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Transcription activator-like effectors (TALEs) are bacterial Type-III effector proteins from phytopathogenic Xanthomonas species
that act as transcription factors in plants. The modular DNA-binding domain of TALEs can be reprogrammed to target nearly
any DNA sequence. Here, we designed and optimized a two-component AND-gate system for synthetic circuits in plants based
on TALEs. In this system, named split-TALE (sTALE), the TALE DNA binding domain and the transcription activation domain are
separated and each fused to protein interacting domains. Physical interaction of interacting domains leads to TALE-reconstitution
and can be monitored by reporter gene induction. This setup was used for optimization of the sTALE scaffolds, which result in an
AND-gate system with an improved signal-to-noise ratio. We also provide a toolkit of ready-to-use vectors and single modules
compatible with Golden Gate cloning and MoClo syntax. In addition to its implementation in synthetic regulatory circuits, the
sTALE system allows the analysis of protein-protein interactions in planta.

Orthogonal tools to regulate gene expression for gene
regulatory networks with a desired outcome are a key
element of synthetic biology. Although much effort has
been invested in synthetic tools for gene regulatory
networks in bacterial, yeast, or mammalian cells, com-
paratively little has been done in plants. Transcription
activator-like effectors (TALEs) are derived from phy-
topathogenic bacteria of the Xanthomonas species and
represent a promising and versatile tool for gene reg-
ulation in planta (Boch and Bonas, 2010). TALEs are
bacterial type-III effector proteins that are secreted and
translocated into plant cells, where they enter the nu-
cleus and induce transcription of plant genes to pro-
mote virulence (Boch et al., 2014).
One distinct feature of this protein class is the modular

DNA-binding domain, which consists of tandemly
arranged, nearly identical 33 to 35 amino acid repeats
(central repeat domain; Fig. 1A). Single TALE repeats
mainly differ in two amino acid residues described as

repeat-variable diresidue (RVD). TALEs bind DNA in a
“one repeat to one base pair” manner in which the speci-
ficity is defined by the RVD of a single repeat (Boch et al.,
2009; Moscou and Bogdanove, 2009). Although all possi-
ble amino acid variantswere analyzed, themost abundant
naturally occurringRVDs,His-Asp,Asn-Asn,Asn-Ile, and
Asn-Gly, mediate specific modular binding to cytosine,
guanine or adenine, adenine, and thymine, respectively
(Yang et al., 2014; Juillerat et al., 2015; Miller et al., 2015).
TALE-bound DNA sequences (effector binding element
[EBE]) are thus defined by the number and order of the
repeats (RVDs), and in turn TALEs can be designed to
target almost any DNA-sequence with a corresponding
sequence of repeats containing the adequate RVD-order
(Geissler et al., 2011; Weber et al., 2011b; Streubel et al.,
2012). One constraint is the presence of a thymine (T0)
flanking the EBE at the 59-end that is almost invariant in
natural EBEs. Its importance is affected by the number of
repeats and the RVD composition, especially by the RVD
of the first repeat (Doyle et al., 2013; Schreiber et al., 2015).
The repeat domain is flanked by N-terminal regions

(NTR) and C-terminal regions (CTR; Fig. 1A). The NTR
contains signals that promote secretion and transloca-
tion, as well as essential parts of the DNA-binding do-
main (Gao et al., 2012; Schreiber et al., 2015; Scheibner
et al., 2017). Structural analysis revealed that the repeat
domain is extended into the NTR by at least 4 degen-
erated repeats (called Repeat-3 to 0; Deng et al., 2012;
Gao et al., 2012; Mak et al., 2012). Repeat-1 contains a
RVD-loop like structure with a Trp residue that coor-
dinates T0 and facilitates compact binding between the
central repeat domain and the EBE (Mak et al., 2012;
Doyle et al., 2013; Meckler et al., 2013; Schreiber and
Bonas, 2014; Cuculis et al., 2015). The CTR contains two
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to three nuclear localization signals (NLS) and an acidic
activation domain (Van den Ackerveken et al., 1996;
Szurek et al., 2001; Fig. 1A).

Like clustered regularly interspersed short palindromic/
Cas systems, TALEs are programmable DNA binding
proteins with potential for applications in synthetic
biology. By replacing the naturally occurring activation
domain (AD) with other executer domains, TALEs
were converted into artificial sequence specific nucle-
ases, transcription repressors, methylases, and recom-
binases among others (de Lange et al., 2014; Khan et al.,
2017). TALEs were also converted into inducible tran-
scription regulators. For this, researchers followed
different strategies, where TALEs were kept as one
peptide chain or separated into two components.
One-chain approaches include monomeric recep-
tors (Mercer et al., 2014), tobacco etch virus protease
(TEVp)-site containing cyclic TALEs or cyclic transcrip-
tion activator-like orthogonal repressors (Copeland et al.,
2016; Lonzarić et al., 2016).Monomeric receptors undergo
conformational changes upon binding to a ligand, leading
to exposure of the AD and thereby to transcriptional in-
duction (Mercer et al., 2014). TEVp-site containing cyclic
TALEs and cyclic transcription activator-like orthogonal

repressors are cleaved in the presence of TEVp, thereby
enabling access to DNA or preventing transcriptional re-
pression, respectively (Copeland et al., 2016; Lonzarić
et al., 2016). Two-component approaches are based on
the separation of the binding domain (BD) from the AD
and their fusion to interacting protein domains (IDs) that
interact with each other in the presence of light of a spe-
cific wavelength or a specific ligand (Li et al., 2012;
Konermann et al., 2013; Hochrein et al., 2017; Lo et al.,
2017; Zhao et al., 2018). These systems need to be induced
by a third component (light or ligand) and therefore
rather represent three-component AND-gate systems.
Another described AND-gate system is based on the au-
tocatalytic intein-mediated protein splicing, which medi-
ates the fusion of two TALE parts on the protein level
(Lienert et al., 2013). To our knowledge, none of these
AND-gate systems was tested in plants.

