reported a simple cipher, where repeat 

type HD, NG/HG/IG, and NI recognize almost exclusively Cytosine, Thymine, and Adenine, 

respectively; whereas NN, or N* are more degenerated and select for G/A, or C/T, respectively7 

(Figure 2). Initially, the binding code was deduced from projection of AvrBs3-RVDs order (from N- 

to C-terminus) to DNA sequence of consensus upa-box (from 5’-P to 3’-OH orientation of the sense 

strand). (Figure 4) 

Promoter analysis of susceptibility Os8N3 and resistance Xa27 rice genes (targets of PthXo1 

and AvrXa27 effectors, respectively) provided indirect evidence that the code is correct. Only one 

site in each promoter contained a nucleotide polymorphism distinguishing activated and non-

activated alleles of these genes (Moscou and Bogdanove, 2009). Similarly, Boch’s group supported 

the code by manual identification of matching target boxes in promoters of previously known alleles 

                                                             
7 Amino acids: A-alanine, D-aspartate, G-glycine, H-histidine, I-isoleucine, K-lysine, N-asparagine, S-
serine. Bases: A-adenine, C-cytosine, G-guanine, T-thymine. An asterisk indicates the missing repeat 
variable residue on position 13 within repeat. 

Figure 4 
RVDs of 17.5 AvrBs3 repeats aligned to the upa-box 
consensus. Adopted from Boch et al., 2009 
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Figure 5 
The TALE DNA-binding code in frequency 
representation 
Top: The data from Moscou and Bogdanove 
(2009) are shown in the original 
representation. Bottom: The data from Boch 
and coworkers (2009) have been reordered 
and are redisplayed to reflect frequencies. The 
number of cases for each RVD is indicated 
below the logo.(Adopted from Bochtler, 2012 
including legend)  

activated by corresponding effectors. Their resulting code is shown in Figure 5 (Boch et al., 2009). 

Furthermore, a thymine was identified to precede each TAL-box by both groups consistently (Figure 

4).  

The code was validated both by 

bioinformatics and biochemical approaches. 

First,  60,000 rice promoters were screened for the 

best matches with five X. oryzae TALEs and  cognate 

TAL-boxes were identified in promoters of 

experimentally validated target genes. In silico 

predicted TAL-boxes for another 40 X. oryzae TALEs 

fitted with several downstream genes activated in 

infected plants (Moscou and Bogdanove, 2009). 

The code was reconstructed from frequencies of 

nucleotide-RVD associations within valid effector-

TAL-box pairs gained in both analyses (Figure 5). 

Second, Boch and colleagues addressed the code 

biochemically using GUS (β-glucuronidase) reporter. Their work provides a further insight into the 

code and promoter-binding requirements (Boch et al., 2009): 

1. 35-amino acids repeats do not differ from 34-amino acids repeats in their function 

2. Thymine preceding each TALE binding site is indispensable for gene activation and 

therefore likely for TALE binding. 

3. The minimal number of 6½ repeats within CRD is needed for gene activation, but 10½  or 

more repeats drive strong reporter gene activation. 

4. The code can be employed for prediction of target genes by analysis of host promoters. 

Boch et al. also generated seven artificial TALEs with randomly assembled repeats within their CRD; 

sequenced these effectors and synthetized respective target boxes according to RVDs order. All 

seven artificial TALEs were successfully tested for specific induction of GUS reporter from a minimal 

Bs4 promoter containing a cognate target boxes. This experiment demonstrated possibility of the 

code-exploitation for targeting almost any DNA with artificial TALE-DBDs (Boch et al., 2009). 

Shortly after the code had been solved, the first chimeric nucleases (denominated TALENs) 

composed of a FokI cleavage domain and a custom TALE-DBD were created and their activity in a 

yeast reporter assay was shown (Christian et al., 2010). The demand for highly specific and efficient 

nucleases drives further examination of the TALE binding-code and structure.  
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Figure 7 
Sequence and structure of representative 
repeat from PthXo1 - Each repeat consists of 
two alpha-helices (represented by green and 
light-blue bar above repeat amino acid 
sequence) connected with short RVD-
containing loop. RVD (HD) is shown in red.  
Adapted from Mak et al. (2012) 
 

Figure 6     
PthXo1 DNA binding region in 
complex with its target site 
Adopted from Mak et al. (2012) 
“A protein construct 
corresponding to residues 127 
to 1149 of the 23.5 repeat TAL 
effector PthXo1 from the rice 
pathogen Xanthomonas oryzae 
was crystallized bound to a 36–
base pair DNA duplex 
containing the target sequence 
found in the rice genome.” 
Structure resolution: 3.0 Å. 

