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Introduction

The pathogenesis of a wide range of significant human 
disorders, including diabetes and obesity, has been linked 
to abnormal signal transduction pathways and the resul-
ting disruption of normal protein phosphorylation pat-
terns (1). For example, a selective capacity to target these 
pathways offers tremendous therapeutic potential. There 
has been a dramatic rise in the use of protein kinase inhi-
bitors in recent years. Protein tyrosine kinase (PTK) based 
medication development has run across several obstacles, 
such as resistance to several medicines. As a result, there 

is an urgent demand for identifying novel targets and tech-
niques. Since protein phosphorylation is a reversible pro-
cess, it is important to remember that the coordinated and 
competing actions of the two types of enzymes involved in 
protein phosphorylation are critical to signaling outcomes. 
The protein tyrosine phosphatases (PTPs), which are a vast 
family of proteins that operate in conjunction with PTKs 
to modulate cell signaling, have also been implicated in 
the etiology of several human disorders, including dia-
betes and Alzheimer's disease (2). PTPs remain primarily 
unexploited as therapeutic targets. In the insulin and lep-
tin signaling pathways, PTP-1B plays a critical role in the 
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Protein tyrosine phosphatase-1B (PTP-1B) is a well-known therapeutic target for diabetes and obesity as it 
suppresses insulin and leptin signaling. PTP-1B deletion or pharmacological suppression boosted glucose 
homeostasis and insulin signaling without altering hepatic fat storage. Inhibitors of PTP-1B may be useful in 
the treatment of type 2 diabetes, and shikonin, a naturally occurring naphthoquinone dye pigment, is reported 
to inhibit PTP-1B and possess antidiabetic properties. Since the cell contains a large number of phosphatases, 
PTP-1B inhibitors must be effective and selective. To explore more about the mechanism underlying the inhi-
bitor's efficacy and selectivity, we investigated its top four pharmacophores and used site-directed mutagene-
sis to insert amino acid mutations into PTP-1B as an extension of our previous study where we identified 4 
pharmacophores of shikonin. The study aimed to examine the site-directed mutations like R24Y, S215E, and 
S216C influence the binding of shikonin pharmacophores, which act as selective inhibitors of PTP-1B. To 
achieve this purpose, docking and molecular dynamics simulations of wild-type (WT) and mutant PTP-1B 
with antidiabetic compounds were undertaken. The simulation results revealed that site-directed mutations 
can change the hydrogen bond and hydrophobic interactions between shikonin pharmacophores and many 
residues in PTP-1B's active site, influencing the drug's binding affinity. These findings could aid researchers 
in better understanding PTP-1B inhibitors' selective binding mechanism and pave the path for the creation 
of effective PTP-1B inhibitors.
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dephosphorylation of insulin and leptin receptors (3, 4). 
According to several research studies, PTP-1B-knockout 
mice have enhanced insulin sensitivity and are resistant 
to diet-induced obesity, whereas therapy with PTP-1B an-
tisense oligonucleotides improves hyperglycemia in dia-
betic mice models (5, 6). Therefore, PTP-1B, the prototy-
pic PTP, is a recognized target for the treatment of diabetes 
and obesity because it plays a well-established function in 
downregulating insulin and leptin signaling (7). Additio-
nally, several studies revealed the importance of genetic 
deletion or pharmacological suppression of PTP-1B in im-
proving glucose homeostasis and insulin signaling without 
generating fat accumulation in the liver, which proved to 
be advantageous over existing therapies (8).

Saeed M. et al. showed the binding of potent natu-
ral antidiabetic compounds shikonin and its pharma-
cophores (ZINC000031168045, ZINC000031168048, 
ZINC000031168041, and ZINC000031168554) with the 
active site residues within the binding pocket of PTP-1B. 
These compounds were observed to form hydrogen bonds 
with the active site residues (ARG24, SER215, SER216, 
ARG221, and ARG254) in the binding pocket of PTP-1B 
to stabilize the structure (9). Various PTP-1B inhibitors 
have been successfully found, including pTyr mimetics 
and natural products; however, the catalytic domain of 
PTP-1B, which is highly conserved, makes it difficult to 
increase the inhibitor's selectivity over other PTPs (10). 
Furthermore, to design potent inhibitors, active site resi-
dues can be explored by site-directed mutagenesis.

