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ABSTRACT 

Ethnopharmacologic relevance 

Berberine (BBR) is a naturally occurring alkaloid compound that can be found in Chinese medicinal 

herbs such as Rhizoma Coptidis and Phellodendri Cortex. These BBR containing herbs are commonly 

used by Chinese medicine doctors to treat cancers including melanoma. In this study, we explored 

proteins potentially involved in the anti-melanoma effects of BBR using an integrative computational 

and experimental approach.  

Materials and methods 

Target proteins of BBR were predicted using the reverse pharmacophore screening, molecular docking 

and molecular dynamics. Anti-melanoma activities of BBR in melanoma cells were examined by MTT 

and EdU proliferation assays. Effects of BBR on activities of target proteins in melanoma cells were 

examined by Western blotting or fluorescence assay. 

Results 

Ten proteins implicated in cancer and with high fit-score in the reverse pharmacophore screening were 

selected as potential targets of BBR. Molecular docking and molecular dynamics revealed that BBR 

could stably bind to four of the ten proteins, namely 3-phosphoinositide-dependent protein kinase 1 

(PDK1), glucocorticoid receptor (GR), p38 mitogen-activated protein kinase (p38) and dihydroorotate 

dehydrogenase (DHODH). Cellular experiments showed that BBR inhibited cell proliferation, 

increased the phosphorylation of GR and p38, and inhibited the activity of DHODH in A375 human 

melanoma cells.  

Conclusions 

These findings suggest that p38, GR and DHODH are potentially involved in the anti-melanoma action 

of BBR. This study provided a chemical and pharmacological justification for the clinical use of 

BBR-containing herbs in melanoma treatment.  
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Chemical compound studied in this article 

Berberine (PubChem CID: 2353) 

 

 

 

1. Introduction 

Melanoma is the leading cause of skin cancer-related deaths (Siegel et al., 2012). Early-stage 

melanoma is readily treatable; however, advanced metastatic melanoma is extremely difficult to cure. 

Metastatic melanoma that cannot be removed by surgical treatment may be treated with radiation, 

immunotherapy, targeted therapy, or chemotherapy. However, serious side effects and drug resistance 

limit the clinical use of these current treatments against melanoma (Obenauf et al., 2015; Society, 2016; 

Wong and Ribas, 2016). The 5-year survival rate for patients with advanced melanoma is only 18% 

(Cancer.Net, 2017). New targeted therapeutics against melanoma are still needed. Traditional Chinese 

medicine (TCM) has long been used in cancer management as a complementary/alternative approach in 

Asian countries (Yang et al., 2015). Berberine (BBR) is an alkaloid occurring in various plants of the 

families Berberidaceae, Rutaceae, Menispermaceae, Annonaceae and Ranunculaceae (Chen et al., 2012; 

Grycova et al., 2007). The BBR containing herbs, such as Rhizoma Coptidis (the dried rhizome of 
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Coptis chinensis) and Cortex Phellodendri (the dried bark of Phellodendron amurense), are commonly 

prescribed by TCM doctors for treating melanoma (Liu et al., 2015; Xiao and Xiao, 1982; You, 2006; 

Zhou, 1997). BBR possesses a wide variety of biological effects, including anti-cancer, anti-microbial, 

anti-inflammatory, anti-diarrheal and anti-pyretic activities (Kumar et al., 2015; Ortiz et al., 2014). The 

information about the ADME (absorption, distribution, metabolism, and elimination) properties of 

BBR from TCMSP database (http://ibts.hkbu.edu.hk/LSP/tcmsp.php) (Ru et al., 2014) suggests that 

BBR can be orally delivered. Actually, owing to its orally deliverable feature, therapeutic effects and 

safety profiles in humans, BBR has been used for treating bacterial diarrhea and some chronic diseases, 

such as diabetes and hyperlipidemia, in China for decades (Yao et al., 2015). Several studies showed 

that BBR inhibited the proliferation (Letasiova et al., 2006; Mantena et al., 2006; Singh et al., 2011a) 

and metastasis (Hamsa and Kuttan, 2012; Kim et al., 2012; Kim et al., 2015) of melanoma cells. 

However, the mechanisms of the anti-melanoma action of BBR are not fully understood. 

