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Abstract 
Protein Tyrosine Phosphatase 1B (PTP1B) plays a key role in down-regulation 
of insulin and leptin signaling pathways. Therefore, development of novel in-
hibitors of PTP1B has becoming research focus in reducing blood sugar levels 
for Diabetes Mellitus and Obesity. Hence, we selected two isomer Selaginellins 
(1 and 2) to explain and analyze the binding mechanism of the two potential 
inhibitors against the PTP1B by molecule docking and molecular dynamics 
simulations. Firstly, the two isomers (1 and 2) and the initial ligand 19 were 
docked to the receptor of PTP1B by using molecular docking technology. Se-
condly, taken the 19 as an indicator, molecular dynamic (MD) simulations 
and molecular mechanics/generalized born surface area (MM/GBSA) me-
thods were requested to assess the binding affinity and complex stability of the 
two chemicals towards PTP1B. Finally, we explained that the interactions of 
compound 1 and 2 take up the active binding site PTP1B. Simultaneously, 
energy decomposition analysis recognized several amino acid residues si-
tuated in substrate-binding site that might provide clues for future inhibitor 
exploitation towards PTP1B. In conclusion, these results may explain the rea-
sons of differences of optical isomer biological activity and provide valuable 
information for developing novel inhibitors targeting PTP1B-mediated glu-
cose transport and metabolism for Diabetes Mellitus and Obesity therapeutics. 
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1. Introduction 

Protein Tyrosine Phosphatase 1B (PTP1B), belongs to a large family of signaling 
enzymes ,which modulate several fundamental cellular functions by phosphory-
lation and dephosphorylation reactions that can contribute to treat diabetes mel-
litus and obesity [1] [2] [3]. PTP1B plays a key role in down regulating of insulin 
and has caused as a potential target for the treatment of type II diabetes [4] [5]. 
Developing selective and potent depressors of PTP1B is a major challenge, for its 
high homogeneity to other cellular PTPs and polar nature of active site pocket. 
Thus, developing novel suppressants of PTP1B that concurrently occupies both 
binding active site A and B (the adjacent pTyr binding site) partially addressed 
the selectivity issue [6]. The hydrophobic property is critical for the chemical’s 
cell permeability and enhanced by creating compounds that target allosteric 
binding site (Site-C) with reduced negative charge [7] [8]. 

Selaginella tamariscina, a traditional Chinese medicine, has been reported to 
reduce the blood glucose levels and accelerate the repair the β-cells of pancreatic 
islet which injured by alloxan [9] [10]. Woo’s team has isolated and identified 
two isomer natural products (selaginellin (1) and Selariscinin A (2)) from the 
methanol extract of S. tamariscina as insulin-mimetic inhibitors of PTP1B by 
significant different enzyme activities in vitro [11]. Some progress has been fi-
nished in experimental research by Woo’s, but the theoretical researches on the 
interactions of the two isomer chemicals toward PTP1B and the structural fea-
tures influencing their PTP1B inhibitory activity are still undefined. 

Molecular modeling techniques likely molecular docking and molecular dy-
namic (MD) simulations, are useful tools to demystify detailed information of 
the protein-ligand interactions at the molecular and atomic levels [12] [13]. 
Molecular docking is common simulation software to predict the experimental 
binding orientations and affinities of small chemicals within the receptor 
binding sites [14] [15]. Besides, MD simulation is a useful technology afford-
ing vivid pictures to describe the undulations and conformational transitions 
of protein-ligand complex, and permitting further investigation of the interac-
tion mechanisms of the complex at the atomic levels [16]. Hence, combined 
studies of molecular docking and MD simulation can provide sharp insight 
into comprehending the characters of structure of ligand-receptor interac-
tions. 

In this study, we chose the two isomer chemicals (1 and 2) acting as PTP1B 
inhibitors to do a molecular modeling study by utilizing docking methodology 
and MD simulations to appraise the stability of the PTP1B-ligand complexes. 
Moreover, molecular mechanics/generalized born surface area (MM/GBSA) 
method was used to calculate the binding free energy and energy decomposition 
[17]. Finally, we explained that compound 2 might have the higher affinity to 
occupy the binding pocket of PTP1B, compared to 1. Overall, our results might 
afford valuable information and enrich new ideas for developing novel molecule 
targeting PTP1B in treatment of diabetes mellitus and obesity. 
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Figure 1. Shows the structures of 1 and 2 from Selaginella tamariscina and 19. 

