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ABSTRACT:In the search for new demethylase inhibitors, o wd
we have developed a multistep protocah flicscreening. ﬁ a
Millions of poses generated by high-throughput docking or a

3D-pharmacophore search ast minimized by a classic

2 (IC5o = 8.5 uM)

Protein structure-based

force eld and then Itered by semiempirical quantu ’ and ligand-based ol
mechanical calculations of the interaction energy with a g — A
selected set of functional groups in the binding siten@he U Hlonm
ranking includes solvationeets which are evaluated in ‘ I

the continuum dielectric approximatiomite-di erence \/{ O ’
Poisson equation). Application of the multistep protocol to ,?010“%:3%)

JMJD3 jumonji demethylase has resulted in a dozen low-
micromolar inhibitors belonging tee di erent chemical classes. We have solved the crystal structure of IMID8imhibitor

the complex with UTX (a demethylase in the same subfamily as JMJD3) which validates the predicted binding mode.

Compound8 is a promising candidate for future optimization as it has a favorable kgamzy ef 0.32 kcal/mol per
nonhydrogen atom.

INTRODUCTION In contrast, metallo-proteins are considerezlitfitargets for

Jumoniji histone lysine demethylases (KDMs) are iron- ania silicquug discovery because of t'hecdlty'in mo'deling the
2-oxoglutarate (OGA)-dependent dioxygehabes. catalyze metal ligand bonds. First, the optimal orientation of metal
the removal of methyl groups from methylated lysines in histof{g2nd complexes within a protein is not well reproduced by
tails, and according to the demethylation site on the histon ocking programs be(?ause of the complexity of the coordination
they either activate or suppress transcripfiatJD3 (also géometries that transition metals can exptdRecent eorts

called KDM6B), together with UTX (also called KDM6A) and "ave dbeen éjevoted to the dXveI%oné%em drl‘oMq)rggranQ%;or

UTY, belongs to the KDM6 subfamily of jumonji demethylase&Nc-dependent proteins, as AutoDock#n MpSDockzfT,

which catalyze spemally the demethylation of di- and tri- ut their usage is limited to this cla_s_s of proteins. Second,
methylated lysine 27 of the histone 3 tail (H3K27mé2/3). commonly used forceeld-based, empiricabr knowledge-
JMJD3 is considered a potential pharmaceuticdl bemise baset scoring functions do not account for electromicts,

it has an inuence on the expression of getas are involved and consequently, they are not able to capture the nature of

in in ammatory responéneurodegenerative diseddagd  Organometallic bonds, preventing a correct ranking of ligand
T-cell acute lymphoblastic leukemia (T-AEt3. poses: ~' More accurate bln(_jmg energ|esgfrom guantum
To date, the most potent inhibitor of IMJID3 is the compoundn€chanics (QM)-based scoring functiois™ seem to

GSK-J1, which is 5- to 10-fold more selective for KDM6 relati@!"€late with experimental data, but the application of these
to the KDM5 subfamifylts cell-permeable prodrug GSK-J4 methodologies to high throughput screening is restricted by the

shows reduced activity and no selectivibiitroandin vivo computational cost. These limitations in the modeling of metal

assay¥ Structure activity relationship (SAR) studies of GSK- igand binding explain the general preference for experimental
J1 led to the identation of thiazolo-, pyrazolo-, and triazolo- {€chniques compareditpsilicastudies for drug discovery of

. . 32
pyrimidine derivatives, which showed similar or reducddmonii demethylases.™ _
potency* As claimed in a recent article by Nowak &t al., Here, we introduce a high-throughput docking protocol for

although potent inhibitors have been idedtior most KDM the identication of KDMS inhibitors. The ml'JI'tistep protocol
subfamilies, the idertation of selective and cell-permeableMakes use of a classical foeizand semiempirical QM calcu-
inhibitors remains a challenge. McAllister'&halze reviewed ~ ations. We report on two applications of the virtual screening
KDM inhibitors developed since 2014 and pointed out that thBrotocol for the identation of JMJID3 inhibitors. Thest
vast majority of the idergid inhibitors are OGA competitors c@mpaign focused on identifying derivatives of known KDM
and are all derivatives of a reduced number of metal-chelatif?-chelating scalds, while the goal of the second screening
fragments. Taken together, these studies indicate the need@s t0 nd potent compounds containing novelada.
developing novel JIMJD3 inhibitors.
Protein structure-based computer-aided methods have beeeived: August 10, 2018
applied successfully for hit discovery and lead optiniz&tion. Published: September 18, 2018
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Figure 1.Schematic illustration of thee-step procedure for virtual screening. Atoms that are supposed to chelate the metal are highlighted in red.
The owchart on the left illustrates the high-throughput screening of derivatives of iron-cheldsAg Bcaeported previously as demethylase
inhibitors (green). Theowchart on the right summarizes the virtual screening of potentially novel IMJD3 inhibitors (orange). The screening of the
novel sceolds started from a focused library assembled by substructure search of Eragnterasge) and 540 compounds from a
pharmacophore-based search (purple). Compounds are considered active if theysh@@aM@ the AlphaScreen assay. The count in the

green oval does not include the four actives obtained by expansion of theddtidémi rst campaign.

