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ABSTRACT: The discovery of the 5-methylcytosine (5mC) oxidation by the ten−eleven translocation (Tet) protein family was
an important advancement in our understanding of DNA-modified epigenetics. Potent inhibitors of these proteins are greatly
desired for both the understanding of the functions of these enzymes and to serve as eventual therapeutic leads. So far, the
discovery of such small molecules with high affinity has been quite limited. Original tools to screen for activity are greatly needed
in order to accelerate this process. Here we present a novel fluorescent probe, and the results of a fluorescence polarization-based
binding assay for Naegleria Tet1, a homologue to mammalian Tet. A fluorescence polarization-based competition assay was also
established and applied to the rapid and quantitative measurement of the binding affinity of the cofactor αKG and several known
Tet1 inhibitors.
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The methylation of DNA has long been known as a
repressive epigenetic mode of gene regulation. Its

importance has been well established in developmental
processes,1 and aberrant patterns have been linked to various
pathologies such as cancer.2,3 In mammalian cells, the principal
modification is at the 5′ position of cytosine and is installed via
S-adenosylmethionine (SAM)4 by various DNA methyltrans-
ferases (DNMTs).5 Investigations into the mechanisms and
dynamics of DNA methylation were greatly abetted by the
discovery of the ten−eleven translocation (Tet) proteins, which
were shown to be capable of the oxidation of 5-methylcytosine
(5mC) to 5-hydroxymethylcytosine (5hmC) and eventually to
5-formylcytosine (5fC) and 5-carboxylcytosine (5caC).6,7

These products are then recognized and excised by thymine
DNA glycosylase (TDG) and repaired through the base-
excision repair (BER) pathway in what is now recognized as an
“active” DNA demethylation pathway to restore an unmodified
state.8,9

Significant questions remain, however, about these essential
proteins and the exact mechanisms of demethylation, as other
pathways have been suggested.10,11 In the family, all three
members (Tet1−3) have been shown capable of oxidizing

5mC, but there is evidence to suggest that these genes play
both redundant and distinct roles in different developmental
stages and tissues.12,13 Elucidation of their unique functions and
roles in disease states is also greatly desired.14,15 Furthermore,
the 5hmC mark has been suggested to be not just an
intermediate in the demethylation pathway, but a genuine
epigenetic mark in its own right complete with reader
proteins.16−19

Currently, methods for detecting Tet activity are quite
limited. There have been reports of using ELISA-based
commercially available colorimetric kits and a 2D-TLC or
mass spectrometry-based procedure to characterize Tet activity
in vitro and in vivo.20,21 Other methods simply rely on detecting
levels of 5hmC via immunoblotting. Clearly, new tools are
needed to help expand our understanding of the complexities of
DNA-modified epigenetics and the Tet protein family. New
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techniques of screening for Tet binders would fulfill this need
as they are desirable for both research and pharmaceutical
purposes. Encouraged by our previous success with the
development of fluorescence polarization (FP)-based assays
for histone demethylases,22,23 we recently developed novel FP-
based binding and competition assays for Naegleria Tet1
(NgTet1).
FP is uniquely advantageous in studying protein−ligand

interactions and has enjoyed wide application in both clinical
and biomedical fields. The technique does not require a
separation of bound vs free ligand, and so there is no need to
perturb that equilibrium during measurements. Furthermore,
compared with traditional biochemical enzymatic inhibition
assays, FP does not induce changes in either the cofactor or
protein and allows the accurate measurement of dissociation
constants of a binding fluorescent tracer molecule or a
competing ligand. Past work has identified several fluorescent
probes which have been applied to the establishment of FP-
based assays for the JmjC-domain containing histone
demethylases JHDM1A and JMJD2A (Figure 1).22,23

NgTet1 is a homologue to mammalian Tet proteins with a
simpler domain architecture with 39% similarity.13,28 More
importantly, NgTet1 exhibited superior stability to mTet1. The
purified NgTet1 was used to screen readily available collection
of fluorescent probes in saturation binding experiments.24

