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ABSTRACT: Covalent protein kinase inhibitors exploit currently
noncatalytic cysteines in the adenosine 5′-triphosphate (ATP)-
binding site via electrophiles directly appended to a reversible-
inhibitor scaffold. Here, we delineate a path to target solvent-exposed
cysteines at a distance >10 Å from an ATP-site-directed core module
and produce potent covalent phosphoinositide 3-kinase α (PI3Kα)
inhibitors. First, reactive warheads are used to reach out to Cys862
on PI3Kα, and second, enones are replaced with druglike warheads
while linkers are optimized. The systematic investigation of intrinsic
warhead reactivity (kchem), rate of covalent bond formation and
proximity (kinact and reaction space volume Vr), and integration of
structure data, kinetic and structural modeling, led to the guided
identification of high-quality, covalent chemical probes. A novel
stochastic approach provided direct access to the calculation of overall reaction rates as a function of kchem, kinact, Ki, and Vr, which
was validated with compounds with varied linker lengths. X-ray crystallography, protein mass spectrometry (MS), and NanoBRET
assays confirmed covalent bond formation of the acrylamide warhead and Cys862. In rat liver microsomes, compounds 19 and 22
outperformed the rapidly metabolized CNX-1351, the only known PI3Kα irreversible inhibitor. Washout experiments in cancer cell
lines with mutated, constitutively activated PI3Kα showed a long-lasting inhibition of PI3Kα. In SKOV3 cells, compounds 19 and 22
revealed PI3Kβ-dependent signaling, which was sensitive to TGX221. Compounds 19 and 22 thus qualify as specific chemical
probes to explore PI3Kα-selective signaling branches. The proposed approach is generally suited to develop covalent tools targeting
distal, unexplored Cys residues in biologically active enzymes.

■ INTRODUCTION

Eight covalent kinase inhibitors, afatinib,1 ibrutinib,2 osimerti-
nib,3 neratinib,4 dacomitinib,5 acalabrutinib,6 zanubrutinib,7

and mobocertinib,8,9 have been approved by the Food and Drug
Administration (FDA) as anticancer agents to date. This
renewed the interest in targeted covalent inhibitors (TCIs).
Advantages of irreversible inhibitors include increased ligand
efficiency, specificity, and prolonged duration of action.10

Besides therapeutic approaches, TCIs find application as
chemical probes to explore the role of kinases in the onset of
human disease.11 Currently, only a limited number of signaling
proteins’ cysteines have been successfully targeted.12,13 TCIs are
usually generated using a reversible-inhibitor scaffold with a high
affinity for the primary target, which is then extended by an
electrophilic, reactive functional group. Often dubbed warhead,
these electrophiles engage in a Michael addition to form a
covalent link with the target cysteine. This strategy has been
successfully exploited to target protein kinases, including
Bruton’s tyrosine kinase (BTK)2,14 and epidermal growth factor
receptor (EGFR)15 (Figure 1a,c). The incorporation of an
electrophile on PCI-29732 and gefitinib scaffolds yielded the
cysteine-targeting covalent inhibitors acalabrutinib and ibrutinib

for BTK (Figure 1b), and dacomitinib and afatinib for EGFR
(Figure 1d). Typically, highly reactive warheads in covalent
drugs lead to toxicity and off-target reactions with cellular
nucleophiles such as thiols, including glutathione (GSH). Sadly,
even for marketed drugs like ibrutinib, clear structure−activity
relationship (SAR) studies leading to compound selection are
obscured.2 The intrinsic reactivity with thiols has not been
determined for recent covalent inhibitors,16−19 even though a
variety of warheads have been explored.7,20 Besides warhead
reactivity, the optimization of warhead proximity is often not
considered in the generation of covalent probes.21 Most of the
explored targeted cysteines are in close proximity to the
reversible scaffold,22 and structural analysis of the linker has
not been examined or disclosed. Targeting of remote cysteines
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has been rarely approached, but a few examples are present in
the literature, including anaplastic lymphoma kinase (Alk),23

cyclin-dependent kinases 12 and 13 (CDK12 and CDK13),24,25

and CDK726 covalent inhibitors.
CNX-1351 is the only known covalent inhibitor of

phosphoinositide 3-kinase α (PI3Kα) and targets its remote
Cys862,27 which is not conserved in other PI3Ks. CNX-1351
shows a relatively poor in vitro and cellular potency, and its
chemical features and warhead do not make it suitable for a lead
optimization process.
Thus, a rational path to the identification of highly selective,

