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ABSTRACT

Transcription activator-like effectors (TALEs) recog-
nize their DNA targets via tandem repeats, each spec-
ifying a single nucleotide base in a one-to-one se-
quential arrangement. Due to this modularity and
their ability to bind long DNA sequences with high
specificity, TALEs have been used in many applica-
tions. Contributions of individual repeat-nucleotide
associations to affinity and specificity have been
characterized. Here, using in vitro binding assays,
we examined the relationship between the number
of repeats in a TALE and its affinity, for both tar-
get and non-target DNA. Each additional repeat pro-
vides extra binding energy for the target DNA, with
the gain decaying exponentially such that binding
energy saturates. Affinity for non-target DNA also in-
creases non-linearly with the number of repeats, but
with a slower decay of gain. The difference between
the effect of length on affinity for target versus non-
target DNA manifests in specificity increasing then
diminishing with increasing TALE length, peaking be-
tween 15 and 19 repeats. Modeling across different
hypothetical saturation levels and rates of gain de-
cay, reflecting different repeat compositions, yielded
a similar range of specificity optima. This range en-
compasses the mean and median length of native
TALEs, suggesting that these proteins as a group
have evolved for maximum specificity.

INTRODUCTION

Transcription activator-like effectors (TALEs) are DNA-
binding proteins that belong mainly, but not exclusively, to
members of the phytopathogenic genus Xanthomonas (1-3).
TALEs are injected into plant cells via the type I1I secretion
system of these bacteria, bind to specific host gene promoter
sequences, and function as transcriptional activators (1,2).

Structurally, TALEs can be divided into three domains:
the N-terminal domain (NTD) containing a type III se-

cretion signal; the central repeat region (CRR) responsible
for sequence-specific DNA target recognition; and the C-
terminal domain (CTD) harboring nuclear localization sig-
nals (NLS) and a transcriptional activation domain (AD)
(1,2). The DNA recognition domain of TALEs is composed
of tandem repeats, typically comprising 33-35 amino acids,
that interact with individual nucleotide bases in a one-to-
one correspondence. Although the repeats are very con-
served, amino acids in positions 12 and 13 of each repeat,
known together as the RVD (repeat variable di-residue), are
highly polymorphic. These two residues largely determine
the nucleotide specificity of each repeat, such that the se-
quence of RVDs across the CRR defines the overall target
sequence of the protein. This discovery revolutionized the
study of TAL effector function by facilitating target identi-
fication (4-7).

Several crystal structures have revealed molecular details
of the TALE-DNA interaction. TALEs form a super-helix
that wraps around the major groove of the DNA target site,
allowing each repeat to closely interact with the DNA back-
bone and the nucleotide bases on a single strand. Each re-
peat is composed of two alpha-helices connected by a loop
that contains the RVD (residues 12 and 13). The binding
of a TALE around the DNA precisely places the side chain
of residue 13 (also known as the base specifying residue) in
direct contact with a base, thereby contributing to DNA-
binding specificity. The N-terminal domain of TALEs har-
bors four additional, cryptic repeats (repeats -3, -2, —1 and
0) that play a less specific but crucial role in the DNA inter-
action (8-11). In general, TALEs demonstrate preference
for a thymine (T) nucleotide at the 5’ position immediately
preceding the target site, though other nucleotide types at
this ‘Oth’ position have been demonstrated to allow binding
in certain contexts (12-15).

The mechanism of TALE-DNA recognition allows de-
signer TALEs (dTALEs) to be assembled to target DNA
sequences of choice. TALE fusion with the Fokl nuclease
(TALENS) provided the first truly modular, readily cus-
tomized platform for targeted genetic modification in many
organisms (16-19). Fusions of TALEs with alternative tran-
scriptional activator domains and repressor domains has
yielded targetable, orthogonal regulators of transcription
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for synthetic biology (20-25). Other TALE fusions have
also been developed and employed (3,14,26,27).

Across all these implementations, in-depth understand-
ing and optimization of TALE specificity in order to elimi-
nate off-targets is essential and has been the focus of several
studies (28-32). Although in nature TALEs display a large
diversity of RVDs, the application of TALESs in biotechnol-
ogy has converged on the most common and most specific
ones. These are HD, NI, NG, NN and NH, which individu-
ally specify C, A, T, G or A and G respectively. TALE-DNA
interactions can tolerate mismatches between an RVD and a
nucleotide at several positions; in fact mismatches are com-
monly observed in nature. The contribution of individual
RVDs to overall binding affinities has been analysed in dif-
ferent contexts (30,33). Different RVDs contribute differ-
ently to binding affinity, and even the contribution of the
same RVD type changes as a function of its position and
context within the central repeat region (30,33). For exam-
ple, Garg et al. observed that RVD-nucleotide mismatches
positioned at the 3’ end of the target site of a dTALE had
less negative impact on overall activity than mismatches at
the middle or the 5" end (25). Experiments by Meckler and
colleagues demonstrated directly using the natural TALE
AvrBs3 that RVD-nucleotide mismatches positioned at the
3’ end of the target site have less negative impact on over-
all affinity than mismatches at the 5" end (30). This polar-
ity of mismatch tolerance was corroborated by an analy-
sis by Rogers et al. of position dependence for each of the
four most common RVDs using synthetic TALEs contain-
ing from 9 to 19 RVDs (33). That study also showed that the
magnitude of the polarity of mismatch tolerance varies with
length and RVD composition (33). Indeed, in the Meckler
study, two TALEs with the same RVDs distributed differ-
ently in the CRR displayed different binding affinities for
their targets (30). The complex nature of these context ef-
fects was further underscored in the Rogers study by exper-
iments showing that the identities of the N- and C-terminal
neighbours affect the RVD-nucleotide specificity (33).

While much research has been concentrated on individual
RVD-nucleotide contributions to specificity, less attention
has been devoted to the fundamental question of how the
total number of RVDs in a TALE affects the specificity of
its interaction with DNA. A survey of the size of TALEs in
nature found that the number of RVDs ranges from 2 to 34;
however, the great majority of TALEs have between 16 and
20 RVDs (1).

