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ABSTRACT
Targeted covalent inhibitors (TCIs) form covalent bonds with a specific amino acid in their target proteins, offering high selectivity

and sustained pharmacologic effects. However, identifying optimal electrophilic warheads and nucleophilic amino acids remains

a major hurdle for TCI development. While covalent fragment libraries are efficient in the identification of reactive residues, their

inherently weak and transient interactions often fail to address functionally relevant binding sites. Here, we combine the explor-

atory approach of covalent fragment screening with established inhibitor pharmacophores for covalent mapping of the tunnel

allosteric site of the oncogenic phosphatase SHP2. Aryl sulfonyl fluoride (SF) fragments featuring pharmacophore elements to

enhance noncovalent interactions (target-biased fragments) covalently targeted lysine 492 (K492) in the tunnel binding site, while

a conventional SF fragment library lacking these features was not reactive toward K492. Covalent engagement of K492 improved

enzyme inhibition and provides a starting point for SHP2 TCI development. More broadly, this study underscores how nonco-

valent interactions direct covalent fragment binding and highlights target-biased fragments as a complementary strategy to con-

ventional covalent fragment libraries to identify suitable warheads and reactive amino acids in functionally relevant binding sites

with minimal a priori knowledge of ligand pharmacophores.

1 | Introduction

SHP2 is a cytosolic protein tyrosine phosphatase (PTP) that is

encoded by the PTPN11 gene. It is ubiquitously expressed and

plays a key role in oncogenic receptor tyrosine kinase signal trans-

duction and modulation of the tumor microenvironment [1–3].

Reversible allosteric SHP2 inhibitors with superior selectivity

and drug-like properties compared to previously reported orthos-

teric site-targeting inhibitors currently undergo clinical trials, posi-

tioning SHP2 as a promising oncology target [4, 5]. While several

allosteric pockets have been reported (Figure 1A), SHP2 inhibitors

in clinical trials all target the tunnel-like allosteric site at the inter-

face of the regulatory SH2 domains and the catalytic PTP domain
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and thereby stabilize the enzyme in an autoinhibited conforma-
tion [7, 8, 14, 15]. Despite the leap forward achieved by these allo-
steric SHP2 inhibitors, activating mutations that occur mainly in
developmental diseases and hematologic malignancies [16, 17] dis-
rupt contacts at the SH2-PTP domain interface and destabilize the
autoinhibited conformation of the enzyme, reducing the potency
of several reported tunnel-targeting inhibitors [18–20].

Targeted covalent inhibitors (TCIs) canmaintain inhibitory activity
on disease-related mutated protein isoforms due to their prolonged
residence time [21, 22]. Allosteric TCIs combine this advantage of a
prolonged pharmacological effect with the enhanced specificity of
allosteric modulators, leading to an even more precise abrogation
of aberrant protein function [23, 24]. Crucial for TCI efficacy and
selectivity is a subtle balance between noncovalent protein–ligand

interactions that precede covalent engagement of the targeted
nucleophilic amino acid and warhead reactivity [25, 26]. Apart
from conventional cysteine-reactive electrophiles, latent warheads
targeting lysine, tyrosine, tryptophan, histidine, serine/threonine,
methionine as well as aspartate and glutamate [27–38], have
greatly expanded the scope of proteins amenable to covalent strat-
egies [39]. Nonetheless, the identification of selective TCIs remains
a challenging endeavor. For highly tractable target proteins, known
high-affinity noncovalent ligands can be converted into covalent
binders by installing suitable warheads in appropriate positions.
However, this often affects noncovalent recognition and con-
versely, scaffold variations can alter warhead reactivity [40–42].
Even if structural information on the protein–ligand complex is
available, amino acid flexibility, steric effects, the microenviron-
ment of the binding pocket as well as induced fit effects influence

FIGURE 1 | Overview of SHP2 binding sites and chemical structures of allosteric SHP2 inhibitors. (A) Co-crystal structure of SHP2 in complex with

allosteric inhibitors SHP504 and SHP099 (inhibitors as orange sticks, PDB ID 6BMW) [6] with annotation of binding pockets reported to accommodate

small-molecule inhibitors. Color coding indicates the location of these pockets on the protein surface as well as the three-domain architecture of SHP2

(N-SH2 domain: green; C-SH2 domain: yellow; catalytic protein tyrosine phosphatase (PTP) domain: blue, interconnecting loops: gray). Cysteine res-

idues that have been targeted by covalent inhibitors are labeled in the close-up views. Conserved WPD loop of the catalytic site highlighted in salmon.

