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ABSTRACT: Protein tyrosine phosphatases (PTPs), the enzymes
that catalyze the dephosphorylation of phosphotyrosine residues,
are important regulators of mammalian cell signaling, whose activity
is misregulated in numerous human diseases. PTPs are also
notoriously difficult to selectively modulate with small molecules,
and relatively few small-molecule tools for controlling their
activities in the context of complex signaling pathways have been
developed. Here, we show that a chemical inducer of dimerization
(CID) can be used to selectively and potently inhibit constructs of
Src-homology-2-containing PTP 2 (SHP2) that have been
engineered to contain dimerization domains. Our strategy was
inspired by the naturally occurring mechanism of SHP2 regulation,
in which the PTP activity of SHP2’s catalytic domain is
autoinhibited through an intramolecular interaction with the protein’s N-terminal SH2 (N-SH2) domain. We have re-engineered
this inhibitory interaction to function intermolecularly by independently fusing the SHP2 catalytic and N-SH2 domains to protein
domains that heterodimerize upon the introduction of the CID rapamycin. We show that rapamycin-induced protein dimerization
leads to potent inhibition of SHP2’s catalytic activity, which is driven by increased proximity of the SHP2 catalytic and N-SH2
domains. We also demonstrate that CID-based inhibition of PTP activity can be applied to an oncogenic gain-of-function SHP2
mutant (E76K SHP2) and to the catalytic domain of the SHP2’s closest homologue, SHP1. In sum, CID-driven inhibition of PTP
activity provides a broadly applicable tool for inhibiting dimerizable forms of the SHP PTPs and represents a novel paradigm for
selective PTP inhibition through inducible protein−protein interactions.

■ INTRODUCTION
Protein tyrosine phosphatases (PTPs) are enzymes that
catalyze the hydrolytic removal of phosphate groups from
phosphorylated tyrosine residues in mammalian signal-trans-
duction pathways.1 Aberrant PTP activity has been implicated
in a wide variety of pathologies,2−6 but the precise connections
between PTP dysregulation and human disease are often
unclear. Small-molecule tools that can specifically control the
activity of PTPs would represent valuable tools for studying
the signaling pathways in which PTPs are involved and
elucidating the molecular connections between misregulated
PTPs and their associated pathologies.
Unfortunately, relatively few validated chemical tools for

controlling PTP activity in a cellular context are known.
Despite some notable exceptions, active-site-directed PTP
inhibitors generally possess limited selectivity and cellular
permeability.7−9 Allosteric approaches potentially hold more
promise for target-specific PTP engagement, and selective
allosteric inhibitors have been developed for a few PTPs.10−16

However, targetable allosteric sites have not been identified on
the majority of human PTPs, and systematic means for
uncovering PTP allosteric sites have not been described.
Moreover, even well-characterized allosteric inhibitors can be

rendered ineffective by disease-associated mutations in a target
PTP.17−19 Therefore, the development of complementary
means of modulating PTP activity is important to enable the
study of the pathways in which PTPs are involved. Previous
work in our lab has led to the development of chemical tools
that selectively modulate the activity of rationally engineered
(“sensitized”) PTPs,20−23 but these approaches have had
limited success in application to cellular systems due to
compound bioavailability issues similar to those that hamper
active-site-directed strategies. In the current study, we
investigate whether protein engineering can be used to
sensitize PTPs to selective inhibition using a system that has
previously been validated for controlling protein function in
cellsnamely, the use of chemical inducers of dimerization
(CIDs).24−26
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CIDs are broadly useful tools that can control protein−
protein interactions in a cellular context. One of the most
widely applied CIDs, the natural product rapamycin, forms a
high-affinity ternary complex with the FK506-binding protein
(FKBP) and the FKBP-rapamycin-binding (FRB) domain of
the mammalian target of rapamycin kinase.27 FKBP and FRB,
both small in size, can be fused to proteins of interest (POIs)
via flexible linkers such that, upon addition of rapamycin, the
POIs are brought into close proximity. Cellular applications of
rapamycin and other CIDs are numerous and wide-
ranging.24−26 To provide just one specific example, rapamycin
has previously been used to chemically rescue the activity of
“split” PTPshalf PTP domains that demonstrate phospha-
tase activity only when they are brought into close proximity
with their complementary halves by the CID.28 Could a CID
be used in the functionally opposite fashion to specifically
induce PTP inhibition upon dimerization? If a low-affinity
inhibitory protein for a target PTP could be identified, it may
be hypothesized that inducing dimerization between the PTP
and the inhibitor would dramatically increase the latter’s local
concentration and, as a result, its inhibitory potency. A CID
could therefore be a useful chemical tool to selectively induce
inhibition of a target PTP, if a suitable low-affinity inhibitory
protein can be identified.
In the current study, we investigate the use of a protein

