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Table S1. Inhibitory activities of 1-13 (100µM) against the p300 and PCAF histone lysine 
acetyltransferases (KATs).a 

NH

N

O
HOOC

S
R

NH

N
H

O
HOOC

S

1 2-13  

Compd. R 
Residual Enzymatic Activity (%) 

p300 PCAF 

1   98.7 ± 3.0 99.2 ± 2.7 

2  Me 97.8 ± 3.0 100.2 ± 2.5 

3  n-Bu 102.7 ± 2.0 101.3 ± 3.7 

4  n-pentyl 97.7 ± 3.0 100.2 ± 2.9 

5  n-nonyl 105.7 ± 3.5 104.2 ± 3.7 

6   103.7 ± 4.1 99.2 ± 2.1 

7   106.7 ± 3.8 101.2 ± 2.9 

8  
O  

105.7 ± 3.5 103.2 ± 3.7 

9  
 

106.7 ± 4.8 102.0 ± 2.1 

10   97.9 ± 2.0 101.2 ± 2.7 

11   98.6 ± 2.2 100.1 ± 3.7 

12  -CH=CHCOOEt 103.5 ± 4.1 102.6 ± 2.3 

13  -CH=CHCOOH 107.3± 4.2 104.2 ± 4.1 

Anacardic Acid (AA)  0.9 ± 0.01 4.7 ± 0.3 

aValues are means ± SD of three separate experiments. 
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KAT Inhibition Assays1 

The effects of 1-13 on the histone lysine acetyltransferase activity (KAT) of p300 and PCAF were 

determined using the HotSpot KAT assay (Reaction Biology Corporation, Malvern, PA, USA) 

according to the supplier’s procedure. In brief, recombinant forms of catalytic domains of PCAF 

(aa 492-658) or p300 (aa 1284-1673) were incubated with histone H3 (5 µM) and [3H]-acetyl-

coenzyme A (3.08 µM, PerkinElmer) in the reaction buffer (50mMTriseHCl (pH 8.0), 50 mM 

NaCl, 0.1 mM EDTA, 1mM DTT, 1 mM PMSF, 1% (v/v) DMSO) for 1 h at 30 ºC in the presence 

or absence of various concentrations of the inhibitors. Histone H3 acetylation was assessed by 

liquid scintillation counting using a Tri-Carb 2800TR Liquid Scintillation Analyzer 

(PerkinElmer). Assays at fixed concentration doses were performed in triplicate and analyzed 

using Excel and GraphPad Prism 6.0 software (GraphPad Software Inc., San Diego, CA). 
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Table S2. Melting Point and Yield Data for Compounds 2-13. 
 

Compd R Mp (°C) Recryst. 
systema 

% 
Yield 

2 
3 
4 
5 
6 

-Me 
n-Bu 
n-pentyl 
n-nonyl 
-CH2-c-hexyl 

228-231 
106-108 
84-86 
90-92 

190-192 

A 78 
65 
73 
53 
45 

B 
C 
C 
A 

7 -CH2Ph 196-198 D 71 
8 -CH2COPh 189-191 A 63 
9 -(CH2)2Ph 156-158 E 65 
10 -(CH2)3Ph 150-152 B 69 
10′ -(CH2)3Ph 126-128 C 75 
11 -(CH2)4Ph 146-148 B 49 
12 -CH=CHCOOEt 153-155 D 79 
13 -CH=CHCOOH 170-172 F 94 

aA: methanol; B: toluene; C: cyclohexane/toluene; D: toluene/acetonitrile; 
E: acetonitrile; F: acetonitrile/methanol. 

 
 
 
 

Table S3. Elemental Analysis for Compounds 2-13. 
Compd Formula Calculated, % Found, % 

C H N S C H N S 
2 C6H6N2O3S 38.71 3.25 15.05 17.22 38.86 3.27 15.00 17.18 
3  C9H12N2O3S 47.36 5.30 12.27 14.05 47.50 5.32 12.20 14.00 
4  C10H14N2O3S 49.57 5.82 11.56 13.23 49.71 5.84 11.48 13.18 
5  C14H22N2O3S 56.35 7.43 9.39 10.74 56.51 7.45 9.34 10.68 
6  C12H16N2O3S 53.71 6.01 10.44 11.95 53.86 6.03 10.37 11.89 
7  C12H10N2O3S 54.95 3.84 10.68 12.22 55.11 3.85 10.59 12.17 
8  C13H10N2O4S 53.79 3.47 9.65 11.04 53.94 3.49 9.58 10.96 
9  C13H12N2O3S 56.51 4.38 10.14 11.60 56.65 4.40 10.08 11.55 
10  C14H14N2O3S 57.92 4.86 9.65 11.04 58.08 4.88 9.58 10.96 
10′ C15H16N2O3S 59.19 5.30 9.20 10.53 59.37 5.31 9.13 10.44 
11 C15H16N2O3S 59.19 5.30 9.20 10.53 59.34 5.32 9.14 10.46 
12 C10H10N2O5S 44.44 3.73 10.37 11.86 44.60 3.75 10.29 11.78 
13  C8H6N2O5S 39.67 2.50 11.57 13.24 39.83 2.51 11.48 13.17 
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Figure S1. Progress curve, monitoring appearance of hydroxylated (i.e. a +16Da mass 
increment) RPL8-His216OH and RPL27A-His39OH peptides for NO66 (Gln116-Asn641) 
and MINA53 (Met1-Val464), respectively. Reactions were stopped by injection onto a RapidFire 
C4 cartridge. Reactions were conducted using final conditions specified in Table S4, n = 1. The 
MS signal represents an integrated extracted ion chromatogram (EIC) of the peptide based on the 
dominant charge state. 
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Figure S2. DMSO sensitivity of the RapidFire hydroxylation assays for MINA53 and NO66. 
Enzyme activity of MINA53 (M1-V464) or NO66 (Gln116-Asn641) is not inhibited by addition 
of 1% (v/v) aqueous DMSO, n = 1. NO66 (Gln116-Asn641) appears to be more sensitive to DMSO 
than MINA53, but tolerates 1% (v/v) DMSO well. Note that the data presented here came from an 
initial purification of both enzymes; subsequent optimized purifications led to more active 
material. 
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Figure S3. Determination of KM values for Fe(II) with MINA53 (Met26-Val464) and NO66 
(Ser183-Asn641). See Table S4 for assay details. Values are means ± 95% confidence, n = 4. 

