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Background: The protein tyrosine phosphatases PTP1B and SHP2 are promising drug targets 

in treatment design for breast cancer. Searching for specific inhibitors of their activity has 

recently become the challenge of many studies. Previous work has indicated that the promising 

PTP inhibitors may be small compounds that are able to bind and interact with amino residues 

from the binding site.

Purpose: The main goal of our study was to synthesize and analyze the effect of selected 

small peptide inhibitors on oncogenic PTP1B and SHP2 enzymatic activity and viability of 

MCF7 breast cancer cells. We also performed computational analysis of peptides binding with 

allosteric sites of PTP1B and SHP2 phosphatases.

Methods: We measured the inhibitory activity of compounds utilizing recombinant enzymes 

and MCF7 cell line. Computational analysis involved docking studies of binding conformation 

and interactions of inhibitors with allosteric sites of phosphatases.

Results: The results showed that the tested compounds decrease the enzymatic activity of 

phosphatases PTP1B and SHP2 with IC
50

 values in micromolar ranges. We observed higher 

inhibitory activity of dipeptides than tripeptides. Phe-Asp was the most effective against SHP2 

enzymatic activity, with IC
50

=5.2±0.4 µM. Micromolar concentrations of tested dipeptides also 

decreased the viability of MCF7 breast cancer cells, with higher inhibitory activity observed for 

the Phe-Asp peptide. Moreover, the peptides tested were able to bind and interact with allosteric 

sites of PTP1B and SHP2 phosphatases.

Conclusion: Our research showed that small peptide compounds can be considered for the 

design of specific inhibitors of oncogenic protein tyrosine phosphatases.
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Introduction
Breast cancer is one of the most common types of female tumors worldwide. Breast 

cancer therapy usually includes surgery, radiotherapy, and adjuvant chemotherapy. 

Disturbances in the course of tyrosine phosphorylation/dephosphorylation pathways 

is associated with numerous disorders, including breast cancer development.1

Protein tyrosine phosphatases (PTPs) form a large group of enzymes that 

remove phosphate groups from the tyrosine residues of proteins. Reversible tyrosine 

phosphorylation of proteins is regulated by a balance maintained by the antagonistic 

action of PTPs and tyrosine kinases.2 Phosphorylation/dephosphorylation of the 

tyrosine residues of proteins is an evolutionarily preserved mechanism of signal 

transduction in eukaryotic cells of fundamental importance in the regulation of cell 

physiology, such as proliferation, differentiation, migration, or tumorigenesis.
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The participation of PTPs in the development of glioma, 

colorectal, lung, or breast cancer and multiple myeloma 

has been already proven. Phosphatases PTP1B and SHP2 

are particularly important targets in the treatment of breast 

cancer.3 PTP1B dephosphorylates tyrosine kinases, which 

are essential for the induction of breast cancer, ie, HER1, 

Src, JAK, and STAT. PTP1B phosphatase is overexpressed 

in breast cancer cells and triggers tumor growth.4

PTP1B phosphatase inhibitors are promising com-

pounds for treatment of metabolic diseases, eg, type 2 

diabetes, obesity, and metabolic syndromes. SHP2 is 

found to be overexpressed in breast cancer cell lines and 

is usually involved with oncogenic signaling functions 

to promote growth factors and cytokines. Additionally, 

mutations of SHP2 have been observed in breast cancer 

cells. Due to oncogenic implications of SHP2, inhibition 

of these phosphatases can produce a favorable effect in 

anticancer therapy.5,6 Due to the key role of PTPs in can-

cer biology, they might be targeted for the development 

of new anticancer diagnostic and promising therapeutic 

strategies.7

PTPs have been challenging targets for inhibitor design, 

and there are already successful studies with utilization of 

peptidyl inhibitors against TPs.8 Utilizing medical chemistry 

in combination with molecular simulations reveals the 

key role of small molecules in designing new phosphatase 

inhibitors.9–11 There have recently been studies showing 

that a small molecule inhibitor of SHP2 can act as an 

allosteric modulator that stabilizes the inhibited conforma-

tion of SHP2.12 However, docking analyses performed by 

other groups of researchers revealed that the compounds 

tested by them exhibited IC
50

 values higher than expected 

and that the tested compounds were able to bind to other 

peripheral sites with lower free energy than when bound to 

the active or allosteric sites.13 For our studies, we selected 

simple dipeptides and tripeptides characterized by small 

compound size.

