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Abstract 

Protein arginine methyltransferase 5 (PRMT5) is an epigenetics related enzyme that 

has been validated as an important therapeutic target for glioblastoma and mantel cell 

lymphoma. In the present study, 11 novel PRMT5 inhibitors with 

5-benzylidene-2-phenylthiazolone scaffold were identified by molecular 

docking-based virtual screeningand structural optimization. Their IC50 values against 

PRMT5 at enzymatic level were ranging from 0.77 to 23 μM. As expected, the top 

two active hits (5 and 19) showed potent anti-proliferative activity against MV4-11 

cells with EC50 values lower than 10 μM and reduced the cellular symmetric arginine 

dimethylation levels of SmD3 protein. Besides, 5 and 19 demonstrated the mechanism 

of cell killing in cell cycle arrest and apoptotic effect. The probable binding modes of 

the two compounds were explored and further verified by molecular dynamics 

simulation. The structure-activity relationship (SAR) of this class of structures was 

also discussed and further demonstrated by molecular docking simulation. 

Keywords: PRMT5 inhibitor; arginine methylation; virtual screening; molecular 

docking, molecular dynamics simulation 

 

Introduction 

Protein arginine methyltransferase 5 (PRMT5) belongs to an important family of 

enzymes that mediate gene transcription and cellular signaling by catalyzing the 

methylation of arginine residues of their substrates.
1
 Using S-adenosyl-L-methionine 

(SAM) as the methyl donor, PRMT5 catalyzes the symmetric dimethylation of its 

histone and non-histone substrates assisted by its partner WD repeat protein MEP50 

(methylosome protein 50, also known as Wdr77).
2
 PRMT5 can silence the 

transcription of regulatory genes by methylating the H3 residue Arg8 (H3R8me2S) 

and H4 residue Arg3 (H4R3me2S) of histones.
3, 4

 Recently, studies have indicated that 

PRMT5 is a promising anticancer target for many human malignancies.
5-8

 For 

example, upregulation of PRMT5 was observed in mantle cell lymphoma (MCL) 

patient samples, and knockdown of PRMT5 elicited potent antiproliferative effects in 
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MCL cell lines.
4, 9-11

 In addition, genetic attenuation of PRMT5 resulted in cell-cycle 

arrest, apoptosis, and loss of cell migratory activity of glioblastoma cells.
7
 In lung 

cancer cells, PRMT5 was reported to promote cell proliferation by regulating multiple 

signaling pathways.
6
 As a consequence, lots of efforts have been made to develop 

modulators of PRMT5. Encouragingly, one PRMT5 inhibitor GSK-3326595 (Fig. 1) 

has been put into phase I clinical trial to study the dose escalation in subjects with 

solid tumors (glioblastoma, triple negative breast cancer and metastatic transitional 

cell carcinoma of the bladder) and non-Hodgkin's lymphoma. However, limited 

numbers of PRMT5 inhibitors with only five different scaffolds (Fig. 1) have been 

discovered so far. Considering the relatively poor druggability and lack of selectivity 

of the reported PRMT5 inhibitors, there is an urgent need to discover more novel 

PRMT5 inhibitors. 

 

As shown in the crystal structure of human PRMT5 (Fig. S1), there are two binding 

sites (SAM and substrate binding sites) that can be used for the discovery of new 

inhibitors. Therefore, two strategies can be applied to perform structure-based virtual 

screening; one is targeting SAM binding site and the other is targeting substrate 

binding site. Accordingly, the previously reported PRMT5 inhibitors can be divided 

into two types. For example, DC_Y134
12

 and the pan-methyltransferase inhibitor 

sinefungin
13

(Fig. 1) belong to the SAM binding site group, while GSK-3326595, 

EPZ015666
5
 and DC-C01

14
 (Fig. 1) pertain to the substrate binding site class. 

Although it is difficult to identify potent inhibitors that could compete with SAM, 

many attempts have been made to identify inhibitors that could bind to SAM binding 

site, and two scaffolds (17
15

 and P5i-6
16

) of non-SAM analogues have been reported 

up to now. 

 

In the present work, a novel small-molecule PRMT5 inhibitor (P16) with 

5-benzylidene-2-phenylthiazolone scaffold was initially identified by molecular 

docking-based virtual screening and showed an IC50 value of 13.9 μM in the bioassay. 

Further substructure search in SPECS database and structural optimization from P16 
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returned 44 extra analogues, ten of which displayed promising PRMT5 inhibitory 

activity with IC50 values ranging from 0.77 to 23 μM. The structure-activity 

relationship (SAR) of these structures was elucidated. Besides, the probable binding 

modes of the top two active compounds 5 and 19 were explored by molecular docking 

and molecular dynamics simulations. Moreover, 5 and 19 also exhibited significant 

anti-proliferative activity against MV4-11 leukemia cells and altered the endogenous 

arginine methylation level of SmD3, a protein that could be used to track the cell 

biochemical activity of PRMT5.
17-19

 The scaffold discovered in this work can be 

further optimized and used as a chemical probe to investigate the functions of 

PRMT5. 

 

Results and discussion 

Molecular docking-based virtual screening leading to the discovery of the hit 

compound P16. 

Currently, ten X-ray crystal structures of human PRMT5 are available in RCSB 

protein data bank (PDB) with codes 4X60,
5
 4X61,

5
 4X63,

5
 4GQB

13
 5C9Z, 5EMJ,

20
 

5EMK,
20

 5EML,
20

 5EMM,
20

 and 5FA5,
21

 which enables the feasibility of molecular 

docking-based virtual screening. In order to build an optimum structural model to 

perform molecular docking, these crystal structures were carefully analyzed and a 

model containing PRMT5:MEP50, SAM and H4 peptide was finally constructed. 

Briefly, the crystal structure with PDB code 5EML comprising the cofactor SAM was 

chosen as template to build the PRMT5:MEP50 and SAM fragments, while 4GQB 

which was the only one containing a H4 peptide in substrate binding site was chosen 

as the template to construct the H4 peptide part. In the constructed structure model, 

the coordinates of PRMT5:MEP50 and SAM were originated from 5EML while the 

H4 peptide was originated from 4GQB. Docking SAM to its binding site could well 

reproduce the binding mode resolved by the crystal structure, which supported the 

reliability of the current virtual screening method. In addition, a small library 

containing 20 small-molecule PRMT5 inhibitors (analogues of 17 and P5i-6, IC50 < 

10 μM) and 780 decoys were manually prepared to test the enrichment capability of 
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the docking method. All the 20 active compounds were found in top 10% range 

ranked by XP Gscore when screening this library, which further validated the 

reliability and effectiveness of the method. 

 

SPECS database (http://www.specs.net) containing 212,255 compounds were 

screened in silico to obtain candidates that showed potent binding affinity with 

PRMT5, and the top 1000 compounds ranked by XP Gscore were retained for visual 

inspection to retrieve compounds possessing well chemical fitness with SAM binding 

site and diverse chemical scaffolds. After filtration by “Lipinski’s Rule of Five” and 

clustering with “Clustering Molecules” protocol by Pipeline Pilot 7.5, 40 molecules 

were selected and purchased for subsequent biological evaluation at enzymatic level 

(Fig. 2A, the virtual screening workflow). Among them, one hit compound (P16) 

displayed the best inhibitory activity (Table S1) when tested by the Alpha LISA 

method
15

 with an IC50 value of 13.9 μM (Fig. 2B). 

