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ABSTRACT: We describe the rationale for and the synthesis
of a new class of compounds utilizing a modular approach that
are designed to mimic ascorbic acid and to inhibit 2-
oxoglutarate-dependent hydroxylases. Preliminary character-
ization of one of these compounds indicates in vivo
anticonvulsant activity (6 Hz mouse model) at nontoxic
doses, inhibition of the 2-oxoglutarate-dependent hydroxylase FTO, and expected increase in cellular N6-methyladenosine. This
compound is also able to modulate various microRNA, an interesting result in light of the recent view that modulation of
microRNAs may be useful for the treatment of CNS disease.
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Epilepsy is a chronic disorder of abnormal electrical activity
in the brain characterized by recurrent unprovoked

seizures.1 Treatment with traditional antiepileptic drugs
(AEDs) is not effective for about 30% of patients, and
pharmaco-resistant epilepsy remains a current clinical challenge.
Agents that modify the disease progression, antiepileptogenics,2

may have some advantages over traditional AEDs. Recently, the
need for novel agents for the treatment of pharmaco-resistant
epilepsy and the development of antiepileptogenics has been
emphasized.3−5

We sought to design and synthesize novel antiepileptogenic
compounds that induce the production of erythropoietin (Epo)
in the CNS. Our rationale was based on reports of the
neuroprotective6 and antiepileptogenic effects7 of Epo. Addi-
tionally, Epo has been demonstrated to induce beneficial mood
swings in patients suffering from depression,8,9 which is the
most frequent comorbidity with epilepsy.10 Developing a single
agent with both antiepileptogenic and antidepressant effects
would enhance value as a novel agent for the treatment of
epilepsy.
Epo production is controlled through the HIF (hypoxia

inducible factor) pathway.11 HIF proteins are transcription
factors that control the expression of hypoxia-induced genes to
overcome the crisis of hypoxia. The enzyme prolyl-4-
hydroxylase 2 (PHD2) has a critical role in this pathway by
targeting HIF-1α for proteasomal degradation; this enzyme is
active under usual, nonhypoxic conditions. PHD2 is a member
of a family of oxygen-requiring, 2-oxoglutarate (2-OG)
dependent hydroxylases that utilize nonheme iron in the
catalytic site and ascorbic acid as cofactor.12 We have recently
proposed an antiepileptogenic mechanism in which inhibition

of PHD would permit HIF proteins to function and to induce
the expression of Epo and other hypoxia-induced genes.1

Therefore, our rational drug design was to inhibit PHD which
would lead to increased endogenous expression of Epo in the
CNS. Our compounds did not, however, inhibit PHD but
rather a related enzyme family member, FTO (fat mass and
obesity). We describe the synthesis and initial characterization
of this FTO inhibitor and demonstrate anticonvulsant activity
in an animal model of pharmaco-resistant epilepsy.3,4

We selected the aminohydroxyfuranone core (1, Figure 1) as
a scaffold for developing PHD inhibitors due to the similarity to
ascorbic acid (2, Figure 1) which is known to have
antioxidant13,14 and PHD-binding properties.15 Tetronic acid
derivatives (3, Figure 1) are related to ascorbic acid and have
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Figure 1. Scaffold selection for prolyl-4-hydroxylase inhibitors based
upon a core dihydroxyfuran moiety. X = C or S, y = 1 or 2. 1,
aminohydroxyfurananones; 2, ascorbic acid; 3, arylhydroxytetronic
acids; 4, 2,5-disubstituted-3,4-dihydroxyfurans.
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been shown to significantly inhibit cyclooxygenase and
lipoxygenase,16 activities that might be desirable to modulate
the neuroinflammation that occurs during epileptogenesis.17

