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Abstract

SHP?2 is a phosphatase/adaptor protein that plays an important role in various signaling pathways.
Its mutations are associated with cancers and developmental diseases. SHP2 contains a protein
tyrosine phosphatase (PTP) and two SH2 domains. Selective inhibition of these domains has been
challenging due to the multitude of homologous proteins in the proteome. Here, we developed a
monobody, synthetic binding protein, that bound to and inhibited the SHP2 PTP domain. It was
selective to SHP2 PTP over close homologs. A crystal structure of the monobody-PTP complex
revealed that the monobody bound both highly conserved residues in the active site and less
conserved residues in the periphery, rationalizing its high selectivity. Its epitope overlapped with
the interface between the PTP and N-terminal SH2 domains that is formed in auto-inhibited SHP2.
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By using the monobody as a probe for the accessibility of the PTP active site, we developed a
simple, nonenzymatic assay for the allosteric regulation of SHP2. The assay showed that, in the
absence of an activating phospho-Tyr ligand, wild-type SHP2 and the “PTP-dead” C459E mutant
were predominantly in the closed state in which the PTP active site is inaccessible, whereas

the E76K and C459S mutants were in the open, active state. It also revealed that previously
developed monobodies to the SH2 domains, ligands lacking a phospho-Tyr, weakly favored

the open state. These results provide corroboration for a conformational equilibrium underlying
allosteric regulation of SHP2, provide powerful tools for characterizing and controlling SHP2
functions, and inform drug discovery against SHP2.

Keywords
synthetic binding protein; drug discovery; allostery; protein engineering

The Src-homology 2 (SH2) domain-containing phosphatase 2 (SHP2) is important for a
variety of cellular processes, including cell growth, differentiation, and migration.12 In
particular, SHP2 is required for full activation and sustained signaling of extra-cellular-
regulated kinases (ERKS) via receptor tyrosine kinase pathways.3-6 Furthermore, mutations
in SHP2 are strongly associated with childhood hematological malignancies such as juvenile
myelomonocytic leukemia, and developmental disorders such as Noonan syndrome’ and
LEOPARD (Lentigines, Electrocardiogram abnormalities, Ocular hypertelorism, Pulmonic
stenosis, Abnormalities of genitalia, Retardation of growth, and Deafness) syndrome.8-2
Consequently, SHP2 inhibitors are being developed as anti-cancer therapeutics both for
monotherapy and combination therapies.1-17 The precise mechanisms of how SHP2
contributes to signaling and human disease are still incompletely understood. To better
understand these mechanisms, generating specific inhibitors and activators towards SHP2
would greatly aid investigation of SHP2 function.

SHP2 comprises two SH2 domains, termed N-SH2 and C-SH2, respectively, a protein
tyrosine phosphatase (PTP) domain, and a C-terminal disordered region containing multiple
phosphorylation sites (Figure 1(a)). Selectively targeting these domains, as well as other
modular domain families, with small molecule inhibitors has been challenging due to the
presence of highly homologous members in the SH2 and PTP families. The SH2 family
contains 121 members,18 and the classical PTP family to which SHP2 belongs contains 41
members.19

The catalytic activity of the SHP2 PTP domain is important for ERK activation. Mutations
that impair catalytic activity in the PTP domain of SHP2 block ERK activation in response
to insulin,2%:21 and are associated with LEOPARD syndrome.?2 However, what critical
substrates SHP2 needs to dephosphorylate in order to elicit these effects remain a mystery.
To our knowledge, no small molecule inhibitors that target exclusively the PTP domain
discriminate SHP2 and its close homolog, SHP1, by more than 10-fold.23-26 Developing
inhibitors that selectively target the PTP domain will help identify critical substrates of
SHP2 and delineate the role of the PTP domain for SHP2 signaling versus its SH2 domains.
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Because of extreme challenges in developing small molecule inhibitors against members
of modular domain families, we and others have utilized synthetic binding proteins as
“tool biologics”.27:28 We previously developed monobodies, synthetic binding proteins
based on a human fibronectin type 111 (FN3) domain,27+29:30 that selectively recognized
either the N-SH2 or C-SH2 domain of SHP2 in the context of the human proteome.3!
Unlike conventional antibodies, which rely on disulfide formation for proper folding and
function, the monobody scaffold contains no cysteines, making monobodies ideally suited
as genetically encoded intracellular reagents. In addition to SHP2 SH2 domains, we have
successfully developed monobodies that are exquisitely selective, including those selective
to oncogenic RAS mutants.32 The need for a specific inhibitor for the PTP domain of
SHP2 maotivated us to generate highly specific monobodies directed towards the SHP2 PTP
domain.

Structural and biochemical studies have defined the framework of the allosteric regulation
of SHP2 functions in which the PTP domain is auto-inhibited by the N-SH2 domain in

the basal state.3334 Binding of phosphotyrosine (pY)-containing peptides to the N-SH2
domain relieves this auto-inhibitory mechanism and shifts the enzyme to the open, active
conformation.3®> Many disease-associated mutations of SHP2 are known or expected to alter
the open-closed equilibrium. The most successful inhibitors of SHP2 have exploited this
regulatory mechanism. They bind to the interface between the SH2 domains and PTP, which
is not highly conserved among SHP2 homologs, and stabilize the closed conformation.10
Although the open-closed equilibrium of SHP2 can be monitored by measuring its PTP
activity or directly monitoring the conformation by NMR spectroscopy, a simpler assay can
accelerate mechanistic studies and drug discovery.

Here we describe new monobodies highly specific to SHP2 versus the closely related PTP
domains of SHP1 and PTP1B. A crystal structure of a monobody—PTP complex defines
the mechanism of inhibition and provides rationale for its high selectivity. We developed
a simple, nonenzymatic assay using these monobodies to monitor the conformational
equilibrium of SHP2, and characterized effects of mutations and ligands.

Potent and selective monobody inhibitors of the PTP domain of SHP2

Using established methods that combine phage display and yeast surface display, we
developed two monobodies that bound to the SHP2 PTP domain (Figure 1(b) and (c)).