 

Hit optimization returned the submicromolar active lead compound 5 

Similarity-based analogue search and synthetic structural optimization were carried 

out to improve the potency of the hit compound P16. Substructure search method was 

used to do similarity-based analogue search and retrieved 19 analogues in SPECS 

database. Meanwhile, structural optimization afforded 25 additional analogues. The 

latter 25 compounds were smoothly synthesized by one-pot reaction according to a 

previously reported protocol
22

 using the reagents including 4-methylbenzonitrile, 

2-mercaptoacetic acid and substituted benzaldehydes in hand. The synthetic route was 

outlined in Scheme 1. The double bond configuration of the synthesized compounds 

was assigned to be Z based NMR and HPLC analyses and similar structural analogues 

were also reported with Z geometry in the literature.
22

 

 

Scheme 1. Synthesis of thiazolone-based P16 analogues. Reagents and conditions: 
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Et3N, MeOH or EtOH, reflux, 12 h. 

 

The total of 44 compounds was then tested in vitro for their inhibitory activities 

against PRMT5. The inhibition rates at 50 μM were first obtained and the IC50 values 

of those with >40% inhibition rate were further determined (Table 1). Alpha LISA 

assay identified ten active compounds with IC50 values ranging from 0.77 to 23 μM. 

The structure-activity relationship (SAR) of this series of compounds was discussed 

below. 

 

Clearly, compounds showing inhibition rate above 40% at 50 μM were found to have 

at least one hydroxyl group on the benzene ring (R
2
), and those without the hydroxyl 

substituent were inactive. This obviously indicated that the presence of hydroxyl 

group as hydrogen bond donor or acceptor played a key role in their activity, which 

was lately validated by the predicted binding mode from molecular docking. In 

addition, comparison of activities between the compounds with R
1
 as methyl and as H 

suggested that the presence of methyl (R
1
) was not necessary. For example, each pair 

of active compounds 14/41, 22/44 and 42/P16 showed similar activity toward PRMT5. 

In most cases, the alkylation of hydroxyl(s) at meta- and/or ortho-position of benzene 

ring reduced the activity, which was reflected by the inhibition rates of compounds 

3-18. It was worth noting that the introduction of a halogen element (e.g., Cl or Br) in 

14, 16, 20 and 41 increased their PRMT5 inhibitory activity compared with 6, 

suggesting that the halogen atom was also vital to the activity in the condition of the 

presence of hydroxyl group(s). Meanwhile, substitution of Cl and Br seemed to have a 

similar effect on the compounds’ activity (16 vs 20). 

 

Next, the IC50 values of compounds 5, 14-16, 19, 20, 22, 41, 42, and 44 for PRMT5 

inhibition were tested. Most of the compounds showed the same level activity to P16 

with IC50 values ranging from 11.0 to 23.0 μM. Among them, two analogues 5 and 19 

displayed significantly improved activity with IC50 values of 0.77 and 6.60 μM, 

respectively (Fig. 3A). 
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Compound 5 showed selective inhibitory activity against PRMT5. 

The most active 5 was chosen for further test on its inhibition against the other key 

homological member of PRMT5, PRMT1. As shown in Fig. S2, the assay results 

(IC50 = 10.0 μM) revealed that 5 was displayed moderate selectivity (13-fold) against 

PRMT5. 

 

Predicted binding modes with PRMT5 of the top two active compounds 

Compounds 5 and 19 showed the best inhibitory activity against PRMT5 among all 

tested analogues, and their binding modes with PRMT5 were thus analyzed. As shown 

in Fig. 3B–3C, the two compounds showed similar binding modes with quite 

consistent space orientations. Hydrophobic, hydrogen bond, cation-π, and π-π 

interactions were observed and contributed to the binding affinity by further analysis 

(Fig. 4). Both compounds 5 and 19 were located in the hydrophobic pocket which is 

composed of residues Y324, L319, P314, L315, L436, M420 and A366 (Fig. 4). In 

particular, the methylbenzene ring established cation−π interaction with the side chain 

of K393. Not surprisingly, all hydroxyl groups in the two compounds formed 

hydrogen bonds with residues G365 of PRMT5, indicative of their important 

contribution to the activity. By comparing the binding modes of the two compounds 

with that of SAM (Fig. S3), we concluded that this series of compounds could 

efficiently occupy the SAM binding pocket of PRMT5. 

 

In order to further validate their binding modes, 100 ns molecular dynamics 

simulations were conducted on the two binding poses. The interactions between each 

compound and PRMT5 were found to be stable during the MD simulation process by 

analyzing the root mean square deviation (RMSD) values of each MD trajectory (Fig. 

S4 and S5). As the two compounds showed equivalent XP Gscore, the binding free 

energies of 5 and 19 with PRMT5 were calculated by MM/PBSA method with values 

of –31.85 kcal/mol and –27.34 kcal/mol, respectively. The results were in well 

accordance with their experimental activity data. 
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Anti-proliferative and cellular symmetric dimethylation effects of 5 and 19 on 

leukemia cell line MV4-11 

Leukemia cell line MV4-11 was used to measure the anti-proliferative effects of 5 and 

19, and the results were summarized in Fig. 5A. The two compounds showed a dose- 

and time-dependent manner in inhibiting MV4-11 cell proliferation with 12-day EC50 

values of 7.93 μM and 3.30 μM, respectively. It was interesting to note that 5 

displayed more potent inhibitory activity than 19 at enzymatic level but was less 

active at cell level. This observation could result from the higher cell membrane 

permeability of 19 as indicated by its better ClogP parameter (2.50) than that (4.03) of 

5. 

 

The effects of 5, 19 and EPZ015666 (positive control) on cellular symmetric arginine 

dimethylation in MV4-11 cells (Fig. 5B and Fig. S6) were tested by immunoblot 

using symmetric dimethyl arginine (SDMA) antibody. Similarly to EPZ015666, 

treatment of 5 and 19 led to a concentration dependent decrease in the intensity of 

multiple bands, including PRMT5 substrate SmD3 protein. Concentration-dependent 

decreases in SmD3me2s were observed, which demonstrated the PRMT5 engagement 

effects of the compounds in a cellular context. 

 

Inducement of cell cycle arrest and cell apoptosis of 5 and 19 

The effects of 5 and 19 on cell cycle and cell apoptosis were examined to illustrate 

their anti-proliferation mechanism through flow cytometric analysis. The results 

showed a concentration-dependent cell cycle arrest at G1 phase (Fig. 6 and Fig. S7) 

and increased apoptosis (Fig. 7 and Fig. S8) upon treatment with the two compounds 

for 24 and 48 hours, respectively. These results were in agreement with the critical 

role of PRMT5 in glioblastoma differentiated cells (GBMDC) and glioblastoma 

neurospheres (GBMNS), which uncovered that PRMT5 knockdown in GBMDC led 

to cell apoptosis and knockdown in GBMNS led to G1 cell cycle arrest.
23

 These 

findings indicated that this series of compounds were both cell-cycle arrestors and 
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apoptosis inducers. 

