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Abstract 

All over the world, diabetes mellitus type 2 has spread as a problematic pandemic. Despite 

currently available treatments, approved drugs still show undesirable side effects and loss 

of efficacy or target symptoms instead of causes. Protein tyrosine phosphatase 1B 

(PTP1B), since its discovery, has emerged as a very promising target against this disease. 

Although the information regarding the enzyme is immense, little is known about the 

selectivity between this enzyme and its closest homologue, lymphocyte T tyrosine 

phosphatase (TCPTP), which is responsible for complicated side effects. In this study, on 

the basis of different computational approaches, we are able to highlight the importance 

of a phenylalanine residue located in PTP1B, but not in TCPTP, as a crucial hotspot that 
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causes selectivity and stability for the whole ligand bound system. These results not only 

allow to explain the selectivity determinants of PTP1B but also provide a useful guide for 

the design of new allosteric inhibitors. 

Keywords Diabetes Mellitus, PTP1B, TCPTP, molecular dynamics. 

 

Abbreviations 

T2DM: diabetes mellitus type 2, PTP1B: protein tyrosine phosphatase 1B, TCPTP: T-cell 

protein tyrosine phosphatase, MD: molecular dynamics, ns: nanosecond, fs: femtosecond, 

RMSD: root-mean-square deviation, RMSF: root-mean-square fluctuation. 

Introduction 

 

Nowadays, diabetes mellitus type 2 (T2DM) has become a worldwide health problem. In 

fact, the number of people with T2DM has significantly increased over the last decade, 

and about 1 in 11 adults suffer from this disease (Zheng, Ley, & Hu, 2018). This condition 

is characterised by peripheral insulin resistance in tissues and by a pancreatic β-cell 

dysfunction (Chatterjee, Khunti, & Davies, 2017). Consequently, the search for new 

drugs to combat this disorder has become a hotspot for pharmaceutical and academic 

research groups. In the last years, new drugs, including SLGT-2 inhibitors, DPP-IV 

inhibitors and GLP-1 agonists, have been introduced in the market. However, laboratories 

continue to study novel therapeutic approaches to overcome the side effects or address 

the lack of efficiency of such treatments. 

In the late 80s, Tonks et al discovered a very promising phosphatase, PTP1B, which was 

validated, few years later, as a therapeutic target for T2DM treatment (Elchebly et al., 
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1999; N K Tonks, C D Diltz, & E H Fischer, 1988). Moreover, PTP1B is associated with 

T2DM via the leptin signalling cascade as a negative leptin regulator; hence, PTP1B is 

also of interest as a therapeutic target for anti-obesity drugs (Bence et al., 2006; Johnson, 

Ermolieff, & Jirousek, 2002). Unfortunately, active-site PTP1B inhibitors failed in 

preclinical phase because the conserved active-site requires charged molecules, such as 

phosphotyrosine mimetics, also known as the first generation of inhibitors, which 

compromise the ADME properties of these putative drug candidates. Therefore, no 

active-site inhibitors reached phase I clinical trials. In fact, PTP1B was considered as a 

challenge for medicinal chemists. Consequently, the perspectives for the PTP1B 

inhibition by small molecules remained uncertain. 

 

Allosteric inhibition is a very advantageous strategy, especially in the case of PTP1B, 

since it could provide more selective drugs with enhanced drug-like properties (Kumar, 

A. P., Nguyen, Verma, & Lukman, 2018; Shen et al., 2004). Moreover, allosteric sites are 

a new source of binding sites for undruggable targets and also can provide the opportunity 

of regulating drug effects (Abdel-Magid, 2015) or modulation of the protein activity 

rather than eliminating it (Nussinov & Tsai, 2013). In fact, for PTP1B, several non-

competitive and allosteric inhibitors, including a squalene derivative called 

trodusquemine (ClinicalTrials.gov Identifier: NCT00806338) or the candidate JTT-551 

(Ito, Fukuda, Sakata, Morinaga, & Ohta, 2014), have reached clinical trials. 

