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1. Supplementary figures

Supplementary Figure S1. Rates of JMJDS-catalyzed RPS612s-14s hydroxylations used to determine kinetic
parameters (continues on the following two pages). Maximum velocities (vir.) and Michaelis constants (KP)
of JMJDS5 were determined in independent triplicates, monitoring the JMJDS5-catalyzed hydroxylation of the
RPS6125.143 substrate peptide (TVPRRLGPKRASRIRKLFNLS; JMJDS5 catalyses the hydroxylation of R137!) by
SPE-MS, as described (Experimental Section). Conditions: 0.15 pM JMIDS in buffer (50 mM MOPS, pH 7.5,
20 °C). Measurement times were normalized to the first sample injection analyzed after the addition of IMJDS to
the Substrate Mixture (t = 0 s), by which time low levels of RPS6:23.143 hydroxylation were manifest. Data are

shown as the mean of three independent runs (n = 3; mean + standard deviation, SD).

(a) Time course of the JMJDS5-catalyzed hydroxylation reaction of the RPS6i25.143 peptide for the shown
concentrations of 20G using RPS623.143 (4.0 uM), L-ascorbic acid (100 uM), and ammonium iron(II) sulfate
hexahydrate (20 uM, (NHa4),Fe(S0O4),-6H>0); and (b) hydroxylation rates used to determine kinetic parameters of
IMJDS for 20G.
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(¢) Time course of the JMIJD5-catalyzed hydroxylation reaction of the RPS6123.143 peptide for the shown
concentrations of L-ascorbic acid (LAA) using RPS6125.148 (4.0 uM), 20G (20 uM), and ammonium iron(I)
sulfate hexahydrate (20 pM, (NHa4),Fe(SO4),'6H>0); and (d) hydroxylation rates used to determine kinetic
parameters of JMJDS5 for LAA.
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(e) Time course of the JMIJD5-catalyzed hydroxylation reaction of the RPS6i23.143 peptide for the shown
concentrations of Fe(Il) in the presence of L-ascorbic acid using RPS612s-145 (4.0 uM), L-ascorbic acid (100 uM),
and 20G (20 uM); and (f) hydroxylation rates used to determine kinetic parameters of JIMJDS5 for Fe(II) in the

presence of L-ascorbic acid.
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(g) Time course of the JMJDS5-catalyzed hydroxylation reaction of the RPS6125.14s peptide for the shown
concentrations of Fe(Il) in the absence of L-ascorbic acid using RPS6125.145 (4.0 uM) and 20G (20 uM); and (h)
hydroxylation rates used to determine kinetic parameters of JMJDS5 for Fe(Il) in the absence of L-ascorbic acid.
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(i) Time course of the JMJD5-catalyzed hydroxylation reaction of the RPS6i25.14s peptide for the shown

concentrations of RPS6125.145 using L-ascorbic acid (100 pM), ammonium iron(II) sulfate hexahydrate (20 uM,
(NH4)2Fe(SO4)2-6H,0), and 20G (50 uM); and (j) hydroxylation rates used to determine kinetic parameters of

JMIJD5 fOI‘ RPS6123_148.
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Supplementary Figure S2. Rates of JMJD5-catalyzed RPS6125.14s hydroxylations used to determine kinetic
parameters for (1R)-3-(carboxycarbonyl)cyclopentane-1-carboxylic acid. Maximum velocities (vir ) and
Michaelis constants (KPP) of JMJD5 were determined in independent triplicates for (I1R)-3-
(carboxycarbonyl)cyclopentane-1-carboxylic acid (14), monitoring the JMJD5-catalyzed hydroxylation of the
RPS6125.143 peptide (TVPRRLGPKRASRIRKLFNLS; JMJDS5 catalyses the hydroxylation of R137') by SPE-MS
as described (Experimental Section). Conditions: JMJDS5 (0.15 uM), RPS6125-145 peptide (4.0 uM), L-ascorbic acid
(100 uM), and ammonium iron(Il) sulfate hexahydrate (20 pM, (NH4)2Fe(SO4),-6H,0) in buffer (50 mM MOPS,
pH 7.5, 20 °C). Measurement times were normalized to the first sample injection analyzed after the addition of
IJMIJDS to the Substrate Mixture (t = 0 s), by which time low levels of RPS6125.14s hydroxylation were manifest.
Data are shown as the mean of three independent runs (n = 3; mean + SD).