In the present work, we choose to study the effect of 

selected peptide compounds as potential PTP1B and SHP2 

inhibitors, as there have been many recent studies showing 

therapeutic peptides as a promising approach to cancer 

treatment.14,15 Peptide compounds can be easily modified and 

rapidly synthesized, are atoxic, and are less immunogenic 

than, eg, recombinant antibodies.16,17 There are also many 

peptide-based drug conjugates utilized in cancer treatment.18 

The Tat peptide conjugated to doxorubicin is highly effective 

against MCF7 and MCF7/ADR breast cancer cells, inducing 

cell death.19

Despite some disadvantages, such as poor solubility and 

membrane permeability, there are still important advan-

tages, eg, high potency of action and target selectivity, as 

well as low accumulation in tissue.20,21 In the present work, 

we decided to synthesize and analyze the effect of selected 

small peptide inhibitors (Figure 1) on oncogenic PTP1B 

and SHP2 enzymatic activity and viability of MCF7 breast 

cancer cells. We also performed computational analysis of 

peptides binding with allosteric sites of PTP1B and SHP2 

phosphatases.

Methods
Synthesis of peptides
All peptides were synthesized on solid support using 

solid-phase peptide synthesis. Synthesis was carried 

out on 2′-chlorotrotyl resin (1.6 mmol/g) according to 

9-fluorenylmethoxycarbonyl/tert-butyl (Fmoc/OtBu) chem-

istry with the side chain-protected amino acid derivatives 

Fmoc-Phe-OH and Fmoc-Asp(OtBu)-OH. Amino acid 

derivatives were attached to the growing peptide on the resin 

during deprotection and attachment stages, beginning the 

synthesis with the C-terminus amino acid. Before attachment 

Figure 1 Structures of synthesized and tested peptides.
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of the C-terminal amino acid, the resin was activated by 

shaking for 30 minutes in a solvent mixture of dimethylfor-

mamide (DMF) and dichloromethane (DCM; 1:1, v:v) in a 

peptide synthesis vessel. Subsequently, 1 M Fmoc-AA and 

a fourfold excess of N,N-diisopropylethylamine (DIPEA) as 

the base, which were dissolved in a mixture of DMF:DCM 

(10:1, v:v), were introduced into the previously prepared 

resin. The reaction was carried out twice for 1 hour each time. 

When the reaction had completed, the solution was filtered 

under reduced pressure and then washed with DCM and 

DMF. To deactivate the remaining free linkers on the resin, 

solution containing DCM:DIPEA:MeOH (17:2:1, v:v:v) was 

added, and shaking was carried out in three cycles for 5, 15, 

and 30 minutes.

The crude peptide was cleaved from the resin using 

a mixed solution of 88% trifluoroacetic acid (TFA), 5% 

phenol, 5% deionized water, and 2% triisopropylsilane 

for 2 hours (10 mL per 1 g resin at room temperature for 

2 hours). The obtained filtrate was then evaporated to 

approximately 2 mL on a rotary evaporator. Next, a cold 

diethyl ether was added dropwise to the prepared solution. 

The precipitate, suspended in ether, was transferred to 

centrifuge tubes and centrifuged (centrifugation program: 

relative centrifugal force=3,600 × g, 4°C, 15 minutes). 

The process of peptide centrifugation was repeated three 

times. The peptide obtained after centrifugation was trans-

ferred to a vacuum desiccator and dried for 24 hours over 

NaOH. The dried compound was then dissolved in water, 

frozen, and lyophilized.