Exploring molecular targets of a natural product via experimental approaches is time-consuming 

and expensive. Computational techniques are more effective in therapeutic target prediction 

(Prachayasittikul et al., 2015). Reverse pharmacophore mapping, based on the principle of aligning a 

given small molecule in flexible conformation to each pharmacophore model of proteins from a panel 

of pharmacophore database, can be employed to search for potential protein targets of a small molecule 

(Liu et al., 2010). Anti-cancer targets of danshensu, cryptotanshinone and the bioactive compounds 

(corilagin, quercetin and pseudopelletierine) extracted from the peel of Punica granatum have been 

predicated using a reverse Pharmacophore mapping tool, PharmMapper (Chen and Ren, 2014; Usha et 

al., 2014; Yuan et al., 2014). Molecular docking is a computational approach for predicting direct 

interaction between a protein and a small molecule (Shen et al., 2013; Shen et al., 2013; Tian et al., 

2013). Molecular dynamics (MD) is a simulation method for viewing the physical movements of all 

atoms and molecules of a protein-ligand complex (Tian et al., 2014; Zhou et al., 2013). Both molecular 

docking and MD are widely used to predict the protein targets of small compounds (Gu et al., 2013; Gu 

et al., 2015; Tian et al., 2013). The present study aims to predict the anti-melanoma targets of BBR by 

using PharmMapper, molecular docking and MD, and then validate these targets by cellular 

experiments. 

 

2. Materials and methods 
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2.1 Chemicals 

Antibodies against phospho-PDK1, phospho-p38 and GAPDH were purchased from Cell 

Signaling Technology (Beverly, MA, USA). Antibodies against phospho-GR and DHODH were 

purchased from Bioworld Technology (Louis Park, MN, USA). BBR was purchased from 

Sigma-Aldrich (St. Louis, MO, USA; Purity ≥ 98%, by HPLC analysis). Other reagents used in this 

study were obtained from commercial sources. 

2.2 Reverse pharmacophore screening 

PharmMapper is a web-based tool for predicting the binding of a small molecule to potential 

targets via a ‘reverse’ pharmacophore mapping approach. It predicts the best mapping poses for a given 

query molecule against all the pharmacophore models in Pharm Target DB using the ligand-protein 

reverse docking approach. The optimized structure of BBR from PubChem in mol2 format was 

submitted to PharmMapper (http:// 59.78.96.61/pharmmapper/) for predicting its potential protein 

targets from the Protein databank with the selection of “Human Protein Targets Only’’. The results of 

PharmMapper were ranked according to the fit-score (the higher the better). The information about the 

function and association pathways of the top 300 targets was obtained from the KEGG and GO 

database. 

2.3 Molecular docking  

To characterize the binding sites of BBR in the predicted protein targets, we performed molecular 

docking. The X-ray crystallographic structures of 10 potential targets and co-crystallized ligands, 

including PDE4D-inhibitor complex (PDB ID: 1XON), PDK-1-inhibitor complex (PDB ID: 2PE1), 

DHODH-inhibitor complex (PDB ID: 2FPY), Estrogen receptor-agonist complex (PDB ID: 1ERE), 

Heat shock protein 90-inhibitor complex (PDB ID: 2QG0), Fibroblast growth factor receptor 

1-inhibitor complex (PDB ID: 2FGI), ADR-inhibitor complex (PDB ID: 2DUX), GR-agonist complex 

(PDB ID: 1P93), Hepatocyte growth factor receptor-inhibitor complex (PDB ID: 2RFN) and p38 

MAPK-inhibitor complex (PDB ID: 2ZB0), were used in this study. The binding site of the 

co-crystallized ligand was taken as the starting structure for predicting the binding affinity of BBR to 

the protein. The binding energy of the BBR-protein complex was calculated using the GOLD docking 

program as previously described (Liu et al., 2016). We also predicted the binding energy between a 

protein and its co-crystallized ligand to serve as the positive control. PyMol v.1.3 was used to visualize 

the results. 
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2.4 Molecular dynamics 

MD simulation was performed using the YASARA program as described (Krieger et al., 2002). 

All simulations were run with the AMBER03 force field. The receptor-ligand complex was solvated in 

a dodecahedron box of 0.9% NaCl, with a distance of 5 Å between the solute and the box. Simulated 

annealing minimizations started at 298 K, velocities were scaled down with 0.9 every ten steps for a 

total time of 5 ps. After energy minimization, velocities were rescaled only about every 100 simulation 

steps, whenever the average of the last 100 measured temperatures converged. After that, 50 ns MD 

simulations were performed with a time step of 2 fs and the coordinates of the complexes were saved 

every 100 ps.  