(a) Time course of the JMJDS5-catalyzed hydroxylation reaction of the RPS6i2s.143 peptide for the shown
concentrations of (1R)-3-(carboxycarbonyl)cyclopentane-1-carboxylic acid (14); and (b) hydroxylation rates used
to determine kinetic parameters of JMJDS5 for 14.
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Supplementary Figure S3. Rates of KDM4E-catalyzed /V*-trimethyl lysine demethylations of a histone 3-
derived peptide used to determine kinetic parameters for 20G. Maximum velocities (Viry) and Michaelis
constants (K2P) of KDM4E were determined in independent triplicates for 20G, monitoring the KDM4E-
catalyzed  N°-trimethyl lysine demethylation of the histone 3  K9(me3)-derived peptide
ARTAQTARK(me3)STGGIA? by SPE-MS as described;® note that mono-, di-, and tri-demethylated product
peptides were observed. Conditions: KDM4E (0.15 uM), ARTAQTARK(me3)STGGIA substrate peptide (10.0
uM)?, L-ascorbic acid (100 uM), and ammonium iron(II) sulfate hexahydrate (20 uM, (NH4)2Fe(SO4),:6H,0) in
buffer (50 mM MES, pH 7.0, 20 °C). Measurement times were normalized to the first sample injection analyzed
after the addition of KDM4E to the Substrate Mixture (t = 0 s), by which time low levels of N*-trimethyl lysine

demethylation were manifest. Data are shown as the mean of three independent runs (n = 3; mean + SD).

(a) Time course of the KDM4E-catalyzed N°-trimethyl lysine demethylation reaction of the
ARTAQTARK(me3)STGGIA peptide’ for the shown concentrations of 20G; (b) MN:-trimethyl lysine
demethylation rates used to determine kinetic parameters of KDMA4E for 20G; (¢) determination of the KDM4E
VPP and K2 values for 20G (i.e. 20.6 = 1.3 nM-s™ and 4.2 + 1.1 pM, respectively).
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Supplementary Figure S4. Docking studies indicate that both (1R,35)-14 and (1R,3R)-14 may bind to the
JMJDS active site (continues on the following page). The reported IMJD5:Mn:pyridine-2,4-dicarboxylic acid
(2,4-PDCA) crystal structure (PDB ID: 619L%) was prepared for docking studies by adding hydrogen atoms and
by checking asparagine, glutamine, and histidine residues for flips with REDUCE,’ using the MolProbity server.®
The pKa values of all ionizable groups were calculated using PropKa’ and protonated using Pymol (version 4.6.0)
at pH 7.5. The active site Mn ion was substituted for a Fe(II) ion. Alternative side chain conformations, bound
ligands, and all crystallographic waters, excluding the metal-bound water (residue ID: HOH230), were removed
using Pymol to give the JMJDS5:Fe complex. Coordinates of (1R,3S5)-14 and (1R,3R)-14 were generated using
Discovery Studio 2016.

Docking studies were performed using the protein-ligand docking software GOLD (version 5.1)% and the pre-
prepared JMJD5:Fe complex. For both (1R,3S)- and (1R,3R)-14, 100 genetic algorithm (GA) runs were carried
out, the ChemScore scoring function was used to evaluate the predicted binding poses. The binding site was
defined as all atoms within 8 A of the crystallographic binding pose of 2,4-PDCA; JMIDS5 active site residues
Y272,S318, and K336 were set as ‘Flexible’. The ‘Allow early termination’ option was disabled and the ‘Generate

diverse solutions’ option was enabled. All other settings were used as the default.