In order to enrich highly specific monobodies, we combined positive and negative library
sorting in the yeast display phase. In the first and third rounds of library sorting, we
enriched clones that bound to the SHP2 PTP target, whereas in the second round we
enriched clones that marginally bound to the homologous PTP domains of SHP1 and
PTP1B. Although we used two monobody libraries of distinct designs, one in which amino
acid diversities were localized in three loops and the other in which a beta-sheet surface
and two loops were diversified,3¢ both monobody clones originated from the “loop” library.
Mb(SHP2PTP_11) and Mb(SHP2PTP_13) have distinct sequences in the diversified loops.
Hereafter, we will refer to these monobodies as Mb11 and Mb13 for brevity. Mb11 and
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Mb13 competed against each other for binding SHP2(E76K), indicating that they bind to
overlapping epitopes in SHP2 PTP (Figure 1(d)).

Binding measurements using biolayer interferometry (BLI) showed that Mb11 and Mb13
bound to SHP2 PTP with Kp values of 2.7 and 2.4 nM, respectively (Figure 1(e)). They

also respectively bound to the PTP domains of SHP1 40 and 120-fold more weakly, and
exhibited no detectable binding to PTP1B PTP at 250 nM (Figure 1(e)). These differences in
Kp are mainly manifested in differences in the dissociation rate constant, Ay (Supplementary
Table 1), consistent with common observations that &y dictates affinity in protein—protein
interactions, particularly among closely related proteins.37:38 Together, these monobodies
have high affinity and high specificity toward the SHP2 PTP domain.

Mb11 exhibited much weaker binding to PTP (C459S), a mutation of an active-site

residue, whereas Mb13 bound more tightly. These results suggest that, although these two
monobodies bound to an overlapping epitope in SHP2-PTP, they interact with different parts
of the PTP active site.

We next tested whether these monobodies inhibited the activity of the PTP domain, using
purified monobody protein samples and paranitrophenyl phosphate (pNPP) as a substrate. At
SHP2 PTP and monobody concentrations of 0.5 and 1.0 uM, conditions in which we can
achieve sufficient assay sensitivity and near saturation of PTP with a monobody estimated
from their Kp values, both monobodies completely inhibited the PTP activity (Figure

1(f)). The monobodies showed partial inhibition of SHP1 PTP, consistent with their lower
affinity to the PTP domain of SHP1. In addition, the small molecule inhibitor of SHP2,
cryptotanshinone, that binds to the active site pocket of the PTP domain?® inhibited binding
of Mb13 to SHP2 (Supplementary Figure 1), further supporting that Mb13 binds the PTP
catalytic site. These results indicate Mb11 and Mb13 to be potent and specific inhibitors of
SHP2 PTP.

Crystal structure of the SHP2 PTP-Mb13 complex

To elucidate the mechanism of inhibition and the structural basis for the high specificity, we
determined the crystal structure of the SHP2 PTP—Mb13 complex at 2.4 A resolution (Table
1). There are two SHP2 PTP/Mb13 complexes in the asymmetric unit (Supplementary
Figure 2(a)). The two copies of the monobody form extensive crystal contacts via an
extended intermolecular p-sheet involving B-strand A and the N-terminal tail. This mode of
crystal contact has been seen in B-rich proteins such as monobodies and nanobodies.27:39:40
The overall folds of the PTP domain of SHP2 and Mb13 are also similar to previously
determined structures (C® rmsd < 0.5 A for both the PTP domain and the monobody,
excluding the diversified loops for the monobody).31:33 The interface between the two
complexes within the asymmetric unit are essentially equivalent, involving essentially the
same set of residues, although the buried surface area values are substantially different due
to conformational differences at the interface periphery (Table 1; Supplementary Table 2;
Supplementary Figure 2(b)). We chose complex 1 consisting of chains A and B for the
following analysis, because complex 1 contained fewer disordered residues than complex 2.
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The monobody is situated directly over the active site of the PTP domain (Figure 2(a)),
strongly suggesting that Mb13 primarily acts as a competitive inhibitor that blocks the
access of substrates to the active site. The epitope of SHP2 PTP for Mb13 is not centered
over the active site. Rather, Mb13 primarily interacts with a shallow pocket adjacent to the
deep active site pocket (Figure 2(b)). The location of the Mb13 epitope is similar to the
interface between the PTP and N-SH2 domains in the full-length SHP2 structure (Figure
2(c)).33 For brevity, we will refer to the N-SH2-binding surface of PTP as the epitope for
N-SH2. The epitopes of SHP2 PTP for Mb13 and N-SH2 are similar in size (750 A and 900
A2 buried surface area, respectively) (Figure 2(b) and (c)). These observations suggest that
binding of Mb13 and N-SH2 to SHP2 PTP is mutually exclusive (see the next section for
evidence supporting this view). Although they bind to similar surfaces, Mb13 and N-SH2
show little similarity in the use of secondary structure elements or amino acid chemistries
(Figure 2(b) and (c)). Therefore, Mb13 shows no signs of mimicry of the PTP-binding
interface of N-SH2, and rather it defines a distinct mode of recognizing this surface, as we
have seen in other monobody-target complexes.39

The SHP2 PTP/Mb13 interface buries approximately 750 A2, which is comparable to other
monobody/target complexes.30:31:39.41 The BC, DE, and FG loops of Mb13 provide almost
all of the buried surface area, burying approximately 350, 50, and 350 A2, respectively.

Out of the 20 residues diversified in the monobody library, 12 are located in the interface,
indicating a good match between the observed interface and the library design (Figure 2(a)
and (b)). The structure also supports the general trend that monobodies bind functional sites
of proteins even though they are selected in an unbiased manner regarding their epitopes, or
where within the target protein they should bind.3%

The PTP active site contains clear electron density, which we assigned as a citrate anion
(Supplementary Figure 2(c)), a component of the crystallization solution. An addition of
citrate did not substantially change the affinity of Mb13 to SHP2 PTP (Supplementary
Figure 2(d)), suggesting that the citrate ion does not play a crucial role in the interaction
between Mb13 and the PTP domain.

