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Breaking the Code of DNA Binding
Specificity of TAL-Type lll Effectors

Jens Boch,* Heidi Scholze, Sebastian Schornack,t Angelika Landgraf, Simone Hahn,
Sabine Kay, Thomas Lahaye, Anja Nickstadt,1 Ulla Bonas

The pathogenicity of many bacteria depends on the injection of effector proteins via type Il
secretion into eukaryotic cells in order to manipulate cellular processes. TAL (transcription
activator—like) effectors from plant pathogenic Xanthomonas are important virulence factors that
act as transcriptional activators in the plant cell nucleus, where they directly bind to DNA via a
central domain of tandem repeats. Here, we show how target DNA specificity of TAL effectors is
encoded. Two hypervariable amino acid residues in each repeat recognize one base pair in the
target DNA. Recognition sequences of TAL effectors were predicted and experimentally confirmed.
The modular protein architecture enabled the construction of artificial effectors with new
specificities. Our study describes the functionality of a distinct type of DNA binding domain and
allows the design of DNA binding domains for biotechnology.

thomonas cause severe diseases on many

crop plants. Pathogenicity relies on the trans-
location of effector proteins into the plant cell
cytoplasm via the type III secretion system (/-5).
Members of the large transcription activator-like
(TAL) effector family are key virulence factors of
Xanthomonas (4-7) and reprogram host cells by
mimicking eukaryotic transcription factors (§—73).
TAL effector—mediated gene induction leads to
plant developmental changes [for example, cell
divisions and cell enlargement such as citrus canker
and hypertrophy (4)], thus contributing to disease
symptoms. Although a number of plant targets,
including susceptibility genes, have been identified
(8-10, 12—14), the targets of most TAL effectors
have not been elucidated.

TAL effectors are characterized by a central
domain of tandem repeats, nuclear localization
signals (NLSs), and an acidic transcriptional acti-
vation domain (AD) (Fig. 1A) (11, 15, 16). Mem-
bers of this effector family are highly conserved
and differ mainly in the amino acid sequence and
number of repeats. The number and order of re-

Phytopathogenic bacteria of the genus Xan-
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peats in a TAL effector determine its specific ac-
tivity (17, 18). The type member of this effector
family, AvrBs3 from Xanthomonas campestris pv.

Fig. 1. Model for DNA- A
target specificity of TAL
effectors. (A) TAL effec-

tors contain central tan- I
dem repeats, NLSs, and T

an AD. Shown is the

amino acid sequence of B

the first repeat of AvrBs3. AvrBs3 o 2

vesicatoria, contains 17.5 repeats and induces ex-
pression of UPA (upregulated by AvrBs3) genes,
including the Bs3 resistance gene in pepper plants
(9, 10, 14, 19). The repeats of AvrBs3 are essen-
tial for DNA binding of AvrBs3 and represent a
distinct type of DNA binding domain (9). How
this domain contacts DNA and what determines
specificity has remained enigmatic so far.

A model for sequence specificity. The fact
that AvrBs3 directly binds to the UPA box, a
promoter element in induced target genes (9, 10),
prompted us to investigate the basis for DNA-
sequence specificity. The repeat region of AvrBs3
consists of 34 amino acid repeat units that are
nearly identical; however, amino acids 12 and
13 are hypervariable (Fig. 1A) (/7). The most
C-terminal repeat of AvrBs3 shows a sequence
similarity to other repeats only in its first 20 ami-
no acids and is therefore referred to as a half
repeat. The repeats can be classified into different
repeat types on the basis of their hypervariable
12th and 13th amino acids (Fig. 1B). Because
the size of the UPA box [18 base pairs (bp) (20)

Repeat domain

LTPEQVVAIASHDGGKQALETVQRLLPVLCQAHG

4 5 6 7 8 9 10 11 12 13 14 15 16 17 175

HD NG NS NG NI NI NI HD HD NG NS NS HD HD HD NG HD NG

Hypervariable amino acids
12 and 13 are shaded in
gray. (B) Hypervariable

UPA-box
consensus

T ATATAAACCTNNCTCTCTTCT

amino acids at position
12 and 13 of the 175 C

AvrBs3 repeats are aligned 20
to the UPA box consen-
sus (14). (C) Repeats of »