covalent druglike inhibitors is currently elusive. A systematic
study of reactivity, proximity, and the integration of chemical
and biochemical measurements, paired with kinetic and
structural modeling, is required for the design of high-quality
covalent chemical probes.
Herein, we have selected PI3Kα to outline a roadmap to target

solvent-exposed cysteines at >10 Å from a reversible binding
core module. The PI3K signaling pathway plays a key role in
human carcinogenesis, and the PI3K family is divided into three
classes according to sequence homology and substrate
specificity.28,29 The class I PI3K family consists of four isoforms
(PI3Kα, β, δ, and γ). The genetic locus encoding PI3Kα,
PIK3CA, is frequently mutated and implicated in tumor
progression.30,31 Structurally diverse, reversible pan-class I
PI3K inhibitors (PI3Ki) are currently evaluated in clinical trials,

either as monotherapy, or as part of combination regimens.32−34

Alpelisib (BYL719)35 has been approved in combination with
Fulvestrant for the treatment of HR+/HER2− advanced breast
cancer bearing activating mutations in PIK3CA.36−39 BYL719
shows biochemical selectivity for PI3Kα,35 but is not sufficiently
isoform-selective to serve as a chemical probe to dissect
specifically PI3Kα-dependent biological processes. However,
BYL719’s preference for PI3Kα enlarges its therapeutic window
in PIK3CA-mutant tumors40 and makes it suitable to treat
PIK3CA-related overgrowth syndrome (PROS).41 Targeting
the PI3Kα-specific Cys862 with covalent inhibitors provides a
strategy to achieve exquisite PI3K isoform selectivity and to
generate tools to elucidate the role of PI3Kα in cancer and
metabolism. Here, a rational path to covalent inhibitors
targeting distal cysteines is depicted, which is driven by a
stepwise adaptation of warhead reactivity and proximity,
supervised by a rigorous determination of chemical and
enzymatic reactivities validating the proximity to the targeted
nucleophile. The approach is generally suited to target
unexplored Cys residues in biologically active enzymes.

■ RESULTS AND DISCUSSION
Design of Covalent PI3Kα Inhibitors. Starting from the

clinical candidate PQR309,42−45 we have previously identified
the preclinical candidate PQR514 with improved, low nano-
molar affinity for PI3Kα (Ki for PI3Kα = 2.2 nM46). The

Figure 1. (a, c) Design strategy for the development of irreversible inhibitors targeting (a) BTK and (c) EGFR. X-ray crystallographic structure of (a)
BTK (colored wheat) in complex with PCI-29732 (teal; PDB ID 3GEN)78 and (c) EGFR (cyan) in complex with gefitinib (brown, PDB ID 4I22).79