We also observed electron density that suggested the presence of a disulfide bond between
the side chain of active site C459 and that of nearby C367 (Supplementary Figure 2(c)).

The electron density is consistent with partial occupancies as a mixture of reduced and
disulfide forms. Another nearby cysteine residue, C333, was predominately reduced. This
structure is similar to the oxidized form of a mutant associated with Noonan syndrome,
SHP2(N308D),*2 and further supports that C367 is the “backdoor” cysteine that forms
disulfide bonding with the active site cysteine in WT SHP2.43 Our crystal structure therefore
provides direct structural-based evidence for one state anticipated from this mechanism. It is
unlikely that the disulfide bond between C459 and C367 is necessary for Mb13 binding,
because binding measurements were performed using buffers with fresh DTT, which

should minimize disulfide formation and because the monobody bound SHP2 PTP(C459S)
(Figure 1(e)). Interestingly, oxidation of SHP2 PTP with H,0, reduced Mb13 binding and
subsequent reduction with DTT, following established procedures,*2:44 restored the binding
(Supplementary Figure 2(e)), with an accompanying change primarily in &; (Supplementary
Table 2). This change in & suggests a model in which oxidation stabilizes the PTP
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conformation that is less favorable for Mb13 binding. However, as the PTP domain contains
a total of five Cys residues that could be oxidized, the mechanism of this oxidation-mediated
inhibition will be elucidated in future studies.

We speculated that because Mb13 is distinctly different from a substrate of SHP2 PTP,

i.e., a linear peptide harboring a pY moiety, the Mb13 complex might capture a novel
conformation of the SHP2 PTP active site. However, the PTP active site showed minimal
differences from previously reported, “WPD-out” conformation, in which the WPD loop is
situated distant from the catalytic site (Figure 2(d)).33:3445

The SHP2 PTP-Mb13 interface provides a rationale for the high specificity of Mb13 for
SHP2 and against PTP1B. Seventeen of the 32 residues within the Mb13 epitope, defined as
those within 5 A of Mb13 atoms, are different in PTP1B PTP (Figure 2(g)). In particular,
S502 in SHP2 corresponds to M258 in PTP1B. This difference would cause a steric clash
with W77 of Mb13, rationalizing why Mb13 exhibits no detectable binding to PTP1B. In
contrast, a similar comparison with SHP1 revealed that the epitope for Mb13 is highly
conserved between SHP2 and SHP1. Out of the 32 residues in the Mb13 epitope, only five
are different between SHP2 and SHP1, and these differences lie along the periphery of the
PTP—-Mb13 interface (Figure 2 (f)). Unlike the PTP1B case, we did not find a SHP1 residue
that would clearly disrupt the Mb13-SHP1 interaction. Three of the five residues that differ
between SHP2 and SHP1 and are located in the Mb13 epitope, Q256, C259 and L261,
contribute a total of ~ 100 A2 of buries surface area (Supplementary Table 2), suggesting
that these differences are likely to be important for the discrimination of SHP2 and SHP1

by Mb13. We speculate that Mb13 discriminates SHP2 from SHP1 by recognizing subtle
conformational differences caused collectively by these residues and/or by residues in the
so-called second shell, i.e., those that do not directly contact Mb13. Future research utilizing
systematic mutagenesis will define the basis for the high specificity of Mb13 that can
discriminate the nearly identical surfaces between SHP1 and SHP2 PTPs.

PTP active-site accessibility using a monobody

The overlap between the Mb13 epitope and the N-SH2 epitope (Figure 2(b) and (c))
suggests mutually exclusive binding of N-SH2 and Mb13 to the PTP domain. This in turn
suggests that we can use Mb13 as a probe for assessing the accessibility of the PTP active
site in the full-length SHP2 protein (Figure 3(a)). Indeed, the Kp of Mb13 to full-length
SHP2 was 130 nM, much weaker than to the isolated PTP domain, as measured using BLI
(Figure 3(b)). Also, the association rate constant, &z, was much reduced by 40-fold relative
to the k; for the Mb13-PTP interaction, whereas the dissociation rate constant, &y, was
similar (Supplementary Table 1). The crystal structure of the SHP2 PTP-Mb13 complex
suggests that the presence of the C-SH2 domain in SHP2AN -SH2 minimally affects the
PTP-Mb13 interaction (Figure 2(g)). Mb13 bound to SHP2 that lacked the N-SH2, SHP2AN
-SH2, with affinity similar to PTP alone (Kp = 7 nM; Figure 3(b)) and also with similar
kinetic parameters. These results strongly support the need to displace the N-SH2 domain in
full-length SHP2 for Mb13 to bind to SHP2 PTP, which in turn supports the capability of
the assay with Mb13 to probe the accessibility of SHP2 PTP. In a simple, two-state model in
which full-length SHP2 is assumed to exist in either the open or closed state, and the closed
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state has no affinity to Mb13, the equilibrium constant for the open-closed transition, Kz, is
expressed as:

FL
Kp

K= PTP
Ky

where K§" is the Kp of Mb13 to the full-length SHP2 protein, and K™ is the Kp to the
isolated PTP. Accordingly, the Kgq for wild-type SHP2 was 54. This number is consistent
with that estimated using a PTP activity assay and NMR spectroscopy (see the next
section).34:46

We next evaluated the active-site accessibility of SHP2 mutants using an assay with the
monobody probe. SHP2(E76K) is a mutation within N-SH2 that is associated with Noonan
syndrome. It disrupts the interaction between N-SH2 and PTP domains and thus opens and
activates SHP2.46 The Kp value of the SHP2(E76K)-Mb13 interaction was 5.7 nM (Figure
3(c)), corresponding to Kgq of 2.4. The difference in Kgq between WT and SHP2 (E76K),
23, is in an excellent agreement with the value estimated from an activity assay and NMR
spectroscopy, 2334 but smaller than an earlier estimate from a PTP activity assay, 555.46

Next, we examined a “PTP-dead” C459S mutant that is commonly used to test the role of
the PTP activity in SHP2-dependent cellular functions. Clearly, a PTP activity assay cannot
be applied to this mutant. C459S exhibited high affinity to Mb13, with a Kp value of 1.2
nM (Figure 3(c)), comparable to E76K. With the Kp value of Mb13-PTP(C459S), 0.75
nM, Kgq for SHP2(C459S) was 1.6, indicating that it is nearly fully open, consistent with
previous NMR studies.3* The kinetic parameters for SHP2(E76K) and SHP2(C459S) were
also similar to those for the Mb13-SHP2 WT PTP interaction (Supplementary Table 1),
further supporting this interpretation.

