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ABSTRACT: The fat mass and obesity associated protein (FTO) is a
potential target for anti-obesity medicines. FTO is a 2-oxoglutarate
(2OG)-dependent N-methyl nucleic acid demethylase that acts on
substrates including 3-methylthymidine, 3-methyluracil, and 6-methyl-
adenine. To identify FTO inhibitors, we screened a set of 2OG
analogues and related compounds using differential scanning fluorom-
etry- and liquid chromatography-based assays. The results revealed sets
of both cyclic and acyclic 2OG analogues that are FTO inhibitors.
Identified inhibitors include small molecules that have been used in
clinical studies for the inhibition of other 2OG oxygenases. Crystallo-
graphic analyses reveal inhibition by 2OG cosubstrate or primary
substrate competitors as well as compounds that bind across both
cosubstrate and primary substrate binding sites. The results will aid the
development of more potent and selective FTO inhibitors.

■ INTRODUCTION
There is an unmet medical need for new approaches to treating
obesity. Mutations to the f to gene are associated with increased
body mass, as shown by genome-wide association and mouse
model studies.1−3 The f to gene product, FTO, is an N-methyl
nucleic acid demethylase acting on both single-stranded DNA
and RNA substrates, including 3-methylthymine, 3-methylur-
acil, and 6-methyladenine (Scheme 1).4−6 How the modulation

of nucleic acid methylation status by FTO relates to increased
body mass is unknown. Possible mechanisms include altered
metabolism, appetite regulation, or both. Inhibition of FTO
activity by small molecules has been proposed as a potential
treatment for extreme obesity,7 but validation of this approach
requires the development of selective inhibitors.

FTO is a member of the Fe(II) and 2-oxoglutarate (2OG)-
dependent oxygenase family, of which there are >60 members
predicted in humans. Human nucleic acid oxygenases
(NAOXs) include the AlkB homologues (ABH 1−8), and the
ten−eleven translocation enzymes (TETs 1−3). Some human
NAOXs are known to have “biochemical roles” in DNA repair,
RNA-hydroxylation, and 5-methylcytosine oxidation.7−10 2OG
oxygenases are being targeted for therapeutic intervention.
These include γ-butyrobetaine hydroxylase, the hypoxia-
inducible transcription factor (HIF) prolyl- and asparaginyl-
hydroxylases, and the Nε-methyllysine histone demethylase
(JmjC) enzymes.11 However, there have been few reports on
the inhibition of NAOXs.12 Here, we report biochemical and
crystallographic studies on FTO inhibition. The results will aid
in the development of potent and selective inhibitors suitable
for validation of FTO as an obesity target.

■ RESULTS
We initially employed a differential scanning fluorometry
(DSF)-based assay to screen >150 2OG analogues and metal-
chelators consisting of 10 structural series. Where the DSF
assay was not suitable due to compound fluorescence (e.g., 8-
hydroxyquinolines), we assayed FTO inhibition using liquid
chromatography (LC). The LC assay was also used to
determine IC50 values for hits. These studies led to the
identification of structurally different FTO inhibitors, including
the well-characterized 2OG oxygenase inhibitors N-oxalylgly-
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cine and pyridine-2,4-dicarboxylate, as well as hydroxyquino-
line-, pyridyl-, and isoquinoline-based compounds. We then
performed structural studies with representatives of different
classes of the identified inhibitors.
A crystal structure of FTO in complex with N-oxalylglycine

(NOG) (a 2OG analogue) and 3-methylthymidine (3meT) has
been reported.13 Initially, we determined structures for FTO in
complex with two broad-spectrum 2OG oxygenase inhibitors,
NOG, 1, (2.4 Å resolution) (Figure 1a) (PDB ID: 4IDZ) and
pyridine-2,4-dicarboxylate, 2, (2.5 Å resolution) (Figure 1b)
(PDB ID: 4IE0). As observed for some of the JmjC
demethylases,14−16 2 (IC50 8.3 μM) was a more potent
inhibitor than 1 (IC50 44 μM, Table 1). Although the structures
were obtained under different conditions (Ni and Zn
substituting for Fe with 1 and 2, respectively, and in the
presence of N6-methyladenosine for 1), in each case, a molecule
of glycerol (likely from the cryoprotectant) was observed in the
previously identified 3meT substrate binding site (Supporting
Information Figure S2a).13 Consistent with observations of
other 2OG oxygenase-inhibitor complexes, 1 and 2 are located

in the 2OG binding pocket, with the C-5 carboxylate of 1 and
C-4 carboxylate of 2 positioned to form electrostatic and
hydrogen-bonding interactions with the side chains of Arg-316,
Ser-318, and Tyr-295. Both 1 and 2 are positioned to chelate in
a bidentate manner to the metal. In each case, the C-1
carboxylate is positioned trans to the His-307 imidazole and the
other chelating group (amide carbonyl for 1, and pyridyl
nitrogen for 2) trans to the Asp-233 carboxylate.
We also determined a structure (2.5 Å resolution) for