In the work described below, we examined how the num-
ber of repeats of a TALE affects its overall specificity by
measuring the effect of the number of repeats on binding
affinity for target versus non-target DNA. Although much
of the work done to date to evaluate properties of TALEs
has relied on activity assays in vivo, we chose to use direct
DNA binding assays because binding is the first and most
important step of the chain of events that leads to activ-
ity; and, in vivo activity assays can be affected by variables
like heterochromatin, competition, and target context, so
results do not always correlate with binding affinity (30,34).
First, we present evidence for two natural TALEs of dif-
ferent lengths that corroborates the reduction in specificity
of individual RVD-nucleotide interactions at the 5’ end ob-
served previously (30). Then, using a series of synthetic
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TALEs based on one of these proteins, but spanning a range
of lengths, we demonstrate that each additional repeat in-
corporated in a TALE provides extra binding energy for the
target DNA, but that the gain decays exponentially with in-
creasing length. We also show that affinity for non-target
DNA increases non-linearly with the number of repeats, but
with a slower decay of gain. This results in maximum speci-
ficity (the ratio of affinity for target DNA to affinity for
non-target DNA) at a length between 15 and 19 RVDs. To
extend these results, we modeled the relationship between
TALE specificity and the number of RVDs based on our
data and varied the parameters of the model that might be
expected to change as a function of RVD composition. This
revealed that even with different hypothetical RVD com-
positions, TALEs reach an optimum length for specificity,
between 16 and 25 repeats for the variations we modeled.
Intriguingly, this range encompasses the mean and median
length of TALEs found in nature.

MATERIALS AND METHODS
PthXo1 and AvrHahl expression constructs

The PthXol construct used for the in-well assays, pAC-
EXP3lc, has been described (8). The AvrHahl construct
was made similarly, using AvrHah1-coding sequence from
pB-Bam4 (35), and was designated as pAC-EXP4lc. In
each, the coding sequence spans from amino acid 127 at the
N-terminal end (AARPP...) to the 62nd amino acid after
the last (truncated) repeat (... TSHRV), and includes an N-
terminal 6xHis tag and short linker (MASSHHHHHHSS-
GLVPRGSSM).

TAL effector constructs containing different numbers of
RVDs

Coding sequence for the dTALEs containing 10, 14, 18,
22 and 26 RVDs were assembled in the backbone vector
pGEX6P2-TALE (13) by the Golden-Gate method using
our previously described kit (36), with the last RVD resid-
ing within a truncated repeat as in native TALEs. Since
this kit was not designed to assemble dTALE constructs
encoding fewer than 12 RVDs, the construction of the 10-
RVD dTALE was accomplished by mutating the sub-array
vector pFUSB (36) to make it directly ligatable to a back-
bone vector, bypassing co-assembly with pFUSA. That
was done by disrupting the 5’ Esp3I site using oligonu-
cleotides FR5 (5'-gtcttaagcgtctcaccctctgaceccggaccaag-3')
and FR6 (5'-cttggtccggggtcagagggtgagacgcttaagac-3'), fol-
lowed by insertion of four extra bases near the mutated site
using oligonucleotides FR12 (5'-gtgccecectgaatctgaccecgg-
3’) and FR13 (5-ccggggtcagattcaggggggcac-3') to position
the construct in the correct frame. To complete the assembly
of the 10-RVD construct, the first nine RVD modules were
assembled into the modified pFUSB, then in the second
Golden-Gate reaction the resulting plasmid was combined
with the last repeat vector pLR-NG and the backbone
vector. From pGEX6P2-TALE, the repeat region for each
dTALE was used to replace the repeat region for PthXol in
pAC_Exp31c using Stul and BmgBI (8).
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Protein expression and purification

Expression constructs were transformed into Rosetta pLysS
(DE3) (Novagen, Madison, WI, USA) cells, and single
colonies were grown overnight in 5 ml of LB supple-
mented with ampicillin (100 pwg/ml and chloramphenicol
10 pg/ml). Cells were spun down, re-suspended in 5 ml of
fresh media, and 0.5 ml was used to inoculate 50 ml cul-
tures. Cultures were incubated at 37°C, and protein expres-
sion was induced with 100 wM IPTG when ODyg reached
~1.0. Protein expression was carried out for 16 h at 15°C.
Cells were harvested at 3220 x g for 10 min, and the pellets
were re-suspended in 5 ml of lysis buffer containing 20 mM
Tris—-HCI pH 8.0, 400 mM NaCl and 5% glycerol supple-
mented with protease inhibitors (ThermoFisher Scientific,
Waltham, MA, USA). Samples were sonicated on ice, and
lysate supernatants were applied onto a 250 wl bed volume
of TALON resin (Clontech Laboratories, Inc, Palo Alto,
CA, USA) pre-equilibrated with lysis buffer. The resin was
then washed with 50 ml of lysis buffer, then 30 ml of high
salt buffer (20 mM Tris—HCI pH 8.0, 2000 mM NaCl and
5% glycerol) for displacing pre-bound DNA molecules (30),
and finally an additional 20 ml of lysis buffer. The proteins
were eluted with 5 ml of elution buffer containing 20 mM
Tris—HCI pH 8.0, 400 mM NaCl and 300 mM Imidazole.
The eluates were concentrated down to 500 wl and dialyzed
twice against 1 1 of buffer containing 20 mM Tris—-HCI pH
8.0, 400 mM KCI, 5mM DTT and 2 mM EDTA. For fluo-
rescence anisotropy, proteins were dialyzed against buffer
containing 20 mM Tris—HCI pH 8.0 and 400 mM NacCl.
Protein concentrations were determined by SDS-PAGE us-
ing BSA standards and three different dilutions of each pro-
tein. Proteins samples were freshly purified for each experi-
ment.