Another PTP-dead mutant, C459E, was reported to be in the closed state, unlike the C459S
mutant, by Padua et al.3* Indeed, the affinity of Mb13 to the C459E mutant was low, with
the Kp value of 210 nM and a reduced &; value (Figure 3(c) and Supplementary Table 1).
We excluded the possibility that the C459E mutation disrupted the binding of Mb13 (see
the next section). Thus, our results provide independent support for the proposal by Padua
et al. that the C459E mutation abrogates PTP activity with minimal perturbation of the
conformational equilibrium of SHP2.

In addition, we examined the effect of adding an N-terminal tag to SHP2. N-terminal
tagging is a common approach used for biochemical and cellular studies of SHP2.
Interestingly, we saw a small but substantial change in the affinity of N-terminally tagged
SHP2 to Mb13 (Figure 3(b)). This reduction of Kp is primarily due to the reduction of &y
(Supplementary Table 1), suggesting that this tag affected the dissociation of the complex.
Because the N-terminus can be located near the interface between the monobody and PTP
domains (Figure 3(a)), perhaps it is not surprising that an N-terminal tag can influence the
monobodySHP2 interaction. Nevertheless, these results offer a cautionary note as to the use
of tagged SHP2 molecules.

J Mol Biol. Author manuscript; available in PMC 2023 April 15.
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Assessment of SHP2 regulation with ligands

Binding of pY ligands to the N-SH2 domains weakens the interaction between the N-SH2
and PTP domains and thereby shifts the open-closed equilibrium toward the open state.47:48
We characterized this activation reaction using our assay with the Mb13 probe. An addition
of a nearly saturating concentration (300 nM with respect to Kp = 24 nM)3! of a tandem
pY peptide, a peptide corresponding to residues of GAB2 containing two pY residues,
dramatically increased the affinity of Mb13 to SHP2 (Figure 3(d)). Consistent with our
expectation that the pY peptide can be hydrolyzed by the PTP activity of SHP2, we observed
a loss of the activation effect in a second set of the measurements, except for the PTP-dead,
C459S mutant (Supplementary Figure 3). These results confirm the allosteric activation

of SHP2 by pY peptides. The changes in the kinetic parameters upon addition of the pY
peptide occurred primarily in &, (Supplementary Table 1), which is consistent with a model
that the peptide addition changes the accessibility of the Mb13-binding site and has no
effects on the dissociation of Mb13 from the complex once formed.

The addition of the tandem pY peptide only marginally changed Mb13 binding to SHP2AN
- SH2, but it enhanced Mb13 binding to SHP2 (E76K) and SHP2(C459S), although slightly
(Figure 3(d)). In contrast to SHP2(C459S), SHP2 (C459E) exhibited strong enhancement
with the addition of the pY peptide, further supporting that SHP2(C459E) is in the closed
conformation in the absence of a pY peptide.

Next, we tested the effects of SHP099, a small molecule inhibitor that binds to the interface
between the SH2 domains and the PTP domain and thereby stabilizes the closed form of
SHP2.10 SHP099 reduced the affinity of E76K and C459S to Mb13 but not to the level

of WT SHP2 in the absence of the inhibitor (Figure 4(a)), confirming the challenge of
inhibiting activating mutations with this class of allosteric inhibitors.34:49

We previously reported monobodies NSal and CS3 that respectively bind to the N-SH2

and C-SH2 domains of SHP2.31 They have high specificity to their respective target SH2
domains among human SH2 domains, and also have high affinity in spite of not containing

a pY moiety. Importantly, unlike pY ligands that show cross-reactivity to both SH2 domains,
NSal does not bind to C-SH2, and CS3 does not bind to N-SH2, allowing us to perturb the
two SH2 domains independently. We tested the effects of these monobodies using our assay
at saturating concentrations (Figure 4(b)). NSal increased the binding of Mb13 to WT SHP2
but had no effects on the two activated mutants. By contrast, CS3 enhanced the binding of
the SHP2 mutants to Mb13, to an extent similar to those observed with the GAB2 tandem
pY peptide. CS3 also enhanced the binding of WT SHP2 somewhat, but the binding was still
much weaker than the mutants or WT SHP2 in the presence of the pY ligand.

Assessment of SHP2 PTP accessibility in cells

Finally, we examined whether the monobody probes can be used to assess the conformation
of endogenous SHP2 in HEK?293 cells. Upon EGF stimulation, the level of phosphorylated
SHP2 was increased as expected, with a concomitant increase in the phosphorylated ERK
level, a marker for the activation of the RAS-MAPK signaling pathway (Supplementary
Figure 4). We captured SHP2 from cell lysates using Mb11 and Mb13, and detected
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using western blotting. Based on the characterization using a series of SHP2 mutants and
fragments described above, it is highly likely that these monobodies preferentially capture
SHP2 in the open state. Both Mb11 and Mb13 captured SHP2 (Figure 5(a)), indicating that
these monobodies are sufficiently selective to recognize endogenous SHP2 in the context of
cell lysates. EGF stimulation increased the amount of captured SHP2 by 3-fold with either
monobody, consistent with a model that the activation of the EGF pathway increased the
concentration of the open state of SHP2 that can be captured with the monobodies.