To gain a better understanding of the structural basis 
for PTP-1B recognition of inhibitors and to establish the 
basis for the subsequent design of specific compounds 
capable of interfering with PTP-1B-related processes, we 
must first characterize the regions that comprise the inhibi-
tor binding sites (the previously identified active site resi-
dues) and understand the basis of the potency and selecti-
vity of shikonin. Therefore, the objective of this study was 
to investigate the rationale of shikonin's efficacy and selec-
tivity by analyzing its top four pharmacophores (9) and 
by introducing amino acid mutations into PTP-1B by site-
directed mutagenesis. To execute this study by employing 
in silico technique, we used site-directed mutagenesis, 
molecular docking, and molecular dynamics (MD) simu-
lations to examine the internal behaviors of the PTP-1B-
inhibitor complex and mutant complex. The conforma-
tional changes, in-tra-molecular interactions, and energy 
differences of shikonin and its pharmacophores were ana-
lyzed to gain a better understanding of the key elements 
impacting binding selectivity. In light of the above, this 
study explored the binding mode of shikonin and its top 
pharmacophores with PTP1B via introducing amino acid 
substitution into the active site residues to uncover novel 
implications for the design of PTP-1B inhibitors that are 
both potent and selective.

Materials and Methods

Data retrieval
Structural and sequence data of PTP-1B was down-

loaded from PDB (Protein Data Bank), a database of expe-
rimentally (NMR or X-Ray crystallography) determined 
three-dimensional structures of the protein (11, 21). PDB 
ID: 1AAX _A resolution1.9Å was downloaded along with 
its FASTA sequence. 1AAX contains a single A chain with 

321 amino acids forming compact alpha helices and beta 
sheets. The structure is bound to 4-PHOSPHONOOXY-
PHENYL-METHYL-[4-PHOSPHONOOXY] BENZEN 
(BPM) in its binding pocket.

Orthologous analysis 
PTP-1B is described as a negative regulator of insulin 

and leptin signaling and a modulator of various processes 
in the central nervous system (CNS). The sequence data 
from different species of PTP-1B was collected to iden-
tify the conserved and nonconserved amino acids. PTP-
1B FASTA sequence retrieved from PDB was searched 
using BLAST-P (12, 27) for obtaining orthologous; the 
search was constrained to mammals only. The sequence 
alignment and construction of the phylogenetic tree were 
carried out with the help of MEGA X. The Maximum Li-
kelihood approach and the Poisson correction model with 
1000 bootstrap methods were used to infer the evolutio-
nary history of the organism.

Multiple sequence alignment
Aligning the sequences of orthologous gives insight 

into conserved and nonconserved amino acid sites. The 
Clustal Omega program was used for PTP-1B Ortholo-
gous multiple sequence alignment (13, 11). The program 
works with the progressive alignment method and aligns 
the sequences globally by meeting a pairwise alignment 
consensus.

Mutation analysis 
For each of the active site residues of 1AAX, the im-

pact of single-point mutations on protein stability was 
assessed. Therefore, the mutation energy for each active 
site residue was calculated by applying CHARMm Polar 
H force field at pH7.4 by using the ‘calculated Mutation 
Energy’ protocol from DS. This tool scans for amino acid 
residues and mutates them to one or even more specified 
amino acid types. The difference in the free energy of fol-
ding between the mutant structure and the wild-type pro-
tein is used to determine the energy effect of each mutation 
on protein stability.

Modeling of PTP-1B mutants
The most stable and favorable mutations in the conser-

ved positions were manually introduced into the wild PTP-
1B sequence. The mutant variants were modeled using the 
‘Build Mutant’ protocol from DS. The modeled structure 
was minimized by applying the CHARMm force field.  

Docking analysis
Shikonin (ZINC000002015152), ZINC000031168045, 

ZINC000031168048, ZINC000031168041, and 
ZINC000031168554 were docked into the binding pocket 
of PTP-1B using CDOCKER protocol from DS. Mutant 
model structures were prepared using the ‘prepared Pro-
tein’ protocol from DS. BPM was removed from the bin-
ding pocket of PTP-1B structure, and a binding site sphere 
of radius 15.50 Å centered at 44.5652, 12.7344, 0.703289, 
in x, y, and z directions was generated by the ‘Define Site’ 
protocol from DS. Docking was carried out by applying 
the CHARMm force field for generating random confor-
mations by deploying 1000 dynamic steps and simulated 
annealing. The receptor was kept rigid during the refining 
process while the ligands were enabled flexibly. The best 
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aligned by employing Clustal Omega multiple sequence 
alignment tool (13,11). The alignment revealed conser-
ved and nonconserved amino acid positions, as shown in 
Figure 2 (16,12).

Prediction of favorable and stabilizing mutations
Mutation scanning for active site residues forming 

hydrogen bonds with shikonin (Arg24, Ser215, Ser216, 
Arg221, and Arg254) was carried out using the ‘calculated 
Mutation Energy’ protocol from Biovia Discovery Studio 

confirmation of the antidiabetic compounds was selected 
based on the highest CDOCKER energy. 

