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Abstract
SHP2 phosphatase, encoded by the PTPN11 gene, is a non-receptor PTP, which plays an important role in growth factor, 
cytokine, integrin, hormone signaling pathways, and regulates cellular responses, such as proliferation, differentiation, adhe-
sion migration and apoptosis. Many studies have reported that upregulation of SHP2 expression is closely related to human 
cancer, such as breast cancer, liver cancer and gastric cancer. Hence, SHP2 has become a promising target for cancer immu-
notherapy. In this paper, we reported the identification of compound 1 as SHP2 inhibitor. Fragment-based ligand design, De 
novo design, ADMET and Molecular docking were performed to explore potential selective SHP2 allosteric inhibitors based 
on SHP836. The results of docking studies indicated that the selected compounds had higher selective SHP2 inhibition than 
existing inhibitors. Compound 1 was found to have a novel selectivity against SHP2 with an in vitro enzyme activity IC50 
value of 9.97 μM. Fluorescence titration experiment confirmed that compound 1 directly bound to SHP2. Furthermore, the 
results of binding free energies demonstrated that electrostatic energy was the primary factor in elucidating the mechanism 
of SHP2 inhibition. Dynamic cross correlation studies also supported the results of docking and molecular dynamics simula-
tion. This series of analyses provided important structural features for designing new selective SHP2 inhibitors as potential 
drugs and promising candidates for pre-clinical pharmacological investigations.
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Introduction

SHP2 phosphatase, encoded by the PTPN11 gene, is a 
non-receptor PTP, which is composed of two N-terminal 
Src homology 2 (SH2) domains, one PTP domain, and one 
C-terminal tail [1]. In cells, SHP2 plays a role in the cyto-
plasm downstream of multiple receptor-tyrosine kinases 
and is involved in many cancer cell signaling cascades 
(e.g., RAS–ERK, PI3K–AKT, JAK–STAT) [2]. RAS was 
dephosphorylated by SHP2 and then associated with effec-
tor protein RAF to activate downstream proliferative RAS/
ERK/MAPK signaling. Furthermore, germline or somatic 
mutations in PTPN11 that cause hyperactivation of SHP2 
have been identified in Noonan syndrome (50%), juvenile 
myelomonocytic leukemia (JMML, 35%), myelodysplastic 
syndrome (MS, 10%), B cell acute lymphoblastic leukemia 
(7%), acute myeloid leukemia (AML, 4%) [3–7], and solid 
tumors, including colon cancer, melanoma, lung adeno-
carcinoma, and hepatocellular carcinoma. Thus, SHP2 
became a promising target for cancer immunotherapy.

Many SHP2 inhibitors have been identified so far. For 
example, NSC-87877 was the first PTP inhibitor, inhibit-
ing PTP domain of SHP2 in cell cultures without a detect-
able off-target effect, which cross-inhibited SHP1 in vitro 
[8]. Other SHP2 inhibitors, such as II-B08, cefsulodin, 
Fumosorinone, had also been identified and characterized 
[2, 3, 9]. However, the discovery of SHP2 inhibitors has 
been hampered for two main aspects. Firstly, SHP2 has 
low selectivity for other PTPs (such as SHP1, PTP1B, and 
TCPTP) due to the highly conserved of PTP domain (the 
overall sequence of SHP1 and SHP2 in their PTP domain 
has 60% identity and about 75% similarity) [5, 10, 11]; 
Secondly, it is difficult to identify cell permeable com-
pounds. Thus, SHP2 inhibitors have not yet progressed to 
the clinic [12]. The identification of SHP2 allosteric sites 
(a tunnel-like region formed between the C–SH2, N–SH2, 
and PTP domains, but not the PTP catalytic site) repre-
sented a potentially solution to the problem of druggabil-
ity. By binding to this allosteric site comprised of all three 
domains (N–SH2, C–SH2, and PTP domain), SHP836, one 
of SHP2 allosteric inhibitor, stabilized the active confor-
mation of SHP2, in which the catalytic site was blocked 
and no longer accessible to substrate [10]. SHP836 had no 
inhibition against PTP domain of SHP2 and had moder-
ate inhibitory activity (IC50 = 12 μM) against full length 
SHP2. SHP099, a highly selective, active, potent SHP2 
allosteric inhibitor, was further optimized by SHP836, 
which was identified as an allosteric modulator that stabi-
lized the auto-inhibited conformation of SHP2 [13]. There 
are many methods to discover novel drugs, one of which 
is an economical and time-saving method, namely com-
puter-aided drug design [14]. In order to discover novel 

and selective SHP2 allosteric inhibitors, we used De novo 
design to generate scaffolds. Then, ADMET prediction 
was carried out to screen for good quality compounds. The 
selected compounds were then docked into binding pock-
ets of SHP2 and SHP1, respectively. In vitro phosphatase 
activity and cell proliferation assays were performed to 
verify biological activity. Finally, Molecular dynamic 
simulation, binding free energy calculation and dynamic 
cross correlation study were used to explore the affinity 
and selectivity of SHP2. Thus, the findings obtained could 
provide useful insights for developing new and powerful 
SHP2 selective allosteric inhibitors against cancer and pro-
vide lead compounds.

Materials and methods

Our calculations were carried out on Dell Precision TM 
T5500 computer with Discovery Studio v 3.5 software 
package.

Protein preparation

The crystal structures of SHP1 (PDB ID: 3PS5) and SHP2 
(PDB ID: 5EHR) were downloaded from the protein data 
bank (PDB) and used for molecular simulation studies [15, 
16]. The “clean protein” [17] protocol in Discovery Studio v 
3.5 was used to prepare the protein for correcting the miss-
ing atoms and residues, incorrect atom order in amino acids, 
deleting alternate conformations and water, and protonating 
all the residues at a specific pH conditions.

