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Abstract

SHP?2 is a protein tyrosine phosphatase (PTP) that can regulate the tyrosine phosphorylation level. Overexpression of SHP2
will promote the development of cancer diseases, so SHP2 has become one of the popular targets for the treatment of cancer.
Studies have reported that both SHP099 and SHP844 are inhibitors of SHP2 and bind to different allosteric sites 1 and 2,
respectively. Studies have shown that combining SHP099 with SHP844 will enhance pharmacological pathway inhibition in
cells. This study uses molecular dynamic simulations to explore the dual allosteric targeted inhibition mechanism. The result
shows that the residues THR108-TRP112 (allosteric site 1) move to LEU236-GLN245 (aB-aC link loop in PTP domain)
, the residues of GLN79-GLNS87 (allosteric site 2) get close to LEU262-GLN269 (aA-aB link loop in PTP domain) and
HIS458-ARG465 (P-loop) come near to ARG501-THR507 (Q-loop) in SHP2-SHP099-SHP844 system, which makes the
“inactive conformation” more stable and prevents the substrate from entering the catalytic site. Meanwhile, residue GLU110
(allosteric site 1), ARG265 (allosteric site 2), and ARG501 (Q-loop) are speculated to be the key residues that causing the
SHP2 protein in auto-inhibition conformation. It is hoped that this study will provide clues for the development of the dual
allosteric targeted inhibition of SHP2.
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is a complex process with multiple factors and multiple
steps. At present, surgery, chemotherapy, and radiotherapy
are the main methods of treating malignant tumors, but the
curative ratio for patients is extremely low [3]. In search of a
better treatment, targeted drug therapy has gradually become
the focus of tumor research.

Some studies have reported that protein tyrosine phos-
phatase non-receptor type 11 (PTPN11; encoding protein
SHP?2) is related to cancer types, such as lung cancer, breast
cancer, leukemia [4]. SHP2 is a protein tyrosine phosphatase
(PTP) widely expressed in the human body. It can co-reg-
ulate the phosphorylation of tyrosine residues in the body
with protein tyrosine kinases (PTK) [5]. Reversible phospho-
rylation of tyrosine residues in proteins is not only the key to
regulate the activation of cell signal transduction pathways,
but also to regulate cell growth, differentiation, metabo-
lism, gene transcription and immune response [6—8]. SHP2
includes a trade N-SH2 domain (residues 3-104), an N-SH2
domain (residues 112-216), and a PTP catalytic area (resi-
dues 221-524). PTP catalytic area is composed by pTyr-loop
(residues 277-284) which confers specificity to pTyr, WPD-
loop (residues 421-431) which contains the general acid-
base catalyst D425, P-loop (residues 458-465) which harbors
the active site nucleophile C459 and R465 for recognition of
the phosphoryl moiety in the substrate, and Q-loop (residues
501-507) which contains the conserved Q506 required to
position and activated a water molecule for hydrolysis of the
phosphoenzyme intermediate. Substrate could be dephos-
phorylated in PTP catalytic area [9], as shown in Fig. la.
Substrate could be dephosphorylated in PTP catalytic area.
SHP?2 has two states: “close state”’="auto-inhibited confor-
mation” and “open state”’="active conformation”. Inactive
state (Fig. 1a), N-SH2 of SHP2 is inserted into PTP domain,
which can prevent the substrate from entering the catalytic
site. SHP2 plays an important role in multiple cell signal

Fig.1 a (PDB code: 6BMY)
displaying the structure compo-
nent of SHP2. b The allosteric
site location of SHP2. The pink
area is N-SH2, the yellow area
is C-SH2, and the cyan area is
PTP domain. A: The violet loop
is pTyr—loop, the black loop is
Bs-Bg loop, and the green loop
is WPD loop, the blue loop

is P-loop, and the red loop

is Q-loop. B: The SHP099 and
SHP844 are color in blue and
green, respectively
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transduction pathways (RAS-ERK, JAK-STAT, PI3K-AKT,
PD-1/PD-L1)[10-12]. SHP2 is the upstream positive regu-
lator of Ras-Raf-MEK-ERK signaling pathway, and ERK
can promote the development of cancer diseases. Inhibiting
SHP?2 to block the cancer-promoting function of Ras-Raf-
MEK-ERK pathway is particularly important in the treat-
ment of cancer diseases [13]. In addition, the expression of
SHP2 is positively correlated with PD1 in T cells of patients
with neck squamous cell carcinoma. When PD-1 is com-
bined with PD-L1/L2, it can recruit SHP2 and release its
auto-inhibition state, thereby blocking the activation of T
cells. Therefore, it is very important to block the binding of
PD-1 to SHP2 and releases the tumor-specific T-cell killing
ability that is suppressed [14]. In short, SHP2 has become
an important potential target for the treatment of cancer
diseases.