 

Experimental methods 

Molecular docking-based virtual screening 

Among the ten determined X-ray crystal structures of human PRMT5, 5EML and 

4X61 are the two structures containing the cofactor SAM, while 4GQB is the only 

one that comprises a histone H4 peptide in substrate binding site with a PRMT5 

inhibitor occupying SAM binding site. Therefore, 4GQB and 5EML with higher 

resolution (2.39 Å) than 4X61 (2.85 Å) were chosen to construct the structure model 

for virtual screening targeting SAM binding site. By superposing 5EML with 4GQB 

and replacing the coordinates of the substrate binding site inhibitor 5QK in 5EML 

with H4 peptide in 4GQB, a new complex model containing PRMT5:MEP50, SAM 

and H4 peptide was finally obtained and used for further study. In this constructed 

complex model, all the coordinates were derived from 5EML except for the H4 

peptide. The docking simulation was performed using Schrödinger software running 

under Maestro version 7.5. Glide program
24, 25

 embedded in Maestro 7.5 was used to 

carry out molecular docking. During the docking process, the coordinates of the 

protein (PRMT5:MEP50 and H4 peptide) were first minimized using the Protein 

Preparation Wizard Workflow with default settings, and docking grids were then 

created by defining residues within 15 Å around SAM. Finally, compounds of SPECS 

database prepared by the LigPrep panel (version    ,  chr dinger, LLC, New York, 

NY) were docked into the well-defined docking grids with the extra precision (XP) 

mode. 

 

Chemistry 

All purchased compounds were from commercial supplier (SPECS database) and used 

without further purification. Purity of these compounds was >= 95% as declared by 

the chemical vendor (Table S1–S2). 

 

General methods. Melting points were measured on a RY-1 melting point apparatus 
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(Tianjin Analysis Instrument Factory, Tianjin, China). Commercially available 

reagents were used without further purification. Organic solvents were evaporated 

under reduced pressure using a Büchi R-100 evaporator. Reactions were monitored by 

TLC using GF254 pre-coated silica gel plates (Yantai JiangYou Silica Gel Inc., Yantai, 

China). Column chromatography was performed on 200–300 mesh silica gel 

(Qingdao Marine Chemical Inc., Qingdao, China). NMR spectra were acquired on a 

Bruker AVANCE DRX600 spectrometer. Chemical shifts were expressed in  (ppm) 

and coupling constants (J) in Hz using solvent signals as references (CDCl3, H 7.26 

ppm and C 77.23 ppm; CD3OD, H 3.31 ppm and C 49.00 ppm; DMSO-d6, H 2.50 

ppm and C 39.50 ppm). The purity of the samples was determined by analytical 

HPLC using an Agilent 1260 system with ZDRBAX SB-C18 column (4.6 mm×150 

mm). HPLC data were recorded using parameters as follows: H2O/MeOH, 60/40 to 

0/100 in 30 min, +30 min isocratic, flow rate of 1.0 mL/min,  = 280 and 320 nm. 

High-resolution mass spectra (HRMS) were recorded on an Agilent Q-TOF 6520 MS 

spectrometer.  

 

General procedure for synthesis of 5-benzylidene-2-phenylthiazolones 1-8, 10, 11, and 

23-37. A solution of p-methylbenzonitrile (117 mg, 1 mmol), thioglycolic acid (101 

mg, 1.1 mmol), corresponding benzaldehyde (1 mmol) and 0.5 mL triethylamine in 5 

mL methanol or ethanol was refluxed for at least 12 h. The reaction mixture was 

evaporated under reduced pressure, and the residue was purified by silica gel column 

chromatography to afford the desired product. 

 

(Z)-5-Benzylidene-2-(p-tolyl)thiazol-4(5H)-one (1) 

A yellow solid (46 mg, 33%). mp 190–192 °C; HPLC purity: 17.74 min, 95.2%. 
1
H 

NMR (600 MHz, CDCl3) δ 8.12 (d, J = 7.8 Hz, 2H), 8.05 (s, 1H), 7.68 (d, J = 8.4 Hz, 

2H), 7.51 (dd, J = 7.1, 8.0 Hz, 2H), 7.47 (d, J = 7.1 Hz, 1H), 7.37 (d, J = 8.0 Hz, 2H), 

2.48 (s, 3H). 
13

C NMR (150 MHz, CDCl3) δ 187.3, 183.5, 146.9, 138.2, 134.0, 131.1, 

130.8, 130.1, 129.4, 129.3, 129.1, 126.7, 22.2. HRMS (ESI
+
): calcd for [M+H]

+
 

C17H14NOS
+
 m/z 280.0791; found 280.0795. 
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(Z)-5-(2-Methoxybenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (2) 

A yellow solid (57 mg, 37%). mp 166–168 °C; HPLC purity: 17.77 min, 98.8%. 
1
H 

NMR (600 MHz, DMSO-d6) δ 8.23 (s, 1H), 8.11 (d, J = 8.2 Hz, 2H), 7.69 (dd, J = 1.2, 

7.7 Hz, 1H), 7.55 (ddd, J = 1.5, 8.6, 8.6 Hz, 1H), 7.48 (d, J = 8.2 Hz, 2H), 7.20 (d, J = 

8.4 Hz, 1H), 7.16 (dd, J = 7.5, 7.6 Hz, 1H), 3.94 (s, 3H), 2.45 (s, 3H). 
13

C NMR (150 

MHz, DMSO-d6) δ 187.4, 182.2, 158.7, 146.8, 133.4, 131.7, 130.2, 129.1, 128.6, 

128.6, 126.1, 121.9, 121.1, 112.1, 56.0, 21.5. HRMS (ESI
+
): calcd for [M+H]

+
 

C18H16NO2S
+
 m/z 310.0896; found 31.0893. 

(Z)-5-(3-Methoxybenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (3) 

A yellow solid (66 mg, 43%). mp 158–160 °C; HPLC purity: 17.94 min, 98.1%. 
1
H 

NMR (600 MHz, CDCl3) δ 8.12 (d, J = 8.2 Hz, 2H), 8.01 (s, 1H), 7.42 (dd, J = 7.8, 

8.2 Hz, 1H), 7.37 (d, J = 8.2 Hz, 2H), 7.28 (d, J = 7.8 Hz, 1H), 7.19 (d, J = 2.4 Hz, 

1H), 7.02 (dd, J = 2.4, 8.2 Hz, 1H), 3.89 (s, 3H), 2.48 (s, 3H). 
13

C NMR (150 MHz, 

CDCl3) δ 187.3, 183.5 160.2 146.9, 138.1 135.4 130.4 130.1, 129.3, 129.1, 127.0, 

123.4, 116.9, 115.8, 55.6, 22.2. ESIMS m/z: 310.0 [M + H]
+
. HRMS (ESI

+
): calcd for 

[M+H]
+
 C18H16NO2S

+
 m/z 310.0896; found 310.0890. 

(Z)-5-(4-Methoxybenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (4) 

An orange solid (53 mg, 34%). mp 221–223 °C; HPLC purity: 17.74 min, 95.4%. 
1
H 

NMR (600 MHz, CDCl3) δ 8.11 (d, J = 8.2 Hz, 2H), 8.02 (s, 1H), 7.65 (d, J = 8.6 Hz, 

2H), 7.36 (d, J = 8.0 Hz, 2H), 7.02 (d, J = 8.6 Hz, 2H), 3.89 (s, 3H), 2.48 (s, 3H). 
13

C 

NMR (150 MHz, CDCl3) δ 186.6, 183.8, 162.1, 146.5, 138.3, 132.0, 130.1, 129.5, 

129.0, 126.7, 123.9, 115.0, 55.7, 22.1. HRMS (ESI
+
): calcd for [M+H]

+
 C18H16NO2S

+
 

m/z 310.0896; found 310.0893. 