Fragment‑based ligand design

Fragment-based ligand design approach, such as the multi-
copy simultaneous search (MCSS) methodology, had proven 
to be a useful tool to search novel therapeutic compounds 
that bind to pre-specified targets of known structure. MCSS 
offered a variety of advantages over traditional high-
throughput screening methods, and had been applied suc-
cessfully to design novel hit targeting challenging targets. 
In our study,MCSS algorithm was used for fragment-based 
drug design (FBDD) [18]. The major steps in the procedure 
are as follows: distribute fragment replicas in the protein 
search sphere; perform a CHARMm minimization; prune 
replicas to remove fragments converged to the same min-
ima. According to the top MCSS_score poses, new scaffold 
libraries (Scaffolds A and B) were built to De novo design.

De novo design

Ludi, one of the most widely used re-design algorithm, was 
used to discover new potentially active compounds, which 
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could save researchers a lot of time [19]. It was a power-
ful design tool, which allowed users to simulate screening 
prior to experimental analysis, and allowed the transforma-
tion of existing compounds. The Ludi algorithm worked in 
three steps. Firstly, it calculated interaction sites, which were 
discrete positions in space that was suitable to form hydro-
gen bonds or fill hydrophobic pockets. Then, the molecu-
lar fragments were fitted onto the interaction sites. Finally, 
some or all of the fitted fragments was connected to a single 
molecule.

In our study, De novo design method [20] by Ludi algo-
rithm was used to design novel inhibitors. Firstly, De novo 
library generation protocol was used to generate fragments 
library for De novo design. Secondly, De novo receptor 
protocol in Discovery Studio v3.5 was used to define the 
binding site of a receptor. Scaffold A and scaffold B were 
derived from computational Fragment-based drug design 
in allosteric sites. Thirdly, the De novo link protocol used 
“Ludi algorithm” to add linkers between the defined scaf-
folds A and scaffold B in the binding site of a receptor. The 
placed linker parts were scored using Ludi energy estima-
tion, and then the final scaffolds C library was established. 
Accordingly, each scaffold C was made up of scaffold A 
and scaffold B and linkers, respectively. Fourthly, the pro-
tocol of De novo evolution could develop whole molecule 
in the binding site environment of the receptor based on the 
scaffold C. The Ludi algorithm was used to add appropriate 
fragments to scaffold C, and then produced a collection of 
whole molecules with higher scores. The evolution mode 
was set to full evolution, which allowed the scaffold C to link 
up to a maximum of three fragments. Finally, 24 top-ranked 
molecules were selected for the following ADMET analysis.

Lipinski’s filter and ADMET analysis

During virtual screening in early drug discovery, the 
ADMET descriptors of DS v3.5 could be used for estimat-
ing crucial physicochemical and biological properties for 
large numbers of candidate drug compounds. The ADMET 
(absorption, distribution, metabolism, excretion, and tox-
icity) properties of each compounds were calculated to 
assess the good pharmacokinetics of a drug in the human 
body using the ‘ADMET Descriptors’ calculation of DS 
v3.5. Some important ADMET descriptors were calcu-
lated, including human intestinal absorption (HIA) [21], 
blood–brain barrier (BBB) [22], aqueous solubility plasma 
protein binding (PPB) [23] and cytochrome P450 CYP 
2D6 inhibition hepatotoxicity [24]. Hence, attrition could 
be reduced in drug discovery and development by filtering 
the ADMET characteristics of the gained compounds. The 
property analyses for carcinogenicity, aerobic biodegrada-
bility, developmental toxicity potentials, AMES mutagen-
icity, and ocular and skin irritancy [25] were considered 

to evaluate the toxicity of the compounds in the Toxicity 
Prediction (TOPKAT) module. Promising compounds thus 
were obtained for the further studies.

Flexible docking

Molecular docking was one of the most frequently used 
methods in drug design, which was used to investigate inter-
action patterns of target protein with its inhibitors [26]. In 
the process of docking, the conformations of the protein side 
chain and ligand molecular were flexible.

During the process of core docking, the 1st step, protein 
was prepared by the clean protein protocol in DS v3.5. The 
2nd step was to calculate protein conformation using Chi-
Flex [27] (CHARMm) by changing the side chain conforma-
tion. The 3rd step, the preparation ligand protocol was used 
to prepare ligand for pharmacophore generation, including 
removing duplicates, enumerating isomers tautomers, gen-
erating 3D conformation, and generating possible states by 
ionization at target pH 7.0 ± 2.0. The 4th step was to define 
the binding site. There were two ways to define the binding 
pocket: the first was to define binding site from key residue 
in the structure of the receptor; the second was to calculate a 
binding site from a selected ligand. In our study, the bind site 
was defined applying the second method. In the docking pro-
cess, the residues Arg111, Phe113 Glu250, Leu254, Glu257, 
Pro491, and Glu495 were used to generate active site for 
SHP2 and Arg109, Glu247, Ser250, Gln254, Gln485 and 
Gln489 for SHP1. The 5th step was to optimize the selected 
protein side chains using the ChiRotor [27] in the presence 
of a rigid ligand. In 6th step, ligands were flexibly docked 
to the binding sphere of diverse receptor conformations by 
the LibDock program. The last step was to optimize the final 
ligand using CDOCKER program [28]. Prior to the docking 
analysis, the docking model was validated by the re-dock 
method. When all steps were finished, the compounds were 
docked into the receptor pockets.

Chemistry

All the reagents were purchased from commercial suppliers 
and were used without further purification unless otherwise 
indicated. All the reactions were monitored by thin-layer 
chromatography (TLC) on silica gel precoated F254 Merck 
plates, and spots were examined under UV light (254 nm). 
All column chromatography was performed using 200–300 
mesh silica gel. 1H-NMR and 13C-NMR spectra were taken 
on a Bruker Avance 300-MHz NMR Spectrometer at 300 K 
with TMS as the internal standard, and CDCl3 and DMSO-
d6 were used as solvents, the values of the chemical shifts 
(δ) were expressed in parts per million (ppm), and coupling 
constants (J) were expressed in hertz (Hz). MS spectra 
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were recorded on an Agilent 1100 LC/MSD (ESI) Mass 
Spectrum.

