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Purpose: Protein tyrosine phosphatases (PTPs) play an essential way in diseases including cancer, obesity, diabetes and autoimmune
disorders. As a member of PTPs, low molecular weight PTP (LMPTP) has been a well-recognized anti-insulin resistance target in
obesity. However, the number of reported LMPTP inhibitors is limited. Our research aims to discover a novel LMPTP inhibitor and
evaluate its biological activity against insulin resistance.

Methods: A virtual screening pipeline based on the X-ray co-crystal complex of LMPTP was constructed. Enzyme inhibition assay
and cellular bioassay were used to evaluate the activity of screened compounds.

Results: The screening pipeline rendered 15 potential hits from Specs chemical library. Enzyme inhibition assay identified compound F9
(AN-465/41163730) as a potential LMPTP inhibitor with a K; value of 21.5 + 7.3 uM. Cellular bioassay showed F9 could effectively
increase the glucose consumption of HepG2 cells as a result of releasing insulin resistance by regulating PI3K-Akt pathway.
Conclusion: In summary, this study presents a versatile virtual screening pipeline for potential LMPTP inhibitor discovery and
provides a novel-scaffold lead compound that is worthy of further modification to get more potent LMPTP inhibitors.

Keywords: virtual screening, low molecular weight protein tyrosine phosphatase, LMPTP inhibitor, insulin resistance, molecular
docking

Introduction

Protein tyrosine phosphorylation, regulated by protein tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPs), is
essential for numerous cellular processes like cell growth, differentiation, migration and survival.'* Selective modulation of the
signaling pathway involved in protein tyrosine phosphorylation has been an effective strategy for therapeutic intervention due to
the successful clinical application of various PTK inhibitors. As counterparts of PTKs, PTPs have attracted more attention as the
potential therapeutic targets for different diseases, including cancer,” obesity," diabetes™® and autoimmune disorders.’

More than 100 PTPs have been discovered, and most of them share the similar active site sequence C(X)5R(S/T),
which specifically binds the phosphoryl group of their substrates.®’ Low molecular protein tyrosine phosphatase
(LMPTP) is the only member of the Class II subfamily of PTPs besides the recently reclassified SSU72.'° Abundant
studies suggest that LMPTP is a potential target for alleviating insulin resistance in obesity and diabetes.'""'> LMPTP
knockdown by antisense oligonucleotides effectively decreases insulin resistance in diet-induced obese (DIO) mice by

enhancing insulin receptor phosphorylation.'?
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Given the insulin receptor dephosphorylating function of LMPTP, developing small molecular inhibitors of LMPTP
as insulin sensitizers has attracted considerable interest from researchers.'* However, most reported inhibitors, containing
phosphate'® (Figure 1a), carboxylic'® (Figure 1b) and sulfonic group'” (Figure 1c) targeting LMPTP active site exhibit
poor selectivity and druggability because of the highly charged and homologous characteristics of LMPTP.'®'? Hence,
developing non-active site inhibitors would be the solution to the problems above-mentioned (Figure 1d and e).?%!

Herein, a virtual screening pipeline was developed based on the X-ray structure of LMPTP complexes,”® and a novel LMPTP
non-active site inhibitor was identified through this method. Enzyme inhibition assay found that the compound displayed
a moderate LMPTP inhibitory activity through an uncompetitive mechanism of action. Cellular studies demonstrated that this
compound effectively alleviated HepG2 insulin resistance by inhibiting LMPTP. Our findings revealed a novel chemical

structure to inhibit LMPTP, which could be a potential lead compound for further discovery of novel-scaffold LMPTP inhibitors.

Materials and Methods

Materials

All the potential hit compounds were purchased from Topscience (China). Dulbecco’s modified Eagle’s medium
(DMEM) and phosphate buffer saline (PBS) were from Servicebio (China). Recombinant human LMPTP enzyme
(isoform 1) was purchased from Sino Biological (China). The insulin, Glucose Detection Kit and Bicinchoninic Acid
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Figure | The representative LMPTP inhibitors. (a—c) Representative active site inhibitors of LMPTP; (d and e) representative non-active site inhibitors of LMPTP.
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(BCA) Protein Quantitation Kit were from Beyotime (China). HepG2 cell lines were obtained from the Cell Culture
Center of Peking Union Medical College (China).

Virtual Screening of Potential Hit Compounds

General Workflow for Virtual Screening

The workflow of discovery of LMPTP inhibitors (Scheme 1) includes four consecutive steps: (1) filtering by pharma-
cophore model constructed by receptor—ligand interaction; (2) filtering by Lipinski 5 Rules; (3) molecular docking and
(4) clustering the visually picked compounds and making the final decision to construct the potential hit compound
dataset. Specs chemical library (containing approximately 210000 compounds) was used as the input of this workflow.

