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Abstract
SHP2, encoded by PTPN11, is a non-receptor protein tyrosine phosphatase (PTP) containing two
tandem Src homology-2 (SH2) domains. It is expressed ubiquitously and plays critical roles in
growth factor mediated processes, primarily by promoting the activation of the RAS/ERK
signaling pathway. Genetic and biochemical studies have identified SHP2 as the first bona fide
oncoprotein in the PTP superfamily, and a promising target for anti-cancer and anti-leukemia
therapy. Here, we report a structure-based approach to identify SHP2 inhibitors with a novel
scaffold. Through sequential virtual screenings and in vitro inhibition assays, a reversible
competitive SHP2 inhibitor (C21) was identified. C21 is structurally distinct from all known
SHP2 inhibitors. Combining molecular dynamics simulation and binding free energy calculation, a
most likely binding mode of C21 with SHP2 is proposed, and further validated by site-directed
mutagenesis and structure-activity relationship studies. This binding mode is consistent with the
observed potency and specificity of C21, and reveals the molecular determinants for further
optimization based on the new scaffold.
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Protein tyrosine phosphatases (PTPs) play crucial roles in a variety of cellular processes,
working in concert with protein tyrosine kinases (PTKs) to control the tyrosine
phosphorylation level and regulate key signaling cascades.1, 2 Aberrant tyrosine
phosphorylation has been linked to the aetiology of several human diseases (such as cancer,
diabetes, obesity, and autoimmune disorders), which makes PTKs and PTPs important
therapeutic targets.3–5 Although the PTPs are generally recognized as negative regulators of
signaling cascades, increasing evidence suggest that some PTPs, such as SHP2, PTP1B,
CDC25 and PRL3, can also potentiate signaling cascades and have oncogenic potentials.5–8
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Therefore these PTPs represent promising targets for anti-cancer therapy, and interest in
developing specific PTP inhibitors has intensified in recent years.8–11

SHP2, encoded by PTPN11, is a non-receptor PTP containing two tandem Src homology-2
(SH2) domains, one catalytic domain and a C-terminal tail. SHP2 is a positive transducer of
growth factor, cytokine, integrin, and hormone signaling pathways regulating a diverse array
of processes such as cell proliferation, differentiation, adhesion, migration and apoptosis,
due primarily to its ability to promote the activation of the RAS/ERK signaling
pathway.12–15 Germline mutations in SHP2 causing hyperactivation of its phosphatase
activity (namely gain-of-function mutations) are associated with Noonan syndrome
(~50%).16–18 Somatic gain-of-function SHP2 mutations are linked to juvenile
myelomonocytic leukemia (JMML, ~34%), myelodysplastic syndrome (~10%), acute
lymphoid leukemia (ALL, ~7%), acute myeloid leukemia (AML, ~4%), adult AML (~6%),
as well as solid tumors, such as lung adenocarcinoma, colon cancer, neuroblastoma,
melanoma and hepatocellular carcinoma.18–24 In addition, SHP2 is implicated in gastric
ulcer and gastric carcinoma.25 These genetic and biochemical evidence identify SHP2 as the
first bona fide oncoprotein in the PTP superfamily, which makes it a prime target for anti-
leukemia and anti-cancer therapy and draws increasing interests in the development of SHP2
inhibitors.26–35 To date, all reported SHP2 inhibitors (Fig. S1, Supplementary Material)
display similar micromolar-to-submicromolar in vitro inhibitory activity and most of them
lack the selectivity required for mechanistic studies, possibly due to the highly conserved
active site pocket shared by all PTPs.36 Consequently, there is still a need to discover new
SHP2 inhibitors with novel scaffold, increased potency, selectivity and in vivo activity.

In an effort to discover novel SHP2 inhibitors, we carried out high-throughput virtual
screenings on two subsets of ZINC37 database targeting the active pocket of SHP2 catalytic
domain (PDBID: 3B7O38). The details of site definitions, structure preparations and
screening procedures were described in the Supplementary Material. After the initial
screening with DOCK6.239,40 and the secondary screening with AutoDock4.01,41,42 the top-
ranked 1,621 molecules with energy score less than −8.5 kcal/mol were selected for further
analyses, such as consensus score evaluation, similarity analysis and visual inspection of
binding mode. Finally, 35 compounds were purchased and their inhibitory activity against
SHP2 was assessed at 50 µM concentration. 9 out of the 35 compounds showed more than
50% inhibition, and another 7 showed inhibition ranging from 30% to 50% (Table S1,
Supplementary Material). These 16 compounds were further assayed for IC50 values, and
three of them (namely C18, C21 and C30) showed concentration-dependent inhibition, their
structures and IC50 are listed in Table 1. Moreover, the IC50 of these three compounds
against SHP1 and PTP1B were also determined. C30 and C18 had only moderate inhibitory
activity against SHP2 but better inhibition against PTP1B and SHP1 (Table S2,
Supplementary Material). Thus they were not pursued further.