(Z)-5-(3,4-Dihydroxybenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (5) 

A dark red solid (34 mg, 22%). mp 256–258 °C; HPLC purity: 15.19 min, 96.4%. 
1
H 

NMR (600 MHz, MeOD) δ 8.11 (d, J = 8.2 Hz, 2H), 7.91 (s, 1H), 7.45 (d, J = 8.2 Hz, 

2H), 7.24 (d, J = 2.4 Hz, 1H), 7.18 (dd, J = 8.2, 2.4 Hz, 1H), 6.92 (d, J = 8.2 Hz, 1H), 

2.48 (s, 3H). 
13

C NMR (150 MHz, MeOD) δ 188.6, 185.1, 1513, 148.2, 147.4, 141.2, 

131.2, 130.4, 129.7, 126.9, 126.8, 123.1, 118.0, 117.1, 21.9. HRMS (ESI
+
): calcd for 

[M+H]
+
 C17H14NO3S

+
 m/z 312.0689; found 312.0686. 



  

12 

 

(Z)-5-(4-Hydroxy-3-methoxybenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (6) 

A red-orange solid (42 mg, 26%). mp 197–199 °C; HPLC purity: 16.26 min, 95.9%. 

1
H NMR (600 MHz, CDCl3) δ 8.10 (d, J = 8.0 Hz, 2H), 7.98 (s, 1H), 7.36 (d, J = 8.0 

Hz, 2H), 7.29 (d, J = 8.2 Hz, 1H), 7.15 (d, J = 1.8 Hz, 1H), 7.04 (d, J = 8.2 Hz, 1H), 

6.08 (brs, OH), 4.00 (s, 3H), 2.48 (s, 3H). 
13

C NMR (150 MHz, CDCl3) δ 186.4, 183.7, 

148.9, 147.1, 146.6, 138.7, 130.1, 129.5, 129.0, 126.6, 125.8, 123.8, 115.4, 112.8, 

56.2, 22.1. ESIMS m/z: 326.0 [M + H]
+
. HRMS (ESI

+
): calcd for [M+H]

+
 

C18H16NO3S
+
 m/z 326.0845; found 326.0846. 

(Z)-5-(3,5-dimethoxybenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (7) 

A yellow solid (64 mg, 38%). mp 184–186 °C; HPLC purity: 18.18 min, 91.7%. 
1
H 

NMR (600 MHz, CDCl3) δ 8.10 (d, J = 8.2 Hz, 2H), 7.94 (s, 1H), 7.36 (d, J = 8.2 Hz, 

2H), 6.80 (d, J = 2.1 Hz, 1H), 6.80 (d, J = 2.1 Hz, 1H), 6.56 (dd, J = 2.1 Hz, 1H), 3.86 

(s, 6H), 2.47 (s, 3H). 
13

C NMR (150 MHz, CDCl3) δ 187.3, 183.4, 161.3, 146.9, 138.2, 

135.8, 130.1, 129.3, 129.1, 127.2, 108.6, 103.2, 55.7, 22.1. ESIMS m/z: 340.0 [M + 

H]
+
. HRMS (ESI

+
): calcd for [M+H]

+
 C19H18NO3S

+
 m/z 340.1002; found 340.1008. 

(Z)-5-(3,4-Dimethoxybenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (8) 

A yellow-orange solid (44 mg, 26%). mp 187–189 °C; HPLC purity: 17.08 min, 

95.7%. 
1
H NMR (600 MHz, CDCl3) δ 8.11 (d, J = 8.1 Hz, 2H), 8.00 (s, 1H), 7.36 (d, J 

= 8.1 Hz, 2H), 7.32 (dd, J = 1.7, 8.4 Hz, 1H), 7.18 (d, J = 1.7 Hz, 1H), 6.99 (d, J = 8.4 

Hz, 1H), 3.99 (s, 3H), 3.97 (s, 3H), 2.48 (s, 3H). 
13

C NMR (150 MHz, CDCl3) δ 186.4, 

183.7, 150.9, 149.6, 146.6, 138.6, 130.1, 129.5, 129.0, 127.0, 125.6, 124.1, 112.9, 

111.6, 56.3, 56.2, 22.2. ESIMS m/z: 340.0 [M + H]
+
. HRMS (ESI

+
): calcd for [M+H]

+
 

C19H18NO3S
+
 m/z 340.1002; found 340.1004. 

(Z)-5-(3-Hydroxy-4,5-dimethoxybenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (10) 

An orange solid (59 mg, 33%). mp 179–181 °C; HPLC purity: 16.33 min, 96.0%. 
1
H 

NMR (600 MHz, CDCl3) δ 8.10 (d, J = 8.2 Hz, 2H), 7.91 (s, 1H), 7.36 (d, J = 8.2 Hz, 

2H), 7.00 (d, J = 1.9 Hz, 1H), 6.77 (d, J = 1.9 Hz, 1H), 5.97 (brs, OH), 3.99 (s, 3H), 

3.94 (s, 3H), 2.48 (s, 3H). 
13

C NMR (150 MHz, CDCl3) δ 187.0, 183.6, 152.6, 149.8, 

146.8, 138.2, 138.1, 130.1, 129.8, 129.4, 129.1, 126.0, 110.1, 107.8, 61.3, 56.2, 22.1. 

HRMS (ESI
+
): calcd for [M+H]

+
 C19H18NO4S

+
 m/z 356.0951; found 356.0959. 
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(Z)-5-(4-Hydroxy-3,5-dimethoxybenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (11) 

A red-orange solid (50 mg, 28%). mp 227–229 °C; HPLC purity: 16.14 min, 98.5%. 

1
H NMR (600 MHz, CDCl3) δ 8.10 (d, J = 8.1 Hz, 2H), 7.96 (s, 1H), 7.36 (d, J = 8.1 

Hz, 2H), 6.93 (s, 2H), 5.98 (brs, OH), 3.99 (s, 6H), 2.48 (s, 3H). 
13

C NMR (150 MHz, 

CDCl3) δ 186.3, 183.6, 147.6, 146.6, 138.9, 138.2, 130.1, 129.4, 129.0, 125.6, 124.1, 

108.1, 56.6, 22.2. HRMS (ESI
+
): calcd for [M+H]

+
 C19H18NO4S

+
 m/z 356.0951; found 

356.0946. 

(Z)-5-(4-Isopropylbenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (23) 

A yellow solid (59 mg, 37%). mp 146–148 °C; HPLC purity: 19.29 min, 91.0%. 
1
H 

NMR (600 MHz, CDCl3) δ 8.11 (d, J = 8.2 Hz, 2H), 8.04 (s, 1H), 7.62 (d, J = 8.2 Hz, 

2H), 7.37 (m, 4H), 2.98 (m, 1H), 2.48 (s, 3H), 1.29 (d, J = 6.9 Hz, 6H). 
13

C NMR 

(150 MHz, CDCl3) δ 187.0, 183.7, 152.8, 146.7, 138.4, 131.6, 131.1, 130.1, 129.4, 

129.0, 127.6, 125.6, 34.4, 23.8, 22.1. HRMS (ESI
+
): calcd for [M+H]

+
 C20H20NOS

+
 

m/z 322.1260; found 322.1268. 