Pharmacophore Modeling and Filtering

Receptor-Ligand Pharmacophore Generation

The X-ray structure of LMPTP (PDB number: 7KHS8) was retrieved and downloaded from Protein Data Bank (PDB).
The protein was prepared by adding hydrogen atoms, modifying chain termini, correcting nonstandard names, repairing
incomplete residues and protonating automatically by the “Clean Protein” module of DS2019.?* Then, the pharmaco-
phores were generated by “Receptor- Ligand Pharmacophore Generation” in DS2019. The minimum and maximum

numbers of pharmacophore features were set as 4 and 6. All other parameters were default values.
Construction of a Multi-Conformation Ligand Database
All the compounds in Specs2019 were prepared by protonating at the pH range from 7.3 to 7.5 and all potential isomers

were produced. Then, the entities were converted to a multi-conformation ligand database by the “Build 3D Database”

module with default parameters.

Specs 2019

@cophore Modeling and F@

{

Lipinski 5 Rules Filtering

J

( Molecular Docking )

Clustering and Visual inspection

< Potential Hit Compounds>

Scheme | The general workflow for discovering LMPTP inhibitors.
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Pharmacophore Filtering
The database was filtered by all pharmacophores, respectively, with “Search 3D Database” module in DS2019. Entities
with FitValue >2.5 were retained after filtering.

Lipinski and Veber Rules Filtering
The compounds filtered by pharmacophore models were further filtered by the “Filter by Lipinski and Veber Rules”
module in DS2019.%* The parameter of molecular weight was altered to 700.

Molecular Docking

All the chemical entities produced by the “Prepare Ligand” module in DS2019 were docked to the prepared LMPTP
structure using “CDOCKER?”. The binding site was defined as a sphere centered on the ligand presenting in LMPTP co-
crystal complex. The top 2 hits were retained and CHARMm was set as the forcefield, all other parameters were set as
default values.

Clustering and Visual Picking

“- CDOCKER_INTERACTION ENERGY” values of the top 500 entities were ranked. The highest-scoring pose of each
compound was visually inspected with the criteria: 1) well superposed with the original ligand; 2) interaction with
Tyr131 or Tyr132 and Asp129.

Biological Evaluation

Enzyme Inhibition Assays

Inhibitory Rate Assay: Phosphatase assays were performed in the buffer solution containing 50 mM bis-tris and 1 mM
DTT at a pH of 6.5.>* All the compounds with the final concentration of 25 pM were incubated with LMPTP for 10
minutes at 37°C (solution without tested compounds was set as blank control). Para-nitrophenyl phosphate (pNPP) was
added with the final concentration of 7 mM. Further incubation for 30 minutes and the reaction was stopped by adding 3
M NaOH solution. The absorbance was measured at 405 nm. The inhibitory rate was calculated by the following
equation:

A(test)

A(Control) X 100%

Inhibitory Rate (%) =

In which A ey means the absorbance of tested compounds; A controry means the absorbance of blank control.

K; value determination: The K; value of F9 was also determined. The final concentrations of F9 were set as 25 uM, 20
uM, 15 uM and 0 uM. Concentrations of substrate pNPP were set as 13.3 mM, 10 mM, 6.6 mM, 5 mM and 3.3 mM. The
absorbance at 405 nm of each concentration of F9 with different amounts of pNPP was measured to draw a double
reciprocal curve, and the K; value was calculated by GraphPad Prism.

Cytotoxicity Evaluation

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was carried out to evaluate the cytotoxicity
of compound F9 against HepG2 cells. Cells in the exponential growth phase were transferred to 96-well plate and
incubated overnight at 37°C with 5% carbon dioxide. A series concentration of F9 range from 1000 to 3.9 uM with
doubling dilution was added and incubated for 36 hours. The MTT solution was added and incubated for 4 hours. The

formazan crystals were dissolved with DMSO and the absorbance at 570 nm was measured.*>"*

Anti-Insulin Resistance Activity in the HepG2 Cellular Model

The anti-insulin resistance activity of F9 was evaluated by the change of glucose consumption of HepG2 before and after
F9 treatment. The insulin-resistant model of HepG2 cells was established by 72 hours’ treatment of 10™° M insulin
DMEM solution (High glucose) in 96-well plate.”’* After that, the cells were washed with PBS three times, and
different concentrations of F9 were added (10 uM, 20 pM, 40 pM and 0 uM as blank control) and further incubated for
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24 hours. The cells were rewashed, and high glucose DMEM solution with 10~ M insulin was added and incubated for
30 minutes. The medium was collected, and the glucose concentration was tested by glucose detection kit according to
the instrument. The cell viability in each well was tested by MTT. The modified glucose consumption was calculated by
the following equation:

0 - Cl

Modified Glucose consumption = W

In which, Cy was the glucose concentration of DMEM, C; was the remaining glucose concentration after cell
incubation with or without treatment. V| was the cell viability after compound treatment, and V, was the cell viability
without compound treatment.

