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ABSTRACT: S-Hydroxymethylcytosine (hmC), the sixth
base of the mammalian genome, is increasingly recognized
as an epigenetic mark with important biological functions.
We report engineered, programmable transcription-
activator-like effectors (TALEs) as the first DNA-binding
receptor molecules that provide direct, individual
selectivities for cytosine (C), S-methylcytosine (mC),
and hmC at user-defined DNA sequences. Given the wide
applicability of TALEs for programmable targeting of
DNA sequences in vitro and in vivo, this provides broad
perspectives for epigenetic research.

he epigenetic nucleobase S-methylcytosine (mC, Figure
1A) plays important roles in gene expression regulation,
genome stability, development, and disease." It was recently
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Figure 1. Direct, programmable differentiation between C, mC, and
hmC in user-defined DNA sequences by engineered TALEs. (A)
Chemical structure of C, mC, and hmC. (B) Interaction of RVD HD
(amino acids 12 and 13 of TALE repeat) with cytosine (C, left) and of
RVD NG with thymine (T, riight) in a crystal structure of a TALE-DNA
complex (pdb entry 3V6T)."” Hydrogen bonds are shown as dotted
green lines. (C) Concept of direct, programmable differentiation
between canonical nucleobases in DNA by TALEs via modular assembly
of TALE repeats for A, G, T, and C (left), and additionally between
epigenetic nucleobases enabled by TALE repeats with individual
selectivities for C, mC, and hmC (right).
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discovered that ten-eleven translocation (TET) proteins catalyze
the oxidation of mC to S-hydroxymethylcytosine (hmC, Figure
1A),* 5-formylcytosine (fC), and 5-carboxylcytosine (caC).*¢
fC and caC can be removed from DNA and replaced by cytosine
(C) via base excision repair.’ This cycle of methylation,
oxidation, and repair now offers a plausible model for the
dynamic epigenetic modification of mammalian DNA.” More-
over, whereas the intermediates fC and caC exist at only relatively
low levels in DNA,® hmC exhibits high levels in many cell types,
and emerging data link it to important biological functions: hmC
exhibits unigue genomic distribution,® (cancer) cell-specific
occurrences,’ and altered protein recruitment abilities.”""

Key to a deeper understanding of the biological roles of hmC is
its locus-specific detection and the hmC-conditional activity-
control of loci. This requires effective and flexible strategies to
differentiate (i.e., selectively bind or not bind) between C, mC,
and hmC at user-defined sequence positions. However, a direct
programmable differentiation by Watson—Crick base pairing,
which greatly facilitates canonical DNA sequence analysis, is not
available for C, mC, and hmC since these exhibit similar pairing
properties. Hence, DNA-pretreatments are employed to first
differentiate between these nucleobases, and their canonical
sequence position is then revealed by analyses relying on base
pairing."> Two types of DNA-pretreatment are available.
Chemical conversion, exploiting the unique reactivity of hmC
in p-glucosyl-transfer-,"*~'¢ in oxidation-,"” and in bisulfite-
reactions,® often employed in combination. Alternatively, direct
binding by antibodies can be used.”® As single exceptions, DNA
polymerases®"** and nanopores™~>° can differentiate between
all four canonical nucleobases as well as between mC and hmC
but are limited to single molecule setups in vitro.

Here, we report engineered transcription-activator-like
effector (TALE) proteins®®”” as the first DNA binding receptor
molecules that can directly differentiate between C, mC, and
hmC in user-defined DNA sequences. TALEs consist of multiple
concatenated repeats, each of which selectively recognizes one
nucleobase through one of two variable amino acids (repeat
variable diresidue, RVD). This recognition follows a simple code
with the RVDs NI, NN (NH), NG, and HD (amino acid
positions 12 and 13 within the TALE re}geat) preferentially
binding A-, G-, T-, and C, respectively.”®>* We have recently
reported the direct sensing of mC in user-defined DNA
sequences in vitro>" based on the ability of RVD HD (which
interacts with the 4-amino group of C via a hydrogen bond with
the aspartate carboxyl group, Figure 1B)'** to differentiate
between C and mC.>*** This provides sensitive detection of the