(b, d) Chemical structure of the reversible-inhibitor scaffolds and covalent derivatives are depicted. The incorporation of the warhead on PCI-29732
led to acabrutinib and ibrutinib, and gefitinib served as a scaffold for dacomitinib and afatinib. (e) PQR51446 (magenta) bound to phosphoinositide 3-
kinase α (PI3Kα) (gray; based on PDB ID 6OAC59). Cys862 positions from eight superimposed PI3Kα-inhibitor complexes are shown (see Table S1
for details). The position of the cysteine thiols (yellow) is conserved across the different complexes and deviates less than 2.6 Å. (f) Schematic design of
the covalent PI3Kαi library. The distances between reversible inhibitor skeletons and the targeted nucleophiles are shown as dashed green lines (∼4 Å
for BTK and EGFR vs ∼11 Å for PI3Kα).
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Figure 2. (a) Chemical structure of a set of nine warhead-containing compounds (1−9). (b) General reaction of warhead-containing compounds with
βME. (c) High-performance liquid chromatography (HPLC) reactionmonitoring of inhibitor (3) and its βME adduct (3-βME) formation. (d) Time-
dependent inhibitor consumption curves used to calculate kchem. Values are mean ± standard deviation (SD) (n = 3). Error bars are not shown when
smaller than symbols. (e) Chemical shift of the α-proton in 1H NMR spectra of compounds bearing an unsubstituted double bond (7) and β-methyl
(8)- and β,β-dimethyl (9)-substituted warheads. (f) Intrinsic reactivity of the inhibitors (kchem) plotted against the chemical shift of the α-protons of
the indicated compounds. Raw data and details for kchem calculations are reported in Table S2 and in the Materials and Methods section in the
Supporting Information. The second-order rate constant kchem could not be measured for compounds 6 and 9 due to lack of reactivity with 12M βME,
and also not for 1 due to its extremely fast reaction with 1 mM βME. kchem for compound 8 was lower than 1 × 10−6 M−1·s−1 and was thus considered
nonreactive. These three values are therefore “out-off scale” (denoted with red arrows) for kchem. (g) Representation of energy of the lowest-
unoccupied molecular orbital (LUMO) electron density (top) and LUMO map (bottom) for compound 1. Electron deficiency ranges from blue
(high) to red (low). Given that the LUMOdesignates space available for a pair of electrons, color tints toward blue in the LUMOmap indicate where a
nucleophilic attack would likely occur. Calculations were performed using Spartan 18,Wavefunction, Inc. (h) ELUMO values plotted against the intrinsic
reactivity of the inhibitors (kchem). Raw data and details for kchem calculations are reported in Table S2 and in the Materials and Methods section in the
Supporting Information. As in (f), values for kchem denoted with red arrows are “out-off scale”. (i) Chemical shift of α-protons of indicated compounds
plotted against ELUMO values. (j) Model for cellular on- and off-target reactions of covalent inhibitors. In the on-target reaction (green), enzyme E and
inhibitor I form first a reversible E∼I complex (equilibrium dependent on Ki), which is then converted to a covalent EI complex (controlled by kinact).
Competing off-target reactions (red) with cellular sulfhydryls (S) consume the inhibitor and form a stable SI adduct. (k) On- and off-target covalent
reactions of inhibitors as depicted in (j) were modeled using KinTek Global Kinetic Explorer: concentrations were set to 7 mM for intracellular
sulfhydryls (for intracellular reduced glutathione (GSH) concentrations, see ref 80); for the targeted enzyme (PI3Kα) to 10 nM; and for indicated
covalent inhibitors to 100 nM. Experimental values for kinact and kchem used for the modeling are listed in Table S2 and Figure S1. Details for the
determination of kinact are given in Figure 3 and associated materials.
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Figure 3. (a) Chemical structure of a collection of nine compounds with pairwise matched linkers and either fast (2, 10−12) or moderately (3, 13−
15a) reactiveMichael acceptors, and of 15b and 15c. (b) The reactive volume (Vr) of the warhead was estimated by a sphere around the sulfur atom of
Cys862, with a radius equal to the distance (d) between the Cys862 sulfur and the β-carbon of the Michael acceptor (Vr = 4/3·π·d3); see Table S4 for
values. Themodeled locations of the β-carbon of theMichael acceptor are indicated by spheres colored as in (a). (c) Correlation between kinact and the
local warhead concentration (see Table S4 for calculation). (d, e) Time-dependent IC50 determinations derived from time- and concentration-
dependent time-resolved fluorescence resonance energy transfer (TR-FRET) ratios curves depicted in Figure S2 (IC50s for all compounds with error
bars, see Figure S13). Strong (2, 10−12 (d)) and weak (3, 13−15a (e)) electrophiles were investigated. (f) Compound-specific intrinsic reactivity
(kchem) determined as in Figure 2; (g) dissociation constants (Ki) calculated from concentration and time-dependent TR-FRET experiments as shown
in Figure S2 (h) rate constants for covalent binding to PI3Kα (kinact); (i) second-order rate constant used to characterize covalent binding of
irreversible inhibitors to the target protein (kinact/Ki). The calculation of kinetic parameters was carried out through global fitting for numerical
integration to a kinetic model using KinTek Global Kinetic Explorer modeling software.73−76,81,82 All values are shown as mean ± SD (n = 3). Error
bars are not shown when smaller than the symbols. Orange, strong electrophiles; green, weak electrophiles. The distance between theMichael acceptor
(β-carbon) and Cys862 thiol was calculated using PyMOL 2.3.5 Schrödinger, Inc. (see Figure S3 and Table S3). (j) TR-FRET experiments for the
reversible analogue of compound 2 (2r). (k) Covalent docking of compounds 2, 10−12 using CovDock Schrödinger. Representation of the shift of the
morpholine oxygen (spheres, in hinge region defined by Val851) and of theNH2 (spheres, in binding affinity region defined by Asp810) with respect to
PQR530 scaffold (magenta) is displayed. (l) CovDock Schrödingermodeling has been used to investigate the displacement of the PI3K coremodule of
the indicated compounds when covalently bound to Cys862 of PI3Kα. The distances of (i) the morpholine oxygen atom (O17) and the N nitrogen
atom of Val851 backbone amide (O17-V851, red) in the hinge region, and (ii) the amino group (N26) of the aminopyrimidine and the closest oxygen
atom in COO− side chain of Asp810 (N26-D810, light blue) in the affinity region were determined from CovDock modeling coordinates from 50
predicted poses, and average and SD were calculated. As a control for a structural distortion of the PI3K-binding module, the distances between the
O17 and N26 atoms (O17-N26, black) were determined. Numbering of inhibitor atoms can be found in (a) and (k). Distances are reported in
angstrom. Modeling was performed using PDB ID 6OAC59 as a starting point. All compounds are depicted in Figure S6.
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PQR514 core was a suitable starting point to serve as PI3Kα-
binding module. Cys862 in PI3Kα is located at ∼11 Å from the
solvent-exposed morpholine oxygen atom of PQR514 (Figure
1e). An overlay of eight PI3Kα-inhibitor crystal structures
showed that the position and orientation of the Cys862 side
chain were maintained across all structures (Figure 1e and Table
S1), thus providing a fair estimate of the target space.
Subsequently, a variety of warheads and linkers were studied
to assess the required warhead reactivity and the spatial
trajectory of the Michael acceptor (for a schematic setup, see
Figure 1f).
Tuning of Warhead Reactivity. The control of warhead

