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A B S T R A C T   

KDM4 histone demethylases became an exciting target for inhibitor development as the evidence linking them 
directly to tumorigenesis mounts. In this study, we set out to better understand the binding cavity using an X-ray 
crystallographic approach to provide a detailed landscape of possible interactions within the under-investigated 
region of KDM4. Our design strategy was based on utilizing known KDM binding motifs, such as nicotinic acid 
and tetrazolylhydrazides, as core motifs that we decided to enrich with flexible tails to map the distal histone 
binding site. The resulting X-ray structures of the novel compounds bound to KDM4D, a representative of the 
KDM4 family, revealed the interaction pattern with distal residues in the histone-binding site. The most prom-
inent protein rearrangement detected upon ligand binding is the loop movement that blocks the accessibility to 
the histone binding site. Apart from providing new sites that potential inhibitors can target, the novel compounds 
may prove helpful in exploring the capacity of ligands to bind in sites distal to the cofactor-binding site of other 
KDMs or 2-oxoglutarate (2OG)-dependent oxygenases. The case study proves that combining a strong small 
binding motif with flexible tails to probe the binding pocket will facilitate lead discovery in classical drug- 
discovery campaigns, given the ease of accessing X-ray quality crystals.   

1. Introduction 

In recent years, research focused on epigenetic mechanisms has 
attracted considerable attention in the area of gene regulation. Epige-
netic processes mediate phenotypic changes by altering the genome 
without changing the DNA sequence. Epigenetic control is exerted by 
chemical changes in DNA itself, reversible histone tail modifications, 
including acetylation, methylation, phosphorylation, or ubiquitination, 
ultimately shaping the chromatin state and affecting the accessibility of 
genes to transcription factors. As a result, epigenetic mechanisms in-
fluence cellular homeostasis, health, inheritance, biological adaptivity, 

and plasticity [1,2]. 
Research into the multiple associations of epigenetics with the 

causation and progression of various diseases has progressed signifi-
cantly and has tapped into applications in the clinic. Still, epigenetic 
marks, as potentially heritable, environmentally influenced elements of 
gene regulation, are not entirely understood [3]. In this respect, small 
organic molecules play a significant role in targeting enzymes involved 
in writing, reading, or erasing chemical modifications of chromatin. 
Many of these are currently investigated in pharmaceutical pipelines. 
This is particularly true for histone deacetylase inhibitors (HDACIs) [4]. 
Research into the post-translational methylation and demethylation of 
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Lys and Arg residues of histones’ N- and C-terminal tails is less advanced, 
even though this modification is strongly linked to tumorigenesis. The 
histone methylation state is regulated by lysine methyl transferases 
(KMT) and lysine demethylases (KDM). The cellular activity of these two 
enzymes needs to be tightly regulated to maintain a reversible and 
balanced state [5]. Dysregulation of the methylation pattern of various 
lysine residues, e.g., H3K9me2 [6], H3K9me3 [7], H3K27me2 [8], 
H3K36me2/me3 [9] is associated with several types of cancers, ranging 
from prostate to ovarian and breast cancers. 

Human KDMs are classified into two classes based on their catalytic 
mechanism. The first class comprises the FAD-dependent lysine-specific 
demethylases (LSD), and the second, larger group, the Jumanji C (JmjC) 
domain-containing KDMs, which are 2-oxoglutarate (2OG, also called 
α-ketoglutarate, or α-KG) and Fe2+ dependent. In the latter class of 
KDMs, 2OG chelates the catalytic Fe2+ cation and is later decarboxylated 
to succinate while the methyl group of the substrate mono-, di- or tri- 
methylated lysine residue is first oxidized to a hemiaminal and then 
hydrolyzed non-catalytically to formaldehyde and water [10]. 

The KDM4 demethylases constitute a subfamily of the 2OG-depen-
dent KDMs, which consists of five functional enzymes, KDM4A-E. A 
sixth gene (KDM4F) has been identified but is considered a pseudogene 
[11,12]. While the catalytically active JmjC domain is present in all 
members of the KDM4 family, KDM4D and KDM4E are distinguished by 
the lack of the plant homeodomains (PHD) and Tudor domains (TD) 
present in the other KDM4s [13]. KDM4 genes are expressed in tissues 
like the spleen, ovary, and testis under physiological conditions [14,15]. 
Elevated expression of KDM4 is connected with various diseases, 
including several malignancies, e.g., breast [16] or ovarian cancer [17]. 
KDM4 proteins are directly involved in tumorigenesis, and as such, they 
are promising targets for anticancer therapies. According to the catalytic 
mechanism of the JmjC domain-containing enzymes, many of the 
enzyme inhibitors that have been characterized so far are 2OG cofactor 
mimics. However, other known mechanisms for KDM inhibition, such as 
the displacement of an active-site metal ion [18] or competitive binding 
to the histone-binding site [19] exist. The current state of the develop-
ment of KDM inhibitors was summarized in recent reviews [20–22]. 

Numerous crystal structures of subfamily members revealed that 
KDM4 proteins are structurally conserved concerning their catalytic 
domain and the associated 2OG binding site. In all KDM4s, the binding 
site for histone is located close to the cavity entrance, while the meth-
ylated lysine residue binds deeper next to the 2OG binding site. As 
mentioned above, most of the reported KDM ligands are 2OG-cofactor 
competitors that chelate the active-site metal ion on one side and 
block the key residues typically engaged in cofactor binding on the other 
side. Among those inhibitors, there are close analogs of 2OG, N-oxalyl-
glycine (NOG) [23], 2OG hydroxamate derivatives [24], pyridine 
carboxylate and dicarboxylate derivatives, hydroxyquinoline (HQ) 
based inhibitors [25] and others. Many attempts have been made to 
optimize the ligands and improve their ability to permeate through 
membranes [26]. One common strategy is to replace the hydrophilic 
carboxylic acid moieties with more (by a factor of ten) lipophilic moi-
eties like tetrazoles to improve the physicochemical properties of the 
compounds [27,28]. 

To improve the selectivity of the inhibitors, the more distal areas of 
the histone binding site, which differ among KDM4 members, may be 
exploited. This could be achieved by employing a set of molecules that 
could map the probable interactions within the histone binding site to 
delineate a set of possible ligand-protein interactions essential for 
further ligand optimization. Usually, crystallographic fragment 
screening employs a small molecule library to probe the binding pockets 
of the targeted protein [29,30]. The major drawback is the low affinity 
of the fragments to the target, which results in fewer identified in-
teractions in a protein’s site of interest. Herein, we propose using an 
alternative, directed method by creating a novel set of compounds based 
on a known compound core targeting the 2OG binding site containing 
additional alternative diverse, flexible extensions. The strategy 

overcomes the binding barriers by facilitating probing the vicinity of the 
protein-bound core motif. The compounds were synthesized and struc-
turally characterized in complex with KDM4D. Some of the ligands were 
further characterized by isothermal titration calorimetry. These molec-
ular probes could eventually be utilized to develop more potent and 
selective inhibitors to accelerate other 2OG-dependent oxygenase drug 
development. 

2. Materials and methods 

2.1. Ligand synthesis 

All solvents and reagents were obtained from commercial suppliers 
(Sigma Aldrich, VWR, or ABCR) and used without prior purification. 
Anhydrous solvents were purchased from Acros Organics. Microwave- 
assisted syntheses were performed using an Anton Paar Monowave 
300 reactor operated in closed vessel mode using G30-vials with 20 mL 
total capacity; temperature control was performed via integrated IR 
sensor, stirring speed was 600 rpm. Thin layer chromatography (TLC) 
was executed on pre-coated silica gel 60 F254 aluminum foil sheets 
purchased from Merck. Visualization of compounds invisible to the 
naked eye was accomplished by UV light (254 nm and 366 nm). Pre-
parative column chromatography at ambient pressure was done on silica 
gel from Macherey-Nagel (particle size 50–100 μm, 140–270 mesh 
ASTM). Purification of products by flash chromatography was per-
formed on silica gel (20–45 μm from Carl Roth), applying pressured air 
up to 0.8 bar. NMR spectra were recorded on a Bruker Avance III in-
strument (1H NMR: 400 MHz, 13C NMR: 100.6 MHz). Chemical shifts 
were referenced to tetramethylsilane (TMS) as internal standard in 
deuterated solvents and reported in parts per million (ppm). Coupling 
constants (J) are reported in Hz using the abbreviations: br = broad, s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, and com-
binations thereof. Mid-infrared spectra were recorded on an ALPHA FT- 
IR instrument from Bruker Optics or on a Nicolet IR200 FT-IR from 
Thermo Electron Corporation, both equipped with a diamond ATR 
accessory unit, and are indicated in terms of absorption frequency 
[cm− 1]. Melting points were measured in open capillary tubes using a 
Melting Point M − 565 apparatus from Büchi and were uncorrected. 
High-accuracy mass spectra were recorded on a Shimadzu LCMS-IT-TOF 
using ESI ionization. The purity of the final compounds was determined 
by HPLC with DAD (applying the 100 % method at 220 nm and 254 nm). 
Preparative and analytical HPLC were performed using Shimadzu de-
vices CBM-20 A, LC-20 A P, SIL-20 A, FRC-10 A with SPD 20 A UV/Vis 
detector and an ELSD-LT II. In analytical mode, a LiChroCART (250 × 4 
mm) and in preparative mode, a Hibar RT (250 × 25 mm) column were 
used, both containing LiChrospher 100 RP-18 endcapped (5 μm). All 
compounds are >95 % pure by HPLC analysis. All synthesized ligands 
were deposited at the EU-OPENSCREEN screening site in Berlin to 
provide a compound set of metal chelating agents, useful as a toolkit for 
further investigations on miscellaneous protein targets. 