(Z)-5-(4-(Dimethylamino)benzylidene)-2-(p-tolyl)thiazol-4(5H)-one (24) 

A purple solid (63 mg, 36%). mp 161–163 °C; HPLC purity: 18.00 min, 97.8%. 
1
H 

NMR (600 MHz, CDCl3) δ 8.10 (d, J = 8.4 Hz, 2H), 8.00 (s, 1H), 7.59 (d, J = 8.9 Hz, 

2H), 7.33 (d, J = 8.2 Hz, 2H), 6.74 (d, J = 8.9 Hz, 2H), 3.10 (s, 6H), 2.46 (s, 3H), 1.22 

(t, J = 7.2 Hz, 6H). 
13

C NMR (150 MHz, CDCl3) δ 185.2, 184.1, 152.2, 145.8, 139.7, 

133.4, 123.0, 129.8, 128.7, 121.6, 120.1, 112.1, 40.2, 22.0. HRMS (ESI
+
): calcd for 

[M+H]
+
 C19H19N2OS

+
 m/z 323.1213; found 323.1208. 

(Z)-5-(4-(Diethylamino)benzylidene)-2-(p-tolyl)thiazol-4(5H)-one (25) 

A purple solid (43 mg, 27%). mp 222–224 °C; HPLC purity: 18.79 min, 99.5%. 
1
H 

NMR (600 MHz, CDCl3) δ 8.09 (d, J = 8.0 Hz, 2H), 7.97 (s, 1H), 7.56 (d, J = 8.8 Hz, 

2H), 7.33 (d, J = 8.0 Hz, 2H), 6.72 (d, J = 8.8 Hz, 2H), 3.44 (q, J = 7.1 Hz, 4H), 2.45 

(s, 6H), 1.22 (t, J = 7.1 Hz, 6H). 
13

C NMR (150 MHz, CDCl3) δ 184.9, 184.1, 150.1, 

145.7, 139.7, 133.7, 129.9, 129.9, 128.6, 120.8, 119.4, 111.7, 44.8, 22.0, 12.7. HRMS 

(ESI
+
): calcd for [M+H]

+
 C21H23N2OS

+
 m/z 351.1526; found 351.1531. 

(Z)-5-(3,4-Dimethylbenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (26) 

A yellow solid (38 mg, 25%). mp 200–202 °C; HPLC purity: 19.08 min, 92.1%. 
1
H 
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NMR (600 MHz, CDCl3) δ 8.12 (d, J = 8.2 Hz, 2H), 8.01 (s, 1H), 7.44 (s, 1H), 7.43 (d, 

J = 6.4 Hz, 1H), 7.36 (d, J = 8.2 Hz, 2H), 7.26 (d, J = 6.4 Hz, 1H), 2.48 (s, 3H), 2.35 

(s, 3H), 2.34 (s, 3H). 
13

C NMR (150 MHz, CDCl3) δ 187.0, 183f.7, 146.6, 140.9, 

138.8, 137.8, 132.1, 131.7, 130.0, 130.1, 129.5, 129.0, 128.5, 125.3, 22.2, 20.2, 20.0. 

HRMS (ESI
+
): calcd for [M+H]

+
 C19H18NOS

+
 m/z 308.1104; found 308.1100. 

(Z)-5-(4-Methylbenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (27) 

A yellow solid (35 mg, 24%). mp 230–232 °C; HPLC purity: 18.47 min, 92.3%. 
1
H 

NMR (600 MHz, CDCl3) δ 8.11 (d, J = 8.0 Hz, 2H), 8.03 (s, 1H), 7.58 (d, J = 7.8 Hz, 

2H), 7.36 (d, J = 8.0 Hz, 2H), 7.31 (d, J = 7.8 Hz, 2H), 2.48 (s, 3H), 2.43 (s, 3H). 
13

C 

NMR (150 MHz, CDCl3) δ 187.0, 183.7, 146.7, 142.0, 138.4, 131.3, 130.9, 130.2, 

130.1, 129.4, 129.0, 125.5, 22.1, 21.8. HRMS (ESI
+
): calcd for [M+H]

+
 C18H16N2OS

+
 

m/z 294.0947; found 294.0950. 

(Z)-5-(3-Fluoro-4-methylbenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (28) 

A yellow-orange solid (70 mg, 45%); HPLC purity: 18.60 min, 91.4%. mp 

230–232 °C. 1H NMR (600 MHz, CDCl3) δ 8.12 (d, J = 8.4 Hz, 2H), 7.97 (s, 1H), 

7.38 (d, J = 8.4 Hz, 2H), 7.33 (m, 3H), 2.49 (s, 3H), 2.35 (d, J = 1.2 Hz, 3H). 
13

C 

NMR (150 MHz, CDCl3) δ 187.0, 183.5, 161.7 (d, J = 247 Hz), 147.0, 136.9, 136.9, 

133.6 (d, J = 7.8 Hz), 132.4 (d, J = 5.5 Hz), 130.2, 129.3, 129.2, 126.9 (d, J = 25.4 

Hz), 126.8, 116.4 (d, J = 23.5 Hz), 22.8, 15.0. HRMS (ESI
+
): calcd for [M+H]

+
 

C18H15FNOS
+
 m/z 312.0853; found 312.0845. 

(Z)-5-(4-Fluoro-3-methylbenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (29) 

A yellow solid (59 mg, 38%). mp 209–211 °C; HPLC purity: 18.47 min, 92.8%. 
1
H 

NMR (600 MHz, CDCl3) δ 8.11 (d, J = 8.2 Hz, 2H), 7.97 (s, 1H), 7.51-7.50 (m, 2H), 

7.37 (d, J = 8.2 Hz, 2H), 7.13 (dd, J = 9.1, 9.1 Hz, 1H), 2.48 (s, 3H), 2.37 (s, 3H). 
13

C 

NMR (150 MHz, CDCl3) δ 187.0, 183.5, 162.9 (d, J = 254 Hz), 146.9, 137.3, 134.2 (d, 

J = 6.0 Hz), 130.3 (d, J = 5.7 Hz), 130.1, 130.1 (d, J = 3.7 Hz), 129.3, 129.1, 126.4 (d, 

J = 17.4 Hz), 126.0 (d, J = 2.5 Hz), 116.4 (d, J = 13.2 Hz), 22.2, 14.8 (d, J = 3.3 Hz). 

HRMS (ESI
+
): calcd for [M+H]

+
 C18H15FNOS

+
 m/z 312.0853; found 312.0855. 

(Z)-2-(p-Tolyl)-5-(3-(trifluoromethyl)benzylidene)thiazol-4(5H)-one (30) 

An orange solid (59 mg, 34%). mp 196–198 °C; HPLC purity: 17.75 min, 93.2%. 
1
H 
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NMR (600 MHz, CDCl3) δ 8.13 (d, J = 8.1 Hz, 2H), 8.03 (s, 1H), 7.90 (s, 1H), 7.84 (d, 

J = 7.7 Hz, 1H), 7.71 (d, J = 7.7 Hz, 1H), 7.64 (dd, J = 7.7, 7.7 Hz, 1H), 7.38 (d, J = 

8.1 Hz, 2H), 2.49 (s, 3H). 
13

C NMR (150 MHz, CDCl3) δ 187.2, 183.1, 147.3, 135.81, 

134.9, 133.6, 132.0 (q, J = 32.8 Hz), 130.2, 130.0, 129.3, 129.1, 128.7, 127.3 (q, J = 

3.8 Hz), 127.0 (q, J = 3.6 Hz), 123.8 (q, J = 273 Hz), 22.2. HRMS (ESI
+
): calcd for 

[M+H]
+
 C18H13F3NOS

+
 m/z 348.0664; found 348.0674. 