domain from Src-homology-2-containing PTP 2 (SHP2) as a
dimerizable inhibitor of PTP activity. SHP2 is a ubiquitously
expressed and widely studied PTP that has been implicated in
a variety of diseases.29,30 The SHP2 protein comprises a
catalytic PTP domain and two Src-homology-2 (SH2)
domains, and, in its basal state, SHP2 adopts an autoinhibited
conformation in which the N-terminal SH2 (N-SH2) domain
intramolecularly obstructs the catalytic site of the PTP
domain.31,32 Upon activation by a phosphotyrosine-containing
binding partner, N-SH2 shifts away from the catalytic site, and
the enzyme becomes active.17,18,31,32 Previous work has shown
that the isolated N-SH2 domain can function as a SHP2
inhibitorthat is, independently expressed N-SH2 inhibits the
activity of the SHP2 catalytic domain (CD) intermolecularly
but only with low potency.33 In this study, we explore whether
the potency of PTP inhibition by isolated N-SH2 can be
improved by inducing an increase in its local concentration. To
address this question, we turned to the aforementioned
rapamycin-based CID system. We hypothesized that if FKBP

and FRB were fused to the SHP2 CD and N-SH2 domains,
rapamycin treatment could bring the two domains into
proximity, inducing potent and selective inhibition of SHP2
CD’s PTP activity.

■ RESULTS AND DISCUSSION

Design and Validation of Dimerizable SHP2 Con-
structs. In the absence of a stimulus, wild-type SHP2
predominately exists in a conformation in which the CD is
autoinhibited by its two SH2 domains.31 In this “closed”
conformation, N-SH2 makes contact with residues surround-
ing the active site of the CD (Figure 1A).32 To potentially re-
create this interaction in a CID-inducible system, we fused the
dimerization domains FRB and FKBP to the isolated N-SH2
and CDs of SHP2, respectively. The domains were attached
using a 15-amino-acid poly serine/glycine linker to generate
FRB-NSH2 and FKBP-SHP2CD (Figures 1B and S1). In this
system, the introduction of rapamycin should dimerize FRB
and FKBP, potentially bringing N-SH2 into close proximity
with the SHP2 CD to induce potent inhibition of the latter’s
PTP activity (Figure 1B).
To validate that the added linker and dimerization domain

do not impede N-SH2’s function, we assessed the inhibitory
activities of isolated N-SH2 and FRB-NSH2 on SHP2 CD.
Consistent with previous findings,33 we first confirmed that N-
SH2 is a very weak inhibitor of SHP2 CD; we measured its
50% inhibitory concentration (IC50) to be approximately 15
μM (Figure S2). We then tested whether the fusion with FRB
affected N-SH2’s potency and found that the added domain
had no measurable effect: when tested at equal concentrations,
N-SH2 and FRB-NSH2 inhibited SHP2 CD’s PTP activity
equivalently in either the absence or presence of rapamycin
(Figure 2A). It is also important to note that addition of
rapamycin itself had no measurable effect on SHP2 CD’s PTP
activity, regardless of the presence (or not) of the N-SH2
constructs (Figure 2A).
We subsequently measured the kinetic parameters of SHP2

CD and FKBP-SHP2CD to ensure that the addition of the
dimerizable domain and linker did not dramatically alter SHP2
CD’s inherent PTP activity. We found that although FKBP-
SHP2CD demonstrated a somewhat reduced activity as
compared to SHP2 CD, the catalytic efficiencies (kcat/KM) of
the two enzymes were comparable (Figure 2B).