However, the scaffold of 3 does not readily permit for the
elaboration of additional functional groups for PHD inhibition.
We reasoned that adding an additional functional group to the
terminal amine of 1 to yield a 2,5-disubstituted 3,4-
dihydroxyfuran scaffold, 4, would result in a family of ascorbic
acid mimics that would also be able to mimic 2-OG due to the
presence of an amide or sulfonamide. Compounds from
scaffold 4 still resemble ascorbic acid, allowing for the potential
for these high polar surface area compounds to utilize the
sodium-coupled vitamin C transporters 1 and 2 (SVCT1 and 2)
for blood-brain barrier (BBB) penetration. Ascorbic acid
mimics that are capable of utilizing transporters may resolve
the conundrum of developing BBB-penetrating 2-OG mimics,
due to the strong negative charge of 2-OG needed for
recognition of the PHD active site, yet simultaneously
possessing an appropriate log P and low polar surface area
characteristics required of BBB penetrating agents (see below).
These compounds may also target other related enzymes such
as FIH, ASPH, TET-1, and FTO.
The crystal structure of PHD218 provided crucial information

for our drug design by revealing specific molecular interactions
between the 2-OG ligand, the critical active site iron, and
Arg383 that is involved in 2-OG recognition. The 2,5-
disubstituted 3,4-dihydroxyfuran scaffold enables a modular
approach to developing PHD inhibitors as illustrated in Figure
2. The concept was to position an aryl group as module A

which is tolerated in known PHD2 inhibitors.19 In module B,
the aminohydroxyfuranone ring core can serve as an iron
chelating moiety to interact with the active site Fe and also
provide a hydrogen bond acceptor to a critically positioned
water molecule.18 Module C is a carbonyl or sulfonyl adaptor to
serve as a hydrogen bond acceptor for Arg383, as well as a
synthetic handle for attaching Module D. The presence of
different modules is expected to result in different 2-

oxoglutarate/ascorbic acid mimics with different enzyme
inhibition selectivities.

■ RESULTS AND DISCUSSION
Synthesis of the targeted compounds is illustrated in Scheme 1.
The synthesis begins with the condensation of potassium
cyanide, glyoxal bisulfite addition product, and an aryl aldehyde
originally explored by Dahn and co-workers,20 and is followed
by an acetylation or sulfonylation to give compounds 6 and 7.
Acetylation with acetic anhydride results exclusively in the O-
acetyl product 6b, while reaction with methylsulfonyl chloride
and ethylsulfonyl chloride result in both 6c and 7c, the result of
O- and N-sulfonylation, respectively. Reaction with phenyl-
sulfonyl chloride results exclusively in the 6e O-sulfonylation
product. The compounds synthesized are indicated in Table 1.

Computational methods were utilized to evaluate the
feasibility and potential metabolic liability of proposed
compounds prior to synthesis. Selected physicochemical and
biological properties were calculated using StarDrop version
5.3.1 build 202, and are shown in Tables 2 and 3. These

calculations indicate that the compounds 7c and 7d have
solubility and log P values that are consistent with good BBB

Figure 2. Conceptual design of prolyl-4-hydroxylase inhibitor utilizing
a modular approach with a core dihydroxyfuran moiety.

Scheme 1a

a(a) KCN, glyoxal bisulfite addition product, Na2CO3; (b) Ac2O, RT; (c) K2CO3, ClSO2CH3, THF, reflux; (d) K2CO3, ClSO2CH2CH3, THF,
reflux; (e) K2CO3, ClSO2C6H5, THF, reflux.

Table 1. Prepared Compounds

compd X y R

5
6b C 1 CH3

6e S 2 C6H5

7c S 2 CH3

7d S 2 CH2CH3

Table 2. Calculated Physicochemical Properties

compd MW TPSA (Å2)a log S log P

5 225.6 72.5 3.93 1.07
6b 267.6 78.6 2.90 1.07
6e 365.7 95.7 1.33 1.67
7c 303.6 99.8 3.28 1.74
7d 317.6 99.8 3.08 2.11

aTotal polar surface area.