2.5 Cell line and cell culture 

The human melanoma A375 cell line was purchased from the American Type Culture Collection. 

Cells were cultured in DMEM culture medium supplemented with 10% fetal bovine serum (Hyclone, 

Logan, UT), and maintained in an incubator with 5% CO2 at 37 ℃. 

2.6 MTT assay 

A375 cells were plated at a density of 5.0 × 103 cells per well in 96-well plates. Cells were treated 

with BBR (5, 10, 20, 40, 80μM) for 24 h. Cell viability was analyzed by the MTT assay (Liu et al., 

2016). Optical density was determined at 550 nm by using a microplate reader (Bio-Tek Instruments, 

Winooski, VT, USA). 

2.7 EdU proliferation assay 

The proliferation of A375 cells was further examined using the Cell-Light EdU Apollo488 In vitro 

Imaging Kit (RiboBio) according to the manufacturer’s protocol. Briefly, cells were incubated with 10 

μM EdU for 2 h before fixation with 4 % paraformaldehyde, permeabilization by 0.3 % Triton X-100 

and EdU staining. Cell nucleus was stained with 5 μg/ml Hoechst33342 for 10 min. The number of 

EdU-positive cells was counted under a microscope in five random fields (×100). All assays were 

independently performed in triplicate. 

2.8 Western blot  

The protein extracts of BBR-treated and –untreated cells were prepared in a lysis buffer. 

Approximately 15 µg protein samples were separately subject to sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis, transferred onto polyvinylidene difluoride membrane 

(Millipore, Bedford, MA, USA), and blocked by Tris-buffered saline containing 5% non-fat milk. 
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Target proteins were labeled by incubation with the corresponding primary antibodies overnight 

(phospho-p38 1:1000, phospho--PDK-1 1:1000, phospho--GR 1:2000, DHODH 1:1000, GAPDH 

1:1000). The intensity of each band was quantified using Image J software and normalized to the 

intensity of loading controls. 

2.9 Fluorescence assay for detecting DHODH activity 

A375 cells were treated with BBR for 24 h before harvest. The fluorescence assay for detecting 

DHODH activity was performed as described (Yin et al., 2017). Briefly, cells were counted and lysed 

in Milli-Q H2O (106 cells/ml) at 4℃ by sonication. The lysate was incubated in the enzyme reaction 

solution containing DHO, K2CO3-HCL, triton X-100 and coenzyme Q10 at 37℃ for 1 h, then mixed 

with 4-TFMBAO, K3[Fe(CN)6] and K2CO3 and heated at 80℃ for 4 min. Finally, the reaction was 

stopped on ice and the fluorescent intensity was measured at Ex=340 nm and Em=460 nm with a 

spectrofluorometer. 

2.10 Data analysis 

Data were expressed as mean ± SD. Statistical analysis was performed by one-way analysis of 

variance (ANOVA) followed by the Least Significant Difference (LSD) test using SPSS software 

(version 13.0). P < 0.05 was considered significant. 

 

3. Results 

3.1 Reverse pharmacophore screening 

To explore the mechanism of action for BBR’s anti-melanoma effects, we screened its potential 

protein targets using PharmMapper. Total 2241 human proteins were screened and sorted by fit-score in 

a descending order; the top 300 protein candidates were outputted. The function and association 

pathways of the 300 proteins were evaluated according to the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) and Gene Ontology (GO) database. Ten cancer-related potential targets of BBR with 

high fit-score (higher than 3) were selected (Table 1). 

Table 1 Potential anti-tumor targets of berberine (BBR) 

PDB ID Target name 
PharmMapper 

Fit-Score 
Role in Tumor 

1XON Phosphodiesterase 4D  4.206 
Knockdown of phosphodiesterase 4D inhibits 

tumor proliferation (Xu et al., 2014) 

2PE1 
3-phosphoinositide-depe

ndent protein kinase 1 
4.16 

A key molecule in regulating tumor growth 

(Raimondi and Falasca, 2011) 



 

  8 
 

2FPY 
Dihydroorotate 

dehydrogenase 
3.9 

Inhibition of dihydroorotate dehydrogenase 

reduces cancer proliferation and induces 

apoptosis(Baumann et al., 2009) 

1ERE Estrogen receptor 3.772 

A key molecule in regulating estrogen receptor 

positive cancer cell growth (Thomas and 

Gustafsson, 2015) 