  

MINA53 Fe(II) KM 

KM = 0.5 ± 0.2 µM  

Vmax = 0.37 ± 0.03 µM/min 

NO66 Fe(II) KM 

KM = 1.1 ± 0.3 µM  

Vmax = 0.014 ± 0.001 µM/min 
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Table S4. Final conditions for the RapidFire MINA53 and NO66 assays optimized for enzyme, 
substrate, 2OG, Fe(II) (FAS, ferrous ammonium sulphate), and L-AA (L-ascorbic acid) 
concentrations, buffer, pH, and temperature.a  

 Final Assay Conditions 

Enzyme 0.150 μM MINA53 
0.300 μM NO66 

Substrate 5 μM 
2OG 2 μM 

Fe(II) (FAS) 50 μM 
L-ascorbic acid (LAA) 100 μM 

Buffer 50 mM MES (NO66), 50 mM HEPES + 50 mM NaCl 
(MINA53) 

pH 7.0 (NO66), 7.5 (MINA53) 
Temperature Room Temperature 

aSee methods for detailed assay procedures. 
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Figure S4. Optimization of MS hydroxylation assay conditions for NO66. Percentage substrate 
turnover for NO66 (Ala167-Asn641) after 60 min incubation with 50 mM MES, HEPES, Tris, 
Bis-Tris or phosphate buffers with a range of NaCl or KCl salt concentrations. NO66 was used at 
a concentration of 300 nM, with 5 µM 2OG, 5 µM peptide substrate, 50 µM ferrous ammonium 
sulphate (FAS) and 100 µM L-ascorbic acid (L-AA), N=1. 

 

  pH  
  5.5 6 6.5 7 7.5 8 8.5 9  

NaCl  

0 mM 3% 11% 15% 30%     

M
ES

 

50 mM 2% 4% 12% 25%     
100 mM  1% 4% 8% 24%     
150 mM  1% 3% 6% 24%     

KCl 
50 mM  2% 4% 9% 24%     
100 mM 1% 3% 9% 26%     

NaCl 

0 mM    27% 15% 14%   

HE
PE

S 50 mM     18% 12% 12%   
100 mM    14% 12% 11%   
150 mM     13% 13% 10%   

NaCl 

0 mM     3% 2% 2% 1% 

Tr
is 

50 mM     4% 2% 1% 1% 
100 mM      5% 2% 5% 1% 
150 mM     6% 1% 1% 1% 

KCl 
50 mM     5% 1% 1% 1% 
100 mM     5% 1% 1% 1% 

NaCl 

0 mM  6% 6% 3% 1%    

BI
S-

TR
IS

 50 mM  6% 6% 3% 2%    
100 mM   5% 5% 4% 2%    
150 mM  4% 5% 4% 2%    

KCl 
50 mM   4% 7% 3% 1%    
100 mM  4% 6% 3% 1%    

 

pH 5.4 5.6 5.8 6 6.2 6.4 6.6 6.8 7 7.2 7.4 7.5 
Phosphate 1% 2% 3% 4% 4% 3% 3% 3% 4% 2% 2% 2% 
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Figure S5. Optimization of MS hydroxylation assay conditions for MINA53. Activity 
(measured as peptide turnover) for MINA53 (Met1-Val464) with 50 mM MES, HEPES, Tris, Bis-
Tris or phosphate buffers over a range of NaCl or KCl salt concentrations. Full-length recombinant 
MINA53 was used at 300 nM, with 5 µM 2OG, 5 µM substrate, 50 µM ferrous ammonium sulphate 
(FAS) and 100 µM L-ascorbic acid (L-AA), n = 1. 

  pH  
  5.5 6 6.5 7 7.5 8 8.5 9  

NaCl 

0 mM 3% 15% 24% 22%         

M
ES

 

50 mM 3% 11% 32% 27%      
100 mM  3% 13% 26%        
150 mM  2% 6% 17% 23%         

KCl 
50 mM  3% 11% 26% 36%     
100 mM 2% 10% 26% 30%         

NaCl 

0 mM     36% 40% 39%   

HE
PE

S 50 mM      39% 41% 38%   
100 mM     38% 35% 32%   
150 mM      31% 29% 29%   

NaCl 

0 mM         26% 24% 11% 7% 

TR
IS

 

50 mM      25% 22% 9% 5% 
100 mM       26% 21% 9% 6% 
150 mM         19% 21% 4% 2% 

KCl 
50 mM      27% 21% 8% 3% 
100 mM         30% 19% 7% 2% 

NaCl 

0 mM   16% 25% 21% 15%       

BI
S-

TR
IS

 50 mM   22% 36% 28% 19%     
100 mM    16% 36% 33% 22%     
150 mM   25% 33% 27% 16%       