(Z)-5-(4-Chlorobenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (31) 

A brown solid (47 mg, 30%). mp 187–189 °C; HPLC purity: 17.78 min, 92.0%. 
1
H 

NMR (600 MHz, CDCl3) δ 8.11 (d, J = 8.2 Hz, 2H), 7.98 (s, 1H), 7.61 (d, J = 8.5 Hz, 

2H), 7.48 (d, J = 8.5 Hz, 2H), 7.37 (d, J = 8.2 Hz, 2H), 2.48 (s, 3H). 
13

C NMR (150 

MHz, CDCl3) δ 186.8, 183.2, 146.9, 137.0, 136.4, 132.4, 131.7, 130.1, 129.6, 129.1, 

129.0, 127.1, 22.0. HRMS (ESI
+
): calcd for [M+H]

+
 C17H13ClNOS

+
 m/z 314.0401; 

found 314.0398. 

(Z)-5-(4-Bromobenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (32) 

A brown solid (64 mg, 36%). mp 240–242 °C; HPLC purity: 18.45 min, 93.5%. 
1
H 

NMR (600 MHz, DMSO-d6) δ 8.12 (d, J = 7.7 Hz, 2H), 8.01 (s, 1H), 7.80 (d, J = 8.1 

Hz, 2H), 7.76 (d, J = 8.1 Hz, 2H), 7.50 (d, J = 7.7 Hz, 2H), 2.46 (s, 3H). 
13

C NMR 

(150 MHz, DMSO-d6) δ 186.3, 182.1, 147.0, 136.1, 132.7, 132.5, 132.3, 130.3, 128.7, 

128.4, 127.2, 124.9, 21.5. HRMS (ESI
+
): calcd for [M+H]

+
 C17H13BrNOS

+
 m/z 

357.9896; found 357.9893. 

(Z)-5-(2-Fluorobenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (33) 

A yellow solid (45 mg, 30%). mp 192–194 °C; HPLC purity: 18.61 min, 93.7%. 
1
H 

NMR (600 MHz, CDCl3) δ 8.29 (s, 1H), 8.11 (d, J = 7.8 Hz, 2H), 7.74 (t, J = 7.2 Hz, 

1H), 7.49-7.43 (m, 1H), 7.37 (d, J = 7.8 Hz, 2H), 7.30 (t, J = 7.2 Hz, 1H), 7.21-7.16 

(m, 1H), 2.48 (s, 3H). 
13

C NMR (150 MHz, CDCl3) δ 187.2, 183.1, 162.0 (d, J = 

256.3 Hz), 147.0, 132.9 (d, J = 8.8 Hz), 130.2, 129.7 (d, J = 6.5 Hz), 129.4, 129.2, 

129.1, 128.6, 124.8 (d, J = 4.7 Hz), 122.5 (d, J = 11.7 Hz), 116.4 (d, J = 21.7 Hz), 

22.0. HRMS (ESI
+
): calcd for [M+H]

+
 C17H13FNOS

+
 m/z 298.0696; found 298.0690. 

(Z)-5-(4-Fluorobenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (34) 

A yellow solid (42 mg, 28%). mp 226–228 °C; HPLC purity: 17.43 min, 93.8%. 
1
H 
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NMR (600 MHz, CDCl3) δ 8.11 (d, J = 8.2 Hz, 2H), 8.01 (s, 1H), 7.68 (dd, J = 5.3, 

8.5 Hz, 2H), 7.37 (d, J = 8.2 Hz, 2H), 7.20 (t, J = 8.5, 8.5 Hz, 2H), 2.48 (s, 3H). 
13

C 

NMR (150 MHz, CDCl3) δ 186.9, 183.3, 164.1 (d, J = 255 Hz), 146.8, 136.7, 132.8 (d, 

J =8.7 Hz), 130.4 (d, J = 3.3 Hz), 130.2, 129.3, 129.1, 126.4 (d, J = 2.6 Hz), 116.7 (d, 

J = 22.1 Hz), 22.0. HRMS (ESI
+
): calcd for [M+H]

+
 C17H13FNOS

+
 m/z 298.0696; 

found 298.0689. 

(Z)-5-(2,4-Difluorobenzylidene)-2-(p-tolyl)thiazol-4(5H)-one (35) 

A yellow solid (55 mg, 35%). mp 196–198 °C; HPLC purity: 17.57 min, 93.6%. 
1
H 

NMR (600 MHz, CDCl3) δ 8.20 (s, 1H), 8.10 (d, J = 8.2 Hz, 2H), 7.75-7.71 (m, 1H), 

7.37 (d, J = 8.2 Hz, 2H), 7.06-7.03 (m, 1H), 6.96-6.92 (m, 1H), 2.48 (s, 3H). 
13

C 

NMR (150 MHz, CDCl3) δ 186.9, 183.0, 163.5 (dd, J = 12.2, 255 Hz), 162.5 (dd, J = 

12.0, 255 Hz), 147.2, 130.6 (dd, J = 3.0, 10.0 Hz), 130.2, 129.2, 129.2, 128.4 (dd, J = 

1.7, 6.0 Hz), 128.2, 119.1 (dd, J = 3.9, 12.0, Hz), 112.3 (dd, J = 3.7, 21.8 Hz), 105.1 

(dd, J = 25.5, 25.5 Hz), 22.2. HRMS (ESI
+
): calcd for [M+H]

+
 C17H12F2NOS

+
 m/z 

316.0602; found 316.0607. 

(Z)-5-(4-(Benzyloxy)benzylidene)-2-(p-tolyl)thiazol-4(5H)-one (36) 

An orange solid (66 mg, 34%). mp 182–184 °C; HPLC purity: 17.71 min, 95.6%. 
1
H 

NMR (600 MHz, CDCl3) δ 8.11 (d, J = 8.2 Hz, 2H), 8.01 (s, 1H), 7.64 (d, J =8.3 Hz, 

2H), 7.45-7.40 (m, 4H), 7.41 (d, J = 7.8 Hz, 2H), 7.37-7.35 (m, 3H), 7.09 (d, J = 8.8 

Hz, 2H), 5.15 (s, 2H), 2.47 (s, 3H). 
13

C NMR (150 MHz, CDCl3) δ 186.6, 183.8, 

161.2, 146.5, 138.2, 136.2, 132.9, 130.1, 129.5, 129.0, 128.9, 128.5, 127.6, 126.9, 

124.0, 115.8, 70.4, 22.1. HRMS (ESI
+
): calcd for [M+H]

+
 C24H20NO2S

+
 m/z 386.1209; 

found 386.1211. 

