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Supplementary Figure 1
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Supplementary Figure 1 Fluorescence Polarisation (FP) binding assay characterisation. The FP 
assay was used to determine affinity for and displacement of GSK215 from PAD4 at varying calcium 
concentrations: no calcium (open circles), 0.2 mM (filled circles), 2 mM (open squares) and 10 mM (filled 
squares). (a) Structures of fluorescein-labelled FP ligand GSK215 and its unlabelled analogue GSK027. 
Fluorescein is represented by the black circle. (b) GSK215 bound to PAD4 with apparent Kd values of 
70, 75, 220 and 770 nM at 0, 0.2, 2 and 10 mM calcium respectively. These calculated Kd values were 
then applied to the displacement experiments using free inhibitors in (c) and (d). (c) Representative 
experiment with IC50 potencies for the displacement of GSK215 by GSK199 calculated as 141, 211, 
807 and 2200 nM respectively. (d) Representative experiment with IC50 potencies for displacement of 
GSK215 by GSK484 calculated as 40, 66, 217 and 576 nM respectively. Mean potencies across >13 
replicates for (c) and (d) are summarised in Figure 1. GSK215 was employed at a concentration of 10 
nM throughout these experiments.
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Supplementary Figure 2

Supplementary Figure 2 Reversibility of binding confirmed by mass spectrometry data. Spectra were run following 
incubation in the absence of (a) and presence of 10 mM calcium (b). A PAD4 protein mass was observed at 101144 Da. 
Cl-amidine showed an increase in protein mass at 101418 Da (+ 274 Da for Cl-amidine). The degree of binding was 
increased in the presence of 10 mM calcium. GSK199, GSK484 and GSK106 all showed no evidence for additional 
peaks in the presence and absence of calcium, indicating that all three compounds interact reversibly.



Supplementary Figure 3

Supplementary Figure 3 GSK199 is a reversible PAD4 inhibitor. Complete inhibition of enzyme activity 
was observed when an excess of GSK199 (100 µM) was incubated with PAD4. Dialysis of this mixture 
led to an almost complete recovery of PAD4 activity. There was no change in enzyme activity pre- and 
post-dialysis in the absence of inhibitor.



Supplementary Figure 4

Supplementary Figure 4 Comparison of binding sites in crystal structures of GSK199 and GSK147 
with PAD4. (a) 3.29 Å PAD4/GSK199 and (b) 3.1 Å PAD4/GSK147 complexes, showing hydrogen 
bonding interactions as dotted red lines. PAD4 is shown in cyan except for residues 633-645 (yellow), 
which form a hydrophobic lid with Phe634 and Val643 packing ‘on top’ of both ligands in this view. (c) 
Structure of GSK147.
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Supplementary Figure 5 Experimental electron density maps at compound binding sites (a) Stereo 
of 2Fo-Fc electron density map (1.1 sigma) for GSK147 complex in the region of the ligand (green 
carbons). Residues 633-644 of PAD4 are highlighted with yellow carbons. (b) Stereo Fo-Fc map (3 
sigma) of GSK147 complex. The black sphere at the bottom of the figure is a calcium ion. (c) Stereo 
Fo-Fc electron density map (3 sigma) of GSK199 complex. The view is rotated by 45° compared with 
(a) and (b), to highlight how the hydrophobic side-chains of Phe634 and Val643 (yellow carbons) pack 
against the central part of the inhibitor. 



Supplementary Figure 6

Supplementary Figure 6 Experimental electron density maps for novel b-strands. Final electron 
density map (1.5 sigma) for the two b-strands (634-637 and 642-647) close to GSK199. The map was 
calculated with phenix.fem. Note that only part of the inhibitor is visible in this view and that the side-
chain of Glu642 is not modelled as there was no clear density for it. 



Supplementary Figure 7
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Supplementary Figure 7 Alignment of the C-terminal region of the catalytic domain of human PAD family sequences. 
The Uniprot database accession numbers are; hPAD1 (Q9ULC6), hPAD2 (Q9Y2J8), hPAD3 (Q9ULW8), hPAD4 
(Q9UM07) and hPAD6 (Q6TGC4). Sequence numbering is given for hPAD4 only. The alignment includes the sequences 
for visible residues in three hPAD4 structures: calcium bound hPAD4 (1WDA), calcium free hPAD4 (1WD8) and the 
GSK199 complex. The RMSD between Cα atoms in the structures is shown in the plot. The consensus sequence shows 
the most common residue in each column of the alignment. For the structures, the secondary structures are represented 
by red bars (a-helices), yellow arrows (b-strands) and blue bars (turns). The secondary structure annotation for the 
irregular helical structure encompassing residues 633-640 is represented in this figure as a mixture of helix and turn. For 
the two liganded structures, residues near the ligand are highlighted in green. Changes can be seen in the structure of 
residues 631-645 when different ligands are bound. Purple boxes outline the positions of Phe634 and Val643 in hPAD4 
and their equivalent residues in the other PAD isoforms. The alignment was generated using the Molecular Operating 
Environment (MOE), 2012.10; Chemical Computing Group Inc., Montreal. 
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Supplementary Figure 8 Selectivity of inhibitors for PAD4 over PADs1-3. Stable HEK293 cell pools expressing FLAG-
PAD1, FLAG-PAD2, FLAG-PAD3 or FLAG-PAD4 were engineered. Lysates were prepared and incubated at 37 °C in the 
presence of 2 mM calcium (except the control in the first lane of each blot) and either DMSO alone, 100 µM of GSK199, 
GSK484 or GSK106 or 200 µM Cl-amidine. Following membrane transfer, peptidyl-citrulline moieties were chemically 
modified and detected by an antibody capable of recognising this modification across multiple proteins (upper panels). 
FLAG-PADs were detected by an anti-FLAG antibody (lower panels). Distinct isozyme-dependent citrullination patterns 
were evident following calcium addition to the lysates, but not in the absence of calcium or in the presence of the pan-
PAD inhibitor Cl-amidine. GSK199 and GSK484, but not GSK106, fully inhibited PAD4-induced citrullination but were 
ineffective in cells expressing PADs 1-3.  