2.1.1. Synthesis of compound 1 (2-[(3-hydroxypropyl)amino]isonicotinic 
acid) 

A mixture of 2-chloro isonicotinic acid (11, 1.0 g, 7.2 mmol) and 3- 
aminopropan-1-ol (10 mL, 130 mmol) was stirred in a round-bottom 
flask for 22 h at 120 ◦C. Subsequently, the reaction mixture was 
diluted with demineralized water (50 mL) and concentrated hydro-
chloric acid (25 mL). An acidic pH of 1–2 resulted, and heating to reflux 
was maintained for 16 h. The total volume was reduced to approxi-
mately one quarter under reduced pressure, and the residual volume was 
cooled to 5 ◦C to initiate crystallization. After 12 h, the solid was 
collected, washed with tetrahydrofuran, dissolved in water, and purified 
by preparative HPLC (C18 column, 250 × 25 mm, eluents: A: H2O and B: 
MeOH, isocratic, 30 % B) and freeze-dried to afford a colorless amor-
phous powder (366 mg, 26 % yield). 1H NMR (DMSO‑d6): δ ppm = 1.73 
(m, 2H, J = 6.4 Hz), 3.39 (s, 2H), 3.50 (t, 2H, J = 6.4 Hz), 6.96 (d, 1H, J 
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= 5.6 Hz), 7.28 (s, 1H), 8.02 (d, 1H, J = 5.6 Hz), 8.14 (s, 1H); 13C NMR 
(DMSO‑d6): δ ppm = 31.5, 38.6, 58.1, 109.8, 111.7, 140.8, 142.4, 156.3, 
165.5; FTIR (ṽ): 3240 (m, νO-H), 3182 (m, νN-H), 1713 (s, vC––O) cm− 1. 
HRMS (ESI): calcd for C9H13N2O3 [M + H]+ m/z, 197.0921; found m/z, 
197.0914; mp range 194–196 ◦C. 

2.1.2. Synthesis of compound 2 (2-{[2-(methanesulfonamido)ethyl] 
amino}isonicotinic acid) 

2-[(2-Aminoethyl)amino]isonicotinic acid hydrochloride (12, 400 
mg, 1.8 mmol, was suspended in acetonitrile (10 mL). Dilute NaOH 
solution was added until a clear solution was obtained. During cooling 
with ice, methanesulfonyl chloride (420 μL, 5.4 mmol) was added 
dropwise. Subsequently, the mixture was stirred at room temperature 
for 20 h. Volatiles were removed under reduced pressure, and the res-
idue was purified by column chromatography (EtOAc/methanol/ 
ammonia solution 60:40:1 v/v/v). The obtained product-containing 
fractions were freed from the mobile phase and finally purified by pre-
parative HPLC (C18 column, 250 × 25 mm, A: water with 0.1 % acetic 
acid and B: methanol, isocratic, 10 % B) and freeze-dried to afford a 
colorless amorphous powder (186 mg, 29 % yield). A sample for melting 
range determination was crystallized from EtOH (EtOH/water, 95:5, v/ 
v). 1H NMR (DMSO‑d6): δ ppm = 2.89 (s, 3H), 3.10 (t, 2H, J = 6.4 Hz), 
3.39 (t, 2H, J = 6.4 Hz), 6.88 (d, 1H, J = 5.6 Hz), 6.97 (m, 2H), 7.09 (d, 
1H, J = 6.0 Hz), 8.10 (s, 1H), 13.25 (s, 1H); 13C NMR (DMSO‑d6): δ ppm 
= 39.5, 40.9, 41.8, 108.5, 110.3, 138.8, 148.4, 159.1, 166.7; FTIR (ṽ): 
3156 (m, vN-H), 1677 (s, vC––O) cm− 1. HRMS (ESI): calcd for C9H14N3O4S 
[M + H+] m/z, 260.0700; found m/z, 260.0694; mp range 273–275 ◦C 
(decomposition). 

2.1.3. Synthesis of compound 3 (N-(3-morpholinopropyl)-4-(1H-tetrazol- 
5-yl)picolinamide hydrochloride) 

4-(1H-Tetrazol-5-yl)picolinic acid ethyl ester (13, 915 mg, 4.1 mmol) 
and 3-morpholinopropylamine (3.0 mL, 20.5 mmol) in EtOH (15 mL) 
were sealed in an Anton Paar G30 tube and heated by means of micro-
wave irradiation to 165 ◦C for 45 min while stirring in an Anton Paar 
Monowave 300. After cooling to room temperature, the tube was 
opened, and the contents diluted with EtOH to a total volume of 80 mL 
and acidified by the addition of hydrochloric acid (36 %). Upon standing 
at − 21 ◦C, precipitation occurred during 1 h. Solids were collected by 
filtration and recrystallized from EtOH twice. The obtained product was 
washed vigorously with toluene, tetrahydrofuran, and acetone, in this 
order. After drying, a colorless amorphous product was obtained and 
dried (233 mg, 18 % yield). 1H NMR (DMSO‑d6): δ ppm = 2.30 (m, 2H, J 
= 8.0 Hz), 3.06 (s, 2H), 3.14 (m, 2H, J = 8.0 Hz), 3.43 (m, 4H), 3.85 (2 ×
s, 2 × 2H), 8.27 (d, 1H, J = 4.8 Hz), 8.67 (s, 1H), 8.88 (d, 1H, J = 5.2 
Hz), 9.16 (t, 1H), 10.98 (s, 1H); 13C NMR (DMSO‑d6): δ = 23.4, 36.3, 
50.9, 53.9, 63.2, 118.9, 123.3, 133.9, 149.8, 151.1, 155.1, 163.5; FTIR 
(ṽ): 3344 (s, vN-H), 1644 (s, vC––O), 1613 (s, νC––N) cm− 1. HRMS (ESI): 
calcd for C14H20N7O2 [M + H]+ m/z, 318.1673; found m/z, 318.1664; 
mp range 129–130 ◦C. 

2.1.4. Synthesis of compound 4 (N-hydroxy-4-(1H-tetrazol-5-yl) 
picolinamide) 

4-(1H-Tetrazol-5-yl)picolinic acid (15,200 mg, 1.0 mmol) was dis-
solved in DMF (10 mL) and stirred in an ice bath. After addition of oxalyl 
chloride (120 μL, 1.4 mmol), stirring was continued for 30 min. Subse-
quently, excess oxalyl chloride was removed in vacuo, and DIPEA (525 
μL, 3 mmol) was added, followed by addition of hydroxylamine hy-
drochloride (100 mg, 1.4 mmol). The reaction proceeded at room tem-
perature for 18 h. The resulting solution was diluted with EtOH (10 mL) 
and water (10 mL). The mixture was acidified with hydrochloric acid 
(36 %), resulting in precipitation of 4-(1H-tetrazol-5-yl)picolinic acid 
(15). The precipitate was collected and dissolved in a solution of 
ammonia in MeOH, adsorbed on diatomaceous earth, and purified by 
column chromatography (eluent EtOAc/MeOH/acetic acid, 50:50:1, v/ 
v/v). Product containing fractions were combined and evaporated. The 

obtained residue was crystallized from water and dried to afford color-
less crystals (45 mg, 21 % yield). 1H NMR (DMSO‑d6): δ ppm = 8.18 (d, 
1H, J = 5.2 Hz), 8.60 (s, 1H), 8.85 (d, 1H, J = 5.2 Hz), 9.23 (s, 1H), 11.64 
(s, 1H); 13C NMR (DMSO‑d6): δ ppm = 118.8, 123.0, 133.8, 149.9, 
151.3, 154.8, 160.6; FTIR (ṽ): 3335 (m, vN-H), 1643 (s, vC––O), 1610 (s, 
νC––N) cm− 1. HRMS (ESI): calcd for C7H7N6O2 [M + H]+ m/z, 207.0625; 
found m/z, 207.0617; mp range 241–242 ◦C (decomposition). 

2.1.5. Synthesis of compound 5 N-[2-hydrazino-2-oxo-1-(1H-tetrazol-5- 
yl)ethyl]-4-bromo benzamide) 

4-Bromo-N-{2-[2(E/Z)-(butan-2-ylidene)hydrazinyl]-2-oxo-1-(1H- 
tetrazol-5-yl)ethyl}benzamid (18, 230 mg, 5.70 mmol) was dissolved in 
boiling EtOH (50 mL) and treated with an aqueous ammonia solution 
(25 % NH3 in water, 15 mL) under reflux. The mixture was kept under 
reflux for 5 h and subsequently concentrated in vacuo. Residual 
ammonia, water, and butanone were removed by multiple azeotropic 
drying with EtOH. The resulting solid was filtered over a G4 glass filter 
funnel, washed with EtOH, and dried for 18 h at 8 mbar and 60 ◦C to 
yield a colorless solid (190 mg, 97 %). Crystallization from 2-propanol 
yielded a colorless solid (70 mg, 38 %). 1H NMR DMSO‑d6): δ ppm =
5.80 (d, 1H, C (3)H, 3J = 8.0 Hz), 7.67–7.69 (m, 2H), 7.84–7.86 (m, 2H), 
8.65 (d, 1H, NH, 3J = 8.0 Hz), 9.34 (s, 1H, NH). 13C NMR (DMSO‑d6): δ 
ppm = 62.0, 125.1, 129.7, 131.3, 133.1, 157.7, 164.8, 168.4. FTIR (ṽ) =
1639 (m, vC––O) cm− 1. HRMS (ESI): calcd for C10H9N7O2Br [M − H]− m/ 
z, 338.0007; found m/z, 338.0004; mp range 168–170 ◦C. 