Figure 1. Design of chemically dimerizable SHP2. (A) Schematic of autoinhibition in wild-type SHP2. The CD (blue) is inhibited by the SH2
domains (green). (B) Schematic of inhibition in a chemically dimerizable SHP2 CD/N-SH2 system. The SHP2 CD is fused to FKBP (blue) and
N-SH2 is fused to FRB (green). FKBP dimerizes with FRB upon addition of rapamycin, bringing SHP2 CD and N-SH2 into close proximity to
induce inhibition of SHP2 CD’s PTP activity.
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Chemically Induced Inhibition of FKBP-SHP2CD by
FRB-NSH2. We next sought to test whether dimerization can
be used to increase the potency of PTP inhibition by N-SH2.
To do so, we measured the PTP activity of FKBP-SHP2CD
after treatment with varying concentrations of FRB-NSH2 in
the absence or presence of rapamycin (Figure 3A). [It should
be noted that the concentrations of the inhibitory protein FRB-
NSH2 used in the dimerization experiment (Figure 3A, 0−100
nM) are orders of magnitude lower than the concentration
used previously with the non-dimerizable SHP2 CD (Figure
2A, 27.6 μM) based on the hypothesis that dimerization could
dramatically increase FRB-NSH2’s inhibitory potency.] We
found that FRB-NSH2 concentrations up to 100 nM had no
significant effect on the FKBP-SHP2CD PTP activity in the
absence of rapamycin. By contrast, strong, dose-dependent
inhibition of FKBP-SHP2CD by FRB-NSH2 was observed in
the presence of rapamycin. FRB-NSH2’s rapamycin-dependent
inhibitory effect was remarkably potent, with a 50% inhibitory
concentration (IC50) value of approximately 20 nM (Figure
3A). In fact, FRB-NSH2 potently inhibits FKBP-SHP2CD in
the presence of rapamycin that its IC50 value approaches the

concentration of the enzyme in the assay (20 nM). Under the
conditions of such a potent inhibition, the measured IC50 value
is limited by the enzyme concentration, and we therefore
hypothesize that 20 nM IC50 is actually a significant
underestimation of FRB-NSH2’s potency of inhibition. It is
likely that the true inhibitory potency is governed by the
extremely strong affinity of the FKBP-rapamycin-FRB ternary
complex (Kd ≈ 100 fM).34 To further probe the mechanism of
inhibition by FRB-NSH2, we tested the (ir)reversibility of its
interaction with FKBP-SHP2CD. We found the inhibition to
be irreversible as copious washing of dimerized FKBP-
SHP2CD/FRB-NSH2 did not restore the PTP activity to
FKBP-SHP2CD (Figure S3). These results are consistent with
the previously characterized irreversibility of the FRB-
rapamycin-FKBP ternary complex formation.24−26

The initial characterization of FKBP-SHP2CD and its
inhibition by FRB-NSH2 were carried out with the small-
molecule PTP substrates pNPP and DiFMUP. We next tested

Figure 2. Effects of dimerization−domain fusion on N-SH2 and
SHP2 CD. (A) The PTP activity of the SHP2 CD (25 nM) was
assayed with 6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP)
(100 μM) in the presence of N-SH2 (27.6 μM) or FRB-NSH2 (27.6
μM) in either the absence (yellow) or presence (orange) of 50 nM
rapamycin. The dimethyl sulfoxide (DMSO) concentration was 1.5%.
The data are normalized to the SHP2 CD activity with the buffer only
in the absence of rapamycin. (B) Michaelis−Menten curves of the
SHP2 CD and FKBP-SHP2CD. The SHP2 CD (100 nM, black
circles) and FKBP-SHP2CD (100 nM, white triangles) were assayed
for PTP activity with para-nitrophenyl phosphatase (pNPP) at the
indicated concentrations.

Figure 3. Rapamycin-dependent inhibition of FKBP-SHP2CD by
FRB-NSH2. (A) Dose dependence of FKBP-SHP2CD inhibition.
The PTP activity of FKBP-SHP2CD (25 nM) was measured with
DiFMUP (100 μM) in the presence of the indicated concentrations of
FRB-NSH2 in either the absence (yellow circles) or presence of 200
nM rapamycin (orange triangles). The DMSO concentration was
1.0%. (B) The activity of FKBP-SHP2CD (50 nM) was measured
with the phosphopeptide DADEpYLIPQQG (100 μM) as a substrate
after 15 min of pre-incubation in the absence (blue diamonds) or
presence of FRB-NSH2 (50 nM) in either the absence (yellow
circles) or presence (orange triangles) of rapamycin (100 nM). The
DMSO concentration was 0.5%.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00780
ACS Omega 2022, 7, 14180−14188