METHODS in complex with 5-carboxy-8-hydroxyquinoline (5C8HQ, PDB
code: 2XXZ¥>In the following, werst describe theve steps

in common to the twim silicascreenings and then present the
details of each of the two campaigns. Vhesteps are as
follows:

Multistep Protocol for in Silico Screening. The virtual
screening workbw was rst validated on known KDM so#ds
(compound#\ D in Figure 1 owchart shown in green) and
subsequently adapted for the ideation of novel JMJD3
inhibitors. The second campaign comprised the screening ofl) Preparation of the screening library containing only

derivatives of potential iron-chelating fragntenksia Figure 1 potential bidentate metal-binding ligands. The library of
owchart in orange) and the screening of compounds that ~ known iron-chelating scdds A D (Figure ] was
matched the pharmacophore modelwghart in purple in assembled by a substructure search in the 2012 version of

Figure ) derived from the crystallographic structure of JMJD3 ~ the ZINC “all-purchasalbledatabase, which yielded
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31,609 compounds. The library of novel cdda
included the 22,545 compounds idedtby a substruc-
ture search in the ZINC database using fragenetas
the query Figure ) and 540 molecules from the

ChemDiv database obtained by pharmacophore similarity(5)

to 5C8HQ. The pharmacophore model consisted of two
hydrogen bond acceptors at the positions of the iron-
coordinating atomwig, hydroxyl oxygen and pyridine
nitrogen) and an aromatic group centered on the benzene
ring of 5C8HQ Figure landFigure SiL

Pose generation by substructure alignment to ligands in
available holo crystal structures. This step started with the
generation of an ensemble of conformers for each of the
compounds and was followed by the docking of the con-
formers into the protein structure. To this purpose,
tethered docking and pharmacophore-based docking
were used for therst and seconth silicoscreening,

compounds were selected on the basisI&,thedistri-
butions and thi,,,,of the positive controls GSK-J1 and
5C8HQ (Table Sland Figures $3).

Pose scoring by the CHARMM36/CGenFF energy func-
tion which consists of van der Waals interaction and
electrostatics with implicit solvent treatment $c0ntinuum-
dielectric approximation) as in previous wWotks he
electrostatic contribution to the binding free energy was
calculated by thenite-di erence PoissoBoltzmann
module in CHARMM? This contribution is evaluated

by subtracting the electrostatic energy of the unbound
protein and unbound ligand from the energy of the
complex. An ionic strength of zero was used so that the
PoissonBoltzmann equation reduces to the Poisson
equation.

Geometric and electroniceets due to the presence of the

respectively. In therst campaign, tethered docking iron ion in the active site were dealt with as follows. First, to
consisted of restraining the chelating substructure of coansure the maintenance of the octahedral coordination, poses
formers of KDM inhibitor derivatives to the substructureyere generated by alignment of the iron-chelating moiety to the
coordinates of the parent compounds obtained fronknown inhibitors scald according to available co-crystal struc-
crystal structures. In the second campaign, pharmag@res (step 2). Second, electronieces were considered dur-
phore-based dockifig® was used to generate poses ofing the pose minimization and binding energy evaluation by
compounds containing diverse iron-binding moietiescHARMM (steps 3 and 5, respectively). Several approaches
This implied the generation of a pharmacophore query iRave been developed to model metal coordination bonds in all-
terms of features that could ensure optimal interactiongom force elds, including the bonded md@él,nonbonded

with the metal. The set of pharmacophore features wagodel:*° and dummy cation modél>? Here, a nonbonded
chosen on the basis of the crystallographic structure ghproach was used, where bonds were considered as ionic, but
5C8HQ (Figure S) Afterward, the ensemble of the charge of the iron was redistributed on the neighboring
conformers contained in the library of novel compoundgesidues to partially take into account electromitse In par-

(orange and purplewcharts ifrigure ) was searched

ticular, the formal charge on the iron ion was set to 1+ instead of

for conformers matching the pharmacophore query. Thg+, while the total formal charge of the iron complex was kept

prebuilt ChemDiv database available on the Pharmionstant by protonating the glutamate directly bound to the
servet® provides pregenerated conformers, while conmetal (see below).

formers of derivatives of swdsE H (orange owchart

First Screening Campaign: High-Throughput Docking

in Figure ) were generated using RDKit (see setond of Derivatives of Known Sca olds. Four scaolds A D

silicoscreening).
Pose minimization by CHARMM During minimiza-

(Figure ) from known metal-chelating KDM inhibitbrsere
selected and used for a substructure search in the 2012 version of

tion, the protein, iron, and water molecules directly bounehe ZINC“all purchasabiléatabase, yielding a focused library
to the iron were maintaineded. The fully compatible of 31,609 compounds. ChemAxon softivavas used for
CHARMM36°force eld and CHARMM General Force predicting [, and tautomeric states, as previously refirted.
Field (CGenFF)y’were used for the protein and small mol- Considering that hydroxyl groups bind metals in the ionic
ecules, respectively. A Coulombic energy with distancierm?*>° derivatives of fragmeAtcontaining the phenolic
dependent dielectric constant (4r) was employed as anoiety were deprotonated using Open BabeP2BReach

e cient approximation of the solvent-screening of ele@ompound, 19 molecular conformers were generated by

trostatic interactiof.

ChemAxon, whefdis the number of rotatable bonds. Deriva-

Estimation of interaction energies at the semiempiricaives of fragmentd and C were tethered according to the
PM7 level between small molecules and individual polawvailable JMJD3/inhibitor co-crystal structures by TDock

groups (probes) in the binding pockékhe interaction

(PDB codes: 2XXZ and 4ASK). Since no crystal structure

energy between a probe and the potential ligands wass available for fragmBrin complex with IMJD3, its pose

_evaluated aEprobe: Hligandprobe Hligand HprobeWherEH
is the formation enthalpy calculated by MOPA@h

was predicted by structure alignment of the JMJD2D/2,4-
pyridinedicarboxylicacid complex (PDB code: 4D6Q) to the

the PM7 Hamiltoniaf: Small molecular fragments were backbone atoms of 4ASK. The binding mode ofldda,
designed to model the local electronic structure of thevhose crystallographic structure was unavailable, was predicted
binding siteTable Sland approximate the polar groups based on similarity to the GSK-J1 chelating substructure

of residues thatinteract directly with GSkdgili(e S2A
PDB code: 4ASK) and 5C8H@igure S2BPDB code:

(scaoldC).
The tethered conformers were parametrized using the

2XXZ). Probes containing at least one dihedral angle wekATCH>® program and subsequently minimized by CHARMM.
considered partiallgxible (the probe atoms optimized The CHARMMS36 forceeld® was employed for the protein.
during the PM7 minimization are highlighted in boldfaceElectrostatic &cts due to the presence of the ferrous ion (2+)
in Table S). The conformations of the compounds in the binding site were modeled by redistributing the positive

minimized by CHARMM in step 3 were keqatd during
thelE,p£valuation. The thresholds usedlfering the

charge between the iron itself (1+), and the protonated
glutamate directly bound to it (0). The iron-chelatingpkta
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was constrained to prevent the distortion of the octahedral co&-ipoxygenase. Fragméntwas derivatized introducing a
dination. The two water molecules coordinating the iron werearboxyl grouprthoto the pyridine nitrogen, with the aim of
considered as part of the protein and maintakextl Poses identifying ligands giving electrostatic interactions to Lys1381.
were minimized with rigid protein through 500 steps of steepestagment§ andH are analogues of 8HQ as they retain the
descent minimization and 10,000 steps of conjugate gradidmtyclic aromatic ring substructure and the metal-binding mode
minimization. The minimized poses with steric repulsion wef the parent fragment through the phenolic oxygen and
discarded byltering out ligands with a positive van der Waalsaromatic nitrogen heteroatoms. In contrast to &gdH
energy. Conformers generated by ChemAxon were not negere designed to contain additional heteroatoms (oxygen,
essarily in a local minimum, and minimization led to redundanitrogen, or sulfur) in the bicyclic aromatic ring, with the
poses. In order to remove these redundant poses, ligand cpofpose of ne-tuning the electronic properties of the
formers were extracted from the minimized prdigamd scaold$? and eventually identifying compounds containing
complex and clustered in dihedral angle space. Hierarchinalvel KDM metal-binding heterocycles.
clustering’ was carried out by CAMPARI (versiohtg:// The combined library of 23,085 compounds (540 from the
campari.sourceforge.petith a threshold radius of.2 Pharmit search of the ChemDiv library and 22,545 from

The number of compounds (164,774 poses of 12,712 moleculssibstructure search using sltsE H) was screened against
was signcantly reduced byitering using the QM prob¥s.  JMJD3 (PDB code: 2XXZ). As described above, protonation
According to the crystallographic structures of JMJD3 iand tautomeric states were predicted using ChemAxon plugins.
complex with GSK-J1, 5C8HQ, and OGA (PDB codes: 4ASK he phenolic metal-chelating moieties were deprotonated using
2XXZ, and 2XUE, respectively), the side chain of Tyr1379 forn@pen Babel. The 2771 conformers of the 540 compounds from
hydrogen bonds with JMJD3 ligands, while Lys1381 arf@dhemDiv were minimized by CHARMM and ranked according
Asn1400 are located at the bottom of the active site and interaot the total free energy of binding. Instead, the remaining
with the carboxyl group of the ligands. Asn1393 is located at th29,763 poses of 12,832 compounds from the ZINC database
entrance of the binding pocket. Thus, probes relative to the sidederwent the procedure applied to teecampaign. Unlike in
chains of Tyrl1379, Lys1381, Asn1393, and Asn1400 wefe= rst campaign, conformers were generated by the RDKit
selected forltering. Cuto energies were chosen taking into standard conformer ensemble genétatut minimized within
account theE, ., distributions Eigure SBand thelE; e RDKit using the Universal Force Field (UEBgcause of its
values for two known inhibitors, GSK-J1 and 5C8HIQ€ S1  accuracy in reproducing protein-bound ligand conforniations.
and Figure Jviz,|Eg1376< 1 kcal/molJE 135 2 kecal/ The ensemble comprised a maximum of 2000 conformers with
MOl,IEasn1305 5.5 kcal/mol, anldEagn1405 O keal/mol. Therst an interconformer RMSD limit of 2.0 A. Subsequently, the
cuto value corresponds to the interaction energy betwedibrary was uploaded on the web server Pharmit. The Pharmit
GSK-J1 and the Tyrl379 probe. Cutalues employed for interface was used todethe pharmacophore model (see step 1)
IE ys138:@Nd1Easnis0c0Uld NOt be selected on the basis of theand to Iter out conformers that did ndtthe pharmacophore
known inhibitor energy values because, due to the negativeigp. Poses were minimized by CHARMM and clustered by
charged carboxyl group, both GSK-J1 and 5C8HQ interact maBAMPARI with an all-atom RMSD cutif 0.5 A. To bias the
favorably with Lys1381 and Asn1400 than the majority of theearch toward selective ligands, poses at a distance higher than
screened compoundddure SB Therefore, cutoenergies of 4 A from Pro1388 werdtered out as Pro1388 is located in a

2 and 0 kcal/mol were, respectively, choseg, {gfsg;and poorly conserved subpocket of the active site. The side chain of
IEasn1400 With the purpose of keeping conformers interactingPro1388 interacts with Pro30 of the histone tail, a nonconserved
favorably with the two probes. At last, since Asn1393 is locateeljuence stretch that starts three residues downstream of the
in close proximity to the scdd of GSK-J1 (the closest distance methylated histone lysine H3KEQ(re Sp
between GSK-J1 heavy atoms and Asn side chain nitrogen atofihe values of interaction energy between QM probes and
is 3.55 A), the lter IExgn1303< 5.5 kcal/mol was chosen to compounds were evaluated at the semiempirical PM7 level by
discard only derivatives of edsC andD having substituents MOPAC (Figures S2 and 54Probes relative to GIn1377,
giving unfavorable interactions to Asn1393. Tyrl379, and Gly1435 were selectedtening. GIn1377 and