KCl 
50 mM    22% 37% 27% 17%    
100 mM   26% 38% 32% 18%       

 

pH 5.4 5.6 5.8 6 6.2 6.4 6.6 6.8 7 7.2 7.4 7.5 
Phosphate 2% 8% 12% 15% 11% 13% 10% 10% 8% 6% 6% 5% 
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Figure S6. Temperature-dependent activities of MINA53 (Met1-Val464) and NO66 (Ala167-
Asn641). Percentage turnover with 12 replicates per data point for NO66, and 8 replicates for 
MINA53 except for 21˚C where 5 replicates were used. Assays were performed in a water bath 
equilibrated to 21, 30, 37 and 42 ˚C; reactions were stopped after 30 min for MINA53 and after 
60 min for NO66.  
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Figure S7. NO66 and MINA53 hydroxylation inhibition assays. IC50 curves with MINA53 
(Met1-Val464) and NO66 (Ser183-Asn641) for 2,4-PDCA (pyridine-2,4-dicarboxylate) and NOG 
(N-oxalylglycine), two established broad-spectrum inhibitors2 of 2OG oxygenases, and IOX1.3 
The plot for GSK-J1 is not shown for clarity. Values are means ± 95% confidence, n = 3. Note, 
although these compounds are relatively broad spectrum 2OG oxygenase inhibitors, their potency 
against different 2OG oxygenases varies, as manifest in our data for MINA53 and NO66, where 
2,4-PDCA and NOG are more potent than IOX-1, which is active against multiple JmjC KDMs.3 
 

 

 

Compound IC50 value 

NOG 1.8 ± 0.7 µM 

2,4-PDCA 1.3 ± 0.5 µM 

IOX1 101.8 ± 35.1 µM  

GSK-J1 No inhibition at 
100 µM 

 

 

 

 

 

 

 

Compound IC50 value 

NOG 3.5 ± 0.5 µM 

2-4 PDCA 0.11 ± 0.01 µM 

IOX1 38.5 ± 18.0 µM  

GSK-J1 30% inhibition 
at 100 µM  
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Table S5. AlphaScreen assay conditions. 
Enzyme KDM2A 

(M1-P517) 
N-terminal 
His6-tagged 

KDM5B 
(L882-
S1761) 

N-terminal 
His6-tagged 

KDM3B 
(L882-S1761) 
N-terminal 
His6-tagged 

KDM
4A 

(M1-
L359) 

KDM4D 
(M1-G373) 
N-terminal 
His6-tagged 

KDM6B 
(D1141-
R1641) 

Expression 
system Insect cells Insect cells Insect cells E. coli E. coli E. coli 

Assay Buffer 50 mM HEPES pH 7.5, 0.01% (v/v) Tween-20, 0.1% (w/v) BSA. 
*80 nM Non-Biotinylated H3K36Me2 substrate was added to FBXL11 assay buffer to 
improve the antibody readout. 

2OG (µM) 10 5 5 10 10 10 
FAS (µM) 10 10 10 1 1 10 
LAA (µM) 100 100 100 100 100 100 

Peptide (nM) 100 100 60 30 30 60 
Protein Conc. 

(nM) 25 2 0.4 4 2 0.1 

Peptide 
Description 

H3K36(Me2)
-21mer; 
biotin-

SAPATGGV
K(Me2)KPH
RYRPGTVA

L 
(Anaspec) 

H3K4(Me3) 
-21mer; 

ARTK(3me)
QTARKSTG
GKAPRKQL

A-GGK 
spacer-Biotin 

(Anaspec) 

H3K9(Me2) 
-21mer; 

ARTKQTAR
K(2me)STGG
KAPRKQLA-
GGK spacer-

Biotin 
(Anaspec) 

H3K9(Me3) 
-21mer; 

ARTKQTAR-K(Me3)-
STGGKAPRKQLA-

GGK-Biotin 
(Anaspec) 

H3K27(Me
3)-21mer; 

Biotin-
KAPRKQL
ATKAAR(
Kme3)SAP

ATGG 
(Anaspec) 

Antibody Anti-Histone 
H3K36me1 

antibody 
(Abcam 

AB9048) 

Anti- 
H3K4me2 
antibody 

(CST 9725S) 

Anti 
H3K9me1 
antibody 
(Abcam 
Ab8896) 

Anti H3K9me2 antibody 
(Abcam Ab1220) 

Anti 
H3K27me2 

antibody 
(Millipore 
07-452) 

Solvent Conc. 
(%) 0.5 0.5 0.5 0.5 1 0.5 

Reaction time 
(min) 30 20 5 20 8 10 

Bead Donor 
(mg/ml) 0.02 

Bead Acceptor 
(mg/ml) 0.02 

Antibody Conc. 
(µg/ml) 0.0075 1 in 2500 

(v/v) 0.05 0.05 0.05 0.4 

Bead 
Incubation time 

(min) 
120 
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Figure S8. Counter-screen of 2-(aryl)alkylthio-3,4-dihydro-4-oxopyrimidine-5-carboxylic acids 
for AlphaScreen signal interference. Inhibitors were pre-incubated with the biotinylated-product 
and a product-specific antibody and added to a streptavidin-coated donor and Protein A-coated 
acceptor bead mixture. Data are normalised to a DMSO control (100%), with no biotin-substrate 
as the baseline; n= 3 +/- STD. 