Supplementary Figure 9

Supplementary Figure 9 Residues 633-640 in PAD4 can adopt two different conformations or can be largely 
disordered. Structural overlay of calcium-free PAD4 (1WD8 – blue) with (a) PAD4/benzoyl-L-arginine amide 
(BAA, green) (PDB:1WDA). (b) PAD4 (cyan)/GSK199 (magenta) complex. Region 633-644 is disordered 
in the calcium-free form (blue dashed line), adopting an irregular helical conformation (orange) in the BAA 
complex and two b-strands (yellow) in the GSK199 complex. (c-f) View of BAA and GSK199 complexes 
with surface representation of the protein and ligand in stick format. These panels highlight the dramatic 
change in location and shape of the ligand binding pocket following ordering of residues 633-645 in these 
distinct conformations.
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Supplementary Figure 10
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Supplementary Figure 10 Comparison of calcium and compound binding sites. (a) Structural overlay 
of the PAD4/GSK199 complex (blue) with a PAD4/benzoyl-L-arginine amide (BAA) structure (1WDA 
– orange) which has the substrate analogue inhibitor (BAA) bound at the active site (C645A mutant). 
The basic nitrogen of GSK199 (arrowed) binds in a similar position to a basic nitrogen from the 
substrate analogue. Residues 633-645 adopt a very different conformation following binding of GSK199 
(including two b-strands – dark blue) compared with that seen in the calcium stabilised substrate binding 
conformation (yellow – irregular helix in 1WDA structure). (b) Structural overlay of the C-terminal region 
of PAD4/GSK199 complex (blue with pink Ca2+ ions) with 1WDA (orange with black Ca2+ ions). The extra 
calcium ion (highlighted by green circle) in the 1WDA structure orders several loop regions (orange – 
top of figure) in addition to the large conformational change in the active site region (residues 633-645). 



Supplementary Figure 11

Supplementary Figure 11 GSK199 binds to, and inhibits, endogenous PAD4. (a) Expression of PAD4 
was induced in NB4 promyelocytic leukaemia cells by treating with 1.25% DMSO for 24 h followed 
by retinoic acid for 24 h. The arrow indicates PAD4 as revealed by immunoblotting using an anti-
PAD4 antibody. (b) An analogue of GSK199 (CGB208) was covalently attached via amide coupling 
to activated Sepharose beads and used to retrieve endogenous PAD4 specifically from lysates of 
differentiated NB4 cells. Lysate from NB4 cells expressing PAD4 was incubated with CGB208 matrix in 
the presence of DMSO alone (lane 1) or with inhibitors (lanes 2 and 3). The arrow indicates that retrieval 
of PAD4 by the CGB208 matrix was inhibited in the presence of 10 mM GSK484, confirming specificity of 
binding, whereas 10 mM GSK106 had no effect. Immunoblotting used an anti-PAD4 antibody. (c) Lysate 
from NB4 cells expressing PAD4 was incubated with CGB208 matrix in the presence of DMSO alone 
or with increasing concentrations of compound as indicated. PAD4 was detected by immunoblotting 
using anti-PAD4 antibody in a dot-blot format. Capture of PAD4 on CGB208 beads was inhibited in a 
concentration-dependent manner by GSK199 and GSK484 but not by GSK106. The calculated IC50 
potencies were 47 nM, 71 nM and >10 µM, respectively. Results are expressed as mean ± SD and are 
representative of n=2-3. (d) Structure of CGB208. 
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Supplementary Figure 12

Supplementary Figure 12 Inhibition of cellular citrullination in human neutrophils. (a) and (b) Lysates from neutrophils 
incubated with GSK199, GSK484 or GSK106 and stimulated with either calcium ionophore A23187 or S. aureus (at an 
infection ratio of 10:1) were blotted using an antibody against citrullinated histone H3 (upper panels) or total MAPK (lower 
panels). Calculated IC50 values were 4.6 mM for GSK199 and 0.4 mM for GSK484. In both studies, neutrophil viability 
was unaffected by the inhibitor concentrations used, and probing for unrelated protein (total MAP Kinase) confirmed 
consistent loading. (c) Lysates were blotted with an antibody against modified citrulline. The stimulated global pattern 
of bands (less pronounced in neutrophils than in over-expressing HEK cells) was inhibited by both active compounds, 
with GSK484 showing more marked effects than GSK199, and GSK106 lacking inhibitory activity. (d) Quantification of 
the effects of PAD4 inhibitors on cellular levels of H3Cit as assessed by a novel high-content cellular imaging assay in 
neutrophils stimulated with A23187. Both GSK199 and GSK484 fully inhibited production of H3Cit in a concentration-
dependent manner, with IC50 values of 2 mM and 0.8 mM, respectively. Results are expressed as mean ± SEM and are 
representative of n=3. (e) Representative images from the H3Cit imaging assay confirmed that the dynamic changes in 
H3Cit levels occurred with no loss of visualised nuclei (evaluated by Hoechst 33342 co-staining) and were therefore not 
due to differential cell retention or processing.
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Supplementary Figure 13

Supplementary Figure 13 Additional images of ionomycin-stimulated or control mouse neutrophils. 
Immunostaining for citrullinated histone H3 (green) with DNA counterstaining by Hoechst 33342 (blue). 
(a) Unstimulated neutrophils. (b – d) Stimulated neutrophils pre-incubated with vehicle, 10 mM GSK199 
or 10 mM GSK484, respectively. White arrowheads indicate NETs identified as H3Cit+ cells with spread 
nuclear morphology. Representative of n=4-5. Scale bar = 20 mm. 
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Supplementary Figure 14

Supplementary Figure 14 DNA-stained images of human neutrophils following stimulation with S. aureus. 
(a) White arrowheads indicate exemplars used for classification of neutrophil morphology showing lobulated 
nuclei, delobulated nuclei and diffused NETs. (b) Control unstimulated neutrophils with predominantly lobulated 
nuclear morphology. (c) S. aureus at an infection ratio of 5 bacteria per neutrophil provoked many neutrophils 
into becoming diffused NETs. (d) GSK484 prevented many neutrophils from forming diffused NETs following 
S. aureus stimulation. (e) Control compound GSK106 did not prevent diffused NET induction by S. aureus. 
All NET images (20 per well, n=3 wells per treatment group per donor) were captured by fluorescent imaging. 
(f) Quantification of DNA-stained lobulated nuclei, delobulated nuclei and diffused NETs from 6 donors, using 
a custom-designed automated algorithm which assessed sixty fields of view over three separate wells per 
treatment for each donor. (g) Comparison of the different treatments on percentage diffused NETs only. The 
data are derived from the same 6 donors (n=17-18 replicates) quantified in (f) and expressed as mean ± SEM 
of the percentage of NETs counted for each treatment. *** = p<0.001 versus vehicle. Scale bar = 20 mm.
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Supplementary Figure 15