3 Structure and specificity of the TALE DNA-binding domain 

Recently published crystallographic studies of 

two TALEs dHax3 (containing 11.5 repeats) 

and PthXo1 (23.5 repeats) bound to their 

target sequences unraveled both 

superstructure of TALE DBD, which forms 

right-handed superhelical assembly wrapped 

around unaltered B-form DNA duplex (Figure 

6), and also fine details explaining specific 

repeat-nucleotide interactions. (Deng et al., 

2012a; Mak et al., 2012) 

3.1 Structure of individual repeat modules 

TALE repeats usually have 34 amino acids in length and are highly conserved (Boch and 

Bonas, 2010). Figure 8 shows the common polymorphism identified in repeats. They are composed 

of two α-helices linked by short “RVD loop”. First 

short α-helix (denoted “a”) spans residues 3 to 11 

and second longer bended one spans residues 15 to 

33 (“b”). Helices interact with each by nonpolar 

aliphatic aa side chains of mainly Ale, Leu, Ile, and Val 

shown in Figure 7. The bending caused by Pro27 

(marked with an arrow) likely allows horizontal shift 

necessary for the accommodation of consequent 

repeats around the DNA duplex (reviewed in Mak et 

al., 2013).  

The RVD loop of each TAL repeat interposes 

into the major groove of the DNA duplex (Figure 6) 

and contacts a single nucleotide in the sense strand 

with the second variable residue at position 13 

(RVR2)(Deng et al., 2012a; Mak et al., 2012). 

Surprisingly, RVR1 at position 12 (mainly His or Asn) 

points away from the major groove; do not contribute 

to specific base recognition, but rather stabilizes the 
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position of the RVD loop. Lysines16 and 

Glutamines17 from each repeat form together a 

stripe of positive surface potential along the 

CRD inner ridge, which mediates non-specific 

interactions with negatively charged DNA 

backbone phosphates via hydrogen bonds (H-

bonds) and electrostatic interactions (Deng et 

al., 2012a; Mak et al., 2012). 

3.2 TALE repeats form a novel 
structural motif 

Recent crystallographic data show that 

TALEs adopts a unique structural motif. The characteristic angle between inter-repeat helices 

distinguishes the TALE repeat domain from other known α-helical repeat domains (Deng et al., 

2012a). Moreover, helices within each repeat and in between repeats pack together in left-handed 

manner (Figure 9-A). BLAST search with TALE-DBD sequence revealed a similarity to 

pentatricopeptid repeat motif (PPR) containing proteins (Murakami et al., 2010), which binds single 

stranded RNA in plant chloroplasts and mitochondria (Filipovska and Rackham, 2012). 

In a DNA-free state, dHax3 repeats stack together and form right-handed superhelical 

assembly (solenoid) with approximately 60 Å pitch per turn. One turn is completed by 11 repeats, 

where 11 ‘a’ helices (green in Figure 10-right) constitute the inner layer and  11 ‘b’ helices (blue) 

form the outer layer (Deng et al., 2012a). Structure of a DNA-free repeat domain of another artificial 

effector dTale2 is consistent with dHax3 (Gao et al., 2012). 

In the DNA-bound state, the superhelical repeat assembly is substantially compressed from 

60 Å to 35 Å, still maintaining 11 TAL repeats per the complete helical turn (Deng et al., 2012a; Mak 

et al., 2012). When DNA binding is in progress, subtle conformational changes accumulate mainly 

over the last 12 C-terminal residues in each repeat, leading to substantial position shift of Cα atom 

of Gly34 localized in repeat-connecting loop (Figure 9-B). Consequently, such differences 

proportionally increase with a growing number of repeats and the domain accommodates to the 

target DNA duplex with a typical 35 Å B-form helical pitch (Deng et al., 2012a). Small-angle X-ray 

scattering analysis showed that PthA2 from Xac undergoes compactation upon interacting with 

dsDNA containing PthA2-box fragment showing that this conformational change occurs also in vitro 

and not only in TALE crystal structures (Murakami et al., 2010).  

Figure 8    
“An aa consensus sequence logo and the aa 
polymorphisms (in decreasing frequency from top to 
bottom) of 2023 TAL repeats from 113 TAL effectors 
are projected onto a typical 34-aa repeat” 
Adopted from Boch and Bonas (2010) 
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3.3 Structural and biochemical data examining the TAL binding code 

Crystal structures of both dHax3 and PthXo1 provided together functional explanation for 

most of natural RVD-nucleotide combinations (Figure 11). Different interactions are responsible for 

recognition of different bases. This knowledge is important for designing custom TALEs. Direct 

H-bonds are involved in base selectivity for C, G/A, and A/G/C mediated by HD, NN, and NS repeats, 

respectively. Weaker van der Waals contacts are responsible for base selectivity of NG (HG) and NI 

for T and A (Deng et al., 2012a; Mak et al., 2012). TAL binding specificity is determined not only by 

possible contacts with nucleotide bases but also by steric exclusion of interactions with alternative 

bases (reviewed in Bochtler, 2012).  

Experiments showed different specificity and binding affinity of individual repeats to their 

bases in reporter activation assays and in EMS assays in vitro, respectively. NI, HD, NH, NK and NG 

are highly specific, while repeats NN, NS, has degenerated specificity (Cong et al., 2012; Meckler et 

al., 2013; Streubel et al., 2012). NG, HD, and NN binds cognate bases with ‘high’, NH with 

’intermediate’, NI, and NK with ‘weak’ affinity, while N* does not make any specific contacts with 

bases and does not contribute to overall TALE binding affinity (Mak et al., 2012; Meckler et al., 2013; 

Miller et al., 2011; Streubel et al., 2012). 