Since the first discovery of SHP2 as a potential anti-
cancer target, the identification of pharmacologically
relevant inhibitors has aroused widespread interest in the
scientific community [15]. At present, SHP2 protein allos-
teric inhibitors could stabilize the combination of N-SH2
and PTP domain, which can make SHP2 protein keeping
in auto-inhibition state [16]. However, an engineered, dou-
ble mutations in the allosteric pocket (SHP2T233M/Q257Ly
disrupt the binding of SHP099 [17] and rescue pathway
inhibition in cancer cells. After testing single- and double-
mutant alleles, SHP2T?3MQ257L ¢ found to retain the cata-
lytic activity and auto-inhibited basal state of SHP2, but is
1000-fold less sensitive to SHP099 inhibition as compared
to wild-type SHP2 in vitro [17]. These mutations facili-
tate release of allosteric ligands. Dual allosteric targeted
protein inhibition can stabilize the auto-inhibition state
of SHP2 protein through binding to different allosteric
sites at the same time, which may improve the inhibition
on SHP2 protein. Combining two distinct but compatible
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SHP?2 inhibitors may offer advantages in enhancing SHP2
inhibition and overcoming resistance. Michelle Fodor
and his team members tested the pharmacological activ-
ity of the SHP2 protein using a dual allosteric targeted
protein inhibition method to inhibit the SHP2 protein.
Combining SHP099 (allosteric site 1) with SHP844 [18]
(allosteric site 2) interact with different allosteric sites in
SHP?2 protein shown in Fig. 1b. The structure of SHP099
and SHP844 can be seen in Fig. S1. SHP099 (ICs, value:
0.07 pM) is an effective, selective, highly soluble, SHP2
inhibitor with oral bioactivity [18]. It can inhibit the cor-
responding signaling pathways and has antitumor activity
in a concentration-dependent manner in animal models
of transplanted tumors. SHP099 simultaneously binds the
interface of N-terminal SH2, C-terminal SH2 and pro-
tein tyrosine phosphatase domain, inhibits the activity
of SHP2 through an allosteric mechanism, and stabilizes
SHP?2 in an auto-inhibiting conformation [19]. SHP844 is
a weak SHP2 inhibitor with ICy, of 18.9 uM [18]. SHP844
enhances the inhibition of SHP099 in biochemical phos-
phatase experiments, and SHP844 enhances down regula-
tion of the MAPK pharmacodynamic marker DUSP6 by
SHPO099 in cellular experiments [18]. Although SHP844
has less inhibitory activity on SHP2 than SHP(099, the
binding site of SHP844 is a new site. The crystal structure
shows that SHP844 binds at the gap formed at the interface
between the N-SH2 and the PTP domain, stabilizing the
SHP2 concept of the auto-inhibited state, and thus plays
a certain inhibitory role. Research showed that when the
inhibitors (SHP099 and SHP244) acted simultaneously
with the allosteric sites 1 and site 2 showed a certain syn-
ergistic effect on the pharmacological pathway. Therefore,
the double target inhibition of SHP2 is feasible. However,
the mechanism of the combining SHP099 and SHP844
inhibiting SHP2 at the molecular level is unclear. In
order to promote the development of dual allosteric SHP2
inhibitor, a series of studies are performed to explore the
changes of residues at allosteric sites and catalytic area.
The impact of molecular dynamics (MD) simulations on
drug discovery is increasing [20—22]. MD methods simu-
late dynamic biological and chemical events at a molecular
level, which can pave the way for drug development [23,
24]. For instance, Ali Rahimi’s research group used MD
simulation to simulate all atoms of poly (L-lysine) (PLL)
dendrimer of different generations [25]. Magnus Lund-
borg’s group used MD simulations to predict the perme-
ability of drugs through the skin [26]. MD simulation can
provide information about protein molecular levels on a
reasonable time scale. Therefore, MD simulation and post-
analysis (RMSD, RMSF, PCA, DCCM, ANM and RIN
analyses) were performed to investigate the conforma-
tional changes of the SHP2 protein at the molecular level.

Materials and methods

The crystal structure of the complex of SHP2 protein and
ligand (SHP099 and SHP244) was applied in this study
(PDB code: 6BMY) [18]. The topology parameters files
of the compounds SHP099 and SHP244 are obtained from
the ACPYPE Portal website [27], which is designed to
generate topology parameters files for unusual organic
chemical compounds. SHP2 protein and ligand prepara-
tion are performed in Discovery Studio software. The
methods in detail are in the supporting information. The
MD simulations of SHP2, SHP2-SHP(099, SHP2-SHP&844,
and SHP2-SHP099-SHP844 system are performed by the
AMBER99SB force field in GROMACS 4.5.5 [28-30].

MD simulations

The MD simulation process is carried out in GROMACS
4.5.5 [31]. MD simulation is applied to analyze the effect
of dual allosteric inhibitors on the conformation of SHP2
protein [32]. First, the coordinate file (gro) and topology
file of the SHP2 protein were generated using pdb2gmx
program of the GROMACS package by AMBER99SB
force field [33, 34]. In addition, it is necessary to merge
the topology file and gro file of protein and ligand [35].
The coordinate file of the ligand is obtained by conversed
from the Acpype Server-Bio2Byte website. Second, a reg-
ular cube box containing proteins is established through
the edit-conf program and the distance from the edge of
the protein to the box is less than 1 nm. Third, SPC water
molecules are added into the cube box through the genbox
program. The “amber99sb.ff/ions.itp” forcefield is used for
Na+ and Cl-. Fourth, minimization is done. The energy
is minimized using the steepest descent algorithm. There
are two very important factors to evaluate whether EM
(energy minimization) is successful. One factor is that the
benchmark for convergence is either the maximum force
of the system (<10 kJ/mol), another is no drastic energy
changes during minimization steps. The system is then
heated to 310 K during a 200 ps NVT (constant number
of particles, volume, and temperature) simulation with 1
fs time step. The pressure is then equilibrated to 1 atm
during a 500 ps NPT (constant number of particles, pres-
sure, and temperature) simulation with 2 fs time step. The
time constant for the temperature and pressure coupling
is kept at 0.1 and 2 ps, respectively. Both temperature and
pressure are regulated by V-rescale, a modified Berendsen
thermostat, and the pressure is regulated by the Parrinello-
Rahman method [36]. The short-range electrostatic cut-
off is 1.3 nm and the short-range van der Waals cutoff
was 1.3 nm. The long-range electrostatic interactions are
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calculated using particle-mesh-Ewald (PME) summation
method with fourth-order cubic interpolation and 0.16 A
grid spacing. All bonds are constrained using the parallel
LINCS method [37]. Finally, the 100 ns MD simulation
can be officially carried out.