Compound C21, ranked the 20th in the initial screening and the 1st in the secondary
screening, inhibited SHP2 with an IC50 of 8.3 µM. C21 is structurally distinct from all
known SHP2 inhibitors. Like most known SHP2 inhibitor, C21 did not exhibit significant
selectivity for SHP2 over its close homolog SHP1 (IC50 = 14 µM, only 1.7-fold), but it
showed considerable selectivity against PTP1B (IC50 = 118 µM, 14.2-fold). To explore the
selectivity of C21 more broadly, an additional panel of nine representative PTPs, including
cytosolic PTPs (TC-PTP and LYP), the receptor-like PTPs (CD45, LAR and PTPα), the dual
specificity phosphatases (VHR, VHX and Cdc14) and the low molecular weight PTP
(LMW-PTP) were employed for inhibition assay. C21 showed an IC50 greater than 100 µM
against TC-PTP, CD45, LAR, VHX and LMW-PTP, and almost no inhibition at 100 µM
against LYP, PTPα, VHR and Cdc14, indicating excellent selectivity of C21 for SHP2 over
the panel of PTPs.
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Moreover, the mode of inhibition by C21 against SHP2 was also determined through steady-
state enzyme kinetic analysis. The results suggest a reversible and competitive pattern for
SHP2 inhibition by C21 with an inhibition constant (Ki) of 4.6 µM (Fig. 1). Since the virtual
screening was carried out aiming at the catalytic pocket, it was quite reasonable that the
identified C21 occupies the active site and acts as a competitive inhibitor. Collectively, the
biochemical assays confirmed C21 as a novel SHP2 inhibitor with micromolar potency.

To define the binding mode between C21 and SHP2, we performed molecular docking with
AutoDock4.01. After multiple docking runs and cluster analysis of binding conformations,
two possible binding modes with comparable calculated binding free energy (BFE) were
found. In mode I (Fig. 2a, BFE = −11.08 kcal/mol), the pyrazoline carboxyl moiety in C21
penetrates into the active site pocket and interacts with residues in the phosphate-binding
loop (P-loop); the two sulfonic groups are located at the entrance of the active site and
interact with two basic residues K364 and K366. In mode II (Fig. 2b, BFE = −10.22 kcal/
mol), C21 binds almost at the same position but with completely opposite orientation: the
benzene ring with two sulfonic groups wedge into the active site pocket and strongly interact
with the P-loop residues, while the carboxyl on the pyrazoline interacts with K364 and K366
at the entrance of the active site. Considering the inherent standard errors associated with the
calculated binding energy in AutoDock4.01, it’s difficult to distinguish which mode is more
preferable based purely on the calculated binding energies.

Molecular dynamics (MD) simulation combined with MM-PBSA/GBSA (Molecular
Mechanics - Poisson-Boltzmann Surface Area/Generalized Born Surface Area) has proved
to be a reliable method for investigating protein-ligand interaction and discriminating
different binding modes.43,44 Therefore 10-ns MD simulations were performed on the
complex structures of binding mode I and II respectively. The Root-Mean-Square deviation
(RMSD) of backbone atoms of the protein and heavy atoms of C21 were calculated with
respect to the initial coordinates (Fig. 3a). The backbone atoms in both binding modes
showed almost identical and stable RMSD of ~0.9 Å, indicating that the protein had no
obvious conformation changes during the MD simulations. In contrast, the RMSD of C21 in
mode II quickly reached the plateau (2.1 ± 0.3 Å), while that in mode I achieved the higher
plateau (3.5 ± 0.5 Å) after 0.5 ns. Both RMSDs indicated that shifts, but the lower plateau in
mode II suggested that the initial conformation and position of C21 were better kept,
supporting the notion that mode II was more stable and preferable than I.

Binding free energies from MM-GBSA calculation were used to further discriminate the two
binding modes from the energy perspective. Based on 1,800 snapshots extracted from the
MD trajectories between 1 and 10 ns at a time interval of 5 ps, the total binding free energy
and individual components were calculated (Table 2). The significantly more negative total
binding free energy (ΔGMM-GBSA, −63.60 vs. −36.54) in mode II provided further evidence
that mode II was more preferable. In detail, the preferred binding came from a remarkable
favorable electrostatic interactions (−693.69 vs. −669.36) and a slightly favorable van der
Waals interactions (−26.67 vs. −23.26), while the polar and non-polar components of
solvation free energy were almost identical in both binding modes.