14182

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00780/suppl_file/ao2c00780_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00780?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00780?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00780?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00780?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00780?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00780?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00780?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00780?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00780?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


whether FRB-NSH2 could effectively inhibit SHP2’s dephos-
phorylation of more physiologically relevant substrates, such as
phosphotyrosyl-containing peptides. This question was ad-
dressed using a phosphopeptide derived from an autophos-
phorylation site on the epidermal growth factor receptor
(DADEpYLIPQQG).35 Dephosphorylation of DADEpY-
LIPQQ by FKBP-SHP2CD was monitored in the presence
of both rapamycin and FRB-NSH2, in the presence of only
FRB-NSH2, and in the absence of both. Consistent with the
previous findings on small-molecule substrates, FRB-NSH2
had no effect on the rate of DADEpYLIPQQ dephosphor-
ylation in the absence of rapamycin, whereas the addition of
rapamycin induced a strong inhibition of the PTP activity
(Figure 3B). The ratio of the inhibitor (FRB-NSH2) to the
enzyme (FKBP-SHP2CD) in the peptide-dephosphorylation
assay was only 1:1, providing further evidence that the
extremely high affinity of the CID-containing ternary complex
can give rise to an excellent potency of PTP inhibition by FRB-
NSH2.
Activation of FRB-NSH2/FKBP-SHP2CD with an SH2-

Binding Phosphopeptide. As described previously, SHP2’s
cellular phosphatase activity is controlled by an intramolecular
autoinhibitory interaction between its catalytic PTP domain
and N-SH2; in SHP2’s autoinhibited state, the N-SH2 domain
blocks the PTP domain’s active site.31,32,36 In cell-signaling
pathways, SHP2 is activated when N-SH2’s phosphotyrosine-
binding pocket engages a phosphorylated protein target. The
binding event transmits a conformational change and thereby
disrupts the inter-domain inhibitory interaction and increases
SHP2’s PTP activity.31,32,36 SHP2’s activation mechanism can
be recreated in vitro with SH2-binding peptides; for example, a
monophosphorylated peptide derived from insulin receptor
substrate 1 (pIRS-1; SLNpYIDLDLVK) has been previously
shown to increase SHP2’s PTP activity.17 Inspired by SHP2’s
cellular mechanism of autoinhibition and activation, we sought
to test whether dimerizedand therefore inhibitedFRB-
NSH2/FKBP-SHP2CD could be activated by the addition of

an SH2-binding peptide. As a positive control, we added
increasing concentrations of pIRS-1 to SHP2 and observed
that SHP2’s PTP activity increased dramatically in a dose-
dependent fashion, plateauing at approximately 12 times its
basal level (Figure 4). We then investigated whether previously
dimerized FKBP-SHP2CD/FRB-NSH2 could be similarly
activated by pIRS-1. We found that the activity of dimerized
FKBP-SHP2CD/FRB-NSH2 also increased strongly in the
presence of pIRS-1. Activation of FKBP-SHP2CD/FRB-NSH2
exhibited a dose−response behavior similar to that of SHP2 as
the concentration of pIRS-1 required to achieve half-maximal
activation was approximately 3 μM for both enzymes.
However, the activity of pIRS-1-treated FKBP-SHP2CD/
FRB-NSH2 plateaued at approximately 6 times its basal
level, a lower value than was observed for SHP2 (Figure 4).
These data suggest that the pIRS-1 affinities of FRP-NSH2 and
N-SH2 within the context of full-length SHP2 are similar but
that pIRS-1 treated FKBP-SHP2CD/FRB-NSH2 cannot adopt
the fully active “open” SHP2 structure that has been
characterized for SHP2.17,18 This observation may not be
surprising given that FKBP-SHP2CD/FRB-NSH2 lacks
SHP2’s second SH2 domain (C-terminal SH2), which
constitutes an integral part of the enzyme’s open structure
and is thought to facilitate the phosphopeptide binding that
drives the activation of SHP2 in vivo.31

Chemically Induced Inhibition of an Oncogenic SHP2
Mutant. Hyperactivation of SHP2 has been widely associated
with human cancers. In particular, gain-of-function (GOF)
point mutations that disrupt the basal autoinhibition of SHP2
have been established as causative agents for leukemia.30,37−39

Small-molecule stabilizers of SHP2’s autoinhibition (e.g.,
SHP099) hold enormous promise for targeting some cancers
in which the SHP2 activity is implicated.10 However, the
potency of SHP099 and the related compounds is strongly
attenuated by cancer-associated GOF mutations that disrupt
the integrity of the autoinhibitory interaction, and many of
these molecules fail to inhibit highly activated SHP2 mutants