Binding specificity profiles

The position-dependent DNA binding specificity pro-
files of PthXol and AvrHahl were determined using a
fluorescence-based competition assay that has been pre-
viously described in detail (37,38). Briefly, for each pro-
tein, following purification, 200 wl of a 100 nM protein
aliquot was added to each well of a 96-well Nickel-NTA
‘HisSorb’ plate (Qiagen Inc, Valencia, CA). The plates
were then incubated at 4°C for 2 h and then washed four
times with 50 mM Tris-HCI, pH 7.5, 150 mM NacCl,
and 0.05% Tween-20. For each protein, each well was
then incubated with 200 wl of a DNA mixture contain-
ing 100 nM concentration of a fluorescently labeled 30
base pair DNA duplex that harbored the ‘optimal’ bind-
ing target for that protein (corresponding to the sequence
5-TGCATCTCCCCCTACTGTACACCAC-3' for PthXol
and 5-TTAAACCTAACCAT-3 for AvrHahl)and a 3 pM
concentration of a single unlabeled competitor DNA du-
plex. Each such competitor harbored a single base pair
substitution relative to the labelled, optimal target site se-
quence. The plates were again incubated for 2 h at 4°C and
then washed four times with 200 pl of TBS (50 mM Tris—
HCI, pH 7.5, 150 mM NaCl).

After the final wash step, 200 wl of TBS were added to
each well, and the retained fluorescence in each well was
measured using a SpectraMax M5/M5e microplate reader

(excitation: 510 nm, emission: 565 nm, cutoff: 550). The ex-
tent to which the competitor DNA construct reduces the
fluorescent signal in each well corresponds to the ability of
that DNA sequence to compete for protein binding with the
labeled DNA target. Strong retention of the labeled DNA
duplex after incubation with the competitor is indicative of
a corresponding preference for the original DNA sequence,
whereas reduction in the fluorescent signal is indicative of
a reduced preference for the original sequence (indicating a
lower level of target discrimination between the labeled and
unlabeled DNA duplexes). Using this method, the effects
of all three possible mismatches (i.e. a G, C or A in place
of a wild-type T at position 0, etc.) were assayed at each
position across the target site. The entire assay was repli-
cated five times in one parallelized experimental run, using
a single common stock of purified protein and a common
stock of the fluorescently labeled DNA target site duplex.
The averaged fluorescent signal for each competitor DNA
target sequence was then converted into a relative associa-
tion constant (K, ) to the ‘optimal’ binding site as described
(38). In order to perform that calculation, the affinity of the
effector was independently determined using a quantitative
electrophoretic mobility shift analysis (EMSA), and the flu-
orescence competition experiment was augmented with two
sets of additional control experiments in which the bound
‘optimal’ DNA complex competed against unlabeled ver-
sions of itself and then with a randomized DNA sequence
(to generate limiting values for sequence-specific competi-
tion effects).

For each protein, the experiment was repeated a total of
three times using independent protein preparations.

Electrophoretic mobility shift assays

The EMSA protocol was adapted from one described
previously (30). The oligonucleotides (Supplementary Ta-
ble S2) were purchased (Integrated DNA Technologies,
Coralville, IA, USA) as DNA duplexes tagged with a biotin
molecule at the 5 end of the reverse strand. The reactions
were performed according to the LightShift Chemilumines-
cent EMSA kit protocol (ThermoFisher Scientific). Briefly,
protein-DNA reactions were prepared by mixing 50 pM
DNA probe and varying concentrations of protein (0-2000
nM), with the final buffer containing 10 mM Tris—HCI pH
7.5, 100 mM KCl, 1 mM DTT, 2.5% glycerol, 5 mM MgCl,,
50 ng/ul Poly-dIdC, 0.05% NP-40, 0.4 mM EDTA and 0.1
mg/ml BSA. The binding reactions were incubated at room
temperature for 50 min, mixed 9:1 with 10x sample buffer
(25% Ficoll and 2.5 mg/ml xylene cyanol in TE buffer) and
10 pl of the total mixture was applied to a 1.3% agarose
gel. The gel was run at 110 V for ~45 min at 4°C. The sepa-
rated DNA and protein-DNA complexes were transferred
to a positively charged Nylon membrane (Sigma-Aldrich,
St. Louis, MO, USA) pre-soaked in 0.5x TBE buffer at 100
V for 30 min at 4°C. The DNA was cross-linked to the nylon
membrane immediately after transfer by placing the mem-
brane facing down on a ChemiDoc imaging system (Bio-
Rad Laboratories, Hercules, CA, USA) and exposing to
UV for 12 min. The (biotin-labeled) DNA was detected by
chemiluminescence following the manufacturer’s protocol.
All experiments were replicated at least twice using inde-
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pendent protein preparations. Data were analysed using the
imagelab software (Bio-Rad Laboratories), and the DNA
bound fraction (FB) was calculated using the equation FB
=DNAB/(DNAB + DNAF), where DNAB is the intensity
of the band of DNA bound by protein and DNAF is the in-
tensity of the band of DNA free of protein. The apparent
Kp (Kp app) Was calculated after fitting the data with single
binding isotherms (Hill equation) using Prism 6 (GraphPad
Software Inc., San Diego, CA, USA).

Fluorescence anisotropy assays

Fluorescence anisotropy assays of TALE-DNA binding
were carried out based on a previously described proto-
col (39). All probes (Supplementary Table S2) were pur-
chased (Integrated DNA Technologies) as double strand
DNA with a 6-FAM fluorescent molecule attached at the
5" end of the forward strand. Experiments were performed
on a FilterMax F5 plate reader (Molecular Devices, Sun-
nyVale, CA, USA) mounted with 485 nm excitation/535
nm emission filters and polarizers. Measurements for the
dTALE interactions with the target DNA were performed
in buffer containing 50 mM Tris—HCI pH 8.0, 150 mM
NacCl, 0.1 mg/ml BSA and 1 mM TCEP. For each reaction,
a different concentration of the purified protein was mixed
in a solution containing 1 nM DNA probe and buffer to a
final volume of 160 wl. Reactions were incubated for 60 min
at 25°C before measurement. Measurements for the d-TALE
interactions with the non-target DNA were performed in
the same way, and separately using a lower salt concentra-
tion (115 mM NaCl). All experiments were replicated at
least three times using independent protein preparations.
Fluorescence anisotropy data were normalized considering
the protein-free reaction signal as zero and the values at the
signal saturation as one. To calculate Kp ,pp, the normalized
data were plotted against the protein concentration and fit-
ted to a three-parameter dose-response curve using Prism 6
(GraphPad).