Supplementary Figure 15 Co-staining of DNA and citrullinated histone H3 protein in S. aureus-
stimulated human neutrophils. (a) Bacteria alone induced diffused NETs (represented by blue DNA 
staining in the first column) and the majority of these NETs also positively stained for H3Cit (yellow in 
the second column; co-staining is represented by white colouration in the third column). (b) Treatment 
with the PAD4 inhibitor GSK484 prior to stimulation resulted in complete abolition of H3Cit from cells 
while still generating some DNA-stained diffused NET structures. (c) Treatment with GSK106 did not 
abolish the H3Cit staining, suggesting that the GSK484 effect is PAD4-specific. Merged images show 
NETs stained for both DNA and H3Cit as being white in colour. Scale bar = 20 mm.  

No Compound

10 mM GSK484

10 mM GSK106

Hoechst (Nuclei) H3Cit Merged



Supplementary Figure 16

Supplementary Figure 16 PAD4 inhibitors do not affect cellular viability. (a) Isolated mouse neutrophils were incubated 
with GSK199 or GSK484 for 2 h at 37 °C before viability was assessed. Data are expressed as percentage viability 
compared with untreated control as mean ± SD and are representative of n=4. (b) Isolated human neutrophils were 
incubated with PAD4 inhibitors for 3.5 h at 37 °C before viability was assessed. Data are expressed in arbitrary 
luminscence units as mean ± SD and are representative of n=3. (c) S. aureus cultures at exponential phase were 
incubated with PAD4 inhibitors (all 10mM) for 3 h at 37 °C, both with and without shaking, before optical density was 
measured. Data are expressed in OD units as mean ± SD and are representative of n=3.
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Supplementary Figure 17

Supplementary Figure 17 Uncut blots from Supplementary Figure 8. (a-b) Uncut blot for FLAG-PAD1. 
(c-d) Uncut blot for FLAG-PAD2. (e-f) Uncut blot for FLAG-PAD3. (g-h) Uncut blot for FLAG-PAD4. (a), 
(c), (e) and (g) are the anti-citrulline blots. (b), (d), (f) and (h) are the anti-FLAG blots.
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Supplementary Figure 18

Supplementary Figure 18 Uncut blots from Supplementary Figure 11. (a) Uncut blot from Supplementary 
Figure 11(a). (b) Uncut blot from Supplementary Figure 11(b). 
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Supplementary Figure 19

Supplementary Figure 19 Uncut blots from Supplementary Figure 12. (a) and (b) Uncut blots from 
Supplementary Figure 12(a). (c) and (d) Uncut blot from Supplementary Figure 12(b). 
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Supplementary Table 1.  Summary of biochemical potency data from binding and 
functional assays for PAD4 inhibitors.  The FP binding assay was run at a range of 

calcium concentrations to assess dependency. Replicate numbers are indicated in 

parentheses.  (ND = not determined).  As shown by their physicochemical profiles, these 

compounds occupy optimal physicochemical space and have good developability properties, 

including high aqueous solubility and permeability. 

 

 
PAD4 FP Binding Assay IC50 

 

PAD4 NH3 
Release 

Inhibition 
Assay IC50 

(0.2 mM 
Ca) (n) 

CHROM 
logD 
pH 7.4 

clogP 
Solu-
bility 
(µM) 0 mM Ca 

(n) 
0.2 mM 
Ca (n) 

2 mM Ca 
(n) 

 
 
 
 

GSK121 (1) 

ND ND ND 3.2 µM 
(2) 2.8 3.3 >350 

NH2

 
 
 
 

GSK199 (3) 

200 nM 
(17) 

250 nM 
(18) 

1.0 µM 
(15) 

200 nM 
(39) 2.4 2.8 396 

 
 
 
 

GSK484 (4) 

50 nM 
(15) 

80 nM 
(13) 

250 nM 
(17) 

50 nM 
(8) 3.7 3.3 268 

 
 
 
 

GSK106 (6) 

>100 µM 
(12) 

>100 µM 
(12) 

>100 µM 
(12) 

>100 µM 
(10) 3.0 3.8 243 
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Supplementary Table 2. Calculated reduced chi2 values for modes of inhibition for 
GSK199 and GSK484.  Citrulline production was quantified in the presence and absence of 

inhibitor titrations as described in the online methods section and Lineweaver-Burk plots 

were used to distinguish between the three possible modes of inhibition: competitive, non 

competitive and mixed. Visual inspection of the double-reciprocal plots, along with 

comparison of the reduced chi2 values and statistical significances, clearly confirmed mixed 

inhibition as the best fit for the data.  Support for this model comes from FP competition 

studies (Supplementary Fig. 1), which showed that potency is dependent on the 

concentration of calcium.   

 

Mode of Inhibition GSK199 GSK484 
Competitive 0.0103 0.0084 

Non-competitive 0.0129 0.0102 
Mixed 0.0072 0.0027 

 

  



Supplementary Table 3  Data collection and refinement statistics. 
 