(B) Exemplary structures of noncovalent and covalent allosteric SHP2 inhibitors and fragments: SHP099 [7, 8], TNO155 [9], Compound 13 [10], and B4

[11] bind to the tunnel allosteric site of SHP2 without covalent bond formation.Compound 42 [12] and Fragment 31 [13] bind to the SHP2 PTP domain

through covalent engagement of C459 (catalytic site) and C333 (cryptic pocket), respectively.
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amino acid side chain nucleophilicity and can lead to unanticipated
reactivities [41, 43].

Screening of covalent fragment libraries [44] has emerged as an
orthogonal approach in absence of an obvious starting point for
TCI development [45]. They have been used for mapping reactive
amino acids in recombinant protein targets [45–47] and in native
biological systems using chemoproteomic approaches [48–50].
Here, commonly, electrophilic fragments with low structural bias
and complexity are applied. Amino acid labeling is therefore
driven by the warhead reactivity and an intrinsically limited
number of weak and transient noncovalent interactions that may
not translate into a pharmacological response [41]. Consequently,
liganded amino acids are not necessarily located in functionally
relevant binding sites and fragment hits require follow-up valida-
tion in functional assays [42, 48, 49]. In addition, the exploitation
of covalent fragment hits as starting points for TCI development is
complicated by multiple binding modes and the absence of syn-
thetic handles for fragment growing, which could lead to autoreac-
tivity and fragment decomposition.

In the case of the oncogenic phosphatase SHP2, no drug-like cova-
lent allosteric inhibitor is available to date. Efforts toward covalent
inhibition of SHP2 have so far primarily focused on the PTP
domain, mostly relying on Cys-reactive probes. In their early work,
Chio, Lim, and Bishop discovered biarsenic SHP2 inhibitors tar-
geting C333 in a cryptic pocket in the PTP domain and later iden-
tified acrylamide fragments, exemplified by Fragment 31, that
bind to the same C333 residue and inhibit SHP2 with moderate
potency (Figure 1) [13, 51]. Recently, Hong, Xi et al. included
the SHP2 PTP domain in a broad study to identify PTP catalytic
site-targeting electrophilic warheads [52]. N-Phenyl maleimide,
nitrovinylbenzene, arylvinyl sulfonates, and, to a lesser extent,
chloroacetamide fragments inhibited SHP2 through binding to
the PTP domain. Although this study elegantly identified diverse
electrophiles that covalently engage PTPs, the sites of covalent
modification in SHP2PTP were not determined andmost fragments
displayed limited selectivity, in line with an analysis by ter Brake
and coworkers [53], who observed unspecific labeling by a set of
activity-based protein profiling probes across various PTPs, includ-
ing SHP2. In a recently published structure–activity relationship
study [11], 5-arylpyrrolo[2,1-f][1,2,4]triazin-4(3H)-one-based allo-
steric SHP2 inhibitors were equipped with aryl sulfonyl fluoride
(SF) warheads, exemplified by B4 (Figure 1B) to engage K492 in
the tunnel-like pocket of full-length (SHP2FL). However, no cova-
lent adducts were detected by intact mass spectrometry (MS).

Here, we aimed to identify reactive, nucleophilic amino acids that
can be harnessed for allosteric SHP2 TCI development beyond
Cys, focusing on the tunnel allosteric site targeted by SHP2 inhib-
itors in clinical trials.

2 | Results and Discussion

To identify reactive amino acid residues in the tunnel allosteric
site of SHP2 (Figure 2A) that can be targeted by allosteric TCIs,
we started out by mapping ligandable residues in SHP2FL using
an in-house aryl SF fragment library [56]. In a complementary
approach, we combined privileged noncovalent recognition ele-
ments from reported tunnel allosteric site-targeting SHP2 inhib-
itors [57] with the electrophilic SF warhead, giving rise to a set of
SHP2 tunnel site-biased SF fragments. Both fragment sets were

initially tested for inhibition of SHP2 at a single concentration.
The most active fragments were selected for determination of
their half-maximal inhibitory concentration (IC50) and their abil-
ity to covalently modify SHP2FL by MS. The sites of covalent
modification were subsequently determined by MS/MS following
tryptic digestion of SHP2 (Figure 2B, Figure S4).