Table 3. Predicted Biological Activities

compd BBB log(BB) Cyp3A4 Cyp2D6 hERG pIC50

5 + −0.03 0.85 medium 3.83
6b − 0.11 0.82 medium 3.68
6e − −0.13 0.75 medium 4.27
7c − −0.18 0.64 low 5.05
7d − −0.15 0.51 medium 5.18
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penetration, but have polar surface area values that are above
what is usually considered favorable for passive diffusion across
the BBB. However, compounds with similar high polar surface
areas have been reported to cross the BBB by utilization of the
SVCT2.21 Since the dihydroxyfurans mimic ascorbic acid, it is
reasonable to predict that they may penetrate the BBB via
SVCT2.
Biological screening of perspective antiepileptogenic com-

pounds is extremely challenging, and there is no generally
accepted series of experiments to evaluate antiepileptogenic
potential. Our compounds were screened for anticonvulsant
activity in mice by the NIH/NINDS/ASP, using the following
models: maximal electroshock (MES), subcutaneous metrazole
(scMET), and 6 Hz. The compounds showed little to no
protection in the MES and scMET models (data not shown).
However, most compounds were effective in the 6 Hz model
(Table 4). These results clearly demonstrate in vivo

anticonvulsant activity and therefore likely CNS penetration
of the compounds, possibly via ascorbic acid transporters.21

The ASP screened these compounds for general CNS toxicity
using the rotarod method, and little to no toxicity was found
(Table 5). Based on predicted cytochrome P450 oxidation, 7d

was selected for advancement to the quantitative 6 Hz model.
Analysis using this method indicated that the 7d anticonvulsant
EC50 was 18 mg/kg, the toxic EC50 was 347 mg/kg, resulting in
a safety ratio (toxic EC50/anticonvulsant EC50) of 19.3,
indicating reasonable safety (Table 6). To put these data into
perspective, 7d had a higher safety ratio than all commercially
available AEDs tested except for levetiracetam.22 It is also
interesting to note that levetiracetam, a very useful agent to
treat epilepsy, was also not active in the MES and scMET
models.22

Compounds 7c and 7d were further tested for activity in the
HIF pathway. Treatment of HeLa cells with dimethyl N-
oxalylglycine, a global inhibitor of 2-OG enzymes, inhibits
PHD, stabilizes HIF1α,23 and turns on the expression of HIF-

induced genes including Epo.24 HeLa cells were treated with or
without 7c and 7d, and then analyzed for stabilization of HIF1α
and HIF2α by Western blots. Stabilization of HIF1α or HIF2α
was not seen, nor were Epo levels changed (data not shown),
indicating that 7c and 7d do not inhibit PHD under these
experimental conditions.
We considered that our compounds may be interacting with

enzymes related to PHD that also utilize 2-OG. Examination of
the structure of 7c and 7d with the conformations of the
inhibitor N-oxalylglycine (NOG) from crystal structures of
PHD,18 FIH,25 Jumanji-C containing histone demethylase
JMJD2A,26 and FTO27 suggested that FTO was a reasonable
target. The conformation of NOG in PHD, FIH, and JMJD2A
is nearly identical, and is entirely planar as illustrated in Figure
3. In contrast, NOG from FTO is significantly twisted out of
the plane, and results in O5 being nearly 1.76 Å above the plane
containing the amide bond. Due to the presence of the
sulfonamide in both 7c and 7d, a sulfone oxygen can be nearly

Table 4. Activity in the 6 Hz Model

compda
0.25 hb

(N/F)c
0.5 h
(N/F)

1 h
(N/F)

2 h
(N/F)

4 h
(N/F)

5 1/4 0/4 1/4 1/4 0/4
6b 2/4 0/4 1/4 0/4 1/4
6e 1/4 0/4 2/4 2/4 2/4
7c 1/4 4/4 4/4 3/4 4/4
7d 1/4 3/4 2/4 3/4 3/4

aCompounds were injected in 0.1% methylcellulose i.p. at 100 mg/kg.
bTime after i.p. injection. cN is the number of protected animals, and F
is the total number of animals in trial group.