Specific interaction between HD and C is mediated by H-bond formed between carboxylate 

oxygen atom of Asp13 and C N4 atom (Deng et al., 2012a; Mak et al., 2012). HD exhibits high binding 

affinity to C and the strongest and highly specific contribution to reporter activation (Cong et al., 

Figure 9 
Structural comparison of DNA-free and DNA-
bound repeat domain in dHax3 
(A) Two structures are superimposed using first 23 
aa from repeat number 2. Superhelical pitch is 
reduced from 60 Å to 35 Å per turn in DNA-bound 
state (green). (B) Structural variations in the C-
terminal part of helix b are highlighted in orange 
circle. Adopted from Deng et al. (2012) 

Figure 10    
Structure of dHax3 in DNA-free state 
Crystalized CRD of dHax3 (residues 270 to 703) 
contains 11.5 repeats. Structure was refined to 
resolution of 2.4 Å. Well defined residues 303 to 675 
are shown here. Adapted from Deng et al. (2012) 
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Figure 11 
Structural basis of the TALE binding code 
Atoms are colored conventionally according to their types. Hydrogen bonds 
are shown as green dotted lines. Structurally documented interactions - light 
green background, others were modeled. Brown flashes indicate steric 
clashes. Left part adapted from Bochtler (2012). Structures on the right are 
adapted from the review Mak et al. (2013). Frequency representation of the 
TALE code in boxes on the right comes originally from Moscou and 
Bogdanove (2009) Green borders marks preferred RVD-base interactions. 

 

 

 

 

2012; Meckler et al., 2013; Streubel et al., 2012). This repeat type should be definitely used at least 

four times and properly spaced in designed domains (Streubel et al., 2012). 

NN repeat confer purine (G, A) base recognition through H-bond between N-carboxamid of 

Asn13 and N7 atom of opposing base (Mak et al., 2012). NN repeat should recognize A and G equally 

according to the predicted code (Moscou and Bogdanove, 2009), but this repeat has clear preference 

for G (Cong et al., 2012; Meckler et al., 2013; Miller et al., 2011; Streubel et al., 2012) However, 

potential ‘off-target’ recognition of A should be considered (Meckler et al., 2013). 
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3.3.1 Recognition of methylated DNA 

Among frequent RVRs2, only glycine allows the accommodation of a 5-methyl group on 

pyrimidine rings (Deng et al., 2012a; Mak et al., 2012). The use of NG repeat enables discrimination 

of targets with intact or methylated CpG island with custom TALEs (Deng et al., 2012b). Structural 

data shows that N* RVD loop don’t interpose so deep into DNA major groove retaining enough space 

for accommodation of any nucleotide base (Mak et al., 2012). This repeat was also reported to be 

usable for recognition of 5-methylcytosine (Valton et al., 2012).  

3.3.2 Guanine targeting with TALE repeats 

While NI, HD, and NG mediated base-recognition is quite specific, NN repeat selects both for G 

and A and binds them with high affinity (Meckler et al., 2013). Therefore a search for more specific 

G targeting repeat is currently in focus. To my knowledge, NK and NH were shown to recognize 

guanine exclusively (Cong et al., 2012; Morbitzer et al., 2010; Streubel et al., 2012). NH repeat 

recognize guanine with ‘intermediate’ affinity, while NK repeat was classified as ‘weak’ and also 

performed poorly in reporter assays compared to both NN and NH repeats (Cong et al., 2012; Huang 

et al., 2011; Christian et al., 2012).  The binding of both repeats lack structural evidence, but 

structure-based models are available. Lys has long, flexible side chain capable to adopt 

conformation, in which H-bond with G might be formed. This might explain NK-selectivity for G, 

because A has no H-bond acceptor (Bochtler, 2012; Christian et al., 2012). Modeled interaction for 

NH repeat suggests G binding through stacking interactions between histidine and purine rings. 

Model based free energy calculation for NH-G interaction is slightly negative, while NK-G equals to 

zero, what might explain better binding and activation performance of NH repeat (Cong et al., 2012). 

However, structural data are needed to confirm these hypotheses. NH repeat seems to be the best 

choise for G targeting especially if combined with a few strong RVDs (NG, NN and HD) 

3.4 N-terminal region - nucleation site for DNA-binding 

While the TALE central repeat domain (CRD) determines specificity solely, minimal DNA-

binding domain is further extended with approximately 150 aa in N-terminal region (NTR) 

immediately preceding first canonical repeat (Gao et al., 2012; Mussolino et al., 2011; Zhang et al., 

2011). This region is highly conserved among TALEs and substantially contributes to overall basic 

charge of TALE proteins with several tryptophan and arginine residues (Gao et al., 2012; Mak et al., 

2012). NTR is also indispensable for DNA binding (Gao et al., 2012) and full activity of TALE fusion 

proteins. This fact is reflected in a majority of used scaffolds for TALENs and TALE-TFs (Miller et al., 

2011; Mussolino et al., 2011; Sun et al., 2012; Zhang et al., 2011).  
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3.4.1 Cryptic repeats confer non-specific DNA-binding 