Peptide purification
The crude peptide was dissolved in water and then purified 

by reversed-phase HPLC (RP-HPLC) on a Cosmosil C18 

column with a grain diameter of 5 µm, a length of 25 cm 

and a cross-section of 10 mm. The mobile phase was water 

containing 0.1% TFA and acetonitrile (ACN) containing 

0.1% TFA, flow rate: 4.0 mL/min. Gradient was determined 

depending on the peptides, which are presented in Table 1. 

Purification was monitored by ultraviolet absorption at a 

wavelength of 214 nm.

Purity analysis of compounds
We performed purity analysis of the synthesized compounds. 

Purified peptide was first dissolved in water and then purified 

by RP-HPLC on a Cosmosil C
18

 column with a grain diameter 

of 5 µm, length of 25 cm, and cross-section of 10 mm. The 

mobile phase was water containing 0.1% TFA and ACN con-

taining 0.1% TFA, with a flow rate of 1 mL/min. The gradient 

was determined based on the peptides, which are presented 

in Table 1. Analysis was monitored by ultraviolet absorption 

at a wavelength of 214 nm. The purity of all peptides was 

suitable for carrying out biological tests (Table 1). Analyses 

of the purified peptides were performed by matrix-assisted 

laser desorption/ionization time-of-flight mass spectrometry. 

The matrix used in the analysis was 2,5-dihydroxybenzoic 

acid. All scheduled peptide sequences were obtained. Values 

for the pseudomolecular ions are presented in Table 1.

Molecular modeling
Peptides were docked on selected sites of enzymes to pre-

dict the binding mode and supramolecular interactions. The 

initial structure of PTP1B was taken from the Research 

Collaboratory for Structural Bioinformatics protein data 

bank (www.pdb.org) with code 5K9V.pdb and SHP2 with 

code 5EHR.pdb. This structure was loaded into Molecular 

Operating Environment software (Chemical Computing 

Group, Montreal, Canada), removing water molecules. Polar 

hydrogen atoms were added. The structure was protonated 

at a temperature of 300 K, pH 7, and salt concentration of 

0.1. Ligands were removed, and structures were optimized 

using the Amber10:EHT force field of the software. Peptide 

molecules were docked into the structures where the binding 

site was assumed to be the allosteric site. The side chains were 

kept free to move during force field refinement. Alpha PMI 

was the placement method used with default settings. The 

top 30 docking conformations were retained for each peptide, 

Table 1 Analysis of purity of compounds

Peptides HPLC mobile-phase gradient  
for peptide purification

HPLC mobile-phase gradient 
for peptide analysis

Purity Obtained m/z (M+H)+ 
(quasi-molecular ion)

Theoretical 
Mw

Asp-Phe 10%–30% ACN in 60 minutes 5%–25% ACN in 25 minutes 96% 281.3 280.281

Phe-Asp 5%–20% ACN in 50 minutes 5%–25% ACN in 25 minutes 98% 281.2 280.281

Phe-Phe-Asp 10%–40% ACN in 50 minutes 10%–40% ACN in 32 minutes 99% 428.2 427.457

Phe-Asp-Phe 10%–30% ACN in 60 minutes 10%–40% ACN in 32 minutes 95% 428.3 427.457

Abbreviations: ACN, acetonitrile; Mw, molecular weight.
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and these poses were ranked by London dG scoring function 

to estimate the free energy of binding of peptide conformers. 

The pose with the lowest score (most stable pose) was chosen 

from the top conformation, and its binding orientation was 

used to calculate binding interactions.

Inhibitory activity analysis
The inhibitory activity of compounds was measured utiliz-

ing recombinant PTP1B and SHP2 phosphatases with final 

concentration in tested samples (1.5 µg/mL; 3.3 nM) in a 

solution of 10 mM HEPES buffer (pH 7.4). Phosphatase 

samples of final volume 200 µL were untreated (control) or 

treated with solutions of peptides. Inhibitory analysis was 

performed in 96-well microplates at 37°C. The activity of 

enzymes was read at 405 nm using a Jupiter microplate reader 

(Biogenet, Jozefow, Poland) and DigiRead Communication 

Software (Asys Hitech, Eugendorf, Austria). The activity of 

phosphatases was able to be observed due to chromogenic 

substrate para-nitrophenyl phosphate (2 mM).