Binding free energy

The calculation of free energy between ligand and protein has
always been an important component in computer-aided drug
design, and has been widely used in drug design [38, 39]. In
order to understand the binding between protein and ligand,
Alchemistry and MM-PBSA methods are applied in this study
to investigate the binding strength of protein to ligand. Alche-
mistry first calculates the binding free energy of the interme-
diate state, and finally obtains the free energy between two
physical end states. The thermodynamic cycle of alchemy is
shown in Fig. 2. The calculation formula binding free energy

of MM-PBSA is as follows:
AGbind =G -G - Ginhibilor (1)

complex receptor

Protein (P) Ligand (L)

L

AGe = AG,, + AG,, — TAS 2)
AGy, = AE, + AE,, + AE,,, 3
AGy, = AGgp — AGyy, 4
AGg, = ySASA )]

AGgas represents the energy of the gas phase. AE;,, AE,,
and AE, 4, represent internal energy, electrostatic and van

der Waals contributions, respectively. The solvation free
energy (AG,,) is composed of nonpolar (AGgg) and polar
energy (AGg,). AGg, is estimated from the solvent—accessi-
ble surface area (SASA) obtained from a water probe radius
of 1.4 A. Tand S corresponds to temperature and total solute
entropy, respectively.

Principal component analysis
PCA (Principal component analysis),method, is one of

the most widely accepted data dimensionality reduction
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Fig.2 Diagram of the thermodynamic cycle of protein-ligand com-
plexes. The fully interacting ligand in the solution (a) is transformed
into a non-interacting solute (b) in a series of equilibrium simula-
tions, where the electrostatic and van der Waals interaction ratio is
zero, providing AG*",,,, .., item. The ligand is restrained while still
not interacting with the environment (c), calculate AG®",_. This
state is equivalent to restrain non-interacting ligands in the protein
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PL restr

cavity (d). The electrostatic and vdw interactions with the restrained
non-interacting ligands in the protein complex are reopened (e),
thereby making AG P, 4 Then remove the restriction between
the ligand and the protein (AGP™ ) to end this cycle, and the final
state is an unrestricted ligand complex that completely interacts with
the protein (f)
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algorithms [40]. In different fields, it is usually necessary
to observe multiple data variables [41]. Therefore, PCA is
used to analyze the conformational change information of
SHP?2 protein in MD simulation. The calculation formula
as follows:

T = ((x = x)) (% — (%)) (6)

The Cartesian coordinates of the ith and jth C atoms are
represented by x, and x,, respectively. Mean value during
molecular dynamics simulation is represented by ().

Domain cross-correlation map analysis

DCCM can calculate the correlation between each amino
acid Ca atom and other amino acid Ca atoms, which can
effectively provide information on the movement of pro-
teins in molecular dynamics simulations [42, 43]. Therefore,
DCCM is utilized to analyze the movement of SHP2. The
calculation formula is as follows:

C. = (Ar; - Ar) o
T a2y - (ary)

C;; represents the strength of the correlation between
atoms in the protein chain, ranging from - 1 to 1. Ar; and
Ar; represent the vector displacements of atoms i and j,
respectively. In the research, the trajectory files of SHP2
are processed by Bio3D library and R-studio software, and
the DCCM diagrams are finally obtained, which can show
the correlation between atoms.

Residue interaction network

RIN is a commonly adopted method to analyze various
interactions between residues and residues (VDW, H-bond,
etc.) [44]. At present, RINs have been widely applied to
analyze internal mutations, folding, and catalytic activities
of proteins [45, 46]. In order to better analyze the interaction
between protein and ligand, RINs analysis is performed on
the files generated by MD simulation in this study.

Results and discussion
The reliability of the initial SHP2 structures

Ramachandran plot is often be accustomed to explain the
dihedral angles (psi) of the bond between the Ca atom
and the carbonyl C atom, the dihedral angles (phi) of the
bond between the Ca atom and the N atom in the protein or
peptide chain [47, 48]. At the same time, it can also reflect
whether the conformation of the protein is reasonable.

Therefore, ramachandran plot analysis of SHP2 protein
could select out a reasonable protein conformation for MD
simulation. In the ramachandran plot, it could be divided
into three types of regions: the best region (blue region), the
allowed region (purple region), and the not—allowed region.
In addition, if the amino acid conformation of the best region
and the allowable region accounts for more than 90% of the
total amino acids, it illustrates that the protein model obeys
the rules of stereochemistry. The simulation conformers
extracted at intervals of 20-picoseconds were obtained from
performing 10-nanosecond MD simulation. The Ramachan-
dran plot of the 133th simulated conformation of the SHP2
protein is shown in Fig. S2, with 505 amino acids distrib-
uted in the allowed region and 18 amino acids distributed in
the not—allowed region where amino acids distributed in the
allowed region account for 96.6% of the total amino acids.
Therefore, the 133th conformation of the protein was applied
to the initial structure to run the MD simulation.