2.1.6. Synthesis of compound 6 (N-[(1R,S)-2-hydrazinyl-2-oxo-1-(1H- 
tetrazol-5-yl)ethyl]-5-phenylvaleramide) 

N-{2-Oxo-2-[2-(propan-2-yliden)hydrazinyl]-1-(1H-tetrazol-5-yl) 
ethyl}-5-phenylvaleramide (15, 300 mg, 0.84 mmol) was dissolved in 
boiling EtOH (50 mL) and treated with an aqueous ammonia solution 
(25 % NH3 in water, 15 mL) under reflux. The mixture was kept under 
reflux for 5 h and subsequently concentrated in vacuo. Residual 
ammonia, water, and acetone were removed by multiple azeotropic 
drying with EtOH. The resulting solid was filtered over a G4 glass filter 
funnel, washed with EtOH, and dried for 18 h at 8 mbar and 60 ◦C to 
yield a colorless solid (20 mg, 6 %). 1H NMR DMSO‑d6): δ ppm = 1.52 (s, 
4H), CH2), 2.24–2.27 (m, 2H, C (9)H2), 2.54–2.58 (m, 2H, CH2), 5.81 (d, 
1H, CH, 3J = 8.0 Hz), 7.14–7.18 (m, 3H, 3 × CH), 7.25–7.28 (m, 2H, 2 ×
CH), 8.70 (d, 1H, NH, 3J = 7.6 Hz), 9.63 (s, 1H, NH). 13C NMR 
(DMSO‑d6): δ ppm = 24.5, 30.5, 34.5, 34.8, 46.9, 125.6, 128.2, 128.3, 
142.1, 165.5, 172.5. FTIR (ṽ) = 1520 (w, νC––C), 1644 (m, δN-H) cm− 1. 
HRMS (ESI): calcd for C14H18N7O2 [M − H]− m/z, 316.1527; found m/z, 
316.1516; mp range 170–173 ◦C. 

2.1.7. Synthesis of compounds 7, 8, 9 and 10 
Compounds 7–10 were prepared exactly as already described in the 

cited literature [28,31]. 

2.1.8. Synthesis of compound 11 (2-chloroisonicotinic acid) 
Commercially available 2-chloroisonicotinonitrile (2.8 g, 20 mmol) 

was dissolved in ethanol (20 mL). Aqueous NaOH (2.4 g, 60 mmol, 
dissolved in 10 mL water) was added to the solution. The reaction 
mixture was refluxed for 3 h. Completion of the reaction was observed 
when the odor of ammonia ceased. All volatiles were removed under 
reduced pressure, yielding a white solid, which was washed with ethyl 
acetate. The residue was dissolved in water and precipitated with HCl. 
The solid was filtered off and recrystallized from water to yield a 
colorless solid (2.0 g, 64 %). FTIR (ṽ): 1707 (s), 1367 (s) cm− 1. 1H NMR 
(DMSO‑d6): δ ppm = 7.83 (d, 2H, J = 4.8 Hz), 8.61 (s, 1H, J = 4.8 Hz), 
14.01 (s, 1H); 13C NMR (DMSO‑d6): δ = 122.2, 123.5, 141.8, 151.1, 
164.8; mp range: 235–236 ◦C (234–235 ◦C) [32]. 

2.1.9. Synthesis of compound 12 (2-[(2-aminoethyl)amino]isonicotinic 
acid hydrochloride) 

2-Chloroisonicotinic acid (11, 1.4 g, 8.9 mmol) was combined with 
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ethane-1,2-diamine (5.9 mL, 89 mmol) in a microwave reactor tube and 
heated at 180 ◦C for 60 min in the microwave reactor. Excess of diamine 
was subsequently removed under reduced pressure at 70 ◦C. The 
resulting residue was treated with HCl (36 %) and suspended in meth-
anol. The slurry was filtered and the solid was discarded. The resulting 
filtrate was evaporated under reduced pressure. Addition of 15 mL HCl 
(25 %) and refluxing for 3 h cleaved the potentially generated amide. 
The volume of the cleavage mixture was reduced to one-half. While 
storing at 8 ◦C for a couple of hours, the desired product precipitated out 
of the acidic solution. The solid was filtered off and finally washed with 
THF/diethyl ether (1:1) yielding a colorless solid (1.39 g, 72 %); 1H 
NMR (D2O): δ ppm = 3.28 (t, 2H, J = 6.4 Hz), 3.75 (t, 2H, J = 6.0 Hz), 
7.27 (d, 1H, J = 6.4 Hz), 7.53 (s, 1H), 7.90 (d, 1H, J = 6.4 Hz); 13C NMR 
(D2O): δ ppm = 37.6, 39.5, 112.1, 136.4, 145.8, 153.3, 166.6; FTIR (ṽ): 
3348 (m), 1727 (s) cm− 1.; HRMS (ESI): calcd for C8H10N3O2 [M − H]−

m/z, 180.0779; found m/z, 180.0779; mp range 271–273 ◦C. 

2.1.10. Synthesis of compound 13 (ethyl 4-cyanopicolinate) 
Commercially available isonicotinonitrile (3.1 g, 30 mmol) was 

combined with FeSO4 × 7H2O (25.0 g, 90 mmol), DCM (150 mL), water 
(24 mL) and H2SO4 (4.9 mL) under cooling (− 5 ◦C, NaCl-ice mixture). In 
a second flask, a mixture comprising ethyl pyruvate (16 g, 135 mmol) 
and H2O2 30 % (10 g, 90 mmol) was generated under cooling at − 5 ◦C. 
Subsequently, the second solution was added dropwise to the first so-
lution under vivid stirring and stirred for additional 15 min. The reac-
tion mixture was poured into ice water. After separation of the two 
layers, the aqueous phase was extracted twice with DCM. Combined 
organic phases were dried over Na2SO4 and evaporated under reduced 
pressure. The resulting liquid crystallized overnight at room tempera-
ture. Finally, the solid was washed with well-chilled diethyl ether to 
yield a colorless solid (2.8 g, 53 %). 1H NMR (CDCl3): δ ppm = 1.47 (t, 
3H, J = 7.2 Hz), 4.52 (q, 2H, J = 7.2 Hz), 7.72 (d, 1H, J = 4.8 Hz), 8.35 
(s, 1H), 8.96 (d, 1H, J = 4.8 Hz); 13C NMR (CDCl3): δ ppm = 14.4, 62.9, 
115.8, 122.0, 126.9, 128.2, 149.8, 151.0, 163.7; FTIR (ṽ): 2241 (w), 
1715 (s) cm− 1. mp range: 89–91 ◦C (89–93 ◦C) [33]. 

2.1.11. Synthesis of compound 14 (4-(1H-tetrazol-5-yl)picolinic acid ethyl 
ester) 

4-Cyanopicolinic acid ethyl ester (13, 3.0 g, 17 mmol) was dissolved 
in toluene (50 mL). NaN3 (1.4 g, 22 mmol) and triethyl amine hydro-
chloride (3.0 g, 22 mmol) were added, and the resulting mixture was 
stirred at 110 ◦C. After 16 h, the mixture was concentrated under 
reduced pressure and treated with aqueous sodium hydroxide solution 
until a pH of 12 was reached. The aqueous phase was washed three times 
with EtOAc and subsequently acidified with hydrochloric acid (36 %), 
resulting in precipitation of 4-(1H-tetrazol-5-yl)picolinic acid ethyl ester 
(14). The collected precipitate was washed with 2-propanol and dried to 
afford a colorless amorphous powder (3.261 g, 88 % yield). 1H NMR 
(DMSO‑d6): δ ppm = 1.38 (t, 3H, J = 7.2), 4.42 (q, 2H, J = 7.2 Hz), 8.24 
(d, 1H, J = 4.8 Hz), 8.64 (s, 1H), 8.96 (d, 1H, 3J = 5.2 Hz); 13C NMR 
(DMSO‑d6): δ = 14.8, 61.6, 121.6, 124.0, 133.5, 148.9, 151.1, 155.0, 
164.1; FTIR (ṽ): 1724 (s), 1610 (s) cm− 1. HRMS (ESI): calcd for 
C9H10N5O2 [M + H]+ m/z, 220.0829; found m/z, 220.0818; mp range: 
251–252 ◦C (decomposition). 

2.1.12. Synthesis of compound 15 (4-(1H-tetrazol-5-yl)picolinic acid) 
4-(1H-Tetrazol-5-yl)picolinic acid ethyl ester (14) (500 mg, 2.3 

mmol) was suspended in MeOH (10 mL). An aqueous NaOH (365 mg, 
9.2 mmol in 10 mL) solution was added and the resulting mixture was 
heated to reflux for 3 h. Upon acidification with hydrochloric acid (36 
%), 4-(1H-tetrazol-5-yl)picolinic acid (15) precipitated, was collected by 
filtration and washed with aqueous MeOH (MeOH/water, 50:50, v/v) 
and dried to afford colorless crystals (411 mg, 94 % yield). 1H NMR 
(DMSO‑d6): δ ppm = 1H NMR (DMSO‑d6): δ ppm = 8.23 (d, 1H, J = 4.8 
Hz), 8.65 (s, 1H), 8.96 (d, 1H, J = 4.8 Hz); 13C NMR (DMSO‑d6): δ ppm 
= 121.6, 123.7, 133.5, 149.7, 150.9, 155.0, 165.6; FTIR (ṽ): 3352 (m, 

vO-H), 1722 (m, vC––O), 1630 (s, νC––N) cm− 1. HRMS (ESI): calcd for 
C7H6N5O2 [M + H]+ m/z, 192.0516; found m/z, 192.0518; mp range 
255–257 ◦C (decomposition). 