Cell viability analysis
MCF7 breast cancer cells were obtained from the European 

Collection of Cell Culture (Salisbury, UK). Cells were cul-

tured in DMEM supplemented with 10% FBS, 100 µg/mL 

penicillin–streptomycin, and 2 mM l-glutamine form Sigma-

Aldrich (St Louis, MO, USA). The culture was maintained 

at 37°C in an atmosphere containing 5% CO
2
. Viability was 

measured using MTT for cell-metabolism activity. Cells 

(106 cells/mL) were untreated (control) or treated with dipep-

tide solutions in 96-well plates. After 24 hours of incubation, 

a solution of 5 mg/mL MTT in DMEM without phenol red 

was added. Samples were then incubated for 3–4 hours at 

37°C. When the purple precipitate was clearly visible under 

microscopy, samples were dissolved in 100 μL of dimethyl 

sulfoxide, and the plate with cover was left in the dark for 

15 minutes. Viability was measured as absorbance at 570 nm 

in a microplate reader.

Statistical analysis
All experiments were performed three times or more. Data 

obtained were then incorporated and analyzed using Graph-

Pad Prism version 4 (GraphPad Software, Inc., La Jolla, 

CA, USA). Statistical analyses were performed utilizing 

ANOVA in combination with Tukey’s test or Student’s 

t-test in combination with Wilcoxon test. Data are showed 

as mean±SD. Differences between means were considered 

significant at P,0.05.

Results
Small peptides decreased activity 
of PTP1B and SHP2
We performed inhibitory activity analysis of the tested com-

pounds against PTP1B and SHP2 phosphatases. We calcu-

lated IC
50

 values of dipeptides and tripeptides tested, which 

are presented in Table 2. We found that selected peptides 

were capable of decreasing the enzymatic activity of phos-

phatases PTP1B and SHP2. Inhibitory activity was estimated 

with IC
50

 values in micromolar ranges. We observed higher 

inhibitory activity for dipeptides than tripeptides. Especially, 

Phe-Asp was the most effective against SHP2 enzymatic 

activity, with an IC
50

 value of around 5 µM.

We performed inhibition activity assays as screening for 

many concentrations of peptides and incubation times. Here, 

we present (Figure 2) the enzymatic activity of PTP1B and 

SHP2 pretreated for 15 minutes with 100 µM peptides and 

incubated for 30 minutes with a substrate.

Inhibitory properties of dipeptides 
against breast cancer cell viability
Since we observed higher inhibitory activity for dipeptides 

than tripeptides, we performed breast cancer cell viability 

analysis after treatment with dipeptides. We discovered that 

micromolar concentrations of the dipeptides used were able 

to decrease the viability of MCF7 breast cancer cells after 

24 hours of incubation (Figure 3). We also found that the 

Phe-Asp peptide had higher inhibitory properties than Asp-

Phe. While 50 µM Asp-Phe revealed no significant effect 

on MCF7 viability, even 5 µM Phe-Asp still significantly 

decreased the viability of cells.