 

Figure S9. View from a structure of KDM5B in complex with 8 (PDB ID: 5FZI). 8 occupies 
the 2OG co-substrate binding pocket of the KDM5B JmjC domain. 
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Figure S10. Superimposition of views from structures of MINA53 in complex with RPL27A 
(PDB ID: 4BXF) and of KDM5B in complex with 8 (PDB ID: 5FZI). Note that Leu38 of 
RPL27A is predicted to clash with the phenyl ring of 8. The KDM5B protein is omitted from the 
view with only 8 shown for clarity. The overlay was performed on the catalytic metal coordinating 
triad (His400, Glu501 and His587 of KDM5B, and His179, Asp181 and His240 of MINA53). 
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Table S6. Data collection and refinement statistics for the 8-KDM5B complex structure. 
 8 – PDB 5FZI 
Wavelength (Å) 0.9763 
Resolution  
range (Å) 

95.6 - 1.95 (2.02   
- 1.95) 

Space group P6522 
Unit cell 
a(Å),b(Å),c(Å) 
α β γ 

141.97 141.97 152.03 90 90 120 

Total reflections 1305566 (129987) 
Unique reflections 66099 (6498) 
Multiplicity 19.8 (20.0) 
Completeness (%) 100.00 (100.00) 
Mean I/sigma(I) 18.67 (1.72) 
Wilson B-factor 38.20 
R merge † (%) 0.1119 (2.216) 
R-meas 0.1148 
CC1/2 0.999 (0.585) 
CC* 1 (0.859) 
R-work‡ 0.1869 (0.3030) 
R-free§ 0.2237 (0.3373) 
Number of non-hydrogen atoms 4344 
  macromolecules 3791 
  ligands 132 
  water 421 
Protein residues 461 
RMS (bonds) †† 0.008 
RMS (angles) †† 1.17 
Ramachandran favoured (%) 98 
Ramachandran outliers (%) 0 
Clashscore 4.46 
Average  
B-factor (2) 

44.80 

  macromolecules 43.40 
  ligands 50.10 
  solvent 56.20 
 

† R merge = , where Ii(hkl) is the intensity of the ith measurement 
of reflection hkl and I(hkl) is the mean value of Ii(hkl) for all i measurements. 
‡ R work = , where F obs is the observed structure factor and F calc is the 
calculated structure factor. 
§ R free is the same as R cryst except calculated with a subset (5%) of data that were excluded from the 
refinement calculations. 
†† Engh Huber (1991). 
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Molecular Modeling 

Compounds 8 and 10 can adopt different tautomeric forms in which the exchangeable hydrogen 
can be either on the pyrimidine’s nitrogens (Tauto-1 and Tauto-2, Figure S11), or on the oxygen 
atom at the pyrimidine C-4 position (Tauto-3, Figure S11). 

 

 

R 

   

 
8Tauto-1 8Tauto-2 8Tauto-3 

 
10Tauto-1 10Tauto-2 10Tauto-3 

Figure S11. Tautomeric forms of the compounds 8 and 10. 

 

As no experimental evidence is available on the preferred tautomeric forms, quantum mechanical 
calculations were done to evaluate their relative stabilities. Structure-based (SB) studies using 
docking simulations were applied to investigate likely ligand-protein interactions. To this, a 
docking assessment4 was initially undertaken to select the best scoring function/docking algorithm 
in Smina5 and Plants,6 which are freely available. The best performing program was used to 
investigate the likely tautomeric forms of 8 and 10 in complex with MINA53 and NO66 using 
reported crystal structures. Molecular dynamics (MD) simulations were then run on the proposed 
docked poses in the complexes to investigate the basis of the experimentally observed activities 
and selectivies. 

 

QM Calculations 

QM calculations (M06/6-311++G**) on the lowest energy conformers of compound 8 tautomers 
indicated Tauto-1 as the favorite tautomer, followed by Tauto-3 (2.7 kcal/mol higher) and Tauto-
2 (3.7 kcal/mol higher). Similarly, for compound 10, the QM calculations indicated Tauto-1 as the 
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preferred tautomer, while Tauto-2 and Tauto-3 are energetically disfavored by 4.8 and 4.0 
kcal/mol, respectively (Figure S12).  

  
 

(A) (B) (C) 

   

(D) (E) (F) 

Figure S12. Structures of (A) 8Tauto-1, (B) 8Tauto-2, (C) 8Tauto-3, (D) 10Tauto-1, (E) 10Tauto-2 and (F) 
10Tauto-3 optimized at the M06/6-311++G** level of theory. 

 

 

Docking Assessment 

X-ray structures of MINA53 and NO66 were used to evaluate the ability of a docking program to 
predict the correct geometry of protein-ligand complex (re-docking). The Plants and Smina 
software were investigated considering three scoring functions for each, Chemplp, Plp, Plp95 and 
Vina, Vinardo, Ad4 scoring, respectively. Experimental (EC) and randomized (RC) ligand 
conformation re-docking (RD) and cross-docking (CD) methods were used to assess the software 
in reproducing experimentally observed binding modes of co-crystallized inhibitors. The root 
mean square deviation (RMSD)7 was calculated between the docked ligand conformation and the 
crystallographically observed one to investigate the docking accuracy (DA)8,4. Analysis of 
calculated docking accuracy percentage (DA%) revealed Plants with the scoring function Plp95 as 
the program showing the highest DA% value. (Table S7) 
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Molecular Docking of Compounds 8 and 10 

To investigate the protein-tautomer interaction stabilities of 8 and 10, a sort docking consensus 
was carried out as follows: each tautomer was docked, using Plants with the Plp95 scoring 
function, into MINA53 and NO66 structures available in PDB; the first five docked conformations 
were evaluated with a docking score (Table S8). 