FTO·Zn in complex with 317 (Figure 1c) (PDB ID: 4IE4), a
relatively potent FTO inhibitor (IC50 3.3 μM), which also
inhibits other 2OG oxygenases.14 Two derivatives of 3, in
which the carboxylate was substituted with a sulfonamide, were
less potent (IC50 23 μM for 4 and 18 μM for 5). The
FTO·Zn·3 structure reveals the C-5 carboxylate in a position
similar to that observed for the side chain carboxylates of 1 and
2, rationalizing the reduced potencies of the C-5 sulfonamides,
4 and 5. In the FTO·Zn·3 complex, the relative metal
coordination positions of the hydroxyl and nitrogen of the
hydroxyquinoline are swapped relative to the active site

Figure 1. Wall-eyed stereo views from crystal structures of FTO in complex with (a) 1 (green), (b) 2 (cyan), and (c) 3 (light green). Residue side
chains C (white), O (red), N (blue), Ni (green ball), Zn (gray ball), and hydrogen bonds are indicated as black dashes. mFo-DFc ligand omit maps
(contour level, σ = 3.0) are indicated as lime green mesh.
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HxD···H metal binding motif when compared with a
JMJD2A·Ni·3 structure14 (JMJD2A is a histone demethylase).
JMJD2A structures show a shift in the metal position upon 3
binding;14 however, no such difference in metal position was
observed for FTO.
The observed binding modes of 1 and 2 prompted the

investigation of pyridyl glycinamides (Table 1; 6,12 7, 8,12 9,18

and 1018). Although these compounds were less potent than
the parent templates, the results reveal that in this series, the
presence of a C-3 hydroxy group increases potency, and
substitution at the glycyl Cα position is possible (see Table 1).
We determined a structure (2.0 Å resolution) of FTO·Zn in
complex with 6 (Figure 2a) (PDB ID: 4IE5), which also
inhibits the alkylated-DNA repair enzyme AlkB (Escherichia
coli) (IC50 3.4 μM).12 A structure of the AlkB·Fe·6 complex
reveals 6 bound in the 2OG binding site with its pyridine ring
positioned in a hydrophobic pocket buried within the core of
the double-stranded β helix (DSBH) fold (Supporting
Information Figure S2c),12 leading to the prediction that 6
may bind similarly to FTO without disrupting nucleotide
binding.19 To our surprise, the FTO·Zn·6 complex shows that
6 binds to FTO differently from that observed in AlkB. In both
FTO and AlkB, the side chain carboxylate of 6 is positioned to
bind in the 2OG pocket; however, the hydrophobic pocket of
AlkB in which the pyridine ring of 6 binds is apparently larger;
more flexible; and, thus, more accommodating than that of
FTO. As a result, the pyridine ring of 6 is positioned closer to
the substrate binding site in FTO. Superimposition of the
FTO·Zn·6 and FTO·Fe·NOG·3meT structures (Supporting
Information Figure S2b) shows that the C5 of the pyridine ring
of 6 is positioned ∼1.4 Å from the 3meT carbonyl oxygen,

suggesting that 6 may sterically hinder binding of FTO’s nucleic
acid primary substrate.
Compound 11 (FG-2216/IOX3)20 is a known inhibitor of

the HIF-prolyl hydroxylases (PHD1−3) that is active in cells
and animals.11 It gave the lowest IC50 value against FTO (2.8
μM). Substitution of the glycine side chain21 of 11 led to
reduced potency; however, the D-amino acid derivatives (D-
phenylalanine, 12, IC50 38 μM; D-alanine 13, IC50 60 μM; D-
valine, 14, IC50 120 μM) were generally more potent than the
L-derivatives (L-phenylalanine, 15, IC50 84 μM; L-alanine, 16,
IC50 110 μM; L-valine, 17, IC50 160 μM). Notably, a previous
study shows that 13 is relatively less active than 16 against
PHD2,22 suggesting that selectivity for FTO over PHD2 may
be achieved using the isoquinoline scaffold. Moreover, the PHD
inhibitor 18 (FG-4592 as identified by SelleckBio),21 displayed
relatively potent FTO inhibition (IC50 9.8 μM).
A crystal structure of FTO in complex with 11 was