Molecular docking
We then performed molecular docking studies using dipep-

tide molecules. Peptide molecules were docked on the 3-D 

structures of PTP1B and SHP2 phosphatases to investigate 

the possibility of binding and conformation. Figure 4 shows 

the docking for Asp-Phe and Phe-Asp on PDB 5K9V (PTP1B 

Table 2 Inhibitory activity of compounds against PTP1B and 
SHP2 phosphatases

Tested 
compounds

IC50 against  
PTP1B

IC50 against  
SHP2

Asp-Phe 52.6±3.7 µM 108.7±16.9 µM

Phe-Asp 52.1±1.4 µM 5.2±0.4 µM

Phe-Phe-Asp 104.2±15.9 µM 113.6±23.6 µM

Phe-Asp-Phe 255.1±29.4 µM 97.9±17.9 µM

Note: Values are expressed as IC50 ± SD.
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[1-301], open state). Figure 5 shows the docking for Asp-

Phe and Phe-Asp on PDB 5EHR (non-receptor SHP2 in 

complex with allosteric inhibitor SHP099). The docking was 

done on sites of allosteric inhibitors, as already shown in 

previous studies for the small molecule inhibitor SHP099.22 

We obtained the top 30 conformations from runs of flexible 

docking. In all 30 conformations, dipeptides were shown to 

be able to be bound to allosteric sites of PTP1B and SHP2, 

as shown in Figures 4 and 5. The docking studies showed 

that selected peptides were not precluded from binding to 

allosteric sites of PTP1B and SHP2.

We also found that dipeptides were able to interact 

with some essential residues in allosteric sites of PTP1B 

and SHP2. Figure 6 shows possible interactions between 

dipeptides and Asp181 residue from the WPD loop and essen-

tial Arg221 in the PTP1B allosteric site. Possible interactions 

in the allosteric SHP2 site are shown in Figure 7.

Discussion
Apart from being one of the most common female tumor 

types, breast cancer usually occurs with complicated etiology 

and multiple-organ metastasis. The number of breast cancer 

cases has been growing in recent years in spite of numerous 

advances in detection and therapy.23

PTP1B and SHP2 phosphatases play critical roles in 

regulation of many cellular processes by controlling signaling 

Figure 2 Enzymatic activity of PTP1B and SHP2 after treatment with peptides.
Notes: (A) Enzymatic activity of PTP1B phosphatase after 30 minutes of treatment with 100 µM concentration of peptides. (B) Enzymatic activity of SHP2 phosphatase after 
30 minutes of treatment with 100 µM concentration of peptides. Data are presented as absorbance measured at 405 nm in comparison to control (phosphatases not treated); 
mean±SD (n=3). One-way ANOVA combined with Tukey’s test. *P,0.0001; **P,0.001; ***P.0.05.

Figure 3 Viability of MCF7 breast cancer cells after treatment with Phe-Asp and Asp-Phe peptides.
Notes: (A) Viability of MCF7 cells after treatment with Phe-Asp measured with MTT. Data are presented as absorbance measured at 570 nm in comparison to control (cells 
not treated); mean±SD (n=3). One-way ANOVA combined with Tukey’s test. *P,0.0001; **P,0.001. (B) Viability of MCF7 cells after treatment with Asp-Phe measured 
with MTT. Data are presented as absorbance measured at 570 nm in comparison to control (cells not treated); mean±SD (n=3). One-way ANOVA combined with Tukey’s 
test. *P,0.0005; **P,0.005; ***P.0.05.
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pathways using PTP catalytic activity. Dysfunctions of 