2QG0 Heat shock protein 90 3.711 
A potential therapeutic target of cancer (Den RB 

and Lu, 2012) 

2FGI 
Fibroblast growth factor 

receptor 1 
3.605 

A potential therapeutic target of cancer (Goke et 

al., 2013; Schrock et al., 2014; Schultheis et al., 

2014) 

2DUX Aldose reductase 3.508 

Inhibition of aldose reductase reduces prevents 

colon cancer metastasis (Tammali et al., 2006; 

Tammali et al., 2011) 

1P93 Glucocorticoid receptor 3.442 
Activation of glucocorticoid receptor reduces 

melanoma proliferation (Dobos et al., 2011) 

2RFN 
Hepatocyte growth factor 

receptor 
3.377 

The receptor of hepatocyte growth factor 

regulating cancer proliferation (Cui, 2014) 

2ZB0 p38 kinase 3.394 
p38 kinase plays a dual role as a regulator of cancer 

death and survival (Koul et al., 2013) 

 

3.2 Molecular docking 

Next, we computed the docking abilities of BBR to these 10 potential targets using the docking 

program GOLD v5.3 (Genetic Optimisation for Ligand Docking; Cambridge Crystallographic Data 

Centre) (Joy et al., 2006). The binding energy values of BBR and the co-crystallized ligands toward 

individual proteins were shown in Table 2. A binding energy −30 kcal/mol was set as an experiential 

barrier (Hirayama et al., 2007). The energy of binding between individual protein and the 

corresponding co-crystallized ligand was lower than −30 kcal/mol, indicating this barrier was strict and 

reasonable. Six of the ten proteins whose binding energy to BBR lower than this barrier (the lower the 

better) were selected for the following molecular dynamics simulation. The six proteins were aldose 

reductase (ADR), glucocorticoid receptor (GR), phosphodiesterase 4D (PDE4D), p38 kinase (p38), 

3-phosphoinositide-dependent protein kinase 1 (PDK1), and dihydroorotate dehydrogenase (DHODH), 

respectively. 

Table 2 Molecular docking for berberine (BBR) and its potential targets 

PDB ID Target name 

Binding energy (kcal/mol) 

BBR co-crystallized ligand 

1XON Phosphodiesterase 4D -41.58 -39.12 

2PE1 3-phosphoinositide-dependent protein 

kinase 1 

-31.31 -32.23 

2FPY Dihydroorotate dehydrogenase -34.81 -36.13 
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1ERE Estrogen receptor -27.93 -32.91 

2PG0 Heat shock protein HSP 90-alpha -24.65 -33.43 

2FGI Fibroblast growth factor receptor 1 -25.77 -34.57 

2DUX Aldose reductase -48.17 -44.25 

1P93 Glucocorticoid receptor -37.08 -37.53 

2RFN Hepatocyte growth factor receptor -29.20 -41.32 

2ZB0 p38 kinase -30.42 -32.7 

 

The binding conformations of BBR against the potential targets were shown in Figure 1. BBR 

interacted with the Trp271, Glu230, Asp318, Tyr159, leu229, His204, His160, Ile336, Phe340 and 

Phe372 residues of PDE4D via van der Waals force; and bound to Gln369 through hydrogen 

interaction (Figure 1A). The amino acid residues of PDK1, Ser94, Lys111 and Ala162 were involved in 

BBR hydrogen bond formation, while Ser160, Tyr161, Ala109, Val96, Leu212, Glu209, Glu166, 

Asn210 and Asp223 interacted with BBR via van der Waals force (Figure 1B). BBR bound to the 

Ala55, His56, Met43, Leu42, Tyr38, Thr63, Pro364, Leu359, Met111, Ala59, Phe98, Thy360 and 

Arg136 residues of DHODH via van der Waals force (Figure 1C). BBR interacted with the Trp20, 

Val47, Gln49, His110, Phe122, Trp111, Trp219, Cys298 and Tyr209 residues of ADR via van der Waals 

force; and bound to Tyr48 through hydrogen interaction (Figure 1D). The amino acid residues of GR, 

Asn564 and Thr739 were involved in BBR hydrogen bond formation, while Met560, Leu563, Phe623, 

Met604, Arg611, Leu608, Gln570, Met601, Ala605, Met646, Leu732, Gln642, Gys736 and Ile747 

interacted with BBR via van der Waals force (Figure 1E). The amino acid residues involved in the 

interaction between p38 and BBR (Figure 1F) were Gly110 (via hydrogen bond formation), as well as 

Val30, Val38, Ala51, Lys53, Leu75, Thr106, Leu108, Met109 and Asp168 (via van der Waals force 

interaction). 
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Figure 1 Docking studies for the interaction between berberine (BBR) and its individual targets. 