determined (2.50 Å resolution) (Figure 2b) (PDB ID: 4IE6)
and shows 11 binds FTO similarly to 6. The chlorine of 11 sits
in the nucleic acid substrate binding site. An unusual metal
coordination geometry was observed for 11; the side chain
amide carbonyl deviates from planarity with respect to the
isoquinoline ring by ∼60°, making the isoquinoline ring
nitrogen-to-metal coordination skewed. This may be due to
the position of the side chain of Arg-96 with respect to the
bicyclic rings, sterically forcing a non-ideal metal coordination
by the compound.
A recent study has identified the natural product rhein as a

reversible and competitive FTO inhibitor and led to the
prediction that rhein (19) binds to the 2OG, Fe(II), and 3meT
binding sites, also interacting with Arg-316.19 Consistent with
the reported work, we found that 19 is an FTO inhibitor, with

Table 1. Structures of Selected FTO Inhibitors from This Study and the Tm Shift Values (ΔTm/°C), Residual FTO Activity at
200 μM Compound Concentration (SPA/%), and IC50 Values for Hydroxyquinoline-, Pyridyl-, and Isoquinoline-Based
Inhibitorsa

aFor compounds 1, 2, 19, and 20, IC50 values are in parentheses. Standard deviations were calculated from triplicate experiments.
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an IC50 of 9.0 μM. Compound 20 was found to be similarly
potent (IC50 11 μM) despite its different substitution pattern.
We determined a structure of the FTO·Zn·19 complex (2.6 Å
resolution) (Figure 2c and Supporting Information Figure S2d)
(PDB ID: 4IE7). Under our crystallization conditions, 19 is
observed bound to the nucleic acid substrate binding site, as
opposed to the predicted 2OG binding site. The C-2
carboxylate of 19 is positioned to hydrogen bond with the
Ser-229 side chain OH (2.7 Å). The A-ring of 19 is positioned
to form partial π−π interactions with His-231 and forms a
hydrogen bond between the 4-hydroxyl group of the A-ring and
the side chain of Arg-96.
A citrate molecule from the crystallization buffer is observed

in the 2OG binding site in the FTO·19 structure. One of the
citrate carboxylates is positioned to interact with the active site
metal, similar to succinate binding observed in other 2OG
oxygenase structures,23 and another carboxylate is interacting
with the side chain of Arg-316. The third citrate carboxylate is
positioned to hydrogen-bond to the side chain of Asn-205. The
IC50 for citrate was found to be 300 μM; fumarate (IC50 150
μM) and L-2-hydroxyglutarate (IC50 320 μM) were also shown

to inhibit FTO weakly (Supporting Information Table S1).
Although these values are relatively high, given the links of
FTO to obesity, it raises the possibility that FTO inhibition by
endogenous small molecules (e.g., tricarboxylic acid (TCA)
cycle intermediates and related compounds such as L-2-
hydroxyglutarate) may be of physiological or pathophysio-
logical relevance, as proposed to occur for other 2OG
oxygenases.15,24 IC50 values for FTO inhibition by other TCA
cycle intermediates were all >1 mM.

■ DISCUSSION AND CONCLUSIONS

Overall, we have identified inhibitor templates that will provide
starting points for the development of selective inhibitors to
probe the physiological role of FTO-mediated nucleic acid
demethylation. Most of the inhibitors investigated in this study
utilize a metal chelating group for enhanced binding affinity and
are 2OG competitors. Work with other 2OG oxygenases has
shown that optimization of such compounds can lead to highly
potent and selective inhibitors.11 The structural analyses with
compound 19 imply that efficient inhibition via substrate
competition should also be possible. The results with the

Figure 2.Wall-eyed stereo views from crystal structures of FTO in complex with (a) 6 (pink); (b) 11 (blue), Cl (green); (c) 19 (yellow), and citrate
(light red). Labeling and color as in Figure 1.
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broad-spectrum inhibitors are important because they suggest
that some of the previously observed biological effects of these
compounds may be in part mediated via FTO (or other
NAOX) inhibition. A cell-penetrating form of 125 has been
widely used as a hypoxia mimic.11,26 It may be that some of the
observed effects of 1 are due to the inhibition of 2OG
oxygenases other than the HIF hydroxylases. Notably, among
the most potent FTO inhibitors we identified, compounds 11
and 18 are in clinical trials as prolyl-hydroxylase inhibitors.
Thus, the potential for FTO- and other 2OG oxygenase-
mediated inhibition should be considered, and care should be
taken when interpreting the physiological effects of these
inhibitors.