2.1.13. Synthesis of compound 16 ((2R,S)-amino-2-(1H-tetrazol-5-yl) 
acetic acid ethyl ester hydrochloride) 

Ethyl 2-(hydroxyimino)-2-(1H-tetrazol-5-yl)acetate (2.0 g. 10.8 
mmol, 1.0 eq), prepared as described from commercially available 
oxyma (ethyl (E)-2-cyano-2-(hydroxyimino)acetate) [34]) was trans-
ferred into a two-neck flask which was evacuated and flushed with 
argon. Pd(OH)2/C (200 mg) and ethanol (50 mL) were added to the 
flask. Subsequently, the installation was set under hydrogen atmosphere 
and stirred for 2 h at room temperature. Concentrated hydrochloric acid 
(1.8 mL) was added through a septum, and the reaction mixture was 
allowed to stir for an additional time of 24 h at room temperature. The 
catalyst was removed by filtration through diatomaceous earth. The 
volume of the resulting solution was decreased under reduced pressure 
to achieve precipitation. After a couple of hours, the solid was filtered off 
and washed with diethyl ether. Yield: quantitative (2.24 g); 
beige-colored solid; 1H NMR (DMSO‑d6): δ ppm = 1.16–1.19 (t, 3H, J =
7.2 Hz), 4.21–4.29 (q, 2H, J = 7.2 Hz), 5.87 (s, 1H); 13C NMR 
(DMSO‑d6): δ ppm = 13.8, 47.1, 63.0, 153.6, 165.2. FTIR (ṽ): 1734 (s) 
cm− 1. HRMS (ESI): calcd for C5H8N5O2 [M − H]− m/z, 170.0683; found: 
m/z 170.0678; mp range 142–146 ◦C. 

2.1.14. Synthesis of compound 17 ((2R,S)-4-bromobenzamido-2-(1H- 
tetrazol-5-yl)acetic acid ethyl ester) 

(2R,S)-Amino-2-(1H-tetrazol-5-yl) acetic acid ethyl ester hydro-
chloride (16, 1.00 g, 4.8 mmol, described in Ref. [35], pyridine (1.14 g, 
14.5 mmol), and 4-bromobenzoyl chloride (1.38 g, 5.76 mmol) were 
suspended in acetonitrile (50 mL) and stirred in a round-bottom flask. 
The resulting solution was allowed to stir at room temperature for 1 h. 
After thin layer chromatography showed completion of the reaction, 
volatiles were removed by means of a rotary evaporator. The liquid 
residue was dissolved in a mixture of water and EtOAc (100 mL) and 
brine (100 mL) and extracted three times with brine (100 mL each) by 
means of a separation funnel. The combined organic phases were dried 
over anhydrous MgSO4. After the spent drying agent was removed by 
filtration, the solvent was evaporated in vacuo to yield a colorless solid 
that was washed multiple times with hot cyclohexane. Drying under 
reduced pressure at elevated temperature (60 ◦C) for 24 h afforded a 
colorless solid (940 mg, 55 %). The product was recrystallized from 
water and dried for 24 h at reduced pressure and elevated temperature 
(50–60 ◦C) to determine the melting range. 1H NMR (DMSO‑d6): δ ppm 
= 1.19–1.22 (t, 3H, J = 7.2 Hz), 4.20–4.26 (q, 2H, J = 7.2 Hz), 6.11 (d, 
1H, J = 7.2 Hz), 7.73 (d, 2H), 7.87 (d, 2H), 9.73 (d, 1H, J = 7.2 Hz); 13C 
NMR (DMSO‑d6): δ ppm = 13.9, 48.2, 61.9, 125.9, 129.8, 131.5, 131.9, 
165.7, 167.1; FTIR (ṽ): 1635 (s, vC––O), 1745 (s, vC––O) cm− 1. HRMS 
(ESI): calcd for C12H11N5O3Br [M − H]− m/z, 352.0051; found m/z, 
352.0034; mp range 180–181 ◦C. 

2.1.15. Synthesis of compound 18 (4-bromo-N-{(1R,S)-2-[(2E/Z)-2-(1- 
methylpropylidene) hydrazino]-2-oxo-1-(1H-tetrazol-5-yl)ethyl] 
benzamide) 

(2R,S)-4-Bromobenzamido-2-(1H-tetrazol-5-yl)acetic acid ethyl 
ester 17 (772 mg, 2.0 mmol) was dissolved in EtOH (50 mL) denatured 
with butanone (1 %) in a round-bottom flask, combined with an aqueous 
solution of hydrazine hydrate (3.76 mL (3.87 g) 80 % H2N–NH2⋅H2O, 
60.4 mmol), and stirred for 4 h under reflux. Subsequently, the mixture 
was stirred for 16 h at room temperature. After completion of the re-
action, solvents were removed in vacuo. Residual hydrazine and water 
were removed by multiple azeotropic drying with EtOH. The resulting 
solid was filtered over a G4 glass filter funnel, washed with EtOH, and 
dried for 18 h at 8 mbar and 60 ◦C to yield a colorless solid (250 mg, 36 
%) that was crystallized from 2-propanol/diethyl ether for melting point 
analysis. 1H NMR (DMSO‑d6): δ ppm = 0.69–0.73/1.03–1.06 (t, 3H, 
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CH3, 3J = 7.2 Hz), 1.80/1.88 (s, 3H, CH3), 2.04–2.08/2.27–2.28 (m, 2H, 
CH2), 6.27/6.66 (d, 1H, CH, 3J = 7.2 Hz), 7.69–7.73 (m, 2H, 2 × CH), 
7.88–7.92 (m, 2H, 2 × CH), 9.34/9.49 (d, 1H, NH, 3J = 7.6 Hz), 10.66/ 
10.73/10.80 (s, 1H, NH). 13C NMR (DMSO‑d6): δ ppm = 9.9/10.7, 16.2/ 
16.3, 31.1/31.5, 46.1/48.1, 129.9, 131.4 (2 × C13), 133.4, 155.1/ 
161.4, 162.4/165.5, 165.8/167.5. FTIR (ṽ): 1636 (s, vC––O), 1691 (s, 
vC––O) cm− 1. HRMS (ESI): calcd for C14H15N7O2Br [M − H]− m/z, 
392.0476; found m/z, 392.0491; mp range 211–214 ◦C. 

2.1.16. Synthesis of compound 19 ((2R,S)-(5-phenylvaleramido)-2-(1H- 
tetrazol-5-yl)acetic acid ethyl ester) 

2-Amino-2-(1H-tetrazol-5-yl) acetic acid ethyl ester hydrochloride 
(16, 1.00 g, 4.8 mmol), pyridine (1.17 mL, 1,15 g, 14,5 mmol), and 5- 
phenylpentanoyl chloride (1,89 g, 9,6 mmol) in acetonitrile (100 mL) 
were stirred in a round-bottom flask. After reaction completion, indi-
cated by TLC analysis, solvents were removed by means of a rotary 
evaporator. The liquid residue was treated with EtOAc (100 mL) and 
brine (100 mL) and extracted three times with brine (100 mL each) by 
means of a separation funnel. The organic phase was dried over anhy-
drous MgSO4. After the spent drying agent was removed by filtration, 
the solvent was evaporated in vacuo to yield a pale yellow solid that was 
washed multiple times with hot cyclohexane. Drying under reduced 
pressure at elevated temperature (60 ◦C) for 18 h afforded a pale yellow 
solid (1.17 g, 73 %). 1H NMR (DMSO‑d6): δ ppm = 1.15 (t, 3H, J = 7.2 
Hz), 1.53–1.55 (m, 4H), 2.22–2.25 (m, 2H), 2.55–2.58 (m, 2H), 4.16 (q, 
2H, J = 7.2 Hz), 5.91 (d, 1H, J = 7.6 Hz), 7.14–7.18 (m, 3H), 7.25–7.28 
(m, 2H), 9.05 (d, 1H, J = 7.6 Hz); 13C NMR (DMSO‑d6): δ ppm = 13.7, 
24.5, 30.3, 34.3, 34.8, 47.1, 61.6, 125.4, 128.0, 141.9, 167.1, 172.5; 
FTIR (ṽ): 1525 (w, vC––C), 1657 (w, vC––O), 1737 (w, vC––O) cm− 1. 
HRMS (ESI): calcd for C16H20N5O3 [M − H]− m/z, 330.1572; found m/z, 
330.1581; mp range 118–119 ◦C. 

2.1.17. Synthesis of compound 20 ((R,S)–N-{2-oxo-2-[2-(propan-2- 
ylidene)hydrazinyl]-1-(1H-tetrazol-5-yl)ethyl}-5-phenylvaleramide) 

2-(5-Phenylvaleramido)-2-(1H-tetrazol-5-yl)acetic acid ethyl ester 
(19, 0.50 g, 1.5 mmol) was dissolved in EtOH (50 mL) in a round-bottom 
flask, combined with an aqueous solution of hydrazine hydrate (3.76 mL 
(3.87 g) 80 % H2N–NH2⋅H2O, 60.4 mmol), and stirred for 4 h at 78 ◦C 
under reflux. After addition of acetone (5 mL), stirring under reflux was 
continued for further 2 h. Subsequently, the mixture was stirred for 16 h 
at room temperature. After completion of the reaction, solvents were 
removed in vacuo. Residual hydrazine and water were removed by 
multiple azeotropic drying with EtOH. The resulting solid was filtered 
over a G4 glass filter funnel, washed with EtOH, and dried for 18 h at 8 
mbar and 60 ◦C to yield a pale yellow solid (0.23 g, 43 %). 1H NMR 
(DMSO‑d6): δ ppm = 1.51–1.54 (m, 4H, CH2, CH2), 1.75–1.95 (m, 6H, 2 
× CH3), 2.22–2.28 (m, 2H, CH2), 2.55–2.57 (m, 2H, CH2), 6.08/6.49 (d, 
1H, CH, 3J = 7.6 Hz/8.0 Hz), 7.14–7.19 (m, 3H, 3 × CH), 7.24–7.28 (m, 
2H, 2 × CH), 8.70/8.80 (d, 1H, NH, 3J = 8.0 Hz/7.6 Hz), 10.58/10.61 (s, 
1H, NH). 13C NMR (DMSO‑d6): δ ppm = 17.0/17.7, 24.6/24.7/24.9, 
30.3/30.5/32.3, 44.8/47.2, 125.6, 128.2, 128.3, 142.1, 151.9, 158.0, 
167.4, 172.5. FTIR: ṽ = 1520 (w, νC––C), 1650 (m, δN-H), 1687 (w, νC––O) 
cm− 1. HRMS (ESI): calcd for C17H22N7O2 [M − H]− m/z, 356.1840; 
found m/z, 356.1830; mp range 161–167 ◦C. 