Although the docking score values for the three 8 and 10 tautomers docked into MINA 53 and 
NO66 are in a narrow range, it is possible to propose a preference of binding of 8Tauto-1 for 
MINA53, as this combination gives the best docking score value of -117.95. For compound 10, 
the best selectivity is shown by 10Tauto-1 and MINA53, with a docking score of -120.75.  

The best docked conformations for 8 and 10 with MINA53 were very similar (Figure S13 A and 
C), with both being predicted to interact via π-π stacking with Tyr167 and chelation of the Mn2+ 
ion (substituting for catalytic Fe2+). By contrast with NO66, the best docked conformations were 
clearly different (Figure S13 B and D). However, with MINA53 the phenyl ring of 8 and with 
NO66 the pyrimidine ring of 10 are involved in a π-π stacking with one of the two histidine residues 
involved in Mn2+ ligation (Figure S13). 

 

Table S7. Docking assessment results obtained from random conformation cross-docking. 

 MINA53 NO66 

 Chemplpa Plpa Plp95a Vinaa Vinardoa Ad4a Chemplpa Plpa Plp95a Vinaa Vinardoa Ad4a 

Minb 1.17 1.12 1.20 0.91 0.83 1.64 1.49 1.33 1.61 1.66 1.64 2.25 

Maxc 1.65 1.39 1.59 1.45 1.20 2.67 3.65 3.95 3.64 3.64 3.62 3.56 

Averd 1.44 1.27 1.33 1.11 1.06 1.99 2.22 2.09 2.26 2.24 2.18 2.66 

STDe 0.25 0.14 0.22 0.29 0.21 0.59 0.98 1.25 0.93 0.94 0.96 0.61 

DA%f 100 100 100 100 100 83.3 62.5 75 100 75 75 37.5 

aThe scoring function names as implemented in the Plants and Smina docking programs. 

bMinimum value of RMSD obtained for each docking software used. 

cMaximum value of RMSD obtained for each docking software used. 

dAverage value of RMSD obtained for each docking software used. 

eStandard deviation value. 

fDocking accuracy as defined in the experimental section. 
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Table S8. Docking scores obtained from the docking simulation of the three tautomers of 8 and 
10 with MINA53 and NO66. 

 MINA53 NO66 

 2XDV 
4BXF 

Chain A 

4BXF 

Chain B 

4CCK 

Chain A 

4CCK 

Chain B 

4CCK 

Chain C 

4CCK 

Chain D 

8Tauto-1 -99.87 -107.76 -117.95 -108.48 -110.88 -107.03 -109.08 

8Tauto-2 -103.8 -108.07 -103.56 -109.40 -115.35 -107.66 -110.60 

8Tauto-3 -101.59 -11.01 -104.54 -105.68 -113.83 -104.18 -106.51 

10Tauto-1 -104.82 -112.91 -120.75 -115.84 -117.47 -113.40 -114.91 

10Tauto-2 -107.87 -112.71 -109.44 -114.22 -116.26 -112.28 -112.62 

10Tauto-3 -105.26 -110.72 -115.31 -113.05 -115.68 -111.16 -112.94 
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(A) (B) 

  

(C) (D) 

Figure S13. Best docked conformations for compound 8 with: (A) MINA53 (PDB 
ID: 4BXF) and (B) NO66 (PDB ID: 4CCK), and for compound 10 with (C) MINA53 
(PDB ID: 4BXF) and (D) NO66 (PDB ID: 4CCK). 
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MD Investigations on the 8/KDM5B System 

As from crystallographic data it is not possible to establish which tautomer of derivative 8 
preferentially binds to KDM5B, MD simulations were performed. Starting from the reported 
KDM5B crystal structure (PDB ID: 5FZI) the three tautomers (8Tauto-1, 8Tauto-2, and 8Tauto-3) were 
modeled using the experimentally observed binding mode as a template; these were labeled as 
conformations A and C (8Pose-A and 8Pose-C). A total of six different simulations (25 ns each) were 
performed with all combinations of the poses and tautomers: 8Pose A/Tauto-1, 8Pose A/Tauto-2, 8Pose A/Tauto-

3, 8Pose C/Tauto-1, 8Pose C/Tauto-2, 8Pose C/Tauto-3. Crystallographic water molecules in the active site were 
retained in the MD simulations, as they are involved in establishing briding interactions between 
the ligand and the Mn+2 ion. Consistent with this, preliminary MD simulation runs without the 
crystallographic waters manifested large conformational changes in the inhibitor, or loss of binding 
during the equilibration phase. 8Pose A/Tauto-1 was the only combination showing some stability 
without the crystallographic waters; further in this case solvent waters were observed to move to 
occupy the space originally occupied by the deleted active site crystallographic waters (data not 
shown). Subsequent MD simulations thus were performed with the crystallographically observed  
water molecules. 

The MD analyses of the 8 tautomers bound into KDM5B were accomplished by calculating the 
ligand root mean square deviation (RMSD) along the trajectories (Figure S14A). All trajectories 
returned an RMSD below 2 Å, confirming the stability of the complexes. A kernel density 
estimation (KDE) analysis on RMSD curves enabled analysis of the distribution of RMSD values 
(Figure S14B). The results indicate that 8Pose A/Tauto-1 is the most stable combination; this shows a 
narrow RMSD distribution centered at ~0.35 Å, the lowest value observed in all MD simulations. 
This analysis also indicates that for all 8 tautomers resolved conformation C is, in general, less 
stable than the A. Moreover, it should be noted that, for pose A, all the three tautomers could in 
principle bind KDM5B, but that 8Tauto-1 shows the best stability. 