(a-b) Views of the predicted interactions of (a) (1R,3R)-14 and (b) (1R,3S)-14 with the IMID5:Fe complex, which
was computationally prepared as described above. The distal carboxylate of 20G derivative 14 is positioned to
interact with the side chains of Y272, K336, and S410 in both the predicted JMJDS5:Fe:(1R,3R)-14 and the
predicted IMJDS5:Fe:(1R,35)-14 complex, in a manner similar to that of the C5 carboxylate of 20G in the reported
JMJID5:Mn:20G crystal structure (PDB ID: 6F4N!, panel e); (c-d) views of the predicted interactions of (¢)
(1R,3R)-14 and (d) (1R,3S)-14 with the JMID5:Fe complex, which was computationally prepared as described
above. The distal carboxylate of 20G derivative 14 is positioned to either interact with the side chains of K336
and Ser410 in the predicted JMJD5:Fe:(1R,3R)-14 complex or with the side chains of Y272 and K336 in the
predicted IMJDS:Fe:(1R,35)-14 complex, a binding mode which differs from that of the C5 carboxylate of 20G
in the reported IMJD5:Mn:20G crystal structure (PDB ID: 6F4N!, panel e). The docking results indicate that both
(1R,3S5)-14 and (1R,3R)-14 may bind to the 20G binding pocket at the JMJIDS active site, which is consistent with
the observed JMJDS5-catalysed hydroxylation of RPS6125.145 in the presence of 14. The calculated highest fitness
scores of the two diastereomers were comparable (92.4 for (1R,35)-14; 95.5 for (1R,3R)-14), suggesting that the

docking studies do not indicate a preferential binding mode of 14.



(@) JMJID5:Fe:(1R,3R)-14

Y272
# s318
‘Q
o* é H321
(1R.3R)-
K336 S410 p D323

N327
(€) UMJD5:Fe:(1R,3R)-14
Y272
@ s318
'o' .Fe
(1R,3R)-14 I N
k3ge 410 & D323
H400

N327

(€) JMJD5:MN:20G
Y272

N327

(b) yMJID5:Fe:(1R,3S)-14

)-14

0
L]
(1R,3S
K336

S410 H400

N327
(d) JMJD5:Fe:(1R,3S)-1

Y272
/5318

fe
f» Y - N \
K336 5410 '& D323
s H400
N327



2. Supplementary tables

Supplementary Table S1. 20G oxygenases react selectively with 20G derivatives (continues on the
following page). SPE-MS turnover assays to investigate the effect of 20G derivatives on isolated recombinant
human JMIDS5 and KDMA4E were performed in the absence of 20G as described (Experimental Section). The
results were compared to those reported for isolated recombinant human FIH and AspH,*!° which were obtained
using SPE-MS that employed similar conditions to those of the JMJD5 and KDMA4E assays.

The results reveal that the ability of the tested human 20G oxygenases to accept cosubstrates other than 20G
varies substantially. AspH can employ 11 of the tested 34 20G derivatives as cosubstrates, whereas both IMJIDS5
and FIH can accept 6 20G derivatives as substrates and KDM4E only 3 20G derivatives. Note, however, that at
least the ability of FIH to react with 20G derivatives is, to some extent, substrate dependent.'

The results also reveal the potential of 20G derivatives to selectively react with specific 20G oxygenases. For
example, some 20G derivatives which bear an aromatic scaffold, i.e. 17, 28-32, and 34, are cosubstrates of AspH,
but not of IMJD5, FIH, and KDMA4E. Similarly, 4-ethyl-20G (10) and 4-propyl-20G (11) are cosubstrates for
JMJDS and FIH, but not for KDM4E and AspH (Entries 14 and 15), in accord with the reported structural