Stability analysis

In this study, the RMSD was an evaluative criterion to
estimate the convergence of the simulation along the MD
trajectories for SHP2,SHP2-SHP(099, SHP2-SHP844 and
SHP2-SHP099-SHP844 system, respectively. The “gen-
eral properties” (total pressure, pressure tensor, density and
energy) were also calculated to analyze the equilibration
systems by g_energy and g_traj program. Based on these
analyses, it is found that the RMSD calculated with respect
to the first frame could better characterize the convergence.
The RMSD analysis could be used as a method to assess the
overall fluctuations of the main chain Ca atoms. The high
the RMSD value was, the more flexible the main chain Ca
atom was. In Fig. 3a, the results showed that the systems
tend to be in equilibrium within 8—100 ns, and the average
value was less than 0.4 nm. Therefore, MD files after 8 ns
were utilized for post-MD analysis.

The effect of dual allosteric targeted protein inhibitors
on the side—chain atoms of SHP2 protein were studied by
RMSF. Figs. 3 and S3 were the RMSF figures that were
generated by the SHP2,SHP2-SHP099, SHP2-SHP844
and SHP2-SHP(099-SHP844 system at 8—100 ns, respec-
tively. The smaller the RMSF value was, the more stable
the side chain atoms were. The areas with large fluctua-
tions in the two systems were marked with yellow ellipse
and black box, respectively. In addition, there were the
six residue regions (GLN79-GLN87, THR108-TRP112,
LEU236-GLN245, LEU262-GLN269, HIS458-ARG465,
and ARG501-THR507) marked by the black box and
three regions (THR153-SER165, ASN200-GLN211, and
HIS293-VAL301) marked by the yellow ellipse, respec-
tively. The area marked by the yellow ellipse was not in
the allosteric site area or in the active area, so it was not
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Fig.3 a: The RMSD of SHP2, SHP2-SHP099, SHP2-SHP844 and
SHP2-SHP(099-SHP844 system. The black line represents the out-
come for the SHP2 system, the red line represents the outcome for the
SHP2-SHP099 system, the blue line represents the outcome for the
SHP2-SHP844 system, and the cyan line represents the outcome for
the SHP2-SHP(099-SHP844 system. b The RMSF of the side-chain
atoms for SHP2 system and SHP2-SHP099-SHP844system. The
yellow ellipse represents the areas not in the allosteric site or in the
active that RMSF had large fluctuation. The black box represents the
areas in the allosteric site or in the active that RMSF had large fluc-
tuation

within the scope of this study. Residues THR108-TRP112
and LEU236-GLN245 belong to allosteric site 1, residues
GLN79-GLN87, LEU262-GLN269 belong to allosteric
site 2. Residues HIS458-ARG465 and ARG501-THR507
belong to P-loop and Q-loop, respectively. The average
RMSF of residue GLN79-GLN87, THR108-TRP112,
LEU236-GLN245, LEU262-GLN269, HIS458-ARG465,
and ARG501-THR507 was 0.168, 0.128, 0.206, 0.142,0.113
and 0.099 nm in SHP2 system, respectively, were 0.145,
0.093, 0.174, 0.159, 0.105, and 0.93 nm in SHP2-SHP099
system, respectively, were 0.108, 0.099, 0.196, 0.095, 0.125
and 0.087 nm in SHP2-SHP844, respectively. While in the

Table 1 The result of alchemical free energy calculations

SHP2-SHP099-SHP844 system, the average RMSF of resi-
dues GLN79-GLN87, THR108-TRP112, LEU236-GLN245,
LEU262-GLN269, HIS458-ARG465, and ARG501-THR507
was 0.101, 0.100, 0.150, 0.099, 0.067 and 0.076 nm, respec-
tively. Compared with the SHP2 system, in SHP2-SHP099
system, the value of RMSF at residues THR108-TRP112,
LEU236-GLN245, were significantly reduced, and at residue
GLN79-GLNS87, HIS458-ARG465, and ARG501-THR507
was also slightly reduced. In the SHP2-SHP844 system, the
value of RMSF at residues GLN79-GLN87 and LEU262-
GLN269 was significantly reduced, and at residue THR108-
TRP112, LEU236-GLN245 was also slightly reduced. While
the value of RMSF at residues GLN79-GLN87, THR108-
TRP112, LEU236-GLN245, LEU262-GLN269, HIS458-
ARG465, and ARG501-THR507 was obviously reduced in
SHP2-SHP099- SHP844. From the above data, it is found
that the fluctuation of allosteric site 1 (residues THR108-
TRP112, LEU236-GLN245) changed to a more stable state
in SHP2-SHP099 system and the fluctuation of allosteric
site 2 (GLN79-GLN87, LEU262-GLN269) also changed to
a stable state in SHP2-SHP844. While, the residues fluctua-
tion at allosteric site 1, allosteric site 2, and catalytic area
had become more stable in SHP2-SHP099-SHP844 system.
Therefore, RMSF analysis showed that combining SHP099
(an allosteric site 1 inhibitor) with SHP844 (an allosteric site
2 inhibitor) would enhance the stability of SHP2 residues
fluctuations in allosteric and catalytic area, which would
help SHP2 protein keep in inactive state.