2. Materials and Methods 
2.1. Data Preparation 

The X-ray crystal complex of PTP1B-IN1834146C (Named: Compound 19 in 
this study) was downloaded from the database of RCSB Protein Data Bank 
(PDB) (http://www.pdb.org/pdb/home/home.do), and the PDB code was 2VEU 
[18]. The structure was prepared in the following procedures: 1) removing the 
co-crystallized ligand of 19 and structural water molecules from the crystal 
structure, 2) adding hydrogen atoms to the protein by the Biopolymer module 
implemented in the SYBYL X1.3, and 3) assigning the Kollman-All atom charges 
to the protein atoms. Finally, the resultant structure was converted from the 
PDB format to MOL2 and used for the molecular docking experiments. 

The two isomer compounds (1 and 2) were collected for docking in reports by 
Woo and co-workers [11], and their structures was shown in Figure 1. The three 
dimensional structures of the two chemicals were created and optimized in 
SYBYL X1.3. Structure energy minimization was executed by using the Powell 
gradient algorithm and the Tripos force fields with a convergence criterion of 
0.001 kcal∙mol−1∙Å−1 and a maximum of 1000 iterations. MMFF94 charges were 
distributed to each chemical compound [19]. The minimized structure was used 
as the original configuration for molecular docking.  

2.2. Molecular Docking 

The PTP1B and the candidate compounds (1 and 2) were prepared using SYBYL 
X 1.3, the fabrication process included addition hydrogen atoms and charges, as 
well as the elimination of solvent molecules in the receptor of PTP1B. The accu-
racy of specified parameters docking was validated by re-docking the original 
co-crystallized ligand of 19 into the binding site of PTP1B, and the value of root 
mean square deviation (RMSD) was 0.552 Å. 

To generate the starting models for PTP1B in complex with two natural 
chemicals (1 and 2) and one co-crystallized ligand [20], the docking process was 
executed to obtain the docking-binding models by using the surflex-dock pro-
cedure applied in Tripos SYBYL X1.3. The threshold and bloat values were 
transferred to 0.5 and 0, severally. Twenty poses of the three ligands were consi-
dered in the docking process. The search grid extended 6 Å beyond the protein 
dimension. Ring flexibility and soft grid treatment were turned on. Docking is 
regarded successful in case of the RMSD value of the optimum form is less than 
a given threshold value of 0.1 Å from the crystal pose. 
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2.3. MD Simulations 

To determine the molecular docking results, the MD simulation was executed 
with AMBER 9.0 software package. The three docking systems (1-2VEU, 2-2VEU, 
and 19-2VEU) were used as the primal structures for MD simulations. The FF03 
AMBER force field and the general AMBER force field (gaff) were used to depict 
the complexes of protein-ligand, respectively. Each system was neutralized by 
adding Na+ and solvated in a truncated octahedron box of water molecules with 
a border distance of 12 Å [21] [22]. 

Thereafter, two-phase energy minimizations were performed to avoid feasible 
steric stress. Firstly, each complex was fixed with a restraint constant of 2.0 
kcal∙mol−1∙Å−1 and the hydrone and Na+ were minimized with the steepest des-
cent (SD) method for 2000 steps followed by conjugated gradient (CG) method 
for 3000 steps. Second, the whole relaxed complexes (1-2VEU, 2-2VEU, and 
19-2VEU) were optimized by 5000 steps via SD and CG, respectively. Then each 
of the protein-ligand system was slowly heated from 0 to 300 K in 200 ps with a 
weak constraint of 1.0 kcal∙mol−1∙Å−1 at a constant volume and equilibrated for 
500 ps at 300 K and 1 atm. Finally, a 5 ns production MD simulation was per-
formed in a NPT (constant composition, T = 300 K and P = 1 atm) ensemble. 
During these steps, the Particle Mesh Ewald (PME) method was applied to treat 
the long-range electrostatic interactions with a non-bonded cutoff of 8.0 Å, and 
the SHAKE algorithm was turned on to constrain all covalent bonds involving 
hydrogen atoms with 2 fs time step [23]. Coordinated trajectories were recorded 
per 1 ps and the stability of each complex was checked from the RMSD. 