Western Blot

The cell samples were treated with 0, 20 pM and 40 uM of F9 as described above. The samples were washed twice with
ice-cold PBS and lysed on ice with pre-cooled RIPA lysis buffer containing protease and phosphatase inhibitor cocktails.
The samples were centrifuged at 12,000 x g for 20 min at 4°C. The supernatant was collected, and the total protein levels
were determined with a BCA protein quantification kit. Aliquots containing 25 pg proteins were applied to SDS-PAGE
gel separation and transferred to polyvinylidene fluoride (PVDF, Millipore) membranes. After blocking with 5% Bovine
Serum Albumin (BSA) for 2 h, membranes were incubated with desired primary antibodies overnight at 4°C and then
another 1 h at room temperature was needed for secondary antibody incubation. After washing, the protein bands were
visualized with an ECL Western blotting substrate kit and observed on a chemi-luminescence imaging system. The
protein bands were quantified using ImageJ software (National Institutes of Health, USA).

Results

Pharmacophore Models and Database Filtering

The crystal complex (PDB number: 7KHS8) was used for receptor-ligand pharmacophore generation. Fifteen features
were identified for the ligand in 7KH8 by DS2019/Catalyst, and 5 of them matched the receptor—ligand interactions. As
each pharmacophore was allowed to possess four to six features, two pharmacophore models were automatically
generated. As shown in Figure 2, both models contained four features, including two aromatic rings on the phenyl and
purine group, and one hydrophobic feature. The only difference between these two models was that the aminopurine
structure was identified as a positive ionizable feature in pharml, whereas the amino group was considered as the
hydrogen bond donor for pharm?2. Further investigation of the binding mode of the ligand and LMPTP, we found that
a hydrogen bond was formed between the amino group and the amino acid Asp129 which is essential for maintaining the
stability of the complex. However, after carefully inspecting LMPTP, we observed that the receptor surface around the
amino purine group was negatively charged, so a positive ionizable feature might also be needed. Based on these
findings, both pharmacophores were used for pharmacophore filtering.

All chemical entities (3D database built from Specs2019 by protonation and isomerization) were submitted for
pharmacophore filtering by pharm1 and pharm2. From all the matched ones, 5299 (including 4370 unique compounds)
and 11,713 (including 10,379 unique compounds) entities with FitValue >2.5 were selected for pharml and pharm?2,
respectively. Data sets produced by both pharmacophores were merged and filtered by Lipinski 5 Rules, and a dataset
with 11,414 compounds was obtained for further screening.

Potential Hits from Molecular Docking

All the compounds against LMPTP were docked by CDOCKER, 500 top-ranking compounds were retained. Based on
their predicted binding affinity in terms of “CDOCKER_INTERACTION ENERGY” and binding modes, 52 compounds
were selected. These compounds were divided into 10 clusters based on FCFP_6 fingerprints to facilitate the selection of
structurally diverse compounds. Finally, 15 compounds were selected (Figure 3) as potential hits for experimental
validation. All these compounds provided a novel scaffold compared with the ligand coordinated in the LMPTP complex.
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Figure 2 The pharmacophore models generated based on protein—ligand interactions. (a) Pharmacophore model consisted of aromatic rings (purple), hydrophobic feature
(blue) and ionizable feature (red); (b) Pharmacophore model consisted of aromatic rings (purple), hydrophobic feature (blue) and hydrogen bond donor (green).
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Figure 3 The chemical structures of |5 potential hits.
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In vitro Enzyme Inhibition Assay

The LMWPTP inhibitory rate was tested for all selected compounds. As shown in Figure 4a, all the compounds
displayed a weak to moderate inhibitory activity against LMPTP at 25 pM. The inhibitory rate of compound F9 against
LMPTP was around 65%, equivalent to the positive control NaVO;. The preliminary data illustrated the LMPTP
inhibitory activity of compound F9.

To further validate the inhibitory potency of F9, the K; value of this compound was further investigated. As shown in
Figure 4b and c, F9 inhibited LMPTP in an uncompetitive way, and the K; value was 21.5 + 7.3 uM. As the concentration
of F9 increased, the K, value was constant, around 6.57 mM. Meanwhile, the Vmax decreased. All these results
demonstrated compound F9 was a potential LMPTP non-active site inhibitor with moderate LMPTP inhibition potency.

The selectivity of F9 against LMPTP was also evaluated by measuring the inhibitory rate of F9 against protein
tyrosine phosphatase 1B (PTP1B) and T-cell protein tyrosine phosphatase (TCPTP). As shown in Table 1, F9 displayed
a poor inhibitory activity against both PTP1B and TCPTP at the concentration of 25 uM. It illustrates that F9 can
selectively inhibit LMPTP to a certain degree.