■ EXPERIMENTAL SECTION
Purification of hFTO and hFTOΔ31. Protein purification

methods were modified from methods previously reported for
full length mouse FTO.4 E. coli BL21 (DE3) transformed with
the pET28a_hFTO plasmid (encoding for N-terminally
hexahistidine-tagged full-length human FTO without the
thrombin cleavage site between the hexahistidine tag and the
protein) or pET28a_hFTOΔ31 (encoding for N-terminally
hexahistidine-tagged human FTO with residues 2−31 deleted
from the N terminus) were grown (37 °C; 180 rpm) to an
OD600 of 0.6. FTO production was induced by the addition of
0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG), and
growth was continued at 16 °C for 16 h (hFTO) or 18 °C for 8
h (hFTOΔ31). The resultant cell pellets were stored at −80
°C. The cell pellets were thawed and resuspended in 20 mM
Tris−HCl, pH 7.5; 500 mM NaCl; and 10 mM imidazole, then
lysed by sonication on ice. The lysate was cleared by
centrifugation, and the supernatant was loaded onto a 5 mL
HisTrap FF column (GE Healthcare) and purified using an
AKTA FPLC system. The column was treated with 20 mM
Tris−HCl, 500 mM NaCl, and 40 mM imidazole, then eluted
with 20 mM Tris−HCl, pH 7.5; 500 mM NaCl; and 500 mM
imidazole. The eluted hFTOΔ31 protein solution was then
treated with 200 mM EDTA. hFTOΔ31 was further purified
using a (5 mL) HiTrap Heparin column (GE Healthcare)
followed by a (20 mL) MonoQ column; in both cases, a
gradient of buffer A (25 mM Tris−HCl, pH 7.5) and 50%
buffer B (25 mM Tris−HCl, pH 7.5; 1 M NaCl) was used.
Both proteins were then buffer-exchanged into 25 mM Tris−
HCl, pH 7.5, and concentrated to 20 mg/mL for storage.
Dynamic Scanning Fluorometry Assays.27 For dynamic

scanning fluorometry (DSF) assays, a mixture (50 μL)
containing 2 μM full-length FTO protein; 1× SYPRO orange
dye (Invitrogen) (from commercial stock that is 5000×); 50
μM diammonium iron(II) sulfate complex; 200 μM test
compound (or 2% DMSO control); and 50 mM HEPES, pH
7.5, was prepared. Assays were performed using a MiniOpticon
Real-Time PCR Detection System (Bio-Rad). The sample plate
was inserted into the machine, and fluorescence readings were
taken between 25 and 90 °C, increasing the temperature
linearly over 1 h 20 min. The excitation and emission
wavelengths were 470 and 570 nm, respectively. Melting
curves were analyzed using GraphPad Prism.
In Vitro Demethylation Assay. For catalytic assays, a 50

μL reaction mixture containing final concentrations of 3 μM
FTO; 70 μM 3meT nucleoside; 160 μM 2OG; 500 μM L-
ascorbate; 100 μM diammonium iron(II) sulfate complex; 200
μM test compound (2% DMSO in control reaction); and 50
mM 2-(N-morpholino)ethanesulfonic acid (MES), pH 6.3, was

incubated at room temperature for 1 h. The reaction was
quenched with methanol (50 μL) then centrifuged to remove
precipitated protein. The supernatant was then dried using an
Eppendorf Speedvac concentrator and reconstituted with (50
μL) water. The product (thymidine) and substrate (3meT)
were separated using a Waters Acquity Ultra Performance
Liquid Chromatography (UPLC) BEH C18 column (130 Å,
1.7 μm, 2.1 mm × 50 mm) with a gradient of 95% A (H2O with
1% formic acid) to 80% B (methanol with 0.1% formic acid)
over 5 min. The UV detection wavelength was set to 266 nm
room temperature (thymidine) = 0.95 min, room temperature
(3meT) = 1.48 min. (The liquid chromatography method was
modified from that previously reported.13) The peaks were
identified using a positive ion mode in the ESI-TOF mass
spectrometry (Waters LCT Premier XE machine). The UV
peaks were integrated using MassLynx software (Agilent), and
the percentage conversion of 3meT to thymidine was used to
quantify the activity of FTO in the presence of inhibitors. For
IC50 determinations, assays were carried out in triplicate with a
range of compound concentrations (0, 10, 30, 100, and 300 μM
and 1, 3, and 10 mM). IC50 values were calculated from dose−
response curves plotted using GraphPad Prism 5.