 

In 2004, Wiesmann reported the first-in-class allosteric inhibitors of PTP1B and their 

crystal structures bound to the protein (Figure 1). These ligands bind to a non-explored 

region previously, located about 20 Å away from the catalytic site. The binding 

mechanism starts with the opening of a cavity between α-3, α-6 and α-7 helix and leads 
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to a partial unfolding of the latter one, located in the C-terminal part of the enzyme. To 

simplify, the allosteric network produces a series of motions in the secondary structure 

that eventually blocks the catalytic WPD loop in its open state conformation (Cui, W. et 

al., 2013; Li et al., 2014). These structures are necessary for understanding allosteric 

inhibition in PTP1B, and so, several molecular modelling studies have been conducted to 

rationalise structural motions (Li et al., 2014; Olmez & Alakent, 2011a) or rationalise 

affinities (Bharatham, Bharatham, Kwon, & Lee, 2008; Cui, W. et al., 2013; Yangmee 

Kim, Jee-Young Lee, Ki-Woong Jung, & Eun-Rhan Woo, 2008). 

 

 

Fig 1. A) Open and closed states for WPD-loop in PTP1B (PDB: 1T4J and 2NTA 

respectively). B) Full structure of PTP1B (PDB:1PTY, (Puius et al., 1997)). C) The three 

allosteric inhibitors reported by Wiesmann (Wiesmann et al., 2004). 

 

Conformational motions are of great importance for enzyme catalysis (Garuti & 

Bottegoni, M. Roberti and G.; Kulkarni et al., 2017) and selectivity (Colombano et al., 

2019; Joyce et al., 2008) and should be considered during the drug design process 
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(Huggins, Sherman, & Tidor, 2012). For PTP1B, selectivity has been shown to be 

essential because, like kinases, phosphatases share a quite conserved catalytic site and the 

selective inhibition is better reached by targeting off-site structural motifs. Indeed, 

TCPTP shares more than 75% homology with PTP1B at the catalytic site, and the 

inhibition of the former causes severe undesirable effects (You-Ten et al., 1997). 

However, to the best of our knowledge, so far, no computational reports have shed light 

on the observed selectivity of allosteric inhibitors for PTP1B. Only the presence of a 

Cys278 residue in TCPTP, rather than a Phe280 residue in PTP1B, at the allosteric pocket 

of both enzymes has been suggested as the probable cause of the observed selectivity 

(Shinde & Sobhia, 2013; Wiesmann et al., 2004). Here, we shed new light on the observed 

selective inhibition for PTP1B versus TCPTP of benzbromarone-based allosteric 

inhibitor BB2 reported by Wiesmann. To this aim, computational methods such as 

classical all-atoms molecular dynamics (MD) and end-point free energy methods were 

applied. 

Material and Methods 

Modelling of PTP1B and TCPTP complexes 

Homology model techniques were used because the allosteric sites of PTP1B and TCPTP 

are not completely solved in the presence of an inhibitor and in its open state. The 

allosteric site was modelled as described previously (Shinde & Sobhia, 2013; Shinde, 

Kumar, Eqbal, & Sobhia, 2018). Briefly, the crystal structure of PTP1B (2F6F), together 

with 1T48, was used, both with the WPD loop in the open conformation. To construct the 

TCPTP complexes, the complete sequence was retrieved from Uniprot (P17706) and 

aligned to the crystal structure sequences of 1L8K and 1T48, used as templates to build 

missed residues corresponding to the α6-α7 loop and α7 helix. Homology modelling was 
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carried out using MODELLER 9.22 (Šali & Blundell, 1993) and its graphic user interface 

for Chimera 1.13 (Pettersen et al., 2004). 

In both cases, the benzbromarone inhibitor BB2 was included in the template PDB as a 

conformational constraint to build the final models. Thereafter, using PyMol (The 

PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC), the coordinates for 

the allosteric inhibitor were transferred from 1T48 to the new models, BB2–PTP1B and 

BB2–TCPTP. Protonation states of the whole protein were assigned using H ++ server 

(http://biophysics.cs.vt.edu/H++). 