2.1 | Non-biased Fragment Library

We started our investigation by screening of the in-house SF frag-
ment library against SHP2FL at 100 μM concentration in the well-
established fluorogenic DiFMUP phosphatase assay [58] (Table 1,
Table S1, Figure S4A). In brief, SHP2 was activated by a bis-
phosphotyrosyl peptide and was subsequently incubated with
the fragments. Inhibition was quantified by the decrease in fluo-
rescence intensity upon reduced SHP2 phosphatase activity. The
SF library contained a diverse set of aryl SFs with a range of sizes
and reactivities as described [56]. The SF warhead was chosen due
to the absence of any cysteine residue in the targeted tunnel allo-
steric site and its latent reactivity towards lysine, tyrosine, and his-
tidine side chains [59, 60], which held promise for the selective
targeting of the intended tunnel allosteric binding site.

Phenylsulfonyl fluoride (SF1) and 3-carboxyphenylsulfonyl
fluoride (SF2) both provided weak inhibition (17% and 6%
at 100 μM, respectively), in line with their low molecular
weight [41] (Table 1). Growing SF2 by acylating benzylamine
(SF3), 4-methoxybenzylamine (SF4) or 4-nitrobenzylamine
(SF5), increased the observed inhibition to 25%, 13% and 32%
at 100 μM, respectively. Adding a para-methoxy group to the
phenyl SF moiety abolished the activity (SF6-SF8 showed no
inhibition at 100 μM). The reported lower lysine and tyrosine
reactivity of para-methoxy substituted aryl SFs compared to
matched pairs lacking this electron-donating group that reduces
the electrophilicity of the S(VI) center [55, 60] provides a possible
explanation for the lower SHP2 inhibition by SF6-SF8 compared
to SF3-SF5.

We next determined the IC50 values for the most active SF frag-
ments SF3 (IC50 41± 11 μM) and SF5 (IC50 35± 6 μM) (Figure S1)
and subsequently investigated whether they label SHP2 covalently
(Table 1). To this end, SHP2FL was incubated with the respective
fragments in 50-fold molar excess for 1 h at 37°C. The intact pro-
tein was then analyzed for covalent modification by MS, where
mass shifts corresponding to a multiple of the fragment molecular
weight minus hydrogen fluoride indicated covalent labeling
(Figures S4B and S5, Table S2).

The sites of covalent modification were identified using MS/MS
following tryptic digestion (Figures S6 and S7). Both fragments
SF3 and SF5 showed multiple labeling of SHP2 at tyrosine, his-
tidine and lysine residues (Table 1). An overlapping residue label-
ing pattern was observed. Primarily, surface-exposed residues
scattered over the N-SH2 domain (Y66 and Y81), the C-SH2
domain (K198, K199) and the PTP domain (H426 and Y511) were
labeled (Figure 3), reflective of weak and transient interactions
with the protein. In proximity to the tunnel allosteric binding
site, only Y511 was labeled covalently by SF3 but not by SF5
(Figure 3) despite the presence of a number of potentially SF-
reactive amino acids in this pocket, including three lysine resi-
dues (K244, K260, K492, Figure 2A, Table S5). However, as these
SF fragments were not designed specifically against SHP2, we did
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not expect selectivity toward any binding site, consistent with the
multiple covalent modifications observed. Given the promiscuity
of these fragments, we suspected that their inhibition of SHP2
was not a result of specific interactions at functionally relevant
binding sites but rather stemmed from weak and transient non-
covalent interactions and the altered protein surface properties
upon multiple covalent modifications.