The selectedters based on QM probes reduced the numbelGly1435 are poorly conserved residues among the jumoniji
of poses by about 12-fold and the number of compounds bydemethylase family and were chosente&s in order to
factor of 3. The remaining 14,095 poses of 4522 compounasprove ligand selectivity. The interaction energy between the
were ranked according to the binding energy evaluated witklected probes and the known inhibitors are repdrtdddrs1
CHARMMS36/CGenFF, i.e., van der Waals energy and electrdhe adopted cutoenergies arteg1377< 0.3 kcal/mol,
statics in implicit solvent using the continuum dielectric approXiry,1379< 0.6 kcal/mol, antEg)y1435< 0.5 kcal/mol. Cuto
mation. The nite-di erence Poisson equation as implementedialues employed g ,;577andIEgy1439were selected on the
in the pbeq module of CHARMRAwas used with dielectric basis of the known inhibitors interaction energy values. Instead,
constants of solute and solvent equal to 2 and 78.5, respectivalyalue of 0.6 kcal/mol was chosen as cdtw |Ey,;379t0

Finally, seven of the 20 top molecules according to the totdécrease the number of conformers 6-fold. In this case, the
energy were selected for experimental validation (compoundnteraction energy values between Tyrl379 and the known

in Table land compound81 S6in Figure Sp inhibitors were more favorable than the values for the majority of
Second Screening Campaign: Pharmacophore Search  the screened compounégre Sy
of Novel Potential Binders. Fragment& andF (Figure ) The remaining 18,278 poses of 6091 compounds were ranked

were reported in a previous study that investigated the bindiagcording to the CHARMM36/CGenFF binding energy with
of molecular fragments to a panel of metallo-en#finese implicit solvent, as detailed above. In this campaigrec¢hefe

two fragments were selected from a set of 96 fragments becatlsrge redistribution in the binding site was further investigated
they selectively inhibited 76% to 100% of the activity of twby testing three charge distributions, Fe(2+)-Glu1392(1-),
nonheme iron dependent enzymes, anthrax lethal factor aRd(1+)-GluH(0), and Fe(0)-GluH(0). The predictive ability of

D DOI:10.1021/acs.jcim.8b00539
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Table 1.In Vitro Results for 14 Compounds Tested by DoBesponse AlphaScreen Assay

@Only nonhydrogen atoms are sptfor B 3 , Compound4, 2, and11were measured twice, and botl V@lues are shown. The purity of all
compounds was >95% as reported by the vendors.

the scorings was quaetl using the area (AUC) under the and pharmacophore search (compolhds4andS13 S19,

receiver operating characteristic (ROC) curve, which gavespectively.

values of 0.48, 0.68, and 0.34, respectively. Thus, the totaRAlphaScreen Experiment. AlphaScreen measurements
binding energy calculated according to the charge redistributioiere carried out at Reaction Biology Corporation (USA).
Fe(1+)-GluH(0) was used for ranking and selecting compounddphaScreen is a bead-based proximity assay. When the donor
for in vitrovalidation Figure S7A The 10 inhibitors used as bead is illuminated at 680 nm, it converts ambient oxygen to
true positives include eight previously disclosed ligands asidiglet oxygen. Singlet oxygen has a half-lifs,ah4vhich it
compoundé and2 (Figure S7TBA total of 8 and 12 molecules can diuse approximately 200 nm, in solution. If the acceptor
were selected for experimental validation from the substructioead is within 200 nm from the donor bead, an energy transfer
search (compounfignd9in Table lJandS7 S12inFigure SB occurs resulting in light production at 5220 nm. Donor and
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acceptor beads were coated by streptavidin and an antibdelgure SP The remaining six molecules, compo&1dS$6
against the demethylated histone tail (H3K27me1/2), respe¢Figure S| were not active in the dogesponse assay at the
tively. In the presence of inhibitory compounds, JMJD3 wasghest tested concentration of 28I0( Table Sy
prevented from catalyzing the demethylation reaction, leading taStructure activity Relationship (SAR).On the basis of
loss of the luminescent signal. Enzyme activity was measunéd, the six compoun@s 7 were tested for exploration of the
with respect to DMSO control. SAR (structures are shownFigure land Figure S1@nd