RESULTS

The magnitude of the polarity of mismatch tolerance can vary
for different TALEs

We initiated our study of the effect of length on specificity
by asking to what extent the previously observed polarity
of mismatch tolerance (30,33) holds for the natural TALEs
of different lengths, PthXol and AvrHahl, containing 24
and 14 RVDs, respectively. For each protein, we evaluated
specificity of individual RVDs across the target site using
a previously described, fluorescence-based, microtiter plate
binding competition assay, in which the protein is immobi-
lized in each well in complex with labeled perfect-match tar-
get DNA, and the ability of competitor DNA to displace the
fluorescent target is measured. Competitor DNAs represent
all possible single base pair substitutions at each position of
the target (37,38). For PthXo1 (Figure 1A), the effects of in-
dividual base pair substitutions within the DNA target on
overall binding affinity were quite small, in most cases caus-
ing <2-fold reduction in affinity, yet they were asymmetric
in their amplitude across the target site (Figure 1A). Speci-
ficity of individual RVDs as a function of position starts
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Figure 1. Individual base-RVD specificity in PthXol and AvrHah1 relaxes
closer to the 3’ end of the target sites. (A) Relative binding affinities (K, )
of (A) a protein construct containing the DNA recognition domain of
PthXol (24 RVDs) and (B) one carrying that of AvrHahl (14 RVDs) for
DNA targets with single nucleotide substitutions across the target site com-
pared to the perfect match DNA targets. The plots show in both cases a
significant decrease in binding specificity closer to the 3’ end of the target
site, more readily observed when the relative K, are averaged for all three
substitutions (figure insets). This effect is more pronounced for the smaller
TALE AvrHahl than for PthXol. Error bars represent standard deviation
of five technical replicates. Two additional replications of the experiment
using independently purified protein preparations yielded similar results.

to decrease slightly starting approximately at position 13,
and then decreases more substantially beyond position 18.
The observed reduction in DNA sequence discrimination
across the final positions approaching the 3’ end of the tar-
get site corresponds well with the crystallographic structure
of PthXol bound to its DNA target site (8). In crystallog-
raphy, B-factor is an expression of the degree to which the
electron density for an atom is spread out, reflecting mobil-
ity. In the PthXol structure, the average B-factor observed
for the backbone atoms in each repeat of the CRR increases
in a linear fashion beyond position 19, with the final re-
peat completely disordered and unobservable in the elec-
tron density map (Supplementary Figure S1). This increase
in the average B-factor at each repeat is also observable in
two other TALE-DNA crystallographic structures, AvrBs3
and dHax3 (9,10). In both, the average B-factor increases
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beyond the first half of the CRR independent of the total
number of repeats.

For AvrHahl, a reduction in specificity of individual
RVDs N- to C-terminally across the target site was also ob-
served, but in contrast to PthXol, in which the trend was
moderate (correlation coefficient = 0.52), for AvrHah1 the
polarity was more pronounced (correlation coefficient =
0.81): mismatches at the beginning of the CRR are much
more deleterious to the overall binding of AvrHahl than
they are for PthXol. We speculate that this difference is due
to the greater relative contributions of individual RVDs to
AvrHahl binding affinity than to PthXol binding affinity
due to AvrHahl having fewer RVDs overall, such that the
polarity effect is more readily apparent. However, the differ-
ence might also or instead relate to the different RVD com-
positions of the two proteins. Although the comparison be-
tween these two proteins does not alone resolve the relative
contributions of RVD composition versus length, it further
generalizes the polarity of mismatch tolerance observed in
previous studies (25,30,33), and the variability in magnitude
of that effect, as a fundamental property of TALEs. It also
quantifies the effect for the PthXo1 protein, on which con-
structs for the experiments described following are based.

A set of A TALEs and DNA probes to test the effect of repeat
number on affinity and specificity

Irrespective of the possible influence of differences in RVD
composition at the ends of PthXol and AvrHahl1, the dif-
ferent trends for the reduction in specificity across the tar-
get sites for these proteins support a hypothesis in which
the increase in affinity that results from an increase in the
number of repeats is nonlinear. In order to quantitatively
test this hypothesis, we designed five dTALEs with the num-
ber of RVDs systematically increasing from 10 to 26 (Figure
2A). For each, the initial 10 RVDs correspond to those of
PthXol except for the ‘NN’ at position 1, for which ‘NH’
was substituted due to its greater specificity toward the nu-
cleotide G (29,31). Thereafter, the dTALEs vary in length
by blocks of four RVDs, one for each nucleotide, with each
block kept constant (‘NI HD NH NG’) to control for dif-
ferences in affinity contributed by different RVDs added in-
dividually. Target and non-target DNA probes were synthe-
sized as double-stranded oligonucleotides. The target DNA
probe contains the thymine (T) at position 0 followed by
the perfect-match sequence for the longest dTALE, which
because of the initial 10-RVD ‘anchor’ and subsequent 4-
RVD blocks, also serves as target for each of the shorter
dTALE constructs; the non-target DNA probe contains the
target sequence, with the initial T, completely scrambled
(Figure 2B). The probes were tagged with either a biotin
molecule at the 5’ end of the reverse strand or a fluorescein
molecule at the 5" end of the forward strand (Supplementary
Table S2). This set of dTALEs and DNA probes allowed
us to assess the TALE-DNA binding affinity and speci-
ficity by electrophoretic mobility shift assay (EMSA, using
the biotin-labeled probes) and fluorescence anisotropy (FA,
using the fluorescein-labeled probes). The nucleotide se-
quences flanking the target and non-target DNA sequences
were the same within but different across these two methods
(Supplementary Table S2).
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Figure 2. dTALEsand DNA probes used to measure the effect of length on
specificity. (A) Five dTALEs with CRRs comprising from 10 to 26 RVDs
are shown. The first 10 RVDs, shown in the blue box are based on the
natural TALE PthXol. The five dTALEs were constructed by adding 0
to 4 four-repeat blocks (yellow) each containing the RVDs NI-HD-NH-
NG to the C-terminus of the first 10 RVDs. RVD-base associations are
colour coded. (B) dTALEs span from residue 127 at the N-terminus to
the 62nd residue following the CRR, relative to a full-length TALE. Se-
quences of the double strand DNAs used are shown. The thymine (T) at
position 0 in the target is underlined; it was scrambled along with the RVD-
specified bases to generate the non-target DNA sequence. The number of
nucleotides flanking the target (top) and non-target (bottom) DNAs varies
for different experiments (Supplementary Table S2).
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Figure 3. TAL effector affinity for the target DNA plateaus between 14
and 18 RVDs. Relationship between the apparent dissociation constant
(Kp,app) and the number of RVDs measured by (A) electromobility shift
assay (EMSA), and (B) fluorescence anisotropy (FA). All plots were fitted
to one-phase exponential decay curves (R?> = 0.99 for EMSA, R? = 0.97
for FA). The half-life of decay for EMSA is ~1.6 £ 0.2 RVDs while for FA
itis ~1.1 £ 0.3 RVDs.