The matched fluorosulfate pairs of fragments SF1, SF3, and SF5
were also tested for inhibition and covalent modification of SHP2FL.
At 100 μM concentration, two fluorosulfate fragments showed
slightly higher inhibitory activities compared to the corresponding
SFs SF1 and SF3 (39% vs. 17% and 32% vs. 25%, respectively), while
the fluorosulfate matched pair of SF5 showed no significant inhi-
bition of SHP2 (Table S1). No covalent labeling was observed by
intactMS for any fluorosulfate fragment in line with the previously
reported lower reactivity of fluorosulfates compared to SFs [59].
We postulate that noncovalent interactions between the non-
biased fragments and SHP2 are too short-lived to enable covalent

bond formation with the weakly electrophilic fluorosulfate war-
head. The fact that matched fragment pairs lacking covalent reac-
tivity towards SHP2 nevertheless inhibited the enzyme emphasizes
noncovalent interactions as a contributing factor to the inhibitory
activity of the tested fragments, albeit these are likely nonspecific.

Using this conventional SF fragment library, we demonstrated that
amino acids beyond cysteine in full-length SHP2 can be targeted
covalently. However, multiple labeling suggests that fragment
binding and the observed inhibitory effects are reactivity-driven
rather than the result of specific noncovalent interactions [42].
The covalently modified residues are located outside known drug-
gable pockets of SHP2 and can therefore not be harnessed for TCI
development (Figure 3).

To assess whether enhanced noncovalent interactions would lead
to selective labeling of any residue in the functionally relevant
tunnel allosteric site, especially lysine that reportedly has a lower
intrinsic reactivity towards aryl SFs compared to tyrosine [55, 60],
we turned to SHP2 tunnel site-biased covalent fragments. These

FIGURE 2 | Amino acid layout of the SHP2 tunnel allosteric site and workflow used to identify aryl sulfonyl fluoride (SF)-reactive residues in

SHP2FL. (A) Close-up view of the tunnel allosteric site of SHP2 (PDB ID 8T6G). Cartoon color distinguishes N-SH2 and C-SH2 domain (green

and yellow, respectively), and the catalytic PTP domain (blue). Interdomain loops are colored gray. Amino acids relevant for inhibitor binding are

shown as sticks. Potentially SF-reactive amino acid residues [54, 55] within a 5 Å radius around the tunnel allosteric binding site of SHP2 are highlighted

in red (see also Table S5). (B) To experimentally identify SF-reactive amino acids in the SHP2 tunnel allosteric site, two sets of SF fragments were

investigated: an in-house, conventional non-biased SF fragment library and tunnel allosteric site-biased SFs that contain pharmacophore features

for tunnel site targeting. First, fragments were tested for inhibition of full-length SHP2 (SHP2FL) at 100 μM fragment concentration. The most active

fragments were characterized in terms of inhibitory potency (IC50) and covalent binding to SHP2FL by intact mass spectrometry (MS) followed by

identification of the sites of covalent modification by proteolytic digest and tandem mass spectrometry (MS/MS).

4 of 11 ChemBioChem, 2026



fragments combine the aryl SF warhead with noncovalent allo-
steric site-targeted recognition elements. Given the relevance of
noncovalent interactions for covalent target engagement [41],
we hypothesized that the incorporation of SHP2 tunnel allosteric
site pharmacophore features would guide the SF fragments
toward the intended binding site and, through a sufficiently long
lifetime of the noncovalent complex, would enable selective cova-
lent engagement of weakly nucleophilic amino acids.

2.2 | Allosteric Tunnel Site-Biased Fragments

A conformationally constrained, primary amine is an invariant
pharmacophore feature for allosteric SHP2 inhibitors [8],
reflected in often spirocyclic, piperidine-derived amino substitu-
ents (Figure 1B). Given the prevalence of these peculiar amine
substructures in allosteric SHP2 inhibitors, we decided to use
them as noncovalent recognition elements to guide SF fragments
to the tunnel allosteric pocket, yielding a set of SHP2 tunnel allo-
steric site-biased SF fragments. In analogy to non-biased SF frag-
ments, IC50 values against SHP2FL were determined using the
DiFMUP assay (Table 2, Figure S2). Sites of covalent modifica-
tion were subsequently identified using tryptic digestion-MS/MS
(Table 2, Figure S4B and Figure S8–S11).