A: Crystal structure of BBR-PDE4D complex. BBR was shown in green, and key residues were shown 

as sticks in white. Hydrogen bond was indicated by blue line, and the distance of hydrogen bond 

between BBR and Gln369 was 3.01 Å. B: Crystal structure of BBR-PDK1 complex. The distance of 

hydrogen bond of BBR with Ala162, Ser94 and Lys111 were 2.87, 2.83 and 2.73 Å, respectively. C: 

Crystal structure of BBR-DHODH complex. D: Crystal structure of BBR-ADR complex. The distance 

of hydrogen bond between BBR and Try48 was 2.45 Å. E: Crystal structure of BBR-GR complex. The 

distances of hydrogen bonds of BBR with Asn564 and Thr793 were 2.96 and 2.55 Å, respectively. F: 

Crystal structure of BBR-p38 MAPK complex. The distance of hydrogen bond between BBR and 

Gly110 was 2.57 Å.  

 

3.3 Molecular dynamics simulation 

To verify the molecular docking results, we preformed molecular dynamics simulation. The best 

conformation of the BBR-target complex obtained from the docking analysis was taken as the initial 

conformation for MD simulation. The surface visualization models of BBR-target complexes at 0 to 50 

ns were monitored during MD. As shown in Figures 2 A and B, BBR docked into the deep center of the 

ligand (inhibitor) binding site of PDE4D at the beginning of MD, however, it moved to the edge of the 

binding site after 50 ns of MD simulation. The heavy atoms root-mean-square deviation (RMSD) track 

of PDE4E-BBR complex (Figure 2C, red line) raised during the first 5 ns and fluctuated around 2 Å 

during 5 to 28 ns, then the RMSD raised and fluctuated around 2.9 Å during 28 to 50 ns. The heavy 

atoms RMSD track of PDE4D, which unbound with any ligand, fluctuated around 2 Å during 5 to 50 

ns (Figure 2C, blue line). In Figure 2D, the thermodynamic stability of the PDE4D-BBR complex and 
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free state PDE4D were determined on the basis of the fluctuation in potential energy. The track of 

potential energy of PDE4D-BBR complex was found to be lower as compared to unbound PDE4D. 

These results suggested that the binding between PDE4D and BBR was unstable. 

 

Figure 2 Molecular dynamics simulation for the interaction between berberine (BBR) and 

PDE4D. A-B: Crystal structures of PDE4D-BBR complexes at 0 ns (A) and 50 ns (B). C: Plots of root 

mean square deviation (RMSD) of heavy atoms of PDE4D-free (blue) and PDE4D-BBR complex (red). 

D: Potential energy profiles of PDE4D-free (blue) and PDE4D-BBR complex (red) during the 50 ns 

molecular dynamics simulation. 

 

The MD simulation results of PDK1-BBR complex were shown in Figure 3. We found that BBR 

presented at the center of PDK1 binding site at the beginning of MD; and stayed in this position at the 

end of MD (Figures 3 A and B). The heavy atoms RMSD track of PDK1-BBR complex (Figure 3C, red 

line) fluctuated from 2.9 to 1.9 Å during 5 to 27 ns, and the RMSD fluctuated from 2.5 to 2.1 Å during 

27 to 50 ns. The heavy atoms RMSD track of unbound PDK1 (PDK1-free) fluctuated around 2 Å 

(Figure 3D, blue line) during 5 to 50 ns. In Figure 3D, the track of potential energy of PDK1-BBR 

complex was higher than that of unbound PDK1. These results suggested that the binding between 
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PDK1 and BBR was stable, and BBR might directly target PDK1. 

 

Figure 3 Molecular dynamics simulation for the interaction between berberine (BBR) and PDK1. 

A-B: Crystal structures of PDK1-BBR complexes at 0 ns (A) and 50 ns (B). C: Plots of root mean 

square deviation (RMSD) of heavy atoms of PDK1-free (blue) and PDK1-BBR complex (red). D: 

Potential energy profiles of PDK1-free (blue) and PDK1-BBR complex (red) during the 50 ns 

molecular dynamics simulation. 