reactivity is a pivotal parameter in the development of covalent
chemical probes and drug candidates. It has been reported that
the rate of thiol-Michael addition to α,β-unsaturated carbonyls
decreases from enones to acrylamides and that electron-
donating groups and alkyl moieties reduce the rate of thiol
addition due to electronic and steric effects.47 Even though
chemical and computational methods have been used to assess
the half-life of warheads,48 their intrinsic reactivity, as well as its
correlation with the rate of covalent bond formation, is often
neglected in SAR elucidation.
Up-to-date, several approaches have been applied to predict

warhead reactivity, including NMR chemical shifts,49 pKa
assessments,50 and quantum mechanics/molecular mechanics
(QM/MM).51 1H and 13C NMR have been previously used to
predict the reactivity of structurally similar α,β-unsaturated
carbonyls.52 Experimentally, the half-life to adduct formation
with GSH has served as a surrogate for measuring the relative
reactivity of cysteine-targeting warheads,53,54 and absolute rate
constants (kGSH or kchem) have been systematically established
for a collection of N-aryl55 and N-phenyl56 acrylamides. Here,
we designed and synthesized PI3Kis bearing nine different
warheads, including enones and acrylamides (1−9, Figure 2a).
We experimentally determined the rate constants of adduct

formation of this diverse set of Michael acceptors with β-
mercaptoethanol (βME; Figure 2b): the nine warhead-
containing compounds (1 mM) were incubated with βME at a
selected concentration from 1 mM to 12 M at 37 °C in
phosphate-buffered saline (PBS, pH 7.4)/dimethyl sulfoxide
(DMSO) mixtures (v/v 1:4). The temporal progress of the
reactions was monitored by HLPC (Figure 2c) and βME
adducts were confirmed by mass spectrometry (MS) (see the
MALDI-MS Spectra of β-Mercaptoethanol Adducts section in
the Supporting Information). The resulting time-dependent
inhibitor consumption/adduct formation curves (Figure 2d)
were fitted using pseudo-first-order reaction kinetics (yielding
k′), and were used to calculate the second-order reaction rate
constant (kchem, Table S2). Second-order rate constants could
not be reliably calculated for compounds 6 and 9 due to lack of
reactivity with 12 M βME, and also not for 1 because of the
extremely fast reaction with 1 mM βME. The presented set of
Michael acceptors showed a broad range of reactivities spanning
over 5 log units for kchem.
As a predictive analytical parameter for kchem,

1H NMR
chemical shifts of the alkene α-proton of the warheads were
explored: relative to the unsubstituted double bond in 1, 4, 7, the
signal of the alkene α-proton was shifted upfield in β-methyl (2,
5, 8)- and β,β-dimethyl (3, 6, 9)-substituted warheads (see, for
example, compounds 7−9, Figure 2e). When Log(kchem) values
were, however, plotted against chemical shifts of the α position
in 1H NMR, no reliable correlation could be established (Figure
2f).