Study on the binding stability of ligand to SHP2
in MD simulation

In order to further study the binding SHP099 and SHP844
to the internal residues of the SHP2 protein, the binding
free energies of the SHP2-SHP099, SHP2-SHP844, SHP2-
SHP099-SHP844 system were calculated by Gromacs.4.5.5
[49], respectively. Alchemical free energy calculations
describe the change from state A to state B by defining the
parameter A. In this study, a 4ns molecular dynamics sim-
ulation was performed on 20 intermediate states. Table 1
shows the results obtained by the six calculation methods.
The sum of the absolute values of the binding free energy of

System TI (kJ/mol) TI-CUBIC (kJ/mol) DEXP (kJ/mol) IEXP (kJ/mol) BAR (kJ/mol) MBAR (kJ/mol)
SHP2-SHP099 —102.537 —102.520 —114.930 —101.862 —103.071 —111.442
+/—-1.129 +/—1.167 +/—1.537 +/-2.299 +/-0629 +/-0.575
SHP2- SHP844 —414.495 —410.220 —481.344 —362.535 —422.331 —426.207
+/—1.240 +/—1.091 +/3.589 +/—-2.987 +/-0.604 +/-0.654
SHP2-SHP099-SHP844 —691.500 —687.357 —756.105 —641.949 697.996 —705.926
+/—-1.622 +/—-1.571 +/-3.876 +/—-2.958 +/-0.942 +/-0.836
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the SHP2-SHP099 and SHP2-SHP844 systems is less than
that of the SHP2-SHP099-SHP844 system, which indicates
that the combination of SHP099 and SHP844 in the SHP2-
SHP(099-SHP844 system is more stable than single system
(SHP2-SHP099, SHP2-SHP844).

The calculated binding free energies were decomposed
into the individual residue contributions using the MM/
PBSA method to identify the key residues and their con-
tributions for elucidating the SHP2 interactions with the
SHP099 and SHP844. The stronger the interactions (H-bond,
hydrophobic, conjugation interactions) between protein
and ligand were, the more negative the calculated binding
free energy value became. The binding energies of SHP2-
SHP099, SHP2-SHP844, and SHP2-SHP099-SHP844 sys-
tem generated by the ligand and the protein mainly included
(Table.S1): van der Waal energy (—98.593 +/—19.905 kJ/
mol, —164.863 +/—14.521, and —492.983 +/—12.207), Elec-
trostatic energy (—51.241 +/-8.047, —714.916 +/—12.834,
and —661.303 +/—13.953 kJ/mol), polar solvation energy
(107.251 +/-13.209, 441.402 +/-24.702, and 520.524
+/—34.560 kJ/mol ) and SASA energy(—7.566 +/—0.531,
—17.675 +/-2.284, and —1.324 +/—1.092 kJ/mol) . The
overall binding energy value was —50.149 +/-6.430,
—456.052 +/-23.087, and —675.086 +/—21.846 kJ/mol,
respectively. The sum of the absolute values of the binding
free energy of the SHP2-SHP099 and SHP2-SHP844 sys-
tems is also less than that of the SHP2-SHP099-SHP844 sys-
tem. Compared with alchemical method, the results obtained
by MM-PBSA method are consistent, but alchemical method
is more accurate and the error estimates are smaller.

The binding energies between residues of allosteric sites
(THR108, GLU110, ARG111, PHE113, GLU250, GLU252,
THR253, PRO491, and LYS492) and SHP099 in SHP2-
SHP099 system and SHP2-SHP099-SHP844 system are
shown in Fig. 4a, respectively. The value of binding ener-
gies was 0.6178 +/-0.0360, 3.9424 +/-0.5699, —3.981
+/—-0.3185, 0.3428 +/-0.0772, —2.0284 +/-0.1986, 0.5132
+/-0.0733, —4.4403 +/-0.3178, —1.2303 +/-0.3118 kJ/
mol, and —2.2209 +/-0.2132 kJ/mol in SHP2-SHP(099
system, respectively, whereas the value of binding energies
were —7.2500 4+/—0.3538, —24.2746 +/—-0.9576, —10.6974
+/-0.4625, —5.6764 +/-0.3178, —24.6568 +/—0.1780,
—-25.5066 +/—1.3382, —8.0207 +/-0.9083, —7.2894
+/—-0.2746 kJ/mol, and —23.0974 +/—1.9596 in the SHP2-
SHP099-SHP844 system, respectively. By comparing the
binding energy, is found that SHP099 bound more stably
to the residues at the allosteric site 1 in the SHP2-SHP844-
SHPO099 system. Meanwhile, SHP844 bound to the residues
GLN79, TYR80, GLN87, TYR263, ARG264, ARG265,
GLN269, LYS280, and LYS266 (Fig. 4b), and the bind-
ing energy was 1.3294 +/—-0.2365, —4.4566 +/-0.2741,
—-0.9685 +/-0.3327, 0.5631 +/-0.1346, —1.1838
+/-0.1226, —8.4755 +/-0.8240, —5.9755 +/-0.2975,
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Fig.4 a: The binding free energy of SHP2-SHP099 system is rep-
resented by black stripe. The binding free energy of SHP2-SHP099-
SHP844 system is represented by red stripe. b: The binding free
energy of SHP2-SHP844 system is represented by black stripe. The
binding free energy of SHP2-SHP099-SHP844 system is represented
by red stripe

—25.1962 +/-2.1586, and —20.6195 +/-0.9402 kJ/mol
in SHP2-SHP844 system, respectively, while the binding
energy were —2.8856 +/—0.6263, —27.9870 +/-2.5437,
—3.1199 +/-0.0876, —58.7989 +/-3.2648, —2.1882
+/—0.1068, —5.6728 +/-0.7917, —8.1144 +/-1.2917,
—36.6236 +/—-3.0240, and —79.7206 +/—-6.7512 kJ/mol
in the SHP2-SHP099-SHP844 system, respectively. The
binding ability of SHP844 at allosteric site 2 is significantly
improved in SHP2-SHP099-SHP844 system. Therefore,
according to the performance of the binding energy of the
residues at the allosteric sites 1 and 2 with the ligands, it
showed that SHP099 and SHP844 bound stronger in SHP2-
SHP099-SHP844 system than that in single systems.