Here, we generated and optimized a TALE-based
two-component AND-gate system, which we name
split-TALE (sTALE). We separated TALEs into two
components (binding domain and AD) and fused them
to IDs, which constitutively interact with each other. To
render the sTALE system accessible to the scientific
community we generated Golden Gate (GG)-based

Figure 1. Design of the split-TALE and preliminary tests. A, Schematic representation of dTALE2 (NTR; central repeat region
[CRD]; CTR; type 3 secretion signal [T3S]; RVD; NLS; AD; repeat [Rep]; EBE; invariant thymine flanking the 5‘ end of the RVD-
defined target sequence [T0]. B, Schematic representation of the split-TALE system (BC; AC; DBD; ID; STAP). C, GUS-assay after
Agrobacterium-mediated transient expression of indicated split-TALE components (BC, AC) and the reporter construct (13STAP-
V-GUS-GFP, 43STAP-V-GUS-GFP) in N. benthamiana leaves. The BC contains the full-length NTR and 47 amino acids of the
CTR. Color codes indicate corresponding IDs (C1, green; wFos/cFos, dark blue; P50/P65, blue; GST, white).White bars, except for
the positive controls on the right side (dTALE2 and 35S::GUS), are for assays where only one component of the sTALE with an ID,
either BC or AC, was expressed. In that case, the other component was fused to GST, which should not interact with the ID, and
therefore served as a negative control. Black bars are for assayswhere both functional componentswere expressed. The identity of
the expressed component is indicated below the graph by green boxes or squares. Free GFP (35S::GFP) and dTALE2 were used to
monitor background activity of the STAPs (1x or 4x) and TALE-mediated transcriptional induction of the reporter, respectively.
35S::GUS serves as a positive control. Error bars represent SD (SD) of three biological replicates. Asterisks indicate a significant
difference in activity of the same BC tested with control AC (ID = GST; Student’s t test; *P-value # 0.05).
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modules and vectors compatible with the syntax of the
MoClo system, which is now accepted as one of the
standard modular cloning systems (Engler et al., 2014;
Patron et al., 2015). The sTALE system has the potential
for many applications in planta including program-
mable signaling in synthetic circuits and analysis of
protein-protein interaction.

RESULTS

Generation of sTALE Constructs

To establish a sTALE two-component system we
separated the DNA-binding domain (DBD) and AD of
the previously described artificial dTALE2 (Weber et al.,
2011b; Brückner et al., 2015; Fig. 1A; Supplemental Fig.
S1). Fusion of known IDs to the DBD and AD should
allow the functional reconstitution of the TALE.
According to previous studies, the TALE DBD spans
almost the complete NTR and the central repeat do-
main (Gao et al., 2012; Mak et al., 2012; Schreiber et al.,
2015). In addition, a C-terminal deletion leaving 47
amino acids after the central repeat domain (C47) was
successfully used for TALE-nucleases (Mussolino
et al., 2011). Based on this, we generated the TALE
DBD with the complete NTR and C47 (Fig. 1A).
According to previous studies, the TALE AD is located
within the very last 31 amino acids of the CTR, and this
part is sufficient to mediate transcriptional induction if
fused to DNA binding domains (Szurek et al., 2001;
Schreiber et al., 2015). Therefore, we used the last 31
amino acids of dTALE2 as the AD. In this configuration,
the segment C48-C247 of the CTR, which naturally
contains NLS, is missing (Van den Ackerveken et al.,
1996; Fig. 1, A and B). To enable TALE-reconstitution
in the nucleus we fused one ID and the SV40 NLS at
the C terminus of the DBD (binding component [BC])
and the other IDwith the SV40NLS at the N terminus of
the AD (activation component [AC]; Fig. 1B).
We chose three small sized IDs from non-plant orga-

nisms to avoid potential negative effects on the expression
rate or interference with endogenous plant processes.
These are the C1 peptide, which is the dimerization do-
main of repressor LambdaC1 (Bell et al., 2000), FosW and
cFos–coiled coil Leu zipper domains derived from tran-
scription factor activator protein 1 (Mason et al., 2006)–
and P50-P65–IDs of the nuclear factor kB subunits P50
and P65 (Chen et al., 1998; Fig. 1A; Supplemental Fig. S2).
To monitor TALE-reconstitution we generated re-

porter constructs containing theGUS-GFP reporter gene
fused to the omega enhancer (V) from the Tobacco mosaic
virus (Gallie et al., 1987a) driven by one or four copies
of a synthetic TALE activated promoter 1 (STAP1;
Brückner et al., 2015; Fig. 1C). The rationale behind this
was to allow monitoring of sTALE activity by either
GUS activity or GFP fluorescence, but we focused first
on GUS as a readout because of its higher sensitivity.
We tested matching pairs of BC and AC together with
the GUS reporter construct by Agrobacterium-mediated

transient expression in Nicotiana benthamiana leaves
(Fig. 1C). As a negative control we used a BC and
an AC in which the ID was replaced by glutathione
S-transferase (GST), a domain that should not interact
with any of the other IDs.
Regardless of which ID pair was used, we observed

significant background activity (Fig. 1C). The intensity
of expression correlated with the number of STAPs
fused to the b-glucuronidase (GUS) reporter gene
(13STAP, 43STAP; Fig. 1C). Notably, we detected no
activity if the reporter was combined with free green
fluorescent protein (GFP; = 35S::GFP), confirming that
the STAP1 promoter in the absence of dTALE2 does not
give rise to detectable levels of expression. It is unlikely
that GST interacts with every ID; therefore, we con-
cluded that the BC alone already led to reporter induction.
There was a trend in the increase of GUS expression in
the presence of the matching AC, but this was not sig-
nificant. Only the sTALE pair BC(P50)-AC(P65) showed
an unexpected significant reduction of GUS activity if
combined with the 13STAP-GUS reporter. This effect
was not detectable with 43STAP-GUS, possibly be-
cause of the higher background activity. Given these
results, we next sought to improve the scaffold of the
BC to reduce its background activity.