Protein Crystallization and X-ray Crystallography.
Crystals of the hFTOΔ31 in complex with 1, 2, 3, 6, 11, or
19 were grown in hanging drops at 293 K by the vapor
diffusion method using 24 well pregreased VDX plates and
round plastic coverslips (HR8-082, Hampton Research). The
protein solution and reservoir solution (200 μL) conditions are
listed in Table 2 (see below). Hanging drops were set up by
adding protein solution to reservoir solution at a 2:1 ratio (total
volume, 3 uL). The resultant crystals were cryoprotected using
the well solution diluted with 15−20% v/v glycerol
(cryoprotectant solution for the FTO·19 crystal contains 1
mM 19) then flash cooled in liquid nitrogen. Data were
collected at 100 K for single crystals of FTO·1, FTO·3, and
FTO·6 complexes using a Rigaku FR-E+ Superbright copper
rotating anode diffractometer equipped with an osmic HF
optics, and a Saturn 944+ CCD detector. Data were collected at
100 K for FTO·2, FTO·11, and FTO·19 using a single crystal
at Diamond Beamline I03 equipped with a Pilatus 6M-F
detector.
All data were indexed, integrated, and scaled using

HKL2000.28 The structures were solved by molecular
replacement using the MR-PHASER29 subroutine in PHE-
NIX30 using FTO:Fe:NOG:3meT (PDB ID: 3LFM) as a
search model. Iterative cycles of model building and refinement
were performed using COOT31 and PHENIX until decreasing
R and Rfree no longer converged. A data collection and
refinement statistics table can be found in Supporting
Information Table S2.

Organic Synthesis Procedures. General Information.
Reagents and solvents were from Aldrich, Alfa Aesar, or Acros.
Compounds 1 and 2 were from Sigma Aldrich. Compounds
3,17 6,12 8,12 9,18 10,18 11,20 and (13, 14, 16, 17)21,22 were
prepared as described. Compound 18 was from Selleckbio,
compounds 19 and 20 were from TCI UK, and 1-chloro-4-
hydroxyisoquinoline-3-carboxylic acid was from Reddy Chem-
tech. Reactions were monitored by TLC, which was performed
on precoated aluminum-backed plates (Merck, silica 60 F254).
Flash column chromatography was carried out using a Biotage
SP1 Purification system. Melting points were determined using
a Leica Galen III hot-stage melting point apparatus and
microscope. Infrared spectra were recorded from KBr discs, on
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a Bruker Tensor 27 FT-IR spectrometer. NMR spectra were
acquired using a Bruker Avance II 500 MHz spectrometer
equipped with a 5 mm 13C(1H) dual cryoprobe or Avance 400
MHz spectrometer equipped with a 5 mm z-gradient
1H/13C/19F/31P quadnucleus probe. Chemical shifts (δ) are
given in parts per million, and the multiplicities are given as
singlet (s), doublet (d), doublet doublet (dd), triplet (t),
quartet (q), multiplet (m), or broad (br). Coupling constants, J,
are given in hertz (±0.5 Hz). High resolution mass spectra
(HRMS) were recorded using a Bruker MicroTOF. The
purities of all compounds synthesized were ≥98%, as
determined by analytical reverse-phase LC/MS or elemental
analysis.

General Procedures. General Procedure A. A mixture of 8-
hydroxyquinoline-5-sulfonic acid (2.4 g, 10 mmol) and
chlorosulfonic acid (8 mL, excess) was stirred at room
temperature overnight. The reaction was poured into ice
water, and the formed yellow precipitate was filtered off and
dried to obtain the desired sulfonyl chloride derivative (2.3g,
95%), which was kept under nitrogen at −20 °C.
To a solution of 8-hydroxyquinoline-5-sulfonic chloride (0.21

mmol, 50 mg) in acetonitrile (1 mL), the appropriate amine
was added (1.05 mmol), and the reaction mixture was heated in
a sealed tube. After evaporation in vacuo of the solvent, the
mixture was dissolved in methanol, and the resulting crude
product was purified using semipreparative reverse-phase
HPLC performed on a Waters Sunfire C18 column (150 mm
× 10 mm, 5 mm). Separation was achieved using a gradient of
0% B over 2 min and 0−50% B over 30 min, solvent A eluting
at a flow rate of 5 mL/min, and monitoring at 254 nm. Solvent
A: water +0.1% CF3CO2H. Solvent B: acetonitrile +0.1%
CF3CO2H.

