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Proteins that can be tailored to bind desired DNA sequences are key
tools for molecular biology. Previous studies suggested that DNA-
bindingspecificityof transcriptionactivator-likeeffectors (TALEs) from
the bacterial genusXanthomonas is defined by repeat-variable diresi-
dues (RVDs) of tandem-arranged 34/35-amino acid repeat units. We
have studied chimeras of two TALEs differing in RVDs and non-RVDs
and found that, in contrast to the critical contributions by RVDs, non-
RVDs had no major effect on the DNA-binding specificity of the chi-
meras. This finding suggests that one needs only to modify the RVDs
to generate designer TALEs (dTALEs) to activate transcription of user-
defined target genes. We used the scaffold of the TALE AvrBs3 and
changed its RVDs to match either the tomato Bs4, the Arabidopsis
EGL3, or theArabidopsis KNAT1 promoter. All three dTALEs transcrip-
tionallyactivated thedesiredpromoters inasequence-specificmanner
asmutationswithin the targeted DNA sequences abolished promoter
activation. This study is unique in showing that chromosomal loci can
be targeted specifically by dTALEs. We also engineered two AvrBs3
derivatives with four additional repeat units activating specifically
either the pepper Bs3 or UPA20 promoter. Because AvrBs3 activates
bothpromoters, ourdata showthat additionof repeatunits facilitates
TALE-specificity fine-tuning. Finally, we demonstrate that the RVD
NKmediates specific interactionwithGnucleotides that thus far could
not be targeted specifically by any known RVD type. In summary, our
data demonstrate that the TALE scaffold can be tailored to target
user-defined DNA sequences in whole genomes.
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The ability to achieve site-specific manipulation of genomes has
widespread implications for basic and applied research, and

much effort has been devoted to identify protein folds that can be
tailored to bind user-defined DNA sequences (1). Recent studies
uncovered that transcription activator-like effector proteins
(TALEs) from the plant pathogenic bacterial genus Xanthomonas
contain a unique type of DNA-binding domain (2, 3). TALEs are
modular proteins that are composed of (i) an N-terminal trans-
location signal, (ii) a central DNA binding domain, and (iii) a C-
terminal region containing nuclear localization signals and a tran-
scriptional activation domain (4, 5). The TALE DNA binding
domain is composed of a variable number of tandemly arranged,
imperfect 34/35 amino acid repeat units. Repeat unit polymor-
phisms are found predominantly at positions 12 and 13, referred to
as the repeat-variable diresidues (RVDs), but occur also within
non-RVD repeat unit positions (4, 5). Recent studies showed that
repeats with different RVDs recognize different DNA base pairs
and that consecutive RVDs in a TALE correspond directly to the
sequence of nucleotides in the binding site, one-to-one in a linear
and contiguous fashion. This TALE code explains the specificity of
TALEs and enables the prediction of corresponding DNA target
sequences (6–8).
Plant pathogenic xanthomonads inject TALEs into host cells via

a syringe-like type III secretion system to promote bacterial growth
or spread. Within the host cell, TALEs translocate to the nucleus,
bind via their DNA binding domain to corresponding UPT (Up-

regulated by TALE) boxes and activate downstream host genes.
The primary function of TALEs is to transcriptionally activate host-
susceptibility (S) genes that, by mostly unknown means, promote
growth or spread of the bacterial pathogen (4, 5). However, in the
course of plant-pathogen coevolution, some plants evolved disease
resistance (R) genes that mediate the perception of individual
TALEs. AvrBs3 from the pepper (Capsicum spec.) and tomato
(Solanum lycopersicum) pathogenic strain Xanthomonas campestris
pv. vesicatoria (Xcv) is one TALE for which corresponding plant S
andR genes have been studied. In the context of a susceptible plant
genotype, AvrBs3 has been shown to interact with a corresponding
UPTAvrBs3 box present in the promoter of the pepper transcription
factor UPA20 (2). Expression of the host S gene UPA20 induces
hypertrophy of mesophyll cells, which is believed to promote the
release of Xcv from infected leaves (2, 9). If the given pepper plant
contains the R gene Bs3, AvrBs3 triggers a programmed cell death,
referred to as the hypersensitive response (HR) (3, 10). Certain
pepper lines have an allele of Bs3 known as Bs3-E, which confers
resistance to strains carrying the AvrBs3 derivative AvrBs3Δrep16
that has a deletion of repeat units 11 to 14, compared with AvrBs3
(3, 10). AvrBs3 andAvrBs3Δrep16 interact specifically with distinct
UPT boxes in the Bs3 and Bs3-E promoters, respectively, and ac-
tivate transcription of the corresponding coding sequences, leading
to HR (10).
The Xcv TALE protein AvrBs4 is 97% identical to AvrBs3