Molecular dynamics 

For ligand parametrisation, GAFF forcefield (Wang, J., Wolf, Caldwell, Kollman, & 

Case, 2004) was used in combination with AM1-BCC partial atom charges generated 

with Antechamber, as implemented in AmberTools 16 (Case et al., 2005). Protein atoms 

were described using Amber ff14SB (Maier et al., 2015) and the TIP3 (Jorgensen, 

Chandrasekhar, Madura, Impey, & Klein, 1983) water model. All complexes were 

immersed in a cubic water box extended 12.0 Å from the solute, and then, 5 and 3 sodium 

ions were added to PTP1B and TCPTP systems, respectively, until electroneutrality was 

reached. For long-range electrostatic interactions, the particle mesh Ewald method was 

used, whereas non-bonded interactions were truncated at 10.0 Å. All bonds involving 

hydrogen were constrained using SHAKE algorithm (van Gunsteren & Berendsen, 1977). 

All-atoms MD simulations began in three steps using Sander module after a previous 

minimisation of hydrogens, water molecules and protein atoms. First, the system was 

gradually heated up to 300 K using a time step of 2.0 fs over a period of 50 ps, applying 

positional restrains to the protein backbone atoms (harmonic constant of 100 kcal·mol-

1Å-2). Then, 50 ps of NVT simulation was conducted to release the restrains, and it was 

http://biophysics.cs.vt.edu/H
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followed by systems equilibration in the NVT ensemble for 100 ps using Lanvegian 

temperature control. Production was performed using NAMD 2.12 (Phillips et al., 2005) 

in a GPU NVIDIA for CUDA acceleration. Four 50 ns simulations of MD production 

were generated in the NPT ensemble using Nosé–Hoover Langevin piston (Nosé, 1984) 

pressure control. 

 

Analysis 

To assess root-mean-square deviation (RMSD), root-mean-square fluctuation (RMSF), 

principal component analysis (PCA) and distances, the produced trajectories were 

analysed by Jupyter Notebooks using MDTraj (McGibbon et al., 2015). All measures 

were in reference to the starting geometries generated for PTP1B and TCPTP complexes. 

Contacts between protein residues and ligand were calculated with Python package 

ContactMap (https://contact-map.readthedocs.io/en/latest/). Hydrogen bond analysis was 

conducted with the HBond plugin implemented in VMD (Humphrey, Dalke, & Schulten, 

1996). For the analysis, hydrogen bonds were defined by acceptor–donor atom distances 

shorter than 3.5 Å and acceptor–H–donor angles larger than 120°. Trajectory 

visualisation was conducted with VMD and Chimera Software packages. 

Statistical analysis of RMSD and distances data shown are mean (± SD) values. 

Significance between data series was determined via t-test or ANOVA using GraphPad 

Prism version 7.00 for Windows (San Diego, CA). A p value < 0.05 was considered 

statistically significant. 

 

https://contact-map.readthedocs.io/en/latest/
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Free energy calculations 

For ligand affinity, free energy calculations were performed using MMPBSA.py (Miller 

et al., 2012) module implemented in Ambertools 16. The molecular mechanics Poisson–

Boltzmann surface area (MMPBSA) is based on the analysis of MD trajectories using a 

continuum solvent approach. A total of 150 snapshots were taken from the last 25 ns of 

the ligand complexes trajectories to apply MMPBSA calculations to the equilibrated 

structure and to obtain significant results (Genheden & Ryde, 2010). All calculations used 

a solute internal dielectric constant of 1 and an external dielectric constant of 80. Finally, 

per-residue free energy decomposition was studied using the Python-based plugin 

CHEWD (Raza et al., 2019). This tool also helps to easily visualise and to understand the 

differences in per-residue energy contribution with a user-friendly and interactive residue 

colouring post-processing. 

Results and Discussion 

Structural stability and flexibility of simulated complexes 

 

To study the behaviour of BB2 complexed to PTP1B and TCPTP in solution, proteins 

were simulated both in the apo and ligand bound forms, in the presence of explicit water 

molecules as solvent. The starting geometry was the inactive, open conformation of the 

WPD loop. Homology modelling techniques were used because the α7 helix was not 

completely solved in the presence of an allosteric inhibitor (1T49). Then, using 

Ramachandran plots, all systems were visually inspected and evaluated prior to its 

simulation (see supporting information). 
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In total, four 50 ns MD simulations were performed and named as apo PTP1B and apo 

TCPTP, for full enzymes, and BB2–PTP1B and BB2–TCPTP, for full ligand complexes. 

First, structural stability was assessed by computing the RMSD for backbone atoms of 

the whole protein in reference to the starting frame of the simulation (Fig. 2). 

