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Abstract

Recent advances in DNA targeting allow unprecedented control over gene function and
expression. Targeting based on TAL effectors is arguably the most promising for systems biology
and metabolic engineering. Multiple, orthogonal TAL-effector reagents of different types can be
used in the same cell. Furthermore, variation in base preferences of the individual structural
repeats that make up the TAL effector DNA recognition domain makes targeting stringency
tunable. Realized applications range from genome editing to epigenome modification to targeted
gene regulation to chromatin labeling and capture. The principles that govern TAL effector DNA
recognition make TAL effectors well suited for applications relevant to plant physiology and
metabolism. TAL effector targeting has merits that are distinct from those of the RNA-based DNA
targeting CRISPR/Cas9 system.

Introduction

The collection of molecular tools for dissecting and manipulating plant physiology and
metabolism is growing rapidly. Recent advances in DNA targeting especially have given
researchers an unprecedented degree of control over gene function and expression. Among
these advances, targeting based on TAL effectors, heterogeneous transcription factors
produced and injected into plant cells by pathogenic bacteria, has been among the most
revolutionary, and is arguably the most promising for systems biology and metabolic
engineering in plants. The DNA sequence specificity of TAL effectors is virtually fully
customizable, and the DNA recognition domain of TAL effectors has proven amenable to
molecular fusions to direct a variety of enzymatic and other activities to desired locations in
the genomes of living cells. Fusions to a nuclease for targeted DNA cleavage essential for
genome editing, fusions to alternative transcriptional activation domains and to repressor
domains for direct modification of the transcriptome, fusions to chromatin modifying
enzymes for modification of the epigenome (and indirect modification of the transcriptome),
and fusions to molecular probes for in situ labeling of DNA or to tags for capture of regional
DNA protein complexes have all been developed and applied within the past five years,
many within the past year. This article reviews the principles of TAL effector-based DNA
targeting and highlights the applications that, integrated with emerging technologies and
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approaches for making molecular switches and circuits, and knowledge of plant
biochemistry, hold most promise for manipulating plant physiology and metabolism.
Relative merits of TAL effector-based DNA targeting and the recently developed RNA-
guided DNA targeting mechanism of the CRISPR/Cas9 system are also touched upon.

Native roles of TAL effectors

TAL effectors are one of many types of proteins delivered into plant cells through the
specialized type 111 secretion system of Gram-negative pathogenic bacteria during infection.
They are unusual in two respects: first, though not the only direct host transcriptional
regulators produced by plant pathogenic bacteria [1], TAL effectors are so far unique in their
collective ability to transcriptionally activate diverse host genes specifically; and second,
their distribution is largely limited to the genus Xanthomonas, with only closely related but
less diverse functional homologs found in Ralstonia solanacearum [2], also a plant
pathogen, and a more distantly related and uncharacterized homolog encoded in the genome
of Burkholderia rhizoxinica, a bacterial endosymbiont of the fungal plant pathogen
Rhizopus microsporus [3].

Host targets of TAL effectors whose activation is required for full expression of disease are
called susceptibility (S) genes. S gene alleles with polymorphism at the effector binding site
that prevents activation confer disease resistance [4]. Another type of resistance is conferred
by genes that display a binding site, yet whose activation results in a rapid localized host cell
death and cessation of bacterial spread [5]. Thus, TAL effectors are subject to opposing
selective forces — for targeting flexibility to accommodate S gene polymorphism that might
be encountered across different host genotypes, and for stringent specificity to target S genes
uniquely while avoiding resistance gene activation traps [6].

TAL effector — DNA recognition

The solution nature found is a modular DNA recognition and binding mechanism that pairs
individual, contiguous structural repeats in the protein with contiguous nucleotides in the
DNA target [7,8]. This allows for recombinational evolution of new specificities, and at the
same time variation in the overall stringency of specificity because individual modules differ
both qualitatively and quantitatively in their preference for different nucleotides [7-10].
Each repeat is usually 34 amino acids, displaying variation primarily at positions 12 and 13,
the ‘repeat-variable diresidue’ (RVD). Repeat specificity is encoded in the RVD. Common
RVDs (using the single letter amino acid code) include HD, specifying cytosine, NG,
specifying thymine, NN, specifying guanine or adenine, and NI, specifying ade-nine. Next
most common are NS, and N* (in which the asterisk denotes a missing 13th residue), which
have generally lax specificity. The rare RVD NH specifies G uniquely [11,12].