Figure 4. Activation of wild-type SHP2 and dimerized FKBP-SHP2CD/FRB-NSH2 with pIRS-1. The activities of wild-type SHP2 (50 nM, black
circles) and dimerized FRB-NSH2/FKBP-SHP2CD (50 nM of each protein with 500 nM rapamycin, white triangles) were measured with
DiFMUP (100 μM) after a 15 min pre-incubation with the indicated concentrations of the phosphopeptide pIRS-1. The DMSO concentration was
2.0%.
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effectively.17−19 For example, the most highly activated
leukemia-causing GOF SHP2 mutant, E76K SHP2, is only
weakly inhibited by SHP099 due to a glutamate-to-lysine point
mutation on N-SH2 that renders the domain ineffective for
autoinhibition (Figure 5A).17,40 We hypothesized that our
dimerization strategy could be used to bring a functional N-
SH2 into close proximity with a GOF SHP2 mutant to afford
chemically inducible inhibition of the mutant’s PTP activity.
Further, we surmised that the potency of CID-induced
inhibition would be independent of the strength of the SH2/
PTP domain interaction in the targeted GOF variant, and,
therefore, the dimerization strategy may be effective for
targeting even highly activated GOF mutants, such as E76K
SHP2 (Figure 5B).
To test the idea that CIDs could be used to target GOF

SHP2 mutants with high potency, we designed a dimerizable
construct of E76K SHP2 that contains FKBP at its amino
terminus (FKBP-(E76K)SHP2, Figures 5B and S4), and we
confirmed using kinetic analysis that the addition of FKBP
does not substantially affect E76K SHP2’s inherent catalytic
efficiency (Figure S5). Subsequently, we investigated the
inhibition of FKBP-(E76K)SHP2-catalyzed DiFMUP dephos-
phorylation by FRB-NSH2 in the absence and presence of
rapamycin. We observed that FRB-NSH2 gave rise to potent
rapamycin-dependent inhibition (Figure 6A), akin to that
observed previously with FKBP-SHP2CD (Figure 3A). FRB-
NSH2’s IC50 in the presence of rapamycin (∼45 nM)
approaches the concentration of FKBP-(E76K)SHP2 in the
assay (25 nM), again suggesting that the observed IC50
underestimates the potency of inhibition. Also, as observed
previously with FKBP-SHP2 CD, FRB-NSH2 had no effect on
FKBP-(E76K)SHP2’s activity in the absence of rapamycin
(Figure 6A), demonstrating that potent inhibition of FKBP-
(E76K)SHP2 by FRB-NSH2 is driven by dimerization. Finally,
we confirmed that rapamycin-inducible inhibition of FKBP-
(E76K)SHP2 is not dependent on the choice of substrate in
the assay as comparable results were obtained with the
phosphopeptide substrate DADEpYLIPQQG (Figure 6B).
We next sought to compare the potencies of E76K SHP2

inhibition by dimerization and by the widely used allosteric
SHP2 inhibitor, SHP099. As noted above, SHP099 works by

stabilizing SHP2’s autoinhibited conformation, but the
compound’s potency is attenuated by GOF mutations.17−19

We confirmed that SHP099 only weakly inhibits FKBP-
(E76K)SHP2 with an IC50 of approximately 10 μM (Figure
6C), which is broadly consistent with previously reported IC50
values for SHP099 and E76K SHP2.17,19 We then analyzed the
dose-dependence of rapamycin-induced inhibition of FKBP-
(E76K)SHP2 in the presence of a fixed concentration of FRB-
NSH2 (Figure 6C). Consistent with the earlier experiment in
which FRB-NH2 concentrations were varied (Figure 6B), we
observed a very potent inhibition of FKBP-(E76K)SHP2 by
rapamycin, with an IC50 (∼10 nM) that is at the theoretical
limit set by the 25 nM concentration of FKBP-(E76K)SHP2 in
the assay (Figure 6C). These data establish that rapamycin-
induced inhibition of FKBP-(E76K)SHP2 is at least 1000-fold
more potent than its inhibition by SHP099, and it is likely that
the difference is actually substantially greater as rapamycin’s
observable IC50 is limited by the assay conditions.