Assessment of complex stability
The binding energy of the selected poses was computed 

by the ‘Calculate Binding Energy’ Protocol in DS. Ligand 
van der Waals clashes were removed by performing In Situ 
Ligand Minimization to calculate the binding energy. The 
equation for determining the binding energy is as follows:

Energy Binding = Energy Complex - Energy Ligand - 
Energy Receptor

Comparative intra-molecular interaction studies
Close intramolecular interactions of shiko-

nin, ZINC000031168045, ZINC000031168048, 
ZINC000031168041, and ZINC000031168554 within the 
binding site residues of the mutant models were analyzed. 
Intra-molecular interactions of the identified antidiabetic 
compounds (9) and wild-type PTP-1B were compared 
with the interactions formed between mutant models and 
shikonin to assess the role of mutation instability.  

Molecular Dynamics (MD) simulations
Molecular dynamics (MD) simulations were perfor-

med by Desmond version 5.3 with an inbuilt OPLS3 force 
field. Dynamic simulations were carried out by choosing 
selected docking poses for molecular docking. Detailed 
procedures were described by Tiwari et al.. (14, 28). The 
binding free energy (MM-GBSA) was also calculated 
from the last 5 ns of the ligand-protein dynamic simulation 
trajectory (15, 28).

Results

Orthologous analysis
Orthologs from seventeen species possessing sequence 

similarities within the range of 97-99% with 100% query 
coverage were selected for this study. The phylogenetic 
tree was scaled in branch length units corresponding to 
the evolutionary distance. The Maximum Likelihood tech-
nique was used for calculating evolutionary distances in 
the number of base substitutions per site unit, describing 
1AAX closest to XP011721170.1. The phylogenetic tree 
was initially divided into two major clusters. The first 
cluster was further divided into four clusters (C1 to C4) 
based on the evolutionary distance, as shown in Figure 1.

Multiple sequence alignment
PTP-1B ortholog sequences of 17 selected species were 

Figure 1. Poisson correction model and the Maximum Likelihood 
approach were used to estimate the evolutionary history. Seventeen 
orthologous sequences were examined.

Figure 2. Amino acid residues in the multiple sequence alignment 
are colored according to their properties where small hydrophobic 
and aromatic amino acids are colored red,  acidics are colored blue, 
basic are colored magenta, hydroxyl, sulfhydryl, amines, and glycine 
are colored green, and other unusual amino/imino acids are colored 
grey. (A) conserved amino acid R24 is highlighted, (B) conserved 
amino acid residues S216 and R221 are highlighted in yellow with an 
asterisk at the bottom indicating high conservation, while a “.” under 
S215 indicates weak conservation.

Figure 3. Computed mutation energy of Arg24 (A), Ser215 (B), and 
Ser216(C) at pH interval range from 0-14.
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(DS) [Dassault Systems, BIOVIA Corp., San Diego, CA, 
USA, v 21.1]. Arg24, when mutated to Trp, Leu, Ilu, Val, 
and Phe, resulted in a stabilized structure; the mutant Trp 
had the highest stability with mutation energy of -1.49 
kcal/mol at pH 7.4, as shown in Table S1. Mutation energy 
calculated for all mutant amino acids at pH intervals from 
0-14 is shown in Figure 3 A.

The mutation energy of Ser215 was estimated at dif-
ferent pH levels with other amino acids, as shown in Figure 
3B. When Ser215 was changed to Glu, Asp, and Asn, the 
structure was stabilized, with the mutant Glu having the 
highest stability at -4.38 kcal/mol, as shown in Table S2. 
Figure 3C depicts the Ser216 mutation energy at various 
pH levels compared to other amino acids. Mutant CYS 
had the best stability at -1.49 kcal/mol when SER216 was 
replaced by CYS, GLU, PHE, ALA, and ASP, as shown 
in Table S3. The active site residues Arg221 and Arg254 
could not be stabilized by any mutants, as shown in Tables 
S4 and S5.The generated mutant model and the wild-type 
mutant model were aligned together to discern structural 
deviations, as shown in Figure 4.

Stability assessment and comparative intra-molecular 
interaction studies.

The free binding energy of shikonin and wild-type 
PTP-1B was observed to be -87.8102 kcal/mol, as shown 
in Table 1. Selected top pharmacophores from our pre-
vious study (9), when docked within the binding pocket of 
the PTP-1B mutant R24Y, show free binding energy wit-
hin the range of -57.04 to -104.28 kcal/mol, as shown in 
Table 2 and Figure 5. Essential intramolecular interactions 
are formed between shikonin and mutant R24Y PTP-1B, 
assisting in the binding of the ligand, as shown in Figure 6.