N-terminal Truncations Reduce Background Activity of
the BC

Previous studies on TALE-based hybrids applied in
human and yeast cells also reported background ac-
tivity of TALE-based two-component systems in the
absence of inducing signals (light or ligand; Konermann
et al., 2013; Hochrein et al., 2017). This problem was
circumvented by the fusion of nuclear export signals
to the BC, which should prevent its nuclear import
in the absence of interaction with the AC. TALE-
reconstitution in the cytoplasm then triggers piggy-
back nuclear import of the BC mediated by the NLS
present in the AC (Konermann et al., 2013; Hochrein
et al., 2017). We followed different strategies to reduce
the background activity and focused initially on the BC
alone. In the first experiments (Fig. 1), the BC was
expressed under the control of the strong constitutive
35S promoter. We hypothesized that a weaker expres-
sion rate of the BC might also reduce its background
activity. Furthermore, in our first design the BC con-
tains the complete NTR, which was reported to contain
the translocation signals (1-50 amino acids) and an es-
sential part of the DBD in terms of transcriptional in-
duction (64-288 amino acids; Szurek et al., 2002;
Schreiber et al., 2015; Scheibner et al., 2017).
For further optimization of the BC we focused on the

sTALE-pair BC(C1)-AC(C1) and generated a set of
N- and C-terminal deletion derivatives. We used the
constitutive but weaker Actin2 promoter (Act2p) for
expression of the BC and scaffolds with truncatedNTRs
(ΔN62, ΔN135, and ΔN152; Fig. 2A). To detect the
transcription activity induced by single components we
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coexpressed either BCs or ACs with free GFP (35S::
GFP). The GUS reporter construct with four copies of
STAP1 was used for higher sensitivity. The expression
of the BC by Act2p did not reduce the background ac-
tivity (Fig. 2A). Interestingly, truncation of the NTR
reduced the background activity of the BC but also led
to reduced reporter induction of the reconstituted
TALE. Expression of AC alone combined with free GFP
induced onlymarginal levels ofGUS activity (Fig. 2A). As
shown in Figure 2A the truncation of theNTR from ΔN62
to ΔN135 completely abolished the background activity
of the BC. Next, we further refined the scaffold of the BC
to improve the sTALE system in terms of signal-to-noise
ratio. We generated additional N-terminal truncations
between ΔN63 and ΔN135 in predicted unstructured re-
gions of the NTR (ΔN93, ΔN115; Fig. 2B; Supplemental

Fig. S1). Based on functional TALEN scaffolds we also
shifted the NLS from the C terminus to the N terminus
of the DNA binding domain and included additional
C-terminal truncations (C17, C47, C63; Miller et al., 2011;
Mussolino et al., 2011; Bedell et al., 2012).

For comparative functional analysis of the BCs, we
used the same AC (C1-NLS-AD). Comparative analysis
revealed that a deletion of 93 amino acids of the NTR is
sufficient to strongly reduce the background activity
of the BC. The C-terminal truncations had no clear effect
on the signal-to-noise ratio. Notably, fusion of theNLS to
the N terminus of the DBD strongly reduces BC back-
ground activity [compare BC(NLS-ΔN62-C47-C1)withBC
(ΔN62-C47-NLS-C1); Fig. 2B]. However, if more than 63
amino acids of the NTR are deleted, BCs with C-terminal
DBD-fused NLS always showed higher activity in the

Figure 2. Optimization of the BC-scaffold. Modifications are visualized by schematic representations above the diagrams. The
position of the N-terminal deletions is indicated by Dx, where x represents the position of the amino acid. The position of the
C-terminal deletions is indicated by Cx, where x represents the number of amino acids after the repeat region. The diagrams show
the results of GUS-assays after Agrobacterium-mediated transient expression of indicated split-TALE components (BC, AC) and
the reporter construct (4xSTAP-V-GUS-GFP) in N. benthamiana leaves. The color code indicates corresponding split-TALE
constructs (C1, green boxes) or free GFP (35S::GFP, white boxes). Free GFP was used as a control to monitor the background
activity of the single BC and AC. 35S::GUS serves as the positive control. White bars are for assays where only one component of
the sTALE, either BC or AC, was expressed. Black bars are for assays where both functional components were expressed. The
identity of the expressed component is indicated below the graph by green boxes or squares. A, The BC was either expressed
under the control of 35S or Actin2 (Act2p) promoters with no change in background activity. Truncation of the NTR up to 135
amino acids significantly reduced the background activity of the BC. Activity was significantly increased in the presence of the
corresponding AC. B, Positioning of the NLS to the N terminus of the BC further reduces its background activity, which was
accompaniedwith a loss of overall activity in the presence of the matching AC. The BC-scaffoldwith a deletion of 93 amino acids
of the NTR, 47 amino acids of the CTR, and a C-terminal NLS possessed the best signal-to-noise ratio (indicated by a red triangle).
Error bars represent SD (SD) of three biological replicates. Asterisks indicate a significant difference in activity of the same BC tested
with free GFP (white box; Student’s t test; *P-value# 0.05, **P-value# 0.01, ***P-value# 0.001). Experiments were performed
two times with similar results. All raw data are available in the Supplemental Data.
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presence of thematching AC. The BC(ΔN93-C47-NLS-C1)
gave the best signal-to-noise ratio and was used as the BC
scaffold in all following experiments.