Chemically Induced Inhibition of SHP1 Activity. At a
first glance, the CID-based approach for PTP inhibition
described in this study appears to be applicable only to SHP2
and its GOF mutants as proximity is used to induce an inter-
domain interaction that occurs naturally only in the SHP2
protein. Based on the structural conservation of PTP domains
however, we surmised that a dimerizable SHP2 N-SH2 domain
could potentially represent a more general tool for controlling
the activities of dimerizable PTP domains, and we sought to
investigate the idea that induced proximity between FRB-
NSH2 and a non-SHP2 PTP domain could also be used to
effect PTP inhibition through a “non-natural” N-SH2/PTP
interaction.
As a preliminary test of this hypothesis, we selected the CD

of SHP2’s closest homologue, SHP1 (SHP1 CD), which shares
a 60% identity with SHP2 CD.41 Previous studies with SHP1/
2 chimeric proteins have suggested that SHP2’s SH2 domains
can interact with SHP1’s PTP domain,42 and we found that the
isolated SHP2 N-SH2 domain is capable of inhibiting SHP1
CD’s PTP activity in vitro, albeit weakly (IC50 > 155 μM;
Figure S6). To generate a dimerizable construct of SHP1 CD,
we fused FKBP using a linker to SHP1 CD’s amino terminus
(FKBP-SHP1CD, Figure S7), and we confirmed using

Figure 5. Design of chemically dimerizable E76K SHP2. (A) Schematic of autoinhibition in E76K SHP2. The E76K point-mutation in N-SH2
disrupts the autoinhibition of the CD (blue) by the SH2 domains (green). (B) Schematic of inhibition in a chemically dimerizable E76K SHP2/N-
SH2 system. E76K SHP2 is fused to FKBP (blue) and the wild-type N-SH2 domain is fused to FRB. FKBP dimerizes to FRB upon addition of
rapamycin, bringing E76K SHP2 and the functional N-SH2 domain into close proximity.
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Michaelis−Menten kinetic analysis that the addition of FKBP
does not affect SHP1 CD’s catalytic activity (Figure S8). We
next investigated the ability of FRB-NSH2 to inhibit FKBP-
SHP1CD’s activity in both the absence and presence of
rapamycin. We observed that FRB-NSH2 is a potent inhibitor
of FKBP-SHP1CD (IC50 ≈ 90 nM) under dimerizing
conditions (Figure 7A). As observed in all instances of FRB-

NSH2-mediated inhibition in this study, FKBP-SHP1CD
inhibition was found to be completely dependent on the
presence of rapamycin (Figure 7A) and independent of the
substrate used in the assay (Figure 7B). These data
demonstrate that, even for an N-SH2/PTP-domain interaction
that does not occur in nature, proximity can be a key driving
force for N-SH2-mediated PTP inhibition.

■ CONCLUSIONS
Prospects for the Application of CID-Mediated

Inhibition to Other PTPs. In the current study, we describe
the design and application of a CID-based system that can be
used to target dimerizable constructs of SHP2 and SHP1 for
specific inhibition by SHP2’s N-SH2 domain. In all the cases

Figure 6. Rapamycin-dependent inhibition of FKBP-(E76K)SHP2 by
FRB-NSH2. (A) The PTP activity of FKBP-(E76K)SHP2 (25 nM)
was measured with DiFMUP (50 μM) in the absence or presence of
the indicated concentrations of FRB-NSH2 in either the absence
(yellow circles) or presence of 500 nM rapamycin (orange triangles).
The DMSO concentration was 1.0%. (B) The activity of FKBP-
(E76K)SHP2 (50 nM) was measured with the phosphopeptide
DADEpYLIPQQG (100 μM) as a substrate after 15 min of pre-
incubation in the absence (blue diamonds) or presence of FRB-NSH2
(250 nM) in either the absence (yellow circles) or presence (orange
triangles) of 200 nM rapamycin. The DMSO concentration was 0.5%.
(C) The PTP activity of FKBP-(E76K)SHP2 (25 nM) was measured
with DiFMUP (50 μM) in the presence of SHP099 (green squares) at
the indicated concentrations or FRB-NSH2/rapamycin (orange
triangles), with FRB-NSH2 at 100 nM and rapamycin at the
indicated concentrations. The DMSO concentration was 5.0%.