The crystal structure of dTale2 protein with extended 148 

aa long NTR revealed the presence of four cryptic repeats, which 

adopt a structure similar to helix-loop-helix fold of canonical 

repeats (Gao et al., 2012) (Figure 12 - top). Despite the similar 

fold, these cryptic repeats differ in their amino acid composition 

resulting in two patches of positive electrostatic potential located 

on a DNA-contacting surface ridge. Mutation analysis revealed 

that positively charged aa exposed to DNA are responsible for 

NTR-DNA interactions (Figure 12 - bottom). NTR alone binds to 

DNA in sequence-independent manner with a slightly lower 

affinity to T-deficient sequences. Surprisingly, separate dTale2 

CRD did not bind to its target sequence, while dTale2 protein 

containing both NTR and CRD bound to target DNA with   6-times 

higher affinity than NTR alone, pointing out to a general binding 

mechanism of TALEs. 

3.4.2 Model for TALE-DNA binding 

According to the model, NTR serves as a nucleation site for DNA-binding and allows TALE to 

rapidly slide along (or associate and dissociate with) host genome to find a target sequence. CRD 

repeats sequentially probe opposing bases during each TALE-DNA encounter until cognate 

sequence is found. When ‘annealing’ is successful, repeats tightly wrap around DNA and interaction 

is stabilized, thus, activation domain may interact with transcription machinery or dimerize in case 

of FokI cleavage domain in TALENs. (Gao et al., 2012; Mak et al., 2013). Indeed, further experiments 

are needed to confirm this scenario.  

3.4.3 Importance of invariant 5’-thymine base 

The invariant thymine base at the position 0 of the target promoter box (Figure 4) is present 

in all known natural TALE targets (Moscou and Bogdanove, 2009) and is necessary for full target 

gene activation (Boch et al., 2009; Römer et al., 2010) and TALEN activity (Mahfouz et al., 2011; 

Mussolino et al., 2011). Recently, the indole ring of tryptophan residue 232 (localized in the loop of 

repeat -1) was shown to contact methyl group of 5’-T0 providing structural explanation for the 5’-T0 

preference (Mak et al., 2012). However, some authors reported TALE fusion proteins functioning on 

5’-T0 deficient target sites (Meckler et al., 2013; Miller et al., 2011; Sun et al., 2012). Meckler and 

Figure 12 
From Gao et al., (2012) 
top: superposition of four 
cryptic repeats and first four 
canonical repeats. 
bottom: several basic amino 
acids form two patches of 
positive  electrostatic potential 
(blue) on NTR surface 
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Figure 13 
RVD and nucleotide frequency in termini of 
20 natural TALE-target pairs (Cermak et al., 
2011). 

coworkers (2013) showed that importance of 5’-T0 differ for ‘wild-type’ AvrBs3 and dAvrBs3 

redesigned with use of predicted code and standard RVDs8. Their results suggest that designed 

TALEs created with ‘standard RVDs’ bind DNA with higher affinity and may not require invariant 5’-

T0. Despite that, it is worth to design artificial TALEs with 5’-T, as this rule is natural, repeatedly 

proven and not seriously constraining target site selection in eukaryotic genomes.  

3.5 C-terminal region serves as a linker between TALE-DBD and effector 
domains. 

C-terminal region downstream of CRD is not critical for the activity of TALE fusions proteins 

and mostly serves as a linker region in TALE fusion proteins. The highest TALEN activity and the 

most precise cleavage over narrow spacer (12-15 bp) was achieved with scaffolds where only a very 

short (17-28 aa) linker was used for  CRD-FokI fusion (Christian et al., 2012; Miller et al., 2011; 

Mussolino et al., 2011). In contrast, TALE fusion proteins with VP16 or VP64 activation domain 

require minimal linker measuring ~65 aa in length (Miller et al., 2011; Zhang et al., 2011).  

This discrepancy might reflect different steric requirements of particular effector domains. For 

example, cleavage domain of FokI nuclease adopts well-defined structural motif (Li et al., 1992; Wah 

et al., 1997). TALENs cleave DNA upon dimerization of their FokI domain (Bitinaite et al., 1998) in a 

narrow predefined spacer region; therefore, the minimal linker length is beneficial ensuring 

necessary proximity of cleavage domains. On the other hand, VP16 activation domain (AD) interacts 

with several proteins of basal transcription machinery and adopts α-helical conformation only upon 

binding to partner proteins (reviewed in Hirai, 2010). As general transcription factors are localized 

in different promoter positions with respect to selected TALE binding site, the longer linker 

connecting CRD and AD provides desired flexibility needed for interactions in various distances.  

The TALENs cleavage position is not precisely 

localized either when a very short linker is used 

between CRD and FokI domain. It might be caused 

partly by weaker interactions with target DNA in 

C-terminal part of the repeat domain (Gao et al., 

2012; Meckler et al., 2013). Therefore, strong RVDs 

could be used in the C-terminal portion of CRD to 

stabilize TALE-DNA interaction more tightly. This is 

further supported by the analysis of natural TAL 

                                                             
8 Repeat types included in available TALE assembly kits are referred here as ‚standard RVDs‘. HD, NG, 

NI, NN and NK RVDs are standard. All other RVDs are referred as ‘non-standard’. 