X-ray Crystallography. Protein Production and Crystal- dose response curveskigure SP The derivative® 4 were
lization. The JIMJD3 plasmid was a gift from Nicola Burgessdenti ed by substructure search of the 8-quinolinyl phenyl-
Brown (Addgene plasmi39069). The UTX (880-1401) carbamate substructure in the ZMd{Gpurchasabildatabase
plasmid cloned into pET47b (Merck) was kindly provided byversion 2012). CompounBsand6 were chosen as negative
the RIKEN Systems and Structural Biology Center. UTX wa®ntrols to verify that even minor medtions of the chemical
expressed and pwil according to the protocol published by groups directly involved in the binding to the metal prevents
Sengoku and YokoyaMadn brief, transformed cells were JMJD3 inhibition. Compouriwas identied by using the
harvested, and the pellet was suspended in 20 mM Tris-H@bnquinolinic substructure of compofiri the substructure
buer (pH 7.5), 0.5 M NaCl, 10 mM 2-mercaptoethanol, search. The substructure search of the phenyl carbamate group
0.1 mM phenylmethylsulfonyuoride (PMSF), 20 mM in the ZINC library retrieved 36,831 molecules. To screen only
imidazole, 1% Triton X- 100, and 0.1 mg/mL lysozyme. Hisaovel potential bidentate metal-binders, the size of this chemi-
tagged protein was pwidl using a prepacked HisTrap FF cal library was reduced to 1836 moleculedtényng out
column (GE Healthcare: 17525501). The polyhistidine tag8-hydroxyquinoline (8HQ) derivatives and preserving only
were cleaved by the His-tagged HRV3C protease during admpounds containing a heteroatom (nitrogen, oxygen, or
overnight dialysis (20 mM Tris-HCI pH 7.5, 500 mM NacCl, sulfur atoms) at a distance of three bonds from the carbamate
10 mM 2-mercaptoethanol, 10% glycerol). UTX was furthesxygen binding to the iron. Conformers and poses of these 1836
puri ed by a second HisTrap FF column and a size exclusigompounds were generated as descriddétimdsfor the
chromatography using a HiLoad 16/600 Superdex 200 colungacondn silicascreening. A total of 2086 conformers of 1675
(GE Healthcare). The pued protein was concentrated to compounds were parametrized using the CGenFFelfce
10 12mg/mLina20 mM Tris-HCl ber (pH 7.5) containing  and minimized by CHARMM. Compounds were ranked
200 mM NaCland 0.5 mM TCEP. Crystals were grown by vapeiccording to the total free energy of binding, and only the top
di usion at £C using a crystallization len containing 0.1 M ranked compound) was selected for experimental validation.
Tris-HCI (pH 8.5), Lj SO, (0.15 0.25 M), and PEG 3350  The results of the SAR study are consistent with the predicted
(20 25% wlv). Since this construct showed expression arngbses Figure 2 Table ). Compound® 4 are 8-quinolinyl
aggregation problems, aedent UTX (880-1401) plasmid phenylcarbamate derivatives aret fliom hitl in substituents
cloned into pOPIN F vector was used for further crystallizatiopn either the 8HQ or the benzene ring. Comp@nehich
experiments. This plasmid was a gift from the Kristensen groggntains a chlorine atom at R slightly more potent than the
of the University of Copenhagéfihe protein was expressedin original hitl. Compound, which lacks the functional groups in
BL21 and pured as described in the published prof6col. positions 2 and 5 of the benzene ring, shows a 6-fold decrease in
Unlike the published protocol, a HiLoad 16/600 Superdex 20@otency compared to hitAccording to the predicted binding
column was used for size exclusion chromatography. Tpese Figure 2), the methoxy oxygen is involved in an intra-
protein was concentrated to 12 mg/mL, and crystals weig@olecular hydrogen bond to the nitrogen atom of the carbamate
obtained in the same conditions as reported above using micgpoup and an intermolecular hydrogen bond to the water
seeding. Apo crystals were harvested and soaked overnightimildecule in the octahedral plane of the iron coordination.
reservoir bler supplemented with the compounds of interestCompound4 shows an Ig of 62 M, but the dierence with
1 mM MnC}and 20% ethylene glycol. GSK-J1 and comBoundrespect to compourds within the error of the measurement.
were tested at 5 and 10 mM, respectively, while 5C8HQ wahe additional methyl group at positaroRcompoundt is
tested at saturating conditions. Soaked crystals were frozerp)rigdicted to point into a hydrophobic subpocket and interact
liquid nitrogen. with the side chain of lle146Bidure Z). The carbamate

Data Collection and Structure SolutioDi raction data group of compounds 4 might coexist in two isomer confor-
were collected at the Swiss Light Source, Paul Scherrer Instityigtions,synand anti’* As an example, alternative binding
(Villigen, Switzerland), beamlines PXI and PXIIl. Data wergodes of compouridare shown iffigure B.
processed with XD$ Structures were solved by molecular The negative contrdsand6 (at 200 M) did not show any
replacement with Pha¥eusing PDB 3AVS as search model. inhibitory activity against JMJD3 as expected. The replacement
Initial models were need iteratively with Pheffland manual  of the chelating pyridine nitrogen atom with a carbon atom
model building with cooT Crystal data collection and might have prevented the binding to the iron (compéynd

re nement statistics are summarizéicibie S3 while the methyl group as substituen @tdnpounds) might
have disrupted the hydrogen bond with the water in the
RESULTS octahedral plane of the metab(re D). Finally, the replace-
Virtual Screening of Derivatives of Known Metal- ment of 8HQ with vanillin led to a 3-fold weaker inhibition for

Chelating Sca olds. The rstin silicascreening consisted of compound? versus the original Hif although a direct com-

the high-throughput tethered docking of a focused library gfarison is not possible because of theratice in the sub-
about 30,000 derivatives of four known KDM inhibitorsstituent at position 5 of the benzene ring which is a methyl and
(fragment#\ D, Figure ). Seven molecules were selected forchlorine in hitl and derivativé, respectively.

in vitrotesting by the AlphaScreen assaysé®d3. Com- Virtual Screening To Identify Novel Metal-Chelating
poundl, which is a derivative of fragm&ninhibited JMJD3  Inhibitors. The second screening campaign made use of afocused
with an IG, of 16 M (dose response curves are shown in library of 23,085 molecules containing novel iron-chelating
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Figure 2 Predicted binding modes of compounds idehhby the rstin silicescreening campaign. Poses were generated by tethered docking and
minimized using CHARMM (s&tethoddor details). During minimization, the protein, iron, and two water molecules weka@pius, the
minimization of the ligand coordinates might have resulted in a slight distortion of the metal-coordination geometry. (ArComipabesithe

catalytic metal with the pyridine nitrogen and the phenolic oxygen, as enforced by the tethered docking approach. (B) Possible binding modes
compound. in thesyrisomer andntiisomer conformations. (C) The methyl group of the 8H®Islaaf compoundis predicted to interact with

the side chain of l1le1464. (D) The overlap between the poses of colipayncbnformation (lighter green) and the negative c&rgtmgests

that the methyl group on the carbamate nitrogen would prevent the hydrogen bond to the chelating vigserdMetals are shown in black or

gray, and water-mediated bonds are shown in red. The color of the carbon atoms and catalytic guetahimtttie following ones is consistent

with the color scheme used for theedint screening campaigns [Sgere ).