Received: June 16, 2014
Published: January 5, 2015

DOI: 10.1021/ja506022t
J. Am. Chem. Soc. 2015, 137, 2-5


pubs.acs.org/JACS
http://dx.doi.org/10.1021/ja506022t

Journal of the American Chemical Society

Communication

status and level of mC at single positions, in various sequence
contexts, and at various positions within the TALE-DNA
complex, and enabled single mC detection in the zebrafish
genome.al’32

To expand this concept to hmC, we aimed to define a toolbox
of TALE repeats, each of which provides individual selectivity for
C, mC, or hmC (Figure 1C). For engineering and in vitro testing
of TALEs, we constructed vector pTRX-ENTRY that is
compatible with widely used protocols for the hierarchical
assembly of TALE repeat arrays (Figure 2A).3 pTRX-ENTRY
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Figure 2. Construction and analysis of TALEs. (A) Overview of pTRX-
ENTRY for the assembly of vectors for high-level expression and
purification of TALEs in E. coli. TRX, E. coli thioredoxin; S, S-tag. (B)
Used oligonucleotide primer and templates with C, mC, or hmC at
template position 6 (only 3'-terminal 17 nt of 79 nt templates are
shown). (C) Principle of TALE-controlled primer extension shown for
C and mC. TALE and DNA polymerase compete for the same binding
site in the primer template complex. Binding and nonbinding of TALE
to DNA is shown with a black and gray arrow, respectively. (D) PAGE
analysis of primer extension reactions as shown in panel C containing
8.325 nM primer—template complex in the presence or absence of 416
nM TALE Drh1 and 25 mU KF(exo™) as indicated. Experiments with
TALE_Drh1(HD) contained 832.5 nM TALE. Primer and extension
products are marked with black and gray arrows, respectively.

serves as final entry vector for the assembly/lacZ screening
(>99% success rate, see Supporting Information (SI) Figure 1) of
constructs that enable high-level expression and purification of
TALEs in E. coli via an N-terminal thioredoxin domain and a C-
terminal His6 tag (based on a Xanthomonas axonopodis TALE
scaffold, see SI).*! Using this approach, we designed and
expressed TALE Drhl (SI Figure 2), targeting the 17 nt
sequence Drhl (Figure 2B). To study the selectivity of TALE
repeats, we employed an assay based on the ability of TALEs to
control DNA replication, since this is a process that underlies a
large variety of DNA detection methodologies.* The assay
allows for quantitative analysis of TALE—DNA interactions and
previously enabled the detection of single genomic mC (Figure
2C shows the setup with DNA containing a single C or mC). For
this, the 5'-**P-labeled primer pDrhl is hybridized to a 3-fold
excess of DNA oligonucleotide templates containing sequence
Drh1 (Figure 2B) by heating to 95 °C for S min and cooling to
room temperature over 30 min. This complex is incubated with

TALE protein for 30 min, and subsequently, 100 4M dNTP and
Klenow fragment of E. coli DNA polymerase I (3'-5'-exo0”,
KF(exo™) are added (concentrations of TALE and KF(exo~)
varied and are indicated in the figures). The mixture is incubated
for 15 min at room temperature, denatured by the addition of
formamide/EDTA and then resolved by denaturing polyacryla-
mide gel electrophoresis (PAGE). This enables quantitative
analysis of TALE binding by KF(exo™) inhibition through
quantification of primer extension product (Figure 2D).