We also implemented a more rapid method for profiling the accessibility of SHP2 PTP by
the monobodies using bead-based capture and detection using flow cytometry.50:51 In this
method we captured SHP2 from lysates using Mb11 or Mb13 immobilized on magnetic
beads. After washing the beads, captured SHP2 was detected using an anti-SHP2 antibody
followed by a fluorescently labeled secondary antibody. We found that, although the flow
cytometry signals were linear with respect to the amount of lysates added to the beads,
there was substantial background signal (Supplementary Figure 5). Therefore, we used the
slope of the flow cytometry signal determined with 2, 5 and 10 mg lysates as the assay
readout, rather than the raw signal intensities at a single lysate amount, thereby eliminating
the contribution of the background signals. Using this assay, we determined that the level

of captured SHP2 increases by 2-fold upon EGF stimulation (Figure 5(b)), in agreement
with the results with monobody capture and Western blotting detection described above.

In addition, to determine the amount of total SHP2 in the lysates, we treated the lysates
with the GAB2 pY peptide prior to capturing with a monobody. This treatment dramatically
increased the signals by ~40-fold, and eliminated differences between samples with and
without EGF stimulation (Figure 5(b)). The enhancement in the captured SHP2 level after
EGF treatment but without the pY peptide addition (approximately 8-10; Figure 5 (b), left
panel) corresponds to ~1% of total SHP2 captured after the pY peptide treatment (750-900;
Figure 5(b), right panel), suggesting that only a small fraction of cellular SHP2 is in the state
that can be captured with the monobodies, even when the cells are strongly stimulated with a
growth factor.

Discussion

The monobody inhibitors described in this work achieve high levels of discrimination
between the PTP domains of SHP2 and SHP1 (Figure 1), despite targeting highly conserved
regions near the active site. These molecules represent additional examples of highly
selective monobodies directed to challenging intracellular targets.28 Such high selectivity
has thus far been unachievable with small molecules. Also, the Kp and 1Cgq values of

these monobodies are similar, if not more potent, than those reported for small molecules
against the isolated PTP domain (NSC-87877, 320 nM; PHPS4, 630 nM; 14a, 800 nM;

and cryptotanshinone, 22.5 pM).23-26 Whereas this study was focused on biochemical

and structural aspects, we envision that these monobodies, used as genetically encoded
intracellular biologics,28 will be uniquely powerful tools for dissecting the roles of SHP2 in
the cellular context.

PTP domains have been particularly challenging targets for small molecules due to the
chemical nature of the active site. The active site is highly charged and sensitive to
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redox, which consequently gives rise to highly charged compounds and “redox cycling
compounds”.52 By contrast, the paratope of Mb13 contains mostly neutral, aromatic amino
acid residues (Figure 2 (b)). This mode of inhibiting a PTP might be recapitulated using
macrocycles and peptidomimetics, modalities that are more amenable for making cell
permeable molecules than proteins.

The assay for the SHP2 conformational equilibrium that we developed here (Figure

3) complements previously reported ones.19:34 It is sensitive, uses small quantities of
samples, and does not rely on enzyme activity. Because Mb13 does not cross-react with
the SH2 domains, unlike pY-containing molecules, we envision that this assay has fewer
interferences. It should be useful for characterizing effects of SHP2 mutants on the
conformational equilibrium and screening for SHP2 inhibitors and activators.

Using this assay, we discovered that the two SH2-binding monobodies weakly favor the
open form of SHP2. In our original work,3! we were unable to determine whether these
monobodies activate SHP2, because of the low sensitivity of the PTP activity assay that

we employed. To our knowledge, there are no reported activators of SHP2 that do not
contain a pY moiety. This finding demonstrates the feasibility of developing a new class of
SHP2 regulators. The superposition of the N-SH2 domain in the auto-inhibited form of full-
length SHP2 and in the complex with NSal mono-body show conformational differences

in the regions of the N-SH2 domain that interact with the PTP domain (Supplementary
Figure 6). Because these regions in the NSal complex are involved in crystal contact, we
cannot exclude the possibility that the observed conformational differences do not exist

in solution. However, this observation suggests that NSal stabilizes a conformation of the
N-SH2 domain that reduces its affinity to the PTP domain, which leads to favoring the open
state. Based on the crystal structure of a monobody closely related to CS3, CS1, in complex
with the C-SH2 domain, CS3 should bind to an epitope of the C-SH2 domain that does not
present steric clashes. As such, it is unclear how CS3 preferentially stabilizes the open state.

The assay also showed that only a small fraction of WT SHP2 is in the open conformation
even when cells are strongly activated with a growth factor. In contrast, a pathological
mutant, SHP2(E76K), is uniformly in the open conformation. We envision that this
difference in the conformational equilibrium could be exploited to selectively degrade
disease-associated SHP2 mutants. Monobodies, including those targeting SHP2 SH2
domains, have been used as building blocks for selective “biodegraders”.33-56 Although
Mb11 or Mb13 is not selective to a specific mutation, they are selective to the open
conformation. As such, we speculate that one can build degraders selective to activating
mutants of SHP2. Clearly, selectivity to SHP2 PTP among all PTPs is important for such
applications, and these monobodies may already satisfy this requirement.

Methods

Protein expression and purification

Genes for SHP1 and PTP1B were amplified from plasmids obtained from the
PlasmID Repository at Harvard Medical School (catalog numbers, HsCD00376930 and
HsCDO00002513, respectively). The gene for SHP2 was kindly provided by Dr. Oliver
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Hantschel. Fragments containing the protein tyrosine phosphatase (PTP) domains of

SHP2 (residues 224-529, UniProt entry Q06124), SHP1 (residues 241-530, UniProt entry
P29350), and PTP1B (residues 2—-283, UniProt entry P18031) were produced by sticky-end
PCR and cloned in the pHBT vector.31 Monobody proteins and full-length SHP2 proteins
were also produced using the pHBT vector.