moieties (scaldsE H and pharmacophore seardfigure 1

see alsd/ethod$. A total of 20 molecules were selected for
experimental validation, and six of them (comp8uri@and

14, Table ) showed IG; < 100 M in dose response mea-
surementsHigure SI1 These compounds contain three novel
iron-chelating moieties, which to the best of our knowledge have
never been reported to bind jumonji KDM. The 2-carboxy-4-
oxo-pyridines derivati8{$C5,=12 M) and9 (IC5,=76 M)

di er only by the methyl group on the pyridine nitrogen. The_. _ . I
crystal structure of the complex with comp8shdws that, as - '9uré 3.Predicted binding modes of compounds idshtby the

. second docking campaign. Poses were generated by pharmacophore
predicted by the pharmacophore-based posé|-riethyl docking using Pharmit. The pharmacophore model was built on

substituent extends into a small hydrophobic subpocket formg@ pasis of the crystal structure of the JMID3/5C8HQ complex
by the side chains of Tyr1379 and AlalR82i(e D). Since  (see Figure SR (A) Predicted binding mode of compouhl
compounds8 and 9 contain one and two ionizable groups, (B) Overlap between the docked poses of compQyids and12.
respectively, we characterized tautomeric and protonatien

equilibria using ChemAxoRigure S16 The preferred state is congruent with their very similar potencies. The remaining
of these compounds is showT#@ble land corresponds to 13 compounds, seven idesdi by pharmacophore similarity to
the one employed throughout the virtual screening proceduB8HQ (S13 S19 Figure SBand six derivatives of soal H

(seeMethods. (S7#S12 Figure SB were not active at a concentration of
Compound40 13are [1,2,4]triazolo[1 &pyrimidin-7-ol 500 M (Table Sp.
derivatives and inhibit IMJD3 with ag, k& 30 70 M or Active Compounds Are Not PAINSThe 12 active com-

about 150 M for compound3(Table ). The predicted poses pounds were analyzed for the presence of PAINS (pan-assay
show direct metaligand bindingKigure 3. The R moiety of interference compounds)and aggregators substructdres
these compounds points toward the sol#mtie B), which  using the FAF-Drug$4° and the Aggregator AdviSdnveb
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Figure 4.Protein X-ray crystallography analysis. (A, B) Comparison of holo crystal structures of UTX and JMJD3, and (C, D) binding mode of
compound in UTX. The structural overlap of (A) UTX (PDB code: 6G8F) and JMJD3 (PDB code: 4ASK) in complex with GSK-J1 and (B) the
overlap of the complexes with 5C8HQ (6FUK and 2XXZ) show that the binding mode is essentially identical in the two cognate enzymes, and thu
UTX can be used as surrogate in crystallography analysis of IMJD3 inhibitors. (C, D) 8darpmunith UTX both polar and nonpolar
interactions through its carboxyl groupNsnaethyl substituent, respectively (PDB code: 6FUL). The 2Fo-Fc electron density map is shown by a
mesh contoured at 10nly the scald that chelates the catalytic metal had weledelectron density. Thus, the methoxyphenyl m@ésynof

shown. Residue numbering corresponds to the sequence in JIMJD3 to be consistent with the main text. The corresponding residues in UTX
Phe1084 (instead of Phe1328), Tyr1135 (Tyr1379), Lys1137 (Lys1381), Thr1143 (Thr1387), His1146 (His1390), Glu1148 (Glu1392), Asn1156
(Asn1400), His1226 (His1470), Asn1236 (Asn1480), and Ala1238 (Ala1482).

servers, respectively. All inhibitors passed the PRekS in the case of JMJD3, the binding of GSK-J1 and 5C8HQ
while compound&0 13 exhibited similarity to two known induces a metal movement of about 2 A, relative to the
aggregatorsable S Nevertheless, the Tanimoto similarity N-oxalylglycin (NOG) bound structure (PDB code: 3AVS,
between compound® 13and the known aggregators, calcu-Figure S13° This movement is accompanied by the displace-
lated using the Similarity Workbench of ChemMine fools, ment of His1470 away from the coordination shell, which is
does not exceed 0.5Mple SH completed by either a water molecule in the case of GSK-J1 or
X-ray Crystallography.We carried out initial unsuccessful the phenolic oxygen of the ligand in the case of 5C8HQ.
crystallization attempts on the JmjC domain of JIMJD3, which The structure of compour@lin complex with UTX was
prompted us to perform crystallization studies on the UTX corebtained by soaking experiments (1.65 A resolution, PDB code
struct, containing also the GATA-like zimger domain. Since  6FUL). Statistics on X-ray diction data and theal model
the catalytic domain is highly conserved among KDM®6 proteiraie reported ifable S3Although the electron density map
we assumed that IMJID3 inhibitors have a similar binding modevealed unambiguous positions for the metal-chelating
in UTX. As a proof of concept, the crystal structures of theubstructure, the 2-methoxyphenyl group lackeetbigensity
UTX/GSK-J1 and UTX/5C8HQ complexes were solved byand could not be modeleigure D). In order to verify that
molecular replacement andnel to a resolution of 2.05 and compound was free of impurities, NMR and HPLC experi-
2.00 A, respectively (PDB codes: 6G8F and GHglite S12 ments were carried out. Both experiments did not show any
Superimpositions of the JIMID3 and UTX complex structuréspurity peakKigure S1¢In addition, the chemical stability of
based on the Catoms showed that GSK-J1 heavy atomsompound8 in the crystallization conditions, i.e., in the
overlap with a RMSD of 0.3 Rigure 4\), and 5C8HQ heavy presence of UTX and manganese’(Viwas investigated by
atoms overlap with a RMSD of 0.06#(re B). As observed  LC-UV/MS. As shown iRigure S1,8he main peak in the mass
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Figure 5.Comparison of binding mode of compo8mdth previously reported JMJD3 inhibitors. (A) Overlap of the crystallographic structure
obtained by soaking experiments in UTX (carbon atoms in orange) and the predicted pose in JIMJD3 (carbon atoms in red). Metal-coordinatio
rearrangement upon binding of comp@tedUTX (PDB code: 6FUL) compared to the binding of (B) NOG to UTX (PDB code: 3AVS) and
(C)5C8HQ to UTX (PDB code: 6FUK). (D) Comparison of the binding mode of com@tubid X (orange) with previously reported inhibitors