 PAD4/GSK147   PAD4/GSK199 
Compound 
 
 
 
Data collection 

  

Space group C2 C2 
Cell dimensions     
    a, b, c (Å) 145.50, 60.42,113.31 150.99,62.25,116.75 
    α, β, γ  (°)  90.00, 123.13, 90.00 90.00, 124.71, 90.00 
Resolution (Å) 3.1  (3.31-3.10) * 3.29 (3.41-3.29) * 
Rsym or Rmerge 0.06 (0.47) 0.07 (0.51) 
I / σI 10.5 (2.5) 9.6 (2.4) 
Completeness (%) 95.0 (97.2) 97.6 (99.5) 
Redundancy 
Wilson B-factor 

2.9 (3.0) 
110.0 

3.3 (3.5) 
117.4 

   
Refinement   
Resolution (Å) 19.84-3.10 19.86-3.29 
No. reflections 14431 13385 
Rwork / Rfree 19.5/24.3(31.0/34.9) 19.8/23.0 (31.4/34.4) 
No. atoms   
    Protein 4130 4502 
    Ligand## 
 Calcium ions 

35 (22) 
2 

32 (21) 
4 

    Water 23 24 
B-factors   

    Protein 130.7 136.0 
    Ligand## 
Calcium ions 

139.6 (125.4) 
207.9 

147.2 (141.5) 
142.9 

    Water 94.40 104.1 
R.m.s. deviations   
    Bond lengths (Å) 0.002 0.002 
    Bond angles (°) 0.52 0.56 
*Each datasets was collected from a single crystal. *Values in parentheses are for highest-resolution shell. 
##Numbers in brackets are for ligands excluding red (pyrrolopyridine) part of ligand – see top of table.  
 
 
 
 
  



Supplementary Table 4.  Isozyme selectivity of GSK199 and GSK484 for inhibition of 
PAD family members with respect to BAEE.   

The inhibitory effects of GSK199 and GSK484 were assessed on citrulline production by 

recombinant PAD enzymes.  Selective inhibition of PAD4 over the other PAD family 

members is clear from the Ki and Ki’ data, which were obtained from global fits of the data to 

equations representative of mixed inhibition.   

 

Compound Enzyme Ki (µM) Selectivity Ki’ (µM) Selectivity 
GSK199 PAD1 570 ± 265 36 3530 ± 1900 24 

 PAD2 1580 ± 930 99 1130 ± 150 8 
 PAD3 925 ± 220 58 9000 ± 6800 61 
 PAD4 16 ± 4.9 1 147 ± 49 1 

GSK484 PAD1 108 ± 39 16 470 ± 130 7 
 PAD2 107 ± 20 16 1350 ± 180 21 
 PAD3 2090 ± 1390 307 1230 ± 300 19 
 PAD4 6.8 ± 1.2 1 65 ± 11 1 



Supplementary Table 5.  Selectivity data for GSK199, GSK484 and GSK106.  
Compounds were screened against a range of protein types using the specified assays.  N is 
the number of replicates. 

Target Class Target Assay 
GSK199 

Mean 
pXC50 (M) 

(N) 

GSK484
Mean 
pXC50 
(M) (N) 

GSK106
Mean 
pXC50 
(M) (N) 

ENZYME Aurora B Kinase IMAP <4.5 (3) <4.5 (1) <4.5 (3) 
ENZYME LCK Kinase IMAP <4.5 (3) <4.5 (4) <4.5 (3) 
ENZYME PI3K gamma TR-FRET <4.5 (3) <4.5 (1) <4.5 (1) 

ENZYME Human Cyclooxygenase 2 
(COX-2) Inhibition FLINT <4.0 (6) <4.0 (2) < 4.0 (2) 

ENZYME Human Monoamine Oxidase 
(MAO) B Inhibition FLINT 4.6 (7) 4.8 (1) 4.7 (3) 

ENZYME Human PDE4B Inhibition Luminescence 5.2 (5) 4.4 (2) 4.6 (2) 

GPCR Human  5-HT2A Agonist Intracellular Ca 
(Luminescence) <4.4 (14) <4.4 (2) <4.4 (2) 

GPCR Human 5-HT2A  Antagonist Intracellular Ca 
(Luminescence) 

6.2 (n=2), 
<4.4 (n=12) 4.9 (2) 5.3 (2) 

GPCR Human 5-HT1B  Agonist LEADseeker 
GTPgS 5.7 (7) 4.7 (2) <4.5 (2) 

GPCR Human 5-HT1B Antagonist LEADseeker 
GTPgS <4.5 (6) <4.5 (2) <4.5 (2) 

GPCR Human 5-HT2C Agonist Intracellular Ca 
(Luminescence) <4.4 (6) <4.4 (2) <4.4 (2) 

GPCR Human 5-HT2C Antagonist Intracellular Ca 
(Luminescence) 

4.9 (n=2), 
<4.4 (n=4) <4.4 (2) 4.7 (2) 

GPCR Human 5-HT3  Agonist Intracellular Ca 
(Fluorescence) <4.3 (6) 4.3 (2) <4.3 (2) 

GPCR Human 5-HT3 Antagonist Intracellular Ca 
(Fluorescence) 5.2 (6) 5.9 (2) 5.6 (2) 

GPCR Human Adenosine A2a Agonist TR-FRET <4.5 (6) <4.5 (2) <4.5 (2) 

GPCR Human Adrenergic Alpha 1B  
Antagonist 

Intracellular Ca 
(Luminescence) <4.4 (6) 4.9 (2) 5.4 (2) 

GPCR Human Alpha 2C Adrenoceptor 
Agonist TR-FRET <4.5 (6) <4.5 (2) <4.5 (2) 

GPCR Human Beta2 Adrenoceptor  
Agonist TR-FRET <4.5 (6) <4.5 (2) <4.5 (2) 

GPCR Human Beta2 Adrenoceptor  
Antagonist TR-FRET <4.5 (6) <4.5 (2) <4.5 (2) 

GPCR Human Cannabinoid CB2 
Receptor  Agonist Yeast FDGlu <4.5 (6) <4.5 (2) <4.0 (2) 

GPCR Human Dopamine 2 (D2)  
Antagonist 

LEADseeker 
GTPgS 4.4 (6) 4.6 (2) 4.5 (2) 

GPCR Human Dopamine D1 
Antagonist TR-FRET <4.5 (6) <4.5 (2) 4.6 (2) 

GPCR Human Dopamine D2  Agonist LEADseeker 
GTPgS <4.0 (6) <4.0 (2) <4.0 (2) 

GPCR Human Histamine Receptor H1 
(HRH1) Antagonist 

Intracellular Ca 
(Luminescence) <4.4 (8) <4.4 (2) <4.4 (2) 

GPCR Human M1 (CHRM1)  Agonist Intracellular Ca 
(Fluorescence) 5.1 (8) 5.3 (4) 4.8 (2) 

