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cefsulodin as SHP2 inhibitor

ABSTRACT: Protein tyrosine phosphatases (PTPs) are potential therapeutic targets for
many diseases. Unfortunately, despite considerable drug discovery efforts devoted to PTPs,
obtaining selective and cell permeable PTP inhibitors remains highly challenging. We
describe a strategy to explore the existing drug space for previously unknown PTP

inhibitory activities. This led to the discovery of cefsulodin as an inhibitor of SHP2, an ~ mersateewi
oncogenic phosphatase in the PTP family. Crystal structure analysis of SHP2 interaction | Soagjma
with cefsulodin identified sulfophenyl acetic amide (SPAA) as a novel phoSphotyroSine  yucagovinioyais
(pTyr) mimetic. A structure-guided and SPAA fragment-based focused library approach [
produced several potent and selective SHP2 inhibitors. Notably, these inhibitors blocked

SPAA as novel pTyr mimetic

structul ided

SHP2-mediated signaling events and proliferation in several cancer cell lines. Thus, SPAA AN s Mmﬂ%_
may serve as a new platform for developing chemical probes for other PTPs. N o,
\©\NJSTN

Compound 2 (K; =0.51 uM) !
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P roper level of protein tyrosine phosphorylation is vital for selective PTP inhibitors is to engage both the active site and
cell growth and survival. Aberrant tyrosine phosphoryla- unique peripheral binding pockets by tethering appropriately
tion, due to imbalance of activities of protein tyrosine kinases functionalized moieties to a nonhydrolyzable pTyr mimetic.”
(PTKs) and protein tyrosine phosphatases (PTPs), is linked to Application of this strategy has enabled the development of a
numerous human diseases and offers enormous opportunities number of small molecule PTP probes.'® Unfortunately, most
for therapeutic intervention. The success for such targeted existing pTyr mimetic-containing PTP inhibitors lack appro-
approach has been well established by the more than two-dozen priate cellular efficacy, which represents a major obstacle in
PTK inhibitors already used in clinic.' However, acquired developing PTP-based therapeutics. Consequently, there is
resistance to PTK inhibitors limit durable responses. Therefore, continued interest in identifying novel pTyr mimetics with
there is great potential to modulate disease progression at the more acceptable pharmacological properties.

level of PTPs. To this end, the Src homology 2 (SH2) domain To address the bioavailability issue, we sought to explore the
containing PTP2 (SHP2), encoded by the PTPNI11 gene, is a existing drug space for previously unknown PTP inhibitory
positive signal transducer, required for most receptor PTK- scaffolds. Since known drugs are already used in humans with
mediated Ras/ERK1/2 activation.”> In addition, considerable acceptable pharmacokinetic features and tolerable side effects,
evidence indicates that SHP2 is a bona fide oncoprotein as such a strategy may supply promising starting points for PTP-
activating SHP2 mutations are found in leukemia and solid based drug development To this end, we screened the Johns
tumors.” Moreover, given the obligatory requirement of SHP2 Hopkins Drug Library'' and identified cefsulodin (Figure 1A),
in growth factor-mediated pathways, thwarting SHP2 activity a third generation f-lactam antibiotic, as a reversible and
may also prove effective for cancers caused by abnormal competitive SHP2 inhibitor with an ICy, value of 16.8 + 2.0

activation of receptor PTKs, some of which respond poorly to :“M and a I_<i of 6.6 + 0'? uM (Figures 'Sl'—S3, and more details
kinase inhibitor monotherapy. Hence there is strong interest in n Supportlng Infermahnn). Cefsulod1n is also quite selective
developlng small molecule SHP2 inhibitors as novel anticancer for SHP2, displaying, with one exception of SHP1, >10-fold

agents

However, the conserved PTP active site (ie, pTyr-binding Received: March 17, 2015
pocket)” makes it difficult to develop isozyme-specific Accepted: June 8, 2015
inhibitors. One useful paradigm for the design of potent and Published: June 8, 2015
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Figure 1. Crystal structure of SHP2 with cefsulodin derived
compound 1 identifies SPAA as a novel pTyr mimetic. (A) Structure
of cefsulodin. (B) Structure and electron density of compound 1
bound at SHP2 active site. (C) Under crystallization conditions, the
bound compound 1 (cyan) is covalently attached to C318 in a flexible
loop (blue) from a nearby symmetric SHP2. (D) Interaction details of
compound 1 (cyan) with SHP2. Residues within S A distance of
compound 1 were shown in stick (gray). H-bonds or water-bridged H-
bonds between compound 1 and SHP2 were indicated by dash line.
Four loops forming SHP2 active site pocket were highlighted in red or
magenta. A PTP1B-pTyr-peptide structure (PDB#: 1EE0) was
superimposed onto the SHP2-1 structure, and the bound pTyr
(blue) was found to overlap well with SPAA.

select1v1ty against all PTPs examined (Table 1). As reported
before,'” cefsulodin also exhibits inhibitory activity against
PTP1B, although with much less potency compared to SHP2
(Table 1).