Stacking Activation Domains Does Not
Improve Transactivation

We next sought to optimize the AC to improve the
sTALE system further. As shown for dCas9- and TALE-
based transcriptional regulators in human cells, the
combination of multiple ADs had synergistic effects
on transcriptional activation (Konermann et al., 2013;
Chavez et al., 2016; Zhao et al., 2018). An exchange of
the TALE-AD with the VP16- or GAL4-AD was shown
to reduce the TALE-mediated transcriptional induction
in planta, which indicates that these ADs are not opti-
mal for plant cells (Geissler et al., 2011). The synthetic
AD derived from the plant Ethylene Response Factor 2
(ERF2) was shown to be highly active in planta (Li et al.,
2013). We generated new AC fusions with the AD from
ERF2 (AD2) separately and in combination with the
TALE-AD (AD) and tested them in the same conditions
as before (Fig. 3). We also generated ACs without NLS
because their small size (C1-AD, 16.6 kD; C1-AD1-AD2,
20.5 kD) should allow free diffusion into the nucleus.
The AD2 exhibits similar activity compared with the
TALE-AD, but a combination of both ADs within the
AC did not result in higher activities. ACs without NLS
are still functional although with a strongly reduced
activity. All tested ACs possess low levels of back-
ground activity. The AC(C1-NLS-AD) showed the
highest activity and was used as the AC scaffold in all
following experiments.

Testing a Set of Linkers to Generate the Fusions with the
Activation and DNA-Binding Domains

The nature of the linker connecting the individual
elements can greatly affect the functionality of protein
fusions (Chen et al., 2013). To endow the sTALE system
with additional options, we designed a set of linkers
that allow the easy integration of interaction domains
using a Golden Gate compatible cloning procedure
(Fig. 4). We chose two flexible linkers (LF1, LF2) and
two rigid linkers (LR1, LR2; Chen et al., 2013). We
tested whether these linkers had an effect on the func-
tionality of the optimized sTALE. Application of these
linkers within the C1-based BC revealed a tendency for
LR2 to improve the sTALE system (Fig. 4A). We also
analyzed linker-containing C1-based ACs together
with these BCs and found thatACswith LR2 showed the
highest level of TALE-reconstitution (Fig. 4B). This,
however, was accompanied with increased background
activity of this AC alone. The combination with the best
signal-to-noise ratio was BC-C1-LR2 together with AC-
C1-LF2, which led to a 17.8-fold induction of 43STAP1:
GUS compared with the BC alone (Fig. 4B). Therefore,
the C1-based sTALE system is suitable for synthetic
AND-gate circuits in planta.

The Interacting Pair p65-p50 also Leads to a
Functional sTALE

We also used these optimized sTALE scaffolds for the
interaction pair P65-P50. As shown in Figure 1, the in-
teraction between BC(P50) and AC(P65) led to tran-
scriptional repression of the BC-mediated background

Figure 3. Optimization of the AC-scaffold.Modifications are visualized
by schematic representations above the diagram (AD, TALE AD; AD2,
modified AD from AtERF2). The diagram shows the GUS-assay after
Agrobacterium-mediated transient expression of indicated split-TALE
components (BC, AC) and the reporter construct (43STAP-V-GUS-
GFP) inN. benthamiana leaves. The color code indicates corresponding
split TALE constructs (C1, green boxes) or free GFP (35S::GFP, white
boxes). Free GFP was used to monitor background activity of the single
BC and AC, respectively. 35S::GUS serves as the positive control.White
bars are for assays where only one component of the sTALE, either BC or
AC, was expressed. Black bars are for assays where both functional
components were expressed. The identity of the expressed component
is indicated below the graph by green boxes or squares. Deletion of the
NLS within the AC-scaffold (2) strongly reduces split TALE activity.
Stacking of AD and AD2 (6) negatively affects the activity of the AD. AC-
scaffoldswith AD (1) and AD2 (5) showed comparable activities, but the
AC-scaffold with the TALE AD possessed the best signal-to-noise ratio
(indicated by a red triangle). Error bars represent SD (SD) of three bio-
logical replicates. Asterisks indicate a significant difference in activity of
the same BC testedwith free GFP (white box; Student’s t test; *P-value#
0.05, **P-value # 0.01). Experiments were performed three times with
similar results. All raw data are available in the Supplemental Data.
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activity (Fig. 1C). To avoid such negative effects, we
switched the positions of P50 and P65 between the
sTALE components (BC[P65] and AC[P50]; Fig. 5). As
with the C1 sTALE constructs, we observed that the
fusion of the NLS to the N terminus of the DBD led to
reduced transactivation of GUS expression. In addition,
the use of flexible linkers within the BC did not change
sTALE activity significantly. However, in contrast with
C1, rigid linkers within the BC seemed to have a neg-
ative effect with the P50-P65 pair (Fig. 5). This shows
that different types of linkers may have different effects
on the reconstitution of TALE activity depending on the
interacting pairs. To confirm that TALE-reconstitution
depends on the specific interaction between the corre-
sponding IDs, we performed a cross test with all C1 and
P50/P65 sTALE components (Fig. 6). A significant in-
duction of the reporter occurs only in the presence of the
matching ID. This rules out the possibility that TALE-
reconstitution is driven by the direct interaction between

the DBD and the AD and confirms the specificity of the
interacting pairs.