SHP2 kinase assay and fluorescence titrations assay

Glutathione S-transferase (GST) fusion proteins of purified 
SHP2 were used as the enzyme, and a peptide sequence 
EFpYAEVGRSPPDPAK (H–Glu–Phe–pTyr–Ala– 
Glu–Val–Gly–Arg–Ser–Pro–Pro–Asp–Pro–Ala–Lys) 
was used as the substrate. The Malachite Green Phos-
phate Assay Kit was based on quantification of the com-
plex formed between Malachite Green, molybdate, and 
free orthophosphate. The assay determined free phosphate 
generated by dephosphorylation of the substrate using the 
Malachite Green Phosphate Assay Kit. Firstly, 0.4 mg/mL 
GST–SHP2 protein, 0.06 mM substrate and assay buffer 
(25 mM Tris–HCl, 50 mM NaCl, 5 mM DTT, and 2.5 mM 
EDTA, pH 7.4) with the tested compounds at various con-
centrations were added in 96well plates at room tempera-
ture for 30 min. Secondly, 25 μL NaOH (4 M) was added 
to sample, and heated at 100 °C for 30 min and cooled to 
room temperature. Then, 25 μL HCl (4 M) was added to the 
sample. Finally, 20 μL of Malachite Green working reagent 
was added, and OD620 was measured after 30 min at room 
temperature. The tested compounds were used to determine 
its IC50 value against SHP2. The results were analyzed by 
GraphPad Prism software.

In order to validate that compound 1 (comp#1) bound 
directly to the SHP2 protein, fluorescence quenching assay 
was used to examine whether the binding of the inhibi-
tor altered the fluorescence of the SHP2 protein. Purified 
SHP2 His-fusion protein was diluted into reaction buffer 
with pH 7.4. Titrations were performed by increasing the 
compound 1 concentrations while maintaining the SHP2 
protein concentration at 0.4 mg/mL. Contributions from 
background fluorescence of the inhibitor were explained by 
subtracting the fluorescence of individual inhibitors from 
the protein–inhibitor solution. The excitation wavelength 
was 295 nm, and fluorescence was monitored from 360 to 
500 nm. All reported fluorescence intensities were relative 
values and were not corrected for wavelength variations in 
detector response.

Cell culture and cell viability assay

Mouse B lymphocyte BaF3 from the American Type Culture 
Collection (ATCC; Manassas, VA, USA) was cultured in 
RPMI 1640 (Gibco) medium supplemented with 10% fetal 
bovine serum (FBS; Origin South America sterile filtered), 
1% penicillin–streptomycin, and 2 ng/mL murine IL-3 at 
37 °C in a humidified atmosphere of 5% CO2.

Cell growth was measured by 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxy methoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) assay. Briefly, cells were seeded in 
96-well plates at a density of 1.2 × 105 cells/mL and cultured 
for 48 h. 1–3 h before culture termination, 20 μL of MTS 
reagent was added to the wells. The absorbance density was 
read on a 96-well plate reader (NEST, Nest Biotechnology) 
at wavelength 490 nm. IC50 values were calculated as the 
concentration of the drug required to obtain 50% of maximal 
inhibition in cell viability.

Molecular dynamics

The docked structure was served as a starting structure for 
MD simulations using Gromac4.5.5 [29]. GROMOS96 
43a1force field was used for the protein [30]. The complex 
was solvated in a rectangular box of spc216 water, with a 
minimum distance of 1.0 Å between the protein and the box. 
Sodium ions were added to the system by random replace-
ment of water molecules to neutralize the system [31]. The 
particle mesh Ewald (PME) method was used to handle 
long-range coulomb interactions [32]. Before starting the 
dynamics, we could confirm there were no atoms in a col-
lision, no conflict of chemical bonds, no irrelevant three-
dimension. Then, the steepest descent method was used 
to carry out energy minimization. The whole system was 
carried out NVT equilibration at constant temperature of 
300 K for 100 ps, and then was equilibrated with NPT with 
constant pressure of 1 atm for 100 ps. LINCS algorithm 
[32] was used to keep the bonds constrained. A production 
run for 10 ns was performed using NPT ensemble at 300 K 
and 1.0 atm pressure with a time step of 2 fs. Coordinate 
trajectories were recorded every 2 ps for the whole MD runs.

Binding free energy calculation

Binding free energies for all complex systems were calcu-
lated by using the molecular mechanics Poisson Boltzmann 
surface area (MM-PBSA) method [33]. The free energy of 
binding ∆Gbind was calculated as:

Here, ∆EMM, ∆Gsol and T∆S were equivalent to the 
changes of the gas phase MM energy, the solvation 
free energy and the conformational entropy on binding. 
∆EMM was standard molecular mechanics term including 
∆Einternal (bond, angel and dihedral energies) which would 
be cancelled when we used a single trajectory approach 
to reduce the noise [34], van der Waals interaction ∆Evdw 

(1)ΔEMM = ΔEinternal + ΔEvdw + ΔEele

(2)ΔGbind = H − TΔS = ΔEMM + ΔGsol − TΔS

(3)ΔGsol = ΔGnonpol + ΔGpol
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and electrostatic ∆Eele energies. The nonpolar solvation 
free energy ∆Gnonpol was calculated from the area (SASA) 
using the method of linear combination of pairwise overlaps 
(LCPO) (∆Gnonpol ¼ = 0.0072 × ∆SASA) [35]. The SASA 
here was determined with probe radii of 1.4. The electro-
static free energy of solvation ∆Gpol was calculated by the 
generalized Born method (igb ¼ 5) developed by Onufriev 
et al. [36]. T∆S was the conformational entropy change cal-
culated by normal mode analysis on a set of conformational 
snapshots taken from MD simulation [37, 38].

A total of 50 snapshots that were extracted during equi-
librium phase between 10 and 50 ns were employed for the 
calculation using g-mmpbsa tool of Gromacs 4.5.5.