To define the molecular basis of SHP2 inhibition by
cefsulodin and to guide the design of cefsulodin-based SHP2
inhibitors, we determined the crystal structure of SHP2 in
complex with cefsulodin at 1.6 A resolution (PDB#: 4RDD).
Data collection and structure refinement statistics are
summarized in Table S1. Unexpectedly, compound 1, but not
cefsulodin, was unambiguously identified in the SHP2 active
site (Figure 1B). Detailed structural, kinetic, and mass
spectrometry analyses suggest that, upon binding of cefsulodin
to SHP2 in the crystalline state, a covalent adduct was formed
between 1 and SHP2 due to displacement of the
isonicotinamide tail in cefsulodin by C318 from a nearby
symmetry-related SHP2 molecule, followed by hydrolysis of the
f-lactam ring (Figure 1C; Figures $4—S6, and more details on
Page 7 in Supporting Information).

The crystal structure of the SHP2-1 complex (Figure 1D)
showed that the sulfonic acid is in close proximity to the
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Table 1. ICy, Values (uM) of Cefsulodin and SPAA Derived
SHP2 Inhibitors against a Panel of PTPs

enzyme cefsulodin 2 3 4
SHP2 16.8 + 2.0 15+ 0.1 14 + 0.04 2.3 + 0.04
SHP1 21.0 + 3.0 73+ 13 48 = 1.1 6.0 + 0.02
PTP1B 190 + 18 93 +£20 3.0 £ 0.06 7.0 £ 1.0
LYP >200 >S50 >50 >50
HePTP 250 + 20 >50 >50 >50
Meg2 350 + 20 >50 >50 >50
PTPa >200 >50 >50 >50
PTPp >200 >S50 >50 >50
PTPe >200 >50 >50 >50
PTPy >200 >S50 >S50 >S50
PTPu >200 >50 >50 >50
LAR >200 >S50 >S50 >S50
VHR >200 >50 >50 >50
CDCI14A 300 = S0 >50 >50 >50
LMWPTP >200 >S50 >50 >50
PPS >200 >50 >50 >50

catalytic P-loop and forms multiple hydrogen bonds with the
backbone amides of S460, A461, 1463, G464, and R465, as well
as two water-mediated hydrogen bonds with the R465 and
K366 side chains. The a-benzene ring is located within a
hydrophobic pocket constituted by A461, 1463, 1282, and Y279,
which normally functions to recognize and stabilize the tyrosine
ring of PTP substrates during catalysis. Superimposition of the
SHP2-1 structure with a previously reported PTP1B-pTyr-
peptide structure'® revealed that the sulfophenyl acetic amide
(SPAA) motif overlaps very well with pTyr in the
phosphopeptide (Figure 1D). In addition, the carboxylic acid
derived from the f-lactam ring opening makes multiple water
bridged polar interactions with W423 and G427 in the WPD
loop as well as T507 and Q510 in the Q-loop.

The observed mode of interaction between SHP2 and 1 as
well as structural comparison with the PTP1B-pTyr-peptide
complex identify SPAA as a unique pTyr mimetic (Figure 2A),

A

SPAA as novel p-Tyr mimetic

Diversity introduced on the same side of benzene :
: . F
iSO F2PMP: R
sean: () /o
H N x
H H
: (o) %R Sulfamic acid: RN\

Figure 2. SPAA is a novel pTyr mimetic. (A) The distinctive feature of
SPAA as a novel pTyr mimetic. (B) Structures and common feature of
representative classic pTyr mimetics.
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which could be employed for the design of novel sulfonic acid
based PTP inhibitors. Unlike classical pTyr mimetics
phosphonodifluoromethyl phenylalanine (F,Pmp) and sulfamic
acid (Figure 2B), in which the peripheral site binding groups
are usually placed opposite to the acid moieties on the benzene
ring, the novelty of SPAA is that it allows molecular diversity to
be introduced from the same side of the benzene ring where
the sulfonic acid resides (Figure 2A), thereby enabling
exploration of previously uncharted binding pockets outside
of the PTP active site.