(11), yet it does not trigger either the pepper Bs3 or the Bs3-E
gene because its distinct RVD composition does not support
interaction with these promoters (3). AvrBs4 does, however,
trigger an HR in the Capsicum pubescens accession PI 235047
that contains the matching R gene Bs4 (12). AvrBs4 is also rec-
ognized in tomato plants that contain the corresponding nucle-
otide binding site leucine-rich repeat type R protein Bs4 (13).
Importantly, the tomato R gene Bs4 is distinct from all other
known plant R genes that mediate recognition of TALEs because
it is not transcriptionally activated by matching TALEs (14).
Furthermore, the tomato Bs4 gene is currently the only TALE-
specific R gene that mediates recognition of several TALEs with
distinct RVD composition (14). For clarity, we refer in this ar-
ticle to the above-described R genes as Bs4S (S. lycopersicum)
and Bs4C (C. pubescens).
Previously, it was shown that the TALE code could be used to

predict DNA target sequences of Xanthomonas wild-type
TALEs, as well as in vitro-assembled TALEs with arbitrary RVD
composition (6–8). In the present study we intended to use the
TALE code in a reverse manner to generate designer TALES
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(dTALEs) that would activate user-defined chromosomal target
genes. We demonstrate that the scaffold of the TALE protein
AvrBs3 can be designed with different consecutive RVDs to
target desired DNA sequences. In addition, we show that vari-
ation of the repeat unit number facilitates fine-tuning of TALE
target specificity. Finally, we show that the RVD NK facilitates
specific targeting of G nucleotides, which thus far could not be
addressed by a specific RVD.

Results
Codon-Optimized TALE Genes of AvrBs3 and AvrBs4 Specifically
Trigger the Corresponding Capsicum R Genes Bs3 and Bs4C. The
molecular dissection of TALE DNA-target specificity requires
TALE genes that can bemodified by PCRmutagenesis in a defined
manner. However, because of the high overall GC content of
Xanthomonas TALE genes and their nearly identical, tandemly ar-
ranged102-bp repeat sequences,PCRmutagenesis ofXanthomonas
TALE genes is challenging. For example, theTALE gene avrBs3has
an overall GC content of 67% and is composed of 17.5 tandemly
arranged102-bp repeats that are>90% identical to eachother at the
nucleotide level (15). To overcome these limitations, we generated
codon-optimized versions of the Xanthomonas TALE genes avrBs3
and avrBs4, herein defined as avrBs3* and avrBs4*, respectively (SI
Text).Both avrBs3* and avrBs4* are codon-optimized for expression
in tobacco, have a GC content of only 50%, and show on average
72% homology between the 102-bp repeats. To functionally test
codon-optimized TALE genes, we made use of the Capsicum R
genesBs3 andBs4C thatmediate specific recognition ofAvrBs3 and
AvrBs4, respectively (3, 12). To do so, we cloned avrBs3* and
avrBs4* into plant-expression vectors under transcriptional control
of the constitutive cauliflower mosaic virus 35S (35S) promoter.
Subsequently we used Agrobacterium tumefaciens T-DNA transfer
to deliver the codon-optimized TALE genes in Capsicum plants
containing the Bs3 or Bs4C genes.
As shown in Fig. S1, in planta expression of avrBs3* triggered

an HR only in genotypes that contain the Bs3 gene. Reciprocally,
in planta expression of avrBs4* triggered an HR only in geno-
types that contain the Bs4C gene. Thus, codon-optimized
avrBs3* and avrBs4* genes showed in planta the expected spec-
ificity and triggered HR only in plants containing the corre-
sponding plant R gene.

Repeat-Polymorphisms in Non-RVD Residues Have No Major Impact
on RVD Specificity. Previous studies of Xanthomonas TALEs and
matchingUPT boxes suggested that RVD composition determines
recognition specificity (6–8, 16). However, repeat units differ not
only in RVD but also in non-RVD residues and circumstantial
evidence suggests that non-RVDs that are polymorphic between
repeat units might have coevolved with defined RVD motifs. For
example, in the Xcv TALE AvrBs3, all seven repeat units with the
RVD motif HD contain an arginine at position 24, but the three
repeat units with the RVDmotif NI contain an alanine at position
24 (SI Text). To clarify if distinct RVD motifs function only in the
context of matching non-RVD residues, we generated chimeric
proteins consisting of the Xcv TALEs AvrBs3 and AvrBs4 that
both contain 17.5 repeat units (11, 15). AvrBs3 and AvrBs4 differ
in 38 repeat-unit residues and 18 of those differences are located
within the RVDs (SI Text). To test if only the RVDs but not other
repeat unit residues define DNA binding-specificity, we replaced
all RVDs inAvrBs3 by theRVDs fromAvrBs4, thereby generating
AvrBs3RVD4*. Reciprocally we replaced all RVDs in AvrBs4
by the RVDs from AvrBs3, thereby generating AvrBs4RVD3*
(Fig. S2A). Both, avrBs3RVD4* and avrBs4RVD3* were cloned in
T-DNA vectors under transcriptional control of the 35S promoter
and were transiently expressed in pepper plants containing the Bs3
or the Bs4C gene. AvrBs3* and AvrBs4RVD3* triggered anHR in
Bs3 but not in Bs4C genotypes (Fig. S3). Reciprocally, AvrBs4*
and AvrBs3RVD4* triggered an HR in Bs4C- but not in Bs3-