Tuneable Output Strength by Different Reporter Scaffolds

As shown in Fig. 1, the number of STAPs upstream of
the reporter gene affects the strength of sTALE-mediated
output. To analyze the effect of STAP number we sys-
tematically tested a set of reporters that are based on ei-
ther GUS, GFP, or GUS-GFP fusion and differ in the
number of STAPs (Supplemental Fig. S3). We also gen-
erated GUS reporters by using different numbers of the
commonly used tomato (Solanum lycopersicum) minimal
Bs4 promoter fused to the EBE (EBE-Bs4min; Boch et al.,
2009). As expected, sTALE activity positively correlated
with the number of STAPs or EBE-Bs4min promoter
fragments (Supplemental Fig. S3A).Notably, the presence
of the viral translational enhancer led to strongly in-
creased sTALE-activity using STAP-based reporters. This

Figure 4. Integration of linkers within the AC- and BC-scaffold. Modifications are visualized by schematic representations above
and below the diagrams (Linkers: F, flexible, R, rigid). The diagrams show the results of the GUS assays after Agrobacterium-
mediated transient expression of indicated split-TALE components (BC, AC) and the reporter construct (43STAP-V-GUS-GFP) in
N. benthamiana leaves. The color code indicates corresponding split-TALE constructs (C1, green boxes) or free GFP (35S::GFP,
white boxes). Free GFP was used to monitor background activity of the single BC and AC, respectively. 35S::GUS serves as the
positive control.White bars are for assayswhere only one component of the sTALE, either BC or AC, was expressed. Black bars are
for assays where both functional components were expressed. The identity of the expressed component is indicated below the
graph by green boxes or squares. A, Linker-containing BCs were combined with ACs without linkers. Flexible linkers within the
BC-scaffold showed no clear effect, whereas the rigid linker 2 (LR2) led to slightly increased split TALE activity. B, Linker-
containing BCs were combined with linker-containing ACs. Rigid linkers within the AC-scaffold showed a trend to positive ef-
fects on split-TALE activity. The combination of BC(LR2) and AC(LF2) possessed the best signal-to-noise ratio (indicated by a red
triangle). Error bars represent SD (SD) of three biological replicates. Asterisks indicate a significant difference in activity of the same
BC tested with free GFP (white box; Student’s t test; *P-value# 0.05, **P-value # 0.01, ***P-value# 0.001). Experiments were
performed three times with similar results. All raw data are available in the Supplemental Data.
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scaffold also outcompetes EBE-Bs4min reporters in terms
of inducibility and background activity (see combination
of the reporter with free GFP; Supplemental Fig. S3A).
We also qualitatively analyzed GUS activity by GUS-

staining, but low GUS activity already led to strong
staining, which hampers conclusions about the influence
of the number of STAPs (Supplemental Fig. S3B). A

fluorescent reporter would be an attractive alternative to
GUS because it would allow a quick readout macro-
scopically using whole leaves under UV-light or on a
cellular level using a fluorescence microscope. We found
that the expression of GFP induced by sTALE can be
robustly seen macroscopically with four STAPS andwith
a microscope with a minimum number of three STAPs
(Supplemental Fig. S3C). In addition, a dual reporter that
contains aGUS-GFP fusion showed reduced fluorescence
in comparison with free GFP (Supplemental Fig. S3B).

Comparative Quantification of the sTALE-Mediated
Output Strength

These observations with GFP as a reporter promp-
ted us to evaluate more precisely the strength of the

Figure 5. Optimized AC- and BC-scaffoldwith P65-P50 IDs.Modifications
are visualized by schematic representations above the diagram (Linkers: F,
flexible, R, rigid). Diagram shows GUS-assay afterAgrobacterium-mediated
transient expression of indicated split-TALE components (BC, AC) and the
reporter construct (43STAP-V-GUS-GFP) in N. benthamiana leaves. The
color code indicates corresponding split TALE constructs (P65/P50, blue
boxes) or freeGFP (35S::GFP, white boxes). FreeGFPwas used tomonitor
background activity of the single BC and AC, respectively. 35S::GUS
serves as the positive control. White bars are for assays where only one
component of the sTALE, either BC or AC, was expressed. Black bars are
for assays where both functional components were expressed. The
identity of the expressed component is indicated below the graph by
green boxes or squares. A C-terminal NLS is beneficial for sTALE activity
using the ID pair P65/P50 (left). Flexible linkers showed no clear effect,
whereas rigid linkers showed negative effects on split-TALE activity. The
combination of BC and AC without linkers possessed the best signal-to-
noise ratio (indicated by a red triangle). Error bars represent SD (SD) of three
biological replicates. Asterisks indicate a significant difference in activity
of the same BC tested with free GFP (white box; Student’s t test; *P-value
# 0.05, **P-value # 0.01, ***P-value # 0.001). Experiments were per-
formed two times with similar results. All raw data are available in the
Supplemental Data.

Figure 6. Cross test of C1 and P65/P50 split TALE scaffolds. The con-
structs used are visualized by schematic representations. The diagram
shows the results of the GUS-assay after Agrobacterium-mediated
transient expression of indicated split-TALE components (BC, AC) and the
reporter construct (43STAP-V-GUS-GFP) in N. benthamiana leaves. The
color code indicates corresponding split-TALE constructs (C1, green boxes;
P65/P50, blue boxes) or free GFP (35S::GFP, white boxes). Free GFP was
used tomonitor background activity of the single BCs andACs, respectively.
35S::GUS serves as the positive control. White bars are for assays where
only one component of the sTALE, either BC or AC, was expressed. Black
bars are for assays where both functional components were expressed. The
identity of the expressed component is indicated below the graph by green
boxes or squares. Split-TALE activitywas onlymeasurable in thepresence of
the matching IDs. Error bars represent SD (SD) of three biological replicates.
Asterisks indicate a significant difference in activity of the same BC tested
with free GFP (white box; Student’s t test; **P-value# 0.01, ***P-value#
0.001). Experiments were performed two times with similar results. All raw
data are available in the Supplemental Data.

Plant Physiol. Vol. 179, 2019 1007

Schreiber et al.

http://www.plantphysiol.org/cgi/content/full/pp.18.01218/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01218/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01218/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01218/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01218/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01218/DC1


transcriptional activation by the sTALE system. Dur-
ing the optimization process of the sTALE system, we
focused on reducing the background activity of the
single components (BC and AC). Therefore, we per-
formed the GUS experiments as end point measure-
ments using long incubation times at 37°C (see
“Material and Methods”). This does not allow a direct
and quantitative comparison with other promoters
(like 35S) in terms of strength.