2.1.18. Protein expression, production, and crystallization 
The pQTEV expression vector encoding the catalytic domain of 

human KDM4D (residues 1–342) was used to produce protein with an N- 
terminal His6-tag. The protein was purified by means of metal affinity 
chromatography using binding buffer consisting of 50 mM HEPES pH 
7.5, 500 mM NaCl, 20 mM imidazole, and 1 mM TCEP. The protein was 
eluted from resins using buffer consisting of 50 mM HEPES pH 7.5, 500 
mM NaCl, 300 mM imidazole, and 1 mM TCEP. For the purpose of af-
finity tests and crystallization, the N-terminal affinity tag was removed 
by TEV protease. As a final stage of purification, the protein sample was 
subjected to size-exclusion chromatography in the following buffer: 10 

mM HEPES pH 7.5, 200 mM NaCl, 5 % (v/v) glycerol, and 1 mM TCEP. 
Crystals were grown using the sitting-drop vapor-diffusion method at 
291 K. The well solution consisted of 24 % (w/v) polyethylene glycol 
(PEG-3350), 180 mM ammonium sulfate, and 0.1 M HEPES buffer pH 
7.0 and was mixed with approx. 19 mg/mL protein solution. A Gryphon 
crystallization robot (Art Robbins Instruments) was used to mix equal 
volumes of 0.4 mL of protein and well solution on a 96-well low-profile 
Intelli-Plate (Art Robbins Instruments). Regular tetragonal bipyramid 
crystals appeared after 2 days and grew to a maximum length of 150 μm 
within a week. 

2.1.19. X-ray diffraction data collection, processing, structure 
determination, and refinement 

For preparation of protein-ligand complexes, crystals were pre- 
soaked in well solution supplemented with 10 mM NiCl2 for 10 min. 
Subsequently, crystals were transferred to the ligand-soaking solution, 
consisting of 100–150 mM ligand mixed with the well solution and 
10–15 % (v/v) final DMSO concentration. Most ligands were soaked for 
24 h (compounds 5–10); however, based on the visual inspection and 
diffracting power, some soaking experiments were performed more 
rapidly. Only 1 min of soaking was used for compound 1, 5 min for 
compound 4, 30 min for compound 3, and 12 h for compound 2. The 
crystals were flash-cooled in liquid nitrogen [36] following cryo-
protection by quickly immersing them in well solution complemented 
with 20 % (v/v) ethylene glycol. Diffraction data were collected on 
beamlines BL14.1 and BL14.2 at wavelength 0.9184 Å at the BESSY II 
electron storage ring operated by the Helmholtz-Zentrum Berlin [37] by 
using a PILATUS detector. X-ray data were integrated and scaled using 
XDSAPP [38]. All relevant data collection and processing statistics are 
given in Table 1. The structures were solved in space group P43212 by 
molecular replacement using the program Phaser [39] using the struc-
ture with the PDB-Id 6ETV [27] as a search model. The preliminary 
models were initially refined with REFMAC [40,41]. Later, after several 
cycles of manual model correction in COOT [42] and refinement with 
phenix.refine [43] the structures were validated. Atomic coordinates 
and corresponding structure factor amplitudes were deposited in the 
Protein Data Bank. Refinement statistics are summarized in Table 2. 

2.1.20. ITC measurements 
ITC measurements on KDM4D and the respective tetrazolylhydrazide 

ligands were performed using a MicroCal PEAQ-ITC microcalorimeter 
(Malvern Panalytical GmbH, Germany). Experiments were performed in 
10 mM HEPES buffer at pH 7.5, 0.5 M NaCl, 5 % (v/v) glycerol, and 1 
mM TCEP at 20 ◦C. The protein concentration was determined spec-
trophotometrically at λ = 280 nm by using the calculated molar 
extinction coefficient. The tetrazole ligands were diluted 100–250 times 
in buffer up to the working concentration from stock solutions in DMSO. 
The DMSO concentration in the resulting solutions ranged from 0.4 to 1 
%. Solutions of KDM4D were supplemented with the corresponding 
amount of DMSO to avoid thermal effects due to buffer mismatch. Tet-
razole ligands were titrated in 13 or 19 steps (2–3 μL) into a protein 
solution in the calorimeter cell. Other experimental settings included a 
spacing time of 180 s and a filtering period of 5 s. For each ligand, 
measurements were performed two or three times. For all experiments, 
the instrument software (MicroCal PEAQ-ITC Analysis) was used for 
baseline adjustment, peak integration, and normalization of the reaction 
heats, with respect to the molar amount of injected ligand, as well as for 
data fitting and binding parameter evaluation. 

3. Results 

3.1. Compound design considerations and chemical synthesis 

For the study focusing on mapping the distal histone binding pocket, 
we decided to use the ligand architectures that consist of stable core 
motifs linked with versatile extensions. The cores of the compounds are 
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examples of scaffolds known to bind to the 2OG-binding site: nicotinic 
acid and tetrazolylhydrazides. In addition, combinations of both nico-
tinic acid and tetrazoles were designed and synthesized. The extensions 
are mainly flexible tails with varying lengths and chemical properties. 
They are designed to probe the histone-binding cavity to detect possible 
additional interactions within the distal area. The ten compounds dis-
cussed in the study are listed in Fig. 1. Compounds 1–4 possess a nico-
tinic acid scaffold. The pyridine N atom coordinates the active site metal 
cation, while the carboxylic acid in position 4 forms hydrogen bonds, 
mimicking those of 2OG, with Tyr and Lys residues [24]. A direct 
connection between an amine and the pyridine ring in position 3 was 
reported to lead to nanomolar inhibition [26]. Compounds 3–10 (Fig. 1) 
possess a tetrazolylhydrazide scaffold, the binding mode of which, as a 
competitor for the natural KDM4 cofactor, has been described previ-
ously [27]. 

3.1.1. Synthesis of compounds 1 and 2 
To explore new KDM-ligand interactions, compounds 1 and 2 were 

designed to have an amine coupled to position 2 of the isonicotinic ring. 
They were then synthesized from 2-chloro-isonicotinic acid (11) by 
nucleophilic displacement of the activated chloro-substituent adjacent 
to the pyridine N-atom at position 2 with either 3-aminopropan-1-ol 
yielding new target compound 1, or ethylene diamine, yielding known 
analog 12 [44] (Scheme 1). The hydrochloride 12 was subsequently 
transformed into the corresponding free base in situ and acylated with 
methanesulfonyl chloride to yield the new sulfonamide 2. 

Reagents and conditions: (a) 3-aminopropan-1-ol, neat, 120 ◦C, 22 h 
(26 %); (b) ethylene diamine, μW, 1 h, 180 ◦C (72 %); (c) NaOH, water, 
methanesulfonyl chloride, 0 ◦C, 4 h; room temp. 20 h (29 %). 

3.1.2. Synthesis of compounds 3 and 4 
For compounds 3 and 4, in particular, the tetrazole group was 

introduced as a bioisostere replacement for the carboxylic acid of 
compounds 1 and 2. Combining the tetrazole group and the pyridine 
rings leads to an enlarged conjugated aromatic system. Moreover, in 3 
and 4, a carbonyl function in position 2 of the pyridine ring was added to 
address the catalytic center with a possible chelating moiety comprising 
the carbonyl O- and pyridine N-atom. Target compounds 3 and 4 were 
synthesized from commercially available 4-cyanopicolinic acid ethyl 
ester (13). The tetrazole ring of these compounds was built up by the 
known reaction of the cyano group with hazardous hydrazoic acid 
generated slowly and in minute amounts in situ from sodium azide 
(Scheme 2). The resulting intermediate 14 could be transformed to 3 by 
aminolysis using 3-morpholinopropylamine under microwave irradia-
tion. Hydrolysis of ester 14 with sodium hydroxide afforded the car-
boxylic acid 15, which could be activated via the corresponding acid 
chloride (not shown) by means of oxalyl chloride. This intermediate was 
not isolated but quenched with hydroxylamine liberated in situ to yield 
hydroxamic acid 4. 

Reagents and conditions: (a) NaN3, (C2H5)3N⋅HCl, toluene, 110 ◦C, 
16 h (88 %); (b) 3-morpholinopropylamine, neat, μW, 45 min, 165 ◦C 
(18 %); (c) NaOH, water, MeOH, reflux, 3 h, (94 %); (d) oxalyl chloride, 
DMF, 0 ◦C; NH2OH⋅HCl, DIPEA (21 %). 