 
17 

 

effectors-target, which shows preference for strong RVDs (HD, NG) in the C-terminus (Figure 13). 

Although substantial progress in understanding of TALE-DNA interaction was done, some 

portion of repeat-nucleotide interactions as well as possible inter-repeat context effects remain to 

be explained in future. 

4 Employment of TALE-DBD for a gene editing and regulation 

Properties of the novel TALE-DBD described in the previous chapter predetermine it for an 

employment in a research, biotechnology and gene-therapy. High specificity, reliable activity and 

low cytotoxicity are desired features of an ideal DBD. TALE fusion proteins, if they are properly 

designed, meet these demands. I will introduce available methods for assembly of TALE-CRD and 

summarize rules for rational design and target selection in the following section. Many examples of 

TALE-DBD adaptations for gene editing and activation, described later in this chapter, demonstrate 

the immense potential of TALE technology. 

4.1 Design and assembly of TALE repeat domain 

Several useful rules for rational design of TALE-CRD (and inherently for the selection of target 

site in DNA) could be deduced from known properties of particular repeat types and from TALE 

DNA-binding mode described in detail in the previous chapter. Here, I summarize rules to follow in 

the design  of TALE-CRD according to findings of particularly Boch et al. (2009); Cermak et al. 

(2011); Gao et al. (2012); Meckler et al. (2013); Miller et al. (2011); Moscou and Bogdanove (2009); 

Mussolino et al. (2011); Reyon et al. (2012); and Streubel et al. (2012). 

1. Select target sites with 5’-T0 base preceding the CRD-specified sequence. 

2. Use at least 14 repeats for each TALENs and 18 repeats for TALE-TFs to ensure high 

specificity and low cytotoxicity  

3. Include at least four equally positioned strong RVDs (e.g., HD > C, NG > T or NN > G/A), 

especially at the C-terminus of CRD 

4. Avoid stretches of weak RVDs longer than 5 bases (NI > A, N* > all, NK > G), particularly at 

both ends of CRD 

5. Use the NH repeat for targeting G instead of NN if discrimination of between A and G is 

necessary 

6. Use NI for specific recognition of A along with  sufficiently strong RVDs 

7. Use NG for specific recognition of methylated DNA (5-methylcytosine) rather than N* 

8. Always check with BLAST search, that your selected target site is unique. 
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Figure 14 
TALE Golden Gate assembly – Up to 10 repeat modules are assembled in a directed fashion in a single reaction 
with type IIs BsaI restrictase and T4 ligase. TALE-CRD assembly with GGC has usually two rounds, because 
number of repeat modules is usually between 14 and 20. Two array plasmids (one with 10 repeats, second 
having from 2 to 10 repeats), plasmid containing last half-repeat and custom backbone plasmid (containing a 
desired TALE architecture and an effector domain) are cleaved with another type IIs Esp3I restrictase and 
assembled together into a final TALE fusion protein in a second GGC reaction. Adopted from Cermak et al., 2011 

9. Use validated TALE scaffold, which includes whole NTR (  150 aa) and suitable C-terminal 

linker to the effector domain (  20 aa for FokI nuclease, and at least 65 aa long linker for 

VP16/VP64 activation domain). Miller’s, Mussolino’s and Zhang’s architectures are reliable 

and were used repetitively in published papers. 

10. Always prepare more than one TALE fusion protein for each selected gene to ensure 

functional targeting.  

Since the assembly of designed TALE-DBDs from nearly identical repeats was challenging for 

classical cloning techniques, at least four different platforms have emerged during the last two 

years, which allow for the efficient construction of expression plasmids containing a TALE scaffold 

with a designed DBD within one week (reviewed in Joung and Sander, 2013). Recently, the newest 

platform based on ligation-independent cloning was reported by Schmid-Burgk et al. (2012). 

Several high throughput methods based on solid-phase such as FLASH (Reyon et al., 2012) and ICA 

(Briggs et al., 2012) are available for a rapid automatized robotic assembly. Custom TALE nucleases 

are also commercially available from Live Technologies, Cellectis Bioreasearch, and System 

Biosciences.  

Among these platforms, the ‘Golden Gate cloning’ (GGC) is widely used for routine laboratory 

assembly of designed TALEs. This method was developed by Engler and coworkers (2008, 2009) for 

highly efficient (90%) assembly of multiple DNA fragments in a defined order in a single reaction. 

This is enabled by type IIs restriction endonucleases, which cleave outside their recognition site and 

generate 4 nt overhangs. The digestion of multiple module plasmids removes the enzyme 

recognition site and generates predesigned complementary overhangs, which allow ligation in a 

precisely defined order (Figure 14). ‘Golden gate cloning’ was adopted for the assembly of TALE 
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repeats simultaneously by several independent groups (Cermak et al., 2011; Geissler et al., 2011; Li 

et al., 2011b; Morbitzer et al., 2011; Weber et al., 2011; Zhang et al., 2011). Three GGC toolkits are 

available from public plasmid database www.addgene.com and other could be obtained from 

authors.  