To obtain data that better reflect the real strength of the
transcriptional induction, we performed kinetics of the
GUS measurements by measuring GUS activity every
10 min at 37°C (10-90 min) incubation (Supplemental
Fig. S4A). With the 35S promoter, the system was al-
ready saturated after 20 min. We therefore performed
assays after a short incubation time of 15 min. We
compared the transcriptional activation of the GUS re-
porter gene by all sTALEpairs (C1-C1 and P50-P65)with
that induced by a full-length TALE as well as by the
Actin 2 and 35S promoters.We could confirm that the C1
sTALE-pair, with 30% of the GUS activity driven by the
35S promoter, is more active than the P50-P65 sTALE
pair, with 5% of the GUS activity driven by the 35S
promoter (Supplemental Fig. S4B). The GUS activity
induced by the P50-P65 sTALE was comparable with
that of the Actin2 promoter (Supplemental Fig. S4B).

Application of the sTALE System to the Production
of Z-Abienol

To show that the sTALE AND-gate system can be
applied for synthetic circuits in planta, we used the
optimized C1-sTALE constructs for the production of
the diterpene Z-abienol. Z-abienol is a plant diterpene
with a labdane backbone that can be used as starting
material for the synthesis of Ambrox, a valuable in-
gredient for the fragrance industry with fixative proper-
ties and amber notes (Barrero et al., 1993). In tobacco
(Nicotiana tabacum), the biosynthesis of abienol requires
twogenes encodingNtCPS2, a class II diterpene synthase
that converts geranylgeranyl diphosphate (GGPP) to 8-
hydroxycopalyl diphosphate (8-OH-CPP), and NtABS, a
class I diterpene synthase that catalyzes the conversion of
8-OH-CPP to Z-abienol (Sallaud et al., 2012). We gener-
ated constructs containing constitutively expressed
sTALE components [Act2p-BC(dN93-C47-NLS-LR2-C1)-
tOCS and 35S-AC(C1-LF2-NLS-AD)-tOCS] and sTALE-
inducible NtCPS2 (43STAP1-V-NtCPS2-tMas), NtABS
(43STAP1-V-NtABS-t35S), and NtGGPPS2 (geranylger-
anyl diphosphate synthase, 4xSTAP1-V-NtGGPPS2-
tOCS) fused to four copies of STAP1 each (Fig. 7A). The
production of Z-abienol requires the expression of three
genes, in contrast with the previously used GUS reporter
encoded by a single gene, thereby constituting a test for
the capacity of the sTALE to concurrently activate the
expression of several genes. The circuit was tested tran-
siently in N. benthamiana, which does not produce
Z-abienol. The three sTALE-inducible genes were com-
bined with free GFP or full-length TALE specific for

STAP1 as a negative or positive control, respectively. Leaf
surface extracts were isolated 3 d after infiltration, and the
presence of abienolwas analyzed by gas chromatography
coupled to mass spectrometry (GC-MS). We detected
abienol onlywhenwe infiltrated both sTALE components
(BC and AC) and in the positive control with the full-
length TALE (Fig. 7B). No Z-abienol was detected in the
presence of the BC only, which further confirmed the low
background activity of the sTALE system.

DISCUSSION

Development and Optimization of a Split-TALE System

We developed a TALE-based AND-gate system for
applications in planta. We showed that the specific in-
teraction of the corresponding IDs enables reconstitu-
tion of a functional TALE (Fig. 5). Turning TALEs into
two-component systems was done earlier, although
none of the previously developed systems were gen-
erated for plants. Most sTALE systems were light
(Konermann et al., 2013; Hochrein et al., 2017; Lo et al.,
2017) or ligand induced (Li et al., 2012; Lonzarić et al.,
2016; Zhao et al., 2018). To our knowledge, there is only
one two-component sTALE AND-gate system previ-
ously reported, which is based on intein-mediated
protein splicing (Lienert et al., 2013).

Importantly, previously used TALE-based two-
component systems all possess a certain level of back-
ground activity, which was circumvented by the nuclear
export of the BC (Konermann et al., 2013; Hochrein et al.,
2017; Zhao et al., 2018). In our initial attempts, we also
encountered high levels of background activity of the BC
element on its own (Figs. 1 and 2). A key step in reducing
this background activity was the truncation of amino
acid 62 to 92 from the N terminus (ΔN93; Fig. 2B), which
was also shown previously to affect the activity of wild-
type TALEs (Schreiber et al., 2015). The explicit function
of the NTR residues 63-92 for TALE activity is not
completely understood, but it is known that residues
1-152 of the NTR also contribute to TALE DNA-binding
affinity (Schreiber et al., 2015). Our NTR deletion results,
however, suggest that residues 62-92 contain a cryptic
transcription activation domain. Additionally, the fusion
of the NLS to the truncated DN62 deletion of the
N-terminal domain also led to reduced background ac-
tivation of transcription (Fig. 2B). Biochemical analysis
indicated that the DNA-binding domain is extended to
residue 148 as one continuous fold (Gao et al., 2012).
Residues 1-147 likely form a separate domain, but no
structural information is available to date. Further in-
vestigationswould be needed to show the presence of an
additional cryptic AD in the NTR of TALEs.

Attempts to optimize the AC to increase transcrip-
tional activation were less successful and could be pur-
sued with the analysis of additional AC scaffolds. For
instance, one could use multiple tandem copies of the
TALE AD as recently described for the synthetic dCas9-
based activator dCas9-TV, which was developed for
plants (Li et al., 2017). However, as it stands our sTALE
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system allows gene expression levels that are around
30% of those induced by the 35S promoter for the C1
fusions and on a par with the Actin2 promoter for the
P50/P65 interacting partners. These are expression
levels that allow visualization of reporters with a high
detection threshold, such as GFP, as well as the simul-
taneous induction of multiple genes as for the biosyn-
thesis of Z-abienol (Fig. 7; Supplemental Fig. S4).