3.1.3. Synthesis of compounds 5 and 6 
Compounds 5 and 6 were synthesized from known 2-amino-2-(1H- 

tetrazol-5-yl) acetic acid ethyl ester hydrochloride (16) [35] as depicted 
in Scheme 3. While 5 and 6 could be synthesized from starting material 
16 in two steps via intermediates 17 and 19, respectively, the products 
obtained were sticky and hygroscopic, and a synthetic deviation was 
necessary to obtain the target compounds analytically pure. It was 
discovered by chance that treatment of 17 with hydrazine in the pres-
ence of butanone (stemming from denatured ethanol), a hydrazone 
derivative 18 was obtained as a side-product that could be converted to 
analytically pure target compound 5. Because this unintentionally 
formed hydrazone 18 consists of a mixture of four stereoisomers due to Ta
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the presence of a chiral center plus an unsymmetrically substituted 
double bond, giving rise to E and Z-isomers, the transformation of 19 to 
6 via an intermediate hydrazone was simplified by adding the sym-
metrical ketone acetone as a replacement for butanone. The racemic 
reaction product 20 could be isolated in moderate yield and led to less 
crowded NMR spectra compared to the diastereomeric mixture 18. Both 
intermediates 18 and 20 were treated with aqueous ammonia in order to 
obtain the two racemic compounds 5 and 6, respectively, analytically 
pure and in a less hygroscopic form, albeit in low or even very low yield, 
respectively. 

Reagents and conditions: (a) 4-bromobenzoyl chloride, pyridine, 
acetonitrile, room temp. (55 %); (b) EtOH with 1 % butanone, 
H2N–NH2⋅H2O, water, 4 h, reflux; 16 h room temp. (36 %); (c) water, 
NH3, EtOH, 5 h, reflux (6 %) (d) 5-phenylpentanoyl chloride, pyridine, 
acetonitrile, room temp. (73 %); (e) H2N–NH2⋅H2O, water, EtOH, 4 h, 
78 ◦C; acetone, 2 h, reflux (43 %); (f) water, NH3, EtOH, 5 h, reflux (6 
%). 

3.1.4. Synthesis of compounds 7-10 
The synthesis of the racemic Knoevenagel products 7 and 8, which 

also contain the hydrazide and tetrazole functions [31], as well as of the 
related hydrazones 9 and 10 was carried out as published [28]. 

Table 2 
Refinement and validation statistics.  

Compound 1 2 3 4 5 6 7 8 9 10 

Refinement program Refmac5 & Phenix.refine 
Resolution (Å) 29.41–1.61 48.53–1.43 48.44–1.48 48.41–1.58 42.2–1.52 48.17–1.64 48–1.21 35.7–1.23 42.2–1.34 35.73–1.1 
Reflections in working set 97,726 140,606 126,626 101,712 111,013 46,491 224,315 214,044 167,034 289,319 
Reflections in test set 2094 2095 2094 2101 2067 2099 2374 2287 2072 3080 
Rwork (%) 16.7 14.3 16.1 17.8 19.1 18.2 12.4 12.0 12.9 12.3 
Rfree (%) 19.2 17.4 18.3 19.8 22.2 21.8 15.8 13.6 15.1 13.3 
Number of non-H atoms 3152 3437 3259 3191 3358 3252 3497 3547 3523 3662 

macromolecule 2747 2897 2815 2778 2846 2756 2997 2967 2972 3060 
ligands 63 66 61 79 43 38 64 101 58 96 
water 342 475 383 334 469 458 436 479 493 506 

RMS (bonds) (Å) 0.012 0.010 0.08 0.015 0.006 0.007 0.016 0.01 0.009 0.012 
RMS (angles) (◦) 1.106 1.138 1.029 1.339 0.946 1.027 1.563 1.165 1.237 1.491 
Ramachandran favored (%) 99 99 99 99 99 98 100 99 98 100 
Clashscore 0.72 3.23 2.65 1.78 1.74 3.64 6.86 4.10 5.66 8.84 
Average B factor (Å2) 32.4 22.3 34.4 31.9 19.72 20.96 18.9 18.49 19 17.46 
Ligand occupancy 1 1 0.77 1 1 1 0.65 0.25/0.25/0.5 0.69/0.74 0.78/0.8 
PDB ID 6F5R 6F5Q 6F5S 6F5T 6H11 6H0X 6H0Y 6H0W 6H0Z 6H10  

Fig. 1. Chemical structures of compounds 1–10, which were used for soaking into KDM4D crystals.  

Scheme 1. Synthesis of target compounds 1 and 2.  

Scheme 2. Synthesis of target compounds 3 and 4.  
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3.2. Structural investigations 

All structural studies described here were carried out using the 
KDM4D enzyme. KDM4D is a suitable representative of the KDM4 sub-
family, and, as shown earlier [27] the overall rigidity, packing, and 
quality of the tetragonal crystal form of KDM4D provide a solid basis for 
ligand soaking experiments. 

3.2.1. Overall structure of KDM4D 
The structure of the KDM4D catalytic domain described in this study 

is within experimental error, identical to previously determined KDM4D 
structures [45]. As in other KDM4 subfamily members, it is globular and 
consists of two Jumonji (Jmj) domains. The N-terminal JmjN domain 
comprises residues 18–60, while the C-terminal JmjC domain comprises 
residues 146–312 (Fig. 2). In all structures determined so far, a metal ion 
is bound in a deep cleft in the enzyme’s active site. Naturally occurring 
Fe2+ is replaced by stable and similar in size Ni2+ ions during crystal 
soaking. 

3.2.2. Ligand structures (Supplementary Figure 1) 
All structures describing KDM4D in complex with compounds 1–10 

(Fig. 1) are crystal structures in which the ligand has been soaked into 
the KDM4D crystals. The resulting structures show that several ligands 
occupy the 2OG binding site, interacting with active site residues. 
Similar binding poses have been observed previously for shorter tetra-
zolylhydrazide ligands [27] or other cofactor-mimicking molecules such 
as isonicotinic acid derivatives [46]. In addition, some of the new li-
gands extend towards the entrance of the histone binding pocket and the 
methylated lysine binding site and exhibit further interactions with 
KDM4D that may be utilized to enhance binding affinity or selectivity. 

3.2.2.1. Structure of KDM4D with compounds 1–4 (Fig. 3). This group of 
compounds represents molecules with an isonicotinic acid (1 and 2; 
Fig. 3a and b) and tetrazole (3 and 4; Fig. 3c and d), the carboxylic acid 
group bioisostere replacement. Clear electron density is observed for the 
cores of all ligands: the pyridine ring is sandwiched between the two 
aromatic active-site residues Tyr181 and Phe189 by π-stacking in-
teractions. The N atom of the pyridine is placed opposite to the Glu194- 
O atom and binds to the active-site metal ion. The carboxylate group of 
the ligands 1 and 2 occupies the same position as its counterpart in the 
natural cofactor, maintaining interactions with Lys210-NZ and Tyr136- 
OH. In addition, the tetrazole rings of the ligands 3 and 4 are aligned 

almost co-planar with the pyridine ring and sandwiched between two 
aromatic active-site residues, Tyr181 and Phe189, taking part in the 
π-stacking interactions. 

The N atom of the partially flexible ligands 1 and 2 tail interacts with 
His192-NE2, which is also a metal ion ligand. In the tail of ligand 1, the 
electron density is weak, suggesting that the tail is flexible or occurs in 
several conformations. Thus, introducing this apparently flexible and 
hydrophobic part to the ligand appears to have no favorable effect on 
ligand-protein interactions, whereas in ligand 2 one of the oxygen atoms 
of the sulfonamide group is situated 2.9 Å from His90-NE2, suggesting 
the presence of a hydrogen bond. The other oxygen is 3.0 Å away from 
Ala190-N, also indicating the formation of a hydrogen bond. The 
carbonyl oxygen atom of the ligands 3 amide group is engaged in Ni2+

binding and interaction with Glu194-OE2. Again, the tail of this ligand 
exhibits weak electron density and does not interact with the protein. In 
the case of ligand 4, the metal binding is bidentate and strengthened by a 
nitrogen atom of the hydroxamic group. The hydroxamic nitrogen atom 
also interacts with Glu194-OE2, which, at the same time, is a metal ion 
ligand. The bidentate rigid chelation motif causes the plane of the pyr-
idine ring to twist by about 18◦ compared to the situation observed for 
compounds 1 and 2. Both oxygen atoms of the hydroxamic portion form 
hydrogen bonds with Lys245-NZ stabilizing the lysine side chain in one 
defined position. 

3.2.2.2. Structure of KDM4D with compounds 5–8 (Fig. 4). This group of 
compounds represents molecules with a core motif that utilizes the hy-
drazide group to bind the metal ion in a bidentate mode. The nitrogen 
atom is positioned opposite the other metal ligand, His 280, while the 
oxygen atom binds opposite to Glu194. In the case of ligand 8 (Fig. 4d), 
apart from this predominant binding mode for the full-length ligand, its 
truncated versions are also observed in a low occupancy. 

In ligands 5 (Fig. 4a) and 6 (Fig. 4b), the hydroxyl group of Tyr136 
binds both the tetrazole ring in the 2OG binding site and additionally 
interacts with the amide nitrogen atom of the ligand tail in the histone 
binding site. The two-site binding stabilizes the position of the tyrosine 
side chain, which is observed here in a single conformation in contrast to 
the other structures. As in the previous group, the tetrazole ring of li-
gands 5 and 6 is sandwiched between two aromatic active-site residues, 
Tyr181 and Phe189. In addition, in the case of 5, the other nitrogen in 
the tetrazole ring interacts with Asn202-OD1. The flexible tails of the 
ligands 5 and 6 points outward from the binding cleft and occupies the 
histone binding site inducing the movement of protein loop Ala 315-Ser 

Scheme 3. Synthesis of target compounds 5 and 6.  
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320. The ligands’ 6 effect on the protein movement is even more pro-
nounced. Herein, the phenyl ring points out toward the histone binding 
site and is sandwiched between His90 and Arg316, where it is held in 
place by stacking interactions (Fig. 6). The general rigidity of the li-
gand’s 7 tail (Fig. 4c) makes the tetrazole ring interacts with the Lys210- 
NZ and Asn202-ND2 atoms but not with Tyr136-OH. The aromatic 
residues Phe189 and Tyr136 are both modeled with two alternative 
conformations. The oxygen of the ligand tail interacts with the amide 
nitrogen atom of Ala190. In the case of the 8, the tetrazole ring protrudes 
towards the histone binding site, and its nitrogen atom interacts with 
Lys240-NZ. 