containing plants. In summary, these data indicate that only the
RVDs ofAvrBs3 andAvrBs4 dictate recognition specificity in their
interaction with the pepperR genesBs3 andBs4C, respectively, but
non-RVDs have no or only a minor impact on TALE specificity.
To compare the biological activity of wild-type and chimeric

TALEs in amore quantitative fashion, we generatedBs3-promoter
derivatives that contain either the UPTAvrBs3 box (Bs3PUPTAvrBs3)
or the UPTAvrBs4 box (Bs3PUPTAvrBs4 ΔUPTAvrBs3), and cloned
these promoters in front of an uidA reporter gene (Fig. S2B and
SI Text). The UPTAvrBs4 box was deduced using the TALE code
and was cloned into a Bs3 promoter in which the UPTAvrBs3 box
had been deleted. The promoter:uidA reporter constructs were
delivered into Nicotiana benthamiana leaves in combination with
the 35S promoter-driven TALE genes avrBs3*, avrBs3RVD4*,
avrBs4*, and avrBs4RVD3*, respectively. GUS (β-glucuronidase)
assays showed that the UPTAvrBs3 box-containing Bs3 promoter is
transcriptionally activated only by AvrBs3* and AvrBs4RVD3*,
whereas the UPTAvrBs4 box containing Bs3-promoter derivative is
transcriptionally activated only by AvrBs4* and AvrBs3RVD4*,
respectively (Fig. S2C). The chimeras showed in both cases
a specificity that was equal to the Xanthomonas wild-type proteins
with identical RVD composition. This finding indicates that, as
long as the general structure of the 34-aa TALE repeat is used,
DNA specificity is predominantly controlled by RVD rather than
non-RVD residues. Quantitative GUS assays showed that the
chimeric AvrBs4RVD3* and AvrBs3RVD4* proteins produced
slightly lower GUS activity than the corresponding AvrBs3* and
AvrBs4* proteins, respectively (Fig. S2D). These data suggest that
certain non-RVDsmay have coevolved with definedRVD residues
and may contribute a minor role in DNA binding. However,
overall we conclude that non-RVD residues have insufficient im-
pact on theDNA-binding specificity of TALEs towarrant factoring
them into the design of de novo-engineered TALEs.