 

The MD simulation results of DHODH-BBR complex were shown in Figure 4. We found that 

BBR steadily presented at the center of DHODH binding site during the MD simulation (Figures 4 A 

and B). The RMSD track of DHODH-BBR complex mildly fluctuated from 1.4 to 1.7 Å during 5 to 50 

ns (Figure 4C, red line). The heavy atoms RMSD track of unbound DHODH (DHODH-free) fluctuated 

around 1.6 Å during 5 to 30 ns, and raised and fluctuated between 2 to 2.6 Å during 30 to 50 ns (Figure 

4D, blue line). The track of potential energy of DHODH-BBR complex was higher than that of 

unbound DHODH protein. These results suggested that the binding between DHODH and BBR was 

stable, and BBR might directly target DHODH. 



 

  13 
 

 

Figure 4 Molecular dynamics simulation for the interaction between berberine (BBR) and 

DHODH. A-B: Crystal structures of DHODH-BBR complexes at 0 ns (A) and 50 ns (B). C: Plots of 

root mean square deviation (RMSD) of heavy atoms of DHODH-free (blue) and DHODH-BBR 

complex (red). D: Potential energy profiles of DHODH-free (blue) and DHODH-BBR complex (red) 

during the 50 ns molecular dynamics simulation. 

 

The MD simulation results of ADR-BBR complex were shown in Figure 5. At the beginning of 

MD, BBR presented at the deep center of ADR binding site, while moved to the edge of binding site at 

the end of MD (Figures 5 A and B). The heavy atoms RMSD track of ADR-BBR complex escalated to 

2 Å at the first 40 ns, and then raised and fluctuated around 1.6 Å during 40 to 50 ns (Figure 5C, red 

line). The heavy atoms RMSD track of unbound ADR (ADR-free) fluctuated around 1.5 Å during 5 to 

50 ns (Figure 5C, blue line). The track of potential energy of ADR-BBR complex was lower than that 

of unbound ADR protein (Figure 5D). These results suggested that the binding between ADR and BBR 

was unstable. 
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Figure 5 Molecular dynamics simulation for the interaction between berberine (BBR) and ADR. 

A-B: Crystal structures of ADR-BBR complexes at 0 ns (A) and 50 ns (B). C: Plots of root mean 

square deviation (RMSD) of heavy atoms of ADR-free (blue) and ADR-BBR complex (red). D: 

Potential energy profiles of ADR-free (blue) and ADR-BBR complex (red) during the 50 ns molecular 

dynamics simulation. 

 

The surface visualization models of GR-BBR complex were shown in Figures 6 A and B. BBR 

steadily presented at the center of GR binding site until the end of MD simulation. The heavy atoms 

RMSD track of GR-BBR complex escalated to 3 Å during the first 15 ns, and then it reduced and 

fluctuated around 2.5 Å during 15 to 30 ns, finally, it reduced again and fluctuated around 2.1 Å during 

last 20 ns (Figure 6C, red line). The heavy atoms RMSD track of unbound GR (GR-free) slightly 

fluctuated around 2 Å during 3 to 50 ns (Figure 6C, blue line). The track of potential energy of 

GR-BBR complex was higher than that of unbound GR protein (Figure 6D). These results suggested 

that the binding between GR and BBR was stable, and BBR might directly target GR. 
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Figure 6 Molecular dynamics simulation for the interaction between berberine (BBR) and GR. 

A-B: Crystal structures of GR-BBR complexes at 0 ns (A) and 50 ns (B). C: Plots of root mean square 

deviation (RMSD) of heavy atoms of GR-free (blue) and GR-BBR complex (red). D: Potential energy 

profiles of GR-free (blue) and GR-BBR complex (red) during the 50 ns molecular dynamics 

simulation. 

 

The surface visualization models of p38-BBR complex were shown in Figures 7 A and B. At the 

beginning of MD, BBR locked in top of the binding site, and then it moved to central of binding site at 

50 ns. Both the heavy atoms RMSD track of p38-BBR complex and unbound p38 (p38-free) fluctuated 

from 3 to 1.8 Å during 5 to 50 ns (Figure 7C). The track of potential energy of p38-BBR complex did 

not significantly differ from that of unbound p38 (Figure 7D). These results suggested that the binding 

between p38 and BBR was stable, and BBR might directly target p38. 
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Figure 7 Molecular dynamics simulation for the interaction between berberine (BBR) and p38. 