Table 5. Toxicity in the Rotarod Model

compda
0.25 hb

(N/F)c
0.5 h
(N/F)

1 h
(N/F)

2 h
(N/F)

4 h
(N/F)

5 0/4 0/4 0/4 0/4 0/4
6b 0/4 0/4 0/4 0/4 0/4
6e 0/4 0/4 0/4 0/4 0/4
7c 0/4 1/4 2/4 0/4 3/4
7d 0/4 0/4 0/4 1/4 0/4

aCompounds were injected in 0.1% methylcellulose i.p. at 100 mg/kg.
bTime after i.p. injection. cN is the number of animals displaying
toxicity, and F is the total number of animals in trial group.

Table 6. Activity of 7d in the Quantitative 6 Hz and Toxicity
Model

testa t (h) dose (mg/kg) N/Fb

6 Hz 1.0 1.0 0/8
6 Hz 1.0 2.5 1/8
6 Hz 1.0 5.0 5/8
6 Hz 1.0 10.0 5/8
6 Hz 1.0 25.0 11/16
6 Hz 1.0 50.0 4/8
6 Hz 1.0 100.0 10/16
6 Hz 1.0 200.0 6/8
Toxicity 8.0 100.0 0/8
Toxicity 8.0 200.0 2/8
Toxicity 8.0 300.0 3/8
Toxicity 8.0 500.0 5/8
Toxicity 8.0 750.0 7/7

aCompound was injected in 0.1% methylcellulose i.p. bN is the
number of animals displaying protection or toxicity, and F is the total
number of animals in trial group.

Figure 3. (A) Conformational analysis of NOG from crystal structures
3HQR and 2XUM for PHD and FIH. (B) Conformational analysis of
NOG from 3LFM for FTO. (C) Conformational analysis of 7d.
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2.47 Å above the plane of the iron chelating dihydroxyfuran
moiety. We hypothesized that 7c and 7d might inhibit FTO,
and that the key distinguishing feature of FTO inhibition versus
PHD inhibition is the presence of a nonplanar hydrogen bond
acceptor capable of mimicking the terminal carboxylate oxygen
of 2-OG at the FTO active site.
The compounds 7c and 7d were tested for the ability to

inhibit purified FTO.28 The results indicate that FTO was
inhibited by each compound, with IC50’s of 4.9 and 8.7 μM,
respectively. These values are similar to those reported for
broad-spectrum 2-OG oxygenase inhibitors, 3-methylthymidine
(IC50 8.3 μM),29 N-oxalylglycine (IC50 44 μM),29 and rhein
(IC50 21 μM).30 To assess the cellular effect of FTO inhibition,
total HeLa cell mRNA was quantified for the presence of N6-
methyladenosine (m6A). FTO is a nucleic acid demethylase
that prefers RNA m6A28 over other substrates such as N3-
methyluracil and N3-methylthymine.31 A 9.3% increase in m6A
was observed following treatment of 25 μM 7d (p < 0.05),
which is very comparable to the observed increase in m6A
following FTO siRNA.28 These results indicate that 7c and 7d
inhibit FTO and produce the expected increase of m6A in
mRNA. A model of 7d binding at the active site of FTO was
created using the crystal structure 3LFM, as illustrated in Figure
4. The dihydroxyfuran moiety is involved in chelating the active
site Fe2+, while both of the sulfonamide oxygens form hydrogen
bonds, one with Arg322, the other with Arg96. The oxygen of
the furan ring is proposed to hydrogen bond with Asn205. This
proposed recognition of the FTO active site is similar in
concept to the original design for inhibiting PHD (Figure 2).
These results suggest a connection between FTO inhibition

and anticonvulsant activity. We have recently proposed a
functional association between FTO, RNA epigenetics and
epilepsy.32 FTO is highly expressed in neurons in the CNS, and
in multiple brain regions including the hippocampus.33 The
most common mRNA modification in eukaryotes is m6A,
which, as mentioned above, is the preferred substrate for FTO.
The presence of m6A is highly enriched in brain tissue.34