Figure 7. Rapamycin-dependent inhibition of FKBP-SHP1CD by
FRB-NSH2. (A) The PTP activity of FKBP-SHP1CD (25 nM) was
measured with DiFMUP (50 μM) in the presence of the indicated
concentrations of FRB-NSH2 in either the absence (yellow circles) or
presence of 50 nM rapamycin (orange triangles). The DMSO
concentration was 1.0%. (B) The activity of FKBP-SHP1CD (50 nM)
was measured with the phosphopeptide DADEpYLIPQQG (100 μM)
as a substrate after 15 min of pre-incubation in the absence (blue
squares) or presence of FRB-NSH2 (250 nM) in either the absence
(yellow circles) or presence (orange triangles) of rapamycin (200
nM). The DMSO concentration was 0.5%.
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investigated, CID-mediated SHP2/SHP1 inhibition is highly
potent and independent of the PTP substrate used in the assay.
Might an analogous system be used for PTPs beyond the
SHP1/SHP2 subfamily? In a preliminary test of this hypothesis
with an FKBP-linked PTP domain from outside the SHP1/
SHP2 subfamily (PTP1B, 39% PTP domain identity with
SHP2 CD), we have not observed dimerization-inducible
inhibition with FRB-NSH2 (data not shown). We suspect,
based on this finding, that FRB-NSH2 will only be useful for
targeting dimerizable SHP2 and SHP1 constructs and that
further protein engineering and/or discovery would be
required to identify “weak” inhibitory domains whose affinity
can be augmented through dimerization for PTPs outside the
SHP1/SHP2 subfamily.
Prospects for Application of CID-Mediated Inhibition

in Cellular Systems. Given the in vitro proof of concept
provided in the current study and that CIDs have proven to be
widely applicable in cellular systems, we believe that CID-
induced inhibition of dimerizable SHP2 and SHP1 constructs
will be functional for studies in mammalian cells. We further
hypothesize that proximity-induced SHP2 or SHP1 inhibition
by N-SH2 would work with CIDs other than rapamycin (e.g.,
“rapalogs” or abscisic-acid-based CIDs) if researchers wish to
induce PTP inhibition without the immunosuppressive cellular
effects of rapamycin treatment.24−26 We acknowledge that
applications of this approach will be limited by several factors:
the substantial amount of cellular engineering that would be
required to generate cell-based CID-inducible systems
(expression of both dimerizable SHP1/SHP2 and dimerizable
N-SH2 constructs); the potential for addition of dimerization
domains to affect the localization and/or binding capacity of a
target PTP; and the possibility that exogenously expressed
FRB-NSH2 may compete with endogenous SHP2 for binding
to other phosphotyrosine-containing proteins. Nevertheless,
we suspect that CID-inducible inhibition may serve as an
attractive complementary strategy for targeting SHP2 and
SHP1 in cellular studies, particularly for GOF SHP2 constructs
that prove unresponsive to allosteric SHP2 inhibitors. In
addition to cancer-associated GOF SHP2 mutants such as
E76K, GOF SHP2 mutants occur in at least 50% of the cases
of the developmental disorder Noonan syndrome,43,44 and, in
principle, CID-induced proximity with N-SH2 could be an
effective inhibition strategy for any dimerizable GOF SHP2
mutant that contains a dysfunctional N-SH2 domain.

■ METHODS
General and Materials. “% PTP Activity” is defined as the

initial velocity of a PTP reaction under experimental
conditions divided by the initial velocity of a vehicle-only
and/or buffer-only control, which is defined as 100% activity.
Each data point is an average ± the standard deviation of at
least three independent measurements. The following
compounds were purchased commercially and used without
further purification: rapamycin (Alfa Aesar), SHP099 (Fisher
Scientific), pNPP (Fisher Scientific), DiFMUP (Fisher
Scientific), pIRS-1 (Biomatik), and DADEpYLIPQQG (Bio-
matik). Rapamycin, SHP099, DiFMUP, and pIRS-1 were
dissolved in DMSO, which served as the vehicle control for all
experiments that utilized these compounds. pNPP and
DADEpYLIPQQG were dissolved in water.
PTP-Encoding Plasmid Vectors. The pET vectors

encoding His6-tagged human SHP2 (pAC005; UniProtKB
Q06124, aa 1-541),13 human SHP2 CD (pDK012; UniProtKB