Binding affinity for target DNA reaches a plateau with in-
creasing number of RVDs

Binding of the dTALEs to target and non-target DNA
probes was first analysed by EMSA. All five proteins
showed clear differences in their affinities for target versus
non-target DNA (Supplementary Figure S2). Kp app values
calculated from band densitometry data span a wide range,
increasing with length of the dTALE (Figure 3A and Ta-
ble 1). Surprisingly, however, Kp.pp, does not decrease at
a linear rate with increasing number of RVDs. Rather, the
relationship between Kp,p, and number of RVDs closely
resembles an exponential decay, in which on average every
1.6 additional RVDs decreases Kp app by half, leveling off
at close to 18 RVDs. To test this observed behavior further,
we measured affinities by FA. For each dTALE-probe com-
bination, Kpp, Was estimated by plotting the magnitude
of anisotropic change due to complex formation against in-
creasing protein concentration (Supplementary Figure S3).
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The Kp app values obtained are in the same range as those
obtained by EMSA (Table 1). Moreover, as observed in the
EMSA experiments, the relationship between the number
of RVDs and Kp ,pp follows an exponential decay curve, al-
though with a smaller half-life (1.1 RVDs), indicating an
earlier saturation of affinity than observed by EMSA, at
closer to 14 RVDs (Figure 3B). Taken together, the data
consistently indicate that binding affinity indeed increases
with the number of RVDs but levels off between 14 and 18
RVDs, i.e. beyond that size range the addition of RVDs does
not provide substantial contribution to binding.

These results could explain the substantial difference
in the relative impact of 5 mismatches observed between
PthXol and AvrHah1 (Figure 1). Based on the EMSA and
FA data, one can predict that the Kp for an interaction of a
shorter TALE like AvrHahl with DNA would fall within
the steepest region of the exponential decay curve, such
that any mismatch would be relatively deleterious. In line
with this prediction, Streubel et al. showed that TALEs with
smaller numbers of RVDs indeed rely more on the contri-
butions of individual RVDs for binding (28). Given the po-
larity of mismatch tolerance inherent to TALEs, the delete-
rious effect would be more pronounced for 5 mismatches.
Conversely, for a larger TALE, like PthXol, the K would
reside in the more level part of the curve, such that over-
all binding affinity would be influenced less by single mis-
matches at individual RVDs throughout, and this might
dampen the observable polarity effect. To test these pre-
dictions further, we performed FA binding assays with the
14- and 26-RVD dTALEs using DNA probes containing
two mismatches near either the 3’ end or the 5’ end of the
target sequences (Supplementary Figure S4). As predicted,
mismatches at either end reduced the binding affinity of
the interaction with the 14-RVD dTALE to a greater rel-
ative extent than they did for the 26-RVD protein (Supple-
mentary Figure S4C). Somewhat unexpectedly, while the 3’
mismatches reduced the affinity by 7-fold for the 14-RVD
dTALE and only 2-fold for the 26-RVD dTALE, the differ-
ence in effect of the 5 mismatches was not as pronounced,
being relatively severe in both cases (15-fold for the 14-RVD
dTALE and 12-fold for the 26-RVD one). The data thus ac-
tually show a dampening of the polarity effect not for the
longer dTALE but for the shorter one, with mismatches at
both ends in the latter causing substantial decreases in affin-
ity. In contrast, for the longer dTALE, the marginal impact
of the 3’ mismatches yet the strong impact of the 5" mis-
matches amounts to stronger polarity. Here again, we are
left to speculate that in the comparison with AvrHahl, the
lesser polarity in the longer protein PthXol (Figure 1) re-
sults from differences in the RVD compositions of the two
proteins. Yet overall, the data are consistent with the pre-
diction based on the affinity saturation curve that shorter
TALEs are impacted to a greater extent by mismatches, and
in this context provide evidence that the degree of saturation
influences the overall mismatch tolerance.

Regarding the observed affinity saturation itself, and the
5'-3" polarization, which was consistently evident in our
data, we surmise that both are consequences of a yet un-
known, underlying structural property of TALEs. One pos-
sibility is that the binding affinity saturation originates
from greater repeat flexibility nearer the protein C-terminus
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(Supplementary Figure S1), which in turn might increase
the entropic cost of ordering each additional repeat on the 3’
end of the DNA target. Previous work showed that two re-
gions of the protein mediate the interaction between TALEs
and DNA; the cryptic repeats, located in the N-terminal
domain, and the repeats found in the CRR (11,40). Inter-
estingly, while the cryptic repeats can bind DNA indepen-
dently, the CRR can not, suggesting that the cryptic re-
peats are responsible for the initiation of binding and pro-
vide an ‘anchor’ for the interaction of the CRR with DNA
(11,40). It is possible that the influence of the binding en-
ergy provided by the cryptic repeats diminishes across the
array such that the farther away a repeat is from the cryp-
tic repeats the smaller its contribution to binding. As such,
a repeat that is very far from the cryptic repeats might act
just like the repeats in an ‘unanchored’ CRR by itself. An-
other, not mutually exclusive, possibility for explaining the
binding affinity saturation is that N- to C-terminally across
the CRR, structural associations between repeats and DNA
nucleotides become increasingly misaligned, such that the
contributions of RVD-nucleotide interactions to the overall
binding decrease (41).