De Novo-Engineered dTALEs Specifically Activate Promoters with
Matching UPT Boxes. We were able to demonstrate that codon-
optimized TALE genes have the expected biological function (Fig.
S1) and that repeat-polymorphic non-RVDs have no significant
impact on TALEDNA-binding specificity (Figs. S2 and S3). These
findings suggested that dTALEs with desired specificity can be
generated simply by modulation of TALE RVDs. As our first
dTALE target promoter, we selected the well-studied tomatoBs4S
promoter (Bs4SP), which is particularly well-suited for promoter-
GUS studies because of its low basal activity (7). Thus far, no
Xanthomonas TALE is known that transcriptionally activates
Bs4SP. A dTALE, designated dTALE[Bs4S] (dTALE inducing the
Bs4S promoter), was designed against a 19-bp sequence (TATA-
TAACTTTGTCCAAAA; UPTdTALE[Bs4S] box) located 46-bp up-
stream of the ATG start codon of the tomato Bs4S coding
sequence (13) (SI Text). The TALE code was used to translate the
nucleotide sequence of theUPTdTALE[Bs4S] box into corresponding
RVDs, and a dTALE comprised of the structural scaffold of
AvrBs3 and the desired RVDs was engineered (SI Text). The
function of dTALE[Bs4S] was tested by A. tumefaciens-mediated
codelivery of 35S:dTALE[Bs4S] and a Bs4S promoter uidA re-
porter construct (Bs4SP:uidA) into N. benthamiana leaves. As hy-
pothesized, the dTALE[Bs4S] but not the related AvrBs3* protein
produced blue staining in combination with the Bs4SP:uidA,
demonstrating the selective activation of the Bs4S promoter by
dTALE[Bs4S] (Fig. 1A). To further test the specificity of dTALE
[Bs4S] for the UPTTALE[Bs4S] box of the Bs4S promoter, we gen-
erated two promoter-deletion derivatives that lack either nucleo-
tides 6 to 8 (Bs4SPΔ6–8) or nucleotides 10 to 12 (Bs4SPΔ10–12) of the
UPTTALE[Bs4S] box and cloned these in front of an uidA reporter gene
(Fig. S4). A. tumefaciens-mediated delivery of 35S:dTALE[Bs4S]
with either Bs4SPΔ6–8:uidA or Bs4SPΔ10–12:uidA failed to in-
duce the expression of the GUS reporter, indicating that dTALE
[Bs4S] does indeed target the selected 19-bp motif present in the
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Bs4S promoter (Fig. 1A). In a reciprocal experiment, we also
generated deletion derivatives of the dTALE[Bs4S] that lack re-
peat units 6 to 8 (dTALE[Bs4S]Δ6–8) or repeat units 10 to 12
(dTALE[Bs4S]Δ10–12). These units should be compatible with the
Bs4S promoter-deletion derivatives Bs4SPΔ6–8 and Bs4SPΔ10–12,
respectively (Fig. S4). Indeed, A. tumefaciens-mediated expres-
sion of dTALE[Bs4S]Δ6–8 and dTALE[Bs4S]Δ10–12 induced the
GUS reporter onlywith thematchingBs4SPΔ6–8 andBs4SPΔ10–12
promoter GUS constructs, respectively (Fig. 1A). In summary, these
data demonstrate the high specificity of dTALE[Bs4S] and its de-
rivatives for the selected targetDNA sequence in theBs4S promoter
and the relative ease of designing highly sequence-specific tran-
scriptional activators based on the TALE DNA-binding scaffold.
To demonstrate that the dTALE[Bs4S] is also capable of

transcriptionally activating the Bs4S endogene in tomato, 35S pro-
moter-driven TALE genes dTALE[Bs4S], avrBs4*, and avrBs3*
were delivered into tomato leaves via A. tumefaciens-mediated
T-DNA transfer. Subsequent semiquantitative RT-PCR analysis
demonstrated the transcriptional activation of the Bs4S endogene
by the dTALE[Bs4S] in tomato leaves (Fig. 1B). In contrast,
AvrBs4* and AvrBs3* did not transcriptionally activate the Bs4S
endogene, consistent with previous studies done with AvrBs3 and
AvrBs4 (14). These data are unique in demonstrating that a dTALE
can be designed and delivered to effectively target a user-defined
chromosomal gene.

Designer TALEs Specifically Activate Promoters of Targeted
Arabidopsis thaliana Endogenes. To further support our hypothe-
sis that the TALE code can be used to create dTALEs with de-
sired target specificity, we designed two additional dTALEs
targeted to the A. thaliana genes EGL3 (17) and KNAT1 (18). We
choose these as targets because previous studies had shown that
constitutive overexpression of EGL3 or KNAT1 results in an in-
crease of trichomes (19) or dramatically altered leaf morphology

(18), respectively. Designer TALE[EGL3] and dTALE[KNAT1]
were raised against distinct 19-bp sequences present in each of the
EGL3 andKNAT1promoters, respectively (SIText). Thenucleotide
sequences of the UPTdTALE[EGL3] (TATATACAGTGTACACA-
CA) and UPTdTALE[KNAT1] (TATATACCTAGTTCGTTTT) box
were translated into corresponding RVDs and incorporated into
the structural scaffold of AvrBs3 (SI Text).
To test functionality of these two dTALEs, 35S promoter-driven

T-DNA constructs with C-terminal GFP tags were generated and
tested via transient promoter-GUS reporter assays in N. ben-
thamiana leaves. To avoid problems in the GUS assay because of
potentially leaky A. thaliana EGL3 and KNAT1 promoters, we in-
troduced the two UPT boxes into the Bs4S promoter yielding
the Bs4S-promoter derivatives UPTdTALE[EGL3]inBs4SP:uidA and
UPTdTALE[KNAT1]inBs4SP:uidA, respectively (Fig. S5). These Bs4S
promoter derivatives were then codelivered with the 35S pro-
moter-driven dTALE[EGL3] gene by A. tumefaciens into N. ben-
thamiana leaves. GUS staining was apparent with the matching
UPTdTALE[EGL3]inBs4SP but not with the UPTdTALE[KNAT1]inBs4SP
promoter construct (Fig. S5C). Reciprocally, dTALE[KNAT1]
produced GUS activity only in combination with the promoter
containing the matching UPTdTALE[KNAT1] box and not with the
promoter that contains theUPTdTALE[EGL3] box. These data show
that each of the two dTALEs specifically activated the promoter
containing the corresponding UPT box.
Next, dTALE[EGL3] and dTALE[KNAT1] were tested to see if