Q06124, aa 224-539),29 and human SHP1 CD (pACB149;
UniProtKB P29350, aa 243-541)45 have been previously
described. The vector for the expression of E76K SHP2 was
derived from pAC005 using a QuikChange site-directed
mutagenesis kit (Agilent) according to the manufacturer’s
instructions. The pET plasmids for the expression of the C-
terminally His6-tagged CD of FRB-NSH2 [pSJB002; residues
3-103 of SHP2 fused to FRB with an S(GGGGS)3 linker;
Figure S1A], FKBP-SHP2CD [pSJB001; residues 224-539 of
SHP2 fused to FKBP12 with an S(GGGGS)3 linker; Figure
S1B], FKBP-(E76K)SHP2 [pBAP024; residues 1-541 of E76K
SHP2 fused to FKBP12 with an S(GGGGS)3 linker; Figure
S4], and FKBP-SHP1CD (pBAP021; residues 243-541 of
human SHP1 fused to FKBP12 with an S(GGGGS)3 linker;
Figure S6] were purchased from VectorBuilder. The plasmid
encoding isolated SHP2 N-SH2 (pET21-NSH2) was a
generous gift from Professor Zhong-Yin Zhang (Department
of Medicinal Chemistry and Molecular Pharmacology, Purdue
University).33

Protein Expression and Purification. All proteins were
expressed and purified using the HisPur Ni-NTA resin
(Thermo Scientific) as per the manufacturer’s instructions as
previously described.45 After purification, the proteins were
added to a storage buffer (50 mM 3,3-dimethylglutarate at pH
7.0, 1 mM EDTA, and 1 mM TCEP), concentrated, flash-
frozen in liquid nitrogen, and stored at −80 °C. Bradford
protein assays and a NanoDrop spectrophotometer were used
to measure the enzyme concentrations, and SDS-PAGE was
used to assess the purity of the protein stocks (Figure S9).

Quenched Phosphatase Activity Assay Using pNPP.
Quenched PTP assays using pNPP as a substrate were carried
out in a total volume of 200 μL, containing the PTP buffer (50
mM 3,3-dimethylglutarate at pH 7.0, 1 mM EDTA, 50 mM
sodium chloride), enzyme (varying concentrations, see the
figures), and pNPP (varying concentrations, see the figures) at
22 °C. PTP reactions were quenched by the addition of 40 μL
of 5 M sodium hydroxide, and the absorbances (405 nm) of
200 μL of the resulting solutions were measured and adjusted
for background absorbance values of pre-quenched controls.
To ensure accurate estimation of initial velocities, all reactions
were quenched when ≥90% of the substrate remained
unhydrolyzed. Kinetic constants were determined by fitting
the data to the Michaelis−Menten equations using SigmaPlot
12.3.

Continuous Phosphatase Activity Assay with DiFM-
UP. Continuous PTP assays using DiFMUP as the substrate
were carried out in a total volume of 200 μL containing the
PTP buffer, enzyme, N-SH2, FRB-NSH2, and/or rapamycin
(varying concentrations, see the figures). After pre-incubations
of the proteins and rapamycin (or the DMSO vehicle) for at
least 15 min, PTP reactions were started by the addition of
DiFMUP (varying concentrations, see the figures). Immedi-
ately following DiFMUP addition, the fluorescence of the
resulting solutions (excitation: 360 nm; emission: 440 nm) was
measured continuously for 1 min, and the slopes of the lines
derived from the treated enzyme were compared to the
corresponding controls. All slope determinations were derived
from linear fits with R-squared values of ≥ 0.95.

Continuous Phosphatase Activity Assays with the
Phosphopeptide Substrate. PTP kinetic assays with the
phosphopeptide DADEpYLIPQQG were carried out by
measuring the increasing absorbance at 282 nm, essentially
as described.46 Assays were performed at 22 °C in a total
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reaction volume of 180 μL of the PTP buffer (see above) in
the absence or presence of rapamycin (varying concentrations,
see the figures), in the absence or presence of FRB-NSH2
(varying concentrations, see the figures), and in the presence
of the appropriate FKBP-fused PTP (50 nM). The reactions
were started by the addition of a phosphopeptide (100 μM).
Reversibility Assay. 4 μM FKBP-SHP2CD was incubated

for 15 min with 4 μM FRB-NSH2 or a vehicle (storage buffer;
see above) in the presence of 7.2 μM rapamycin or a vehicle
only in a total volume of 250 μL. 10 μL of the resulting
incubation mixture was diluted eightfold, and the PTP activity
was measured using the DiFMUP protocol (see above). The
His6-tagged proteins in the remaining incubation mixture were
bound to the pre-washed HisPur Ni-NTA resin, washed four
times, and eluted. The concentration of the protein was
assessed using a NanoDrop spectrophotometer, and the PTP
activities of the washed proteins were measured using the
DiFMUP protocol (see above).
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