3.2.2.3. Structures of KDM4D with compounds 9 and 10 (Fig. 5a and b). 
Both compounds, 9 and 10 (Fig. 1), have a very similar structure and are 
modeled in the same protein pocket, forming the same interactions with 

protein residues. Nitrogen atoms of the tetrazole ring form hydrogen 
bonds with the amide nitrogen atoms of Phe 287 and Thr112. The tet-
razole ring occupies the position of the Gln 111 side chain, breaking its 
interaction with Asn 106, which points outwards into the solven. The 
ligand carbonyl oxygen interacts with Asn106-ND2. The amide nitrogen 
of the ligand binds to Glu208-OE2. At a distance of just 4.0 Å between 
the Leu206-CD2 atom and the center of the aromatic phenyl ring of the 
ligand, a CH-π hydrogen bond [47] is formed, contributing to ligand 
binding. 

3.3. Ligand binding investigation by isothermal titration calorimetry 
(ITC) 

To obtain quantitative values for the affinity and energetics of the 
ligand binding, complex formation was studied by ITC. In all cases, the 
ligand was titrated into the protein solution kept in the calorimeter cell. 
The thermodynamic parameters of ligand binding to KDM4 are pre-
sented in Table 3. The thermal effect of the binding was measurable only 
for four of the ten ligands. No clear signal could be detected for the 
remaining six, although all of them have been tested by ITC. The binding 
of the structurally similar compounds 1 and 2 is exothermic and char-
acterized by an intermediate affinity, with dissociation constants (Kd) of 
55.9 and 35.5 μM, respectively. For both compounds, enthalpic and 
entropic contributions (Table 3) make up the interaction, albeit the 
balance of these contributions is inverted. While for compound 2, the 
enthalpic part dominates with nearly 80 % contribution to the Gibbs free 
energy of binding, for compound 1, the entropic contribution plays a 
significant role in ligand binding, providing 70 % of the Gibbs free en-
ergy of interaction. The combination of pyridine, tetrazole, and 
hydroxamic moieties in the structure of compound 4 drastically in-
creases the ligand affinity to KDM4D. With a Kd of 0.55 μM, it binds 
KDM4D two orders of magnitude stronger than compounds 1 and 2. The 
binding of compound 4 is endothermic, and this strong interaction is 
favored solely by a substantial entropic contribution that over-
compensates the unfavorable binding enthalpy. Replacement of the 
compact hydroxamic group with a long tail in compound 3 shows no 
ligand binding to KDM4D in an aqueous solution, and no binding 
isotherm could be recorded for this compound. In an aqueous buffer, 
compounds 5, 7, and 10 yielded similar results with no measurable 
binding to KDM4 at 20 ◦C. The interaction of compound 6 with KDM4D 
was endothermic, with a large unfavorable binding enthalpy. The large 
entropic contribution of binding cannot effectively overcompensate the 
positive enthalpy, which results in a relatively low affinity to KDM4 with 
a Kd of 0.5 mM. 

4. Discussion 

Given the known cellular functions of 2OG-dependent KDMs and 
their role in cancer initiation and progression, there is a great demand 
for potent, selective, and cell-permeable inhibitors. To extend the di-
versity of KDM-directed compounds, a set of molecules containing 
various KDM core binding scaffolds, ranging from known nicotinic acids 
to compounds bearing bioisosters of carboxylic moieties, tetrazole or 
hydrazide groups, have been assembled. By fusion of potent metal-ion 
binders with flexible and versatile moieties, the study presented here 
particularly emphasizes probing the histone binding site distal to the 
cofactor binding. This approach can be an alternative or supplement for 
the other structure-based approaches in drug discovery processes, such 
as fragment screening based on random protein-ligand structural in-
formation. Especially now, when technological advances at macromo-
lecular crystallography beamlines are great, and access to synchrotron 
sites is easy. 

Our ligands’ binding modes have been elucidated through crystal 
structural analysis (Fig. 7). Preferred hot spots of binding have been 
analyzed as this information is of great importance to facilitate further 
optimization of binders in terms of affinity and selectivity. Compounds 

Fig. 2. The overall structure of KDM4D demethylase and its ligand binding site. 
The binding site is depicted as translucent surface; the catalytic and 2OG 
binding site is colored red, while the histone binding site is colored green. Top: 
Domain organization in KDM4D. The JmjN domain is colored blue, the C-ter-
minal JmjC domain is green, the middle linking part is colored orange. Bottom: 
Zoom into the histone binding site. Relevant elements from the crystal structure 
PDB 4HON are emphasized. The KDM4D-bound cofactor 2OG is shown in ball- 
and-stick representation with carbon atoms in yellow, and the histone-derived 
peptide is given in silver stick representation with brown labels. Active-site 
residues are depicted as yellow sticks and labeled in black. 
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possessing an isonicotinic acid core (Fig. 3a/b), a scaffold present in 
many KDM inhibitors, were tested. This scaffold is at the core of the 
broad-spectrum 2OG oxygenase inhibitors such as pyridine-2,4- 
dicarboxylic acid (2,4-PDCA) and recently developed 3-amino-4-pyri-
dine carboxylate derivatives [26]. Its metal binding capacity in the KDM 
active site is well-known and is mediated by a nitrogen atom of the 
pyridine ring. Molecules based on this scaffold were demonstrated to be 
excellent binders as they retain the natural 2OG cofactor interactions. It 
is worth noting that those interactions were identified as important in 
gaining affinity in most reported ligands. Thus, flexible tails of varying 
lengths were attached to the pyridine ring to map the binding potential 
far from the 2OG side. In the crystal structure of the KDM4D-bound 
compound 2, two unique interactions within the histone binding site 
via His90-NZ and the peptide nitrogen of Ala190 were observed. 
Sulfonamide-mediated interactions of compound 2 contribute to 
increased affinity of the ligand in comparison with structurally very 
close compound 1, which lacks these interactions and is characterized 
by nearly 40 % lower binding affinity (Table 3). 

Tetrazole-containing compounds 3 and 4 were designed and syn-
thesized to test further the concept of bioisosteric exchange (Fig. 3c and 
d). It was previously reported that substituting carboxylic acid with 
other moieties, in most cases, significantly lowers the potency or abol-
ishes the binding of KDM4 inhibitors [46]. However, our study proves 
that such a substitution can be made while retaining satisfactory binding 
affinity. Interestingly, in most of the tetrazole-containing compounds 
from our screening, the native interactions of 2OG with Tyr136 and 
Lys210 are preserved. As the tetrazole ring is bulkier than a carboxylic 
group and requires more space, the movement of the Tyr136 side chain 
extending the 2OG binding pocket is observed upon its binding. In 
compound 4, the most potent binder of this screening exhibiting 

sub-micromolar affinity, the hydroxamic group is observed to provide a 
second N-atom to assist the pyridine as a metal chelator (Fig. 3c). 
Additional affinity gain also arises from its two oxygens interacting with 
Lys245-NZ and Glu194-OE1. The saturation of hydrogen-bond in-
teractions comprising metal and protein binding makes the hydroxamic 
group worth exploring further in the context of KDM inhibition. Com-
pound 3, with the same core scaffold and long tail but no hydroxamic 
acid, does not show preferable binding, and its binding affinity was not 
measurable. Notably, hydroxamic acid moieties were already employed 
in approved histone deacetylase targeting drugs like vorinostat, pan-
obinostat, and belinostat [48], which usually work as bidentate metal 
chelating scaffolds. However, in the case of compound 4, the bidentate 
metal ion chelation is mediated jointly by the hydroxamic acid and an 
N-atom from the pyridine ring, which is, to the best of our knowledge, 
the first time that such an interaction has been observed. 

Another group of ligands, the tetrazolylhydrazides, were previously 
analyzed in terms of binding to KDM4 proteins [27,28]. Extending the 
tetrazolylhydrazide molecules by introducing flexible arms, additional 
binding spots in the histone binding site were explored. As anticipated, 
crystal structures showed that compounds 5–8 display a single pre-
dominant binding mode of the core structure to KDM4D. This binding 
mode is like one previously reported as ligand 6 [27]. However, com-
pound 7 confirmed the hydrogen-bonding potential of the Ala190 pep-
tide nitrogen with the ligand’s ether oxygen, also observed in compound 
2. 

In the cases of compounds 5 and 6, a bidentate binding of Tyr136 by 
the tetrazole nitrogen and the amide group of the ligand’s tail was 
observed. Moreover, in compound 6 an additional interaction in the 
histone binding pocket was gained as the ligand’s carboxylate binds 
Lys245. In a crystal structure of a KDM4D-bound histone peptide, the 

Fig. 3. Binding modes of the four pyridine-scaffold ligands in the KDM4D active site. Elements of the protein structure are depicted as semi-transparent orange 
ribbons, except for the side chains of the relevant amino acid residues, which are shown as yellow sticks. The presence of the ligand, also depicted as sticks, is 
evidenced by the 2mFo-DFc composite omit electron density map in green contoured at 1.2σ in panels A, B, D, and at 1 σ in panel C. Water molecules are shown as red 
spheres and the Ni2+ ion as a black sphere. The interactions between the ligand and the protein, water molecules, and metal ion are indicated as black dashed lines. 
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very same lysine residue binds the carbonyl oxygen of histone’s Ser10, 
which is next to the trimethylated lysine (K9me3) [45] (Fig. 2). 