MicroRNA (miRNA) is a class of small noncoding RNA
involved in silencing targeted genes. miRNAs bind to a specific

region in the 3′UTR of the target mRNA to promote
degradation or translation inhibition. Recently, an association
between these miRNA binding sites and m6A residues in the 3′
UTR has been described.34,35 miRNA are known to be highly
expressed in CNS tissue, and are increasingly investigated in
CNS disease states including epilepsy and epileptogenesis.36 A
recent review clearly presents evidence that epilepsy and the
pathological epileptogenesis mechanism involve miRNAs that
control multiple genes and proteins.37

We reasoned that a FTO inhibitor with anticonvulsant
activity that modulates m6A may also modulate miRNA, and
that modulation of miRNA may underlie the anticonvulsant
and/or antiepileptogenic activity. To initially test this
hypothesis, we incubated HeLa cells with 7d, harvested total
RNA, and analyzed the sample for miRNA modulation. The
results of the microarray screening showed that multiple
miRNAs were modulated as an effect of 7d (Table 7). Some
miRNA were up-regulated, while others were down-regulated.
These results are consistent with emerging views concerning
the involvement of miRNAs and epilepsy.38 Further testing is
required before any definitive mechanism of anticonvulsant

Figure 4. Computational model of 7d binding at the active site of FTO (3LFM).

Table 7. Modulation of microRNA by 25 μM 7d

microRNA P-value log2(G2/G1)a

miR-6509-3p 1.94 × 10−2 −2.73
miR-4444 4.06 × 10−2 0.60
miR-671-5p 4.20 × 10−2 0.35
miR-6722-5p 4.40 × 10−2 −1.05
miR-4713-5p 5.99 × 10−2 −1.39
miR-4638-5p 6.21 × 10−2 1.47
miR-4717-5p 6.62 × 10−2 −1.70
miR-6514 7.06 × 10−2 −1.44
miR-4329 7.18 × 10−2 −1.62
miR-4485 7.52 × 10−2 −0.60
miR-486-3p 8.61 × 10−2 −1.81
miR-34b-3p 8.91 × 10−2 −1.66

aG2 is the signal from 7d treated (25uM) HeLa cells, and G1 is the
signal from untreated control HeLa cells.
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activity can be made. It is noted that a common variant in the
FTO gene, rs9939609, has been linked to several CNS
conditions including reduced brain volume39 and risk for
alcohol dependence,40 and that the effect of this genetic
variation seems to be increased FTO protein activity.41 Further,
dopaminergic-specific FTO knockout mice display attenuated
responses to cocaine.42 These results provide evidence for the
role of a FTO inhibitor in the treatment of CNS diseases.

■ CONCLUSIONS
Novel dihydroxyfuran sulfonamides were prepared by con-
densation of arylhydroxytetronimides with sulfonyl chlorides.
Our modular design scheme readily permits syntheses of
additional compounds that may show specificity to unique 2-
OG-dependent enzymes. The rationale was to develop novel
agents for epilepsy by inhibiting PHD with subsequent
increased production of Epo.1 While the synthesized
compounds do not appear to inhibit PHD, this result does
not refute the potential role of a PHD inhibitor for epilepsy
therapy. We found that several novel compounds inhibited the
closely related enzyme, FTO, which also utilizes Fe2+ and 2-OG
at the active site. The molecule, 7d, has anticonvulsant activity
in the 6 Hz mouse model at nontoxic doses, inhibits the
enzymatic activity of the RNA demethylase FTO, increases the
amount of m6A in total cellular RNA, and modulates levels of
specific miRNAs. To our knowledge, this is the first FTO
inhibitor that demonstrates anticonvulsant activity. Although
direct measurement of BBB penetration was not performed, the
demonstration of in vivo anticonvulsant activity strongly
implies penetration into the CNS. A BBB-penetrating small
molecule inhibitor may provide an advantage over the use of
siRNA to modulate FTO. Similarly, this approach may have an
advantage over antagomir-based methods to modulate miRNA
that have been proposed for the treatment of epilepsy.43 While
we cannot definitively state at this time that the inhibition of
FTO is the cause of the anticonvulsant activity and of the
modulation of miRNA, there is considerable emerging
discussion describing a functional, interdependent role of
these activities.