Trajectories were used to calculate ligand binding free energies using the molecular mechanics 
energies combined with the generalized Born and surface area continuum solvation (MM/GBSA) 
method.9 The calculated free energies (Table S9) were in good agreement with the RMSD analysis: 
8Tauto-1 is the 8 preferred tautomer, though with a small ΔΔG value. However, the binding free 
energy value calculated for 8Pose C/Tauto-1 was slightly lower than that for 8Pose A/Tauto-1. A visual 
inspection of the analyzed MD trajectory 8Pose C/Tauto-1 showed the ligand switching from alternative 
pose C to that of A during the first ns (Figure S15). 

The joint interpretation of QM and MD simulation results clearly shows that 8Tauto-1 is the preferred 
tautomer and that experimental alternative pose A is the preferred for binding with KDM5B. 
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(A) (B) 

Figure S14. A) Ligand RMSD calculated along the trajectories 8Pose A/Tauto-1, 8Pose A/Tauto-2, 8Pose 

A/Tauto-3, 8Pose C/Tauto-1, 8Pose C/Tauto-2, 8Pose C/Tauto-3; B) ligand RMSD KDE analysis. 

 

Table S9. MM/GBSA calculated binding free energy for compound 8 tautomers on KDM5B. 

 Tauto-1 Tauto-2 Tauto-3 

 ΔG (GB) (kcal/mol) Std ΔG (GB) (kcal/mol) Std ΔG (GB) (kcal/mol) Std 

Pose A -21.79 4.44 -21.29 1.93 -12.89 1.37 

Pose C -22.32 2.82 -19.07 1.84 -16.43 3.01 
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Figure S15. 8Pose C/Tauto-1 MD analysis of ligand RMSD with respect to pose C (x 
axis) and pose A (y axis). Points are colored according to the calculated KDE 
density. 
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Molecular Dynamics Investigations of 8 into MINA53 and NO66 

To investigate the inhibitory activity of 8 against MINA53 and NO66, molecular docking 
simulations coupled with MD simulations were performed as described above for KDM5B. The 
tautomers of 8 were docked with the MINA53 and NO66 crystal structures (see molecular docking 
section). Three binding poses were selected for MINA53 and NO66 for MD-based investigations: 
the best docked (BD, the pose characterized by the lowest score), and the poses presenting the 
lowest RMSD (LR) with respect to the crystalized alternative conformations (PDB ID: 5FZI) A 
(LRA) and C (LRC). A total of six 25 ns MD simulations were performed for 8. 

Binding poses obtained from docking were complexed with their respective locks (MINA53 
key/lock systems: BD/4BXF, LRA/2XDV, LRC/2XDV; NO66 key/lock systems: BD/4CCK, 
LRA/4CCK, LRC/4CCK) and subjected to MD simulation. The resulting MD trajectories were 
analyzed and MM/GBSA binding free energies were calculated. The calculated ΔGs (Table S10) 
are in agreement with the observed activity profiles.  

The lowest energy binding modes for 8 on MINA53 (BD, 8Tauto-1) and NO66 (LRC, 8Tauto-3) were 
visually inspected using the most representative frame of the simulation. A KDE analysis was 
performed on the first two components of the PCA calculated from ligand cartesian coordinates 
collected along the MD simulation. The frame with highest density, taken as the most 
representative, was then visually inspected. 

 

Table S10. MM/GBSA calculated binding free energies for compound 8 selected poses on 
MINA53 and NO66. 

 MINA53 NO66 

 
ΔG (GB) 

(kcal/mol) Std 
ΔG (GB) 

(kcal/mol) Std 

BD -136.49 4.18 -41.53 1.87 

LRA -88.67 5.16 -32.00 2.71 

LRC -88.25 8.51 -44.98 3.67 
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Molecular Dynamics Investigations of 10 into MINA53 and NO66 

Calculations to investigate the activity of 10 versus MINA53 and NO66 used the same procedure 
as done for 8. 10 was docked into the MINA53 and NO66 structures. Three poses for each protein 
were selected for analysis, based on best docked (BD) and lowest RMSD (LR) poses with respect 
to the crystallographically observed (PDB ID: 5FZI) alternative conformations A (LRA) and C 
(LRC) for 8. The key/lock systems for calculations with 10 and MINA53 were: BD/4BXF, 
LRA/4BXF, LRC/2XDV; for calculations on NO66: BD/4CCK, LRA/4CCK, LRC/4CCK. A total 
of six MD simulations (25 ns each) were performed for 10. The MM/GBSA results are consistent 
with experimental observations (Table S11), i.e. predict a higher affinity for 10 for MINA53 
compared to NO66. The best binding mode identified by calculations for 10 with NO66 was LRA 
(10Tauto-1), while the best with MINA53 was BD (10Tauto-1). The BD and LRA calculated binding 
free energies with MINA53 had large negative ΔG values principally due to Mn2+ chelation. 

As for 8, for 10 the most representative frame of the simulation was extracted through KDE 
analysis performed on the first two components of the PCA calculated from ligand cartesian 
coordinates collected along the MD simulation. The frame with the highest density, taken as the 
most representative one, was then visually inspected. 