4.2 Gene editing with TALE nucleases 

Organisms repair double strand breaks (DSBs) through two major pathways. The first one is 

non-homologous end joining (NHEJ); an error-prone process, which often leads to small insertions 

or deletions (indels) at the break site, and thus can cause a frameshift mutation in the coding 

sequence of targeted gene.  The second repair mechanism is a homologous recombination (HR), 

predominantly an error-free process, which can use the sister chromatid or any other homologous 

template to repair the damage (DSB repair mechanisms is reviewed in detail in Chapman et al., 

2012). 

Traditionally, the gene targeting (reviewed in Capecchi, 2005), a method relying on DSB-

independent HR, has been used to insert, replace (knock-in) or disrupt (knock-out) gene sequences 

in a predetermined locus. Low frequency of HR limits this approach to just a few model organisms 

(Mus musculus, C. elegans, Drosophila and S. cerevisiae) and cell types (typically embryonic stem 

cells). Even in murine and yeast cells, the efficiency of HR is very low; only one of 104 to 107 cells 

exchange the donor sequence with the target one in the genome (from review of Carroll, 2011). 

Complicated selection procedures are therefore indispensable to gain positive cells. In other model 

organisms (e.g. Xenopus, Danio rerio or A. thaliana) either absence of ES cells culture techniques or 

low frequency of the HR prevent employment of the gene targeting (summarized in Hardy et al., 

2010).  

4.2.1 A Summit of targeted endonucleases 

The observation that recombination events begin naturally with DSBs inspired researchers to 

employ nucleases for gene targeting. This nuclease-mediated approach is referred to as gene 

editing. First experiments with homing endonucleases (or meganucleases) such as I-SceI showed 

that induced DSBs rapidly increase local frequency of recombination with artificial constructs 

flanked by homological arms. However, it was challenging to acquire new recognition specificity of 

these nucleases (reviewed in Carroll, 2011 and Urnov et al., 2010).  

Shortly afterwards, a new group of synthetic Zinc finger nucleases (ZFN) has emerged.  They 

were created by the linkage of FokI nuclease domain (Li et al., 1992) to Cis2His2 zinc-finger array, 

which provided desired sequence specificity (Kim and Chandrasegaran, 1994). FokI nuclease 
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domain  requires dimerization  for cleavage (Bitinaite et al., 1998); therefore, two zinc-finger arrays, 

each joined with FokI monomer, are  targeted to neighboring sites separated with short spacer, 

where the dimerization occurs. Usually three or four fingers are used in array, each targeting three 

nucleotides (Pavletich and Pabo, 1991). However, FokI nuclease may also homodimerize outside of 

a target sequence in cases when just one finger array binds; thus, creating undesired off-target 

DSBs. Further specificity improvements were achieved by adding more fingers to arrays and also by 

creating heterodimeric FokI nuclease domain (Doyon, 2011; Szczepek, 2007).  

ZFN technology yielded substantial achievements in a variety of model organisms and cell 

types, which were previously inaccessible by the classical gene targeting methods. Not only simple 

NHEJ-mediated point mutations, indels, and HR-mediated gene replacements, but also larger 

chromosomal alteration such as inversions, translocations and duplications were introduced using 

ZFNs. Several clinical trials using ZFN for human gene-therapy have also been performed (reviewed 

in Carroll, 2011; Perez-Pinera et al., 2012; Urnov et al., 2010), including ZFNs designed against HIV 

co-receptors CCR5 (Perez et al., 2008) and CXCR4 (Yuan, 2012). In contrast to gene targeting, gene 

editing with custom nucleases achieves high mutation frequencies; therefore selectable markers are 

no more needed.   

4.2.2 TALE nucleases 

Principles established during more than a decade of ZFNs research were adopted relatively 

recently by the new TALE nuclease (TALENs) technology. The deciphering of the TALE DNA-binding 

code by Boch and Bogdanove in 2009 opened the door for an exploitation of custom TALE-DBDs in 

fusion proteins with possibly the same utility as zinc finger fusion proteins. The same FokI nuclease 

domain and its heterodimeric variants are used also in TALENs (Figure 15); similarly, the design of 

two adjacent target sites separated with a short spacer is kept (Joung and Sander, 2013).  

The first chimeric TALEN fused to the homodimeric FokI was prepared in 2010 by Christian 

and coworkers. Shortly after that, plenty of publications appeared showing successful TALEN-

mediated alterations both in reporter systems (Christian et al., 2010; Li et al., 2011b; Mahfouz et al., 

2011) and subsequently also on endogenous targets. Initially, extensive effort was exerted to define 

minimal TALE-DBD, which would enable effective cleavage within defined spacers (Miller et al., 

2011; Mussolino et al., 2011). Verified scaffolds ensuring efficient mutagenesis with truncated N- 

and C-terminal regions were described in the previous chapter. Efficiency varies usually from 10% 

to over 50% with an average around 22% cells mutated (Chen et al., 2013; Reyon et al., 2012).  
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Figure 15 
CCR5 specific TALEN pair 
Target sites are highlighted by gray shaded (TALENs) or black (ZFN) boxes. Sequences of CCR5 and 
CCR2 off-target are aligned. Asterisks mark polymorphism between these two genes. Repeats within 
each TALEN DBD are colored according to the binding code shown on the right. Hemaglutinin (HA) 
purification tag and nuclear localization signal (NLS) are located at the N-terminus. FokI cleavage 
domain (red) is fused C-terminally to TALE array with 47 aa linker.  Four cryptic repeats are shown; 
repeat -1 recognizes 5’-T0. Image was prepared according to the data of Mussolino et al., 2011 