Dynamic cross‑correlation

The dynamic cross correlation (DCC) analysis was a popular 
method for analyzing the trajectories of molecular dynamics 
(MD) simulations. The DCC between the ith and jth atoms 
was defined by the following equation:

where ri(t) denoted the vector of the ith atom’s coordinates 
as a function of time t, < . > t meant the time ensemble aver-
age and Δ�i(t) = �i(t) − ⟨ �i(t)⟩ t [39]. The cross-correlated 
displacement of Cα atoms across MD simulations could 
provide critical information about involvement of specific 
domains in ligand binding. Thus dynamic cross-correlation 
maps (DCCM) were generated to denote dynamic cross-
correlated displacements of Cα atoms through MD simula-
tion for both SHP2 and SHP1. The complete frames were 
superimposed against the original starting structure of each 
system prior to the implementation of the analysis.

Results and discussion

Fragment‑based ligand and design De novo design

It was a big challenge to identify an appropriate scaffold in 
developing effective small molecule inhibitors. Most SHP2 
inhibitors stemmed from either the modified derivatives of 
pre-existing inhibitor scaffolds or the isolation of new scaf-
folds by high throughput virtual screening (HTVS). In our 
study, we had designed a series of novel scaffolds C by uti-
lizing De novo link protocol. It could be seen from the Fig. 1 
that the Scaffold C was divided into three parts, Scaffold A, 
Scaffold B, and the linker. Scaffold A and Scaffold B were 
derived from computational Fragment-based drug design 

(4)
DCC(i, j) =

⟨Δ�i(t) ⋅ Δ�j(t)⟩t
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in allosteric sites, while the linker stemmed from fragment 
library by the De novo link protocol. Based on the Scaffolds 
C, a total of 130 top-ranked “Ludi_3_SCORE” molecules 
were selected for the following ADMET procedure.

ADMET analysis

ADMET properties of all designed compounds were pre-
dicted and compared using DS v3.5 based on ADMET 
properties of standard compounds. Prediction of ADMET 
properties was used to sort out those compounds that already 
followed Lipinski′s rule and showed good predicted activ-
ity. DS v3.5 defined the prediction level for all ADMET 
properties. For aqueous solubility level: 0 (extremely low); 
1 (very low, but possible), 2 (low), 3 (good); for ADMET 
plasma protein binding (PPB) level: 0 meant that the bind-
ing level was below 90%, 1 meant that the binding level was 
above 90%, and 2 meant that the binding level was above 
95%; for blood–brain barrier (BBB) level: 0 (very good), 1 
(good), 2 (moderate), 3 (poor), 4 (undefined); for ADMET 
Cytochrome P450 2D6 (CYP2D6) Probability level: Less 
than 0.5 meant that it was unlikely to inhibit CYP2D6 (Non-
CYP2D6 inhibitors), and above 0.5 meant that it was likely 
to inhibit CYP2D6 enzyme (CYP2D6 Inhibitors); for hepa-
totoxic prediction, true represented non-hepatotoxic and for 
human intestinal absorption (HIA) level: 0 (good), 1 (moder-
ate), 2 (poor), 3 (very poor). The results of toxicity predic-
tion were listed in Table S1, including Ames Mutagenicity, 
Rat Oral LD50, Aerobic Biodegradability, and NTP Carcino-
genicity Call. According to the results of toxicity prediction, 
86 molecules were relatively safe by passing ocular irritancy, 
mutagenicity, and skin sensitization tests and were found to 
be aerobically biodegradable. The toxicity and ADMET pre-
diction of top 10 compounds (Fig. 2) were listed in Table S1 
and S2. Finally, 50 promising compounds within the reason-
able ranges were obtained for the further studies. 

Flexible docking

To estimate the applicability of flexible docking in our study, 
the original crystal structure of ligand-SHP2 from the PDB 
was re-docked into the X-ray structure of the receptor. The 
root mean square deviation (RMSD) between the docked 
poses and their actual X-ray poses in the crystal structure 
were 0.4461 Å for SHP2 complex [40]. 50 compounds were 
docked into crystal structures of SHP1 and SHP2 by using 
the flexible docking, respectively.

The two-dimensional (2D) diagram of SHP2–SHP099 
interaction was shown in Fig.  3. It could be seen from 
Fig. 3a that the SHP099 basically occupied same binding 
pocket of SHP2. The H-bonding networks played a role in 
stabilizing the conformation of the SHP2, which was vitally 
important for receptor-binding and activation. The H-bond 
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interactions were formed by three key residues of SHP2, 
including Arg111, Phe113 and Glu250. In addition, SHP099 
formed hydrophobic interactions with residues His114 and 
Lys492 of the side chains. Figure 3b displayed the binding 
pattern of the ligand SHP099 and SHP2 at the active site. 
For SHP099, it formed H-bond interactions with residues 
Arg111–N2 and Phe113–N22 located on the linker between 
the N–SH2 and C–SH2 domains and Glu250–N7 from the 
PTP domain. The phenyl ring of SHP099 formed a cation–Pi 
interaction with residue Arg111. 

The CDOCKER_ENERGY was an important index 
for evaluating the binding affinities. The docking score of 
top 10 compounds was listed in Table 1, the compound 1 
(CDOCKER_ENERGY = 46.7889) had the higher docking 
score than SHP099 (CDOCKER_ENERGY = 40.9327). The 
selected 10 compounds with better binding affinities were 
shown in Fig. 2.

General procedure for the synthesis of compounds

Compound 1a (20  mmol), isopropyl cyanoacetate 
(22 mmol), sulfur powder (28 mmol), and 100 mL etha-
nol were added to the flask and stirred for 10 min. Then, 

morpholine (11 mmol) was added dropwise to the system, 
and the mixture was heated to 80 °C under N2 for 24 h. The 
reaction mixture was poured into ice water (50 mL) for 
quenching. Then, it was extracted with CH2Cl2 (3 × 50 mL), 
and the organic phases were combined, washed with 5% 
brine (2 × 50 mL) and dried over anhydrous Na2SO4. The 
organic phase after drying was removed in vacuo and the 
residue obtained was purified by chromatography to gain 
compound 2a. The same method gained compounds 2b, 2c.