The free binding energy of PTP-1B mutant S215E 
ranges from -134.04 to -183.52 kcal/mol, as shown in 
Table 3. It was found that ZINC000031168048 had the 
lowest free binding energy of the entire selected anti-
diabetic compound, indicating a high binding affinity of 
the compound in the PTP-1B binding pocket. Compound 
ZINC000031168045 and shikonin were observed to form 
hydrogen bonds with the mutant residue Glu215.

Computed for PTP-1B mutant S216C ranges from 
-121.16 to -187.06 kcal/mol, as shown in Table 4. Com-
pound ZINC000031168041 shows the lowest binding 
energy. All compounds are involved in forming pi interac-
tions with the PTP-1B mutant S216C. Pi interactions fea-
ture various binding confirmations including pi-sigma, pi-
cation, and pi-pi (17). The mutant residue Csy216 forms 
pi-sulfur interactions with shikonin. All of the selected 
pharmacophores and their interactions with the active site 
residues of the mutant models are shown in Figure S1-S12.

Molecular dynamics simulations
The protein-ligand complex stability was evaluated by 

measuring the root-mean-square deviation (RMSD) and 
root mean square fluctuations (RMSFs) to determine the 
fluctuation/thermal motion in protein residues during the 
simulation. The RMSD plots of shikonin for R24Y, S215E, 
S216C, and WT PTP-1B are shown in Figures 7 and 8 and 
gives an overview of protein conformational perturbation 
during the binding. The RMSD analysis shows a higher 
RMSD of shikonin for mutant R24Y, S215E, and S216C 
compared to WT PTP-1B. The RMSD plot of WT PTP-1B 
revealed that, after 10 ns, the shikonin system attains the 

Figure 4. Representation of superimposed structures of PTP-1B 
mutant-R24Y (magenta), S215E (orange), S216C (cyan), and 1AAX 
(yellow). The conserved PTP signature motif is colored red.

Figure 5. Shikonin docked in the binding pocket of PTP-1B (PDB ID: 
1AAX). (A) 3D view of the interactions formed by shikonin with the 
active site residues (shown in the sticks) with a hydrophobic surface 
view, (B) 2D view of close intramolecular interactions, shown in the 
dashed line labeled with distance in Å. H-bonds are shown in green 
color, unfavorable bonds in red, and pi-alkyl in light pink.

Figure 6. Shikonin docked in the binding pocket of the mutant PTP-
1B model. Shikonin is represented by a pink ball and stick model in 
the binding pocket of the mutant model. 2D view of close intra-mo-
lecular interactions, shown in the dashed line labeled with distance in 
Å. H-bonds are green, pi-anion in orange, pi-pi interactions in dark 
pink, and pi-alkyl in light pink. Mutant model interactions R24Y (A), 
S215E (B), and S216C are prepared in Discovery Studio Client V 
21.1.

Figure 7. Time-dependent root mean square deviation (RMSD) in Å 
for the duration of 100 ns molecular dynamics simulation of R24Y, 
PTP-1B and shikonin (A), S215E PTP-1B, and shikonin (B).
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Compound Wild type PTP-1B
Intra-molecular Interactions Binding Energy CDOCKER Energy

ZINC000002015152

H-bond (Conventional): Arg24, Gln262, Asp48, Met258, 
Ser28.
Pi-Cation: Arg24.
Alkyl: Val49.
Pi-Alkyl: Met258, Arg24, Ala27.

-87.8102 -5.42405

ZINC000031168554 
H-bond (Conventional): Lys120, Ser216, Arg221, Gln266.
H-bond (Carbon Hydrogen): Ser215.
Pi-Sigma: Phe182.

-64.4451 19.1819

ZINC000031168041

H-bond (Conventional): Ser215, Ser216, Ala217, Gly218, 
Ile219, Gly220, Arg221, Arg254.
H-bond (Carbon Hydrogen): Arg24, Ser215, Ser216, 
Glln262.

-207.255 -15.9035

ZINC000031168045

H-bond (Conventional): ARg24, Phe182, Ser215, Ser216, 
Ala217, Gly220, Arg221, Arg254, Gln266.
H-bond (Carbon Hydrogen): Ser215, Ser216, Gly220.
Pi-Sigma: Met258, Phe182.
Pi-Sulfur: Met258.