These fluorescent probes each contains an α-ketoglutarate
(αKG)-mimicking fragment, which presumably binds to the
enzyme active site.
Saturation binding experiments were performed as previously

described.22 The FP signals were recorded on an Envision
Multilabel plate reader (PerkinElmer) and expressed as change
in millipolarization, ΔmP, comparing the signal of fluorophore
in buffer alone to the signal of fluorophore and protein.
Concentration of NgTet1 was plotted versus ΔmP, and the data
were fit to the following equation using KaleidaGraph (v4.1.1,
Synergy Software) to determine the Kd of fluorescent tracer:

Δ = + × +P P x K x KmP [ ( / ) /[1 ( / ) ]n n
min max d d (1)

where Pmin and Pmax are the minimum and maximum observed
ΔmP values, x is the concentration of NgTet1, and n is the Hill
coefficient of the binding curve.

A novel fluorescent probe 3 (Figure 2A) was found to display
the strongest binding to NgTet1, among 12 fluorophores

evaluated. Optimization of the assay buffer was next conducted
with the addition or absence of a variety of metal ions (Fe2+,
Mn2+, Ni2+, or none) to determine the best conditions to
preserve the stability of the protein. In agreement with previous
results, we determined that addition of 50 μM of NiCl2 was
optimal as nickel exhibits increased stability to oxidation under
ambient conditions. Signals were observed to stabilize after 4 h
and lasted up to 20 h, which is also consistent with previously
developed FP assays.22,23 The Kd was calculated to be 250 ± 36
nM (Figure 2B).
With the working fluorescent tracer in hand, we next sought

to develop a FP-based competition assay in order to assess the
binding affinity of several known probes of the Tet proteins.
The concentration of NgTet1 used for these experiments was
two times the Kd of the fluorophore (500 nM) as it offered a
suitable dynamic range in the competition assay. The
nonfluorescent small molecule to be tested was titrated against
a constant concentration of NgTet1 and 3 at a starting
concentration of 2500 or 5000 μM in 2-fold serial dilutions.
The FP signals were recorded as before, and the concentration
of inhibitor was plotted versus ΔmP and similarly fit with eq 1
to afford the half-maximum inhibitory values in place of the
fluorophore Kd. These IC50s were then used to calculate the
dissociation constants of the inhibitors (Kis) using eq 2.25

= + +K I L K P K[ ] /([ ] / [ ] / 1)i 50 50 d o d (2)

where [I]50 and [L]50 are the free inhibitor and free ligand
concentration at 50% inhibition, [P]o is the free protein
concentration at 0% inhibition, and Kd is the dissociation
constant between NgTet1 and 3. The results were summarized
in Table 1.

Figure 1. Structures of two previously discovered fluorescent probes of
αKG- and Fe2+-dependent hydroxylases JHDM1A and JMJD2A,
respectively.

Figure 2. Discovery of a fluorescent probe 3 for NgTet1. (A) Structure
of fluorescent probe 3. (B) Binding curve of NgTet1 and 3 under
optimized conditions.
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Among the six compounds tested, only three showed the
ability to competitively displace 3 at the concentrations tested:
the cofactor, αKG (4), and two structural analogues, N-oxalyl
glycine (NOG, 5) and 2,4-pyridinedicarboxylic acid (PDCA,
6). Both NOG and PDCA are known inhibitors of many αKG-
dependent dioxygenases. The IC50s were found to be 250, 49,
and 27 μM, and the Kis were calculated to be 83, 16, and 9.0
μM, respectively. Their competitive binding curves are
visualized in Figure 3. The lower binding affinity of αKG
compared with its structural analogues is unexpected but may
suggest that a conformational difference exists between this
purified protein and its complex with the DNA substrate. D-2-
Hydroxyglutaric acid (D-2-HG, 7) is also structurally similar to
αKG, differing only with the replacement of a hydroxyl in place
of the ketone at the C-2 position. This compound has been
shown to be weakly competitive with αKG with both histone
demethylases and the Tet family in the millimolar range.26