To get a better understanding of the energy profile, the total binding free energy was
decomposed into pairwise residue interaction. Sixteen residues with interaction energy less
than - C21 underwent remarkable conformation changes and/or position 0.50 kcal/mol in
mode II were shown in Fig. 3b. It was clear that residues in the P-loop provided the most
contribution to the binding, with R465 contributing ~20% and other P-loop residues (H458
to G464) contributing ~57%. Two residues K366 and K364, located at the entrance of active
site pocket, contributed another ~20%. As shown in Fig. 2c, the two SO3

− groups interacted
with the P-loop residues through seven H-bonds, three of them from the first SO3

− with ε-N
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and η-N of R465 and the backbone N of S460, and the other four from the second SO3
− with

the backbone N of A461, G464, R465 and γ-O of S460. At the same time, all P-loop
residues as well as Q506, Q510 and Y279 were within 5 Å distance of C21, resulting in
abundant van der Waals interactions. These H-bond and van der Waals interactions tied the
benzene moiety at the active site and contribute to ~80% total binding free energy. On the
other side, the carboxyl group made H-bonds with the ζ-N of K366 and K364, as well as the
long range electrostatic interactions with R362; the pyrazoline moiety also made van der
Waals interactions with these three residues. Thus the interactions from pyrazoline moiety
further enhanced the binding affinity of C21 with SHP2.

Mapping the residues interacting with C21 onto the amino acid sequence of SHP2 and
making alignment with SHP1 and PTP1B (Fig. 4), we found that almost all contact residues
were conserved among these three enzymes except for R362 and K364, suggesting that the
region around these two residues might contribute to the selectivity of C21 over PTP1B and
SHP1. Since K364 is unique to SHP2 (Fig. 4) and contributes more binding free energy than
R362 (Fig. 3b), we studied two SHP2 mutants bearing substitutions at residue K364, which
corresponds to an Arg in SHP1 and a Ser in PTP1B. C21 was 3-fold less active against
SHP2/K364R (IC50 = 26 µM) and 7-fold less active against SHP2/K364S (IC50 = 56 µM) as
compared to the wild type SHP2. In fact, the IC50 values for SHP2/K364R and SHP2/K364S
approach those observed for SHP1 and PTP1B. These results are consistent with the
predictions from molecular modeling indicating that K364 is indeed involved in binding
C21 and contributes to the selectivity of SHP2 for compound C21. Although the rest of the
contact residues are the same for SHP2, SHP1, and PTP1B (Fig. 4), their immediate
neighboring residues and residues that form the second shell of the C21 binding pocket are
different (the sequence identities among the three PTPs are 40–50%). These structural
differences will result in non-identical C21 binding pocket and likely also contribute to the
specificity of C21 for SHP2. Further structural study of the complexes of C21 with SHP2
and/or PTP1B/SHP1 will be required to fully understand the determinants for C21
recognition.

Other than identifying the interaction residues in SHP2 from docking and mutagenesis
studies, we also sought to identify the key interaction points in C21 through classical
structure-activity relationship (SAR) investigation so as to guide future optimizations. Four
analogues of C21 were purchased and evaluated for inhibitory activity against SHP2 (Table
1). Compound C21-A1, lacking the SO3

− group at position 1 (namely 1-SO3
−), showed ~5-

fold decreased inhibition (IC50 = 41 µM). By removing the 4-CH3 from C21-A1, the affinity
of compound C21-A2 for SHP2 further decreased ~4-fold (IC50 = 155 µM). When the 2-
SO3

− in C21-A2 was removed or the 4’-COO− in C21-A1 was replaced with methyl, the
resulting C21-A3 or C21-A4 failed to inhibit SHP2 at 1 mM compound concentration.
These SAR results indicated that: (1) The simultaneous presence of the 2-SO3

− and 4’-
COO− at both sides is essential for SHP2 inhibition, and the lack of either negatively-
charged center will abolish the binding affinity. (2) Both the 1-SO3

− and 4-CH3 groups
contribute to SHP2 binding, and together they enhance the inhibitory activity about 20-fold
(C21 vs. C21-A2). These findings also agree well with the proposed binding mode II (Fig.
2b and 2c): the two negatively-charged centers on the two rings in C21 simultaneously
interact with the two positively-charged sites in SHP2 (the active site and a peripheral site
defined by residues K364 and K366) through six H-bonds (four from 2-SO3

− and two from
4’-COO−), which precisely position C21 at the active pocket. Then the 1-SO3

− (additional 3
H-bonds with the P-loop) and 4-CH3 (hydrophobic interaction with Y279) further enhance
the binding affinity and increase the inhibition potency.

