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Virtual Fragment Screening Identification of a Quinoline-
5,8-dicarboxylic Acid Derivative as a Selective JMJD3

Inhibitor

Assunta Giordano,™ ® Federica del Gaudio,® ¢ Catrine Johansson,® Raffaele Riccio,™

Udo Oppermann,”®” and Simone Di Micco*™

The quinoline-5,8 dicarboxylic acid scaffold has been identified
by a fragment-based approach as new potential lead com-
pound for the development of JMJD3 inhibitors. Among them,
3-(2,4-dimethoxypyrimidin-5-yl)quinoline-5,8-dicarboxylic  acid
(compound 3) shows low micromolar inhibitory activity against
Jumonji domain-containing protein 3 (JMJD3). The experimen-
tal evaluation of inhibitory activity against seven related iso-
forms of JMJD3 highlighted an unprecedented selectivity
toward the biological target of interest.

Jumonji domain-containing protein 3 (JMJD3), along with ubig-
uitously transcribed X chromosome tetratricopeptide repeat
protein (UTX) constitutes the KDM6 subfamily, which catalyzes
the demethylation of lysine 27 on histone H3 (H3K27). Both en-
zymes play key roles in the epigenetic regulation of gene ex-
pression, altering cellular memory, and reprogramming cellular
fate. These proteins share a highly homologous Jumoniji C
domain endowed with Fe’" and a-ketoglutarate for the deme-
thylation of H3K27." Overexpression of JMJD3 is correlated
with inflammation,”® neurological disorders,” as well as
cancer pathologies®™ such as T-cell acute lymphoblastic leuke-
mia,’® Hodgkin’s lymphoma,” and metastatic prostate cancer.”!
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It has also been recently shown that JMJD3 can be a new
target for pediatric brainstem glioma.” Because JMJD3 is an in-
ducible enzyme, its suppression could be very attractive for
cancer treatment. Moreover, the specific biological function of
JMJ enzymes in regulating cellular processes is still poorly un-
derstood due to the absence of selective inhibitors. Despite a
vast body of work investigating the function of this protein in
recent years, only one JMJD3/UTX binder (GSK-J1) has been re-
ported to date.” Recently, a series of GSK-J1 derivatives was re-
ported, showing activity similar to or lower than that of the
reference compound."” Thus, the discovery of small molecules
that are able to selectively modulate the biological function of
JMJD3 is very attractive, in that they will shed light on its role,
both in normal biological processes and under disease condi-
tions, expanding the cancer therapy toolkit.

In detail, by using an in silico approach, we screened a frag-
ment library of metal chelators (Supporting Information Fig-
ure S1) that was previously proposed to develop metallopro-
tein inhibitors.""'? As protein model, we used two available X-
ray structures of JMJD3 (PDB IDs 4ASK as Model A and 2XXZ as
Model B), as structural experiments revealed different spatial
rearrangements of some residues and of the Fe?" ion upon
GSK-J1 binding." Following the same strategy adopted for our
previous investigations of metalloproteins,"*'® the charges of
iron and its coordinating amino acids (H1390, E1392, and
H1470) were refined by DFT calculations (see experimental de-
tails in the Supporting Information), and they were subse-
quently used for molecular docking calculations. Based on our
analysis, we selected the quinoline-8-carboxylic acid fragment
(B11, Figure S1, Supporting Information), which was advanta-
geously accommodated into the a-ketoglutarate cavity. With
respect to the other fragments, its docked pose is deeply posi-
tioned, maximizing interactions with macromolecular counter-
parts. The docked pose suggested a modification at C8 to in-
crease the interaction network with JMJD3; accordingly, we in-
serted a second carboxylic acid group to interact with K1381,
T1387 and N1400. The docking pose of the modified fragment
(B11’) showed the establishment of the foreseen interactions
without affecting its global conformation. We also observed
that the docked pose of B11’ orients the C3 position toward a
small cavity adjacent to the a-ketoglutarate pocket (Support-
ing Information Figure S2). Therefore, to identify additional
possible interactions with this pocket by chemical decoration
of the C3 position of B11’, we performed an AutoLigand!®?"
analysis. This investigation (Supporting Information Figure S2)
suggested the advantageous placement of H-bond donors/ac-

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ceptors close to residues R1246 and N1331, as well as hydro-
phobic substituents to interact with other delimiting residues
(F1328, T1330, T1387, and P1388). Thus, we designed a small li-
brary inserting chemically diverse aromatic substituents en-
dowed with H-bond acceptor/donors (Scheme 1 and Support-
ing Information Figure S3), and docked them on both protein
conformations (Models A and B). Based on molecular docking
energies and visual inspection, the docking outcomes of all
tested compounds (3-68, Scheme 1 and Supporting Informa-
tion Figure S3) led to a focused library of quinoline derivatives
(3-12, Scheme 1), useful to provide information for structure-
activity relationships.