Compound 2a (10 mmol) and 30 mL formamide were 
added to the flask and heated to 210 °C under N2 for 12 h. 
After the temperature of the system was lowered to room 
temperature, 30 mL ice water was added to the system, 
stirred for 2 h, and then suction filtration. The filter cake 
was washed with water (2 × 20 mL) and ethanol (2 × 10 mL), 
and the filter cake was dried to gain the compound 3a. The 
same method gained compounds 3b, 3c

Compound 2a (10 mmol), acetonitrile (200 mmol) and 
hydrogen chloride in 1,4-dioxane solution (50 mL, 2 mol/L) 
were added to the flask. The mixture was stirred at 60 °C 
for 12 h, and the reaction was completed by TLC analysis. 
After cooling to room temperature, the solvent was removed 
under reduced pressure, and pH was adjusted to 9 with 

Fig. 1   The illustration to show the chemical structures of the top five scaffolds. The Scaffold A, Scaffold B and the linker are colored in blue, red 
and green, respectively



Journal of Computer-Aided Molecular Design	

1 3

NaHCO3 solution in water, and then extracted with CH2Cl2 
(2 × 50 mL). The combined organic phases were washed with 
water (2 × 50 mL), dried over anhydrous Na2SO4, filtered, 

and concentrated in vacuo. Finally, the residue obtained was 
purified by chromatography to gain the compound 3d. The 
same method gained compounds 3e, 3f.

Fig. 2   The illustration to show the chemical structures of the top 10 compounds. The Scaffold C and the fragments generated by the protocol of 
De novo evolution are colored in black

Fig. 3   a The ligand–protein interaction diagram of SHP099 and 
SHP2 (PDB ID: 5EHR). b The molecular surface is shown around 
the binding site of SHP2 (PDB ID: 5EHR). Hydrogen-bond inter-
actions with main-amino acid residues are represented by a green 
dashed arrow directed towards pointing to the electron donor. Hydro-
gen-bond interactions with side-amino acid residues are represented 

by a blue dashed arrow directed towards pointing to the electron 
donor. Pi interactions are represented by an orange line. Residues 
involved in hydrogen-bond, charge or polar interactions are repre-
sented by pink rectangles. Residues involved in van der Waals inter-
action are represented by green rectangle
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Compound 4 g (10 mmol), pyridine (30 mmol), 60 mL 
CH2Cl2 were added to the flask and stirred for 5 min. Then, 
Compound 5i (11 mmol) was added dropwise under ice 
bath, and stirring was continued for 10 min after the addi-
tion was completed, the ice bath was removed and the reac-
tion was continued at room temperature for 1 h. The reac-
tion was completed by TLC analysis. The reaction mixture 
was poured into water (60 mL) and extracted with CH2Cl2 
(3 × 50 mL). The combined organic layers were washed with 
5% brine (2 × 50 mL) and dried over anhydrous Na2SO4. The 
organic phase after drying was evaporated in vacuo, and the 
obtained residue was purified by column chromatography 
to gain product 6k. The same method gained compounds 
6l, 6m, 6n.

Compound 3a (4 mmol), Compound 6n (4.4 mmol), 
CsCO3 (8 mmol) and 20 mL DMF were added to the flask, 
and the mixture was stirred for 8 h at 80 °C. TLC showed 
the reaction was completed. After the system was cooled 
to room temperature, the reaction mixture was poured into 
water (30 mL) and extracted with CH2Cl2 (30 mL × 3). The 
combined organic layers were washed with 5% brine and 
dried over anhydrous Na2SO4. The organic phase after dry-
ing was evaporated in vacuo, and the obtained residue was 
purified by chromatography to gain the final compound. 
By this method shown in Fig. 4, compounds 1–10 were 
obtained.

SHP2 activity assay and fluorescence titrations

Initially, the inhibition of 10 compounds against SHP2 was 
evaluated by SHP2 activity assay. In those compounds, com-
pound 1 showed an inhibition rate larger than 50% at the 
concentration of 2 μM. Then, all compounds were tested for 
half-maximal inhibitory concentrations (IC50) values. All 
compounds showed IC50 values more than 10 μM except 

compound 1. The compound 1 showed inhibition activity 
with an IC50 value of 9.97 μM (Fig. 5a, Table 2).

As shown in Fig.  5b, compound 1 exhibited strong 
quenching of SHP2 fluorescence in a dose-dependent man-
ner. These fluorescence quenching experiments implied that 
compound 1 bound directly to SHP2, thereby attenuating its 
activity on the substrates.

Cell viability assay

The MTS assay was conducted on BaF3 cell lines. Firstly, 
the cytotoxicity of 10 selected compounds was estimated at 
20 μM concentration in vitro. Secondly, these compounds 
were further evaluated to determine their IC50 values at con-
centrations of 0.1, 1.0, 5.0, 10 and 20 μM. In the end, com-
pound 1 showed IC50 value of 10.73 μM on BaF3 cell line. 
IC50 values were calculated using Graph-Pad Prism 7, and 
the IC50 values of ten compounds were attached in Table 3.

Molecular dynamics trajectory analysis

Molecular dynamics can provide useful information for char-
acterizing the internal motions of bio-macromolecules over 
time. For comparison study, the 50 ns molecular dynam-
ics simulations were performed for the complexes formed 
by SHP2 (5EHR) and SHP1 (3PS5) proteins with ligand 
SHP836 by gromacs 4.5.5.

The RMSD versus the simulation time was considered 
as a significant criterion to evaluate the stability of dynamic 
behavior. Initially, the RMSD values of both complexes 
increased quickly, which was caused by the relaxation and 
repulsion of the complexes after dissolution of the solution. 
As we could see from Figs. 6a and 7a, all the characters 
concerned reached the simulation equilibrium within the 
3 ns. During the simulation, the RMSD values of SHP2 
with ligand SHP836 and compound 1 were found to be 
relatively stable about 3.9 Å and 3.7 Å, respectively, while 
the RMSD values of SHP1 with ligands SHP836 and com-
pound 1 were found to be relatively stable about 0.5 Å and 
4.8 Å, respectively. The RMSD curves of SHP2–comp#1 
and SHP1–comp#1 were more stable than that of 
SHP2–SHP836, SHP2-without ligand, SHP1–SHP836, and 
SHP1-without ligand systems.