Based on our data, we would predict that increasing the
number of RVDs for TALEs that would otherwise have al-
ready reached the saturation level for affinity would have
negligible impact on activity. This is supported by the re-
sults of a reporter gene activation study using TALEs rang-
ing from 15 to 25 RVDs, in which no significant differences
in activation were observed (42). Similarly, in another study,
TALENSs containing from 10 to 16 RVDs showed no signif-
icant differences in activity (34).

Modelling shows that the contributions of individual RVDs to
binding energy vary depending on their position

The size-affinity relationship data prompted us to model in-
dividual RVD contributions to binding energy across the
TAL effector repeat region. We used the exponential decay
equations that describe the size versus affinity relationship
(Figure 3 and Supplementary Tables S3 and S4) to extrap-
olate back to zero RVDs. Next, we calculated the binding
free energy via the Gibbs free energy equation (AG® = RT
In Kp; R=8.314 Jmol~! K~! and T = 298 K) and plotted
the individual RVD contributions to binding energy (AG,°
— AG°, ) relative to the energy provided by the TALE N-
terminal domain (AGy°) as a function of the number of
RVDs. This resulted in a sigmoidal curve with the inflec-
tion point at ~21.8 RVDs for EMSA and 17.7 RVDs for
FA (Supplementary Figure S5). This curve reflects the at-
tenuation of the contribution of individual RVDs to bind-
ing affinity as distance from the beginning of the CRR in-
creases; it yields an attenuation factor for each RVD posi-
tion (A4,).

Defining the binding energy provided by the associa-
tion of a certain type of RVD with its preferred base as
AG°Rryp.base, the position effect can be modeled by mul-
tiplying that binding energy by the attenuation factor, i.e.
AG°RyD.base X Ap. It is important to note that this atten-
uation factor is based solely on our select set of dTALEs
and could be different for TALEs with different RVD com-
positions. Nonetheless, the model overall provides a use-
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Table 1. Apparent dissociation constants obtained by EMSA and FA for the five dTALEs interacting with target and non-target DNA

dTALEs Specific binding Non-specific binding
Kb app (MM)EMSA Kpapp (nM)Fa Kp,app (nM)Fa

100 nM Salt 150 mM Salt 150 mM Salt 115 mM Salt
10 RVDs 382.6 £ 24.0 372.1 £ 56.5 9144.0 £ 3431.1 659.6 + 128.7
14 RVDs 71.0 £ 1.5 27.8 + 4.1 4399.3 + 614.6 368.1 £+ 47.2
18 RVDs 243 + 24 172 £ 7.0 2268.0 £ 618.0 219.4 £+ 269
22 RVDs 144 + 5.6 109 + 2.7 398.4 £+ 167.8 46.8 + 8.9
26 RVDs 32+ 14 1.8 +£0.2 1169 + 39.4 145 £ 1.7

A B

ful expression of the dampening of binding energy contri-
bution that occurs as position in the CRR increases, and
could serve as a basis for improving prediction and design
of TALE specificity. The prediction programs Talvez and
PROGNOS incorporate a position correction parameter
empirically defined by relaxing individual RVD-nucleotide
specificities beyond a certain number of RVDs (43,44). In
line with our results, the performance of Talvez is improved
substantially if the position correction parameter is applied
between 15 and 19 RVDs (43).

Binding affinity for non-target DNA also increases non-
linearly with number of RVDs but with a slower decay of gain

Knowing the affinity of DNA binding proteins for both tar-
get and non-target sequences enables calculation of their

binding specificity, defined as the ratio Kjy" "/ K™
(45). Therefore, as a first step toward evaluating the effect of
the number of RVDs on specificity of TALEs for their tar-
get sequence, we measured the affinity of our five dTALEs
for the non-target probe. We used FA for this because it is
more sensitive than EMSA; in EMSA, low affinity interac-
tions are susceptible to dissociation during gel electrophore-
sis and transfer to the membrane. To be consistent with
the FA experiments carried out for the target DNA (Figure
3B), reactions were performed in the same buffer with the
same salt concentration (150 mM NaCl). As before, for each
dTALE-probe combination, Kp was estimated by plotting
the magnitude of anisotropic change due to complex forma-
tion against increasing protein concentration (Supplemen-
tary Figure S6A). Similar to the relationship observed for
the target DNA, the data show a decrease in Kp,p, With
increasing number of RVDs (Figure 4A), resembling expo-
nential decay, but with a slower decay than observed for the
target DNA (Supplementary Table S5).

Positively charged, non-RVD amino acids normally
found in TALE repeats have been suggested to provide a
stronger contribution than the RVD-nucleotide association
to the specific interaction with target DNA (46). TALE
binding to non-target sequences depends highly on the ionic
strength of the buffer, suggesting that these charged residues
might play a role also in the non-specific interaction of
TALEs with DNA (40,47). We therefore repeated the FA
experiment using a lower salt concentration corresponding
to 115 mM NaCl (Supplementary Figure S6B). Indeed, this
change in ionic strength of the buffer resulted in a roughly
10-fold decrease in Kp 4pp, for each dTALE-non-target DNA
interaction (Table 1; Supplementary Figure S7). However,
the overall trend in the effect of number of RVDs on Kp 4pp

E &000 E
;6000 3
=
f 4000 f
2000 e
[ T~T
L] L} L] LI Ll L] L} L] L] Ll
10 14 18 22 26 10 14 18 22 25