The H-bond interaction was monitored in 8—100 ns
MD simulation of SHP2-SHP099, SHP2-SHP§44,
and SHP2-SHP099-SHP844 systems, respectively,
and the top five H-bond occupancy rates are shown
in Fig. 4. In SHP2-SHP099 system, the H-bond
occupancy rates of GLU250(0)-SHP099(HS),
PHE113(0)-SHP099(H10), ASN217(D22)-SHP099(N22),
ARG111(0)-SHP099(H10), and HIS114-SHP099(H10)
were 63.0, 53.6, 34.0, 31.3, and 20.8%, respectively. In
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SHP2-SHP844 system, the H-bond occupancy rates of
ASN218(D22)-SHP844(05), LYS280(HZ3)-SHP844(05),
LYS274(HZ3)-SHP844(04), LYS274(HZ3)-SHP844(03),
and LYS280(HZ3)-SHP844(04) were 59.3, 56.9,
49.6, 46.9, and 42.8%, respectively. In SHP2-SHP(099-
SHP844 system, the H-bond occupancy rates of
GLU250(0)-SHP099(H15), GLN79(E22)-SHP844(02),
PHE113(0)-SHP099(H21), TYR80(HH)-SHP844(04),
and LYS274(HZ3)-SHP844(N8) were 78.2, 76.3,56.3, 56.2,
and 55.3%, respectively. Obviously, the H-bong occupancy
rates had significant increase in SHP2-SHP099-SHP844 sys-
tem, indicating that ligands SHP099 and SHP844 together
formed stable H-bond interactions with SHP2 protein than
either inhibitor alone. The analysis result was consisted with
RMSEF analysis.

Conformation transitions of the SHP2
and SHP2-SHP099-SHP844 system

The biological function of a protein is determined by its
specific structure, and the intervention of the ligand will
cause the change of conformations of the SHP2 protein and

affect its function. PCA was utilized to obtain the informa-
tion on the conformation status of SHP2, SHP2-SHP099,
SHP2-SHP844, and SHP2-SHP(099-SHP844 system within
8-100 ns, respectively. Based on the calculation and diago-
nalization of the covariance matrix, principal component
analysis was to project the protein dynamics information
into the form of eigenvectors and eigenvalues. As shown
in Figs. 5and S5, the top 20 PC values account for 77.5,
77.8, 80.1, and 79.3% of the total variation in the SHP2,
SHP2-SHP(099, SHP2-SHP844, and SHP2-SHP099-SHP844
system, respectively. In the SHP2 system, the first two PCs
accounted for 26.4 and 15.5% respectively, while the highest
value of other PCs was only 8.7%. In the SHP2-SHP(099 sys-
tem, the first two PCs accounted for 36.6 and 10.2% respec-
tively, while the value of other PCs was less than 5.5%. In
the SHP2-SHP844 system, the first two PCs accounted for
25.9 and 22.7% respectively, while the value of other PCs
was less than 8.4%. At the same time, the first two PCs in
the SHP2-SHP099-SHP844 system accounted for 34.8 and
14.2% of the total variance, respectively, while the maxi-
mum value of the other PCs was not higher than 5.1%.
Because the first two feature vectors (PC1, PC2) account

Fig.5 Principal component A
analysis. Projection of trajecto- I
ries into PC1 and PC2 for SHP2 g | N
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for a large proportion of the overall protein conformation,
the conformational transitions could be reflected by pro-
jecting the PC1 and PC2 into a two-dimensional (2D) map,
respectively. The two conformational states marked as red
dots and blue dots and the intermediate state are shown as
white dots in the Figs. 5 and S5 . Compared with the SHP2
system, the red and blue dots in the SHP2-SHP099 system
were concentrated in the middle position, the red and blue
dots were distributed diagonally in SHP2-SHP844 system,
the red dots and blue dots were distributed on both sides of
the midline in the SHP2-SHP099-SHP844 system. Accord-
ing to the distribution of the conformation in the scatter
diagram, the conjoined distributions of the PCs in the two
systems revealed that the conformations of the SHP2 system

Fig.6 ANM analysis of the
SHP2 system (a) and SHP2-
SHP099-SHP844 system (b)
calculated using ProDy and
VMD programs. The regions
of residues GLN79-GLN87,
THR108-TRP114, LEU236-
GLN245, and LEU262-
GLN269, HIS458-ARG465 and
ARG501-THR507 were colored
in orange, yellow, green, pink,
red, and blue, respectively

were scattered and energetically less stable than that of the
SHP2-SHP099-SHP844 system.