 

 

Table S11. MM/GBSA calculated binding free energies for compound 10 selected poses on 
MINA53 and NO66. 

 MINA53 NO66 

 ΔG (GB) Std ΔG (GB) Std 

BD -146.70 2.42 -22.61 3.50 

LRA -139.03 5.06 -50.79 6.64 

LRC -15.72 4.32 -48.69 6.00 
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A RMSD analysis was conducted on both protein backbone and ligand of complexes 8Tauto-

1/MINA53 (BD/4BXF), 8Tauto-3/NO66 (LRC/4CCK), 10Tauto-1/MINA53 (BD/4BXF), and 10Tauto-

1/NO66 (LRA/4CCK) trajectories (Figure S16). While the backbone RMSDs displayed a 
comparable stability for all the investigated systems (Figure S16A and B), the ligand RMSD 
timeseries (Figure S16C) and KDE distributions (Figure S16D) clearly evidenced the higher 
stability of compounds 8Tauto-1 and 10Tauto-1 binding modes to MINA53 over those proposed for 
NO66, in agreement with the MM/GBSA calculations. 
 

  

(A) (B) 

  

(C) (D) 

Figure S16. A) Protein backbone RMSD; B) protein backbone RMSD KDE analysis; C) ligand 
RMSD calculated along the trajectories of complexes 8Tauto-1/MINA53 (BD/4BXF), 8Tauto-

3/NO66 (LRC/4CCK), 10Tauto-1/MINA53 (BD/4BXF), and 10Tauto-1/NO66 (LRA/4CCK); D) ligand 
RMSD KDE analysis.  
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Computational Methods 

Crystal Data. X-ray crystal structures of ribosomal histidinyl hydroxylases (MINA53 and NO66) 
were downloaded from Protein Data Bank (PDB), i.e. two structures for MINA53, 2XDV (in 
complex with NOG) and 4BXF (in complex with 2OG), and one for NO66, 4CCK (in complex 
with NOG). 4BXF and 4CCK have 2 and 4 protein chains, respectively, each complexed with the 
proper ligand. These multi-chains PDB were loaded through UCSF Chimera v1.14, visually 
inspected, then split into a single chain and treated as single protein. Missing residues were built 
through homology modeling using Modeller v.10.1. Crystallographically observed solvent 
molecules were deleted, and missing hydrogens were added; residues side chains were ionized 
(protonated/deprotonated) at physiological pH (7.4). Geometric optimization was done by means 
the OpenMM tool using an in-house Python script. The minimized complexes were SB aligned on 
the alpha carbon atoms by means of UCSF Chimera MatchMaker module using the PDB: 2xdv 
structure as a reference. 

Tautomeric structures. The three tautomeric forms of the 8 and 10 were built using Marvin 
Sketch software, then processed depending to the computational approach. For docking studies, 
the hydrogens at pH 7.4 were added and a random three-dimensional conformation was produced 
with Marvin sketch. A genetic algorithm-based conformational search using Obonformer was then 
used to optimize this 3-D conformation. 

Molecular docking settings. Plants settings. The docking of proteins with ligands was performed 
using Plants v1.2 version with three different scoring functions at the default speed (SPEED1). 
The docking tools generated 10 conformations for each docked ligand. The docking binding site 
was centered at the molecule’s mean center and enlarged to a radius of 12 Å. Docking was 
performed using three different scoring functions: Chemplp, Plp and Plp95. Autodock Vina 
settings. Intermediary steps, such as pdbqt files for protein and ligand preparation, were completed 
using obabel software. The box was created by mean the Vina graphical interface module in UCSF 
Chimera. For each calculation, ten poses were obtained and ranked according to the scoring-
functions. 