■ METHODS
All chemical reagents were purchased from Sigma-Aldrich unless
specified otherwise. Antibodies were purchased from Novus Bio-
logicals (Littleton, CO). NMR data were recorded on a Bruker Avance
DPX-300 MHz NMR spectrometer. All melting points are uncorrected
and were performed on a Hoover melting point apparatus. Elemental
analysis was performed by Atlantic Microlab, and mass spectrometry
was performed by the University of Cincinnati.
Organic Synthesis. 5 and 6b were synthesized according to

literature methods.44 6e, 7c, and 7d were prepared using the following
method utilizing benzenesulfonyl chloride, methanesulfonyl chloride,
and ethanesulfonyl chloride, respectively. An amount of 5 g of 5-
amino-4-hydroxy-2-(4-chlorophenyl)-furan-3-one was stirred in 50 mL
of dry tetrahydrofuran (THF) under nitrogen gas for 16 h with 4.7 g of
K2CO3 and the appropriate sulfonylation reagent (1 equiv). The
reaction was filtered, and the filtrate was acidified with 24 mL of 1 N
HCl and then extracted five times with 20 mL of diethyl ether. The
combined ether extracts were washed with brine and dried with
Na2SO4. After filtration, 100 mL of hexanes was added to the solution,
resulting in a precipitate, which was collected using vacuum filtration
and recrystallized with MeOH.
Compound 5, 5-Amino-4-hydroxy-2-(4-chlorophenyl)-furan-3-

one. . Yield = 70%. mp 221−222 °C. FTIR 3079, 1638. 1H NMR
(300 MHz, DMSO-d6, ppm) δ 7.82 (s, 2H), 7.46 (d, J = 8.7 Hz, 2H),
7.30 (s, 1H), 7.29 (d, J = 8.7 Hz, 2H), 5.43 (s, 1H). 13C NMR (75

MHz, DMSO-d6, ppm) δ 182.6, 173.1, 135.7, 133.2, 128.9, 128.6,
111.7, 82.2. HRMS Calcd: 248.00849. Found: 248.00852 MNa+ =
C10H8NO3ClNa

+. Elemental Analysis Calcd: C 53.23, H 3.57, N 6.21,
Cl 15.71. Found: C 53.35, H 3.61, N 6.24, Cl 15.83, C10H8ClNO3.
HPLC retention time: 16.7 min.

Compound 6b, 2-(4-Chlorophenyl)-4-(acetoxy)-5-amino-3(2H)-
furanone. Yield = 44%. mp 221−222 °C. FTIR 3030, 1628. 1H NMR
(300 MHz, DMSO-d6, ppm) δ 8.30 (s, 2H), 7.47 (d, J = 8.7 Hz, 2H),
7.35 (d, J = 8.7 Hz, 2H), 5.63 (s, 1H), 2.14 (s, 3H). 13C NMR (75
MHz, DMSO-d6, ppm) δ 182.4, 173.0, 168.9, 134.8, 133.8, 129.1,
129.1, 106.9, 83.2, 20.7. Elemental Analysis Calcd: C 53.85, H 3.77, N
5.23. Found: C 53.76, H 3.90, N 5.24, C12H10ClNO4. HPLC retention
time: 19.7 min.