(Z)-Methyl 4-((4-oxo-2-(p-tolyl)thiazol-5(4H)-ylidene)methyl)benzoate (37) 

A yellow-orange solid (49 mg, 29%). mp 212–214 °C; HPLC purity: 18.94 min, 

95.1%. 
1
H NMR (600 MHz, CDCl3) δ 8.14 (d, J = 8.2 Hz, 2H), 8.11 (d, J = 8.2 Hz, 

2H), 8.02 (s, 1H), 7.71 (d, J = 8.2 Hz, 2H), 7.37 (d, J = 8.2 Hz, 2H), 3.95 (s, 3H), 2.48 

(s, 3H). 
13

C NMR (150 MHz, CDCl3) δ 187.3, 183.2, 166.3, 147.3, 138.1, 136.3, 

131.7, 130.4, 130.4, 130.2, 129.2, 129.1, 129.0, 52.6, 22.2. HRMS (ESI
+
): calcd for 

[M+H]
+
 C19H16NOS

+
 m/z 338.0845; found 338.0847. 
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In vitro Enzymatic Assay 

The in vitro enzymatic assay against PRMT5 was carried out by Shanghai 

ChemPartner Co. (998 Halei Road, Pudong New District, Shanghai 201203, China). 

All of the inhibitory rate data were obtained by performing triplicate tests and showed 

as the mean value. IC50 values were tested with eight different concentrations (from 

100 μM,   times dilution) of each compound and showed as the mean ± SD of three 

replicates. The following materials were purchased: PRMT5/MEP50 (BPS, Cat. No. 

51045); PRMT1 (BPS, Cat. No. 51041); [
3
H]-SAM (PerkinElmer, Lot. No. 2146246); 

SAM (Sigma, Cat. No. A7007); SAH (Sigma, Cat. No. A9384-25MG); 384-well plate 

(Perkin Elmer, Cat. No. 6007299); Anti-methyl-H4R3 AlphaLISA acceptor beads, 

streptavidin-tagged donor beads (Perkin Elmer); 1 x Epigenetics Buffer (Perkin 

Elmer). SAH was used as the reference compound. All tested compounds were 

dissolved into 20 mM stock in 100% DMSO. AlphaLISA and radioactive methylation 

assays were used to   test the inhibitory activities against PRMT5 and PRMT1, 

respectively, following the method we previously reported.
15

  The following protocol 

was used to test the inhibitory activity against PRMT5. Briefly, the biotinylated 

unmethylated histone H4 peptide (the 23-amino acid sequence: 

SGRGKGGKGLGKGGAKRHRKVLRGGK(biotin)–NH2) substrate at arginine 3 

(unmeH4R3) substrate stock and the SAM stock was diluted using Assay buffer 

(10mM Tris, PH 8.0, 1mM DTT, 0.01% Tween-20) with final concentrations of 50 

nM and 64 μM respectively in the reaction well. The PRMT5/MEP50 enzyme was 

diluted at a ratio of 1 : 10 in Assay buffer before being used. 100 nL of compound 

solutions were transferred to each well of the assay plate. Next, 5 μL of 

unmeH4R3:SAM mixture and 5 μL of diluted enzyme stock (final concentration of 

0.25 nM) were mixed in each well and incubated at room temperature (RT) for 60 min. 

10 μL of the assay buffer was used to serve as positive ‘‘maximum signal’’ control (no 

compound, with PRMT5 enzyme added), while “background signal’’ control was with 

no compound and no enzyme added. After that, 7.5 μL anti-H4R3me2 acceptor beads 

(1 : 300 dilution of the 5 mg/ml stock in 1 x Epigenetics buffer) and 7.5 μL 
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streptavidin-coated donor bead beads (1 : 300 dilution of the 5 mg/mL stock in 1x 

Epigenetics buffer) were successively added to each well of the assay plates with an 

interval of 60 min. The plates were incubated at RT for 30 min in the dark followed 

by Alpha signal reading on an EnSpire reader. GraphPad Prism 5.0 was used to 

process data.  

The following protocol was used to test the inhibitory activity of compound 5 against 

PRMT1. The enzyme (PRMT1), substrate (H4R3 S1ac), [
3
H]-SAM and Stop Mix 

(SAM) solution were prepared in assay buffer with the final concentration of 0.5 nM, 

0.1 μM, 0.25 μM and 0.13 mM, respectively. Compounds were added to the assay 

plate by Echo. 15 µL Enzyme solution was added to per well of prepared compound 

stock plates, followed by addition of 10 µL peptide and [
3
H]-SAM to per well of 

prepared compound stock plate using Multidrop. The plates were then covered and 

incubated for 60 minutes at room temperature. The reaction was finally stopped by 

addition of 5 µL Stop Mix. 25 µL solution from per well of the compound stock plate 

was transferred to Flashplate using Platemate, and the Flashplate was covered and 

then incubated for another 60 min at room temperature. The Flashplate was washed 

with dH2O + 0.1% Tween using the BioTek plate washer and then read plate in 

TopCount using program 3H-flashplate. 

Molecular dynamics simulation 

100 ns MD simulations were performed on 5-PRMT5:MEP50 and 

19-PRMT5:MEP50 complex models obtained by molecular docking. H++ program
26

 

was used to predict the protonation states of ionizable residues of each model. A 

periodic box of transferable intermolecular potential 3P water molecules that extended 

10.0 Å from the protein atoms was performed on each complex model. In order to 

neutralize the simulation system, counterions were added. AMBER 14.0 package
27

 

was used to perform MD simulations. Each model was done with isothermal-isobaric 

(NPT) ensemble and periodic boundary conditions. The force field for protein and 

small molecules were Amber14SB and the general Amber force field (GAFF)
28

 

respectively. Antechamber
29

 was used to derive charges and force field parameters of 

small molecules that were not existent in GAFF. SHAKE algorithm
30

 and 
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particle-mesh Ewald method
31

 were respectively used to constrain small bonds 

involving hydrogen atoms and to calculate the electrostatic interactions. The 

non-bonded pairs were updated every 25 steps while the non-bonded cutoff was set to 

10 Å. Each MD simulation was coupled to a 300 K thermal bath at 1 bar pressure by 

using the algorithm of Berendsen et al.
32

 

 

MM/PBSA calculations. 

After the trajectory of each complex model was well equilibrated, binding free energy 

was calculated using the MM/PBSA method encoded in the AMBER 14.0 program. 

2000 snapshots from each model trajectory were extracted every 50 ps, and the 

MM/PBSA calculation was performed on each snapshot using the MMPBSA.py.MPI 

module. 

 

In vitro anti-proliferative assay on MV4-11 cell line. 

Cell viability was measured by the method described previously.
15

 Briefly, MV4-11 

cells were plated into 24-well plates with 1 mL of RPMI1640 medium (Invitrogen) 

containing 10% fetal bovine serum and 1% penicillin/streptomycin at a density of 

0.5–1 x 10
5
 cells per well. The cells were incubated with tested compounds at 

different concentrations or DMSO at 37 °C in an incubator with a supply of 5% CO2 

for four, eight, and 12 days. Viable cell number was determined using the Cell 

Titer-Glo Luminescent Cell Viability assays (Promega), and luminescence was 

recorded using an EnVision Multilabel Plate Readers (PerkinElmer) according to the 

manufacturer’s protocol  EC50 values were determined from at least three independent 

tests and calculated from the inhibition curves. 

 

Western Blotting 

Total cell lysates were separated by 4%−1 % SDS-polyacrylamide gels and 

transferred to nitrocellulose membranes. Then blocking buffer (5% nonfat milk in 

PBST) and primary antibodies (SDMA, CST, 13222s; GAPDH, CST, 5174; both 

prepared in a 1:3 dilution of blocking buffer) were subsequently used to block and 
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incubate the blots for one hour at room temperature and overnight at 4 °C, 

respectively. After being washed three times with PBST, the blots were incubated with 

1:10000 dilution of donkey anti-rabbit secondary antibody (HRP conjugated) for one 

hour. Finally, the bands were detected in the ChemiScope3400 imaging system using 

ECL substrate (Millipore). 