COH CO,H
R
NH> Br Br Nig
COo,H Bf\>§/0 COZH CO,H
3-12
. OCHs OCH;
HyCO__N._OCH; SONH, ¢ COOH  ~~\ F
I "
NLN w©/ W@ N
3 4 5 6 OCH; 7

O,

8 FsC

CH,CH,0CH; 10 cl 12
9 11

Scheme 1. Structures and synthesis of compounds 3-12: a) 2,2,3-tribromo-
propanal 1, AcOH, 110°C; b) RB(OH),, K,CO;, Pd(PPh,),, 1,4-dioxane/H,0,
80°C. See experimental details in the Supporting Information.

The docked poses of compounds 3-12 into Model A high-
lighted the respect of a pattern of similar interactions by the
common structural portion. Indeed, they coordinate the Fe?*
ion in a bidentate manner by the carboxylate group at C5,
whereas the second carboxylic function establishes ionic inter-
actions with K1381 and forms H-bonds with T1387 and N1400.
Notably, these interactions were observed in the co-crystal
structure with GSK-J1. The quinoline ring forms m-m interac-
tions with Y1379 and is H-bonded to T1387. Compounds 3-12
differ in terms of the interaction given by the substituent at C3
(Scheme 1). Indeed, the methoxy group at C2 of the pyrimi-
dine ring of 3 establishes H-bonds with R1246 and N1331, and
the nitrogen atom at position 1 is H-bonded with N1331 (Fig-
ure 1a).

An interaction is observed between the pyrimidine ring and
N1246 (Figure 1a). The second methoxy group establishes
van der Waals interactions with the side chains of F1328,
T1387, and P1388 (Figure 1a). The sulfonamide and carboxylic
acid groups of 4 and 5 (Supporting Information Figures S4a,
S5a), respectively, accept two H-bonds from R1246 and N1331.
The pyridazine ring of 6 is H-bonded to N1331 and establishes
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Figure 1. 3D model of the interactions of a) 3-Model A and b) 3-Model B.
JMJD3 is represented by molecular surface and tube, and 3 by sticks (cyan)
and balls. The atom color codes are: C (3), cyan; C (JMJD3), grey; polar H,
white; N, dark blue; O, red. The dashed black lines indicate the H-bonds be-
tween ligand and protein.

van der Waals contacts with F1328 and P1388 (Figure S6a).
Compound 7 accepts an H-bond by methoxy group and fluo-
rine from N1331 and R1246 (Figure S7a). Compound 8 orthog-
onally interacts with N1331 by fluorine and establishes van der
Waals interactions with F1328 and P1388 by a methoxy group
(Figure S8a). The linear chain oxygen atom of 9 accepts an H-
bond from R1246, and the 2-methoxyethylphenyl moiety un-
dergoes van der Waals interactions with P1388 and H1390 (Fig-
ure S9a). The substituent at C3 of 10-12 establishes van der
Waals contacts with F1328, T1387, P1388, H1390, and L1433
(Figures S10a-12a). Concerning the theoretical results on
Model B, we observed that 3 is well accommodated into the
binding pocket (Figure 1b), keeping the same docked pose
and interactions with protein residues found for the predicted
conformation into Model A. In contrast, for compounds 4-12
(Figures S4b-S12b) we found only partial accommodation into
the protein cavity, where some contacts with T1330 and F1328
are lost, especially for 9-12, which are endowed with bulky
substituents at C3 (Figures S9b-S512b). In greater detail, we
observed that 4-12 coordinate the Fe’" ion in a monodentate
manner (Figures S4b-S12b). Although 4 and 5 establish -

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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cation interactions with R1246, they do not correctly orient the
sulfonamide and carboxylic groups to interact with R1246, as
observed for Model A (Figures S4 and S5). Compounds 6 and 7
are H-bonded with R1246, by a pyridazine ring and methoxy
group, respectively (Figures S6 and S7).

To evaluate the stability of the complexes between JMJD3
and compounds 3-12 obtained by docking analysis, we per-
formed molecular dynamics simulations (50 ns, 310 K; see ex-
perimental details in the Supporting Information).??? The tra-
jectory analysis revealed that 3 gives a high number of con-
tacts with protein residues, and it maintains most of the con-
tacts observed from the docked pose during the entire simula-
tion (>50%) with both protein models (Figure 2, bottom). The
heavy-atom-positional RMSD of 3 shows high stability during
molecular dynamics simulations with respect to the protein
backbone, with similar behavior on both protein models
(Figure 2, top). The atom-relative orientation of 3 is kept
during the simulation with Models A and B. The trajectory of 4
and 6 bound to Model A was found to be stable, but with a
larger RMSD than 3-Model A (Figures S13, S15), whereas the re-
maining compounds showed large fluctuations during the sim-
ulation (Figures S14, S16-521). Large deviations from their ini-
tial positions were observed for 4-12-Model B complexes (Fig-
ures S13-521). Compounds 4-12 bound to both models give a
lower number of contacts during the simulations relative to 3
(Figures S13-S21). Overall, the comparison of docking results
on both models, integrated by molecular dynamics, suggested
higher activity of compound 3 with respect to 4-12 as experi-
mentally confirmed (see below).