GPCR Human M1 (CHRM1)  
Antagonist 

Intracellular Ca 
(Fluorescence) 4.2 (8) 4.9 (4) <4.8 (2) 

GPCR Human M2 (CHRM2)  Agonist Intracellular Ca 
(Fluorescence) <4.8 (6) <4.8 (2) <4.8 (2) 

  



GPCR Human M2 (CHRM2) 
Antagonist 

Intracellular Ca 
(Fluorescence) <4.8 (6) <4.8 (2) <4.8 (2) 

GPCR Human NK1  Antagonist Intracellular Ca 
(Luminescence) <4.4 (6) <4.4 (2) <4.4 (2) 

GPCR Human OPRK1  Agonist LEADseeker 
GTPgS 

<4.0 (6) 
 <4.0 (2) <4.0 (2) 

GPCR Human OPRK1  Antagonist LEADseeker 
GTPgS <4.0 (6) 4.1 (2) <4.0 (2) 

GPCR Human OPRM1  Agonist LEADseeker 
GTPgS <4.0 (6) <4.0 (2) <4.0 (2) 

GPCR Human OPRM1  Antagonist LEADseeker 
GTPgS <4.0 (6) <4.0 (2) <4.0 (2) 

GPCR Human Vasopressin V1a  
Antagonist 

Intracellular Ca 
(Fluorescence) <4.3 (6) 4.6 (2) <4.3 (2) 

ION CHANNEL Human Alpha 1 nAChR  
Antagonist 

Intracellular Ca 
(Fluorescence) 5.7 (12) 5.8 (2) 6.0 (4) 

ION CHANNEL Human Alpha 1 nAChR Human 
Agonist 

Intracellular Ca 
(Fluorescence) <4.3 (12) <4.3 (2) <4.3 (4) 

ION CHANNEL Human CaV1.2(L-type) 
Antagonist 

Intracellular Ca 
(Fluorescence) <4.8 (13) 5.4 (2) <4.8 (2) 

ION CHANNEL Human hERG (KCNH2) 
channel blocker Electrophysiology 4.7 (20) 4.5 (7), 

<4.3 (3) 5.2 (4) 

ION CHANNEL Human KCNQ1/KCNE1 
(Kv7.1/MinK)  Blocker Electrophysiology <4.6 (6) <4.6 (2) <4.6 (2) 

ION CHANNEL Human Kv1.5 (KCNA5)  
Blocker Electrophysiology <4.3 (4) <4.8 (1) <4.3 (1) 

ION CHANNEL Human NaV1.5  Blocker Electrophysiology 4.3 (9) 4.4 (4) 4.5 (2) 

ION CHANNEL Human NR2B (NR1A/2B) 
Subunit  Antag 

Intracellular Ca 
(Fluorescence) <4.3 (6) 4.8 (2) <4.3 (2) 

NUCLEAR 
RECEPTOR 

Human Aryl Hydrocarbon 
Receptor (AhR) Agonist FRET <4.0 (6) 4.1 (2) <4 (2) 

NUCLEAR 
RECEPTOR Human PXR (NR1I2)  Agonist Luciferase 

Reporter <4.3 (6) <4.3 (2) <4.3 (2) 

TRANSPORTER Human 5-HT Transporter 
(SERT) Binding 

LEADseeker 
SPA 4.4 (6) 4.3 (2) 4.7 (2) 

TRANSPORTER Human Noradrenaline 
Transporter (NET) Binding 

LEADseeker 
SPA 4.5 (6) 4.7 (2) 4.4 (2) 

TRANSPORTER 
Human Organic Anion 

Transport Polypeptide C 
OATP1B1 Blocker 

Imaging <4.6 (6) 5.1 (4) <4.3 (2) 

 

  



Supplementary Table 6.  Summary of chemoproteomic analysis.  
QSSM: Quantified sequence to spectrum matches. QUP: Quantified unique peptides. 

Protein QSSM QUP IC50 (µM) Protein QSSM QUP IC50 (µM) 

PADI4 27 22 0.43 ATIC 4 3 >50 
AARS 5 5 >50 ATP5A1 14 14 >50 
ACAT1 5 5 >50 ATP5B 12 11 >50 
ACIN1 2 2 >50 ATP5F1 3 3 >50 
ACTB 23 12 >50 ATP5O 2 2 >50 

ACTC1 9 6 >50 BAT1 6 6 >50 
ACTL6A 3 3 >50 BCAP31 2 2 >50 
ACTN1 5 5 >50 BCAT1 2 2 >50 
ACTN4 3 3 >50 BCLAF1 13 13 >50 
ACTR2 3 3 >50 BIN2 3 3 >50 
ADAR 3 3 >50 BLMH 3 3 >50 
ADNP 4 3 >50 BTF3 6 5 >50 
AHCY 11 11 >50 BUB3 3 3 >50 

AHCYL1 3 3 >50 BZW1 11 10 >50 
AHNAK 3 2 >50 BZW2 2 2 >50 
AIFM1 2 2 >50 C10ORF76 10 7 >50 
AK2 3 3 >50 C11ORF58 4 3 >50 

AKR1B1 4 4 >50 C16ORF80 3 3 >50 
ALDH2 6 6 >50 C19ORF43 2 2 >50 

ALDH9A1 2 2 >50 C1QBP 2 2 >50 
ALDOA 22 19 >50 C21ORF33 6 5 >50 
ANP32A 10 9 >50 C22ORF28 3 3 >50 
ANP32B 17 11 >50 CACYBP 4 4 >50 
ANP32E 8 5 >50 CAD 2 2 >50 
ANXA1 7 6 >50 CALR 14 12 >50 
ANXA2 5 5 >50 CAND1 18 18 >50 
APEH 3 3 >50 CANX 8 8 >50 
APEX1 6 5 >50 CAP1 5 5 >50 
ARF3 5 4 >50 CAPZA1 5 5 >50 
ARG1 2 2 >50 CAPZB 4 4 >50 

ARGLU1 3 3 >50 CAT 4 4 >50 
ARHGDIA 4 4 >50 CBX3 5 5 >50 
ARHGDIB 5 5 >50 CBX5 8 8 >50 
ARHGEF2 2 2 >50 CCT2 14 13 >50 
ARPC1B 3 3 >50 CCT3 12 11 >50 
ARPC2 6 6 >50 CCT4 13 13 >50 
ARPC3 2 2 >50 CCT5 15 13 >50 
ARPC4 5 4 >50 CCT6A 9 9 >50 
ARS2 15 14 >50 CCT7 24 19 >50 