they can function as transcriptional activators of A. thaliana endo-
genes. We generated stable transgenic lines of the A. thaliana eco-
type Col-0 by introducing the 35S promoter driven dTALE[EGL3]
and dTALE[KNAT1] genes by floral dipping (20). Putative trans-
formants were selected on kanamycin-supplemented medium and
microscopically screened for expression of GFP. Analysis of leaf
tissue of the dTALE-GFP–expressing plants by semiquantitative
RT-PCRshowed that transgenic lines expressingdTALE[EGL3] or
dTALE[KNAT1] have in comparison with a nontransgenic A.
thaliana plant increased transcript levels of EGL3 and KNAT1,
respectively (Fig. 2).However, the expectedmorphological changes
were not detected, which might be because of counterselection
against the potentially detrimental phenotypes in the recovered
transgenic lines or a posttranscriptional regulatory process.
Using the Patmatch algorithm (http://is.gd/g31n9), we scanned

the Arabidopsis genome for sequences with homology to the
boxes in the EGL3 and KNAT1 promoters that were targeted by
our dTALEs. We identified no perfect match in the Arabidopsis
genome but three sequences, AT4G27740, AT3G15640, and
AT3G59220, and one sequence, AT1G77980, containing two
mismatches from the given EGL3 and KNAT1 target sequences,
respectively (Fig. S5D). RT-PCR analysis demonstrated that
AT3G59220 was the only off-target site with increased transcript
levels in the transgenic lines (Fig. S5D). These data imply that
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Fig. 1. De novo-engineered dTALEs specifically activate promoters with
matching UPT boxes. (A) In planta functional analysis of different TALE-pro-
moter combinations. The uidA reporter constructs under transcriptional con-
trol of the promoters indicated at leftwere codelivered viaA. tumefaciens into
N. benthamiana leaves with the 35S promoter-driven TALE genes indicated
above leaf discs. GUS assays were carried out 40 hpi. Leaf discs were stained
with 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid, cyclohexylammonium
salt (X-Gluc) to visualize activity of the GUS reporter. Asterisks (*) indicate
TALE genes with optimized codon usage and corresponding gene products.
(B) The dTALE[Bs4S] transcriptionally activates the endogenous Bs4S gene in
tomato. Semiquantitative RT-PCR was carried out on RNA from tomato leaf
tissue 36 h after A. tumefaciens-mediated delivery of the depicted 35S pro-
moter-driven TALE genes. Isolated RNA was used for cDNA synthesis and
semiquantitative RT-PCR was performed with primers specific for the tomato
Bs4S gene. The constitutively expressed gene elongation factor 1α (EF1α)
served as a normalization control.
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EGL3 and KNAT1 endogenes in A. thaliana, respectively. Semiquantitative RT-
PCR was carried out on RNA from the Arabidopsis ecotype Columbia (Col-0)
and corresponding lines containing 35S promoter-driven dTALE[EGL3] or
dTALE[KNAT1] transgenes. RNA was isolated from leaves and used for cDNA
synthesis. Semiquantitative RT-PCR was performed with EGL3 and KNAT1
specific primers. The constitutively expressed gene actin2 served as an in-
ternal normalization control.
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some mismatches strongly impair DNA recognition, whereas
others seem to have no obvious effect and are in accordance with
previous findings (10).
In summary, these data demonstrate that custom dTALEs

reliably activate user-defined target genes. However, these data
also demonstrate that potential off-sites need to be routinely
analyzed, as with other DNA binding scaffolds.

De Novo-Engineered AvrBs3 Derivatives with Four Additional Repeat
Units Specifically Activate Either the Bs3 or the UPA20 Promoter. A
central question in the design of dTALEs is the correlation be-
tween repeat number and DNA-binding specificity. We have
used the 17.5 repeat-unit TALE AvrBs3 as a structural scaffold
for our dTALEs. This repeat-unit number is most predominant
among naturally occurring Xanthomonas strains, although TALE
proteins do exist with a range of repeat-unit numbers, including
some with more than 30 repeat units (4). We wished to examine
how the number of repeat units in a given TALE correlates with
its degree of target specificity.
To address this question, we made use of the pepper Bs3 and