The root mean square fluctuation (RMSF) was another 
useful method to study the stability of systems, reflecting the 
mobility of certain amino acid residues around their aver-
age positions. The greater the fluctuation of the RMSF, the 
more unstable the residues, and the smaller the fluctuation 
of the RMSF, the more stable the residues. The RMSF fluc-
tuation of the amino acids in the SHP2–comp#1 complex 
were close to that of the SHP2–SHP836 complex, indicat-
ing that the compound 1 had a similar stability function in 
SHP2 as SHP836 did (Fig. 6b). As Fig. 6b demonstrated 

Table 1   The CDOKER_ENERGY between ligands and receptors

Compounds SHP2-CDOKER_
ENERGY (kcal/mol)

SHP1-CDOKER_
ENERGY (kcal/
mol)

SHP099 40.9327 20.3562
1 46.7889 18.5326
2 43.4768 17.6859
3 42.9263 17.513
4 41.6485 15.3245
5 41.516 13.2356
6 38.256 13.0125
7 37.655 12.9586
8 37.253 11.2564
9 35.153 11.1325
10 34.826 10.0248
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the RMSF of key residues Arg111–S8, Phe113–Cl25, and 
Glu250–O14 in the SHP2–comp#1 complex fluctuated 
lower than SHP2–SHP836 complex and SHP2 system, 

reflecting that compound 1 could form stronger hydro-
gen bond (H bond) interactions with these key residues 
than SHP836. For SHP1, the RMSF fluctuations of the 

Fig. 4   Synthesis of the Compounds aReagents and conditions: (I) 
Isopropyl Cyanoacetate, Cyclopentanone, Sulphur Powder, Morpho-
line, ethanol, N2, 80 °C, 24 h; (II) Formamid, N2, 210 °C, 12 h; (III) 

MeCN, HCl, 60 °C, 12 h; (IV) Pyridine, CH2Cl2, 0 °C ~ 25 °C, 1.5 h; 
(V) CsCO3, acetone, 80 °C, 8 h
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residues in the SHP1–comp#1 complex were similar to the 
SHP1–SHP836 complex, indicating that the compound 1 
had a similar inhibitory function as SHP836 (Fig. 7b). Fig-
ure 7b also revealed that the RMSF values of key residues 
in the SHP2–comp#1 complex were lower than that of 
SHP1–comp#1, SHP1–SHP836 and SHP1-without ligand 
systems, indicating that the compound 1 formed stronger 
interactions with the residues than SHP836. Furthermore, 
compared to the complexes of SHP1, the complexes of SHP2 
were more stable.

To understand the specific interactions between protein 
systems, the binding free energy was calculated using MM/
PBSA consisting of four terms, including the van der waals 
interaction energy, the electrostatic energy, the polar solva-
tion free energy, and the non-polar solvation free energy. For 
all systems, each snapshot structures were extracted during 
equilibrium phase in the 10–50 ns trajectory to calculate the 
binding free energy.

The binding free energies and detailed contributions 
of the four energy components obtained from the MM/
PBSA calculation of the protein–ligand complexes were 

listed in Table 4. It was clear that SHP2–comp#1 com-
plex (− 1603.625 J/mol) showed more negative binding 
free energy than SHP2–SHP836 (− 256.936  kJ/mol), 
SHP1–SHP836 (2.411 kJ/mol) and SHP1–comp#1 com-
plexes (− 194.569 kJ/mol), which supported the result of 
MD simulations, indicating that SHP2–comp#1 complex 
was more stable. Comparison of the binding energy com-
ponents provided a better understanding of the relative 
contributions of different components to the overall bind-
ing free energies. It was apparent that electrostatic interac-
tions, Van der Waals and non-polar solvation energy had 
a negative contribution to the total interaction energy, and 
only polar solvation energy had a positive contribution to 
the total free binding energy, indicating that electrostatic 
interactions, Van der Waals and non-polar solvation energy 
together contributed to the stability of the SHP2–comp#1, 
SHP2–SHP836, SHP1–comp#1, and SHP1–SHP836 com-
plexes. For negative contribution, electrostatic interactions 
offered greater contributions than Van der Waals interac-
tions and the nonpolar free energy in the SHP2–comp#1 
system, while for SHP2–SHP836 system, electrostatic 

Fig. 5   a Inhibition of SHP2 after treated with compound 1 at con-
centrations of 0.1, 1, 5, 10, 20 μM. b Fluorescence titration of SHP2 
was performed by increasing the concentrations of compound 1 while 
maintaining the SHP2 protein concentration (1.0  μg). The fluores-

cence is plotted against the log concentration μmol/L (log [M]) for 
the compound. Experiments are repeated three times. Similar results 
are obtained in each. Data shown are the mean ± SEM of triplicates 
from one representative experiment

Table 2   The IC50 values of 10 
compounds

Compound 
IC50 (μM)

1 2 3 4 5 6 7 8 9 10

SHP2 9.97 12.33 39.43 > 100 > 100 28.44 > 100 > 100 76.7 > 100
SHP1 > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100

Table 3   The IC50 values of ten 
compounds

Compounds 1 2 3 4 5 6 7 8 9 10

IC50 (μM) 10.73 11.59 37.49 >100 >100 16.29 >100 >100 30.92 48.55
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interactions possessed the largest proportion among the 
three components.

To further elucidate the effects of key residues on the 
binding free energies of each complex, the decomposition 
in terms of each residue was performed (Fig. 8). In gen-
eral, a residue would be considered as more important if 
its decomposed energy was more negative. The key resi-
dues were observed in the significantly different regions of 
SHP2 (Thr108–His114, Leu216–Thr219, Glu249–Gln257, 
and Asp489–Gln495) and SHP1 (Pro212–Thr216, 
Glu247–Gln254, and Asp483–Gln489), which was in 
accordance with the docking results in Fig. 3. The major res-
idues of SHP2–comp#1 and SHP2–SHP836 complexes con-
tributed to the binding free energy varied in the range from 
− 206.436 to 39.614 kJ/mol and − 207.494 to 33.302 kJ/mol, 
respectively, while the major residues of SHP1–comp#1 and 
SHP1–SHP836 complexes contributed to the binding free 
energy varied in the range from − 109.584 to 124.2927 kJ/
mol and − 363.4859 to 226.8984 kJ/mol, respectively.