Numbar of RVDs Numbar of RVDs

Figure 4. TAL effector affinity for non-target DNA increases with the
number of RVDs. The relationship between the apparent dissociation con-
stant (Kp,app) and the number of RVDs was determined by measuring the
strength of the interaction of all five dTALEs for the non-target DNA by
the change in fluorescence anisotropy on binding (Supplementary Figure
S5). Experiments were performed using two different salt concentrations;
(A) 150 mM NacCl and (B) 115 mM NaCl. The plots represent the aver-
age of at least three independent measurements for each protein. Error
bars represent standard deviation. The 95% Confidence Intervals are dis-
played with dashed lines. The data were fitted to exponential decay curves
with R? = 0.86 and 0.87, respectively (Supplementary Tables S5 and S6).
The binding affinity for the non-target DNA increases with the number of
RVDs indicating that each repeat contributes to the binding energy, likely
via charged residues present in the repeats.

was the same, fitting an exponential decay curve with slower
decay than for the target DNA (Figure 4B, and Supplemen-
tary Table S6). Thus, each repeat of the TALE CRR pro-
vides additional binding energy to the non-specific inter-
action, driven by charged residues on the repeats, and as a
consequence, longer TALEs have higher non-specific affin-
ity for DNA than shorter TALEs.

The ability of TALEs to bind non-target sequences has
been analysed before (11,47,48). Cuculis et al. (47) demon-
strated that TALEs search for the target sequence through
a 1D diffusion mechanism. By analysing a series of trun-
cations, the authors further showed that the N-terminal re-
gion is crucial for TALE nucleation on DNA and that in-
creasing length of the CRR decreases the speed of diffusion.
Their data support a model in which both the NTD and the
CRR are loosely in contact with the DNA (47). Our data
for the interaction of TALEs with non-target DNA agree
with this model. Combined with our observation that larger
TALESs bind to non-target sequences with higher affinities
than smaller TALEs, the substantial effect of salt concen-
tration on binding that we observed suggests that the in-
teraction between protein and DNA is mediated mainly by
electrostatic interactions provided by the additional repeats.
In further agreement with this, molecular dynamics studies
have suggested that most of the binding energy originates
from the interaction of non-RVD residues on each repeat
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Figure 5. Binding specificity for the set of dTALEs analysed. (A) Speci-
ficity calculated by dividing the dissociation constants for non-target and
target DNA shown in Table 1. Error bars represent the propagation of er-
rors calculated using SD values. The plot was fitted to a Gaussian curve
centered at 15.4 £ 1.1 RVDs. (B) Model for the change in specificity as a
function of the number of RVDs calculated by directly dividing the expo-
nential decay curves from Figures 4A and 3B. Maximum specificity in this
case is centered at 19 RVDs. Both plots show that the specificity resembles
a Gaussian distribution with a maximum between 15 and 19 RVDs.

with the DNA backbone (46). Taken altogether, these stud-
ies and our data provide compelling evidence that TALEs
bind non-target DNA sequences through both the NTD
and the CRR, and that the addition of repeats contributes
positively to non-specific DNA binding energy.

TALE specificity increases then declines with increasing num-
ber of RVDs

Having determined Kp,p, for target and non-target se-
quences for each of the dTALEs (Table 1), we next cal-
culated the specificity for each using those experimentally
determined values, Ky~ "'/ K;3"". Plotting the relation-
ship between specificity and the number of RVDs yielded
a roughly Gaussian curve along which specificity increases
up to around 15-16 RVDs (15.4 £ 1.1), then diminishes
(Figure 5A). The same type of relationship was observed
when, instead of dividing individual values, the calculation
was performed using the exponential decay curves for the
non-target and target DNA (Supplementary Figure S8 and
Figure 3B; equations shown in Supplementary Tables S4
and S7). In this case, the Gaussian distribution indicated
a specificity maximum at closer to 19 RVDs (Figure 5B).

To examine whether the behavior exhibited by our
dTALE:s is a general feature of TALE-DNA binding, we
expanded our analysis by modelling, using the following
equation to express the exponential decay of the dissocia-
tion constant (Kp) of a TALE-DNA interaction,

KY=(Y—P)exp™+pP

where N is the number of RVDs, Y is the intersection of
the curve with the y-axis, P (for plateau) is the saturation
level and k is the rate of decay. We envisioned two possi-
ble scenarios. In the first, we assumed that the saturation
in affinity observed in our experiments is caused by an in-
trinsic structural property of TALEs, such as the increasing
flexibility or misalignment at increasing distance from the
N-terminus discussed above, so that saturation always oc-
curs in the range between 14 and 18 RVDs (as observed in
Figure 3A and B). In this scenario, TALEs bearing different
RVD arrays would follow a rate of decay (k) similar to that
observed for the values obtained by FA and EMSA (Sup-
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plementary Tables S3 and S4), irrespective of RVD compo-
sition. Since different types of RVDs contribute with differ-
ent binding energies, saturation (P) could occur at different
levels of affinity, as a function of RVD composition (Fig-
ure 6A). For example, the maximum potential affinity of a
TALE containing many weak RVDs at the beginning of the
CRR would reach saturation at a higher K than a TALE
bearing many strong RVDs at the beginning of the CRR.

To examine the relationship between specificity and num-
ber of RVDs in this first scenario, we plotted the ratio of
the dissociation constants for non-target and target DNA
(K" =18 ) Ky 4"y as a function of both number of RVDs
and P (Figure 6B and Supplementary Table S8). For TALEs
of the same length, affinity for non-target DNA can be as-
sumed to be constant, irrespective of RVD composition,
considering that the RVDs are not likely to participate sig-
nificantly in the non-specific interaction. Therefore, the pa-
rameters for the curves fitting the FA data for target and
non-target DNA (Supplementary Tables S4 and S7) were
used directly to calculate specificity. The plot reflects a
Gaussian distribution with the maximum varying according
to both the saturation value (P) and the number of RVDs
(N). Across a range of values for P, the specificity reaches
its maximum between 16 and 21 RVDs. Also, the plot shows
that the lower the saturation value, the higher the specificity.