NOG (olive green), 5C8HQ (blue), and GSK-J1 (yellow, PDB code: 6G8F). The phenyl ring of Tyr137®stmvasidntations for dirent

ligands, while the position of the carboxyl group of the inhibitors is conserved.

spectra corresponds to compo8nahile no peak relative to to the one occupied by NOG-ifure B). This swapping

the metal-chelating fragment (3-hydrexyethyl-4-oxopyri- between axial and equatorial positions is accompanied by a

dine-6-carboxylic acid) was detected. These results support tharrangement of water molecules in the metal coordination.

hypothesis that the lack of electron density in the crystéterestingly, analysis of superposed UTX structures in complex

structure is due to disordered binding of the 2-methoxyphenyiith compoun®, NOG, GSK-J1, and 5C8HQ, shows that the

group. position of the shared carboxyl group is highly conserved
As predicted by the pharmacophore-based pose, cogpountFigure B). Conversely, theexibility of Tyr1379 and the

makes a bidentate interaction with the metal idhthhough variability of the metal coordination allow for the accommoda-

the carbonyl and ether oxygen atoms O2 anéi@4ré C). tion of di erent ligandsH(gure B).

Metal-binding through phenolic ether oxygen atoms is not

common. For example, among the 96 chelating fragments DISCUSSION

reported by Jacobsen etabnly two of them present an ether \ye have introduced a multistep protocan fiticacreening of

group. L , _ compounds that bind to the catalytic metal of demethylases.
_ The carboxyl group of compodiginvolved in electrostatic |, the rst campaign, we docked into the JMID3 demethylase a
interactions with Lys1381, direct hydrogen bonds witlysrary of derivatives of known iron-chelatingktsa This led
Thr1387, Asn1400, and Asn1480, and a water-mediated hyd9the identication of compourti(Table ). Subsequent SAR
gen bond with the backbone carboxyl oxygen of Ser1385. Supgiies supported the predicted binding mode df dnitd
position of the crystal structure with the predicted pose showgsulted in four additional inhibitors (compoundsand?).
that although the pyridine ring is tilted by about 40 degrees thgnese inhibitors to two dirent chemical classes and haye IC
described key features of the binding are conseéiyed @). values in the range from 10 to 100 The successful results of
Consistently, the same tilting is observed while superposing the rst campaign prompted us to apply the developed strategy
crystal structures of compoahd 5C8HQ, which was used for the identication of novel inhibitors. The secamdailico
for the pharmacophore-based pose generaiiond £). screening resulted in the six inhibi8r$2 and 14 (all with