A modification of the Skraup reaction was used to synthe-
size the core structure (Scheme 1) 2,2,3-Tribromopropanal 1
was prepared by bromination of acrolein with two moles of
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bromine in dichloroethane (see experimental details in the
Supporting Information). Addition of the brominated aldehyde
to aminoterephtalic acid in glacial acetic acid at 110°C afford-
ed 3-bromo-5,8-dicarboxy-quinoline 2. The quinoline ring was
further functionalized at position 3 by Suzuki-Miyaura cou-
pling reaction® with proper boronic acids under standard
conditions with Pd(PPh,), as catalyst to give 3-12 (Scheme 1).
Products 3-12 were obtained in moderate to high yields (53-
75%). Reactions proceeded in lower yields with electron-defi-
cient heterocyclic boronic acids, which are known to be sus-
ceptible to protodeboronation.?”!

The synthesized compounds 3-12 were investigated for in-
hibition of JMJD3 (at 25 um) by using AlphaScreen (Figure 3;
see experimental details in the Supporting Information). The
experiments revealed that 3 has the highest inhibitory activity
(90%). Compounds 4 and 5 also appreciably decrease enzyme
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Figure 3. Effect of compounds 3-12 (25 um) and GSK-J1 (10 um, reference
compound) on JMJD3 activity. Data are given as the means £ SEM, n=3.
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Figure 2. Top: Heavy atom-positional RMSD (A) of 3-Model A (yellow line) and 3-Model B (orange line) as function of simulation time (ns). Bottom: Protein—
ligand contact histograms during the simulation of 3-Model A (left) and 3-Model B (right).
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activity by 65% and 60 %, respectively. Lower enzyme modula-
tion was observed for 6 (~25%) and 7 (~12%), whereas the
remaining analogues 8-12 presented very low or no inhibitory
activity. Notably, these experimental data are in good qualita-
tive agreement with the theoretical outcomes, highlighting the
structural features of substituents at C3 as responsible for the
binding affinity for the macromolecule. We proceeded to in-
vestigate the inhibitory activity of 3 further by evaluation of its
ICs, value against JMJD3. The results highlighted a low micro-
molar activity of compound 3 against JMJD3 (Table 1). Based

Table 1. IC;,+=SEM and percent inhibition of eight isoforms by com-
pound 3.

Protein 1C5, [um] or Percent Inhibition
JMJD3 1.5240.50
UTx N
JMJD2C N
JMJD2D N
JMIJD1A 12%"!
FBXL11 15%"!
Jarid1A 339
Jarid1B 26 %"

[a] No significant inhibition at 10 pm. [b] ICs,> 10 pum; the percentage in-
hibition at 10 um was calculated.

on this result, we evaluated the selectivity of compound 3
versus seven highly structural related isoforms of our macro-
molecular target. Interestingly, unlike GSK-J1," no significant
inhibition (at 10 um) was observed against UTX. Similar out-
comes were obtained for 3 versus JMJD2C and JMJD2D
(Table 1). Compound 3 weakly inhibits JMJD1A and FBXL11:
12% and 15% at 10 um (Table 1), respectively. Relative to
JMJD1A and FBXL11, we found a decrease in enzymatic activity
(Table 1) toward Jarid1A and Jarid1B of 33% and 26 % by 3.

In conclusion, we have identified the novel quinoline-5,8 di-
carboxylic acid scaffold by a fragment-based approach to de-
velop selective JMJD3 inhibitors. This unprecedented result af-
fords the possibility of shedding light on the role of this
enzyme in normal and altered tissues related to pathological
events, such as cancer and inflammation. Moreover, the ob-
tained outcomes validate our in silico strategy based on mo-
lecular docking studies against two JMJD3 conformations inte-
grated by molecular dynamics simulations, which allows the
identification of potential binders from virtual screening. These
encouraging results prompt us to further explore other chelat-
ing fragments to design new and potent JMJD3 ligands for
safer cancer treatment, as well as therapies for inflammation
and neurological disorders.

Experimental Section

Full experimental details are provided in the Supporting Informa-
tion.
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