In summary, we identified a novel SHP2 inhibitor (C21) with micromolar inhibition potency
(Ki = 4.6 µM) and good selectivity against a panel of mammalian PTPs. Through molecular
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docking, MD simulation and MM-GBSA binding free energy calculation, a most likely
binding mode was proposed and subsequently validated from both the receptor (mutagenesis
study) and ligand (SAR study) perspectives. Our study provided a novel scaffold upon
which more potent and selective SHP2 inhibitors could be developed through structural
modifications, such as extending the 4-CH3 to hydrophobic chains for more interactions
with the pTyr-loop; substituting the 2’-carbonyl with bulky and hydrophobic groups to
complement the free space around the WPD-loop; replacing the sulfonic groups with
trifluoromethyl or trifluoromethyl sulfonyl to improve the cell permeability without total
loss of electronegativity at this site. The current structure-based drug discovery approach,
involving multiple computational techniques, classical inhibition analysis, site-directed
mutagenesis and SAR study, should also be applicable to the identification of small
molecule inhibitors for other PTPs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Kinetic analysis of C21 mediated SHP2 inhibition showed a competitive inhibition mode.
The concentrations of C21 were 0 (●), 4 (○), 8 (▼) and 12 µM (▽) respectively.
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Figure 2.
Binding mode I a) and mode II b) revealed by molecular docking. c) Interaction details of
C21 and SHP2 in binding mode II. C21 (green carbon) and residues within 5 Å distance of
C21 (cyan carbon) are presented in stick; H-bond interactions are highlighted in yellow dash
line.
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Figure 3.
a) The RMSD of backbone atoms of SHP2 protein and heavy atoms of C21. b) The top
sixteen pairwise residue interaction energies in mode II.
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Figure 4.
Sequence alignment of four segments of SHP2 interacting with C21. Residue numbers in
SHP2 and PTP1B are labeled at the top and bottom, respectively. Residues within 5 Å of
C21 in binding mode II are marked by *.
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Table 1

Structures and IC50 values of C18, C21, C30, and four analogues of C21 against SHP2.

Compd. Structure IC50 (µM)

C18 181 ± 12

C30 176 ± 11

C21 8.3 ± 0.1

C21-A1 41 ± 1

C21-A2 155 ± 6

C21-A3 NDa

C21-A4 NDa

a
No detectable inhibition at 1,000 µM

Bioorg Med Chem Lett. Author manuscript; available in PMC 2012 July 15.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Yu et al. Page 12

Ta
bl

e 
2

Th
e 

ca
lc

ul
at

ed
 b

in
di

ng
 fr

ee
 e

ne
rg

ie
s a

nd
 in

di
vi

du
al

 e
ne

rg
y 

co
m

po
ne

nt
s (

kc
al

/m
ol

) f
or

 b
in

di
ng

 m
od

e 
I a

nd
 II

.

M
od

e
ΔE

V
D

W
a

ΔE
E

L
E
b

ΔE
Pc

ΔG
N

Pd
ΔG

M
M

-G
B

SA
e

I
−
23
.2
6±
0.
08

−
66
9.
36
±1
.0
1

66
0.

59
±0

.9
3

−
4.
51
±0
.0
1

−
36
.5
4±
0.
13

II
−
26
.6
7±
0.
09

−
69
3.
69
±0
.9
1

66
0.

87
±0

.8
4

−
4.
12
±0
.0
1

−
63
.6
0±
0.
15

a V
an

 d
er

 W
aa

ls
 in

te
ra

ct
io

n 
en

er
gy

 in
 g

as
 p

ha
se

.

b El
ec

tro
st

at
ic

 in
te

ra
ct

io
n 

en
er

gy
 in

 g
as

 p
ha

se
.

c Po
la

r c
om

po
ne

nt
 in

 so
lv

at
io

n 
fr

ee
 e

ne
rg

y.

d N
on

-p
ol

ar
 c

om
po

ne
nt

 in
 so

lv
at

io
n 

fr
ee

 e
ne

rg
y.

e To
ta

l b
in

di
ng

 fr
ee

 e
ne

rg
y.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2012 July 15.