 

Fig 2. RMSD profiles: A) apo PTP1B (blue) and BB2–PTP1B (orange); B) apo TCPTP 

(blue) and BB2–TCPTP (orange). 
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Apo PTP1B tended to reach the equilibrium after ~12 ns of simulation in the isobaric–

isothermal (NPT) ensemble (panel A), whereas apo TCPTP reached the equilibrium after 

~15 ns (panel B). It is worth noting that in the simulation, apo PTP1B showed 

significantly less fluctuations and higher stability compared with its homologue, apo 

TCPTP, with mean RMSD of 2.396 and 2.7 Å (p = 0.0001), respectively. Moreover, since 

the partially uncoiled α7 helix presented a high motion along with the four simulations, 

high RMSD values were expected. Ligand binding has resulted in a slight increment in 

the RMSD values for BB2–PTP1B compared with apo PTP1B, although the complex 

reached equilibrium more quickly (~5 ns). A similar scenario occurred in the BB2–

TCPTP system where the RMSD values showed a slightly higher increment than that 

observed in BB2–PTP1B, reflecting the increased flexibility of the whole protein, as 

suggested by the change in the mean RMSD value from 2.70 to 2.84 Å (p = 0.0042) (panel 

B). Subsequently, both complexes remained stable throughout the rest of the simulation 

time. 

 

Fig. 3. Plot analysis of the C RMSF for apo proteins and BB2 complexes. 



 

11 

 

 

The RMSF profiles for full complexes and apo proteins were monitored to get a more 

detailed information about its flexibility (Fig. 3). 

During the simulations, the analysis of the Cα RMSF values also showed both plastic and 

stable parts of the protein. As previously described, regions with higher RMSF 

corresponded to those of the C-termini for both phosphatases (Jin, Yu, & Huang, 2016). 

The highest peaks corresponded to residues present in the α7 helix, which was partially 

disordered in both structures. A high RMSF is also observed in the N-terminus for apo 

TCPTP with values of 6–8 Å, making this system more flexible than apo PTP1B. The 

WPD loop was tended to present smaller fluctuations near 3.0–4.0 Å, whereas no very 

significant fluctuations were observed for other important secondary structure elements, 

including helixes α3 and α6. Despite this, it could be observed that slightly higher RMSF 

values were found for apo systems than in holo complexes. This may suggest the ability 

of the inhibitor to stabilise the open conformation of the catalytic WPD loop. Moreover, 

the overall conformation of the catalytic domain is very similar to that of the crystal 

structure. This was checked by the comparison with B factors present in the crystal 

structure 1T49 and 1L8K; meaning, both apo proteins show similar catalytic abilities for 

competitive inhibitors. Furthermore, it was observed that BB2–TCPTP complex 

presented slightly lower RMSF values than apo TCPTP. These results are in good 

agreement with previous studies that relate a partial destabilisation of the α7 helix upon 

ligand binding inside the allosteric pocket (Cui, W. et al., 2013; Wiesmann et al., 2004). 
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Analysis of key interactions 

To examine differences and changes in the binding mode and recognition process of these 

tyrosine phosphatases towards BB2, RMSD measurements were performed for some key 

components of the allosteric pocket. During the simulation time, it is clearly observed 

that, for the BB2–PTP1B complex, the initial binding mode of the inhibitor is well 

maintained during the trajectory to accommodate the ligand inside the flexible pocket 

(Fig. 4). However, BB2–TCPTP presented a different scenario. RMSD values, obtained 

from the homology model, showed how the initial binding mode had random fluctuations 

inside this cavity (Fig 4). The ligand slightly shifted out from the initial binding site 

during the first 3 ns of simulation where the benzofuran core flipped to a vertical position 

and then returned to the starting planar position. Additionally, a displacement of the α7 

helix took place at the end of the simulation to establish a partially displaced parallel π−π 

stacking with the dibromophenole ring of BB2. Nonetheless, hydrogen bonding pattern 

with Asn193PTP1B/Asn194TCPTP and Glu276PTP1B/Glu274TCPTP within the allosteric site 

tended to maintain the overall binding mode, only very slight fluctuations were observed. 

 

Fig. 4. A) RMSD for ligand atoms of complexes BB2–PTP1B and BB2–TCPTP at the 

allosteric pocket. B) Box-plot with RMSD values distribution from A). 