A-B: Crystal structures of p38-BBR complexes at 0 ns (A) and 50 ns (B). C: Plots of root mean square 

deviation (RMSD) of heavy atoms of p38-free (blue) and p38-BBR complex (red). D: Potential energy 

profiles of p38-free (blue) and p38-BBR complex (red) during the 50 ns molecular dynamics 

simulation. 

 

3.4 Anti-melanoma activity of BBR 

The effect of BBR on A375 melanoma cell viability and proliferation was determined by the MTT 

assay and EdU staining. As shown in Figure 8, BBR significantly reduced cell viability and EdU 

positive cell number in a dose-dependent manner. These results support the anti-melanoma ability of 

BBR reported by others (Letasiova et al., 2006; Mantena et al., 2006). 
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Figure 8 Berberine (BBR) suppressed melanoma cell proliferation and reduced cell viability. 

A375 cells incubated with indicated concentrations of BBR for 24 h. A: Representative images of EdU 

staining. EdU (in red) stained newly synthesized DNA; Hoechet33342 (in blue) stained the nuclei. 

Merged view showed the overlap between nuclei and regions of EdU, double-stained cells were shown 

in purple. B: Percentage of EdU-positive cells. C: Cell viability assay. Data were shown as Mean ± SD. 

from three independent experiments; * P< 0.05 compared with untreated cells.  

 

3.5 Effects of BBR on activities of GR, p38, PDK1 and DHODH in A375 cells 

Western blotting showed that treatment with BBR upregulated the expression levels of 

phospho-GR and phospho-p38 in A375 cells in a dose-dependent manner (Figures 9 A to C). However, 

the expression level of phospho-PDK1 remained unchanged under BBR treatment (Figures 9 A, D). 

Fluorescence assay showed that BBR significantly inhibited DHODH activity (Figure 9 F). And 

Western blotting showed that protein expression level of DHODH was not affected by BBR in A375 

cells (Figures 9 A, E). These observations suggested that activities of GR, p38, DHODH but not PDK1 

were regulated by BBR in melanoma cells.  
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Figure 9 Effects of berberine (BBR) on activities of GR, p38, PDK1 and DHODH in A375 cells. A: 

Representative images of Western blots. B: Relative protein expression of phospho-GR (p-GR). C: 

Relative protein expression of phospho-p38 (p-p38). D: Relative protein expression of phospho-PDK1 

(p-PDK1). E: Relative protein expression of DHODH. F: The effect of BBR on DHODH activity in 

A375 cells. Data were shown as mean±SD from three independent experiments; * P< 0.05 compared 

with untreated cells. 

 

4. Discussion 

Each natural compound may have multiple molecular targets for exerting its pharmacological 

effects. Computational techniques can be employed to predict the targets of a given phytochemical. In 

this study, we predicted the anti-tumor targets of BBR by using the reverse pharmacophore mapping. 

Ten proteins that have been implicated in cancer and demonstrated high fit-score in the reverse 

pharmacophore screening were selected as potential targets of BBR. Molecular docking and molecular 

dynamics revealed that BBR could stably bind to four of the ten proteins, namely PDK1, GR, p38 and 

DHODH. Finally, the potential targets were verified with cellular experiments in melanoma cells. We 

found that p38, GR and DHODH were novel anti-melanoma targets of BBR. People have investigated 

the targets of BBR. The TCMSP database (http://ibts.hkbu.edu.hk/LSP/tcmsp.php) has recorded 17 

targets of BBR. But it is unclear whether the listed BBR targets in the TCMSP database are direct ones. 

In this study, for the first time, we identified p38 MAPK, GR and DHODH as potential direct 

anti-melanoma targets of BBR, providing novel insight into the mechanism of action of BBR for its 

anti-melanoma effects. 
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P38 MAPK is a mitogen-activated protein kinase that involves in cancer cell growth and apoptosis 

(Park et al., 2013). Activation of p38 MAPK pathway negatively regulates cell proliferation and 

tumorigenesis (Hui et al., 2007; Park et al., 2013). The present study demonstrated that the 

PharmMapper fit-score of p38 MAPK with BBR was more than 3; the optimal energy of binding 

between BBR and p38 MAPK was lower than -30kcal/mol, indicating a high binding affinity of BBR 

to p38. MD simulation indicated that the binding conformation of p38-BBR complex was stable. It is 

reported that BBR activates p38 MAPK in a variety of tumor cells including oral cancer (Kim et al., 

2015), lung adenocarcinoma (Zheng et al., 2014), breast cancer (Li et al., 2014) and colon cancer (Hsu 

et al., 2007). However, the effect of BBR on p38 MAPK activation in melanoma remains unclear. Our 

Western blot results showed that BBR enhanced p38 activation/phosphorylation in melanoma cells in a 

dose-dependent manner. Thus, we speculate that p38 MAPK is a direct anti-melanoma target of BBR. 