Indeed, very slight inhibition was observed at the highest
concentrations tested (2.5 and 1.25 mM, Figure 3); however,
complete or even 50% displacement of 3 was not observed. An
IC50 of 5.2 mM was obtained through fitting the data in
KaleidaGraph, and its Ki was calculated to be 1.7 mM. Lastly,
we examined two single deoxyribonucleosides. Neither 5mC
(8) nor 5hmC (9) showed competitive binding to NgTet1 at
up to 5.0 mM concentration, the highest concentration tested,
probably due to the lack of the DNA duplex.
The results presented here show that the FP-based binding

and competition assays allow the quantification and comparison
of binding affinities of small-molecule inhibitors to the active
site of NgTet1. The novel fluorescent probe 3 displays 250 nM
binding affinity that allows for a wide resolution of inhibitor
potency.27 αKG and two analogues, NOG and PDCA, were
shown to competitively displace 3 with low micromolar affinity
to NgTet1. A Z′ factor of 0.73 (SI Figure S1) was calculated
with PDCA and DMSO as positive and negative controls,

respectively, which demonstrates the reproducibility of this
assay. Miniaturization of the competition assay will provide a
useful technique for the high-throughput screening of large
compound libraries to identify novel inhibitors of Tet proteins.
Future work entails testing the potency of the fluorescent
probes against much larger mammalian Tet protein and the
identification of additional chemical probes that preferentially
bind to each member of the Tet family, as this would allow
direct comparison of specificity between each member.

■ EXPERIMENTAL PROCEDURES
FP Binding Assay. Experiments were performed in duplicate in

black, low-binding half area 96-well plates (Corning 3993). First, 80
μL of NgTet1 (4 μM to 4 nM final concentrations in 2-fold serial
dilutions) in assay buffer (25 mM TRIS, 100 mM NaCl, 50 μM NiCl2,
pH 7.0) were added to the experimental wells. Then 20 μL of 3 (1 nM
final concentration in assay buffer) were added to the wells. Wells
containing only protein were subtracted as background. The
wavelengths for excitation and emission were 492 and 517 nM,
respectively. The plate was incubated at room temperature for 4 h, and
then the FP signals were recorded three times and averaged.

FP Competitive Binding Assay. Experiments were performed in
duplicate in black, low-binding half area 96-well plates (Corning
3993). Two-fold serial dilutions of the compounds 4−9 were prepared
as 100× solutions in DMSO. First, 80 μL of NgTet1 (500 nM final
concentration) in assay buffer (25 mM TRIS, 100 mM NaCl, 50 μM

Table 1. Small Molecules Tested in a Competition Binding
Experiment with NgTet1 and 3

Figure 3. Competitive binding results. (A) Competition curves for
αKG (4), NOG (5), PDCA (6), and D-2-HG (7). (B) Compounds 8
and 9 were unable to competitively displace 3 at the concentrations
tested.
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NiCl2, pH 7.0) was added to the experimental wells. Then, 1 μL of the
compound solutions was added and incubated for 20 min prior to the
addition of 20 μL of 3 (1 nM final concentration in assay buffer).
Controls with only 3 and inhibitor or only 3 and protein were used for
background subtraction and to calculate maximum and minimum
binding of 3 to the protein. The plate was incubated at room
temperature for 4 h, and then the FP signals were recorded three times
and averaged.
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N.; Correá, I. R., Jr.; Zheng, Y.; Cheng, X. Structure of a Naegleria Tet-
like dioxygenase in complex with 5-methylcytosine DNA. Nature 2014,
506 (7488), 391−395.

ACS Medicinal Chemistry Letters Technology Note

DOI: 10.1021/acsmedchemlett.5b00366
ACS Med. Chem. Lett. 2016, 7, 167−171

171

http://dx.doi.org/10.1021/acsmedchemlett.5b00366