Compound 6e, 2-(4-Chlorophenyl)-4-[[phenylsulfonyl]oxy]-5-
amino-3(2H)-furanone. Yield = 17%. mp 190−195 °C. FTIR 3034,
1630. 1H NMR (300 MHz, DMSO-d6, ppm) δ 8.54 (s, 2H), 7.93 (d, J
= 8.1 Hz, 2H), 7.74 (t, J = 7.2 Hz, 1H), 7.57 (t, J = 8.1 Hz, 2H), 7.48
(d, J = 8.7 Hz, 2H), 7.18 (d, J = 8.4 Hz, 2H), 5.54 (s, 1H). 13C NMR
(75 MHz, DMSO-d6, ppm) δ 181.2, 173.4, 135.2, 135.0, 134.2, 133.9,
129.7, 129.2, 129.1, 129.0, 106.6, 82.9. Elemental Analysis Calcd: C
52.54, H 3.31, N 3.83, Cl 9.69. Found: C 52.50, H 3.33, N 3.79, Cl
9.84, C16H12ClNO5S. HPLC retention time: 32.2 min.

Compound 7c, N-(3,4-Dihydroxy-5-(4-chlorophenyl)-2-furanyl)-
methanesulfonamide. The material was further purified by column
chromatography (hexanes/ethyl acetate). Yield = 18%. mp 175 °C.
FTIR 3169, 1616. 1H NMR (300 MHz, DMSO-d6, ppm) δ 8.41 (s,
1H), 8.09 (s, 1H), 7.96 (d, J = 8.4 Hz, 2H), 7.85 (s, 1H), 7.59 (d, J =
8.4 Hz, 2H), 3.55 (s, 3H). 13C NMR (75 MHz, DMSO-d6, ppm) δ
185.7, 165.1, 140.7, 136.9, 135.9, 133.5, 130.0, 129.7, 40.7. Elemental
Analysis Calcd: C 43.50, H 3.32, Cl 11.67, N 4.61. Found: C 43.66, H
3.40, Cl 11.54, N 4.55, C11H10ClNO5S. HPLC retention time: 25.2
min.

Compound 7d, N-(3,4-Dihydroxy-5-(4-chlorophenyl)-2-furanyl)-
ethanesulfonamide. Yield = 21%. mp 183−185 °C. FTIR 3181, 1616.
1H NMR (300 MHz, DMSO-d6, ppm) δ 8.41 (s, 1H), 8.08 (s, 1H),
7.95 (d, J = 9.3 Hz, 2H), 7.85 (s, 1H), 7.59 (d, J = 9.0 Hz, 2H), 3.68
(q, J = 7.2 Hz, 2H), 1.40 (t, J = 6.9 Hz, 3H). 13C NMR (75 MHz,
DMSO-d6, ppm) δ 185.8, 165.1, 140.7, 136.8, 136.1, 133.5, 130.0,
129.7, 48.0, 8.6. Elemental Analysis Calcd: C 45.36, H 3.81, Cl 11.16,
N 4.41. Found: C 45.42, H 3.85, Cl 11.06, N 4.37, C12H12ClNO5S.
HPLC retention time: 29.9 min.

Computational Chemistry Methods. To study the interaction
between compound 7c and FTO, the previously reported FTO crystal
structure (PDB code: 3LFM) was used as a docking model. Hydrogen
atoms were added, while all water molecules and the substrate 3-
methylthymine deoxyriboside were removed from the protein.
Compound 7c was initially sketched in MDL-ISIS/Draw and
converted into 3D structure in SYBYL 6.9 with all proton and
MMFF94 charges added. The compound was then minimized by
Tripos Force Field in its default minimization set. Superposition of 7c
to N-oxalylglycine in the active site of FTO via the dihydroxy group
leads to two binding models in opposite direction. One of the binding
models was rejected since the phenyl ring of 7c has a serious clash with
the protein residue Leu203. The compound 7c together with
surrounding residues were minimized, and final binding model is
shown in Figure 4.