UPA20 promoters, two well-studied AvrBs3 target promoters (2, 3,
10, 21) that are almost identical within their UPTAvrBs3 boxes but
that differ significantly up- and downstream of this sequence motif
(Fig. S6). Based on the assumption that the addition of repeat units
might alter the DNA-binding specificity of AvrBs3*, we extended
AvrBs3* by four C-terminal repeat units with RVD motifs
matching to either theBs3 promoter (target box:UPTAvrBs3Bs3P) or
the UPA20 promoter (target box: UPTAvrBs3UPA20P) resulting in
the AvrBs3* derivatives AvrBs3+4RBs3* and AvrBs3+4RUPA20*,
respectively (Fig. S6). To study targeting of theUPTAvrBs3Bs3P and
the UPTAvrBs3UPA20P boxes in the same promoter context, we in-
troduced both UPT boxes into the Bs4S promoter and fused these
promoter constructs in frontof theuidA reporter gene.Atumefaciens-
mediated delivery of the 35S promoter-driven avrBs3+4RBs3* TALE
gene in N. benthamiana leaves produced GUS activity only in com-
bination with the promoter containing the matching UPTAvrBs3Bs3P
box but not with the promoter containing theUPTAvrBs3UPA20P box
(Fig. S6D). Reciprocally, the avrBs3+4RUPA20* TALE gene induced
GUSexpression only in combinationwith the promoter containing
the matching UPTAvrBs3UPA20P box and not with the promoter
containing the UPTAvrBs3Bs3P box (Fig. S6D). AvrBs3* induced
both promoters containing either the UPTAvrBs3Bs3P or the
UPTAvrBs3UPA20P box. To further test specificity of AvrBs3* and
its derivatives, we also analyzed the riceXa27 promoter, which was
previously shown to be transcriptionally activated by the match-
ing Xanthomonas oryzea pv. oryzae TALE AvrXa27 (22) but not
by the Xcv TALE AvrBs3 (23). A. tumefaciens-mediated deliv-
ery of the 35S promoter-driven dTALE genes avrBs3+4RBs3* or
avrBs3+4RUPA20* showed that neither of those produced GUS
activity in combination with the rice Xa27 promoter uidA reporter
construct (Fig. S6D).
To analyze the specificity of the elongated TALEs on theUPA20

and Bs3 endogenes, we expressed the corresponding TALE genes
via A. tumefaciens-mediated delivery in pepper. Semiquantitative
RT-PCR demonstrated that expression of AvrBs3+4RBs3* resul-
ted in increased Bs3 but not UPA20 transcript levels (Fig. 3). Re-
ciprocally, expression of AvrBs3+4RUPA20* resulted in increased
UPA20 but not Bs3 transcript levels. In contrast, expression of
AvrBs3 resulted in increased levels of bothBs3 andUPA20 (Fig. 3).
In summary, our data show that the addition of repeat units to

the TALE protein AvrBs3 alters its target specificity.

RVD NK Mediates Specific Targeting of G Nucleotides. Experimental
analysis of TALEs and matching UPT boxes uncovered RVDs
that target A, C, or T nucleotides, specifically (7). The RVD type
NN binds to G and A nucleotides, but no RVD type was shown to
target exclusively G nucleotides. Bioinformatic analysis of Xan-
thomonas TALEs and potential UPT boxes in the rice genome

uncovered two interaction sites in which an NK type RVD aligned
to a G nucleotide (6). To test if NK would bind G nucleotides in
a specific manner, wemade use of three tandem-arranged NI-type
RVDs in the TALE AvrBs3 (repeat units 5–7) (Fig. S7 and SI
Text) and the corresponding tandem-arranged A nucleotides in
the UPTAvrBs3 box of the pepper Bs3 promoter. We generated
Bs3-promoter derivatives in which the three A nucleotides were
replaced by three C, G, or T nucleotides and fused these Bs3-
promoter derivatives in front of the uidA reporter gene, gener-
ating UPTAvrBs3Bs3P:5–7C:uidA, UPTAvrBs3Bs3P:5–7G:uidA, and
UPTAvrBs3Bs3P:5–7T:uidA, respectively (Fig. S7). Furthermore,
we constructed an AvrBs3* derivative in which the three sub-
sequent NI type RVDs were replaced by NK type RVDs, gener-
ating AvrBs3 5–7 NK*. Target specificity of AvrBs3 5–7 NK* was
studied by A. tumefaciens-mediated delivery of the 35S promoter-
driven avrBs3 5–7 NK* gene in combination with the different
Bs3-promoter derivatives. We found that AvrBs3 5–7 NK* in-
duced GUS expression only in combination with the Bs3-pro-
moter derivative UPTAvrBs3Bs3P:5–7G:uidA that contains the
three tandem-arranged G nucleotides (Fig. S8). In contrast,
AvrBs3*, which contains three tandem-arranged NI-type RVDs,
produced blue staining only in combination with the Bs3 wild-type
promoter (Bs3P:uidA) that contains three corresponding tandem-
arranged A nucleotides. In summary, our findings show that the
NK-type RVD facilitates specific targeting of G nucleotides.