Repeats each constitute a two-helix bundle in which residue 12 and 13 reside on an inter-
helical loop. Repeats assemble into a left-handed superhelix that wraps in a right-handed
fashion around the DNA, tracking the major groove. The helical bundles pack with the inter-
helical loops projected inward (and inter-bundle loops outward). Residue 12, typically N or
H, stabilizes the RVD loop by binding to the carbonyl oxygen at position 8. Nucleotide
preferences and binding are determined apparently exclusively by interactions of residue 13
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with individual nucleotides on the plus strand, ranging from hydrogen bonding (e.g., D to
cytosine) to Van der Waals contacts (e.g., G to thymine) to steric specification (e.g., | to
adenine). Thus, less common RVDs such as ND or SN can generally be assumed to have the
specificity of their more common counterpart that shares the same residue at position 13.
The role of non-RVD residues has not been investigated in depth, but a study of the
Ralstonia TAL effector homologs suggested that variation outside the RVD can
quantitatively affect nucleotide preference [2].

Across the published structures however (none of which represents any Ralstonia protein),
overall there is negligible structural variation outside the RVD loop from repeat to repeat.
This striking modularity is at the heart of the utility of TAL effectors as DNA targeting
tools. Repeats with different RVDs can be strung together in any order to create recognition
domains for DNA sequences of choice, and targets can be synthesized to match particular
TAL effector repeat arrays.

Design and assembly of custom TAL effector DNA recognition domains

Several web-based computational tools are available to aid in design of custom TAL effector
arrays to uniquely target a given genomic site. The more sophisticated of these allow design
around potential off-targets by scoring alignments of the RVD sequence to the genome using
a position weight matrix that takes RVD-nucleotide association frequencies observed in
naturally occurring TAL effector target pairs as probabilities. Some tools allow users to take
into account experimental evidence for different relative affinity contributions of different
RVDs with their preferred base [13] to limit output to arrays estimated to have good overall
affinity, and one tool weighs mismatches at the N-terminal end more heavily than those at
the C-terminal end in excluding possible off targets; this is based on an observed polarity of
mismatch tolerance that is thought to reflect the process of target acquisition, which likely
involves non-specific interaction of N-terminal portions of the protein with the DNA
backbone, followed by sequential RVD-nucleotide pairings proceeding from that end [10].
But no design software yet is able to accurately estimate relative affinities of a TAL effector
for different nucleotide sequences because affinity contributions of all possible RVD-
nucleotide pairings individually, and position effects on those contributions, have yet to be
quantified.

Most software designs require thymine before the RVD-specified sequence, in agreement
with nearly all identified naturally occurring TAL effector binding sites and with
experimental data showing the importance of this thymine for optimal binding and activity
[7,8]. A recent report identified N-terminal mutations that can alter this specificity [14], and
the Ralstonia proteins prefer G at this position [2,15], so it seems likely that further
engineering will relax the requirement for T.

Several research groups have published reagents for moderately high-throughput and
relatively simple assembly of custom TAL effector constructs using golden gate cloning
(e.g. [16]). Very high-throughput, automatable methods have also been established [17-19].
Custom TAL effector constructs also are available commercially. Each of the construction
platforms uses a small set of well-characterized RVDs, and this has proven effective for
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diverse applications. In the future, characterization of more RVDs and better understanding
of the effects of non-RVD residues on RVD behavior, as referred to above, promises a
degree of fine tuning of target specificity that will be particularly advantageous for
applications such as systems biology and metabolic engineering; these fields variously may
require stringent specificity for orthogonal targeting, or precisely modulated specificity to
target a set of closely related sequences, not unlike the targeting requirements faced by TAL
effectors in nature.