Proteins were produced in BL21(DE3) cells containing the pBirAcm plasmid (Avidity)

in the presence of 50 UM biotin for in vivo biotinylation. All proteins were purified

using Ni-Sepharose columns (Cytiva), and their apparent monodispersity was confirmed
using a Superdex 75 size-exclusion column (Cytiva). All PTPs were further purified by
size-exclusion on Superdex 75 before dialysis in TBS (50 mM Tris, 150 mM NacCl, pH 7.5)
and 1 mM DTT. For crystallization, phosphatase assay and BLI experiments, the affinity
tag for each protein was removed using the tobacco etch virus (TEV) protease and the
cleaved proteins were purified by passing through a Ni-Sepharose column. Full-length SHP2
and monobody proteins for BLI measurements were further purified using a Superdex 75
column. A GAB2 fragment (residues 605-650 according to UniProt Q9UQC?2) containing
Y614 and Y643 was produced as a fusion with yeast SUMO and phosphorylated using the
kinase domain of EphA3 as described previously.3!

Phage display and yeast surface display

The monobody libraries and selection methods have been previously described.39:36:57 The
target concentrations used for rounds 1, 2, 3, and 4 of phage display were 200 nM, 100 nM,
50 nM, and 20 nM, respectively. Phages were captured onto biotinylated targets immobilized
to streptavidin-coated magnetic beads (Streptavidin MagneSphere Para-magnetic Particles;
Promega, Z5481/2) and then eluted with 0.1 M Gly-HCI, pH 2.1. After gene shuffling
among phage clones within each enriched population,36 we performed three rounds of
library selection by yeast surface-display using a target concentration of 200 nM SHP2 PTP
in the first positive sorting round, 100 nM of SHP1 and 100 nM PTP1B in the second
negative sorting round, and 100 nM SHP2 PTP in the final positive sorting round. Yeast
surface displayed experiments were performed as described previously3® except that mouse
anti-V5 antibody (Thermo) and Dylight 650-conjugated goat anti-mouse 1gG (Thermo)
were used in place of equivalent reagents. Affinity maturation in yeast display format was
performed similarly to initial sorting experiments except binding reaction was done at 30 °C
in the presence of 200 pM DTT for 30 min before quenching with ice-cold BSS.

Competition binding assay for testing the specificity of monobodies was performed using
yeast surface display as follows. Approximately 10° yeast cells for each monobody clone
were incubated with a mixture of 100 nM biotinylated, cognate target and 3 uM competitor,
from which the biotinylation tag had been removed, in 20 pl BSS buffer (50 mM Tris—HCI,
150 mM NaCl, pH 8, 1 mg/ml bovine serum albumin (BSA) and 1 mM EDTA). After 30
min incubation on ice with shaking, the cell suspensions were transferred to the wells of a
96-well filter plate (MultiScreenHTS HV, 0.45 um pore size; Millipore), drained by vacuum,
and washed twice by 100 ul of BSST (BSS buffer containing 0.1% Tween 20). Next, 20 pl
of 10 pg/ml Dylight 650-conjugated to streptavidin (Thermo) in BSS was added to each of
the wells. After incubation on ice with shaking for 30 min, the cells were washed with BSST
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twice in the same manner described as above. The cells were finally suspended in 400 ul of
BSS and five thousand events were analyzed using a Guava EasyCyte 6/L flow cytometer
(Millipore). The experiment was performed in triplicate.

Cryptotanshinone inhibition

Cryptotanshinone was acquired from Sigma (C5624-5MG). 5 nM Mb13 monobody was
incubated with 20 pg/ml streptavidin-coupled Dynabeads M280 (Invitrogen) for 30 min on
ice in BSS buffer (50 mM Tris—HCI, 150 mM NaCl, pH 8, 1 mg/ml BSA, 1 mM DTT,

and 1 mM EDTA). The beads were then washed and blocked with 1 mM biotin for 30

min, followed by another wash and resuspension in BSS buffer. 200 nM SHP2 PTP was
pre-incubated with or without 100 UM cryptotanshinone for 30 min at 30 °C in BSS buffer.
Ten microliters of the Mb13-bead solution were then transferred to a well of a 96-well filter
plate (MultiScreenHTS HV, 0.45 um pore size; Millipore) and drained by vacuum. Twenty
ul of the SHP2 PTP mixture were then transferred to the wells of the filter plate containing
the drained beads and the plate was incubated at 30 °C with shaking for 30 min. The wells
were drained and washed twice with ice-cold BSST (BSS buffer containing 0.1% Tween
20). After draining, 20 pl of 10 pg/ml of Dylight 650-conjugated to streptavidin (Thermo)
in BSS was added to each of the wells. After incubation on ice with shaking for 30 min,

the beads were washed with BSST twice in the same manner described as above. The beads
were resuspended in 200 pl BSST and the fluorescence emission in the Red2 channel was
analyzed for 5000 events on a Guava EasyCyte 6/L flow cytometer (Millipore).

PTP activity assay

The activities of SHP2 and SHP1 PTP domains were measured using chromogenic substrate
pNPP. Reactions were performed in a 96-well clear, flat-bottom polystyrene plate in 60

mM HEPES-NaOH buffer, pH 7.2 containing 75 mM NaCl, 75 mM KCI, 1 mM EDTA,
0.05% Tween 20 and 5 mM DTT, in a final volume of 100 pl at 25 °C. PTPs (final
concentration 0.5 pM) and monobodies (final concentration 1 uM) were added to the
solution and incubated ~1 min at 25 °C, then reactions were started by addition of final

1 mg/ml pNPP (P4744, MilliporeSigma). Absorbance at 405 nm was monitored every 1 min
for 60 min in a microplate reader (BioTek Epoch 2, Agilent). Measurements were performed
in triplicate.

X-ray crystallography

Mb13 and SHP2 PTP were mixed and purified as a complex from a Superdex 75 column
(Cytiva) in 10 mM Tris, 50 mM NaCl, pH 8.0, concentrated to a total protein concentration
of 9.3 mg/ml, and crystallized in 0.1 M sodium citrate tribasic dihydrate pH 5.0, 2%
Tascimate, and 16% PEG 3350 at 19 °C by the hanging drop vapor diffusion method.
Crystals were frozen in a mixture of 80% mother liquor and 20% ethylene glycol.