Protein–ligand complexes are usually stabilised by the presence of directional 
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intermolecular interactions including hydrogen bonds, salt bridges or even covalent 

bonds. Subsequently, the hydrogen bond network of BB2 bound to the allosteric pocket 

was monitored during the simulation to try to rationalise the differences observed in the 

stability of both systems. An initial analysis showed a slightly more populated hydrogen 

bond network for BB2–PTP1B complex than for the BB2–TCPTP complex (Fig. 5). This 

is well illustrated by the prevalence of hydrogen bonds across the simulation (Table 1). 

 

Table 1. Hydrogen bonding interactions for BB2 at the allosteric site of PTP1B (1B) and 

TCPTP (TC). 

Residue 

PTP1B/TCPTP 

Residue 

atom 

Atom 

(BB2) 

Simulation 

time (%) 

Average 

distance (Å) 

BB2–1B BB2–TC BB2–1B BB2–TC 

Glu 

276/274 

OE2 NO1 79.36 88.9 2.89 3.2 

Trp 

291/289 

OE2 O19 6.84 2.98 3.1 3.5 

Asn 

193/194 

ND2 O19 70.4 51.65 2.05 2.1 

 

Overall, the average number of hydrogen bonds during 50 ns MD simulations is slightly 

higher in the BB2–PTP1B complex. Ligand BB2 establishes hydrogen bonds with Glu, 

Asn and Trp residues present in the allosteric cavity of both proteins during our 

simulations. The most stable hydrogen bond is formed between the NH of the 

sulphonamide group and the carboxylate group of a Glu residue present in both enzymes 



 

14 

 

(Glu276PTP1B/Glu274TCPTP) that can bind to BB2 through its two oxygen atoms, OE1 and 

OE2. Although there is a slightly higher prevalence for the BB2–TCPTP complex (88.9% 

vs 79.36%), a better mean distance is observed for the case of BB2–PTP1B (2.89 vs 

3.2 Å). This could be explained, as can be observed in terms of RMSD, by the apparently 

lower fluctuations within the allosteric cavity for BB2–PTP1B than those for BB2–

TCPTP (Fig. 4). Moreover, the carbonyl group of BB2 is hydrogen bonded to the NH2 of 

the carboxamide group present in the Asn193PTP1B/Asn194TCPTP residue. This interaction 

presents a better occurrence for the PTP1B complex than for the TCPTP complex (70.4% 

vs 51.65%). The eventual loss of this interactions seemed to be compensated for the π-π 

stacking mediated by Phe280 inner the cavity of PTP1B allosteric site, while in the case 

of TCPTP is partially compensated for the rest of van der Waals interactions inside the 

pocket. Additionally, the NH group of Asn191PTP1B/Asn189TCPTP can establish eventual 

electrostatic interactions with the oxygen atoms of the sulphonamide group in BB2, with 

lower prevalence for both systems but slightly higher in the case of the BB2–PTP1B 

complex. Furthermore, hydrogen bonding could be occasionally observed between the 

sulphonamide group and the carbonyl group of Ser285PTP1B/Ser284TCPTP located in the α7 

helix of both enzymes. All the interactions mentioned above are flexible during the 

simulations, but, overall, they seem to reflect a stronger binding of BB2 to the allosteric 

pocket of PTP1B as can be deduced by the numbers of hydrogen bonds established during 

the simulation (Fig. 5). 
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Fig. 5. Representative snapshot of the trajectory and number of hydrogen bond profiles 

between A) BB2 and PTP1B; B) BB2 and TCPTP. 

 

In addition to the electrostatic interactions of BB2, the benzofuran core is placed in a 

hydrophobic pocket bordered by Leu192, Phe196, Phe280 and Trp291 in PTP1B and its 

homologue residues Leu193, Phe197, Cys278 and Trp289 in TCPTP. It is vital to 

recognise that there is a π−π stacking interaction through the benzofuran ring and of 

Phe280. This interaction presented an average distance of 2.89 Å across the simulation, 

reflecting its strong stability since the benzofuran core was kept stable inside the pocket. 