ASAH1 3 3 >50 CCT8 17 16 >50 
ASS1 4 4 >50 CDC2L1 3 3 >50 



 

Protein QSSM QUP IC50 (µM) Protein QSSM QUP IC50 (µM) 

CDC37 6 6 >50 DKC1 3 3 >50 
CDC42 2 2 >50 DLAT 12 11 >50 
CDC73 15 13 >50 DLD 13 12 >50 
CFDP1 3 3 >50 DLST 5 5 >50 
CFL1 21 16 >50 DNAJA1 7 7 >50 
CHD4 8 7 >50 DNAJA2 2 2 >50 
CIRBP 2 2 >50 DNAJC8 2 2 >50 
CLIC1 9 7 >50 DR1 4 3 >50 
CLTC 42 39 >50 DUT 3 3 >50 
CNBP 3 3 >50 DYNC1H1 20 20 >50 
COPA 8 8 >50 EBNA1BP2 4 4 >50 

COPB1 6 6 >50 ECH1 3 3 >50 
COPB2 11 11 >50 ECHS1 5 5 >50 
COPE 3 3 >50 EEA1 3 3 >50 

COPS2 3 3 >50 EEF1A1 25 19 >50 
COPS4 2 2 >50 EEF1B2 3 3 >50 

CORO1A 18 16 >50 EEF1D 5 4 >50 
CORO1C 4 3 >50 EEF1E1 6 6 >50 
COTL1 2 2 >50 EEF1G 18 16 >50 
CPSF2 2 2 >50 EEF2 30 27 >50 
CPSF6 3 2 >50 EFTUD2 17 15 >50 

CS 5 5 >50 EHD1 2 2 >50 
CSE1L 11 11 >50 EIF1AP1 2 2 >50 

CSNK2A1 10 10 >50 EIF2B3 2 2 >50 
CSNK2A2 6 6 >50 EIF2S1 5 5 >50 
CSNK2B 7 7 >50 EIF3A 3 3 >50 

CTPS 2 2 >50 EIF3B 14 14 >50 
CTR9 4 3 >50 EIF3C 5 5 >50 
CTSC 3 3 >50 EIF3D 3 3 >50 
CTSD 4 4 >50 EIF3E 9 9 >50 
DARS 21 19 >50 EIF3F 3 3 >50 
DDB1 24 23 >50 EIF3G 4 4 >50 

DDOST 2 2 >50 EIF3H 6 5 >50 
DDX17 3 3 >50 EIF3I 5 4 >50 
DDX3X 2 2 >50 EIF3K 2 2 >50 
DDX41 14 13 >50 EIF3L 9 8 >50 
DDX5 4 4 >50 EIF3M 4 4 >50 
DEK 3 3 >50 EIF4A1 8 8 >50 

DHX15 26 25 >50 EIF4A3 11 11 >50 
DHX9 20 17 >50 EIF4E 2 2 >50 
DJ-1 9 9 >50 EIF5 2 2 >50 

 



Protein QSSM QUP IC50 (µM) Protein QSSM QUP IC50 (µM) 

EIF5A 4 3 >50 GSTP1 7 6 >50 
EIF5B 5 5 >50 GTF2A2 2 2 >50 
EIF6 4 4 >50 GTF2F2 14 12 >50 

ELAVL1 7 7 >50 GTF2I 2 2 >50 
ENO1 36 24 >50 HADHA 43 35 >50 
EPRS 24 23 >50 HADHB 20 17 >50 
ERH 12 11 >50 HDAC1 4 4 >50 

ERP29 6 4 >50 HDAC2 5 5 >50 
ESD 5 5 >50 HDGF 2 2 >50 
EZR 8 8 >50 HINT1 3 3 >50 

FAM62B 5 4 >50 HIST1H1C 3 3 >50 
FASN 7 7 >50 HIST1H2AD 4 3 >50 
FBL 3 3 >50 HIST1H4A 3 3 >50 

FBXO22 14 13 >50 HMGB1 20 14 >50 
FH 2 2 >50 HMGB2 4 4 >50 

FKBP4 2 2 >50 HNRNPA0 5 5 >50 
FSCN1 11 10 >50 HNRNPA2B1 33 22 >50 
FUBP1 6 6 >50 HNRNPA3 10 9 >50 

FUS 11 9 >50 HNRNPAB 9 8 >50 
FUSIP1 3 3 >50 HNRNPC 27 21 >50 
G3P1 3 2 >50 HNRNPD 25 17 >50 
G6PD 4 4 >50 HNRNPF 7 7 >50 

GANAB 16 16 >50 HNRNPH1 9 6 >50 
GAPDH 30 15 >50 HNRNPH3 19 13 >50 
GARS 6 6 >50 HNRNPK 13 12 >50 
GBAS 3 3 >50 HNRNPL 3 3 >50 
GBE1 6 6 >50 HNRNPM 15 14 >50 

GCN1L1 2 2 >50 HNRNPR 12 11 >50 
GDI2 5 5 >50 HNRNPU 42 34 >50 
GGH 2 2 >50 HNRNPUL1 9 9 >50 
GLS 2 2 >50 HNRNPUL2 40 35 >50 

GLUD1 11 9 >50 HNRPA1L-2 21 13 >50 
GM2A 11 7 >50 HNRPDL 5 5 >50 

GNB2L1 27 19 >50 HNRPLL 19 14 >50 
GNB4 2 2 >50 HSD17B10 4 4 >50 
GNL1 2 2 >50 HSD17B11 5 5 >50 
GOT2 11 10 >50 HSD17B4 7 7 >50 
GPI 6 6 >50 HSP90AA1 21 18 >50 
GSN 18 18 >50 HSP90AB1 29 21 >50 
GSR 2 2 >50 HSP90B1 37 35 >50 

GSTO1 3 3 >50 HSPA1A 16 14 >50 
 



Protein QSSM QUP IC50 (µM) Protein QSSM QUP IC50 (µM) 