-205.233 -20.083

ZINC000031168048

H-bond (Conventional): Arg24, Phe182, Ser215, Ala217, 
Gly218, Ile219, Arg221, Arg254, Gln266.
H-bond (Carbon Hydrogen): Asp181, Ser215, Arg24.
Pi-Sigma: Met258, Phe182.

-198.86 -15.2048

Table 1. Intra-molecular interactions formed between the wild type PTP-1B (PDB ID: 1AAX) and shikonin pharmacophores.

Compound Mutant PTP-1B R24Y
Intra-molecular Interactions Binding Energy CDOCKER Energy

ZINC000002015152

H-bond (Conventional): Lys120, Arg221.
Pi Anion: Asp181. 
Pi-Pi stacked: Tyr46.
Pi-Pi T-shaped: Phe182.
Pi-Alkyl: Ala217.

-104.289 5.9615

ZINC000031168554 

H-bond (Conventional): Arg221.
H-bond (Carbon Hydrogen): Ser216. 
Pi-Pi stacked: Tyr46.
Pi-Pi T-shaped: Phe182.
Alkyl: Arg221
Pi-Alkyl: Phe182, Ala217.

-93.4955 28.766

ZINC000031168041

H-bond (Conventional): Tyr46, Gly220, Arg221.
H-bond (Carbon Hydrogen): Gly220, Gln262. 
Pi-Pi stacked: Tyr46.
Pi-Alkyl: Phe182, Ala217.

-88.2014 -15.4487

ZINC000031168045

H-bond (Conventional): Lys120.
H-bond (Carbon Hydrogen): Gln262.
Pi-Pi stacked: Tyr46.
Pi-Alkyl: Trp24, Phe182, Aly217.

-68.0679 -24.0141

ZINC000031168048

H-bond (Conventional): Lys120, Arg22, Gln262.
H-bond (Carbon Hydrogen): Ser215, Ser216, Gln262.
Pi-Pi Stacked: Tyr46.
Pi-Pi T-shaped: Phe182.
Alkyl: Val49.
Pi-Alkyl: Phe182, Ala217.

-57.0428 -13.0523

Table 2. Intra-molecular interactions formed between the PTP-1B mutant R24Y model and shikonin pharmacophores.
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Table 3. Intra-molecular interactions formed between the PTP-1B mutant S215E model and shikonin pharmacophores.

Compound Mutant PTP-1B S215E
Intra-molecular Interactions Binding Energy CDOCKER Energy

ZINC000031168048 

H-bond (Conventional): Lys120.
H-bond (Carbon Hydrogen): Lys120.
Pi- Pi Stacked: Tyr46.
Pi-Alkyl: Tyr46, Ala217.

-183.522 -16.2907

ZINC000031168041

H-bond (Conventional): Tyr20, Arg24, Lys120, Arg254, 
Asp48, Ser118.
H-bond (Carbon Hydrogen): Arg24, Gln262.
Pi-Sulfur: Met258.
Alkyl: Ala217, Val49.
Pi-Alkyl: Tyr46, Phe182.

-174.388 -17.4558

ZINC000031168045
H-bond (Conventional): Lys120, Glu215.
H-bond (Carbon Hydrogen): Lys120.
Pi-Alkyl: Ala217.

-173.66 -18.849

ZINC000002015152

H-bond (Conventional): Lys120, Arg221, Glu215.
Pi-Pi Stacked: Tyr46.
Pi-Pi T-shaped: Phe182.
Pi-Alkyl: Ala217.

-145.836 3.53172

ZINC000031168554

H-bond (Conventional): Tyr46, Lys120, Ser216, Arg221.
Pi-Pi Stacked: Tyr46.
Pi-Pi T-shaped: Phe182.
Pi-Alkyl: Ala217.

-134.044 28.9757

Compound Mutant PTP-1B S216C
Intra-molecular Interactions Binding Energy CDOCKER Energy

ZINC000031168041

H-bond (Conventional): Tyr20, Lys120, Arg254, 
Gln262.
H-bond (Carbon Hydrogen): Arg24.
Alkyl: Phe182.

-187.062 -15.0248

ZINC000031168048
H-bond (Conventional): Lys120, Gln262, Asp48.
Alkyl: Val49, Ile219.
Pi-Alkyl: Ty46, Lys116.

-150.072 -26.0043

ZINC000002015152

H-bond (Conventional): Tyr46, Lys120.
Pi-Sulfur: Cys216.
Pi-Pi Stacked: Tyr46.
Alkyl: Lys116.
Pi-Alkyl: Ala217.

-145.206 -0.473724

ZINC000031168554
H-bond (Conventional): Tyr46.
Pi-Pi Stacked: Tyr46.
Pi- Alkyl: Phe182, Ala217.