The potency trend for the target-biased SFs was overall con-
sistent with published structure–activity relationship data
for noncovalent allosteric SHP2 inhibitors [10, 61]. The
4-methylpiperidin-4-amine-derived SF SF10 and (3S,4S)-3-methyl-
2-oxa-8-azaspiro[4.5]decan-4-amine SF SF11 showed moderate

inhibitory potencies of 190± 40 and 160± 20 μM. 1,3-Dihydrospiro
[indene-2,4

0
-piperidin]-1-amine-based SF SF12a displayed the

highest inhibition of SHP2 with an IC50 of 5.8± 1.0 μM. Its para-
analog SF12b inhibited SHP2 with similar potency (IC50 13±
5 μM). Surprisingly, the inhibitory potency of the studied SFs did
not always correlate with their structural bias for the tunnel allo-
steric site. For example, the non-biased SFs SF3 and SF5 showed
similar or higher inhibition compared to the target-biased SFs SF10
and SF11. Different half-lives in the buffer medium may also con-
tribute to the observed activity differences. The more active frag-
ments SF3, SF5, SF12a, and SF12b showed half-lives of several
hours in buffer (Table S3 and ref. [56]), while SHP2-biased frag-
ments SF10 and SF11 were more prone to hydrolysis (Table S3).

Only SF12a and SF12b displayed superior inhibitory potency com-
pared to the non-biased SFs. This suggests that the molecular size
strongly influences the strength of interactions between the protein
and the SFs. However, it is unclear whether the inhibitory effect of
SF10 and SF11 resulted from noncovalent binding to the tunnel
allosteric site or was a nonspecific effect as suspected of SF3
and SF5. The low inhibitory potency of the target-biased SFs com-
pared to drug-like allosteric SHP2 inhibitors can be explained by
missing pharmacophore features required in addition to the con-
formationally constrained amine for targeting the tunnel allosteric
site, namely an N-heterocyclic core and a lipophilic substituent
that forms a cation–π interaction with Arg111 [8, 57].

Despite only minor differences in inhibitory activity, distinct sets
of amino acids were covalently modified by target-biased versus
non-biased SFs (Figure 3). SF10 labeled tyrosine residues Y66,

TABLE 1 | Inhibition and covalent labeling of non-biased sulfonyl fluoride (SF) fragments tested against full-length SHP2 (SHP2FL).

Entry R1 R2 % Inhibition @ 100 μMa IC50, μM Site(s) of covalent modificationb

SF1 H H 17% ± 6% n.d. n.d.

SF2 COOH H 6% ± 0% n.d. n.d.

SF3 H 25% ± 2% 41 ± 11 Y66, Y81, K199, H426, Y511

SF4 H 13% ± 2% n.d. n.d.

SF5 H 32% ± 3% 35 ± 6 Y66, Y81, K198, H426

SF6 OMe 0% n.d. n.d.

SF7 OMe 0% n.d. n.d.

SF8 OMe 0% n.d. n.d.

Note: Values are mean ± S.D.
Abbreviation: n.d., not determined.
aDiFMUP phosphatase assay was used to determine % inhibition (at 100 μM inhibitor concentration) or inhibitor titration for IC50 determination against SHP2FL.
bProteolytic digestion followed by MS/MS peptide fingerprinting was used to determinate the sites of covalent modification. A detailed description of the
experiments is provided in the SI.
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Y100, and Y179. While Y66 was also labeled by non-biased SFs,
Y100 and Y179 were only reactive toward target-biased SFs. Y66
and Y100 are located in the N-SH2 domain, at 37 and 35 Å dis-
tance from the targeted tunnel binding site. These measurements
refer to the spatial separation between the nucleophilic side chain
atom and the piperidine nitrogen of the respective co-crystallized
allosteric SHP2 inhibitor, in this case SHP099 (PDB ID 5EHR [8]).
Y179 in the C-SH2 domain is located closer to the tunnel site (19 Å

in PDB ID 5EHR [8]). Like SF10, SF11 formed covalent adducts
with Y66 and Y179. In addition, K235 and K358 in the PTP domain
were labeled. K235 is 16 Å away from the tunnel binding site
(PDB ID 7JVM [9]), whereas K358 is adjacent to the conserved
WPD loop that controls the catalytic activity of SHP2 [15]
(Figure 3A). Interestingly, Day and colleagues recently reported
a fragment hit binding to a cryptic pocket under the WPD loop
[62], substantiating the presence of a low-affinity secondary site