The fluctuations of the protein backbone of four system
were displayed in the Anisotropic Network Model (ANM),
which was done by PyoDy [50]. The off distance of ANM
was 15, and the “ANM. calcModes ()”” method was used to
generate ANM modes. ANM could analyze how the SHP099
and SHP844 together affected the motions of allosteric sites
1 and 2 and the catalytic sites of SHP2, respectively [51].
The direction of the motion was indicated by the orien-
tation of the arrow and the magnitude of the motion was
expressed by the length of the arrow. As shown in Figs. 6
and S6, compared with the SHP2 system, the arrow length
of residue THR108-TRP112 (yellow, allosteric site (1),
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LEU236-GLN245 (green, allosteric site 1), GLN79-GLN87
(orange, allosteric site (2), LEU262-GLN269 (pink, allos-
teric site 2), HIS458-ARG465 (red, catalytic area) and
ARG501-THR507 (cyan, catalytic area) is significantly
reduced in SHP2-SHP099-SHP844 system, which shows
that the magnitude of the motion at above residue region is
reduced. Meanwhile, the residues GLN79-GLN87 (orange)
tends to be close to LEU262-GLN269 (pink) in SHP2-
SHP099-SHP844 system, which indicates that the ligand
(SHP099, SHP844) may lead to more stable amino acid
binding at allosteric site 1. Moreover, after ligands (SHP099,
SHP844) are bound to SHP2 protein, the overall fluctuations
of the residues of the SHP2 protein are significantly reduced.

The correlation motion of SHP2
and SHP2-SHP099-SHP844 system

To further study the effects of SHP099 and SHP844 on the
interactions between residues and residues of SHP2, DCCM
analysis was performed on the SHP2, SHP2-SHP(099, SHP2-
844 and SHP2-SHP099-SHP844 system, respectively. In
Figs. 7 and S7, the cyan and pink regions represent the
positive and negative correlation of movement of specific
residue, respectively. The darker the color was, the stronger
the correlation was, while the white areas (0.25 to 0.25)
represent no significant correlation. It can be seen from
Figs. 7 and S7, that the cyan and pink regions were darker
in the SHP2-SHP099-SHP844 system than that in SHP2
system, which pointed that the combination of SHP099 and
SHP844 in the allosteric site enhanced the correlation move-
ment of SHP2 residues. The area with obvious differences
in Fig. 7 between the SHP2 and SHP2-SHP099-SHP8§44
system were marked by the black boxes. In Fig. 7, the areas
where residue GLN79-GLN87 (N-SH2) forming correlation
motion with LEU262-GLN269 (aB-aC link loop), HIS458-
ARG465 (P-loop), and ARG501-THR507 (Q-loop), were
marked as “a”, “b”, “c”, respectively. The areas where resi-
due THR108-TRP112 (C-SH2) forming correlation motion
with LEU236-GLN245 (aA-oB link loop) were marked as
“d”. The residues ARG421-ASP431 (WPD-loop) forming
correlation motion with HIS458-ARG465 (Q-loop) and
ARGS501-THR507 (P-loop) were marked as “e” and “f”,
respectively. There was strong positive correlation motion
at the area “a”, “b”, “c” “d” “e” and “f” in SHP2-SHP(099-
SHP844 system. However, these correlations were negative
or weak positive in the SHP2, SHP2-SHP099, and SHP2-
SHP844 system, revealing the interactions between residues
GLN79-GLN87 and LEU262-GLN269, residues GLN79-
GLN87 and HIS458-ARG465, residues GLN79-GLN87
and ARG501- THR507, residues THR108-TRP112 and
LEU236-GLN245, residues ARG421-ASP431 and HIS458-
ARG465, residues ARG421-ASP431 and ARG501-THR507
were stronger in SHP2-SHP099-SHP844 system than that in
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Fig.7 DCCM for the Ca atoms fluctuations and their average posi-
tions of SHP2 (a) and SHP2-SHP099-SHP844 (b) systems during
8-100 ns of MD trajectories. Blue represents positive correlations,
whereas red represents negative correlations. The areas marked rep-
resent that the correlations of residual have obviously transforma-
tion. The a, b, ¢, d, e, and f regions represent the correlation motion
between residues GLN79-GLN87 and LEU262-GLN269, residues
GLN79-GLN87 and HIS458-ARG465, residues GLN79-GLN87 and
ARGS501-THR507, residues THR108-TRP112 and LEU236-GLN245,
residues ARG421-ASP431 and HIS458-ARG465, residues ARG421-
ASP431 and ARG501-THR507

the other three systems. In addition, the correlation between
the residues in the SHP2-SHP099-SHP844 system is overall
enhanced, and the difference at the “d” region is the most
obvious, changing from a negative correlation to a positive
correlation. The positive correlation of the above-mentioned
residue regions suggested that N-SH2 (allosteric site 1) got
close to aB-aC link loop, P-loop, and Q-loop; C-SH2 (allos-
teric site 2) moved to aA-aB link loop; WPD-loop (catalytic
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area) came near to Q-loop, P-loop. It can be seen from the
DCCM analysis results that the correlations at catalytic area,
allosteric site (1, 2) in the SHP2-SHP099-SHP844 system
are enhanced, which may be the reason for the decreased
activity of SHP2.