£ 1.0

TAL effectors and pre-
dicted target sequences
in promoters of induced

. I < —
genes were aligned man- 0.0 —— —=====1 8
ually. Nucleotides in the HD NG NI NS NN N HG H* 1IG
upper DNA strand that oo Al 19 ;s 20 7 : 0 o 0
>
cor'respond to the hypgr— % Scle 12 s w0 2 ; ) o o
variable amino acids in 35
oo G 0 0 0 4 7 0 0 0 0
each repeat were counted 28 1| 5 s o 3 ] ; 2 ] 1

on the basis of the follow-

ing combinations of eight effectors and experimentally identified target genes: AvrBs3/Bs3, UPA10, UPA12,
UPA14, UPA19, UPA20, UPA21, UPA23, UPA25, AvrBs3Arep16/Bs3-E, AvrBs3Arep109/Bs3, AvrHah1/Bs3,
AvrXa27/Xa27, PthXol/Xa13, PthXo6/OsTFX1, and PthXo7/OsTFlIAy1 (fig. S1). An asterisk indicates that
amino acid 13 is missing in this repeat type. Highest nucleotide frequencies are in bold. Nucleotide fre-
quencies are displayed in a logo (http://weblogo.threeplusone.com).
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Fig. 2. Target DNA sequences of Hax2, Hax3, and Hax4. (A) Amino acids 12 and  reporter constructs were codelivered via A. tumefaciens into N. benthamiana with
13 of the Hax2, Hax3, and Hax4 repeats and predicted target DNA specificities (Hax ~ 35S-driven hax2, hax3, hax4, and empty T-DNA (), respectively (error bars indicate
box). (B) Hax boxes were cloned in front of the minimal Bs4 promoter into a GUS  SD; n = 3 samples). 4-MU, 4-methyl-umbelliferone. 35S::uidA (+) served as control.
reporter vector. (C) Specific inducibility of the Hax boxes by Hax effectors. GUS  Leaf discs were stained with X-Gluc (5-bromo-4-chloro-3-indolyl-B-o-glucuronide).

Fig. 3. DNA base pair A or 19 bp (14)] almost corresponds to the number
recognition specificities A pBe7 m of repeats (17.5) in AvrBs3, we considered the
of repeat types. (A) Hax4 possibility that one repeat unit of AvrBs3 con-
and ArtX box fieﬁvaﬁves B 01 23 456 7 8 9 10111213 14145 paa . tacts one specific DNA ba}se pai.r. When the re-
were cloned in front of Hax4 NI HD HD NG NS NS NI HD NG NI NS NI NG NI NG peat types of AvrBs3 (amino acid 12 and 13 of
the minimal Bs4 promoter Hax4box T A €C C T A A ACTAAATAT . # each repeat) are projected onto the UPA box, it
into a GUS reporter vector. T ACCH AAACHAAAEARB becomes evident that certain repeat types corre-
(B) Specificity of NG, HD, late with specific base pairs in the target DNA.
NI, and NS repeats. Hax4- NG(ACG) [T A G CCAAACGAAAGATG G & For example, HD and NI repeats have a strong

inducibility of Hax4 box
derivatives permutated in TACCEAAACKEHAAAGBALRG
repeat type target bases
(gray background). (C)
Spedificity of NN repeats. HD(AGT) [T A G G T A AAGTAAATAT -
Artificial effector ArtX1 and

preference for C and A, respectively (Fig. 1B) (21).
For simplicity, we designate here only bases in the
TAAATAAAATAAATAT 1 upper (sense) DNA strand. Our model of recog-
nition specificity is supported by the fact that the
AvrBs3 repeat deletion derivative AvrBs3Arep16,
TATTTAAATTAAATAT ) which lacks four repeats (11 to 14) (fig. S1, A and

redicted target DNA se-

gu ences. ArtX%—in ducibility TBMccTAANC THAETHT B) (17), recognizes a shorter and (in the 3’ part of
of ArtX1 box derivatives the box) different target DNA sequence (figs. S1
permutated in NN repeat NIC/GT) [T G CCTAAGCTGAGTGT to S4) U 0, 14% 5](2/4 (gn the lliaZiS ](?)’fsst?qzllencz