TALEN technology was successfully used for targeted genome editing in yeasts (Li et al., 

2011c), insects including Drosophila melanogaster (Liu, 2012; Ma, 2012; Watanabe, 2012), fishes 

including Danio rerio (Ansai et al., 2013; Cade et al., 2012; Huang et al., 2011; Moore et al., 2012), 

nematodes (Wood et al., 2011), Xenopus (Ishibashi et al., 2012; Lei et al., 2012; Suzuki et al., 2013), 

mouse (Qiu et al., 2013; Sung et al., 2013; Wefers et al., 2013), rat (Tesson et al., 2011; Tong et al., 

2012), and livestock including pig and cow (Carlson, 2012). Plants are also accessible for TALEN-

mediated gene editing including not only model organisms such as Arabidopsis (Cermak et al., 2011; 

Qiu et al., 2013), but also crop plants such as rice (Li et al., 2012; Shan et al., 2013) and tobacco 

(Zhang et al., 2013).  

Most of early works relied on NHEJ mediated mutagenesis. Recently, instances of DSB-driven 

HR with dsDNA donor templates were reported for example in human pluripotent and embryonic 

kidney cells (Hockemeyer et al., 2011; Miller et al., 2011) and in zebrafish zygotes (Zu et al., 2013). 

Single strand oligonucleotides with around 50 nt long homological arms were used as a donor 

template for precise modifications in zebrafish and mouse models (Bedell et al., 2012; Wefers et al., 

2013). Introduction of two DSBs simultaneously allows for a more complex genome alterations 

(Carlson, 2012; Ma, 2012) .  

Widely applied and generally successful method is the microinjection of in vitro synthetized 

mRNA of custom TALEN pair into zygotes (Bedell et al., 2012; Carlson, 2012; Tesson et al., 2011; 

Wefers et al., 2013; Zu et al., 2013). This method allows for fast and effective preparation of knock-

out mammalian models with no need for expensive, long lasting and laborious embryonic stem cell 

culture and selection. Heterozygous mutant mice were prepared within 18 weeks (Wefers et al., 
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2013). Biallelic mutations were reported, which may dramatically reduce time necessary for 

preparation of homozygous animals (Bedell et al., 2012; Carlson, 2012; Ishibashi et al., 2012).  

TALENs are highly specific and can distinguish the target site from off-target one, which 

differs only in two mismatched bases (Cade et al., 2012; Mussolino et al., 2011). Mussolino and 

coworkers (2011) compared cytotoxicity and specificity of CCR5-specific TALEN pair with 

well-established ZFN pair (Figure 15). Off-target site in highly homologous CCR2 gene differed from 

CCR5 only in 2 bases including 5’-T0. The TALEN pair induced only 1% mutations in the CCR2 

off-target, while the ZFN pair induced 11%. Moreover, two-fold higher cell survival was reported for 

the TALEN compared to the ZFN pair. Many other results suggest that TALENs are more mutagenic 

and less cytotoxic than ZFN (Garg et al., 2012; Huang et al., 2011; Chen et al., 2013; Moore et al., 

2012; Sun et al., 2012). Reyon’s group observed that cytotoxicity decreases with increasing number 

of TALE repeats in an array. Therefore they postulated that the only limitations for targeting with 

TALENs are more than 14.5 repeats in an array and invariant T preceding the RVD-specified box. 

Based on these data, they mathematically estimated that each base pair in a random genome can be 

targeted by at least three TALEN pairs (Reyon et al., 2012). This makes TALENs a tool with an 

unprecedented flexibility.  

Further improvements of TALEN specificity and mutagenicity include adoption of 

heterodimeric FokI architecture (Cade et al., 2012) and novel cleavage domains such as TevI, which 

may work either as a monomeric nuclease (fused to N-terminus of TALE array over TevI native 

linker) or as a nicking enzyme (fused to C-terminus of TALE array over shorter artificial linker), 

cleaving only one DNA strand (Beurdeley et al., 2013). TevI cleavage domain retains degenerated 

site specificity (CN NN GN). It, indeed, limits possible target site selection, but substantially reduces 

TALEN size having only   200 aa. Targeted nickases could be used to promote gene correction via HR 

in selected loci, with reduced cytotoxicity, because no off-target DSBs are created (Kim et al., 2012; 

Ramirez et al., 2012). Recently, enhanced gene disruption in rat zygotes was achieved  by co-

injection of engineered TALENs with Exonuclease 1, which degrades one DNA strand in DSB-site 

and therefore promotes alternative mutagenic correction pathway (Mashimo et al., 2013). Enhanced 

mutagenicity can be achieved by adoption of  the more effective FokI nuclease such as Sharkey (Guo 

et al., 2010) or by transient hypothermia (Miller et al., 2011). 