The ligand SHP-099-844 influencing the interactions
of the residues in SHP2

By analyzing the RIN of SHP2 system and protein-ligand
system, the effect of ligands on the structure and function of
protein can be further explained. RIN was generated based
on the average trajectory file, and could display various
interactions between amino acids (for example: H-bond,
VDW, electrostatic). There were two important parameters
(shortest path betweenness and closeness centrality) in
RIN analysis. Residues with high shortest path between-
ness value could stabilize the structure of the protein, and
residues with high closeness centrality value could affect
the function of the protein. [52—54] The values of the short-
est path betweenness and closeness centrality for the SHP2,
SHP2-SHP(099, SHP2-SHP844, and SHP2-SHP099-SHP844
system are shown in Table.S2, respectively. The notable
residues were the residues with the value of shortest path
betweenness greater than 0.1. The notable residues included:
ARG5S, PHE7, PHE41,TYR63, PHE71, and CYS104 (N-
SH2), PHE135, THR191, and VAL194 (C-SH2), ILE282,
ASN306, GLN506, and PHE513 (PTP domain) in SHP2
system; PHE7, PHE41, ASNS5S8, and ASP61 (N-SH2),
GLU232, PHE247, PHE251, GLU252, ILE463, GLN506,
and TYRS511 (PTP domain) in the SHP2-SHP099 system;
ASP61 (N-SH2), GLU250, PHE251, TRP342, PHE469,
ILE472, GLN506, TYR511, and ILE514 (PTP-domain)
in SHP2-SHP844 system; N-SH2 (GLU110), PHE113,
VAL137 (C-SH2), GLU250, GLU252, THR253, GLN255,
GLU258, ARG265, ASN306, ARG498, and ARG501 (PTP
domain) in the SHP2-SHP099-SHP844 system. In com-
parison, the notable residue of the SHP2-SHP99-SHP844
system included more residues around allosteric sites
1, 2, indicating that the connection between the residues
was observed to be tightened. Moreover, the shortest path
betweenness value of notable residue GLU110 (allosteric
site 1), ARG501 (Q-loop), and ARG265 (allosteric site 2)
were 0.196, 0.144, and 0.101 in SHP2-SHP099-SHP844 sys-
tem, respectively, while the value were 0.019, 0.038, and
0.019 in SHP2-SHP099 system, respectively, were 0.083,
0.056, and 0.028 in SHP2-SHP844 system, were 0.004,
0.047, and 0.035 in SHP2 system, respectively. Compared
to the other three systems, the Shortest Path Betweenness
value of notable residues GLU110, ARG501, and ARG265
had obviously increased. Therefore, GLU110, ARG501, and
ARG265 were key residues to keep SHP2 in the inactive

state when SHP099 and SHP844 bound to allosteric sites 1
and 2 of SHP2.

The results of the interactions between residues and resi-
dues at the allosteric site 1, allosteric site 2 and the binding
site of the SHP2, SHP2-SHP099, SHP2-SHP844 and the
SHP2-SHP099-SHP844 system are shown in Figs. 8 and
S8. In RINs, the network edge line styles corresponded
to no covalent and covalent residue interactions that were
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Fig.8 The interactions of the key residues for allosteric site 1, allos-
teric site 2, and catalytic area in the comparison network of protein
systems. The edge styles correspond to mutual interactions that are
preserved in both complexes (black solid lines), only in SHP2 system
(green dashed lines) or only in SHP2-SHP099-SHP844 (red dotted
lines)
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preserved in both two systems (black solid lines), presented
only in the SHP2 system (green dotted lines) [55], or only
in the SHP2-ligand system (red dashed lines). It can be seen
from the Fig. 8 that the interactions between the residues at
allosteric site 1 were significantly increased in the SHP2-
SHP(099-SHP844 system than that in SHP2-SHPO099 sys-
tem, and the interactions between the residues at allosteric
site 2 were also obviously increased in the SHP2-SHP099-
SHP844 system than that in SHP2-SHP844 system. By
comparing RINs of four systems, the interactions between
the key regions in the SHP2-SHP099-SHP844 systems were
increased significantly due to the existence of dual ligands.
The interactions of key residues GLU110 (allosteric site 1),
ARG501 (Q-loop), and ARG265 (allosteric site 2) made it
easy to maintain the inactive state of SHP2, and the catalytic
area are difficult to expose the active site, when SHP099
and SHP844 bound to allosteric sites 1 and 2 of SHP2. RIN
analysis was consistent with RMSD, RMSF, DCCM, and
ANM analysis results.

Conclusion

The purpose of this study was to investigate the effects of
dual allosteric inhibitors on SHP2 protein and to provide
new ideas for the development of SHP2 protein inhibitors.
First of all, 100-ns molecular dynamics simulations were
performed for the SHP2, SHP2-099, SHP2-SHP844, SHP2-
SHP099-SHP844 system, respectively. Then, post-MD
simulation analyses (RMSD, RMSF, PCA, ANM, DCCM,
and RIN) were applied to explore the mechanism of dual
allosteric SHP2 inhibitors on SHP2 protein. According to
the results of RMSD, RMSF, it showed that SHP099 bound
to residues THR108, GLU110, ARG111, PHE113, GLU250,
GLU252, THR253, PRO491, LYS492 and SHP844 bound
to residues GLN79, TYR80, GLN87, LEU262, TYR263,
ARG265, GLN269, causing the decrease in fluctuations of
residues THR108-TRP112 (N-SH2 and C-SH2 link loop),
LEU236-GLN245 (C-SH2 and PTP link loop), GLN79-
GLNS87 (N-SH2), LEU262-GLN269 (aB and oC link loop of
PTP domain), HIS458-ARG465 (P-loop), ARG501-THR507
(Q-loop). Furthermore, the PCA, ANM, DCCM analysis
suggested that the conformations of SHP2 were more sta-
ble and the interactions between residue areas (allosteric
site 1, allosteric site 2, P-loop, and Q-loop) had visibly
enhanced due to the combining SHP099 with SHP844, caus-
ing the active site was hardly to be exposed. Finally, RIN
result speculated that the residues GLU110, ARG265, and
ARGS501 were the key residues, which made the residues
of allosteric site 1, allosteric site 2, and catalytic area to be
tightened. Above all, those results provided the comprehen-
sive structural information to understand the effects of dual
allosteric inhibitors on SHP2 protein.
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