FIGURE 3 | Overview of location and count of labeled amino acids of SHP2FL by the tested aryl SF fragments. (A) Mapping of covalently modified

amino acids on SHP2 (PDB ID 8T6G, domain- and binding site color coding as in Figure 1) illustrates distinct preferences for covalent modification by

the tested SFs. Close-up views of amino acids indicate the SFs that formed adducts with the respective residues, color-coded as in panel B. K492, located

in the targeted tunnel allosteric site, is marked with an asterisk (*). K358 is in proximity to the catalytic site´s conserved WPD loop, shown in salmon in

the close-up view. (B) Bar graph illustrating the number of SFs that formed covalent adducts detected by MS/MS with reactive amino acids, grouped by

SHP2 domains (N-terminal SH2, N-SH2; C-terminal SH2, C-SH2, catalytic PTP domain). (C) Chemical structures of non-biased SFs (SF3 and SF5) and

tunnel-biased SFs (SF10-SF12) that showed covalent binding to SHP2.
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in this region of the PTP domain. The largest biased SFs, SF12a
and SF12b, showed a remarkable specificity: Apart from surface-
exposed Y100 in case of SF12a and Y66 in case of SF12b, only
a single lysine residue, K492, in the hydrophobic part of the tar-
geted allosteric binding tunnel was covalently modified. The high-
affinity noncovalent inhibitor SHP099 [7, 8], known to bind to the
targeted tunnel site of SHP2, reduced covalent modification of the
intact protein by SF12a, confirming that SF12a binds to the same
tunnel site (Figure S12). K492 was not labeled by the other assayed
SFs devoid of the structurally complex noncovalent amine recog-
nition element of SF12a and SF12b. Enhanced noncovalent inter-
actions that precede covalent bond formation and that determine
the lifetime of the noncovalent complex [21] seem to facilitate
covalent engagement of this otherwise unreactive residue. We pre-
sume that the superior inhibitory potency of SF12a and SF12b
compared to the smaller SFs is in part attributable to covalent
binding to K492, that is located inside the tunnel-like allosteric
site addressed by clinical-stage SHP2 inhibitors (shown in
Figure 1B). SF12a and SF12b likely inhibit SHP2 through a similar
mechanism as these drug-like noncovalent inhibitors, namely
through the stabilization of the autoinhibited conformation.
While Y511, labeled covalently by SF3, is also in proximity to
the tunnel binding site (Figure 3A), its hydroxyl group appears
to be less accessible. This may result in weaker labeling and might
therefore not have such a strong effect on potency as the covalent
engagement of K492. The covalent modification of amino acids
that are located outside functionally relevant binding sites, such
as Y66, had a weaker inhibitory effect. Thus, the observed inhibi-
tion upon labeling of these surface-exposed residues might be
attributable to altered surface properties that induce protein aggre-
gation or affect protein stability rather than to a specific effect on
phosphatase activity.

As both the rate of covalent bond formation and noncovalent
interactions between the inhibitor and the protein determine its
potency, reflected in the IC50 [21], we determined the noncovalent

affinity (KI) and the inactivation rate constant (kinact) of SF12a and
SF12b as well as the ratio kinact/KI (Table 2, Figure S13). SF12a and
SF12b displayed kinact/KI values of 12 and 88min−1 M−1. While
both compounds had comparable noncovalent affinities (KI= 164
and 193 μM for SF12a and SF12b, respectively), SF12b exhibited
a slightly higher rate of covalent modification of SHP2 (kinact
17× 10−3 min−1) compared to SF12a (2 × 10−3 min−1). While
these kinact values are low compared to cysteine-reactive warheads,
they are in the same range as previously reported, similarly sized
SFs [60, 63].

To further investigate the interplay of covalent and noncovalent
interactions in the context of the target-biased fragments, we
designed structurally similar analogs of the most active SF frag-
ments (Table 3). The fluorosulfate matched pairs of SF12a and
SF12b, OSF12a and OSF12b, were tested to determine whether
the improved noncovalent interactions would activate the less
electrophilic fluorosulfate warhead for covalent bond formation.
OSF12a and OSF12b did not show covalent labeling of SHP2
in line with the non-biased fluorosulfate fragments. However,
in contrast to the non-biased fragments, they showed very weak
inhibition of SHP2. Likewise, analogs of SF12a and SF12b devoid
of covalent warheads showed no (13a and 14) or strongly reduced
(13b) inhibition of SHP2 despite their similar size and the pres-
ence of the spiroamine tunnel-targeting substructure (Figure S3).
This underscores the contribution of covalent engagement of
K492 to the inhibitory potency of SF12a and SF12b in addition
to enhanced noncovalent interactions. Also, it challenges the
notion that the enhanced inhibition of SHP2 by SF12a and
SF12b could solely result from differences in molecular weight
[41]. Conversely, we observed that the noncovalent recognition
element of SF12a and SF12b was required for covalent bond for-
mation with K492 in the targeted tunnel allosteric site, which in
turn enhanced phosphatase inhibition. Given the slow covalent
reaction kinetics of SF12a and SF12b, their noncovalent interac-
tions must be strong enough to retain the fragments within