A possible approach for the design of custom TALE repeats is
to exploit the differential potential of C, mC, and hmC to build
hydrogen bonds with polar RVDs, arising from different
shielding of the amino group and the unique availability of a
hydroxyl group in the vicinity to the S-position of hmC (Figure
1A,B). We performed primer extensions with TALE_Drh1(HD)
bearing RVD HD in TALE repeat 6, and templates Drhl,
Drhl_C6 — mC, and Drh1_C6 — hmC bearing a single C, mC,
or hmC at position 6 of the TALE Drhl binding sequence
(Figure 2B). As expected, RVD HD exhibited strong binding to
C, but not to mC (Figure 3A; for full data see SI Figure 3)
Moreover, it did not bind to hmC, which suggests that D13 of
RVD HD is not able to undergo a stabilizing interaction with the
hydroxyl group of hmC, establishing HD as a fully selective RVD
for C. To design hmC-selective RVDs, we increased the
conformational flexibility of the carboxylic acid linker at position
13 to potentially facilitate hydrogen bonding. We analyzed
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Figure 3. Designer TALE repeats for the differentiation between C, mC,
and hmC in DNA. (A) TALEs bearing RVD HD and polar RVDs HE
and HQ for the differentiation between C (black), mC (red), and hmC
(blue) in the template, analyzed in primer extension assays. (B) TALEs
bearing RVD HD and nonpolar RVDs NG and N* for the
differentiation between C, mC, and hmC in the template, analyzed in
primer extension assays. Variable RVD was present in TALE repeat 6.
Error bars are from duplicate experiments. Data are normalized for hmC
to facilitate comparison of selectivities.
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TALE_Drh1(HE) as above, bearing a D13 — E mutation in
TALE repeat 6. However, this resulted in a significantly reduced
binding to C without promoting the binding to mC or hmC and,
thus, in an inability to differentiate between any of the three
nucleobases (Figure 3A). A similar result was obtained when an
amide group instead of a carboxyl group was installed
(TALE_Drh1(HQ), Figure 3A). These data suggest that
selective hydrogen bonding of the tested TALE repeats to
hmC may be prevented by unfavorable steric interactions
between the enlarged side chains of E13 and Q13 and C, mC, and
hmC.

An alternative approach for the design of selective TALE
repeats is to exploit the different steric demand of the $-
substituents that increases from C over mC to hmC by
constructing RVDs with gradually decreasing size. In fact, the
S-methyl group of mC can be accommodated by nonpolar RVDs
without side chain at position 13 (i.e.,, RVD NG) or even with a
complete deletion of this amino acid (ie, RVD N*, * =
deletion), indicating that this could be a viable approach.**

We analyzed TALE Drh1(NG) bearing RVD NG as above.
Compared to TALE Drh1(HD), this led to significantly
reduced binding to C, whereas, in contrast to all tested polar
RVDs, binding to mC was now observed (Figure 3B; for full data
see SI Figure 3). Strikingly, no binding to hmC was observed,
suggesting that the further increased steric demand of the 5-
hydroxymethyl group led to unfavorable interactions. This
resulted in an overall positive selectivity of RVD NG for mC, in
addition to the already established overall positive selectivity of
RVD HD for C (for full selectivity profiles of the RVDs, see SI
Figure 15). We next asked, if our approach could also be
exploited for the design of TALE RVDs selective for hmC. We
replaced RVD NG by RVD N* to further reduce the steric
demand of the RVD. This indeed resulted in a significantly
increased binding to both C and mC, whereas still no significant
binding to hmC was observed (TALE_Drh1(N*), Figure 3B).
This suggests that the deletion of G13 enables accommodation of
S-hydrogen atoms and S-methyl groups, but not of 5-
hydroxymethyl groups, resulting in an overall negative selectivity
of RVD N* for hmC (RVD S* exhibited a related hmC
selectivity, but with somewhat reduced binding to C and with
lower overall affinity; see SI Figure 16). Taken together, these
experiments defined a toolbox of three TALE repeats with
individual selectivities for C, mC, and hmC in user-defined DNA
sequences (selectivities of RVDs HD, NG, and N* were
confirmed in a second sequence context at a different position
in the TALE—DNA complex; see SI Figure 17).