-134.99 23.0065

ZINC000031168045

H-bond (Conventional): Arg47, Lys120, Ser118.
H-bond (Carbon Hydrogen): Tyr46.
Pi-Anion: Asp48.
Alkyl: Val49.
Pi-Alkyl: Tyr46, Arg47.

-121.16 -31.3908

Table 4. Intra-molecular interactions formed between the PTP-1B mutant S216C model and shikonin pharmacophores.
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equilibrium and then oscillates further with an RMSD of 
1.0 Å and 2.0 Å, respectively. Whereas, mutant S216C mo-
dels could not reach the equilibration. The fluctuations in 
mutant protein residues were analyzed by backbone atom 
motion and local changes in secondary structure elements. 
The RMSF for WT and mutant PTP-1B with shikonin are 
shown in Figures 9 and 10. The RMSF plot shows lar-
ger fluctuations in mutant models R24Y and S216C. The 
hydrogen bond interactions of shikonin and PTP-1B struc-
tures were evaluated. Hydrogen bond interaction with the 
mutant residue R24Y was not observed; however, hydro-
phobic interactions and water bridges were found during 
the trajectory. In addition, insignificant hydrogen bond 
formation was observed in S215E and S216C compared to 
the WT PTP-1B, as shown in Figure 11. We have further 
calculated before/after the average free energy of binding 
for PTP-1B inhibitor shikonin and the result is shown in 
Tables 5 and 6.

Discussion

The aim of the current study was to extend our previous 
work and explore the importance of the identified active 
site residues of PTP1B in binding to shikonin and its phar-
macophores (9). Site-directed mutagenesis was used to 

Figure 8. Time-dependent root mean square deviation (RMSD) in Å 
for the duration of 100 ns molecular dynamics simulation of S216C, 
PTP-1B, and shikonin (A), wild type (WT) PTP-1B (B).

Figure 9. Root mean square fluctuations of Cα atoms during the 100 
ns molecular dynamics simulation. Green vertical bars indicate ligand 
interactions with protein residues. R24Y PTP-1B and shikonin (A), 
S215E PTP-1B and shikonin (B).

Figure 10. Root mean square fluctuations of Cα atoms during the 100 
ns molecular dynamics simulation. The ligand contacts with protein 
residues are marked with green-colored vertical bars. S216C, PTP-1B 
and shikonin (A), wild type (WT) PTP-1B (B).

Figure 11. Protein-ligand contact histogram interaction for shikonin; 
R24Y, PTP-1B and shikonin (A), S215E, PTP-1B and shikonin (B), 
and S216C PTP-1B and shikonin (C).

CMPD-ID dG (Bind) dG (Coulomb) dG (Covalent) dG (Hbond) dG (Lipo) dG (Solv_GB) dG (vdW)
WT PTP-1B -36.175 -7.452 2.752 -2.662 -15.396 21.42 -31.957
R24Y -42.407 -21.588 1.504 -2.193 -14.591 27.417 -31.167
S215E -41.371 -15.192 1.228 -2.43 -14.252 22.32 -31.199
S216C -36.915 -14.707 0.558 -1.255 -11.449 17.031 -25.504

Table 5. MM-GBSA binding free energy (before MD) and the corresponding energetic components of Shikonincomplex with the WT and 
Mutant protein (kcal/mol).
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create a different mutant of PTP1B and their binding with 
shikonin and its identified pharmacophores to assess the 
effect of mutation on the binding of inhibitors of PTP1B.

Phylogenetic studies conducted on PTP-1B and its 
orthologous sequences of 17 species revealed a close 
association with Macaca nemestrina (accession no.: 
XP_011721170.1). The multiple sequence alignment 
reported a high similarity among the orthologs, where 
conserved amino acids are presented with '*' (asterisk) and 
nonconserved with a ':' (colon) at the bottom of the ali-
gnment (16, 18). The amino acid residues forming stable 
hydrogen bonds with shikonin pharmacophores, as pres-
ented in the study conducted by Saeed M et al. were selec-
ted to assess the selective binding of the active site resi-
dues, which are found to form stable hydrogen bonds in 
our previous study. The active site residues Arg24, Ser216, 
Arg221, and Arg254, were found highly conserved. At the 
same time, Ser215 indicates conservation between groups 
of amino acid residues sharing weakly similar properties 
by deploying the MSA technique.