Subsequently, LUMO maps (Figure 2g) with the corre-
spondent energies of lowest-unoccupied molecular orbitals
(ELUMO) were calculated. Low-energy LUMO makes chemical
moieties reactive toward nucleophiles. As LUMO energies have
been used to assess the electrophilicity of molecules, they could
be predictive of kchem values. A moderate correlation between
ELUMO energies and experimentally determined Log(kchem)
values was found (R2 = 0.68, Figure 2h). Similarly, no fair
correlation was obtained when ELUMO values were plotted
against the chemical shift of the α-proton (R2 = 0.34, Figure 2i).
Altogether, these results highlight that a measurement of kchem

is essential for a systematic classification of warhead reactivity.
To estimate on-target and off-target reactivity, the reaction of
the warhead with Cys862 of PI3Kα or cellular thiols was
modeled using KinTek software using the two competitive on-
target and off-target reactions depicted in Figure 2j. The on-
target model involves the inhibitor dissociation constant Ki for
the formation of the reversible enzyme−inhibitor complex
(E∼I) and the rate of the covalent reaction with the protein
(kinact; for the measurement of Ki and kinact, see next section) to
form the irreversible inhibitor complex (EI).
The results of this modeling (Figures 2k and S1) illustrate that

(i) highly reactive electrophiles (2) react very rapidly with the
target, but are mostly consumed by off-target reactions; (ii)
moderate electrophiles (3, 4, 7) selectively engage the target and
show negligible side reactions; and (iii) minimally reactive
molecules (5) engage neither the desired target nor undesired
cellular thiols.
This defines a range for kchem from ∼5 × 10−5 to 5 × 10−3

M−1·s−1 for warheads with an acceptable off-target activity. On-
target reactivity is, however, promoted by reversible affinity and
warhead proximity to the targeted nucleophilic amino acid side
chain.
While not suitable for drug development, we show below that

highly electrophilic warheads (see 2) can be exploited in the
early stage of hit identification to assess the spatial proximity of
the warhead to the target cysteine.

Scan of Protein Target Site and Assessment of
Proximity. The β-methyl-substituted enone (2) and its
corresponding moderately electrophilic derivative, β,β-dimethyl
enone (3), were selected to explore the target space. A collection
of compounds with pairwise matched linkers but either fast (2,
10−12) or moderately (3, 13−15a) reactive Michael acceptors
were synthesized (Figure 3a).
When bound to the adenosine 5′-triphosphate (ATP)-