TAL effectors in genome editing

The prevailing application for TAL effectors has been genome editing, as paired fusions to
the catalytic domain of the dimeric endonuclease Fokl. Targeted double strand breaks in
DNA made using these TAL effector nucleases (TALENS) invoke cellular DNA repair
pathways that can be exploited to generate small insertions or deletions for gene knockouts,
or integration of a user-supplied DNA repair template for targeted gene replacement.
TALENS have been used extensively in a large variety of organisms and cell types
(reviewed in Ref. [20]), including several plant species [21° ,22-24,25"].

However, TALENS have recently been or will soon be largely supplanted by the RNA-based
DNA targeting system CRISPR/Cas9. The CRISPR/Cas9 system, derived from a bacterial
phage defense mechanism, guides Cas9, an endonuclease, to a specific DNA sequence via
an RNA molecule that folds on one end to interact with the protein and hybridizes on the
other end to the target DNA via Watson—Crick base pairing. Custom targeting is achieved
simply by dictating the sequence of the hybridizing region, called the spacer. Several spacers
can be stacked into a single guide RNA for multiplexed targeting. Spacer length is limited to
20 bases, and Cas9 functions as a monomer, so specificity is typically not as good as that of
the dimeric TALENS, and targeting range is mildly constrained by a requirement for a
particular 2-3 base sequence at one end called the protospacer associated motif (PAM). But
for many users the ease of generating the RNA expression constructs for targeting and the
ability to multiplex outweighs these disadvantages. Further, it was recently shown that the
specificity disadvantage can be ameliorated by modifications to Cas9 that convertitto a
nickase, requiring simultaneous targeting of paired sites on opposing strands to achieve the
double strand break necessary for editing [26,27].

TAL effector-based control of gene expression

TAL effectors naturally function as transactivators of plant genes, and designer TAL
effectors (‘"dTALES’) with user assembled repeat arrays in an otherwise native protein
context function well as custom transcription factors in plants [13,28,29]. In other systems,
the native C-terminal acidic activation domain is often replaced with an alternative
activation domain (e.g., VP16 of herpes simplex virus in human cells [9]). Replacing the
activation domain with a repressor domain, such as SRDX for applications in plants, has
also proven robust for targeted gene repression [12,30,31]. Simply removing the activation
domain has been shown to create effective transcriptional repressors in yeast [32**] and
bacteria [33].
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Synthetic gene promoters bound and activated specifically by different TAL effectors have
also been demonstrated to work in plants [34,35°]. Multiple distinct binding sites could be
stacked into such promoters. Relative activity generally correlated with distance of a site
from the transcriptional start [35°].

Recently, fusions of TAL effector DNA recognition domains to the catalytic domain of the
ten-eleven trans-location protein 1 (TET1) hydroxylase were shown to be effective for
targeted demethylation of specific CpGs in human gene promoters, leading to increases in
associated transcript levels [36°]. Targeted histone demethylation was achieved using TAL
effector fusions to lysinespecific demethylase 1 (LSD1), allowing, for example, inactivation
of enhancer elements to identify genes under their control [37°]. Though less well
characterized, conditional fusions of TAL effector domains to a variety of other histone
effectors, including deacetylases, methylases, acetylase inhibitors, and others have also been
successful [38*]. The binding itself of TAL effectors to modified chromatin has not been
studied in depth, but there may be limitations when the target sequence is heterchromatic
[39]. RVDs N* and NG were observed to accommodate MeC, however, enabling targeting
to some methylated sequences [40].

Systems biology and metabolic engineering

dTALEs and TAL effector-based repressors (TALERs [30], a.k.a, TALORs, i.e., TAL
effector orthogonal repressors [32°°]) in particular are enabling tools for systems biology
(Figure 1), the engineering of gene expression circuits and switches to modify and control
cellular processes. The modular targeting mechanism allows design of multiple orthogonal
reagents, for exclusive targeting of distinct gene promoters, endogenous or synthetic.
Activity of dTALEs or TALERs can be modulated by expressing the proteins from different
strength promoters, or by calibrating their function at the target by selecting the binding site
and RVD composition based on relative estimated affinity and distance of the site from the
transcriptional start. Synergy among multiple TAL effector constructs targeting the same
promoter can also be exploited [41° ,42°].