Arg221 is an essential amino acid residue that forms 
a PTP signature motif in PTP-1B to induce catalysis (9). 
When Arg221 and Arg254 were mutated to any other resi-
due, it resulted in an unstable mutation effect. Our obser-
vations revealed that Arg221 and Arg254 are intolerant 
to mutation. Generated mutant models: R24Y, S215E, 
and S216C were compared with wild-type structures of 
PTP-1B for any structural deviation. All three generated 
mutant models were observed to possess high similarity 
with the PTP-1B structure with a root mean square devia-
tion (RMSD) value of 0.0 Å, as shown in Figure 6. No 
conformational change in the mutant model signifies its 
biological activity (19-22). A combination of evolutiona-
ry, intra-molecular interactions and mutational approaches 
were applied to explore amino acid residues with the 
tendency to mutate. Furthermore, all positions were exa-
mined structurally and energetically for favorable and 
stable mutations. Since the therapeutic drug effect depends 
on the target protein's structural stability, the goal was to 
discover readily mutable positions and residues that may 
prove to be structurally stable (21). Active site informa-
tion obtained from the PTP-1B crystal structure (PDB 
ID-1AAX) revealed the amino acid composition of the 
binding pocket that includes Arg24, Tyr46, Asp48, Val49, 
Phe182, Ser215, Ser216, Ala217, Lys218, Ile219, Gly220, 
Arg221, Arg254, Gly259, and Gln262. The catalytically 
essential residues Cys and Arg are located in a conserved 
motif of the PTP signature motif (I/V)HCXAGXGR(S/T) 
lying in the binding pocket of PTP-1B, forming a portion 
of β-sheet, a loop, and a turn of α-helix.

The top four pharmacophores and shikonin were doc-
ked in the binding pocket of PTP-1B. Among the selec-
ted compounds, shikonin possessed the lowest free bin-
ding energy of -104.289 kcal/mol, indicating the highest 
binding affinity (16). In biological complexes, hydrogen 

bonds are the most common directed intermolecular inte-
ractions and are crucial in determining molecular recogni-
tion specificity. Shikonin was observed to form conven-
tional hydrogen bonds with Lys120 and Arg221, where 
Arg221 is a conserved residue lying in the PTP signature 
motif. Drug–receptor interactions are primarily driven by 
hydrophobic interactions. Aromatic rings (benzene moiety 
and cyclic diketone) in shikonin were observed to form 
hydrophobic interactions with the active site residues. 
Aromatic ring interactions have a significant role in pro-
tein-ligand affinity and, consequently, drug design (23). 
These hydrophobic interactions formed within the wild-
type (WT) PTP-1B and shikonin include pi-anion, pi-pi 
stacked, pi-pi T-shaped, and pi-alkyl that significantly add 
to the biological activity and stability of the protein-ligand 
complex. The pi-stacking interaction strengthens the bin-
ding affinity of the inhibitor to its target. However, other 
selected compounds were found to lose several hydrogen 
bonds, carbon-hydrogen bonds, and hydrophobic interac-
tions with the active site residues, when bound with R24Y 
mutant PTP-1B, indicating a decrease in the stability and 
binding affinity. Carbon-hydrogen bonds are weak hy-
drogen bonds and are considered secondary interactions 
as bifurcated N–HO hydrogen bonds usually follow them. 
These bonds play a critical role in molecular recognition, 
protein folding, stability, nucleic acid-protein interaction, 
enzyme catalysis, and the stability of protein-ligand com-
plexes (18, 24). It was observed that WT PTP-1B and 
selected com-pound complexes exhibit more hydrogen 
bonds than hydrophobic interactions. 

PTP-1B mutant S215E docking with shikonin and 
ZINC000031168554 showed higher binding energy than 
with WT PTP-1B. Few compounds showed the formation 
of stable hydrogen bonds with the mutant residue (Gln215) 
of PTP-1B mutant S215E; however, many hydrogen bonds 
responsible for the formation of a stable complex were 
lost. Such as, ZINC000031168048 loses several intramo-
lecular interactions although it forms a conventional hy-
drogen bond with the conserved residue Arg221 and few 
hydrophobic interactions. The complex of PTP-1B mu-
tant S215E and ZINC000031168041 also revealed lesser 
stable intramolecular interactions with the active site resi-
dues; however, Met258 was found to form pi-sulfur inte-
ractions with ZINC000031168041. Although methionine 
is a hydrophobic residue, it stabilizes energy (25). Tyr46 
was shown to form pi-stacking interactions with shikonin, 
ZINC000031168048, and ZINC000031168554, indicating 
a potential to improve the binding affinity of the inhibitor 
for its target (11, 22).