2.4. Binding Free Energy Calculations 

In this study, the MM-PBSA approach implemented in the AMBER 9.0 software 
was applied to estimate the binding free energies ( bindG∆ , kcal/mol) of the pro-
tein-ligand systems [24] [25]. For every complex, a total of 200 snapshots of the 
simulated structures drawed from the last 2 ns stable MD trajectory were used 
for calculations. The PTP1B-ligand binding free energy was evaluated by Equa-
tion (1) 

( )bind complex PTP1B ligandG G G G∆ = − +                 (1) 

Gcomplex, GPTP1B, and Gligand are the free energies of the complex, the PTP1B pro-
tein, and the ligand, respectively. Each of them can be calculated by Equation (2) 

MM solG G G T S∆ = ∆ + ∆ − ∆                   (2) 

Where ΔGMM is the molecular mechanics free energy, ΔGsol is the solvation free 
energy, and −TΔS represents the entropy term. The molecular mechanics free 
energy is estimated as follows by Equation (3): 

MM vdw eleG G G∆ = ∆ + ∆                     (3) 

ΔGele and ΔGvdw express the electrostatic and Van der Waals coactions, re-
spectively. The solvation free energy is consisted of two modules by Equation 
(4). 
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sol ele,sol nonpol,solG G G∆ = ∆ + ∆                   (4) 

ΔGele,sol is the polar contribution to solvation and can be acquired by solving 
the Poisson-Boltzmann equation for molecular mechanics Poisson-Boltzmann 
surface area (MM-PBSA) method or generalized Born models for MM-GBSA. 
ΔGnonpol,sol is the nonpolar solvation term and is decided by using Equation (5). 

nonpol,solG SASAγ β∆ = ∆ +                    (5) 

where γ and β respectively representing the surface tension and constant, were 
set to 0.0072 kcal/(mol∙Å2) and 0, separately. This was exploited by Still et al. The 
solvent accessible surface area (SASA) is the solvent accessible surface area (Å2) 
that is evaluated by using the MSMS algorithm with a probe radius of 1.4 Å [26]. 
As the calculation of the entropy term was time-consuming and its value seldom 
converged, the entropy contribution has been omitted in this study. 

For distinguishing the contrast of the binding systems of these complexes, the 
binding free energies were disintegrated to each of residue by using the 
MMGMSA method. Each inhibitor-residue pair include four energy terms: 
ΔGvdw, ΔGele, ΔGele,sol and ΔGnonpol,sol, which can be summarized in the following 
Equation (6): 

inhibitor-residue vdw ele ele,sol nonpol,solG G G G G∆ = ∆ + ∆ + ∆ + ∆            (6) 

where ΔGvdw and ΔGele were computed with the sander program in AMBER 9.0. 
The polar contribution was decided by the generalized Born (GB) model (GBOBC, 
igb = 2). The nonpolar contribution was calculated using the SASA [26] [27]. 

3. Result and Discussion 
3.1. Molecular Docking  

To confirm the docking accuracy, the original ligand compound 19 in the crystal 
structure was docked back into the binding active site of PTP1B. The detailed 
structures of the compound 19 in the binding site predicted by the above men-
tioned studies are shown in Figures 2(A)-(B). Figure 2(A) indicates that com-
pound 19 interacts extensively with PTP1B in a defined manner such as the 
phenyl carbamoyl group occupies the active site and interacts with the catalytic 
(Site-A) residues，while benzoxazole moiety is positioned at second aryl phos-
phate binding (Site-B) residues. Figure 2(B) shows the phenyl carbamoyl group 
of the compound 19 immerges into a pocket (Site-A)constructed and the oxygen 
of the carbamoyl group interacts with residues of Ala-217, Ser-216, Gly-218, 
Asp-181, Cys-215, Arg-221 and Phe-182 thought eight hydrogen-bonds (3.0 Å, 
3.3 Å, 3.3 Å, 3.2 Å, 2.9 Å, 3.2 Å, 3.2 Å and 3.5 Å, respectively). Similarly exten-
sive interaction with Asp-48 with the amine group in Site-B by one hydrogen-
bond (3.0 Å). And the docking results are consistent with the experimental re-
sults [18]. This result showed that the docking technique and parameters used in 
the present study were similar in the PTP1B system. 

To clarify the interaction mechanism of the two natural compounds (1 and 2), 
the average structures were produced by averaging 100 snapshots from the last  
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Figure 2. (A)-(B) show docking structure of compound 19 and the corresponding surface 
of PTP1B(A). Interaction between the PTP1B active binding site and compound 19(B). 
Hydrogen bonds are depicted by red dotted lines. 