For SHP2–SHP836 complex, the key residues were 
Thr108, Glu110, Arg111, Phe113, His114, Thr218, Thr219, 
Glu249, Glu250, Thr253, Leu254, Gln257, Pro491, Lys492, 

Gln495, while some other residues (Leu216, Asn217, 
Asp489) played an important role in SHP2–comp#1 system. 
For SHP1–SHP836 complex, the key residues were Arg109, 
Lys127, Tyr214, Thr216, Glu246, Ser250, Leu251, Gln254, 
Asp483, Gln485, Lys486, Gln489, while some other resi-
dues (Ala215, Glu235) also played an important role in 
SHP2–comp#1 complex. The SHP2–comp#1 complex 
(Fig. 7), the major favorable contributions to the binding 
free energy came from Glu110 (− 58.8895 kJ/mol), Phe113 
(− 9.1562 kJ/mol), His114 (− 19.2202 kJ/mol), Thr218 
(− 4.0998  kJ/mol), Thr219 (− 5.0751  kJ/mol), Glu249 
(− 180.881 kJ/mol), Glu250 (− 206.436 kJ/mol), Thr253 
(− 9.2609 kJ/mol), Leu254 (− 3.2948 kJ/mol) and Pro491 
(− 2.6899 kJ/mol). Among those residues, Glu250 gave the 
most negative decomposed energy than other residues, sug-
gesting the stronger interactions with SHP2. Additionally, 
residues Pro491and Thr108 formed the hydrophobic active 
site and made favorable van der Waals/hydrophobic con-
tributions to the total energy. However, Arg111, Thr218, 
and Lys492 showed positive decomposed energy, which 
indicated their unfavorable contributions. Compared to 
SHP2–SHP836 complex, the binding energy of residues 

Fig. 6   Analysis of molecular 
dynamics simulations. a The 
RMSD of all backbone atoms 
for the receptor SHP2. b The 
RMSF of the side-chain atoms 
for the receptor SHP2. The 
black line indicates the outcome 
for the system of the recep-
tor without any ligand; the 
red line indicates the outcome 
for the system of the receptor 
with ligand SHP836; and the 
blue line indicates the outcome 
for the system of the receptor 
with compound 1. The black 
rectangular box indicates the 
fluctuation of key residues
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Glu249 and Glu110 of SHP2–comp#1 complex showed 
remarkable decrease, with the binding energy changing from 
− 180.881 kJ/mol to − 204.725 kJ/mol, and − 58.8895 kJ/
mol to − 65.5473 kJ/mol, respectively. The decrease of the 
binding free energy indicated that the interactions between 
these residues had been strengthened. One reason was that 
compound 1 bound to SHP2 increased the electronic interac-
tions between the residues and SHP2 protein. As shown in 
Fig. 1, the Scaffold A of compound 1 was pointed close to 
residues Arg111 and Pro491, which was beneficial to form 
more stable H bond and cation–Pi interactions. The Scaffold 
B and Scaffold C in compound 1 were located nearly to resi-
dues Leu254, Glu249, Thr218, and Thr219 which increased 

the opportunity to form H bond interactions. Another reason 
was that the compound 1 formed more hydrophobic interac-
tions with residues Asp489.

For SHP1–comp#1 complex, Tyr214 (− 12.2148  kJ/
mol), Thr216 (− 0.6229  kJ/mol), Ser250 (− 3.9602  kJ/
mol), Leu251 (− 1.5779 kJ/mol), Gln254 (− 3.1456 kJ/
mol) and Asp483 (− 53.1966 kJ/mol) were responsible for 
major favorable contributions to the binding free energy 
(Fig. 8). Major contribution to the van der Waals energies 
came from residues Leu251, Asp483 and Gln489, while the 
major contribution of electrostatic energy came from resi-
dues Arg109. The above findings provided suitable expla-
nation for the different binding modes of compound 1 in 
the SHP2 and SHP1 proteins. Furthermore, compound 1 in 
both complexes exhibited similar hydrophobic interactions 
with nearby residues, especially three conserved residues 
(Ser109, Ser250 and Gln254 in SHP1 and Ser109, Glu250 
and Leu250 in SHP2). Compared to SHP1–SHP836 and 
SHP1–comp#1 complexes, the binding energy of all residues 
of SHP2–comp#1 complex showed remarkable decrease.

The analysis of H‑bond occupancy

The stability of the three-dimensional structure of a protein 
was decided by the subtle balance among all kinds of weak 
interactions, such as conjugation interactions, hydrophobic 
interactions, and H bonds, in which hydrogen bonds play the 
most important role in stabilizing the system.

The occupancies of H bond interactions in the 50 ns simu-
lations of SHP2–SHP836, SHP2–comp#1, SHP1–SHP836 
and SHP1–comp#1 complexes were calculated and listed 
in Table  5, respectively. The H bonds formed between 
Phe113(O–N22), Glu250(O–N7), and Arg111(NH1–N2) 
occupied 62%, 46%, and 2.8% of the whole simulation time 
in SHP2–SHP836 system, respectively, whereas the three H 
bonds formed between Phe113(O–Cl25), Glu250(O–O14), 
and Arg111(HH26–S7) occupied 97.2%, 87.6%, and 20% of 
the total simulation time in SHP2–comp#1 system, respec-
tively. It was revealed that these H bonds formed between 
these residues were unstable in SHP2–comp#1 system. 
Apart from these stable H bonds formed in SHP2–comp#1 
system, there were also two other H bonds formed around 
it. In SHP2–comp#1 system, the H bond formed between 