QM Calculations. Starting from the three tautomeric forms of 8 and 10 represented as SMILES, 
a first three-dimensional geometry was obtained; the six structures were then subjected to a genetic 
algorithm-based conformational search returning the 30 lowest energy conformers from the last 
generation, optimized for RMSD diversity. This first manipulation was accomplished using 
OpenBabel (v. 2.4.0).10 The resulting conformer structures were optimized at the semiempirical 
quantum mechanical level of theory PM6.11 Each tautomer’s lowest energy conformer was then 
subjected to further geometric optimization at a higher level of theory using the Minnesota DFT 
functional M0612 equipped with the Pople split-valence triple-zeta basis set with polarization and 
diffuse functions on heavy atoms and hydrogens, 6-311++G**13 Harmonic frequencies calculation 
were accomplished at the end of the geometry optimizations to evaluate zero-point vibrational 
energies, thermochemical corrections and to verify the nature of the stationary point. PCM 
solvation model was used for all QM calculations: PM6 and DFT ones. QM calculations were 
performed using the General Atomic and Molecular Electronic Structure System (GAMESS) 
software.14 
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MD Simulations. Protein structures were prepared as reported in crystal structure section: solvent 
molecules and crystallization residues were removed; gaps were filled by means of Modeller15 and 
residue protonation states were defined using PROPKA3.16 Ligand general amber force field 2 
(GAFF2)17 parameters were calculated by means of antechamber18 at the semiempirical AM1-
BCC level of theory.19 The ff14SB force field20 was used for proteins, while Li/Merz parameters 
were used for ions.2121, 22 The complexes were solvated in an orthorhombic box using the four-
point OPC water model23 setting to 1.5 nm the distance between the box boundaries and the solute. 
Na+ and Cl- ions were added to neutralize the system. Complete parameters and topology files 
were obtained using tLeap. All parametrization procedures were accomplished using the 
AmberTools 20 suite.24 The MD integration timestep was set to 2 fs, the hydrogen bond length 
was constrained using the LINCS algorithm,25 long range electrostatics were treated using the 
particle mesh Ewald (PME)26 method, temperature was imposed using a velocity-rescale 
thermostat.27 MD simulations started with a 50000 step minimization applying harmonic position 
restraints to backbone atoms (k=1000 kJ/mol/nm2) followed by a second unconstrained 
minimization. Systems were then heated gradually to the target temperature (300.15 K) during 1 
ns constrained (k=100 kJ/mol/nm2) simulation in an NVT ensemble. A second constrained 
equilibration (k=10 kJ/mol/ nm2) occurred in an NPT ensemble where pressure control (1 atm) is 
achieved by means of a Berendsen barostat.28 Finally, 25 ns production simulations in an NPT 
ensemble using a Parrinello-Rahman barostat29 to control pressure (1 atm). MD simulations were 
performed with GROMACS (v. 2019.6).30 Each simulation analysis was performed after the 
system had reached equilibration (i.e. stabilization of the backbone RMSD), so the first 5 ns of the 
trajectories were discarded. Binding free energy calculations were performed with the endpoint 
generalized Born and surface area continuum solvation (MM/GBSA) method9 by means of the 
MMPBSA.py31 Python script delivered with the AmberTools 18 suite. The entropy contribution 
was neglected, since the benefits coming from its calculation remain controversial and normal 
model calculations are computationally expensive.32 The GB method used for MM/GBSA 
calculations was GB-Neck2.33 This GB variant has the same form as the GBn method,34 but uses 
a different parameter set. MD analysis were performed using the MDTraj35 Python library. 
Statistical analysis such as KDE and PCA were performed with scipy36 and the sckit-learn37 Python 
library, respectively. 
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Table S12. Inhibitory activities of 10′ against MINA53 and NO66. 
Compd. Structure MINA53 IC50 (µM) NO66 IC50 (µM) 

10′ 
N

NH

O

S

H3CO

O

 

>100 20.1 

2,4-PDCA 
N

OH

O

O OH

 

3.6 0.168 
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Figure S17. Antiproliferative effects of MINA53 inhibitors on HeLa (A) and HEK293T (B) cells 
as determined by the MTT method after exposure for 72, 96, and 120 h to the negative control 1, 
and the MINA53 inhibitors 9 and 10. The results are reported as (viability of drug-treated 
cells/viability of control cells) × 100 and represent the mean ± SD of two independent experiments 
performed in triplicate.  
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Figure S18. MINA53 substrate trapping with inhibitors 9 and 10 in cells. HEK293T (A), HeLa 
(B) and U-87MG (C) cells transiently expressing an empty (EV), wild-type (WT) or catalytically 
inactive (H179A) HA-MINA53 vector were incubated with 100 µM 1, 9, 10 or 0.5% (v/v) DMSO 
control for 18 h prior to anti-HA immunoprecipitation (IP). Anti-HA IPs were immunoblotted for 
RPL27A (17 kDa) and HA. β-Actin was used as loading control. Evidence for MINA53 substrate 
trapping is observed in all cell lines following incubation with 9 and 10, but not 1. Note that the 
H179A mutant served as a control likely lacking or having reduced substrate binding capability.  
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Figure S19. Western blot analysis and relative densitometric analysis of the phosphorylated form 
of H2AX (ser139) on U-87MG glioma cells exposed for the indicated times to 1 (negative control), 
9 and 10 (MINA53 inhibitors) at 10 μM. Doxorubicin was used as a positive control (0.5 μM, 8 
h). GAPDH expression was used as a control loading. Results are expressed as fold changes over 
untreated cells. 
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Purity control by HPLC of compounds 7-10 

The purity of compounds 7-10 was analyzed by HPLC. The HPLC system consisted of a Waters 
2695 (Waters, Milford, MA, USA) chromatograph equipped with an automatic injector, column 
heater and coupled with a model 996 PDA detector (Waters, Milford, MA, USA). The analytical 
controls were performed on Xterra RP18 3.5 µm (3.9 x 100 mm) column (Waters, Milford, MA, 
USA) in gradient elution. Eluents: A) H2O/CH3CN, 95/5 + 0.05 % formic acid, B) CH3CN/H2O, 
95/5 + 0.05 % formic acid. Gradient profile: start A/B 90/10, in 15 min 100% B, 20 min 100% B. 
Flow rate: 1.0 mL/min, T: room temperature.  

Samples 7 and 8 were dissolved in MeOH/DMSO 9/1, samples 9 and 10 in MeOH at c: 1 mg/mL. 
Injection volume: 3 µL. By analysing the HPLC traces at 254 nm, a chemical purity > 97 % was 
recorded for compounds 7-10. Specifically, for compound 7 the chemical purity was 97.76% 
(retention time 6.34 min), for compound 8 was 99.75% (retention time 5.36 min), for compound 
9 was 98.67% (retention time 6.58 min), and finally for compound 10 the purity was 99.54% 
(retention time 7.21 min). In addition, chromatographic traces acquired at three wavelengths (214, 
254, and 280 nm, respectively) for compounds 7, 8, 9, and 10 were reported in Figures S20, S21, 
S22, and S23, respectively. 
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Figure S20. HPLC traces for compound 7. 
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Figure S21. HPLC traces for compound 8. 
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Figure S22. HPLC traces for compound 9. 
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Figure S23. HPLC traces for compound 10. 
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