X-ray diffraction data were collected at the Advanced Photon Source (Argonne National
Laboratory) beamline 24-1D-C. Data were processed and scaled with XDS.%8 The Mb13/
SHP2 PTP structure was determined by molecular replacement in PHENIX%® from a
multicopy search using the catalytic PTP domain structure of SHP2 (PDB ID 3ZM1)
and a monobody structure excluding loop regions (PDB ID 3K2M). Manual model
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building, solvent addition, and refinement of the structures were conducted iteratively
using Coot89 and phenix.refine. Molecular graphics were generated using PyMOL (https://
www.pymol.org).

Biolayer interferometry

Cell culture

The interactions were monitored at 22 °C using an Octet R8 instrument (Sartorius). A
biotinylated monobody was immobilized on a streptavidin-coated tip at the level of 0.5 nm
and its interaction with analytes was monitored in 60 mM HEPES buffer, pH 7.2, containing
75 mM NaCl, 75 mM KCI, 1 mM EDTA, 0.05% P-20, 1 mM DTT, 1 uM biotin and 0.5 %
(w/v) BSA (BLI buffer). Tips were regenerated using 0.1 M glycine HCI buffer, pH 2.1. The
data were analyzed using the software provided by the vendor.

For measurement with oxidized SHP2 PTP, a SHP2 PTP sample diluted to 0.5 UM in BLI
buffer without DTT was incubated with 2 mM H,0, for 15 min at room temperature,
following published procedures.#244 This oxidized SHP2 PTP sample was further diluted
in BLI buffer (without H O or DTT) to the final concentration for measurement. As a
re-reduced control, oxidized PTP was treated with final 5 mM DTT, incubated 15 min on
ice, then diluted in BLI buffer for measurement.

HEK?293 cells were cultured in Dulbecco’s Modified Eagle’s Medium supplemented with
10% fetal bovine serum and antibiotic—antimycotic mixture (Gibco) at 37 °C in a humidified
incubator with 5% CO,. Where applicable, cells were cultured for 48 hours after medium
change and stimulated with 50 ng/ml of EGF for 5 min.

Preparation of whole cell extract (WCE)

Cells (approximately 3.6 x 107 cells) were washed in phosphate-buffered saline (PBS),
suspended in 10 mM Tris HCI buffer pH 7.9 containing 420 mM NacCl, 0.1% NP-40,
protease inhibitor cocktail (Roche) and 1 mM sodium orthovanadate, and lysed by a total

of five freeze—thaw cycles. To eliminate RNA and DNA, the lysates were incubated with

25 units/ml of benzonase nuclease at 4 °C for 30 min and centrifuged at 10,000 xgat 4 °C
for 30 min. After the centrifugation, the supernatant (approximately 2 ml) was collected and
filtered with 0.45 pm syringe filter.

Immunoprecipitation

M-280 Dynabeads (Thermo, 11206D) were washed two times with PBS containing 0.1%
BSA and 0.02% Tween 20 with the beads incubated for 10 minutes in each washing step.
Five hundred pmol of a biotinylated monobody were immobilized onto 50 pl of the pre-
washed Dynabeads by incubation at 4 °C with rotation for one hour. Excess biotin-binding
sites of the beads were blocked with 5 UM of biotin, and the monobody-immobilized
Dynabeads were washed with PBS containing 0.1% BSA and 0.02% Tween 20 two times.
One milliliter of whole cell lysates was incubated with 30 ul of washed M-280 Dynabeads
to eliminate proteins that bind nonspecifically to the beads. After removing the beads, the
precleared lysates were incubated with 50 ul of monobody-immobilized Dynabeads for 1.5
hours at 4 °C with rotation, and washed three times with 20 mM Tris-HCI buffer pH 8.0
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containing 10% glycerol, 5 mM MgCl,, 480 mM NaCl, 0.5% NP-40 and 0.1% Sodium
deoxycholate with 10 minutes of incubation at 4 °C for each washing step. The M280 beads
with captured proteins in 50 ml of 10 mM Tris HCI buffer pH 8.0 containing 150 mM

NaCl and 0.1% SDS were heated in boiling water for 5 minutes. The eluted proteins were
characterized by Western blot analysis.

Western blot analysis

WCE and immunoprecipitated proteins were separated in SDS-PAGE and transferred to
PVDF membrane. The membrane was blocked with blocking buffer (50 mM Tris HCI pH
7.5 containing 150 mM NacCl, 5% BSA and 0.1% Tween20). The membrane was probed
with anti-SHP2 antibody (Santa Cruz sc-7384, mouse monoclonal 1gG, dilution 1:1,000),
anti-phosphorylated SHP2 (pY580) antibody (Cell Signaling, 3703, rabbit IgG, dilution
1:1,000), anti-Erk antibody (Cell Signaling, 9102S, lot 23, rabbit IgG, dilution 1:5,000)

or anti-phosphorylated Erk antibody (Cell Signaling, 91018, lot 28, rabbit IgG, dilution
1:5,000) in blocking buffer and rinsed with TBS buffer (50 mM Tris HCI pH 7.5, 150 mM
NaCl) containing 0.1% Tween20. The detection was performed with anti-mouse 1gG-HRP
(Thermo, 31432, goat IgG, dilution 1:10,000) or anti-rabbit IgG-HRP (Thermo, 31462, goat
IgG, dilution 1:10,000) in TBS buffer (50 mM Tris HCI pH 7.5, 150 mM NaCl) containing
0.25% BSA and 0.1% Tween20 and Pierce ECL 2 Western Blotting Substrate (Pierce,
80196).