similarities of the JMJD5 and FIH active sites.!!"12

220G derivative |°*JMJD5 |°KDMA4E | ‘FIH'? [cAspH’ 220G derivative |*JMJD5|°KDMA4E| ‘FIH'C | cAspH’
o (0]
Hozc)vcozH ~40% | ~70% | ~50% | >95% | 8 HOZCJK{COZH <1% <1% | <1% | <1%
206 5: R = CHy(4-F3COCgH,)
(0] (0]
HOzC)SACOzH ~10% | ~10% | ~55% | >95% | 9 HOZC)%RACOZH ~10% | ~5% | <1% | <1%
1 6: R = CH,(4-MeOCgH,)
(o] (o]
HOZC)SRACOZH <1% | <1% | 2% | <1% [0 HOZC)SRACOZH <% | <1% | <1% | <1%
2: R = CH,CH; 20: R = CHy(3,5-Me,CqHy)
(6]
o )%/\
HO,C CO,H
“OZC)SRACOZH A% | <1% | <1% | <1% Q11 ToE T % | <% | <1% | <1%
4: R = CH.CH-CH 7: R = CH,(9,9-dimethyl-
' et 9H-fluoren-2-yl)
0 0
“OZC)SRACOZH <1% | <1% | <1% | <1% J12 HOZCMCOZH ~10% | <1% | ~45% | ~10%
18: R = CH,CH,C(CHa); 8
9 (0]
HOzC)SR/\COZH A% | ~2% | <1% | <1% j13 HozcucozH <1% | <1% | <5% | <1%
9
4: R = CH,CH,CH,Ph
o 0o R
HOZC)SRACOZH <1% <1% | <1% | <1% |14 HOZCMCOZH ~10% | <1% | ~10% | <1%

19: R = CH,(4-FCgH,) 10: R = CH,CHj




320G derivative |[°JMJD5|°KDMA4E| ‘FIH' |cAspH’® 220G derivative |*JMJD5|°KDMA4E| ‘FIH'° | cAspH’
0O R O CO.H
15 HoszcozH ~10% <1% ~5% | <1% Q26 HOZC)K@ <1% <1% <1% | <1%
11: R = CH,CH,CH; 15
o R o)
CO,H
16 HoszCOQH <1% <1% <1% | <1% [27 HOzC)K©/ 1 <1% <1% <1% | <1%
21: R = CH,CH(CH3), 16
o R o
17 HOzCMCOQH <1% <1% <1% | <1% J28 Hozc)ﬁ <1% <1% <1% | ~80%
22: R = CH,CH,C(CH3)s 17 COH
o R o F
18 HOZCMCOZH <1% <1% <1% <1% §29 HOZC)K@ <1% <1% <1% | ~45%
12: R = CH,CH,CH,Ph 28 CO,H
(0} R (0]
19 HOZCMCozH <1% <1% <1% <1% §30 HOzC)K(:[F <1% <1% <1% ~8%
13: R = CH,Ph 29 CO,H
O R (0] Br
20 HOzCMCOzH <1% <1% <1% <1% J31 Hozc)ﬁ <1% <1% <1% | ~20%
23: R = CHy(2-naphthyl) 30 CO,H
0 o)
21 HOZC) COM I cjop | <1% | <1% | <1% |32 HOZCJKCEB' <1% | <1% | <1% | ~8%
24 3 CO,H
0 (0]
22 HOZC)L@"\COZH ~35% | <1% | ~2% |~15% |33 Hozo)ﬁ <1% | <1% | <1% | ~5%
14 32 CO,H
0 S
CO,H \ /]
23| HOL <1% <1% | <1% | <1% Q34| Ho,C COH <1% <1% | <1% | <1%
2
25 o 33
O CO.H o)
L, Je S.__CO,H
24| HO,C” 1 <1% <1% | <1% | <1% J35| HoL" Y | <1% <1% | <1% | ~15%
26 34
(0]

25

HOzC)K@\ <1% <1% <1% | ~8%
27 CO,H

a) Chiral 20G derivatives were prepared as racemic mixtures as reported;®'? b) IMID5 (0.15 pM), 20G derivative
(400 uM), Fe(II) (20 uM), and RPS6125.145 (2.0 uM) in buffer (50 mM MOPS, pH 7.5); ¢c) KDM4E (0.15 uM),
20G derivative (330 uM), Fe(1) (50 uM), and ARTAQTARK(me3)STGGIA (a histone 3 K9(me3) derivative)?
(10.0 uM) in buffer (50 mM MES, pH 7.0); d) reported using: FIH (0.15 pM), 20G derivative (330 pM), Fe(II)
(50 uM), and HIF-1ass.s22'> (5.0 uM) in buffer (50 mM Tris, 50 mM NaCl, pH 7.5);'° e) reported using: AspH
(0.1 uM), 20G derivative (330 uM), Fe(Il) (50 uM), and hFX-CPjpi-119 (2.0 pM) in buffer (50 mM HEPES, pH
7.5);° f) mixture of racemic diastereomers, dr (cis:trans) = 2.5:1; g) mixture of diastereomers, dr (cis:trans) = 1:1;