 
1ns MD trajectories. The binding modes of the two isomers (1 and 2) in the ac-
tive pocket of PTP1B are given in Figures 3(A)-(D). 

From Figures 3(A)-(B), it is can be seen that the detailed structure of the 
compound 1 in the binding site A and B predicted by the above mentioned stu-
dies, compare to compound 19, the compound 1 interacts extensively with 
PTP1B in a defined manner such that the phenol group (A-ring) occupies the 
active site and interacts with the catalytic (Site-A) residues, while the phenol 
group (D-ring) is positioned binding with residues Arg-47 (Site-B) by one hy-
drogen-bond (3.1 Å). We find that the B-ring of compound 1 immerges into a 
pocket (Site-A) constructed by amino acid residues and interacting with Ala-217, 
Asp-181, Arg-221 and Phe-182 thought by two hydrogen-bonds (3.5 Å, 3.1 Å), 
the hydroxyl of D-ring and A-ring group in compound 1 are hydrogen bonded 
to Arg-47 (3.1 Å) in Site-B, Gln-262 (3.0 Å), respectively. Although the com-
pound 2 docking results at the same binding active site of PTP1B from Figures 
3(C)-(D), we can find the difference between compound 1 and 2, the hydroxyl 
of E-ring group is hydrogen bonded to Asp-181 in Site-A by two hydro-
gen-bonds (3.0 Å, 3.1 Å), and the hydroxyl of A-ring group interacts with 
Arg-47 by two hydrogen-bonds (3.0 Å, 3.2 Å), while the hydroxyl of D-ring in 
compound 2 binding to Gln-262 by one hydrogen-bond (3.4 Å). Above all, the 
hydrogen bonds acquired from the molecular docking proved important infor-
mation on the binding patterns of ligand-receptor (1-2VEU, 2-2VEU and 
19-2VEU), further insights are to be revealed through the following MD simula-
tions. 

3.2. MD Simulations 

To further study the detailed ligand-receptor interactions in the binding proce-
dure, the three docking complexes (1-2VEU, 2-2VEU and 19-2VEU) were ex-
ecuted for 5 ns MD simulations. The RMSD plots show that the system is stable 
throughout the MD simulations in Figure 4. 

In Figure 4, the complex of 19-2VEU reach equilibrium around 1 ns, whereas  
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Figure 3. (A)-(B) show docking structures of compound1 and the corresponding surface 
of PTP1B(A). Interaction between the PTP1B binding active site and compound 1(B). 
(V)-(D) Docking structures of compound 2 and the corresponding surface of PTP1B(C). 
Interaction between the PTP1B binding active site and compound 2(D). Hydrogen bonds 
are described by red dotted lines. 

 

 
Figure 4. Shows the RMSD of the backbone atoms of the complexes (1-2VEU, 2-2VEU 
and 19-2VEU) during MD simulations, in which the black line symbolize the system of 
compound 19, while blue lines and red line indicate the system of compound 1 and 2, re-
spectively. 

 
the others achieve equilibrium around after 0.5 ns. The mean RMSD values of 
the binding modes were 1.2 Å, 1.3 Å and 1.1 Å, severally. And the relative RMSD 
fluctuations were very small, suggesting that the systems were stable during the 
MD simulations. 

In order to check the amino acid residue contribution of the receptor in the 
binding procedure, results of the analyses of the root-mean-square fluctuation 
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(RMSF) versus the residue number for the three systems (1-2VEU, 2-2VEU and 
19-2VEU) were expounded in Figure 5. We can find that the protein structures 
of three complexes in each graph display the similar RMSF allocations and simi-
lar trends of dynamic characteristics from Figure 5. For instance, the active site, 
especially the regions around residues Tyr-47, Asp-48, Val-49, Asp-181, Phe-182, 
IIe-219 and Gln-262, has a larger conformational drift for 2-2VEU system than 
that for the 1-2VEU, suggesting that 2 should have a more stabilized interaction 
with the receptor than 1. Over all, these analyses results of binding stabilization 
shows consistent with the experimental activities. 

3.3. Binding Free Energy Analysis 

To appraise the binding stability of the complexes, the binding free energy cal-
culations of each binding system were executed by the MM-PBSA program in 
the software of AMBER 9.0. From Table 1, the calculated ΔGbind value for the 
2-2VEU complex (−23.15 kcal/mol) was lower than the value of the 1-2VEU 
(−10.11 kcal/mol), nearly the value of the 19-2VEU (−28.74 kcal/mol), advising 
that 2 can form stronger binding to the receptor of PTP1B than 1, which was in 
 

 
Figure 5. Shows the RMSF of every residue of the protein for the three complexes 
(1-2VEU, 2-2VEU and 19-2VEU). 