HSPA5 31 28 >50 MARS 9 9 >50 
HSPA8 46 34 >50 MAT2A 6 6 >50 
HSPA9 21 19 >50 MATR3 15 14 >50 
HSPD1 48 34 >50 MCM2 4 4 >50 
HSPE1 7 6 >50 MCM3 19 19 >50 

HTATSF1 7 7 >50 MCM4 5 5 >50 
HYOU1 4 4 >50 MCM5 16 14 >50 

IARS 24 24 >50 MCM6 7 7 >50 
ICAM1 5 5 >50 MCM7 4 4 >50 
IDH1 4 3 >50 MDC1 2 2 >50 
IDH2 10 10 >50 MDH1 8 7 >50 

IGF2BP1 2 2 >50 MDH2 20 16 >50 
ILF2 7 7 >50 MFAP1 6 5 >50 
ILF3 24 21 >50 MG23 5 4 >50 

IMPDH2 2 2 >50 MIF 2 2 >50 
INPP5D 3 3 >50 MPO 49 38 >50 
INTS3 2 2 >50 MRCL3 2 2 >50 
IPO5 7 7 >50 MSH2 4 3 >50 
IPO7 8 7 >50 MSN 28 26 >50 

IQGAP1 7 7 >50 MTA2 5 5 >50 
ITGB2 10 10 >50 MTHFD1 3 3 >50 
JTV1 4 4 >50 MYH9 77 67 >50 
KARS 15 14 >50 MYL6 3 3 >50 

KHSRP 3 3 >50 MYO1F 2 2 >50 
KIAA0196 5 5 >50 NACA 3 3 >50 
KIAA1033 5 5 >50 NAPA 3 3 >50 

KIF11 2 2 >50 NARS 2 2 >50 
KPNB1 10 10 >50 NASP 5 5 >50 
KTN1 5 5 >50 NCBP1 17 15 >50 

LAMP1 2 2 >50 NCBP2 5 5 >50 
LAP3 7 7 >50 NCL 61 49 >50 

LARP7 3 2 >50 NHP2 2 2 >50 
LARS 6 6 >50 NHP2L1 5 5 >50 
LCP1 32 28 >50 NME1-NME2 10 8 >50 
LDHA 16 13 >50 NOC2L 2 2 >50 
LDHB 19 14 >50 NOL5A 2 2 >50 

LMNB1 3 3 >50 NOLC1 5 5 >50 
LRRC59 5 5 >50 NONO 4 4 >50 

LSD1 3 3 >50 NOP10 2 2 >50 
LUC7L2 5 5 >50 NP 9 7 >50 
MAGOH 2 2 >50 NPM1 23 13 >50 

 



Protein QSSM QUP IC50 (µM) Protein QSSM QUP IC50 (µM) 

NT5C2 2 2 >50 PPIB 11 11 >50 
NUDC 2 2 >50 PPIH 2 2 >50 

NUDT21 3 3 >50 PPM1G 11 11 >50 
NUMA1 35 33 >50 PPP1CA 3 3 >50 
NUP107 2 2 >50 PPP2CA 3 3 >50 
NUP160 2 2 >50 PPP2R1A 7 7 >50 
NUP210 8 8 >50 PPT1 2 2 >50 
OGDH 3 3 >50 PRDX1 9 7 >50 
OTUB1 3 2 >50 PRDX2 3 3 >50 
P4HB 24 20 >50 PRDX3 8 6 >50 

PA2G4 7 7 >50 PRDX4 4 3 >50 
PABPC1 5 5 >50 PRDX6 5 5 >50 
PAICS 10 10 >50 PRKDC 16 16 >50 
PARP1 4 4 >50 PRMT1 8 8 >50 
PCBP1 4 4 >50 PRPF19 9 9 >50 
PCBP2 2 2 >50 PRPF6 5 5 >50 
PCID2 15 15 >50 PRPF8 30 29 >50 
PCNA 11 11 >50 PSMA1 4 4 >50 
PDAP1 2 2 >50 PSMA3 7 7 >50 

PDCD10 2 2 >50 PSMA4 7 6 >50 
PDCD4 5 5 >50 PSMA5 3 3 >50 
PDHA1 4 4 >50 PSMA6 9 8 >50 
PDHB 4 4 >50 PSMA7 5 5 >50 
PDIA3 12 11 >50 PSMB1 5 4 >50 
PDIA4 9 9 >50 PSMB2 4 4 >50 
PDIA6 9 7 >50 PSMB3 2 2 >50 
PEBP1 28 15 >50 PSMB4 4 3 >50 
PELO 3 3 >50 PSMB7 2 2 >50 
PFN1 14 8 >50 PSMC1 3 3 >50 

PGAM1 10 8 >50 PSMC3 5 5 >50 
PGD 11 9 >50 PSMC4 2 2 >50 

PGM2 2 2 >50 PSMC5 3 3 >50 
PHF5A 4 4 >50 PSMC6 2 2 >50 
PHGDH 2 2 >50 PSMD1 2 2 >50 
PKM2 23 19 >50 PSMD11 3 3 >50 
PLEC1 2 2 >50 PSMD12 4 4 >50 
PLEK 8 7 >50 PSMD13 2 2 >50 
PNN 2 2 >50 PSMD2 4 4 >50 

POLDIP3 21 18 >50 PSMD3 5 5 >50 
PPA1 2 2 >50 PSMD6 2 2 >50 
PPIA 20 11 >50 PSMD8 2 2 >50 

 



 

Protein QSSM QUP IC50 (µM) Protein QSSM QUP IC50 (µM)

PSME1 2 2 >50 RPL37A 3 2 >50 
PSME2 3 3 >50 RPL38 7 5 >50 
PTBP1 4 4 >50 RPL5 3 3 >50 

PTGES3 16 9 >50 RPL7 14 13 >50 
PUF60 19 16 >50 RPL9 4 4 >50 
PWP1 7 7 >50 RPLP0-LIKE 25 14 >50 
PYGM 4 4 >50 RPLP2 8 4 >50 
QARS 8 8 >50 RPN1 2 2 >50 
RAB10 2 2 >50 RPS10 10 8 >50 