target bases (arav back- comparisons 0O oxes of AvrBs3-induce
grogund). (D) ;grﬁﬁydal of- TEHCCTAANC THANTHET pepper genes (/4) and mutational analysis (20),
fectors ArtX2 and ArtX3 TACCTCCACTA ARGATA AT . the target DNA box of AvrBs3 appeared to be
and derived DNA target 1 bp longer than the number of repeats in AvrBs3.
sequences. (E) Specific NSEEMIT A CCTERE ACTARATAT . . In addition, a T is conserved at the 5’ end of the
inducibility of ArtX boxes TACCTTTACTA ATATAT . * UPA box immediately preceding the predicted
by artificial effectors. [(A) recognition specificity of the first repeat (Fig. 1).
to (E)] GUS reporter con- * . Secondary structure predictions of the AvrBs3
structs were codelivered € 01 2 3 456 7 8 9 1011 12125 amino acid sequence preceding the first repeat
via A. tumefaciens into Artxi NI NG NG HD NG NI HD NN NG NG Arx1 - and the repeat region (//) show similarities, de-
N. be{n‘hamiana with ArXi-box T A T T C T A C TT o spite the lack of sequence conservation. This
355-driven hax4, artX1, T AT TCTHBRBACHETT . ° suggests an additional repeat, here termed re-
artx2, or artX3 genes, and peat 0, that extends the target boxes of AvrBs3
empty T-DNA (), respec- (ACm|T AT TCTGCCCACCTT _ and possibly other TAL effectors at their 5’ ends

tively. 35S::uidA (+) served (Fig. 1B)

a Fontrol._ Leaf discs were raerTerTETACT T éhallénging the code. To further substantiate
stalneq W!th X-Gluc. For D and extend our model (Fig. 1B), we predicted the
?i;ar;'gtatlve data, see Artx2 ® NI NG NN HD NN NN NG HD HD HD NG 1D KG yet unknown target DNA seque;wes of Xanthom-
T AtXx2-box T A T c TcccTCT onas TAL effectors (AvrXa27, PthXo1, PthXo6,
01 2 3 456 7 8 9 10 11 12125 and PthXo7 from Xanthomonas oryzae pv. oryzae)
ArtX3 NI NG NG NN HD HD HD NG NI NG on the basis of the sequence of their repeats and
ArtX-box T A T T SR inspected the promoters of known target genes
E ‘ ‘ ‘ and their alleles for the presence of putative bind-
ArtX1-box | ArX2-box |,  ArtX3-box 355 ing sites. We identified sequences matching the
. * E e - E - . E. predicted specificity in promoters of alleles that
12 3 1 2 3 P12 3 - are induced in response to the corresponding TAL
ArtX ! ArtX ! ArtX ! effector but not in noninduced alleles (fig. S1, C to
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Fig. 4. A minimal number of repeats is required for transcriptional activation. (A) Artificial ArtHD effectors with
different numbers (0.5 to 15.5) of HD repeats (total of 1.5 to 16.5 repeats). (B) An ArtHD target box consisting of
TA and 17 Cwas cloned in front of the minimal Bs4 promoter into a GUS reporter vector. (C) Promoter activation
by ArtHD effectors with different number of repeats. 35S-driven effector gene or empty T-DNA (-) were
codelivered via A. tumefaciens with the GUS-reporter construct into N. benthamiana (error bars indicate SD; n =
3 samples 4-MU). 355::uidA (+) served as control. Leaf discs were stained with X-Gluc.

F). The presence of these target boxes suggests
that the induced genes are direct targets of the
corresponding TAL effectors. On the basis of the
DNA base frequency for different repeat types in
the target DNA sequences by using eight TAL ef-
fectors (fig. S1), we predicted a code for the DNA
target specificity of their repeat types (Fig. 1C).
To experimentally validate our model, we pre-
dicted target DNA sequences for the TAL effec-
tors Hax2 (21.5 repeats), Hax3 (11.5 repeats),
and Hax4 (14.5 repeats) from the Brassicaceae-
pathogen X. campestris pv. armoraciae (22, 23).
Hax2 is exceptional, because it has 35—-amino
acid instead of the typical 34—amino acid repeats.
The Hax2, Hax3, and Hax4 target boxes were
placed in front of the minimal (55 to +25)
tomato Bs4 promoter, which has very weak basal
activity (Fig. 2B and figs. S5 and S6) (24), driving
a promoterless uid4 [B-glucuronidase (GUS)]
reporter gene. For transient expression studies,
we transfected the reporter constructs together
with the constitutive cauliflower mosaic virus
358-promoter—driven effector genes hax2, hax3,
and hax4 into Nicotiana benthamiana leaves using
Agrobacterium-mediated transfer DNA (T-DNA)
delivery. Qualitative and quantitative GUS assays
demonstrated that promoters containing the pre-
dicted Hax2, Hax3, or Hax4 box were only induced
in the presence of the corresponding effector
(Fig. 2C and fig. S6). This validates our model
for DNA recognition by TAL effectors and the
code for DNA target specificity of their repeat

www.sciencemag.org SCIENCE VOL 326

types. In addition, these data demonstrate that
35—amino acid repeats function like 34—amino
acid repeats.