By comparing all of the presented crystal structures with that 
comprising a bound histone peptide, more potential spatial conflicts 
have been identified. The brominated ring of compound 5 occupies the 
space accommodating Thr11 of the KDM4D-bound histone peptide. 

In addition to the steric overlaps between the KDM4D-bound histone 
peptide and our compounds, a narrowing of the histone binding site was 

also observed. In the crystal structure with compound 5, a protein loop 
comprising Ala 315-Ser 320 undergoes a conformational change, mak-
ing the histone binding cleft smaller by positioning Thr318 near the 
position of K9me3. In addition to the aforementioned Thr11, the phenyl 
ring of compound 6 occupies the position of histone residue Gly 12 
(Fig. 6). Moreover, the protein loop Ala315-Ser320 relocates even more 
extensively than in the complex with compound 5. Now, the phenyl ring 
of the ligand stacks in between two protein residues, His90 and Arg316, 
extending from the flexible loop. The histone binding site is divided into 
two subsites by the Arg316 side chain (Fig. 6). The ligand benzene ring 
points toward the solvent, and the Arg316 side chain occupies the his-
tone’s Ser10 position. 

Such global change in the architecture of the binding site may 
compromise the enzyme’s activity. The movement upon ligand binding 
may be associated with the enthalpic cost of binding energy character-
ized for this ligand. A ligand with a similar tail and carboxynicotinic acid 
core has been explored previously (PDB-Id 5FP7), but no such in-
teractions with the enzyme’s loop were observed [26]. There seems to be 
synergy between the ligand’s core binding and the histone binding site. 

Fig. 4. Binding modes of the four tetrazolylhydrazide-scaffold ligands in the KDM4D active site. Elements of the protein structure are depicted as semi-transparent 
orange ribbons, except for the side chains of the relevant amino acid residues, which are shown as yellow sticks. The flexible loop is depicted as blue ribbon. The 
presence of the ligand, also depicted as sticks, is evidenced by the 2mFo-DFc composite omit electron density map in green contoured at 1.2σ in panel A and at 1 σ in 
panels B, C, and D. Water molecules are shown as red spheres and the Ni2+ ion as a black sphere. The interactions between the ligand and the protein, water 
molecules, and metal ion are indicated as black dashed lines. 

Table 3 
Thermodynamic parameters of ligand binding to KDM4D.  

Compound Kd (μM) ΔH (kcal/ 
mol) 

-TΔS (kcal/ 
mol) 

ΔG (kcal/ 
mol) 

N 

1 55.90 ±
29.80 

− 1.65 ±
0.70 

− 4.05 − 5.70 0.99 

2 35.50 ±
5.90 

− 4.60 ±
0.50 

− 1.35 − 5.97 0.97 

4 0.55 ± 0.20 5.30 ± 0.20 − 13.70 − 8.40 0.80 
6 509 ± 38 8.50 ± 0.40 − 12.90 − 4.42 1.00  
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Also, a twofold interaction of the ligand with a Tyr136 residue achieved 
by placing the tetrazole ring into the 2OG binding site might be why the 
ligand’s tail binds in such a defined way in the case of compound 6. 
Despite the binding affinity of compound 6 of around 0.5 mM, the 
structural data provided us with precious information about the protein 
dynamics. The loop movement associated with ligand binding results in 
the formation of a stacking interaction between ligand and protein that 
was not observed before. This kind of structural information may prove 
helpful in designing molecules with increased selectivity towards 
KDM4D over other oxygenases. As there is a high degree of similarity 
within the conserved binding sites in multiple KDM enzymes, the major 
concern is developing selective inhibitors for particular enzymes. Thus, 
the selectivity determining part of the ligands should not be buried in 
the 2OG binding site but rather localized closer to the surface and the 
histone binding cavity. Interestingly, the His90 residue that forms the 
stacking interactions with our compound 6 occurs in KDM4D and 
KDM4E, while in KDM4A-C, it is substituted by an Asn residue. Another 
variable residue, Val 246, is positioned close to the ligand’s benzene ring 
in KDM4D-E, while it is replaced by methionine in KDM4A-C. Moreover, 

the identified flexible loop could also serve as a selectivity marker for 
KDM4D as it differs from KDM4A-C. 

Surprisingly, besides probing the histone binding site, KDM4D 
structures with compounds 9 and 10 indicated binding to a distal site 
localized on the protein surface opposite the active site. The importance 
of this cavity remains unknown, although its binding potential has been 
partially described before. A part of this cavity, occupied by the aro-
matic systems of both compounds 9 and 10, has been mapped by the 
very low-occupancy modeled ligands as resulting of a fragment 
screening campaign (PDB codes: 5PHC, 5PHG, 5PHN) [49]. 

5. Conclusion 

KDM4D, a representative of histone demethylase subfamily 4, has 
been chosen as a target enzyme for structural studies. The compounds 
investigated here are derivatives of high-affinity binding core motifs 
enriched with varying, outreaching tails. Interactions in the histone 
binding pocket were achieved by compound evolution, linking the core 
motifs with more flexible and chemically diverse moieties. This 
approach allowed us to overcome the binding barriers and locate unique 
interactions in the histone-binding site. These interactions may not be 
individually very strong but nevertheless may prove useful in designing 
molecular probes or lead compounds directed towards various 
oxygenases. 

Crystallographic screening resulted in 10 hits, mostly bound close to 
the active site. Observed affinities covered a range from nanomolar 

Fig. 5. Details of the interaction of compounds 9 and 10 in the distal binding pocket of KDM4D. Elements of the protein structure are depicted as semi-transparent 
orange ribbons, except for the side chains of the relevant amino acid residues, which are shown as yellow sticks. The presence of the ligand, also depicted as sticks, is 
evidenced by the 2mFo-DFc composite omit electron density map in green contoured at 1.2σ. Polar interactions between the ligand and the protein, water molecules, 
and metal ion are indicated as black dashed lines. 

Fig. 6. Movement of the flexible loop Ala 315 – Ser 320 towards the histone 
binding site. The loop structures are taken from the complexes with compounds 
6 and 4. Elements of the protein structure are depicted as ribbons. The side 
chains of the loop and residue His90 taking part in stacking interactions in the 
structure with compound 6 are shown as yellow sticks. The superimposed loop 
from the structure with compound 4 is depicted in black and white. Super-
imposed elements from the structure PDB 4HON identify Cα positions of resi-
dues in a histone-derived peptide as grey spheres with red labels, showing that 
both compound 6 and the loop occupy positions of many residues of the bound 
histone peptide. 

Fig. 7. Superimposition of all KDM4D-bound ligands. The histone binding site 
is depicted as surface, the catalytic site is colored red while the histone binding 
site is colored green. All ligands are superimposed and depicted as grey sticks. 
The positions of the ligand binding protein residues are shown as spheres, red 
for the core binding motifs and green for unique (except for Lys245) binding 
partners in the histone binding site. 
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binding with a clearly defined electron density for the whole ligand to 
ligands only partially visible in the electron density because of the lack 
of a clearly preferred binding mode. Regions of KDM4D that may serve 
as targets for ligand selectivity enhancement were identified. It is known 
that crystallographic studies of chemically diverse ligands are essential 
for the inhibitor design process. As demonstrated here, the binding of 
some ligands may trigger the partial rearrangement of protein structural 
elements, such as loop movement, which would be very difficult to 
predict by docking algorithms. However, this structural plasticity of the 
target protein significantly impacts ligand binding and the inhibitor 
design process. 

Moreover, using a carboxylic acid isostere as an alternative to 
already exploited motifs resulted in the discovery of a strong new 
binding motif. This may allow the evolution of existing molecules to 
obtain more desirable physiochemical and pharmacokinetic properties. 
As multiple oxygenases depend on the same co-substrate, 2OG, and 
many have a similar active-site architecture, the compounds from this 
screen may also prove useful for other enzymes. 

6. Ancillary information 

Supporting Information: (the list and the content of files supplied). 
Supporting_Information 
PDB ID Codes: 
6F5R KDM4D-compound 1. 
6F5Q KDM4D-compound 2. 
6F5S KDM4D-compound 3. 
6F5T KDM4D-compound 4. 
6H11 KDM4D-compound 5. 
6H0X KDM4D-compound 6. 
6H0Y KDM4D-compound 7. 
6H0W KDM4D-compound 8. 
6H0Z KDM4D-compound 9. 
6H10 KDM4D-compound 10. 

7. Molecular formula strings 

Molecular_Formula_Strings_Spreadsheet  
Compound SMILES PDB ID 

1 c1cnc(cc1C(=O)O)NCCCO 6F5R 
2 CS(=O)(=O)NCCNc1cc(ccn1)C(=O)O 6F5Q 
3 c1cnc(cc1c2n[nH]nn2)C(=O)NCCCN3CCOCC3 6F5S 
4 c1cnc(cc1c2n[nH]nn2)C(=O)NO 6F5T 
5 c1cc(ccc1C(=O)N[C@H](c2n[nH]nn2)C(=O)N[NH2])Br 6H11 
6 c1ccc(cc1)CCCCC(=O)N[C@H](c2n[nH]nn2)C(=O)N 

[NH2] 
6H0X 

7 COc1ccc(cc1)C[C@H](c2n[nH]nn2)C(=O)NN 6H0Y 
8 c1ccc(cc1)C[C@H](c2n[nH]nn2)C(=O)NN 6H0W 
9 c1cc(ccc1/C––N/NC(=O)Cc2n[nH]nn2)Br 6H0Z 
10 Cc1ccc(cc1)/C––N/NC(=O)Cc2n[nH]nn2 6H10  
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