General Procedure B. To a solution of phenylalanine methyl
ester hydrochloride (151 mg, 0.7 mmol, 1.2 equiv) and
triethylamine (0.2 mL, 1.5 mmol, 2.5 equiv) in CH2Cl2 (10
mL) was added 1-chloro-4-hydroxyisoquinoline-3-carboxylic
acid (130 mg, 0.6 mmol, 1 equiv), followed by benzotriazol-1-
yl-oxytripyrrolidinophosphonium hexafluorophosphate (332
mg, 0.6 mmol, 1.1 equiv). The resulting mixture was then
stirred at room temperature until completion (TLC). After 20
h, the organic solvents were removed, and the residue was
purified by flash chromatography (hexane/EtOAc, 4:1) to
afford the desired methyl-2-(1-chloro-4-hydroxyisoquinoline-3-
carboxamido)propanoate derivative.

General Procedure C. A mixture of the methyl-2-(1-chloro-
4-hydroxyisoquinoline-3-carboxamido)propanoate (110 mg, 0.3
mmol) in 1 N NaOH/MeOH (1:1) (10 mL, excess) was stirred
at room temperature. TLC analysis (hexane/EtOAc, 4:1)
indicated complete consumption of the starting material (Rf =
0.4) after 2 h. The reaction mixture was then washed with
EtOAc (3 × 10 mL). The aqueous layer was acidified to pH 1
with 1 N HCl and then extracted with EtOAc (3 × 10 mL),
dried (MgSO4), filtered, and concentrated in vacuo to give the
corresponding 2-(1-chloro-4-hydroxyisoquinoline-3-carboxami-
do)-3-phenylpropanoic acid derivative.

N-3-Methylthymidine. The synthesis was modified from
the previously reported method.32 To a solution of thymidine
(0.79 g, 3.26 mmol) and potassium carbonate (0.83 g, 6.01
mmol) in MeOH (50 mL), methyl iodide (0.38 mL, 6.1 mmol)
was added dropwise at room temperature. The reaction was
heated at 37 °C for 24 h, then 5 mL of acetic acid was added to
neutralize the mixture. The solvent was evaporated in vacuo,
and the crude compound was redissolved in water. The productT
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was purified using preparative reversed-phase HPLC (tR = 25
min) (Vydac 218TP C18, 250 mm × 22 mm, 10−15 μm, Grace
Davison, USA) using a gradient of 2% B for 5 min, 2−98% B in
A over 30 min, and 98% B for 5 min. Solvent A: 0.1% formic
acid v/v water. Solvent B: 0.1% formic acid v/v in acetonitrile.
Product (24%) mp 129−133 °C; IR (neat) ν/cm−1 3500
(OH), 3412 (OH), 3300 (OH), 1683 (CO), 1665 (CO),
1622 (CO); 1H NMR (400 MHz, DMSO) δ 7.77 (1H, s, 6-
H), 6.20 (1H, t, J = 6.5, 1′-H), 5.04 (1H, br. s, 5′-OH), 4.24
(1H, m, 3′-H), 3.78 (1H, app. q., J = 4.0, 4′-H), 3.58 (2H, m,
5′-H), 3.16 (3H, s, N−CH3), 2.09 (2H, m, 2′-H), 1.82 (3H, s,
CH3);

13C NMR (400 MHz, DMSO) δ 162.9 (CO), 150.6
(CO), 134.5 (6C), 108.3 (5C), 87.4 (4′C), 84.9 (1′C), 70.3
(3′C), 61.2 (5′C), 27.5 (N−CH3), 13.0 (CH3). HRMS calcd for
C11H16N2NaO5 [M + Na]+ 279.0951; Found 279.0951.
8-Hydroxyquinoline-5-sulfonamide (4). Following gen-

eral procedure A, the reaction mixture was heated at 45 °C for
1 h. Compound 4 was isolated as a pale yellow solid (36.7 mg,
78%), mp dec 250 °C. tR = 6.12; IR (neat) ν/cm−1 3345, 3097,
2942, 2832, 1427, 1171, 1021; 1H NMR (500 MHz, CD3OD) δ
9.20 (1H, d, J = 9.0, Ar CH), 8.86 (1H, d, J = 4.5, Ar CH), 8.11
(1H, d, J = 8.0, Ar CH), 7.64 (1H, dd, J = 9.0, 4.0, Ar CH), 7.09
(1H, d, J = 8.0, Ar CH); 13C NMR (500 MHz, CD3OD) δ
155.6, 148.3, 138.8, 135.8, 131.7, 127.7, 125.8, 122.3, 108.7.
HRMS calcd for C9H8NO4S (corresponding sulfonic acid)+