TABLE 2 | Inhibition and sites of covalent modification by tunnel allosteric site-biased sulfonyl fluoride (SF) fragments tested against full-length

SHP2 (SHP2FL). The reactive sulfonyl fluoride group is highlighted in dark red.

Entry Structure IC50, μMa Sites of covalent modificationb kinact, min−1 KI, μM
kinact/KI,
min−1 M−1

SF10 190 ± 40 Y66, Y100, Y179 n.d. n.d. n.d.

SF11 160 ± 20 Y66, Y179, K235, K358 n.d. n.d. n.d.

SF12a 5.8 ± 1.0 K492, Y100 2 × 10−3 164 12

SF12b 13 ± 5 K492, Y66 17 × 10−3 193 88

Note: Values are mean ± S.D. from independent duplicates.
Abbreviation: n.d., not determined.
aDiFMUP phosphatase assay was used for the inhibitor titration for IC50 determination against SHP2FL.
bProteolytic digestion followed by MS/MS peptide fingerprinting was used to determine the sites of covalent modification. A detailed description of the experiments
is provided in the SI.
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proximity to K492 for a sufficiently long time to enable covalent
binding.

2.3 | Binding Modes of the Most Potent
Target-Biased SFs

We investigated possible binding modes of the target-biased SFs
by docking and the analysis of X-ray co-crystal structures. All
biased SFs can be accommodated and form favorable interactions
in the tunnel allosteric site. In noncovalent docking poses, the
primary amines of SF12a (Figure 4A) and of the less active
SFs SF10 and SF11 (Figure S14A,B) can engage in H-bonds with
T108, F113, and T253 amongst others, similar to the correspond-
ing drug-like allosteric SHP2 inhibitors featuring the respective
amine substructures [8–10]. In contrast, the benzylic amine of
SF12b forms a salt bridge with E249 (Figure 4B). The aryl SF
moieties are oriented toward K492. Additional H-bonds are pre-
dicted between the SF oxygens and the R111 side chain as well as
the backbone NH of T218. The largest biased fragments SF12a
and SF12b show improved shape complementarity to the tunnel
binding site, providing a possible explanation for their superior
potency compared to the smaller SFs. Covalent docking suggests
a conformational change of the K492 side chain towards the
S(VI) center of SF12a and SF12b (Figure 4C,D). We also noticed
the proximity between the SF warheads of SF12a and SF12b and
the guanidinium group of R111 that might accelerate covalent
bond formation as proposed earlier for S(VI) warheads targeting
tyrosines [64, 65]. Upon covalent bond formation, SF12a is pre-
dicted to retain its binding pose, while SF12b shifts closer to K492,
enabling the formation of the three H-bonds observed for SF12a
and for drug-like noncovalent allosteric SHP2 inhibitors such as
GDC-1971 [10] (Figure S14D). We attempted co-crystallization

TABLE 3 | Inhibitory potencies of spiroamine-derived SHP2 tunnel allosteric site-biased aryl fluorosulfate- (OSF) and noncovalent matched pairs of

the most potent biased fragments tested against full-length SHP2 (SHP2FL). The reactive fluorosulfate group is highlighted in dark red.

Entry R IC50, μMa Sites of covalent modificationb

OSF12a 11% ± 9% inhibition @ 100 μM --

OSF12b 7% ± 5% inhibition @ 100 μM --

13a >1000 n.a.

13b 93 ± 36 n.a.

14 >1000 n.a.