However, in the case of TCPTP, this position is substituted by Cys278. Consequently, 

only a weaker hydrophobic interaction is established in this complex. The main 

consequences are then the higher fluctuations observed during the visualisation of the 

simulation and the higher RMSD of the ligand. Evidences of the slightly higher 

fluctuations of the ligand inside the pocket can also be deduced by the data of ligand atom 
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occupancy. VolMap plugin allowed to observe a higher occupancy volume for BB2–

TCPTP complex than BB2–PTP1B for a same contour level (Fig.5). Overall, it appears 

that there is a slight difference in how the enzymes respond to the same ligand and the 

outcome of the observed differences agree with the inhibitory effect of BB2 and its 

selectivity towards PTP1B in terms of IC50 (Fig.1). 

 

Geometry analysis of the binding site 

A more exhaustive analysis was performed for the structural components of the allosteric 

site because of the differences observed in the key interactions for both complexes. BB2 

is placed in a cavity flanked by three alpha helixes. For this study, the previously 

described Karmerlyn criteria (Kamerlin, Rucker, & Boresch, 2007) were followed to 

study the next segments: residues 186–200, 264–281 and 287–295 were respectively 

selected for the study of α3, α6 and α7 helixes in PTP1B, and residues 185–199, 260–279 

and 289-291, for partner helixes, respectively, in TCPTP. We also focused our attention 

to the WPD loop, which comprised residues 178–186 in TCPTP and 177–185 in PTP1B. 

Allosteric inhibitors can stabilise a conformation associated with the open form of PTP1B 

(WPD loop open), which is catalytically inactive. This conformation is a response to an 

allosteric communication network between α7 helix and WPD loop. In its apo form, WPD 

loop switches between open and closed conformations (Cui, D. S., Lipchock, Brookner, 

& Loria, 2019; Li et al., 2014), whereas once the allosteric ligand is bound to the allosteric 

pocket, the WPD loop remains open. Subsequently, different RMSD were studied to 

acquire more insights into the dynamics of the WPD loop and allosteric helixes (Table 

2). For the four systems, RMSD analysis in the WPD loop reveals higher values for the 

apo form. Higher RMSD values tend to match with a more mobile WPD loop, swinging 
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from an open to a closed state (Olmez & Alakent, 2011b). This is well illustrated in the 

case of BB2–PTP1B where RMSD is slightly lower, explaining the higher stability of the 

open state for this complex after ligand binding. RMSD lowers 0.36 Å in the case of 

PTP1B and only 0.14 Å for TCPTP (p = 0.0001), with standard deviation for the latter 

(0.46 Å) higher than that for the former (0.32 Å). As regards RMSD for allosteric helixes, 

there is a lowering for helixes α3 and α6 upon ligand binding to PTP1B, but this is not 

the case when ligand binds to TCPTP. Surprisingly, although they reached value is still 

significantly lower than that reached in BB2–PTP1B, a strong lowering in RMSD was 

observed for helix α7 in BB2–TCPTP. In brief, both proteins stabilise as a consequence 

of an overall lowering of the motions of the allosteric helixes and the WPD loop upon 

ligand binding. However, this stabilisation is lower but statistically significant (p = 

0.0027) for BB2–TCPTP in terms of mean RMSD than for BB2–PTP1B, suggesting a 

weaker effect on the whole protein when BB2 binds to TCPTP. 

Table 2. RMSD ± SD values for secondary structure elements in both proteins. 

 WPD α3 α6 α7 

Apo PTP1B 1.66 ± 0.4 1.27 ± 0.13 1.05 ± 0.2 2.4 ± 0.34 

BB2–PTP1B 1.30 ± 0.32 1.06 ± 0.32 0.9 ± 0.15 2.55 ± 0.29 

Apo TCPTP 1.67 ± 0.29 1.31 ± 0.18 1.27 ± 0.13 5.16 ± 0.33 

BB2–TCPTP 1.53 ± 0.46 1.36 ± 0.32 1.22 ± 0.24 2.70 ± 0.4 

Stabilisation effects on the binding site were also studied in terms of protein–ligand 

contacts and concurrences. Ligand BB2 was able to establish up to 11 different contacts 

with neighbouring residues in PTP1B, namely, Glu276, Gly277, Lys279, Phe280, Ile281, 

Gly283, Ser285, Val287, Gln288, Trp291 and Lys292. In the case of the BB2–TCPTP 

complex, ligand contacts with up to 10 different residues during the MD simulation, 

namely, Glu274, Gly275, Lys277, Cys278, Ile279, Gly281, Ile285, Gln286, Trp289 and 
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Lys290. 