226.0169; Found 226.0161.
8-Hydroxy-N-methylquinoline-5-sulfonamide (5). Fol-

lowing general procedure A, the reaction mixture was heated at
70 °C for 2 h. Compound 5 was isolated as a pale yellow solid
(35.5 mg, 71%), mp dec 190 °C. tR = 5.89 min; IR (neat) ν/
cm−1 3346, 2943, 2832, 1152, 1021; 1H NMR (500 MHz,
CD3OD) δ 9.18 (1H, dd, J = 8.5, 1.5, Ar CH), 8.84 (1H, br s,
Ar CH), 8.10 (1H, d, J = 8.0, Ar CH), 7.61 (1H, dd, J = 8.5, 4.0,
Ar CH), 7.08 (1H, d, J = 8.0, Ar CH), 2.54 (3H, s); 13C NMR
(500 MHz, CD3OD) δ 155.9, 148.3, 139.0, 135.6, 131.5, 127.7,
125.8, 122.3, 108.6, 24.5 (CH3). HRMS calcd for C9H8NO4S
(corresponding sulfonic acid)+ 226.0169; Found 226.0161.
(R)-2-(1-Chloro-4-hydroxyisoquinoline-3-carboxami-

do)-3-phenylpropanoate (25). Following general procedure
B, 25 (147 mg, 66%) was isolated as a yellow oil (hexane/
EtOAc, 4:1 Rf = 0.4); [α]D

22 −16.8 (c, 1.0 in CH2Cl2); IR
(KBr) ν/cm−1 3384 (N−H), 2925 (C−H), 1745 (HNCO),
1638 (MeOCO); 1H NMR (500 MHz, CDCl3) δ 12.85 (1H,
s, ArOH), 8.34−8.37 (1H, m, Ar−H), 8.23−8.26 (1H, m, Ar−
H), 8.21 (1H, d, J = 8.0, NH), 7.77−7.81 (2H, m, 2 × Ar−H),
7.23−7.34 (5H, m, 5 × Ph-H), 5.02−5.06 (1H, m, CH), 3.77
(3H, s, CH3O), 3.31 (1H, dd, J = 14.0, 6.0, PhCH2), 3.25 (1H,
dd, J = 14.0, 7.0, PhCH2);

13C NMR (125 MHz, CDCl3) δ
171.0 (CO), 168.2 (CO), 154.5 (ArC), 139.3 (ArC), 135.9
(PhC), 130.5 (2 × PhCH), 130.0 (ArC), 129.1 (ArC), 128.9 (2
× PhCH), 128.5 (2 × ArCH), 127.0 (PhCH), 126.1 (ArCH),
123.1 (ArCH), 120.4 (ArC), 52.9 (CH), 52.2 (CH3O), 37.9
(PhCH2). HMRS calcd for C20H16ClN2O4 [M − H]−

383.0804; Found 383.0805.
(S)-2-(1-Chloro-4-hydroxyisoquinoline-3-carboxami-

do)-3-phenylpropanoic Acid (26). Following general
procedure B, 26 (130 mg, 59%) was isolated as a yellow oil
(hexane/EtOAc, 4:1 Rf = 0.4); [α]D

22+17.5 (c, 1.0 in CH2Cl2);
IR (KBr) ν/cm−1 3384 (N−H), 2925 (C−H), 1745 (NCO),
1639 (MeOCO); 1H NMR (500 MHz, CDCl3) δ 12.86 (1H,
s, ArOH), 8.35−8.37 (1H, m, Ar-H), 8.25−8.26 (1H, m, Ar-H),
8.21 (1H, d, J = 8.0, NH), 7.77−7.81 (2H, m, 2 × Ar-H), 7.23−
7.34 (5H, m, 5 × Ph-H), 5.02−5.06 (1H, m, CH), 3.77 (3H, s,

CH3O), 3.31 (1H, dd, J = 14.0, 6.0, PhCH2), 3.25 (1H, dd, J =
14.0, 7.0, PhCH2);

13C NMR (125 MHz, CDCl3) δ 171.1 (C
O), 168.2 (CO), 154.5 (ArC), 139.3 (ArC), 135.4 (PhC),
130.5 (2 × PhCH), 130.0 (ArC), 129.2 (ArC), 128.9 (2 ×
PhCH), 127.0 (PhCH), 126.2 (ArCH), 123.1 (ArCH), 120.1
(ArC), 52.9 (CH), 52.2 (CH3O), 38.0 (PhCH2). HMRS calcd
for C20H16ClN2O4 [M − H]− 383.0804; Found 383.0804.