Nucleotide specificity of repeat types. Next,
we addressed the importance of the first nucleo-
tide (T; corresponding to repeat 0) in the predicted
target DNA sequence for Hax3 and generated
four different Hax3 boxes with either A, C, G, or
T at the 5" end (fig. S7, A and B). Codelivery of
hax3 and the reporter constructs in N. benthamiana
demonstrated that only a promoter containing a
Hax3 box with a 5’ T was induced in the presence
of Hax3 (fig. S7C). This indicates that a T at po-
sition 0 contributes to promoter activation of
Hax3 and probably other TAL effectors.

To address the question of whether the repeat
types are specific and recognize only one specific
base pair, respectively, we permutated the Hax4
box (Fig. 3, A and B). GUS assays showed that
NI, HD, and NG repeats in Hax4 strongly favor
recognition of A, C, and T, respectively, whereas
NS repeats recognize all four base pairs (Fig. 3B
and fig. S8).

Because several TAL effectors contain NN
repeats (fig. S1 and table S1) (/7) for which rec-
ognition specificity has not been tested, we gen-
erated ArtX1, an artificial TAL effector with 12.5
randomly assembled repeats that include NN re-
peats and deduced a corresponding DNA recog-
nition sequence using our code (Figs. 1C and
3C). Analysis of ArtX1 box derivatives demon-
strated that NN repeats recognize both A and G,

RESEARCH ARTICLES

with preference for G (Fig. 3C and fig. S8). This
result confirms our prediction of the Hax2 box
(Fig. 2) and the natural AvrXa27 box in the pro-
moter of the rice Xa27 gene, which contains either
an A or a G at positions corresponding to NN
repeats (fig. S1C). In addition, we derived two
possible AvrXalO boxes with either A or G at po-
sitions corresponding to NN repeats in AvrXal0.
Both reporter constructs were induced efficiently
by AvrXalO (fig. S9). Together, these data sug-
gest that some repeat types favor recognition of
specific base pairs, whereas others are more
flexible.

Prediction of target genes. The expression of
hax2 in Arabidopsis thaliana leads to purple col-
ored leaves, indicating an accumulation of an-
thocyanin (fig. S10, A and B). To identify Hax2
target genes, we analyzed promoter regions of the
A. thaliana genome using pattern search [Pat-
match, The Arabidopsis Information Resource
(TAIR); www.arabidopsis.org] with degenerated
Hax2 box sequences. One of the putative Hax2
target genes encodes the MYB transcription fac-
tor PAP1 (At1G56650), which controls anthocy-
anin biosynthesis (25). Pattern search revealed a
suboptimal Hax2 box in the PAPI promoter re-
gion (fig. S10, D and E). Semiquantitative anal-
ysis of the PAPI transcript level demonstrated
that expression of PAPI is strongly induced by
Hax2 (fig. S10C). This demonstrates that we can
successfully predict target genes for TAL effec-
tors. On the basis of the code for repeat types (Fig.
1D) and the data described above, we predicted
putative target DNA sequences for additional TAL
effectors, some of which are important virulence
factors (table S1).

The number of repeats. Because the repeat
number in TAL effectors ranges from 1.5 to 28.5
(4), a key question is whether TAL effectors with
few repeats can activate gene expression. Therefore,
we tested how the number of repeats influences
target gene expression. For this, we constructed
N-terminal green fluorescent protein (GFP) fu-
sions of artificial effectors that contain the N- and
C-terminal regions of Hax3 and a repeat domain
with 0.5 to 15.5 HD repeats (specificity for C).
The HD repeats were cloned into an Esp3I site
located after the codons for amino acid 12 and 13
of the first Hax3 repeat (NI repeat). Therefore, the
first repeat in all cases was NI (specificity for A).
The corresponding target DNA box consists of
17 C-residues preceded by TA (Fig. 4, A and B).
Promoter activation by the artificial effectors was
measured by use of the transient Bs4-promoter
GUS assay in N. benthamiana. Although at least
6.5 repeats were needed for gene induction, 10.5
or more repeats led to strong reporter gene acti-
vation (Fig. 4C). Confocal microscopy revealed
that all effectors localized to the plant cell nucleus,
indicating production of full-length proteins.
These data demonstrate that a minimal number
of repeats is required to recognize the target DNA
box and efficiently activate gene expression. The
results also suggest that TAL effectors with fewer
repeats are largely inactive.
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Artificial effectors with implications for
biotechnology. We have shown that the repeat
region of TAL effectors has a sequential nature
that corresponds to a consecutive target DNA se-
quence. Hence, it should be feasible to generate
effectors with novel DNA binding specificities.
Seven artificial effectors (ArtX) were generated,
three with 10.5 and four with 12.5 randomly as-
sembled repeats. They were constructed as N-
terminal fusions to GFP and tested for induction
of Bs4 promoter-reporter fusions containing pre-
dicted target DNA sequences. All seven effectors
induced the GUS reporter only in the presence
of the corresponding target DNA box (three are
shown in Fig. 3, C to E, and fig. S8). The effectors
showed GFP fluorescence exclusively in the plant
cell nucleus after Agrobacterium-mediated expres-
sion, indicating the production of full-length pro-
teins. This shows that we are able to design DNA
binding domains that target a specific DNA
sequence.