 
Table 1. Shows binding free energy (kcal/mol) of compounds 1, 2 and 19 complexes. 

Energies 1 2 19 

ΔEele −22.31 −34.39 −44.06 

ΔEvdw −22.18 −35.41 −35.33 

ΔEval 0 0 0 

ΔEMM −44.49 −69.71 −79.39 

ΔGp 38.35 52.17 55.52 

ΔGnp −3.97 −5.61 −4.87 

ΔGsol 34.38 46.56 50.65 

ΔGbind −10.11 −23.15 −28.74 

ΔGbind,exp −6.59 −7.33 −5.73 

IC50 (μM) 15.9 4.6 67.5 
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accordance with the order of experimental activities. As shown in Table 1, the 
Van der Waals interactions (ΔGvdw) and the electrostatic interactions (ΔGele) 
make a significant contribution to the binding interaction, and there are a great 
difference in Van der Waals and electrostatic energies between 1 and 2. The 
nonpolar solvation free energy (ΔGnp) mildly favor the affinity, while the polar 
solvation free energy (ΔGp) opposes the binding strongly. From the above re-
sults, it can be further validated that the hydrophobic interaction and hydrogen 
bond play a conclusive role for establishing the ligand to the receptor. 

To obtain further insight into the detailed ligand-receptor interactions, the 
binding free energy in the three complexes was decomposed to individual resi-
due located within 6 Å of the ligand by using the MM-GMSA approach. From 
Figure 6, it can be seen that almost all residues energetically contribute more for 
the binding of compound 2 than that of compound 1, especially residues (large 
than 0.5 kcal/mol) Tyr-47, Asp-48, Val-49, Asp-181, Phe-182, IIe-219, Gly-220, 
Arg-221 and Gln-266, and the two isomer compounds have the similarly free 
energy decomposition plots with compound 19. As most of the previous residues 
are nonpolar, it is evident that ligands can form strong Van der Waals coactions 
with these amino acid residues and these Van der Waals interactions make more 
contributions to the binding free energy. The amino acid residues of ASP-181, 
Arg-47 and Gln-262 make strong contacts with the two isomers not only via Van 
der Waals interactions but also by forming H-bonds with 2VEU. Simultaneous-
ly, it is awared that almost all residues energetically contribute more for the 
binding of compound 2 than 1, suggesting that the interactions of compound 2 
with 2VEU is stronger than compound 1. From these results, we can infer that 
hydrophobic interactions and hydrogen bond play a critical role in the binding 
affinity of the inhibitors to the receptor of PTP1B. 

4. Conclusions 

In this study, molecular docking, MD simulations and binding free energy cal-
culations were performed to explain the interactions mechanism of the two iso-
mer compounds (1 and 2) to PTP1B. After forming five hydrogen bonds with 
Arg-47, Asp-181 and Gln-262, compound 2 is in close to hydrophobic residues  
 

 
Figure 6. Shows free energy distribution plots for the three complexes (1-2VEU, 2-2VEU 
and 19-2VEU). 
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like Asp-48, Val-49, Phe-182, Ala-217, Gly-220, Ile-219 and Arg-221, result in 
stronger inhibitory affinity than 1. It was notarized by the subsequent binding 
free energy analysis for the two complexes. Furthermore, enhancing stacking 
coactions with site A may be helpful to raise the inhibitory affinities of newly de-
signed inhibitors.  

The predicted ΔGbind values are −10.11, −23.15 and −28.74 kcal/mol for the 
1-2VEU, 2-2VEU and 19-2VEU complexes, respectively, which is agreed with 
the inhibitory abilities as expected. Between the predicted ΔGbind and the expe-
rimental ΔGbind,exp approximately estimated from the IC50 values, [11] advises 
that the predicted ΔGbind for PTP1B/inhibitor systems can be used to assess the 
experimental inhibitory abilities for novel PTP1B inhibitors of similar structural 
features.  

The results obtained from these computational approaches revealed the bind-
ing modes of the two ligand-receptor complexes and the main interaction me-
chanisms, and it can be useful for the optimization of new-style PTP1B inhibi-
tors based on selaginellins and other similar natural products. 
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