In the second scenario, we assumed that the rate of decay
depends on the RVD composition, such that different RVD
compositions result in different points of saturation (Figure
6C). For example, strong RVDs at the beginning of the CRR
would result in a higher k, with saturation of the affinity at
a smaller number of RVDs, while weak RVDs at the begin-
ning of the CRR would result in lower k, with saturation at
a higher number of RVDs (Figure 6C). As in scenario one,
to examine the relationship between specificity and number
of RVDs, we plotted the ratio of the dissociation constants
for non-target and target DNA (K"~ "“"¢¢' / K'5"5°"), but in
this case as a function of number of RVDs and k (Figure
6D and Supplementary Table S8). As before, the relation-
ship of K" " to N was assumed to be independent of
RVD composition. The results were similar to those for sce-
nario one, with specificity reaching a maximum at between
16 and 25 RVDs across a wide range of rates of decay (k).
In this scenario, however, the plot shows that a lower rate of
decay causes the specificity to reach a maximum at a larger
N (Figure 6D).

Thus, in either scenario, each representing a broad expan-
sion of our experimental data using a range of hypothetical
values to represent possible effects of RVD composition,
specificity increases then diminishes with increasing num-
bers of RVDs, peaking (using the outer bounds of both sce-
narios) between 16 and 25 RVDs. Binding assays using an
exhaustive set of dTALEs, beyond the scope of this study,
would be necessary to discern whether scenario one or two,
or a combination, best describes the relationship of speci-
ficity to number of RVDs across TALEs of diverse RVD
compositions, but since both scenarios demonstrate a speci-
ficity maximum within a similar range, we conclude that the
behavior we observed using our five dTALEs is generaliz-
able and reflects a fundamental property of TAL effector—
DNA interactions.
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Figure 6. Generalized models of the relationship between number of RVDs and specificity. Calculations were performed based on our FA assays for
binding of target (Figure 3B and Supplementary Table S4) and non-target DNA (Supplementary Figure S8 and Supplementary Table S7) by manipulating
the parameters (rate of decay, k, and dissociation constant at the plateau or saturation level, P) of the exponential decay curves fitting the data for target
DNA binding in Figure 3B (Supplementary Table S4). (A) The effect on the relationship of number of RVDs and affinity for target DNA of variation in
saturation level, P, with rate of decay, &, held constant. The shaded area represents values of P between 1 and 15 nM (black lines). (B) Variation in TALE-
DNA binding specificity deriving from the model in (A), calculated as the ratio of the dissociation constants for non-target and target DNA. For this, the
equation fitting the relationship Kp x #RVDs for non-target DNA in Supplementary Figure S7 (Supplementary Table S7) was divided by the equation
fitting the data in Figure 3B (Supplementary Table S4). N (number of RVDs) and P (plateau) in the equation representing the target DNA binding shown
in (A) were varied together with N in the equation for non-target DNA binding, resulting in a 3D plot. Red lines indicate the actual experimental curves.
(C) The effect on the relationship of number of RVDs and affinity for target DNA of variation in k, with P kept constant. The shaded area represents values
of k between 0.5 and 0.8. (black lines). (D) Variation in TALE-DNA binding specificity deriving from the model in (C), calculated as the ratio between the
dissociation constants for non-target and target DNA. The equation fitting the relationship Kp x #RVDs for non-target DNA in Supplementary Figure
S8 was divided by the equation fitting the data in Figure 3B (Supplementary Table S4). N (number of RVDs) and k (decay) in the equation representing
the target DNA binding shown in (C) were varied together with N in the equation for non-target DNA binding. Red lines indicate the actual experimental

curve values. Plots were generated using the software Mathematica v. 11.0 (Wolfram Research, Inc., Champaign, IL, USA).

The length distribution of known TALEs in nature suggests
selection for maximum specificity

Interestingly, the mean and median lengths of 114 native
TALESs examined by Boch and Bonas in 2010 (1) (19 and 18
RVDs, respectively) fall within the range of lengths for max-
imum specificity derived from our results. Updating that
analysis, we examined sequences now available for 213 Xan-
thomonas TALEs (Figure 7). The lengths are distributed in
roughly Gaussian fashion with a mean of 18.5 RVDs and a
median of 18 RVDs. This observation suggests that TALEs
as a group are subject to length selection to achieve high
specificity. The still relatively small number of validated,
native TALE—target pairs all contain one or more RVD-
nucleotide mismatches, in contrast with the target inter-
actions we examined, which were perfectly matching. The
presence of mismatches reduces the number of RVDs effec-
tively contributing to the target DNA interaction and might

in part explain the presence of natural TALEs with larger
numbers of repeats, some as long as 34 RVDs.

CONCLUSIONS

Our finding that TALE specificity peaks then declines with
increasing length provides fundamental insight into the na-
ture of TALE-DNA interactions. Also, this finding, and the
distribution of TALE lengths in nature, suggest that natu-
ral selection can act not only on TALE RVD composition
but also on CRR length as a pathogen adapts to activate
host genes that promote infection (i.e. disease susceptibility
genes), while avoiding any that impede it (e.g. disease resis-
tance genes). Additionally, the results of our study inform
the design of TALEs for biotechnology. Though refine-
ments are needed in our understanding of the relationship
of RVD composition to the length-dependence of speci-
ficity, particularly the effect of RVD composition on rate
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Figure 7. Distribution of the number of RVDs found in native TALEs.
Two-hundred and thirteen distinct, native TALEs for which sequences
were available are included (Supplementary Table S9). The red, vertical,
dashed line indicates the mean. The median is 18 RVDs. Asterisks represent
the number of RVDs of one or more native TALEs known to contribute
to virulence.

of decay and plateau, our results suggest generally that it is
important to design TALE-based DNA-targeting proteins
with strong RVDs in the N-terminal part of the CRR, since
the incorporation of many weak RVDs may not provide
enough binding energy (with increasing CRR length) to
reach the affinity threshold necessary for functional binding
before affinity saturates and specificity decreases. An exam-
ple in which this might be particularly important is TALE-
based visualization of specific genomic loci, where a suitably
low fluorescence background might only be achieved by the
use of TALE-based probes with relatively short CRRs.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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