4.2.3 TALENs in the human gene-therapy 

Promising TALEN technology will be used for human gene-therapy similarly to ZFN 

technology. Ex vivo treatment of patient cells with designed nucleases and subsequent 

autotransplantation of validated cultured population would be likely the most frequent case. 
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Importantly, the efficient delivery of genes for a functional TALEN pair into human cells with 

adenoviral vectors was reported recently (Holkers et al., 2012). However, the majority of organs 

affected by genetic diseases is not amenable to ex vivo manipulation. Potential for in situ treatment 

with ZFNs delivered by adenovirus vector was shown in haemophilia mouse model. Co-delivered 

ZFN pair targeted to F9 gene together with a donor template successfully corrected genomic 

mutation in liver. Increased levels of Factor IX in circulation were sufficient to restore 

haemocoagulation  (Li et al., 2011a). This clearly demonstrates value of targeted nucleases for 

prospective gene therapy. 

 

It is not surprising that gene editing with TALENs was crowned as “Breakthrough of the Year” 

by Science in 2012 (Alberts, 2012). TALEN technology has superior mutagenic potential associated 

with lower cytotoxicity and higher target specificity compared to widely used ZFNs. Simple design 

and publicly available assembly toolkits allow for adoption of this technology by laboratories 

worldwide. Modular nature of TALE-DNA recognition, no significant inter-repeat context effects in 

contrast to zinc-fingers, and a possibility to target practically any sequence in genomes are another 

important features, which makes TALENs the first choice for targeted gene editing in all eukaryotes 

(reviewed in Bogdanove and Voytas, 2011; Joung and Sander, 2013; Mussolino and Cathomen, 

2012; Perez-Pinera et al., 2012).  

4.3 Gene regulators 

TALEs were used not only for gene editing, but also targeted endogenous gene regulation in 

form of artificial TALE transcription factors. The first study demonstrated activation of plant genes 

in Arabidopsis using native AvrBs3 scaffold with designed CRD matching their promoters (Morbitzer 

et al., 2010). Zhang and coworkers (2011) developed an artificial TALE activator using truncated 

scaffold fused to VP64 activation domain (tetrameric version of VP16 activation domain from 

Herpes simplex virus) and successfully induced expression of SOX2 and KLF4 in human cells, but 

failed to activate OCT4 and c-MYC genes. Similarly, two other groups used different TALE 

architectures for activation of human genes with VP16 domain (Geissler et al., 2011; Miller et al., 

2011).   

Activation of Oct4 gene was achieved later with TALE-VP16 activator in murine embryonic 

stem cells and derived neural stem cells (Bultmann et al., 2012). Authors clearly showed that 

methylation of target promoters impairs TALE activity and that specific activation of silenced genes 

is possible, when cells are co-treated with low concentration of histone deacetylases (valproic acid) 

and/or DNA methyltransferases (5-aza-2-deoxycytidine) inhibitors. This work also reported that 
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TALE-mediated gene activation most likely depends on the binding-site position in a target 

promoter and consequent interactions with basal transcription factors.  Possibility to overcome 

DNA methylation with use of NG and N* RVDs, which allow accommodation of 5’-methylcytosine,  

was reported recently (Deng et al., 2012b; Valton et al., 2012). A set of human genes including non-

coding microRNA cluster miR-302/367 was activated in a different study (Maeder et al., 2013). 

Moreover, authors observed that using multiple TALE-TFs targeting a single gene has a synergistic 

effect on target expression.  

Artificial transcription factors with strict target specificity are highly desired tools in synthetic 

and system biology, which investigates regulation circuits. Garg and coworkers (2012) developed 

computational approach to search unique (orthogonal) TALE binding sites in all human 2kb 

promoter regions. Furthermore, authors developed a TALE repressor by replacing VP64 AD with 

the KRAB repressor domain and showed efficient transcriptional repression of cognate mammalian 

genes. Other TALE repressors using different repressor domain were reported recently (Cong et al., 

2012; Mahfouz et al., 2012). Fusions with other effector domains may extent applications of the 

TALE technology.  

5 Conclusions 

TALEs are site-specific transcription factors acting as major virulence agents of 

phytopathogenic Xanthomonas bacteria. Their unique DNA-binding domain (DBD) can be 

redesigned easily to gain desired sequence-specificity; hence it has recently been adopted in 

biotechnology for targeted gene editing with TALE nucleases (TALENs) and for the regulation of 

gene expression with artificial TALE transcription factors. Double strand breaks introduced by 

site-specific nucleases enhance mutagenic rates in pre-selected loci via NHEJ and HR reparation 

pathways. This fact allowed for targeted genome modifications in virtually all organisms 

inaccessible by classical gene targeting methods. Simple design, fast and low cost assembly, high 

specificity combined with low cytotoxicity, and practically unlimited target site selection make 

TALE-DBDs the best option for DNA targeting available up to date. However, novel RNA-guided 

systems may bring even faster and easier targeted gene modifications in the near future. TALENs 

are nowadays widely used in research and biotechnology and promises also for prospective 

personalized gene-therapy. 
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