Discussion
RVD Composition of the Repeat Unit Array and dTALE Target Specificity.
In this article, we demonstrate that the TALE scaffold can be used
for transcriptional activation of user-defined chromosomal loci.
Target specificity is a central goal in the design and use of dTALEs,
raising the question as to whether the AvrBs3 scaffold can facilitate
targeting of single-copy sequences in complex genomes. Extensive
screening has uncovered in total 18 AvrBs3-induced genes in the
pepper genome (2, 3, 9, 21), which has an estimated genome size of
3 × 109 bp (24) and which is similar in size to the human genome
(25). These findings may suggest that the AvrBs3 scaffold does not
facilitate targeting of single-copy sequences in the human genome or
genomes of comparable size. However, it needs to be noted that
AvrBs3 contains three NS-type RVDs, which have been shown to
target A, C, G, and T nucleotides with almost identical affinity (7).
Hence, sequence-defined AvrBs3 scaffold-based dTALEs should
have an∼64-fold (43) higher target specificity than theXanthomonas
AvrBs3 protein if RVDs with ambiguous target specificity are
replacedwithRVDswith tight sequence specificity.Ourfinding, that
the RVD NK specifically mediates targeting of G nucleotides (Fig.
S8), is thus an important contribution for construction of dTALEs
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Fig. 3. AvrBs3 derivatives with four additional C-terminal repeat units dis-
criminate between the pepper Bs3 and UPA20 promoter. The depicted 35S
promoter-driven TALE genes were delivered via A. tumefaciens into the
pepper genotypes ECW or ECW-30R. Semiquantitative reverse-transcription
RT-PCR was carried out on RNA isolated from leaf material 36 h upon in-
fection with primers specific for the Bs3 or UPA20 gene. The constitutively
expressed gene EF1α served as an internal normalization control.
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with increased sequence specificity, especially in the context of
G-rich sequences.

Repeat-Unit Number and TALE Target Specificity. In addition to
RVD composition, we speculated that another important feature
of dTALE target specificity is the number of repeat units in
a given TALE or dTALE. This postulate is supported by our
analysis of two distinct AvrBs3 derivatives with four additional
repeat units that mediate specific targeting of the Bs3 and
UPA20 promoters, although the wild-type AvrBs3 protein acti-
vates both promoters (Fig. 3). These data suggest that dTALEs
with a high number of repeat units generally have superior target
specificity, compared with dTALEs with fewer repeat units.
The modified target specificity of AvrBs3 derivatives with

additional repeat units also raises the question of the molecular
basis of this modified target specificity. Previous studies had
shown that AvrBs3 physically interacts with and transcriptionally
activates the pepper Bs3 and UPA20 promoters (2, 3). However,
the two elongated TALEs that contain the complete repeat unit
array of AvrBs3 specifically activate the Bs3 or the UPA20 pro-
moters (Fig. 3), suggesting that these AvrBs3 derivatives bind
specifically to either the Bs3 or the UPA20 promoter. We envi-
sion two molecular scenarios of why those AvrBs3-derivatives
have a modified-promoter specificity compared with their pro-
genitor AvrBs3. One possibility is that additional, nonmatching
repeat units at the C terminus cause these terminal repeat units
to “loop out,” which may hinder the C-terminal TALE activation
domain to get in physical proximity and activate the given pro-
moter. Alternatively, we envision that the TALE scaffold is rigid
and, hence, the C-terminal, nonmatching RVDs would de-
stabilize the structure and prevent the entire TALE from binding
to a given target sequence. Further studies will have to clarify
which model adequately explains our experimental findings.

TALE Repeat Units: A Promising Sequence-Specific Targeting Device
for Nucleases and Other DNA-Modifying Enzymes. Previous studies of
Xanthomonas TALEs have shown that TALE-mediated promoter
activation strictly correlates with physical interaction of the given
promoter target sequences (2, 3, 8, 10, 21). Hence, dTALE repeat-
unit arrays are likely to function as a sequence-specific targeting
modules not only in the context of a transcription factor, but also
when fused to other functional domains as, for example, nucleases,
methylases, recombinases, or transcription-repressor domains.
Most recently, two reports have indeed demonstrated that trans-
lational fusions ofTALEproteins to the nonsequence-specificFokI
nuclease result in sequence-specific TALE nucleases (TALENs)
(26, 27), suggesting that TALENs might pose an alternative to the
widely used zinc-finger nucleases (1).
The report by Christian et al. (26) described also custom-

designed TALE repeat-unit arrays fused to FokI, targeting 12-
and 13-bp sequences from the A. thaliana ADH1 or the zebrafish
gridlock genes, respectively. The authors could show that
homodimeric TALENs, which bind to two identical sequences
from either the ADH1 or the gridlock gene, placed on opposite
sides of a central spacer function in a sequence-specific manner.
Although none of the two recent reports on TALENs demon-
strated cleavage of chromosomal loci by TALENs, it seems
possible that this goal can be achieved in the near future.