Impact of the Interacting Partners

The capacity of the C1 domain to homodimerize did
not prevent the reconstitution of active transcription. In
theory, homodimerization of C1 should lead to the

formation of C1-AC and C1-BC homodimers, so that,
assuming an equally strong interacting power of C1 in
either fusions, only one-third of heterodimeric com-
plexes should be formed between C1-AC and C1-BC.
Thus, we expected a stronger transcription activation
with the heterodimer P50/P65 than with C1. One
possible reason for the strong activity with C1 fu-
sions is that the C1 domain was also shown to form
higher order complexes, including homotetramers and
homooctamers (Senear et al., 1993; Bell et al., 2000).
This could lead to the formation of multimeric
complexes that contain several C1-AC bound to one
C1-BC, thereby leading to increased transcriptional
activation. Another possibility is that the interaction

Figure 7. sTALE-regulatedZ-abienol production. A, Schematic representation of the constructs used forZ-abienol production. BC andAC
are constitutively expressedwithAct2 and35S promoters, respectively.Genes for the production ofZ-abienol are fused to 43STAP1-V and
induced by TALE-reconstitution [geranylgeranyl diphosphate synthase (NtGGPPS2), 8-hydroxycopalyl diphoshate (8-OH-CPP) synthase
(NtCPS2), Z-abienol synthase (NtABS)]. B, GC-MS chromatogram (m/z 191) of hexane leaf surface extracts after transient expression inN.
benthamiana leaves.Only the portion of the chromatogrambetween retention times from27 to 30min is shown. Sclareol serves as internal
standard for normalization.Z-abienol elutes at 28.20min.Z-Abienol is produced only in the presence of the two sTALE components or the
full-length dTALE2. C, Peak areas of Z-abienol normalized to sclareol. nd, Not detected. D, Mass spectrum of Z-abienol.
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between P50 and P65 is weaker than between C1
peptides.

Applications of the sTALE System

In synthetic biology, the sTALE system can be used
as an AND-gate. AND-gates allow the production of an
output when, and only when, two conditions are met.
In plants, these two conditions could be two spatially or
temporally overlapping expression profiles conferred
by two distinct promoters. Environmental signals could
also be used, for example drought and wounding, and
additionally combined with tissue-specific promoters.
The output can be a visual reporter or more complex
downstream processes, such as metabolic or signal
transduction pathways. Based on previous work, it
would be conceivable to develop an AND-gate system
based on the GAL4 enhancer-trap system in plants
(Johnson et al., 2005; Laplaze et al., 2005). However, the
customizable and modular DNA-binding domain of
TALEs confers much more flexibility to the sTALE
system, including orthogonality as well as the possi-
bility to transactivate endogenous genes.

One challenge for the incorporation of the sTALE
system into synthetic AND-gate circuits might be the
required expression rate of the single components (BC
andAC), especially the expression of theACneeds to be
relatively strong (with a 35S promoter) for reporter
gene activation in a transient system. This could be
circumvented by the introduction of a positive amplifi-
cation step for the input (for higher expression of BC and
AC) or the output (for signal amplification of the Re-
porter). This could be done, for example, by the use of a
full-length TALE with a different EBE, under the control
of a tissue-specific promoter that would activate the ex-
pression of the AC. Alternatively, the sTALE compo-
nents could activate a full-length TALE with a different
EBE, which itself would activate the output genes.

One potential application of the sTALE system is the
analysis protein-protein interactions. Putative inter-
actors can be fused to either BC or AC, and their in-
teraction in planta can be monitored by the expression
of a reporter gene, e.g. GUS or luciferase. This is anal-
ogous to the widely used yeast two-hybrid system
(Fields and Song, 1989). The simple experimental setup
allows analysis of protein-protein interactions within 3 d.
Besides direct interactions, indirect interactions (or com-
plex formations) can be monitored because bridging
components are present in planta, which might be absent
in yeast. The low background activity of our sTALE sys-
tem might be an advantage over other protein-protein
interaction methods like split-YFP or split-luciferase,
which were reported to give rise to background signals
because of their propensity to reconstitute themselves
independently of the fused IDs (Horstman et al., 2014).
However, a direct comparison of the sTALEand split-YFP
systems would be needed to clearly demonstrate
the differences of these systems. The developed sTALE
scaffolds (BC and AC) can also be converted into a

ligand-dependent AND-gate system by IDs, which ex-
hibit ligand-dependent interaction such as DmrA and
DmrC in the presence of rapamycin (Lonzarić et al., 2016).

A sTALE System Compatible with Golden Gate and
MoClo Standards

To make the sTALE system user-friendly, we gener-
ated a set of vectors for easy cloning of putative inter-
actors or desired IDs by GG cloning (Weber et al.,
2011a, 2011b; Engler et al., 2014; Supplemental Fig.
S5A). The advantage is that only oneGG-module per ID
is needed to fuse it either to the BC or to the AC [BsaI
(AATG)-ID-(TTCG)BsaI, frame underlined]. Depend-
ing on the vector used, BCs and ACs contain flexible,
rigid, or no linkers (Supplemental Fig. S5A). In addi-
tion, the BC and AC are also provided as single Level
0 GG-modules compatible with the MoClo system
(Werner et al., 2012; Engler et al., 2014), which can be
combined with promoters, tags, UTRs, or terminators
that fulfill desired needs (Supplemental Fig. S5B). Fur-
thermore, because of its modular nature, the TALE
DNA binding domain can be modified to bind any
desired DNA sequence, making it possible to induce
endogenes as well as foreign genes orthogonally. We
also provide a set of responsive promoters, which
contain one, two, three, or four copies of STAP1
(Brückner et al., 2015; Supplemental Fig. S5B). Each
STAP1 contains an EBE, which can be bound by the BC.
Increasing the number of EBEs in the promoter also in-
creases the binding events of the BC and in turn the re-
porter induction upon TALE-reconstitution. Based on
our results, it is recommended to combine the STAPs
with the translational enhancer from the Tobacco mosaic
virus (V; Gallie et al., 1987b), because it strongly increases
the expression of the reporter (Supplemental Fig. S3).
The combination of STAPs with V also outcompetes the
commonly used minimal Bs4 promoter for TALE-
mediated transcriptional induction (Schornack et al.,
2006; Boch et al., 2009; Supplemental Fig. S3). The
strength of the output can be further fine-tuned by using
STAPs of different strengths (Brückner et al., 2015).