h) (£)-(2-exo, 3-endo)-diastereomer.
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Supplementary Table S2. 20G derivatives have potential to selectively inhibit 20G oxygenases (continues
on the following two pages). SPE-MS JMJD5 inhibition assays were performed as described (Experimental
Section) employing JMJDS5 (0.15 uM), 20G (2.0 uM), Fe(Il) (2.0 uM), and RPS6125-145 (2.0 uM), and LAA (100
uM) in buffer (50 mM MOPS, pH 7.5, 20 °C). SPE-MS KDMA4E inhibition assays were performed as reported.>
The inhibition of IMID5 and KDM4E by 20G derivatives was compared to reported results for AspH® and FIH'’.
The reported broad-spectrum 20G oxygenase inhibitor pyridine-2,4-dicarboxylic acid (2,4-PDCA)' was used as
a positive inhibition control (Entry 1). None of the 34 20G derivatives investigated for JMJD5 inhibition were
efficient inhibitors of isolated recombinant human JMJDS5, whereas 17 and 23 of them have been reported to
inhibit isolated recombinant human FIH and AspH, respectively.>!? The lack of efficient inhibition of JMJD35 by
C3 and/or C4 substituted 20G derivatives may reflect the crystallographic observation that the side chains of
IJMIJDS Trp310, Leu329, and Val402 form a relatively tight hydrophobic pocket around the 20G ethylene unit,
potentially resulting in a reduced ability to accommodate sterically bulky substituents at the 20G C3 and C4
positions.!

Interestingly, five 20G derivatives inhibited KDMA4E catalysis, i.e. 7, 8, 12, 14, and 23, with 7, 8, and 23 being
most potent (ICsos ~ 6-7 uM, Entries 11, 12, and 20). Note that both 20G derivatives 7 and 23 also efficiently
inhibit AspH and FIH.*"!* Interestingly, 4-methyl-20G (8) appears to selectively inhibit KDM4E over JMID5,
AspH, and FIH (Entry 12); however, 8 is a substrate for JIMID5, AspH, and FIH which might limit its utility as a
KDMA4E inhibitor (Supplementary Table S1).

The results reveal potential for selective inhibition of AspH over FIH, IMIDS5, and KDMA4E, i.e. 20G derivatives
9, 25, 26, and 34 appear to only inhibit AspH under the tested conditions (Entries 13, 23, 24, and 35). Of these
selective AspH inhibitors, 4,4-dimethyl-20G (13) is the most efficient AspH inhibitor (ICso ~ 0.3 uM, Entry 13).

*ICso °ICso dICso | °ICso 5ICso °ICso 9Cso | °ICso
220G derivative | JMJD5 |[KDM4E | FIH | AspH 220G derivative |JMJD5 |KDM4E| FIH | AspH
[uM] | [uM] | [uM]" | [uM]° [uM] | [uM] | [uM]" | [uM]
(C%zj O
AN
| 033+ | 012+ | 47+ |0.03+ HOZC)S/\COZH
N couH 007 | 005 | 1.6 | oo |° R =50 =30
2 4.PDCA 4: R = CH,CH,CH,Ph

COH >50 >50

19: R = CH,(4-FCgH,)

o)
HOzC)S/\COZH >50 >30 >50 | >50 f 7| HoL
1
f%/\
R

HO,C COH | <99 =50 g | HOL COoH >50 >50
2: R = GH,CHj 5. R = CH,(4-F3COCgH,)
) 0
HOZC)SR/\COZH 30 50 9 HOQCJY\COZH =50 =50
3: R = CH,CH,CH; 6: R = CH,(4-MeOCgH,)
o) o
HOzC)SR/\COzH 30 ~50 10 HOZC)gR/\COZH =50 =50 ~50)