Bead-based binding assays

Five microliters of M-280 Dynabeads (Thermo, 11206D) was suspended in 100 ml of

50 mM Tris HCI pH 8.0 containing 150 mM NaCl, 0.1% BSA, 1 mM EDTA pH 8.0,

1 mM DTT and 40 pmol of biotinylated monobody, and incubated for an hour at 4 °C

with rotation. Excess biotin-binding sites of the beads were blocked with 200 ul of 5 uM
biotin. The monobody-immobilized Dynabeads were resuspended in 10 mM Tris HCI pH
7.9 containing 420 mM NaCl and 0.1 % NP-40, and incubated with 25, 50 and 100 pg

of WCE proteins for 30 min at room temperature with gentle shaking. GAB2 peptide

was mixed with WCE at a final concentration of 1 uM immediately before the incubation
with the beads. After the incubation, the beads were rinsed with 50 mM Tris HCI pH

8.0 containing 150 mM NacCl, 0.1 % BSA, 1 mM EDTA pH 8.0, 1 mM DTT and 0.1 %
Tween?20 three times using a 96-well filter plate (Millipore, MSHVN4550), and incubated
with anti-SHP2 antibody (Santa Cruz, sc-7384, lot H2916; 1:50 dilution) in 50 mM Tris HCI
pH 8.0 containing 150 mM NacCl, 0.1 % BSA, 1 mM EDTA pH 8.0, 1 mM DTT and 1 mM
sodium orthovanadate. After 30 min incubation with gentle shaking at room temperature, the
beads were washed three times and incubated with Dylight 650 anti-mouse 1gG antibody
(Thermo, 84545, lot PB195113; 1:100 dilution) in 50 mM Tris HCI pH 8.0 containing 150
mM NacCl, 0.1 % BSA, 1 mM EDTA pH 8.0, 1 mM DTT and 1 mM sodium orthovanadate.
After 30 min incubation with gentle shaking at 4 °C in dark, the beads were washed three
times and resuspended in 50 mM Tris HCI pH 8.0 containing 150 mM NaCl, 0.1 % BSA, 1
mM EDTA pH 8.0 and 1 mM DTT. The binding of SHP2 to monobodies were analyzed on a
HyperCyt screener (Sartorius). Signals reported are median fluorescence intensities.
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Monobodies binding to SHP2 PTP. (@) Domain organization of SHP2. (b) Schematic of the
monobody library design. The b-strands of the FN3 scaffold are labeled A-G, and diversified
residues are shown as colored spheres. Figure modified from Figure 1(a) of Hantschel et

al. 2020. (¢) Amino acid sequences of the diversified loops of the selected monobodies and
wild-type FN3. Residue numbers for diversified positions are underlined. (d) Competition
between SHP2(E76K) binding of Mb11 and Mb13, as tested using yeast surface display. ()
BLI sensorgrams of the monobodies binding to the wild-type PTP domain of SHP2, SHP1
and PTP1B, as well as SHP2 PTP(C459S). The analyte concentrations are shown over the
sensorgrams. The Kp values were determined using global fitting of the 1:1 binding model.
The red curves show the best fit. (f) Inhibition of the PTP catalytic activity of SHP2 and
SHP1 by Mb11 and Mb13 at 500 nM.
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Figure 2.
Crystal structure of the SHP2 PTP—-Mb13 complex. (a) The PTP—Mb13 complex. Residues

diversified in the library are shown as spheres. (b) Close up of the PTP-Mb13 interface,

in which PTP is represented as a surface model with the epitope in brown and residues
within the paratope of Mb13, as defined as those within 5 A of PTP atoms, are represented
as sticks and labeled. The active-site is marked with the dashed circle, with the C459
surface in magenta. (c) Close up of the SHP2 PTP-N-SH2 interface in the autoinhibited
SHP2 structure (PDB ID 2SHP) as viewed in the same orientation as in panel b. Residues
of N-SH2 within 5 A of PTP atoms are represented as sticks. A subset of residues is
labeled for brevity. (d) Comparison of the PTP conformation in the Mb13 complex with
representative, WPD-in and WPD-out conformations reported previously (PDB ID 6CMQ).
Only the vicinity of the active site is shown for clarity. (e, f). Conservation of Mb13 epitope
residues, defined as those residues that are located within 5 A of Mb13, between SHP2 and
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PTP1B (e) and between SHP2 and SHP1 (f). The identical residues in the epitope are shown
as white spheres and different residues in red. The different residues in SHP1 are labeled
and their corresponding SHP2 residues are shown in the parentheses. (g) Superposition of
the SHP2 PTP-Mb13 complex with the SHP2AN-SH2 structure (PDB ID 6CMQ) using the
PTP, showing that there are no steric clashes between Mb13 and the C-SH2 domains in the
SHP2AN -SH2 structure.
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Figure 3.
Characterization of SHP2 allostery using Mb13 as a probe for the accessibility of the PTP

active site. (a) Cartoon depicting the open-closed equilibrium of SHP2 and binding of
Mb13 to the open state but not to the closed state. (b) BLI sensorgrams for the interaction
of the full-length, AN-SH2 and N-terminally tagged constructs of WT SHP2 with Mb13
immobilized on a sensor tip. The tag consists of His6, Avi-tag and a TEV cleavage
sequence. (c) BLI sensorgrams for the interaction of full-length SHP2 mutants with Mb13
immobilized on a sensor tip. (d) BLI sensorgrams for the interaction of the indicated SHP2
constructs with Mb13 in the absence and presence of the tandem pY peptide derived from
GAB2. The right bottom panel shows the interaction of SHP2(C459E) in the presence of
300 nM pY peptide.
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Effects of synthetic ligands on SHP2 allosteric regulation. (a) Effects of SHP099 on
the interaction of the indicated SHP2 constructs with Mb13. (b) Effects of SH2-binding
monobodies NSal and CS3. Data are shown in the same manner as in Figure 3.
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Figure5.
Assessing the level of activated SHP2 in cells using Mb11 and Mb13. (a) The amounts of

SHP2 in HEK?293 cells that were captured using Mb11 or Mb13 with and without EGF
stimulation (5 min with 50 ng/ml). The captured SHP2 protein was detected using an
anti-SHP2 antibody. Purified SHP2 was included as a control in lane C. (b) Quantification
of captured SHP2 using Mb11 or MB13 as a capture reagent in the absence or presence of
GAB2 pY peptide using flow cytometry. The raw data are provided in Supplementary Figure
5.
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