TALE DNA Binding Domain: A Promising Alternative for Zinc-Finger
Arrays? Our work on dTALEs and the most recent report on
custom-designed TALENs (26) suggest that the TALE DNA-
binding domain might pose an alternative to the currently used
zinc-finger arrays. However, a major difference between tandem-
arranged zinc fingers and TALE repeat units is that the latter
modules seem to act in a context-independent manner (6). In
consequence, tandem-arranged TALE repeat units have a highly
predictable sequence specificity but zinc-finger arrays of desired
specificity have to be identified from complex expression libraries.
The laborious selection procedure for custom zinc-finger arrays
and the more restrictive requirements for candidate-binding sites
are limitations on the wide-spread use of this technology, which
we do not expect to plague TALE scaffold proteins.

Materials and Methods
Generation of Codon-Optimized TALE Genes. The avrBs3* gene, optimized for
minimal sequence homologybetween the 102-bp repeats (for sequence, see SI
Text), was synthesized by GenScript with a tobacco codon usage, and cloned
into theMCSof pUC57 yieldingpUC57 avrBs3*. To obtain theGATEWAYentry
clone pENTR-D-avrBs3*, amplification was carried out with Phusion high-
fidelity DNA polymerase (New England Biolabs), primers RM1 and RM2 (for
primer sequences, see Table S1) and pUC57 avrBs3* as template DNA. SspI and
FseI restriction sites flanking the repeat unit array were introduced into
pENTR-D-avrBs3* via PCR using primers RM3 and RM4, yielding pENTR-D-
avrBs3*-L. The repeat-arrays of avrBs4*, avrBs3RVD4*, and avrBs4RVD3*were
synthesized in the samewayas avrBs3*and clonedusing PvuII and FseI into the
SspI and FseI digested pENTR-D-avrBs3*-L yielding pENTR-D-avrBs4*, pENTR-
D-avrBs3RVD4*, and pENTR-D-avrBs4RVD3*, respectively. To create pENTR-D-
TAL[Bs4S], pENTR-D-TAL[EGL3], and pENTR-D-TAL[KNAT1], each repeat-array
was synthesized partially from repeat number 6 to 17.5 flanked by XhoI and
FseI restriction sites. These fragments were cloned into pENTR-D-avrBs3*-R6-
XhoI, which was generated from pENTR-D-avrBs3* using primers RM4 and
RM5. Repeat deletion derivatives of pENTR-D-TAL[Bs4S] were obtained using
primers RM6 and RM7 or RM8 and RM9, resulting in pENTR-D-TAL[Bs4S]Δ6–8
or pENTR-D-TAL[Bs4S]Δ10–12, respectively. To generate pENTR-D-avrBs3*+
4RBs3 and pENTR-D-avrBs3*+4Rupa20, an XhoI site was introduced into pENTR-
D-avrBs3* using primers RM10 and RM11, yielding pENTR-D-avrBs3*-R17-
XhoI. Terminal XhoI sites were introduced into synthesized four repeat-unit
fragments with primers RM12 and RM13 or RM14 and RM15 and cloned via
XhoI into pENTR-D-avrBs3*-R17-XhoI, yielding pENTR-D-avrBs3*+4RBs3 or
pENTR-D-avrBs3*+4Rupa20, respectively. Mutations were introduced with the
Phusion site directed mutagenesis kit (New England Biolabs). All entry clones
were transferred by LR recombination (Invitrogen) into the expression vector
pGWB5 (28) and transformed into A. tumefaciens GV3101 (29) for in planta
analysis. Transgenic A. thaliana for dTALE[EGL3] and dTALE[KNAT1] were
obtained as described previously (20).

Generation and Analysis of Promoter Mutants. Sequences of all promoter
constructs are provided in the SI Text. Insertion of different UPT boxes was
done by Phusion site directed mutagenesis (New England Biolabs). Promoter
constructs were transferred by LR recombination into the binary vector
pGWB3 (28) and transformed into A. tumefaciens GV3101 (29) for in planta
analysis. Analysis of promotors via semiquantitative RT-PCR and GUS meas-
urements were carried out as described earlier (3, 10).
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