The structural overlap of the UTX structures in complex withC., < 100 M) containing three novel metal-chelating sub-
compound and NOG (PDB code: 3AVS) revealed that the structures. The hit rate is 30% (six actives of 20 compounds
bidentate chelation of compo@mutcurs in a plane orthogonal testedin vitrg. A variety of high-throughput techniques have
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been applied to lysine demethylases over thé*{esush as nite-di erence Poisson calculation, the number of poses was
RapidFire mass spectrométrxlphascreei?, and enzymatic  reduced (by factors of about 12 and 6 in teeand second
formaldehyde dehydrogenase coupled®astayever, these campaigns, respectively) by the applicatitiersfon the inter-
techniques could hardly attain hit rates higher than 2%. Thuas;tion energy between molecular conformers and QM probes.
the in silicoscreening compares favorably with experimentdlhe use of semiempirical interaction enerdfgesallowed for
high-throughput campaigns. retaining only conformers involved in favorable interactions with
Prior structural knowledge was used for ridtescreening  polar groups of the binding site and was essential for speeding up
campaign. For the second screening campaign, libraries of ndlvelirtual screening protocol. Itis important to note thaglhile
potential bidentate metdigands were'st assembled by either initio QM methods are computationally expensive and inappli-
substructure or pharmacophore search using information oable to high-throughput screenings semiempirical methods are
known metal binders. Structural information was then retrievedble to capture charge transfer and polarizagots @t a low
from crystal structures and was used for pose generationc@mputational cost. In detail, the calculation of a Higgle
ensure proper geometry of the mdigdnd binding in the  took, on a commodity computer running Linux (Core i7 CPU
active site. In practice, this was achieved by aligning molecwgth 3.07 GHz x8 and 24 GB RAM), an average of 0.2 s for rigid
conformers to the crystallographic known inhibitarlgqaose probes and of 0.65 s faxible probes.
by either tethered or pharmacophore docking\s&eds. The X-ray crystal structure of compo8iimd complex with
Importantly, pharmacophore modeling was used for both libratiye UTX demethylase provided the validation for the binding to
and pose generation during the second campaigme( 1 the catalytic metal. While the metal-binding fragment was well-
steps 1 and 2). This approach brings several advantages todaened in the electron density mapglre D), we did not
virtual screening wodw. As previously mentioned, the use ofobserve excess electron density that could be attributed to the
pharmacophores allows for the ideation of novel inhibitors.  2-methoxyphenyl group. Metal-binding through an ether oxygen
Most importantly, the ability of pharmacophore-based dockirig unexpected. For this reason, we carried out a series of experi-
to preserve interactions which are essential for the binding to thents to investigate the purity and stability of comi@otihd
catalytic metal makes the developed strategy applicable to otN&#R spectra and HPLC-UV chromatograimyre SIyshow
metallo-proteins. However, to assess the transferability of that compound is pure, while the LC-UV/MS data provide
protocol, future work should involve benchmark studies o@vidence that it does not undergo cleavage in the conditions
di erent classes of metallo-proteins which goes beyond the maged for the crystallography experiméngsie S16 Three
purpose of the present work. Conformers which cérthet interesting observations emerge from the crystal structures with
pharmacophore map anéered out during pose generation UTX which belongs to the same KDM6 subfamily as JMJD3.
(step 2) and do not undergo further screening, reducing siffirst, UTX can be used as a surrogate system for the crys-
ni cantly the computational cost. This stegoa signcant  tallographic validation of the binding mode of comp®imd
improvement compared to previously reported virtual screenidylJD3. Indeed, the superposition of the X-ray structures of
campaigns against KBWZ in which proper metaligand UTX and JMJD3 provided evidence for the conserved bind-
binding was ensured by visual inspection only at the step of coiflg modes of the two known inhibitors GSK-J1 and 5C8HQ
pounds selection. (Figure A,B). Second, the position of the carboxyl group of
It is important to note that the virtual screening protocoldli erent ligands is highly conserved in all crystal structures
employed in this work ser from three major drawbacks, which irrespective of the scéd type Figure B). On the contrary,
are inherent to the use of prior knowledge for pose generatidhe metal coordination is not rigid. The ligand can occupy both
Both tethered docking and pharmacophore-based dockiggial and equatorial positions, and the bond between the imid-
require the availability of an accurate protein structure, usuaiole of His1470 and the catalytic iron can be either direct as for
crystallographic or NMR. Second, the poses generated by se@npound and NOG or water mediated as for 5C8HQ and
structure or feature alignment are biased by the input refererfe&K-J1Kigure B,C). Third, the phenyl ring of Tyr1379 shows
structure. Third, an exhaustive ensemble of conformationsdis€erent orientations, which allow for the accommodation of
needed for each of the ligands prior to pose generation. To seflieerent ligands{igure D).
this purpose, ChemAxon and RDKit conformer generators were
used for the rst and second campaign, respectively (see CONCLUSIONS
Method$. The choice of RDKit for the second campaign wad o identify new JMJD3 demethylase inhibitors, we have carried
based on a recent study from Friedrich%tvethere the RDKit  out twoin silicscreening campaigns based on tethered docking
ensemble generator is shown to reproduce more than 80% ofaail a 3D-pharmacophore search, respectively. The predicted
protein-bound ligand conforioas with an RMSD of lessthan 1 A. poses werdtered by semiempirical QM evaluation of binding
The protocol used in this work consisted of three steps f@nergy and ranked by a forelel-based energy with an implicit
generating poses (steps31in Figure ) and two successive solvent using the continuum dielectric approximatite-{
steps forltering and accurate scoring, respectively. The bindirgj erence Poisson equation). A total of 11 inhibitors of JIMJD3
energy used for theal ranking is based on a transferable forc€lCs, < 100 M) belonging to ve di erent chemical classes
eld consisting of van der Waals energy and electrostatics witve been iden&d. The crystal structure in the complex with
solvation evaluated hyite-di erence Poisson calculation. The the UTX demethylase and favorable ligamieacy of 0.32
numerical solution of the Poisson equation discretized on a gkdal/mol per nonhydrogen atom make comp8argtomising
is computationally demanding for a protein like JIMJD3 evendfandidate for future optimization.
only the catalytic domain (292 residues) was considered for the
calculation. Using focusing with initial aral grid spacing of ASSOCIATED CONTENT
1.0 and 0.3 A, respectively, thite-di erence Poisson calcu- * Supporting Information
lation required an average of 6 min on a single core of a Xedhe Supporting Information is available free of charge on the
E5-2695 v4 CPU. To reduce the computational cost of thACS Publications websateDOI: 10.1021/acs.jcim.8b00539
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Interaction energy values between known inhibitors anldnks Inflammation to Inhifiih of Polycomb-Mediated Gene
selected QM probes (Table S1), interaction energy valu&dencingCell2007 139 1083 1094. _
distributions (Figures S3 and S4), single-dose measuré?) Kruidenier, L.; Chung, C.-w.; Cheng, Z.; Liddle, J.; Che, K.;

ments (Table S2), and dosesponse curves (Figures S9 Joberty, G.; Bantscheff, M.; Bountra, C.; Bridges, A.; Diallo, H.; etal. A
: Sejective Jumonji H3k27 Demethylase Inhibitor Modulates the
and S11) by AlphaScreen assay, chemical structures 811inflammatory Macrophage Respolmere2012 488 404,

compounds inactive by AlphaScreen assay (Figures 0) Tan T T T . . ;
7 ) g,Y.; Li,T.;Li,J.; Yang, J.; Liu, H.; Zhang, X.; Le, W.Imjd3 Is
and S8), X-ray crystallization data (Table S3), electrossenial for the Epigenetic Modulation of Microglia Phenotypes in the

density maps of GSK-J1 and 5C8HQ (Figure S12)ymmune Pathogenesis of Parkissbiseas€ell Death Diffe2014
overlaps between JMJD3 and UTX crystal structuresy 369.

(Figure S13), tautomeric and protonation equilibria of (11) Arcipowski, K. M.; Martinez, C. A.; Ntziachristos, P. Histone
compound$ and9 (Figure S15), NMR spectra HPLC- Demethylases in Physiology and Cancer: A Tale of Two Enzymes,
UV chromatogram, and LC-UV/MS spectra of com-Jmjd3 and UbCurr. Opin. Genet. D@16 36, 59 67.

pound8 (Figures S14 and S16PPH (12) Ntziachristos, P.; Tsirigos, A.; Welstead, G.; Trimarchi, T.;
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