(R)-2-(1-Chloro-4-hydroxyisoquinoline-3-carboxami-
do)-3-phenylpropanoic Acid (12). Following general
procedure C, 12 (100 mg, 95%) was isolated as a pale yellow
solid; mp 184−186 °C; [α]D

22 −13.0 (c, 1.0 in MeOH); IR
(KBr) ν/cm−1 3448 (OH), 3362 (NH), 2930 (C−H), 1736
(NCO), 1637 (HOCO); 1H NMR (500 MHz, DMSO-
d6) δ 13.49 (1H, s, ArOH), 8.93 (1H, d, J = 8.0, NH), 8.29−
8.27 (1H, m, Ar-H), 8.22−8.24 (1H, m, Ar-H), 7.93−7.96 (2H,
m, 2 × Ar-H), 7.26−7.27 (4H, m, 4 × Ph-H), 7.16−7.20 (1H,
m, Ph-H), 4.79−4.84 (1H, m, CH), 3.28−3.33 (2H, m,
PhCH2);

13C NMR (125 MHz, DMSO-d6) δ 172.1 (CO),
168.4 (CO), 154.3 (ArC), 138.5 (ArC), 137.5 (PhC), 131.8
(PhCH), 131.7 (PhCH), 129.4 (ArC), 129.1 (2 × ArCH),
128.6 (ArC), 128.3 (2 × PhCH), 126.6 (PhCH), 126.1
(ArCH), 123.0 (ArCH), 120.3 (ArC), 53.2 (CH), 35.9
(PhCH2). HMRS calcd for C19H14ClN2O4 [M − H]−

369.0648; Found 369.0651. Anal. (C19H15ClN2O4) requires:
C, 61.55; H, 4.08; N, 7.56%; found C, 61.45; H, 4.00; N, 7.63%.

(S)-2-(1-Chloro-4-hydroxyisoquinoline-3-carboxami-
do)-3-phenylpropanoic Acid (15). Following general
procedure C, 15 (90 mg, 92%) was isolated as a pale yellow
solid; mp 185−188 °C; [α]D

22 +12.9 (c, 1.0 in MeOH); IR
(KBr) ν/cm−1 3448 (OH), 3362 (NH), 2929 (C−H), 1736
(NCO), 1637 (HOCO); 1H NMR (500 MHz, DMSO-
d6) δ 13.50 (1H, s, ArOH), 8.94 (1H, d, J = 8.0, NH), 8.30−
8.32 (1H, m, Ar-H), 8.26−8.28 (1H, m, Ar-H), 7.97−7.99 (2H,
m, 2 × Ar-H), 7.26−7.27 (4H, m, 4 × Ph-H), 7.17−7.21 (1H,
m, Ph-H), 4.79−4.83 (1H, m, CH), 3.27−3.32 (2H, m,
PhCH2);

13C NMR (125 MHz, DMSO-d6) δ 172.1 (CO),
168.4 (CO), 154.3 (ArC), 138.5 (ArC), 137.4 (PhC), 131.8
(PhCH), 131.7 (PhCH), 129.5 (ArC), 129.1 (2 × ArCH),
128.6 (ArC), 128.3 (2 × PhCH), 126.6 (PhCH), 126.1
(ArCH), 123.0 (ArCH), 120.3 (ArC), 53.2 (CH), 35.9
(PhCH2). HMRS calcd for C19H14ClN2O4 [M − H]−

369.0648; Found 369.0651. Anal. (C19H15ClN2O4) requires:
C, 61.55; H, 4.08; N, 7.56%; found C, 61.61; H, 4.01; N, 7.62%.
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oxoglutarate; NAOX, nucleic acid oxygenase; ABH, AlkB
human homologue; HIF, hypoxia-inducible transcription factor;
JmjC, Jumonji C domain containing histone demethylase; DSF,
dynamic scanning fluorometry; ΔTm, melting temperature shift;
LC, liquid chromatography; NOG, N-oxalylglycine; 3meT, 3-
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stranded β helix; PHD, HIF-prolyl hydroxylase; TCA cycle,
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