To gain quantitative insights into the affinities and selectivities
of RVDs HD, NG, and N*, we performed primer extension
reactions with varying TALE concentrations (Figure 4A shows
the inhibition profiles; for full data see SI Figures 4-9).
TALE_Drh1(HD) exhibited a K; of SO nM for sequence Drhl
bearing a C at position 6 (Figure 4B). In contrast, only slight
inhibition was observed for mC and hmC even at the highest
possible TALE concentrations (close to the solubility limit),
indicating a very high selectivity (>66-fold, Figure 4A), but
preventing K; determination (for a closely related TALE, a 75-
fold difference in inhibition for C and mC opposite RVD HD was
observed using a qPCR-based assay with increased sensitivity and
dynamic range; see SI Figures 13 and 14). TALE Drh1(NG)
exhibited a 3-fold higher K for its cognate nucleobase mC, with a
moderate selectivity over C, but a pronounced 12-fold selectivity
over hmC (Figure 4B). Strikingly, TALE_Drh1(N*) exhibited a
low K; for C and mC, comparable to the one of TALE Drhl-
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Figure 4. Quantitative analysis of affinity and selectivity of TALEs with
nonpolar TALE repeats. (A) KF(exo™) inhibition profiles by
TALE_Drh1(HD), (NG), and (N*) with primer template complexes
bearing a single C, mC, or hmC at position 6 (Figure 2B). Data were
normalized for hmC and fitted using a dose response function (fits are
shown as line). Error bars are from duplicate experiments. (B) Inhibition
constants K; of TALE Drh1(HD), (NG), and (N*) with primer
template complexes of panel A. (C) Inhibition experiments with
TALE_Drh1(HD), (NG), and (N*) with primer template complexes of
panel A employed in mixtures as indicated by arrows (left and right end
of x-axis corresponds to 100% of respective nucleobase). Y-axis is the
same as that in panel A. Error bars are from duplicate experiments.

(HD) to C. Moreover, a significant increase of its K; to ~1.5 uM
for hmC resulted in a very high overall selectivity of 25-fold and
30-fold versus C and mC, respectively (Figure 4B).

Since C, mC, and hmC can be present as mixtures with
different modification levels in genomic samples, we tested if
RVDs HD, NG, and N* would allow for selective sensing of
single C, mC, and hmC even in mixed DNA samples. We
performed analyses as above with template mixtures (Figure 4C;
for full data, see SI Figures 10—12). TALE_Drh1(HD) did not
exhibit inhibition in mC/hmC mixtures. However, in mixtures
containing its cognate nucleobase C, it exhibited a fully linear
dependence on the C modification level over the complete range.
Similarly, both TALE Drh1(NG) and TALE_ Drh1(N¥*)
showed a strong linear dependence on the presence of their
respective cognate nucleobase mC and hmC in the presence of
both noncognate nucleobases. In contrast, only a slight response
to one of the noncognate nucleobases (C and mC, respectively)
was observed (Figure 4C). This shows that RVDs HD, NG, and
N* enable the selective sensing of the modification levels of their
cognate nucleobases C, mC, and hmC in the presence of
noncognate nucleobases. Hence, for the analysis of an unknown
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nucleotide position, targeting with RVD N* reveals hmC, and
the additional targeting with RVD HD (or NG) reveals C (or
mC). Comparison of the two assays then fully reveals C, mC, and
hmC.

In conclusion, we report engineered TALE proteins as the first
molecules that provide direct, programmable sensing of C, mC,
and hmC in user-defined DNA sequences. We define a toolbox of
TALE repeats, each of which provides selectivity for its cognate
nucleobase even in the presence of the two noncognate
nucleobases. Given the subtlety of the structural differences
between large 17mer DNA duplexes containing a single C, mC,
and hmC nucleobase, the observed selectivities are surprisingly
high. TALEs are fully programmable and genetically encoded
and thus applicable both in vitro and in a large number of
organisms. Moreover, TALEs can be combined with functional
domains such as fluorescent proteins, transcriptional activators
and repressors, nucleases, and TET proteins.”%*”**373% Wwe
therefore anticipate that our findings will enable the use of
engineered TALEs for diverse epigenetic technologies, ranging
from the detection of mC and hmC to the activity control and
modification of genes conditional on their epigenetic mod-
ification.
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