To demonstrate the utility of SPAA for PTP inhibitor
development, we prepared SPAA fragment-based focused
libraries using appropriately functionalized linkers to introduce
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structural diversity (Figure 3A). As a proof-of-concept, four
focused libraries were designed, in which a benzene ring was
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Figure 3. Design and synthesis of SPAA-based SHP2 inhibitors. (A)
The structure-guided and fragment-based design. (B) The structures
of the top three hits (2 to 4) and a negative control (5).

chosen as the linker and amide bond formation served as a
vehicle for structural diversification. Lib-1 to Lib-4 were key
precursors incorporating SPAA and linkers, and the libraries
were synthesized by coupling the available carboxylic acid on
the oxalyl moiety (Figure 3A) with a set of 192 amines (Figure
S7) that differ in size, charge, lipophilicity, and other drug-like
properties to afford a total of 768 compounds. Lib-1 and Lib-2
differed by the position on the benzene ring the oxalic acid is
attached to, while Lib-3 and Lib-4 were designed to explore
flexibility on either side of the benzene linker. The libraries
were assembled directly in 96-well plates by standard HBTU
amide coupling chemistry and screened at both ~10 and ~1
UM against SHP2.

The top three hits (compounds 2 to 4, Figure 3B) were
resynthesized and purified, and their ICsys for SHP2 were
determined. Although precursors Lib-1 to Lib-4 showed no
inhibitory activity against SHP2 at 50 yM, compounds 2 to 4
exhibited ICys in the range of 1.4—2.3 uM (Table 1), which
are 7—12-fold more potent than that of cefsulodin. Interest-
ingly, compounds 2 to 4 are all from Lib-1, with the oxalic acid
handle located at the para position of the benzene linker,
indicating that the orientation of the added diversity fragments
is important. In addition, compounds 2 to 4 have either biaryl
or single aryl group with bulky substituents at the terminal
position, highlighting a clear preference for lipophilic moieties.
This observation is supported by the substantial loss of activity
for compound § (ICs, > S0 #uM), which has a single benzene at
the terminal position. Selectivity profiling against a large panel
of human PTPs showed that compound 2 exhibits at least
several-fold selectivity against all PTPs tested, including the
closest homologous protein, SHP1 (Table 1). Kinetic analysis
revealed that compound 2 is a reversible and competitive
inhibitor of SHP2 with a K| value of 0.51 + 0.03 M (Figure 4),
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consistent with the expectation that the SPAA moiety binds the
PTP active site.
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Figure 4. Lineweaver—Burk plot for compound 2-mediated inhibition
of SHP2 catalyzed hydrolysis of para-nitrophenyl phosphate.
Compound 2 concentrations were 0 (@), 025 (O), 0.5 (¥), and
0.75 (V) uM, respectively.

Given the observed potency and selectivity toward SHP2 by
the SPAA-based inhibitors, we evaluated their ability to inhibit
SHP2-dependent cell signaling and proliferation. Previous
studies showed that SHP2 is required for growth of a patient
derived nonsmall cell lung cancer (NSCLC) cell line H1975, 1
which expresses the secondary gatekeeper T790M/L858R
double-mutations in epidermal growth factor receptor
(EGFR), rendering the cells resistant to EGFR inhibitors
gefitinib and erlotinib.’® As shown in Figure SA, compounds
2—4 were able to reduce H1975 cell proliferation in a dose-
dependent manner, while compound § was ineffective as
expected, given that it has no inhibition against SHP2 at 50 uM.
Similar results were also obtained with human breast cancer cell
line MDA-MB-231 (Figure SB). Thus, compound 2 appeared
to be the most efficacious among this series, and it was selected
for further mechanistic study.