Western Protocol. HeLa cells were grown at 37 °C with 5% CO2
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
5% fetal bovine serum (FBS) and 0.1 mM nonessential amino acids
(Life Technologies, Carlsbad, CA). Cells were seeded into 100 mm
culture dishes. When cell layers reached ∼80% confluence, the
medium was replaced with OPTI-MEM (Life Technologies, Carlsbad,
CA) and incubated for 24 h. Drug or vehicle control (1% DMSO) was
then added to the existing medium, and incubation was continued
overnight. Following incubation, the cells were washed twice in cold
1× phosphate buffered saline (PBS) and fractionated into cytoplasmic
and nuclear fractions. Next, 30 μg of the nuclear fractions was resolved
on 4−12% NuPage gels (Life Technologies, Carlsbad, CA), and
proteins were transferred to nitrocellulose membranes. Standard
immunoblotting procedures were performed. The blots were
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developed using the ECL Plus Western detection kit (Thermo
Scientific, Sunnyvale, CA).
FTO Enzyme Inhibition. The activity assay was performed as

previously reported.28,45 The reaction mixture contained the following
components: DNA containing m6A (5′-ATTGTCA(m6A)CAG-
CAGC-3′) (100 μM), FTO protein (30 μM), KCl (100 mM),
MgCl2 (2 mM), L-ascorbic acid (2 mM), α-ketoglutarate (300 μM),
(NH4)2Fe(SO4)2·6H2O (150 μM), and 50 mM HEPES buffer (pH
7.5). The reaction was incubated with the inhibitor at room
temperature for 15 min, quenched by adding 5 mM EDTA, and
followed by heating at 95 °C for 10 min. DNA was digested by
nuclease P1 and alkaline phosphatase, and then analyzed on a HPLC
system equipped with an Acclaim 120, C18, 5 μm Analytical column
(4.6 × 150 mm) (Thermo Scientific, Sunnyvale, CA) eluted with
buffer A (5 mM ammonia acetate) and buffer B (60% acetonitrile,
0.01% TFA, 5 mM ammonia acetate) with a flow rate of 1 mL min−1 at
room temperature. The detection wavelength was set at 260 nm.
Cellular m6A Quantification. The activity assay was performed as

previously reported.28,45 Total RNA was isolated from HeLa cells with
TRAZOL Reagent (Life Technologies, Carlsbad, CA). mRNA was
extracted using PolyATtract mRNA Isolation Systems (Promega,
Madison, WI), followed by further removal of contaminated rRNA
using the RiboMinus Transcriptome Isolation Kit (Life Technologies,
Carlsbad, CA). mRNA concentration was measured via NanoDrop.
The quality was analyzed using an Agilent 2100 bioanalyzer with an
RNA NanoChip. A volume of 1 μg of mRNA was digested by nuclease
P1 (2 U) in 40 μL of buffer containing 25 mM NaCl and 2.5 mM
ZnCl2 at 37 °C for 1 h, followed by the addition of NH4HCO3 (1 M, 3
μL) and alkaline phosphatase (0.5 U). After an additional incubation
at 37 °C for 1 h, the solution was diluted 5 times, and 10 μL of the
solution was injected into the LC-MS/MS instrument. The nucleo-
sides were separated by reverse phase ultraperformance liquid
chromatography on a C18 column, with online mass spectrometry
detection using Agilent 6410 QQQ triple-quadrupole LC mass
spectrometer in positive electrospray ionization mode. The nucleo-
sides were quantified using the nucleoside to base ion mass transitions
of 282 to 150 (m6A) and 268 to 136 (A). Quantification was
performed by comparison with the standard curve obtained from pure
nucleoside standards running at the same batch of samples. The ratio
of m6A to A was calculated based on the calculated concentrations.
Statistical analysis performed included the t test and calculation of the
p-value.
MicroRNA Methods. HeLa cells were grown as described above in

the Western Protocol subsection. mRNA was isolated from cells using
miRvana (Life Technologies, Carlsbad, CA) and submitted to LC
Sciences (Houston, TX) for analysis using a proprietary microRNA
(miR Base version 19) microarray.
Anticonvulsant screening utilized standard animal models per-

formed by the NIH/NINDS Anticonvulsant Screening Program as
described on their Web site (http://www.ninds.nih.gov/research/asp/
testdesc.htm).
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