 

Flow Cytometric Analysis 

MV4-11 cells were plated in 6-well plates and treated with tested compounds (5 and 

19) or DMSO (control). For cell cycle analysis, cells harvested after 24 hours were 

re-suspended in 70% ethanol overnight at 4 °C for fixation. After washed with PBS, 

samples were incubated with Propidium Iodide/RNase Staining Buffer (BD 

Pharmingen) for 30 minutes at room temperature. For cell apoptosis analysis, cells 

harvested after 48 hours were measured using AnnexinV-FITC Apoptosis Detection 

Kit (Vazyme Biotech) according to the manufacturer’s protocol. Samples were 

detected by BD FACSCalibur (BD Pharmingen) and data were analyzed using FlowJo 

V7.6.1. 

 

Conclusions 

In conclusion, 11 novel PRMT5 inhibitors were identified with IC50 values ranging 

from 0.77 to 23 μM by docking-based virtual screening combined with biological 

evaluation. Compared with the previously reported PRMT5 inhibitors, the hits 

identified in this work contained a new scaffold and could be used for further 

optimization to improve their activities. From the proposed binding mode, the top two 

active hits (5 and 19) had hydrophobic, hydrogen bond, salt bridge and cation-π 

interactions with PRMT5. MD simulation results indicated that the order of the 

binding free energy was in well agreement with the experimental activity. In addition, 

the anti-proliferative effect and the cell-level target engagement of 5 and 19 were 

confirmed in MV4-11 cells. Further investigations uncovered the G1 cell-cycle arrest 

and inducement of cell apoptosis to be the mechanism of cellular activity. The hits 

discovered in this study has provided a new chemical template for further hit-to-lead 
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optimization and lay a foundation for further development of therapeutic candidates 

for cancer. 

 

Abbreviations 

PRMT, protein arginine methyltransferase; SAM, sadenosylmethionine; MEP50, 

methylosome protein 50; MD, molecular dynamics; MM/PBSA, Molecular 

mechanics/Poisson-Boltzmann surface area; SAR, structure-activity relationship. 
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Table 1 Inhibitory activity of P16 and its analogues (1 to 44) against PRMT5
a
 

 

Compd. No. R
1
 R

2
 Inhibition rate (%)

 
IC50 (μM) Source 

P16 Me 

 

62 13.9 ± 0.85 Specs 

1 Me 
 

5 N.D. Synthesis 

2 Me 
 

9 N.D. Synthesis 

3 Me 
 

12 N.D. Synthesis 

4 Me 
 

33 N.D. Synthesis 

5 Me 
 

82 0.77 ± 0.04 Synthesis 

6 Me 
 

24 N.D. Synthesis 

7 Me 

 

15 N.D. Synthesis 

8 Me 
 

7 N.D. Synthesis 

9 Me 

 

6 N.D. Specs 

10 Me 

 

20 N.D. Synthesis 

11 Me 

 

18 N.D. Synthesis 
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12 Me 

 

30 N.D. Specs 

13 Me 

 

27 N.D. Specs 

14 Me 

 

56 16 ± 0.71 Specs 

15 Me 

 

80 12 ± 1.41 Specs 

16 Me 

 

44 23 ± 2.12 Specs 

17 Me 
 

28 N.D. Specs 

18 Me 

 

33 N.D. Specs 

19 Me 

 

98 6.6 ± 0.50 Specs 

20 Me 

 

42 18 ± 0.85 Specs 

21 Me 

 

0 N.D. Specs 

22 Me 

 

89 16 ± 0.14 Specs 

23 Me 

 

30 N.D. Synthesis 

24 Me 

 

4 N.D. Synthesis 
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25 Me 

 

0 N.D. Synthesis 

26 Me 
 

14 N.D. Synthesis 

27 Me 
 

4 N.D. Synthesis 

28 Me 
 

14 N.D. Synthesis 

29 Me 
 

0 N.D. Synthesis 

30 Me 
 

30 N.D. Synthesis 

31 Me 
 

14 N.D. Synthesis 

32 Me 
 

0 N.D. Synthesis 

33 Me 
 

25 N.D. Synthesis 

34 Me 
 

2 N.D. Synthesis 

35 Me 
 

17 N.D. Synthesis 

36 Me 
 

17 N.D. Synthesis 

37 Me 
 

0 N.D. Synthesis 

38 H 
 

26 N.D. Specs 

39 H 
 

8 N.D. Specs 

40 H 
 

2 N.D. Specs 
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41 H 

 

48 11 ± 0.35 Specs 

42 H 

 

65 15 ± 0.64 Specs 

43 H 

 

23 N.D. Specs 

44 H 

 

93 17± 0.28 Specs 

a
 The initial inhibition rates were tested at 50 μM, and only compounds with >40% 

inhibition rates were selected for IC50 measurements. N.D. = not determined. Data 

shown are mean ± SD of three replicates. 
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Fig. 1 Previously reported PRMT5 inhibitors of six scaffolds. 

 

 

Fig. 2 Virtual screening procedures and activity assay results for PRMT5 in vitro. (A) 

Workflow of virtual screening. (B) Structure and inhibitory activity of P16 against 

PRMT5 at enzymatic level. 
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Fig. 3 Chemical structures and inhibitory activities against PRMT5 of 5 and 19 and 

their predicted binding modes with PRMT5. (A) Structures and inhibition curves of 

compounds 5 and 19 against PRMT5. (B) Binding mode analysis of 5 and 19 with 

PRMT5. PRMT5, MEP50 and H4 peptide are shown in cartoon diagram in yellow, 

orange, and cyan color, respectively, and 5 and 19 are represented as green and 

salmon sticks, respectively. (C) A close-up view of the binding modes of 5 and 19. 

Arginine 3 of H4 peptide is shown as cyan sticks. 

 

 

Fig. 4 The detailed interactions of 5 and 19 with PRMT5 obtained by molecular 
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docking. The Lig. Int. panel inserted in Maestro was used to display ligand interaction 

diagram.  

 

 

Fig.5 Cell viability and Western blot analysis. (A) Effects of 5 and 19 on the 

proliferation of MV4-11 cells. (B) Effects of 19 and 5 on cellular target inhibition as 

determined by SDMA western blot. Treatment with 5 and 19 for 96 h decreased the 

cellular symmetrically dimethylation levels in MV4-11 cells.  
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Fig. 6 Cell cycle arrest in MV4-11 cells after treatment with 19. Treatment with 19 

arrested MV4-11 cells at G1 phase measured after 24 h. 

 

 

 

 

Fig. 7 Cell apoptosis induction in MV4-11 cells after treatment with 19. Treatment 

with 19 induced apoptosis of MV4-11 cells measured after 48 h. 
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Graphical abstract 
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Highlights 

 A class of PRMT5 inhibitors with the IC50 values ranging from 0 77 to    μM 

were identified. 

 

 The structure-activity relationship (SAR) of this class of structures was discussed. 

 

 The top two active hits (5 and 19) showed potent anti-proliferative activity 

against MV4-11 cells. 

 

 5 and 19 demonstrated the mechanism of cell killing in cell cycle arrest and 

apoptotic effect. 

 

 