Since SHP2 phosphatase activity is required for the full
activation of the Ras-ERK1/2 pathway,” we assessed the effect
of 2 on EGF-induced ERK1/2 activation in H1975 cells. As
expected, 2 effectively reduced the EGF-induced ERK1/2
phosphorylation in a dose-dependent manner (Figure SC), but
the structurally related inactive compound $ had no appreciable
effect on pERK1/2 level (Figure SD). Importantly, compound
2 increased the phosphorylatlon level of Y118 in paxillin, which
is a substrate for SHP2,'® while 5 had no effect on paxillin
phosphorylation (Figure SD). To provide further evidence that
the observed cellular effect of 2 is SHP2 dependent, we
examined the effect of 2 on PMA (phorbol 12-myristate 13-
acetate)-induced ERK1/2 activation, which is SHP2 independ-
ent,'” and instead involve activation of protein kinase C and
Raf'® in a Ras-independent manner.'® Thus, SHP2 inhibitors
would not be expected to affect PMA-induced ERK1/2
phosphorylation. Indeed, compound 2 had no effect on
PMA-induced ERK1/2 phosphorylation (Figure 4E). Taken
together, the results indicate that 2 specifically inhibits SHP2-
mediated cellular signaling events.
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Figure 5. Cellular activity of SPAA-based SHP2 inhibitors. MTT assay
for compounds 2 to § in H1975 lung cancer cell line (A) or in MDA-
MB-231 breast cancer cell line (B). Compounds 2—4 significantly
(**p < 0.01) reduced cell proliferation in a dose-dependent manner in
both cell lines. (C) Compound 2 decreased the EGF-induced ERK1/2
activation dose dependently in H1975 cell. (D) Compound 2 blocked
EGF-induced ERK1/2 activation and SHP2-mediated dephosphor-
ylation of paxillin, while the negative control compound $ failed to
exert any effect on ERK1/2 and paxillin phosphorylation. (E)
Compound 2 had no effect on PMA-induced ERK1/2 activation.
(F) Compound 2 inhibited the growth of the ErbB2 positive SKBR3
cells in 3D Matrigel. (G) Compound 2 inhibited ERK1/2 activation in
SKBR3 cells cultured in a 3D Matrigel environment. The results
shown in this figure are representatives from at least two independent
experiments, and the numbers below the gels are presented as mean +
SD. The quantification and normalization were performed as follows:
band intensity was quantified using the Image] program, and the ratios
of pERK1/2/total ERK1/2 or pPaxillin(Y118)/total Paxillin were
calculated and normalized to the reference.

Finally, we evaluated the effect of SHP2 inhibition by 2 on
the growth of SKBR3 cells in Matrigel. SKBR3 cells are an
ErbB2 positive breast cancer cell line that when grown in
Matrigel more accurately reflect the features of human tumors
than when grown on plastic.”® These cells through upregulation
of ErbB2 strongly activate Ras, which promotes ERK1/2
signaling when grown in Matrigel.21 As shown in Figure SE,G,
SKBR3 cells formed tumor-like growths in Matrigel treated
with vehicle, but their growth was dose dependently inhibited
by 2. Further, while both control and 2 treated cells showed
equivalent levels of total ERK1/2, their levels of phosphor-
ylation were concordantly inhibited by increasing concen-
trations of 2. Taken together, the results showed that

785

compound 2 can specifically inhibit SHP2-mediated signaling
events and the growth of H1975 lung cancer cells, MDA-MB-
231, and ErbB2 positive SKBR3 breast cancer cells.

In summary, we describe a novel strategy for the discovery of
PTP inhibitors by exploring the existing drug space. In contrast
to the traditional approach to drug regurgosing, which entails
identifying new uses for existing drugs, 223 this study illustrates
another path for drug repurposing, namely, by identifying a
successful pharmacophore from an existing drug that could be
further elaborated and refined for novel therapeutic targets. By
screening a large FDA-approved drug collection we discovered
that cefsulodin, a third generation p-lactam cephalosporin
antibiotic, exhibits SHP2 inhibitory activity. X-ray crystallog-
raphy study and structural analyses identify SPAA as a novel
nonhydrolyzable pTyr mimetic that enables molecular diversity
to be introduced from the same side of the benzene ring where
the sulfonic acid resides to capture interactions with previously
uncharted regions around the PTP active site. To demonstrate
the utility of SPAA as a pTyr mimetic, we employed a structure-
guided and fragment-based approach that led to the discovery
of several SPAA-containing SHP2 inhibitors with IC, in the
low micromolar range and several-fold selectivity over a panel
of human PTPs. Notably, these inhibitors blocked SHP2-
mediated signaling and exhibit excellent antiproliferative activity
in several cancer cell lines, demonstrating the utility of
exploring the existing drug space for the development of PTP
inhibitors with favorable pharmacological properties. More
importantly, SPAA may serve as a versatile scaffold to develop
selective and bioavailable inhibitors for other members of the
PTP family.
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Characterization of SHP2 inhibition by cefsulodin; stability
study of cefsulodin under various conditions; detailed structure
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