All selected compounds were observed to significantly 
lose stable hydrogen bonds and pi interactions with PTP-
1B mutant S216C. Pi-interactions are unaffected by sol-
vation/desolvation, they contribute to inhibitor binding. 
As a result, the penalties for enthalpy/entropy on free bin-
ding energy may be insignificant. Additionally, the reco-

CMPD-ID dG (Bind) dG (Coulomb) dG (Covalent) dG (Hbond) dG (Lipo) dG (Solv_GB) dG (vdW)
WT PTP-1B -26.55 -3.195 0.508 -1.292 -6.108 6.446 -22.908
R24Y -39.221 -8.126 0.829 -0.588 -13.726 14.748 -32.298
S215E -29.872 -7.132 0.424 -0.129 -11.178 18.548 -29.566
S216C -11.109 -1.986 -0.072 -0.01 -1.2 5.608 -13.447

Table 6. MM-GBSA binding free energy (MD) and the corresponding energetic components of Shikonin complex with the WT and Mutant 
protein (kcal/mol).
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gnition and organization of biomolecular structures rely 
on pi-pi stacking. Pi-sulfur interactions are reported to be 
responsible for the additional stabilizing energy associa-
ted with the binding affinity of the drug (27, 33). Stable 
hydrogen bonds were observed to form between the com-
pounds (ZINC000031168554, ZINC000031168041, and 
ZINC000031168045) and WT PTP-1B, which did not 
exist when the compounds were docked with PTP-1B mu-
tant S216C; however, despite losing several intra-molecu-
lar interactions, shikonin formed pi-sulfur interaction with 
the mutant residue Cys216.

In WT PTP-1B, the catalytic residue Arg221 lying in 
the PTP signature motif was noticed to form hydrogen 
bonds stabilizing the structure. The presence of hydropho-
bic interactions emphasizes the high binding affinity of 
the compound with the receptor protein. Overall, docking 
results of mutants and WT PTP-1B indicate an increase in 
the binding affinity of a few compounds including shiko-
nin with the mutant models; however, the binding affinity 
of most of the compounds was reduced. Close intramole-
cular interactions responsible for the formation of stable 
complexes and drug-receptor interactions were signifi-
cantly reduced when the mutant models were docked with 
the compounds. It was further confirmed by molecular dy-
namic simulations, which provide deeper insight into the 
shikonin and PTP-1B mutants (R24Y, S215E, and S216C) 
complexes. The MD simulation studies proved that the 
mutant models did not retain the stable hydrogen bond 
interaction with the inhibitor compared to the WT PTP-1B 
and shikonin complex. However, the average binding free 
energy for shikonin before/after R24Y, S215E, S216C, 
WT PTP-1B, are -42.407, -41.371, -36.915, -36.175 and 
-39.221, -29.872, -11.109, -26.55 kcal/mol, respectively, 
it lost hydrogen bond formation and showed fluctuations 
throughout the trajectories. The highest energy difference 
was observed in S216C, and the lowest was observed in 
R24Y. Furthermore, the binding energy significantly re-
duced after the course of the trajectory, indicating a signi-
ficant effect on the inhibitor selectivity of these identified 
active site residues. The results highlight the importance 
of the identified active site residues in the formation of a 
stable inhibitor complex based on the mutation study that 
reveals reduced binding selectivity upon mutation. Our 
docking and dynamic simulation result corroborate with 
the earlier similar findings reported by Yang D. C. et al. 
Thus, our results suggest that PTP1B active site residues 
Arg24, Ser215, and Ser216 could play an important role in 
designing novel and potent PTP1B inhibitors, which could 
be further developed as therapeutic agents for the manage-
ment of diabetes.

A combination of evolutionary, intra-molecular inte-
ractions and mutational strategies were applied to evaluate 
the role of identified active site residues from our previous 
study. The PTP-1B mutant model shares a close structural 
identity with the wild-type PTP-1B structure. The free bin-
ding energy obtained through docking showed significant-
ly low binding energy of the mutant model and shikonin 
complexes, indicating a lesser binding affinity of shikonin 
to the mutant model. In WT PTP-1B and the selected com-
pounds, there were more hydrogen bonds, responsible for 
the stability of the complex, and hydrophobic interactions, 
which are responsible for the binding affinity. All positions 
were also investigated structurally and energetically for 
binding selectivity. The mutant model of R24Y, S215E, 

and S216C resulted in relatively unstable binding of shi-
konin. Results of binding free energy calculations confir-
med that the difference in binding affinity is due to R24, 
S215, and S216. Our findings suggest that, by targeting 
Arg24, Ser215, and Ser216, potent and selective PTP-1B 
inhibitors may be designed. These potent inhibitors may 
further be developed as therapeutic agents for the manage-
ment of diabetes.
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