In addition to the RMSD values for the WPD loop and allosteric helixes, the distance 

between the C of Asp181PTP1B/Asp182TCPTP residue present in the WPD and the C of 

Ser216/ Ser217 for PTP1B/TCPTP, respectively, was calculated to assess changes in the 

conformation of the catalytic site (Fig. 6). As expected, distance between those atoms is, 

in general, well maintained for the apo proteins during simulation in the open sate. Only 

apo PTP1B showed distance increments at the beginning of the simulation because of 

WPD loop flipping for about 10 ns. In the case of ligand bound systems, average distances 

of 11.64 ± 0.61 and 11.93 ± 1.01 Å for BB2–PTP1B and BB2–TCPTP were respectively 

observed, suggesting a more mobile loop for the latter. Moreover, when the distance 

across the simulation time is represented, a significant (p = 0.0001) increment of up to 

14.6 Å for the distance between those C is observed for BB2-TCPTP during the first 

20 ns of simulation. This behaviour may be understood as the response exerted by the 

binding of BB2 on the whole protein, which undergoes slightly higher motions in the 

WPD loop, reflecting a weaker stabilisation of the inactive (open) form. As shown in Fig 

6. C) WPD loop distance fluctuation (in terms of values distribution) is slightly lowered 

when BB2 is bound to PTP1B, while the opposite behaviour is observed for TCPTP. This 

may illustrate a greater stabilization effect of BB2 on PTP1B WPD loop. 
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Fig. 6. A) Distances between the C of Asp181PTP1B and C of Ser216PTP1B present in 

the WPD. B) Distances between the C of Asp182TCPTP and C Ser217TCPTP present in 

the WPD. C) Box plots of WPD loop distances represented in A) and B). 
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To highlight the differences of WPD loop mobility, PCA was performed for the C of 

atoms comprising WPD loop of both complexes. This method allows to extract 

meaningful information from the complicated protein motions across the simulation. The 

Cartesian coordinate projections of the two principal components allowed to identify the 

most populated microstates for both enzymes. Since the time scale of this work did not 

allow us to investigate a broad conformational space, transitions in WPD loop between 

the open and closed conformations were not expected. Despite this, different ensembles 

were found for the open conformation of the WPD loop across the simulation. In the case 

of BB2–TCPTP, up to four different clusters of WPD loop were identified through the 

projection plot of PCA1 and PCA2 eigenvectors. In contrast, three better defined 

conformational states could be observed for BB2–PTP1B across the simulation (Fig. 7). 

These results demonstrate that the conformational distribution of WPD loop of TCPTP 

bound to BB2 was different from those bound to PTP1B. Furthermore, these analyses 

may illustrate the higher mobility of the WPD loop in BB2-TCPTP rather than BB2-

PTP1B, allowing the exploration of novel conformational states.  

 

Fig. 7. Projection of the MD trajectories on their first two principal components for the 

C atoms comprising WPD loop of BB2–PTP1B (A) and BB2–TCPTP (B). 
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Free energy calculations 

To get a deeper understanding of the selectivity between both enzymes, previous studies 

were also complemented with free energy calculations for BB2. As previously described, 

free energy calculations have been used for the study of selectivity between ligands and 

different or mutant targets (Fang, Wang, Xi, Liu, & Yin, 2016; Miller et al., 2012; Singh, 

Somvanshi, & Grover, 2019). Since the main differences in the allosteric site for both 

enzymes are Phe280/Cys278 and Val287/Ile285, we decided to study the contribution to 

free energy of these residues located inside the allosteric pocket. For this purpose, we 

took snapshots from the last 25 ns of MD, where the systems reached the equilibrium and 

the ligand remained more stable. Inhibitor BB2 showed a good energetic profile for both 

enzymes in accordance with a moderate binder, that is, −19.9275 ± 0.389 and 

−16.2504 ± 0.3387 kcal/mol for PTP1B and TCPTP, respectively. Further analysis of the 

energy terms revealed that electrostatic and intermolecular van der Waals interactions 

were favourable for binding, specially latter ones as previously described by other authors 

(Cui, W. et al., 2013; Kumar, R., Shinde, Ajay, & Sobhia, 2010; Shinde & Sobhia, 2013). 