binding site of PI3Kα, the linker length of the covalent inhibitor
defines the proximity of the warhead to Cys862. As explained
below in detail, the warhead will thus reside within a reactive
volume (Vr), which defines the local concentration of the
sulfhydryl group of Cys862 and the β-carbon of the Michael
acceptor of the warhead. Based on molecular modeling, Vr can
be approximated by a sphere with a radius equal to the distance
of the warhead and Cys862 (Figure 3b and Table S4). An
excellent correlation was obtained between the predicted local
concentration (estimated by 1/(NA·Vr); NA, Avogadro’s
number) of the warhead and the rate constant for the irreversible
reaction with Cys862 (kinact; R2 = 0.999, Figure 3c). The
irreversible reaction rate kinact was determined using a time-
resolved fluorescence resonance energy transfer (TR-FRET)
tracer displacement assay. Fitting time- and concentration-
dependent TR-FRET ratio curves (Figure S2) using KinTek
kinetic modeling software yielded kinact, the calculated Ki, and a
kinact/Ki ratio typically used to characterize the covalent binding
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Figure 4. (a) Library of acrylamide-containing compounds (16−24). (b) Intrinsic reactivity (kchem) of compounds 16−24, ibrutinib and CNX-1351.
Experiments performed with HPLC (1 mM inhibitor and 600 mM βME, n = 3). All values are reported as mean± SD. Error bars are not shown when
smaller than the symbols. (c) Efficiency in covalent bond formation (kinact/Ki) plotted against distance fromCys862. Zero on the x-axis corresponds to
Cys862 positioning; zero to left: shorter linkers; zero to right: longer linkers. Kinetic parameters are reported in Table S5. The distances between the
Michael acceptors (β-carbons) and Cys862 thiol were calculated using Maestro 11.1 and PyMOL 2.3.5 Schrödinger LLC (see Figure S5). (d) Plot of
kchem/kinact ratios vs the reactive volumeVr of compounds 12, 2, 11, 10 (red circles), 15a, 3, 14, 13 (green squares), 19, 22, 18, 17, 16 (blue circles), and
20, 23, 21, 24 (orange diamonds). The top x-axis shows the Vr·NA term utilized as in eq S14b to determine the scaling factor σ for each compound
group as shown in Figure S7 and Table S6. The compound group-specific σ factors were used to normalize the kchem/kinact ratios by 1/σ. The (blue)
regression line includes all compounds listed above except for 20, 23, 21, 24, with a linker reaching beyond the target Cys862. (e) Normalized kcat
reaction rates were calculated according to eq 15 with a spherical Vr approximation using the modeled distance to the target d. For Ki, the indicated
values were used. (f) Normalized kcat reaction rates were calculated according to eq 17a as a function of d and the inhibitor concentration [I]. For both
graphs in (e) and (f), a mean kchem averaged over the values from compounds 19, 22, 18, 17, and 16 was used (kchem (19, 22, 18, 17, 16) = 3.38× 10−4 M−1·
s−1). (g) LC-SRM quantification of Cys862-modification by 19, 22, and 22r. (h, i) X-ray structure of (h) 19 (deep teal) bound to PI3Kα (PDB ID
7R9V, resolution 2.69 Å) and (i) 22 (deep purple) bound to PI3Kα (PDB ID 7R9Y, resolution 2.85 Å). H-bonds are depicted as dashed black lines. As
for the CHF2-group, a H-bond either with (i) Lys802 or with (ii) the triazine core (intramolecular interaction) is possible based on the proton
positioning. (j, k) Electron density maps of the inhibitor (2Fo−Fc map contoured at 1σ, blue mesh) fit the structure of (j) 19 and (k) 22, and the
electron density clearly shows that the acrylamide forms a covalent bond with the thiol group of Cys862.
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of irreversible inhibitors to the target protein (Table S3). The
time- and concentration-dependent TR-FRET data can be
represented as time-dependent IC50 curves (exposure times of
10, 15, 30, 60, and 90 min), where a shift in IC50 visualizes a
covalent, time-dependent reaction of inhibitors with PI3Kα
(Figure 3d,e). For compounds bearing a fast-reacting warhead
(2, 10−12) a significant IC50 shift was observed even when their
Michael acceptor was predicted to be located at >3.5 Å from
Cys862 thiol (10: 5.1 Å and 11: 3.8 Å; Figures 3d and S3).
Compounds 2 and 12, with longer linear linkers (n = 3 and 4),
displayed an increased efficiency in covalent bond formation
with PI3Kα, and compound 12 showed the highest rate of
covalent inactivation (kinact/Ki = 1.27 × 10−3 nM−1·s−1, Table
S3). Reversible analogues did not display a time-dependent IC50
shift (Figure 3j for 2r). Similarly, β,β-dimethyl enone-containing
compounds 13 and 14 showed no detectable IC50 shift (Figure
3e) and very low kinact/Ki ratios (13: 3.25 × 10−6 and 14: 3.21 ×
10−6 nM−1·s−1) compatible with negligible covalent target
engagement. Compound 15a, placing the warhead <2 Å from
Cys862, showed an increased kinact/Ki ratio (5.82 × 10−5 nM−1·
s−1, Table S3). The fact that 15a displayed a 22-fold lower kinact/
Ki ratio compared to 12 with an identical linker length
demonstrates that the faster warhead in 12 is much better
suited to monitor the proximity to the target.
The increase in linker length did not influence the intrinsic

reactivity of the inhibitors for both fast and moderately reactive
Michael acceptors (Figure 3f). The reversible binding (see Ki,
Figure 3g) was moderately attenuated by extended hydrophobic
linkers in a solvent-exposed region of the ATP-binding site.
These two findings clearly illustrate that the increased efficiency
in covalent bond formation for 12 is related to the optimized
proximity of the warhead to Cys862. The comparison of
molecules with equal linker length and fast vs moderate
reactivity warheads shows clearly that fast warheads produce a
significant increase in kinact (Figure 3h) and kinact/Ki (Figure 3i)
producing a proximity “hit alert” that is not detected with
moderately reactive compounds. Fast-reactive warheads there-
fore provide an exquisite opportunity to rapidly (i) approach a
nucleophilic target in biologically relevant proteins and (ii)
prove the feasibility to convert a reversible scaffold into a
covalent molecule.
To complement the experimental approaches, modeling of