Fig. 7   Analysis of molecular dynamics simulations. a The RMSD of 
all backbone atoms for the receptor SHP1. b The RMSF of the side-
chain atoms for the receptor SHP1. The black line indicates the out-
come for the system of the receptor alone without any ligand; the red 
line indicates the outcome for the system of the receptor with ligand 
SHP836; and the blue line indicates the outcome for the system of the 
receptor with compound 1

Table 4   Binding free energies (kJ/mol) and its components between protein and ligand

Complex Van der Waal energy Electrostattic energy Polar solvation 
energy

Non-polar energy Binding energy

SHP2–SHP836 − 146.848 − 1314.676 1225.359 − 20.771 − 256.936
SHP2–comp#1 − 145.798 − 2741.876 1302.632 − 18.583 − 1603.625
SHP1–SHP836 − 176.150 − 936.630 1135.911 − 18.720 2.411
SHP1–comp#1 − 200.556 − 807.259 832.354 − 19.109 − 194.569
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Thr218 (H–O18) and compound 1 occupied 100% of the 
whole simulation time. The results were well in accord-
ance with the analysis of flexible docking, revealing that the 

distances between Arg111 and N2 of SHP836 was moved 
out of the reasonable H bond distance (0.25–0.35 nm) and 
the distances between Phe113 (O–N22) and Glu250 (O–N7) 
were within the H bond distance in SHP2–SHP836 sys-
tem. Since the distances of these H bonds (Phe113–O16, 
Glu250–O16, and Arg111–Br8, respectively) were remained 
within H bond distance throughout the whole simulation, 
indicating that compound 1 had higher binding energy than 
SHP836.

Compared to SHP2–comp#1, the occupancy of H 
bond interactions of Gln485 were only 16% and 15.2% in 
SHP1–SHP836 and SHP1–comp#1 complexes, respectively, 
indicating that the binding energy of compound 1 to SHP2 
was higher than that of compound 1 to SHP1. In conclusion, 
the H bond interactions between compound 1 and SHP2 
were more stable than that of compound 1 and SHP1, and 
the occupancies of H bond interactions between compound 
1 and SHP2 were higher, indicating that compound 1 had 
higher selectivity for SHP2.

Dynamic cross‑correlation

DCC analysis was performed as described in previous sec-
tion to identify the presence of correlated motions of Cα 
atoms within the backbone of the SHP2 and SHP1 systems 
obtained after MD simulations. The DCC results for the 
SHP2 and SHP1 systems were shown in Fig. 9. The DCC 
results clearly show that the active site residues of both the 
complexes demonstrated correlated motion which proves 
that was bound to the active sites of both SHP2 and SHP1. 
The results of DCC showed that only SHP2–comp#1 com-
plex demonstrated the strongly correlated motion between 
residues, while SHP1–comp#1 complex did not show the 
obviously correlated motion between residues. This indi-
cated that compound 1 was more suitable for binding to 
SHP2 but not to SHP1 and confirmed the selectivity of 
compound 1 to SHP2, which further supported the results 
of docking, MD simulation and binding energy calculations.

Fig. 8   a Interaction energies between SHP2 and SHP836 (black) and 
comp#1 (red), respectively. Black represents SHP2–SHP836 com-
plex, red represents SHP2–comp#1 complex. b Interaction energies 
of SHP1 with SHP836 (black) and compound 1 (red), respectively. 
Black represents SHP1–SHP836 complex, red represents SHP1–
comp#1 complex

Table 5   The occupancies of hydrogen bond interactions in the 50 ns simulations of SHP2–SHP836, SHP2–comp#1, SHP1–SHP836 and SHP1–
comp#1 complexes, respectively

Interaction type Atom1 Atom2 Atom3 Occupancy (%) 
(SHP2–SHP836)

Occupancy (%) 
(SHP2–comp#1)

Occupancy (%) 
(SHP1–SHP836)

Occupancy (%) 
(SHP1–comp#1)

Hydrogen bond Arg111(NH1–N2) Arg111(HH26–S7) Gln485 62 97.2 15.2 16
Hydrogen bond Glu250(O–N7) Phe113(O–Cl25) 0 46 87.6 0 0
Hydrogen bond Phe113(O–N22) Glu250(O–O14) 0 2.8 20 0 0
Hydrogen bond 0 Thr218 (H–O18) 0 0 100 0 0
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Conclusion

The aim of our study was to find new and highly selective 
allosteric inhibitors of SHP2. We utilized computer-aided 
drug design method to rapidly screen optimal ligands. 
From De novo design study, it was found that 130 com-
pounds might be potential SHP2 inhibitors. It was vali-
dated by Lipinski’s Rule of Five and ADMET prediction. 
Compound 1 was found to have a novel selectivity for 
SHP2 with an IC50 value of 9.97 μM in enzyme activ-
ity assay and 10.73 μM in cell proliferation assay. Fluo-
rescence titration experiment confirmed that compound 

1 directly bound to SHP2. Consequently, the identified 
compound could be regarded as a novel drug candidate or 
lead compound to inhibit SHP2. Finally, compound 1 was 
used as a representative for 50 ns molecular dynamic sim-
ulations to study the binding affinity of the protein–ligand 
complex and selectivity to SHP2. The compound 1 had 
a significantly higher affinity for SHP2 than SHP1, sug-
gesting that it was a promising selective SHP2 inhibitor. 
The interactions of compound 1 with residues Phe113 and 
Glu250 in the SHP2 were identified as the main responsi-
ble for determining selectivity. Compared to the SHP836, 
the new inhibitor not only had the similar function of 

Fig. 9   Dynamic cross-correlation map (DCCM). a DCCM map for 
the SHP2–SHP836 complex shows positive and negative correlative 
motions between the residues. b DCCM map for SHP2–comp#1 com-
plex shows positive and negative correlative motions between resi-
dues. c DCCM map for the SHP1–SHP836 complex showed positive 

and negative correlative motions between the residues. d DCCM map 
for SHP1–comp#1 showed positive and negative correlative motions 
between residues. Red represents positive correlations, and blue rep-
resents negative correlations
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inhibiting SHP2, but also could form a more stable con-
formation after binding to SHP2 protein.
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