PTP1B and SHP2 phosphatases result in pathogenic muta-

tions and aberrant expression that lead to the dysregulation of 

numerous signaling pathways, thus contributing to different 

pathologies. PTP1B and SHP2 are also identified as onco-

genic TPs, as their crucial role in the development of cancer 

has been demonstrated.24 Therefore, the pharmacological 

inhibition of SHP2 is an important therapeutic approach for 

the treatment of cancers.25 There have already been studies 

performed that searched for allosteric inhibitors of SHP2 

with therapeutic potential for cancer treatment.26

The significant role of PTP1B phosphatase in breast 

cancer development has already been demonstrated. Elevated 

levels of PTP1B phosphatase relative to normal control 

breast cells were found in several human breast cancer cell 

lines with increased cSrc activity and confirmed the ability 

of PTP1B to dephosphorylate and activate cSrc kinase. The 

studies indicated that PTP1B was the primary phosphatase 

dephosphorylates cSrc in several human breast cancer cell 

lines and suggest a regulatory role of PTP1B in the control 

of cSrc-kinase activity.27

PTP1B was identified to be overexpressed in more than 

half of breast cancer tissue. It was also shown that tumor 

size and lymph node metastasis were significantly higher in 

patients with a higher level of PTP1B. The proliferation and 

migration of MCF7 cells were found to be inhibited after 

knocking down the gene of PTP1B.28

PTP1B is positively associated with lymph node metas-

tasis and estrogen receptor status. In vitro, disturbing PTP1B 

expression attenuates cell migration and invasion. PTP1B 

overexpression increases migration and invasion of breast 

cancer cells. All these data indicate that PTP1B may play a 

crucial role in the development of breast cancer.29

Because PTP1B and SHP2 are associated with multiple 

cancer-related diseases, as well as SHP2 is a potential immu-

nomodulator, which alters autoimmunity and related immu-

nopathology, controlling PTP1B and SHP2 activities is of 

significant therapeutic interest.30,31 Studies have indicated 

that some natural diterpenes reveal significant inhibitory 

effects on the PTP1B enzyme and are considered an anti-

breast cancer agents.32

All peptide compounds synthesized by us contained 

carboxyl groups, which are able to interact with amino acids 

in the binding sites of TPs, as was also shown in previous 

studies, where an extensive hydrogen bond network with a 

carboxyl group and van der Waals interactions stabilized the 

protein–ligand complexes of PTP1B and triterpenic acids.33 

There have been many studies showing the inhibitory proper-

ties of compounds with carboxyl groups attached against the 

enzymatic activity of SHP2 and PTP1B.34–36

It was found that allosteric inhibition blocked closure 

of the WPD loop. The WPD loop has been shown to play a 

critical role at two stages of the catalytic cycle. First, Asp181 

of the WPD loop serves as the proton donor during cleavage 

of the Tyr(P) P-O bond, and second, Asp181 participates in 

positioning and activating the water molecule that splits the 

cysteinyl–phosphate bond in the enzyme–phosphate interme-

diate. At both stages, closure of the WPD loop is essential in 

bringing Asp181 close to the phosphate group. Our results 

showed that dipeptides were able to interact with the Asp181 

from the WPD loop of PTP1B phosphatase.

It was found that the capacity of compounds to inhibit 

PTP1B depended on their nature, position, and number of 

substituents in the inhibitor structure, eg, the presence of some 

specific substituents increases the ability of flavonoids to 

inhibit PTP1B.37 In the near future, we plan to study the effect 

on PTPs of more peptides with different side groups, since 

they appear to lead to promising inhibitory compounds.

Figure 4 Top 30 binding conformations of peptides with PTP1B allosteric site.
Notes: (A) Asp-Phe; (B) Phe-Asp.

Figure 5 Top 30 binding conformations of peptides with SHP2 allosteric site.
Notes: (A) Asp-Phe; (B) Phe-Asp.
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Figure 6 Binding interactions of peptides with PTP1B allosteric site.
Notes: (A) Asp-Phe; (B) Phe-Asp.

Figure 7 Binding interactions of peptides with SHP2 allosteric site.
Notes: (A) Asp-Phe; (B) Phe-Asp. 

Conclusion
Here, we showed that the dipeptides and tripeptides tested 

were able to bind and interact with allosteric sites of 

PTP1B and SHP2 phosphatases. The compounds tested 

decreased the enzymatic activity of phosphatases PTP1B 

and SHP2, with IC
50

 values in micromolar ranges, as well 

as the viability of MCF7 breast cancer cells. Our studies 

show that small peptide compounds can be considered a 
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promising base for design of studies on specific inhibitors 

of PTPs.

Abbreviations
PTP, protein tyrosine phosphatase; HER1, epidermal growth 

factor receptor; JAK, Janus kinase; STAT, signal transducer 

and activator of transcription protein; Src, proto-oncogene 

tyrosine-protein kinase.
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