18: R = CH,CH,C(CHa)s 20: R = CHy(3,5-Me,CgHy)

11




*ICso ‘ICso 9Cso | °ICso "ICso °ICso ICso °ICso
220G derivative | JMJDS | KDM4E | FIH | AspH 220G derivative |JMJD5 | KDM4E| FIH AspH
[(uM] | [aM] | [uM]" | [uM]° [uM] | [uM] | [uM]" | [uM]?
o}
O COH
HOZCMCOZH o, e
11 R >50 24| HO,C™ 1 >50 >50 >50
7: R = CH,(9,9-dimethyl- 26
9H-fluoren-2-yl)
S I
12| Ho,c COMH | >50 >50 | >50 [25 Hozc)K@\ >50 >50 >50 | >50
8 27 CO,H
0o O CO,H
13 HOZCMCOQH >50 >30 >50 26 HOZC)K@ >50 >50 >50 >50
9 15
0O R o)
CO,H
14 HOszCOZH >50 >50 27 Hozc)K©/ 2 >50 >50 >50 >50
10: R = CH,CH; 16
0O R o
15 HOzCMCOQH >50 >50 28 HOZC)KQ\ >50 >50 >50 >50
11: R = CH,CH,CHj, 17 CO,H
6 R o F
16 HOzCMCOQH >50 >50 29 Hozc)ﬁ >50 >50 >50 >50
21: R = CH,CH(CH3), 28 COM
0 R o)
17 HOzCMCOzH >50 >50 30 Hozc)K(:[F >50 >50 >50 >50
22: R = CH,CH,C(CHy), 29 CO,H
(0] R (0] Br
18 HOzCMCOzH >50 31 HOZC)K@\ >50 >50 >50 >50
12: R = CH,CH,CH,Ph 30 COM
0O R o)
19 HOZCMCOZH >50 >50 32 HOzC)UBr >50 >50 >50 >50
13: R = CH,Ph 31 COLH
(o] R (@]
20 HOzCMCOZH >50 33 Hozc)ﬁ >50 >50 >50 >50
23: R = CHy(2-naphthyl) 32 CO,H
O S
f J CO,H \ /)
21| Ho,C 2 >50 >50 34| HOC COM >50 >50 >50 >50
2
24 L
o 0
S.__CO,H
22 o,e” L@-*‘C"Z” >50 >50 35| HOC N | =30 | 50 | >50
14 34
0
CO,H
23 HOZCJX z >50 >50 >50
25

12




a) Chiral 20G derivatives were prepared as racemic mixtures as reported;®'? b) JIMIDS5 (0.15 uM), RPS6,25.145
(2.0 uM), LAA (100 uM), Fe(II) (2.0 gM), and 20G (2.0 uM) in buffer (50 mM MOPS, pH 7.5, 20 °C); ¢) KDM4E
(0.15 uM), ARTAQTARK (me3)STGGIA (a histone 3 K9(me3) derivative)? (10.0 uM), LAA (100 uM), FAS (10
uM), and 20G (10 uM) in buffer (50 mM MES, pH 7.0, 20 °C); d) reported using: FIH (0.15 uM), HIF-1075.522">
(5.0 uM), LAA (100 puM), FAS (10 uM), and 20G (10 pM) in buffer (50 mM Tris, 50 mM NaCl, pH 7.5, 20 °C);'°
¢) reported using: AspH (0.05 uM), substrate peptide (hWFX-CP1o1-110;'>1¢ 1.0 uM), LAA (100 uM), FAS (2.0 uM),
and 20G (3.0 uM) in buffer (50 mM HEPES, pH 7.5, 20 °C);’ f) mixture of racemic diastereomers, dr (cis:trans)

= 2.5:1; g) mixture of diastercomers, dr (cis:trans) = 1:1; h) (£)-(2-exo,3-endo)-diastereomer.
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