Conditional expression of the TAL effector construct can be achieved using inducible or
repressible promoters. Including a dTALE binding site in the promoter of the dTALE gene
itself creates a positive feedback loop. A site for a conditionally expressed TALER allows
for feedback inhibition. Conditional control of activity can also be implemented at the post-
transcriptional level using microRNA-based silencing of the TAL effector construct [43"].
Post-translational switches are possible as well. Leinert and colleagues [44°°] recently
demonstrated the feasibility of intein splicing of independently expressed intein-fused TAL
effector DNA recognition and acidic activation domains to reconstitute a functional dTALE,
allowing a Boolean logic based ‘AND’ switch that requires two or even three inputs for
activation. And fusing light-activated, hormone-activated, or synthetic ligand-activated
protein partners to different parts of the TAL effector to bring them together only in the
presence of such stimuli also works [38°* ,43"°].

Conditional expression might be used not only for control of target expression but in some
cases for conditional alternative transcription of the target. Though the essential parameters
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are not completely understood, TAL effectors have been shown to initiate transcription from
an alternative start site depending on the location of the TAL effector binding site [34,35°,
45,46].

Metabolic engineering

Outlook

Because dTALEs and TALERs can be made orthogonal and can be expressed independently
and simultaneously in the same cell, they are uniquely well-suited to metabolic engineering.
Expression of genes for distinct enzymes in a complex metabolic network can be selectively
upregulated or repressed in a scalable way to maximize the efficiency of some pathways,
shut down others, and obtain the desired biochemical output. Not to mention, substrate
specificity and activity of individual enzymes can be modified by genome editing.

As noted earlier in this article, for genome editing, TAL effector-based reagents are likely to
be replaced by CRISPR/Cas9. But what about the other types of TAL effector-based DNA
targeting tools? Targeted gene activation using a modified CRISPR/Cas9 system in which
Cas9 was made catalytically inactive and fused to an activation domain was recently
demonstrated [27]. Though less active than dTALEs, multiple guide RNAs targeted to the
same promoter were synergistic and yielded good activity. In light of this success, CRISPR/
Cas9 clearly has the potential to be developed for many of the same purposes that TAL
effectors have. As a programmable complex of the three major biopolymers RNA, protein,
and DNA, CRISPR/Cas9 likely will find additional, unique applications [47]. However,
because guide RNA expression relies on the use of RNA polymerase Il promoters, which
we currently cannot manipulate for conditional expression in the same way we can
manipulate RNA polymerase Il promoters, and because a particular Cas9 protein will not
distinguish among cog-nate guide RNAs that target different genomic loci, scalability and
orthogonality depend on manipulation of the Cas9 component. A recent report identified a
set of four Cas9 orthologs that recognize distinct guide RNA sequences, allowing them to be
targeted independently and orthogonally [48]. Further screening of orthologs and perhaps
directed evolution may yield a broader array of specificities [47]. One study reported
genome editing in wheat using a guide RNA construct under the control of the 35S promoter
(RNA polymerase Il type) [49], but this should be independently confirmed because RNA
polymerase 1l transcripts are rapidly shunted to the cytoplasm and would not be expected to
be able to interact with the genome. For the time being, TAL effector-based DNA targeting
appears to offer a distinct advantage in scalability and fine tuning of expression for systems
biology and metabolic engineering.

Fine tuning of target specificity also appears to be more readily achieved with TAL
effectors, though better quantification of affinity contributions of different RVD-nucleotide
combinations is still necessary to take full advantage of the natural variation in targeting
stringency inherent to TAL effectors. Whether CRISPR/Cas9 can be made conditionally
active using inteins or other fusions and post-translational modifications remains to be seen,
as does the efficacy of CRISPR/Cas9 constructs designed to modify chromatin.
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Overall, TAL effectors have proven to be a broadly applicable targeting platform, useful not
only in gene editing, gene regulation, and chromatin modification, but also recently for
chromatin labeling [50] and immuno-precipitation of genomic regions of interest [51,52]. In
summary, though CRISPR/Cas9 holds great promise of similar adaptability, the array of
TAL effector based tools currently in hand is opening new doors for understanding and
manipulating plant physiology and metabolism through systems biology and metabolic
engineering.
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Figure 1.
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Systems biology and metabolic engineering components feasible with TAL effector-based

approaches. See text for details.
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