Our code for recognition specificity of TAL
effectors solved a 20-year enigma dating from the
cloning of avrBs3, the first TAL effector gene (26).
The repeat region mediates direct binding to DNA
(9). Here, we discover how target specificity is
encoded. One repeat corresponds to one base pair
in the DNA, and the tandem array of repeats cor-
responds to a consecutive DNA sequence. Target
DNA specificity is based on a two—amino acid
motif per repeat, enabling the deduction of a sim-
ple code to predict the DNA target preference of
TAL effectors. We have experimentally identified
the following recognition preferences: HD = C;
NG=T;NI=A;NS=A,C,G,or T, NN=A orG;
and IG = T. Because many TAL effectors are ma-

jor virulence factors (4, 5), the knowledge of host
targets will enhance our understanding of plant
disease development caused by xanthomonads.

In addition, we successfully designed artifi-
cial TAL effectors that act as transcription factors
with novel DNA-binding specificities. Zinc finger
transcription factors, which encode DNA binding
specificity in their tandem zinc finger units, have
been engineered to bind chosen DNA sequences,
leading to gene control systems of great utility for
biotechnology (27, 28). Similarly, the TAL effec-
tors use a DNA binding code that can be exploited
to generate DNA binding domains for any DNA
target.
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Modulated High-Energy
Gamma-Ray Emission from the
Microquasar Cygnus X-3

The Fermi LAT Collaboration*t

Microquasars are accreting black holes or neutron stars in binary systems with associated
relativistic jets. Despite their frequent outburst activity, they have never been unambiguously
detected emitting high-energy gamma rays. The Fermi Large Area Telescope (LAT) has detected a
variable high-energy source coinciding with the position of the x-ray binary and microquasar
Cygnus X-3. Its identification with Cygnus X-3 is secured by the detection of its orbital period in
gamma rays, as well as the correlation of the LAT flux with radio emission from the relativistic jets
of Cygnus X-3. The gamma-ray emission probably originates from within the binary system,
opening new areas in which to study the formation of relativistic jets.

ygnus X-3 (Cyg X-3) motivated to a
‘ large extent the development of high-
energy gamma-ray astronomy. Detec-
tions of Cyg X-3 were reported in the 1970s

and early 1980s at energies of tens of mega—
electron volts, tera—electron volts, peta—electron
volts, and possibly exa—electron volts, generat-
ing considerable excitement as these identified

the system as a prime source of cosmic rays (/—3).
However, the detections remained doubtful in
part because observations in the late 1980s and
in the 1990s by a more sensitive generation of
ground-based telescopes failed to confirm the tera—
electron volt and peta—electron volt detection of
Cyg X-3 (4, 5), and also because both the COS-B
satellite (6) and the CGRO-EGRET satellite (7)
could not find emission from the source in the
giga—electron volt range.

Here, we report the detection of a variable high-
energy gamma-ray (100 MeV to 100 GeV)
source that we identify with Cyg X-3 based on
its location, the detection of a modulation of the
gamma-ray flux at the orbital period of the bi-
nary system, and the gamma-ray variability cor-
related with the radio emission originating from
the relativistic jets of Cyg X-3.

Cyg X-3 is a high-mass x-ray binary system
(2) with a short orbital period of 4.8 hours (8),
located in the Galactic plane at a distance of
~7 kpc from Earth (9). The nature of the compact
object—neutron star or black hole—is still subject
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