Note: Values are mean ± S.D.
Abbreviations: --, no labeling observed; n.a., not applicable.
aDiFMUP phosphatase assay was used for IC50 determination against SHP2FL.
bProteolytic digest followed by MS/MS peptide fingerprinting was used determination of the sites of covalent modification. A detailed description of the experiments
is provided in the SI.

FIGURE 4 | Docking poses of the most active SHP2 tunnel allosteric

site-biased aryl SFs: (A,B) Noncovalent docking poses of SF12a (A, ligand

shown as cyan sticks) and SF12b (B, ligand shown as purple sticks).

H-bonds are represented by gray dashed lines; salt bridge shown as green

dashed line in (B). The targeted amino acid K492 is highlighted in red.

Distances between the S(VI) center and ε-NH2 nitrogen of K492 are 8.2

and 9.5 Å, respectively. (C,D) Covalent docking poses showing adduct for-

mation between K492 (red) and the SF warheads of SF12a and SF12b that

was observed in MS/MS experiments. SHP2 domain color coding as in

Figure 2.
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of SF12a with SHP2FL. The resulting co-crystal structure con-
firmed the binding of the fragment to the targeted tunnel allosteric
site. However, although covalent labeling has been proven by MS
and enzymatic digestion, instead of SF12a, its aryl sulfonate hydro-
lysis product was generated during the prolonged incubation
under basic crystallization conditions (7 days, pH 8.5) and was
observed in the obtained X-ray co-crystal structure (Figure S14C).

3 | Conclusion

We compared sets of small, generic non-biased aryl SF fragments
and target-biased aryl SF fragments designed to bind to the tun-
nel allosteric pocket of SHP2 in terms of SHP2 inhibition and
covalent modification of the enzyme. Non-biased SFs promiscu-
ously labeled surface-exposed tyrosine, histidine, and lysine res-
idues, resulting in weak phosphatase inhibition. Target-biased SF
fragments that feature amine moieties optimized for noncovalent
binding to the tunnel allosteric site of SHP2 showed distinct
labeling preferences, albeit nonspecific covalent binding was also
observed for small target-biased SFs. Also, the incorporation of
tunnel allosteric site-targeting pharmacophores did not necessar-
ily translate into stronger SHP2 inhibition. Only the biased SFs
with the most complex noncovalent recognition element, SF12a
and SF12b, displayed increased inhibitory potencies over non-
biased SFs in the low μM range and showed covalent binding
to the tunnel allosteric pocket through K492. K492 was not
labeled by any other tested SF, nor by a recently reported aryl
SF-containing small molecule allosteric SHP2 inhibitor [11].
Covalent engagement of K492 enhanced the inhibitory potency
of the biased SFs since noncovalent analogs as well as less reac-
tive fluorosulfate matched pairs showed no or strongly reduced
inhibition of SHP2. Nevertheless, even the most selective target-
biased SFs showed off-target labeling of one tyrosine residue
remote from the targeted allosteric pocket.

In this study, we demonstrate that aryl SFs are suitable warheads
for covalent allosteric inhibition of SHP2 through engagement of
K492 in the tunnel binding site. The screening of our target-biased-
and non-biased SF fragment sets presents the first systematic
approach towards charting covalent interaction sites in full-length
SHP2 with emphasis on the tunnel allosteric site. The findings
reported herein can serve as a starting point for the development
of K492-targeting allosteric SHP2 TCIs that might have the poten-
tial to overcome reduced inhibitor efficacy in the presence of acti-
vating mutations.

More broadly, our study illustrates how noncovalent recognition
influences covalent fragment binding. Consequently, conventional
SF fragments that form weak and transient interactions failed to
identify ligandable residues in the relevant tunnel allosteric site of
SHP2. By exploiting allosteric SHP2 inhibitor pharmacophore ele-
ments, we identified a reactive nucleophilic acid in the targeted
tunnel allosteric site that would not have emerged from screening
the non-biased covalent fragment library in a classical covalent
mapping setup. Our approach, based on target-biased covalent
fragments that feature noncovalent site-directed substructures,
can expedite TCI development without requiring a priori knowl-
edge of ligandable nucleophilic residues. Overall, for pharmaco-
logically validated targets, biased covalent fragments can offer
advantages over generic covalent fragments missing specific

interactions, and over a ligand-first approach that relies on pre-
dicted amino acid reactivities.
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