Binding Mode Analysis

The molecular docking showed that compound F9 bound to LMPTP in a favorable way (Figure 5). Firstly, it was well
superposed with the ligand coordinated in the LMPTP complex. Secondly, it stably occupied the non-active site by
forming n-n stacking or other hydrophobic interaction with critical residue Tyr 131 and Tyr 132 and hydrogen bond with
Aspl29. Besides, it also interacted with residue Ser 47, Glu50 and Leu 13 through hydrogen bonds, salt bridges and
hydrophobic interactions, which might enhance the binding of F9 to LMPTP.

., @ )
' o =)
T 1

Inhibition Rate (%)
S
)

N
(=]

b c

w2t 08I o25.M K, =657
=20 M
*15 uM 0.6f
*0ouMm =
= 0.4}
0.2}
02 00 02 04 00 5 70 15

11[S] [PNPP)/mM

Figure 4 In vitro LMPTP inhibitory activity of |5 potential hits. (a) In vitro inhibition rate of |15 potential hits and NaVOj at the concentration of 25 uM; (b) Lineweaver-Burk
plot of F9 against LMPTP; (c) Michaelis-menten plot of F9 against LMPTP.
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Table | The Inhibitory Rate of Compound 9
Against Other PTPs at the Concentration of

25 uM
PTPs Inhibitory Rate (%)
PTPIB 104 +22
TCPTP 8936

Cytotoxicity Evaluation of F9
The biosafety was evaluated by measuring the in vitro cytotoxic effects of compound F9 against HepG2 cells. As
depicted in Figure 6, the viability of the HepG2 cells was maintained above 80% even in the presence of a higher
concentration of compound F9 up to 500 uM. These results confirmed that compound F9 had good biosafety, which was
a good candidate for further modification.

Figure 5 Molecular docking result of F9 on LMPTP. (a) The binding pocket and binding pose of F9 to LMPTP; (b) the predicted binding modes of F9 to LMPTP.
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Figure 6 In vitro cellular toxicity of F9 on HepG2 cells.
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Figure 7 In vitro anti-insulin resistance of F9 in HepG2 cellular model; (a) Anti-insulin resistance effect of F9; (b) anti-insulin resistance mechanism of F9.

Anti-Insulin Resistance Activity in the HepG2 Cellular Model

The anti-insulin resistance activity of F9 was determined in the HepG2 cellular model. As shown in Figure 7a, the
glucose consumption of the model group was significantly decreased, demonstrating the successful establishment of
insulin resistance in HepG2. With the 24 hours treatment of F9, the glucose metabolizing ability of HepG2 was recovered
in a concentration-dependent manner. Action mechanism of F9 was further investigated, and we found that F9 could
effectively increase the phosphorylation level of Akt (Figure 7b), it meant that F9 could activate the PI3K-Akt pathway
by inhibiting LMPTP to release the insulin resistance, which was consistent with other LMPTP inhibitors.

Discussion

Selective modulation of signaling pathway involved in protein tyrosine phosphorylation has been an effective strategy for
therapeutic intervention. However, due to the high homogeneous characteristic, it is hard to develop a selective inhibitor
toward a specific PTP. As one of the potential targets for the treatment of insulin resistance, many efforts have been made
to discover selective LMPTP inhibitors. Up to now, most developed inhibitors targeted to the active site of LMPTP,
which made them highly charged and led to a poor selectivity and druggability. However, the inhibitor discovered in this
work was non-active site targeted without highly charged group and compliance with the Lipinski 5 rules, meant that
compound F9 might have a good druggability. Actually, the structure variety of noncompetitive inhibitors is limit, and F9
supplement a novel scaffold for them. Although, the inhibitory activity of F9 is not as potent as reported compounds, it
displays a moderate selectivity toward LMPTP and we believe that the inhibitory potency of F9 can be improved by
further modification. All these results can illustrate F9 is a potential hit for developing novel LMPTP inhibitors.

Conclusion

In this study, we have established a hierarchical virtual screening pipeline consisting of a ligand-based approach (ie,
pharmacophore filtering) and a structure-based approach (ie, molecular docking) to discover novel LMPTP inhibitors.
The Specs chemical library was screened by application of this pipeline, and one of 15 potential hits was identified as an
effective LMWPTP inhibitor with the K; value of 21.5 + 7.3 uM in an uncompetitive inhibitory way. The cellular level
evaluation demonstrated that this compound could effectively alleviate insulin resistance by inhibiting LMPTP. All these
results illustrate that compound F9 is a potential lead compound worthy of further modification and biological study to
access more potent LMPTP inhibitors.
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