covalent docking was performed using CovDock Schrö-

dinger.57,58 As CovDock affinity values are only reliable when
intrinsic warhead reactivities are equal,57 they cannot be
exploited to compare our different hit sets including compounds
with enones and acrylamides (2, 3, and 10−24). Therefore, as
an output parameter, we assessed the displacement of the PI3K-
binding core module from the hinge (V851) and the binding
affinity region (D810) after covalent binding to Cys862. Fifty
poses per ligand were generated, and the distance between (i)
the morpholine oxygen atom (O17) and the backbone amide
nitrogen atom of Val851 (O17-V851, Figure 3a,k), and (ii) the
amino group (N26) of the aminopyrimidine and the closest
oxygen in the side chain carboxylate of Asp810 (N26-D810,
Figure 3a,k) were calculated. Considering the compounds 2 and
10−12, the morpholine oxygen (O17) of 12 was juxtaposed
with that of PQR530 (PDB ID 6OAC)59 (Figure 3k),
highlighting that the reversible core module was well
accommodated in the ATP-site upon the modeling of the
covalent reaction with Cys862. On the contrary, the morpholine
oxygen in compound 10 was displaced by ∼2 Å (Figure 3k) to
allow the warhead to react with Cys862. A similar trend was
observed determining the N26-D810 distance, where N26 of
compounds 10 and 11 was displaced by ∼1.8 and 2.5 Å,
respectively, compared to N26 in 12 (Figure 3l). Analysis of the
whole panel of compounds, shown in Figure S6, pointed out that
CovDock can be exploited to narrow down the hit list in
covalent inhibitor design, and allows the exclusion of molecules
with a bad match in linker length.
A further demonstration that the scan of the target site is more

likely to succeed using reactive warheads was demonstrated with
acrylamide compounds 15b and 15c, which showed a drop of
kinact to 0.96 × 10−4 and 1.27 × 10−4 s−1, respectively, compared
to a kinact of 9.03 × 10−4 s−1 for 15a.

Linker Optimization Using Druglike Warheads. As
shown above, unsubstituted acrylamides (4 and 7) can be
exploited in covalent chemical probes with minimal off-target
reactions with unspecific nucleophiles inside cells (Figure 2i).
To correlate the spatial trajectory to Cys862 with the above
warhead series (see Figure S14), nine molecules (16−24, Figure
4a) bearing an acrylamide warhead and different linker modules
were synthesized. A piperidine ring was introduced in these
molecules as the attachment point for the warhead. Piperidine
has been proposed as a privileged scaffold in drug discovery and
is present in many marketed anticancer agents.60 The piperidine

Table 1. Key Parameters for Acrylamide Derivatives (16−24), CNX-1351, Ibrutinib

compound kchem × 104 (M−1·s−1) kinact PI3Kα × 104 (s−1)a Ki PI3Kα (nM)a kinact/Ki × 105 (nM−1·s−1)a IC50 pPKB (S473) SKOV3c

16 4.10 0.58 10.8 0.54 51
17 2.49 0.98 10.7 0.93 47
18 3.07 2.92 8.56 3.43 48
19 3.70 12.0 2.93 41.4 82
20 4.52 2.52 14.0 1.80 664
21 4.37 1.95 10.6 1.87 686
22 3.54 10.8 5.14 21.0 86
23 3.88 3.78 14.5 2.61 250
24 3.86 4.06 12.2 3.36 260
19r 0b 2.55 0b 200
22r 0b 6.15 0b 227
CNX-1351 2.22 6.57 38.0 1.74 165
ibrutinib 10.4

aMean (and SD) were calculated from three independent measurements. bValues modeled with KinTek Global Kinetic Explorer are lower than
10−11 (nM−1·s−1), no covalent reaction was detected. The full dataset and SD are reported in Table S5. cMean (and SD) were calculated from three
independent measurements.
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ring was connected to the PI3Kα-binding module through a
carbon-chain (16−18) or an amide-containing (19−24) linker.
Two possibilities have been explored for amide-linker
compounds: secondary (compounds 19−21) and tertiary
(22−24) amides were introduced (Figure 4a). The presence
of an additional methyl slightly affected the physicochemical
properties (clog P, see Table S5) and inhibitor−protein affinity
(see next section).
Intrinsic reaction rates (kchem) were measured by adduct

formation with βME, to validate that chemical modifications of
the linker did not affect the electrophilicity of the acrylamide
warhead. All compounds displayed similar intrinsic reactivities,
matching the values of CNX-1351 and ibrutinib (see the
Supporting Information for chemical structures) within the
same order of magnitude (Figure 4b). TR-FRET measurements
of kinact, Ki, and calculation of kinact/Ki, as reported in Table S5,
document that the efficiency of covalent bond formation was
dramatically increased passing from compound 16 to 19 and 22
(see Figure S4 for time- and concentration-dependent TR-
FRET ratio curves used for parameter fitting, and Figure S5 for
distancemeasurements). After reaching amaximum efficiency in
covalent bond formation (19 and 22 kinact/Ki = 4.14 × 10−4 and
2.10 × 10−4 nM−1·s−1, respectively; Table 1), a drop in kinact/Ki
values was observed further elongating the linker beyond
Cys862 (compounds 20, 21, 23 and 24, Figure 4c). Our data
show that the excellent reactivity of 19 and 22 with PI3Kα is
related to the optimal positioning of the warhead close to
Cys862 and is not influenced by intrinsic warhead reactivity
(Figure 4b,c). Compounds 19 and 22 displayed kinact/Ki values
>10−20 times higher than that of CNX-1351 (41.4, 21.0 vs 1.74
× 10−5 M−1·s−1).
Stochastic Approach to Calculation of Covalent