RAB11B 12 11 >50 RPS11 7 7 >50 
RAB14 4 4 >50 RPS12 9 6 >50 
RAB1A 3 3 >50 RPS13 12 11 >50 
RAB35 2 2 >50 RPS14 4 4 >50 
RAB7A 3 3 >50 RPS15A 11 10 >50 
RAC2 5 5 >50 RPS16 8 8 >50 

RAD50 2 2 >50 RPS17 4 4 >50 
RALY 13 11 >50 RPS18 5 5 >50 
RAN 13 8 >50 RPS19 16 12 >50 

RAP1B 3 3 >50 RPS20 4 4 >50 
RARS 17 16 >50 RPS21 3 3 >50 

RAVER1 2 2 >50 RPS25 3 3 >50 
RBBP4 3 3 >50 RPS27A 9 8 >50 
RBBP7 7 5 >50 RPS28 4 3 >50 
RBM10 5 5 >50 RPS3 23 18 >50 
RBM25 4 4 >50 RPS3A 13 12 >50 
RBM8A 2 2 >50 RPS4X 9 9 >50 
RBMX 15 14 >50 RPS5 11 9 >50 
RCC2 27 26 >50 RPS7 16 10 >50 

RECQL 5 5 >50 RPSA 19 16 >50 
RPA1 5 5 >50 RRBP1 6 6 >50 

RPL10A 8 7 >50 RRP9 3 3 >50 
RPL11 14 8 >50 RTN4 2 2 >50 
RPL12 11 10 >50 RUVBL1 7 7 >50 

RPL13A 3 3 >50 RUVBL2 10 9 >50 
RPL17 6 6 >50 S100A8 3 3 >50 
RPL22 10 6 >50 SAFB 2 2 >50 
RPL23 2 2 >50 SAP18 7 6 >50 

RPL23A 3 3 >50 SAP30BP 7 7 >50 
RPL27 2 2 >50 SART3 9 9 >50 
RPL30 10 6 >50 SCYE1 4 4 >50 

RPL35A 4 4 >50 SEC61A1 3 3 >50 



Protein QSSM QUP IC50 (µM) Protein QSSM QUP IC50 (µM) 

SEC63 4 4 >50 SNRPD2 7 6 >50 
SEPT2 4 4 >50 SNRPD3 5 3 >50 
SEPT7 2 2 >50 SNRPE 4 2 >50 

SERBP1 6 6 >50 SNRPF 2 2 >50 
SET 11 8 >50 SNRPG 3 2 >50 

SF3A1 6 6 >50 SOD1 6 6 >50 
SF3A2 5 5 >50 SPTAN1 20 20 >50 
SF3A3 7 7 >50 SPTBN1 6 5 >50 
SF3B1 28 24 >50 SR140 3 3 >50 

SF3B14 3 3 >50 SRP09 4 3 >50 
SF3B2 3 3 >50 SRP14 7 7 >50 
SF3B3 28 25 >50 SRP68 3 3 >50 
SFPQ 11 11 >50 SSB 15 13 >50 
SFRS1 19 14 >50 SSBP1 4 4 >50 

SFRS10 6 6 >50 SSRP1 2 2 >50 
SFRS2 8 7 >50 ST13 9 9 >50 
SFRS3 15 10 >50 STIP1 10 10 >50 
SFRS5 6 6 >50 STMN1 2 2 >50 
SFRS6 4 4 >50 STOML2 8 8 >50 
SFRS7 7 7 >50 SUB1 20 12 >50 
SFRS9 12 11 >50 SUCLA2 2 2 >50 
SHMT2 11 11 >50 SUGT1 2 2 >50 

SIGMAR1 5 4 >50 SUPT16H 5 5 >50 
SIN3A 3 3 >50 SYNCRIP 9 8 >50 

SKIV2L2 9 9 >50 TAF15 6 5 >50 
SKP1 4 4 >50 TALDO1 11 11 >50 

SLC16A3 2 2 >50 TARDBP 3 3 >50 
SLC25A3 8 7 >50 TARS 2 2 >50 
SLC25A5 10 10 >50 TCOF1 2 2 >50 

SLC9A3R1 7 7 >50 TCP1 12 12 >50 
SMARCB1 2 2 >50 THOC4 9 9 >50 
SMARCC1 5 5 >50 THRAP3 26 24 >50 
SMARCC2 10 10 >50 TIA1 3 3 >50 
SMARCE1 2 2 >50 TIAL1 8 6 >50 

SMC3 5 5 >50 TIMM44 5 5 >50 
SNRNP200 28 28 >50 TKT 28 23 >50 
SNRNP40 5 5 >50 TLN1 2 2 >50 

SNRPA 5 5 >50 TMEM33 2 2 >50 
SNRPA1 5 5 >50 TMPO 7 5 >50 
SNRPB 5 5 >50 TNPO1 6 6 >50 

SNRPB2 5 5 >50 TNPO3 6 6 >50 
 



Protein QSSM QUP IC50 (µM) Protein QSSM QUP IC50 (µM) 

TP53 2 2 >50 VPS35 3 3 >50 
TPI1 16 14 >50 WARS 4 4 >50 

TPM3 8 7 >50 WDR1 7 7 >50 
TPP1 2 2 >50 WDR61 8 8 >50 
TPP2 3 3 >50 WDR82 3 3 >50 
TPR 25 24 >50 XPO1 19 19 >50 

TRA2A 2 2 >50 XPO5 3 3 >50 
TRIM28 9 8 >50 XPOT 2 2 >50 
TUBA1A 8 6 >50 XRCC5 19 16 >50 
TUBA4A 4 3 >50 XRCC6 19 18 >50 

TUBB 5 3 >50 YARS 3 3 >50 
TUBB2C 5 2 >50 YEATS4 2 2 >50 

TUFM 7 6 >50 YWHAB 5 4 >50 
TXN 8 6 >50 YWHAE 13 12 >50 

U2AF1 6 6 >50 YWHAG 8 7 >50 
U2AF2 14 13 >50 YWHAQ 3 3 >50 
UBA1 18 17 >50 YWHAZ 6 5 >50 
UBTF 19 18 >50 ZC3H18 6 6 >50 
VCP 40 35 >50 ZNF207 4 3 >50 
VIM 17 14 >50 ZRANB2 3 3 >50 

VPS29 2 2 >50 
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