In conclusion, the sTALE system provides a platform
with potential for many applications, ranging from in
planta protein-protein interaction studies to synthetic
biology projects. Its compatibility with the now widely
usedGoldenGate system should ensure rapid adoption
within the plant scientific community.

MATERIAL AND METHODS

Bacterial and Plant Growth Conditions

Escherichia coli strainDH10B [F-mcrAD(mrr-hsdRMS-mcrBC)F80dlacZDM15
DlacX74 endA1 recA1 deoRD(ara,leu)7697 araD139GalUgalKnupG rpsL l-] and
Agrobacterium tumefaciens strain GV3101::pMP90 (Koncz and Schell, 1986) were
grown in lysogeny broth/medium (LB medium [Duchefa Biochemie]: 10 g/l
tryptone, 10 g/l sodium chloride, 5 g/l yeast extract) with selective antibiotics at
37°C and 28°C, respectively.Nicotiana benthamianaplantswere grown in the phyto
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chamber (day and night temperatures of 21°C and 18°C, respectively) with 16-h
light and 50% to 60% humidity.

Generation of Constructs

All constructs were generated by PCR using Thermococcus kodakaraensis
Polymerase (Merck Millipore) and assembled by GG-cloning according to the
MoClo system (Weber et al., 2011a; Engler et al., 2014). PCR products were
purified with the Monarch PCR & DNA Cleanup kit (New England Biolabs)
and cloned into corresponding vectors by GG-cloning using either BsaI (New
England Biolabs) or BpiI (Thermo Fisher Scientific) depending on the level of the
destination MoClo vectors (Supplemental Fig. S5) and T4 Ligase (Promega
Cooperation). GG-modules coding for P50 and P65 were synthesized (Eurofins
Genomics). Assembled plasmids were transformed into E. coli (DH10B) by heat
shock; then transformants were plated on LB agar plates with selective anti-
biotics and grown overnight at 37°C. Single clones were inoculated in liquid LB
media with selective antibiotics and incubated overnight at 37°C. Plasmids
were isolated with the Nucleospin Plasmid preparation kit (MACHEREY-
NAGEL GmbH) and analyzed by sequencing (generation of GG-modules) or
control digestion (assembling of existing GG-modules). Binary vectors were
transformed in Agrobacterium (GV3101::pMP90) by electroporation; then
transformants were plated on LB agar plates with selective antibiotics and
grown for 2 d at 28°C.Agrobacterium strains were stored as cryo-stocks (LBwith
selective antibiotics and 7% v/v dimethyl sulfoxide) at 280°C. Sequences of
primers and of interaction domains used as well as vector maps are given in the
Supplemental Tables S1 and S2 and Supplemental Figure S6, respectively.

GUS Reporter Assay

Binary vectors containing Agrobacterium strains with T-DNAs for BC, acti-
vation components (AC), free GFP (= 35S::GFP), or reporter constructs were
grown on plates for 1 to 2 d at 28°C. Agrobacterium strains were resuspended in
Agrobacterium infiltration media (10 mM MES, 10 mM mgCl2, 150 mM aceto-
syringone) and diluted to an optical density of OD600 = 0.8. Agrobacterium
strains with T-DNAs for AC, BC, and reporter were mixed 1:1:1 and inoculated
into 5 to 6weeks oldN. benthamianaplantswith a needleless syringe. At 2 to 3 d after
inoculation, two leaf discs (diameter 0.9 mm) were harvested from three different
plants and analyzed by GUS assay (Kay et al., 2007). According to Kay et al., 2007,
incubation of the enzymatic reactionwas done for 60 to 90min at 37°C unless stated
otherwise (Supplemental Fig. S4). 35S::GFP and 35S::GUS served as negative and
positive controls, respectively. Error bars represent the SD of three biological repli-
cates. Each biological replicatewasmeasured twice (technical replicates). The values
displayed in the figures are the average of the biological replicates (each being the
average of the two technical replicates). The error bars represent the SD of the bio-
logical replicates. All experiments were repeated two to three times with similar
results. All raw data can be found in the Supplemental Data.

Production and Detection of Z-Abienol

Agrobacterium strains were prepared as for the GUS assays but inoculated
into N. benthamiana leaves with an OD600 = 0.3. At 3 d after inoculation, 10 leaf
discs (diameter 0.9 mm) were harvested, immediately transferred to 1.8 ml
hexane (with 1 mM sclareol for normalization), and incubated for 2 min at room
temperature using a thermo mixer at 1,400 rpm. The hexane extracts were then
transferred into fresh tubes, incompletely evaporated under a flow of nitrogen,
down to a volume of around 100 mL. Analysis of hexane extracts was done by
GC-MS as in Sallaud et al. (2012). The peak area of sclareol in each extract was
used as reference for normalization.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers J02459.1 (C1), P25799.2 (P50), Q04207.1
(P65).
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Supplemental Figure S4. Quantitative analysis of the optimized split
TALE system.

Supplemental Figure S5. sTALE system compatible with Golden Gate and
MoClo standards.

Supplemental Figure S6. Maps of plasmids used in this study.

Supplemental Data. Raw data from all N. benthamiana transient assays.
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