Gly110 is a single stranded hinge which connects two domains of p38 and constitutes catalytically 

active site (Mittelstadt et al., 2005). Several selective p38 inhibitors have a carbonyl moiety that 

interacts with Met109 and Gly110 of p38 (Ebadi et al., 2013; Zhang et al., 2007). Our results showed 

that BBR interacted with Gly110 of p38 by a hydrogen bond in the molecular docking study, and 

enhanced p38 activation in melanoma cells in the in vitro experiments. We speculate that BBR might 

bond with p38 and increase the affinity of p38 with upstream kinase or induce auto-phosphorylation of 

p38.  

GR is a nuclear receptor of glucocorticoids that acts as a transcription factor affecting 

inflammatory responses, as well as cell differentiation and proliferation (Kassi and Moutsatsou, 2011). 

Glucocorticoids are widely used in cancer therapy and have cell type-specific effects (Pufall, 2015). 

Studies showed that activation of GR results in a significant inhibition of cell proliferation in 

melanoma (Dobos et al., 2011). Here, we found that the binding conformation of GR-BBR complex 

was stable. It was reported that Asn564 and Thr739, the key residues of GR ligand binding domain 

(residues 521-777), interact with GR agonists including dexamethasone (Bledsoe et al., 2002), 

deacylcortivazol (Suino-Powell et al., 2008) and Bisphenol-A (Prasanth et al., 2010). We found that 

BBR interacted with Asn564 and Thr739 of GR by hydrogen bond. Western blot analyses showed that 

BBR increased the expression of phospho-GR in a dose-dependent manner in A375 cells. Previous 

studies showed that BBR inhibited migration of melanoma cells and reduced the expression levels of 

cyclooxygenase-2 (COX-2) and prostaglandin E2 (PGE2) (Singh et al., 2011b). GR was found to be a 
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negative regulator of COX-2 and PGE2 (Lim et al., 2014; Spinelli et al., 2014). Reported results and 

the new results of this study suggest that GR might be another direct anti-melanoma target of BBR.  

Reports showed that inhibiting the catalytic activity of DHODH could suppress proliferation of 

breast cancer and melanoma cells (Mohamad et al., 2017; White et al., 2011). In the present study, we 

found that BBR could stably bind DHODH. Ubiquinone (CoQ) is the final electron acceptor for 

DHODH, and disrupting CoQ-DHODH binding can abolish the catalytic activity of DHODH (Vyas 

and Ghate, 2011a). We found that BBR docked into the CoQ binding site on DHODH and significantly 

inhibited DHODH activity in A375 cells. These suggested that BBR might be able to compete with 

CoQ to bind DHODH, resulting in the reduced catalytic activity of DHODH. This study for the first 

time identified DHODH as one of the direct anti-melanoma targets of BBR.  

PDK1 is a key kinase that activates multiple signaling pathways including Akt, PKC and S6K, and 

is a potential target for treating cancers (Di Blasio et al., 2017). It was reported that BBR could inhibit 

the activation of Akt and PKC (Kou et al., 2016; Wu et al., 2013). In this study, we found that BBR like 

a PDK1 inhibitor could stably bind PDK1. However, our data showed that BBR did not inhibit PDK1 

phosphorylation in A375 cells. BBR can activate PI3K, an upstream signaling molecule of PDK1, in 

melanoma cells (Song et al., 2015). It was possible that the inhibitory effect of BBR on PDK1 activity 

was abolished by activating PI3K in A375 melanoma cells.  

 

4. Conclusion 

Our work demonstrates that p38 MAPK, GR and DHODH are potential direct anti-melanoma 

targets of BBR; while, roles of the three molecules in the anti-melanoma effects of BBR remain to be 

further established. This study provided a pharmacological justification for the clinical application of 

BBR-containing Chinese medicinal herbs in melanoma management. 
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