This fact is in accordance with the hydrogen bond pattern of the ligand and with the 

presence of hydrophobic and aromatic portions in the molecule. Despite that, currently, 

free energy calculation methods are not sufficiently reliable to predict ligand affinity with 

accuracy, they may provide an opportunity to rank ligands for the same targets (Wang, E. 

et al., 2019). Slight differences between the two targets could be observed, probing that 

BB2 presents a better affinity for PTP1B than TCPTP, which is in good agreement with 

experimental data difference (IC50) thus validating this methodology to rank them. 
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Fig. 8. Per-residue free energy decomposition of BB2–PTP1B and BB2–TCPTP for the 

last 25 ns of simulation. 

 

In 2013, Shinde et al hypothesised that the substitution of the Phe280 by Cys278 could 

play a key role in the selectivity over TCPTP (Shinde & Sobhia, 2013). To probe this 

hypothesis and to gain further insights into the selectivity, per-residue energy 

decomposition of the MMPBSA energy has also been undertaken to identify key residues 

for ligand binding (Figure 8) in both enzymes. 

We focused our attention to the neighbouring residues of BB2 at the allosteric site, shown 

in Figure 8. This analysis allowed to identify the ‘hotspot’ residues with ΔG > 2 kcal/mol 

in the interaction. As shown in the plot, the most important residue for the free energy in 

PTP1B was Phe280 (−5.57 kcal/mol). It is worth noticing that this residue presented 

higher value than Asn193 and Glu276, which contribute to the binding mode through 

hydrogen bonds. This fact highlights the importance of hydrophobic and aromatic 

interactions for ligands in this kind of pocket, as previously observed, compared with 

electrostatic interactions (Cui, W. et al., 2013; Wang, Q., Fu, & Zheng, 2019). A very 
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different scenario is observed for TCPTP complex, where the highest contribution is 

given by Leu193 with −2.98 kcal/mol. The Cys278, which is placed at the same position 

as Phe280 in PTP1B, only contributes with −2.83 kcal/mol. This fact could be explained 

by the loss of the strong parallel π stacking by a much weaker hydrophobic interaction 

mediated by the side chain of Cys278. Other different residues in both proteins including 

Gln290PTP1B/Arg288TCPTP did not significantly affect the free energy, probably because 

of its positioning in the highly mobile C-terminal part of the α7 helix. Compared with 

Val287PTP1B, the Ile285TCPTP appeared to improve binding energy because of the van der 

Waals interactions that are established between the side chain of the residue and the 

benzofuran core/ethyl group of BB2. The residues Trp289PTP1B/Trp290TCPTP also present 

a great contribution in both systems because of its π stacking with the benzofuran core. 

Surprisingly, the residues Glu276PTP1B/Glu274TCPTP contributed poorly to the free energy. 

This could be explained by the proximity of the benzene ring in the sulphanilamide 

moiety of BB2, which is hydrophobic and has an unfavourable desolvation (Shinde & 

Sobhia, 2013). 

 

Conclusion 

In this study, models of the binary PTP1B-BB2 and TCPTP-BB2 complexes, together 

with the apoenzyme were generated and investigated using conventional MD and end-

point free energy methods to rationalise and shed some light into its selectivity. To 

perform our analysis, homology models were created for the apo and ligand bound 

systems to obtain reliable whole structures. Then, MD showed that both systems are 

stable; however, especially for those bound to BB2, small differences could be observed 

during the simulation. This work identifies and highlights that allosteric site of the TCPTP 
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presented higher mobility and overall flexibility than that of PTP1B. This was also 

illustrated by the fluctuations of the ligand BB2 inside the pocket. 

This study illustrates the crucial role that Phe280 plays in the allosteric recognition of 

PTP1B. Hydrophobic interactions, especially sandwich π stacking, could be an essential 

feature for the design of effective allosteric inhibitors of PTP1B, in terms of not only free 

energy but also stability of the final ligand–protein complex. In conclusion, this study 

provides significant insights into the allosteric recognition of benzbromarone derivatives 

and PTP1B. This better understanding could guide the design of new allosteric and 

selective inhibitors of PTP1B. 
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