Reaction Rates as f(kchem, kinact, Ki, and Vr). To better
understand how the various kinetic parameters influence the
overall covalent reaction rates, we developed a novel stochastic
approach to describe the relation of kchem, kinact, Ki, and the
distance of the warhead to the target cysteine (d), which defines
the reactive volume Vr. Our proposed model unites the
macroscopic and microscopic parameters of the covalent
reaction and takes into account the probabilistic nature of the
chemical reactions. Using Chemical Master Equations (CME),
we derived a linear relation of the kchem/kinact ratio to the reactive
volumeVr (eq 14a), for all equations and their full derivation, see
the Supporting Information, SI.

k
k
N Vinact

chem

A r
σ· =

· (14a)

Here, σ is a scaling factor, which allows for the compensation for
nonintrinsic warhead reactivity due to the steric effects and the
warhead’s chemical environment. The application of the model
to three groups of covalent PI3Kα inhibitors (2 and 10−12; 3
and 13−15a; 16−19 and 22) showed that kchem/kinact ratios
plotted vs Vr fit a simple linear relationship (R2 = 0.98, 0.98 and
0.99, respectively; see Figure S7 and Table S6), and thus validate
the proposed eq S14b.
Moreover, the scaling factor allows the association of the three

investigated compound groups in unified kchem/kinact ratio to
reactive volume Vr plots as depicted in Figure 4d. The excellent
linear fit obtained in Figure 4d (R2 for 2, 10−12, 3, 13−15a;
16−19, and 22was 0.988) characterizes σ as a useful predictor of
changing compound properties, but also visualizes deviations in
the targeting approach: compounds 20, 21, 23, and 24, with

linker reaching beyond the targeted Cys862, appear below the
regression line when fitted using the σ derived from compounds
16−19 and 22 based on the similarity of warhead structure and
environment. This illustrates that the kinact values of 20, 21, 23,
and 24 are larger than predicted based on the spherical
approximation of Vr. The reason for this is that molecules with
linkers reaching beyond the target Cys can bend and fold back to
form Cys adducts while still bound to the ATP-binding site.
Molecules with a short linker must detach from the ATP-binding
site to reach the target Cys (Figure 3k,l).
Also, the resulting interactions between warhead and target

cysteine may be altered by the steric constraints. Overall, the
results indicate that molecules with longer linkers have an
increased probability to bind to Cys862 as predicted from a
distance from the warhead to the Cys when measured in a
stretched conformation, which in turn yields higher kinact values
and consequently lower kchem/kinact ratios. This shows some
limitations of the current Vr estimation when outside of the
validated distance from the target Cys (see Figure 4d). Future
improvements and inclusion of steric factor calculations in the σ·
Vr term will extend its validity across diverse structurally
restricted linkers.
The stochastic approach also allows the integration of

equations established by Copeland61 and Strelow62 to calculate
kcat and kobs values and to predict overall rates as a function of
kchem, kinact, Ki, and Vr

k
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k
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These equations can be utilized to generally define the
dependencies of reaction rates as a function of Ki and the
inhibitor concentration, [I]: as shown in Figure 4e for the
dependency of kcat on the distance to target Cys (d) and Ki, the
reversible affinity to the target (Ki) is important, but an
improvement inKi by a factor of∼10 can be matched by a closer
approach to the target Cys by ca. 3Å. This illustrates that the
distance of the warhead to the target cysteine dominates kcat. For
kobs, the overall rate of the covalent reaction, values converge
rapidly to a maximal value if [I] > Ki, but can still be dramatically
accelerated by shortening the distance to the targeted
nucleophile (Figure 4f).

Confirmation of Covalent Cys862 Engagement. The
covalent bonds between compounds 19 and 22 and the targeted
Cys862 in PI3Kα were confirmed by mass spectrometry and X-
ray crystallography. Bottom-up LC-MS/MS-based proteomics
demonstrated covalent modification of Cys862 by compounds
19 and 22. A reversible analogue of compound 22 (22r) was
synthesized (Scheme S3) and used as a negative control. A
selective covalent modification of Cys862-containing tryptic
peptide (NSHTIMQIQCK) was observed for 19 and 22, but
not for 22r. MS1 extracted-ion chromatogram (XIC) traces are
reported in Figure S8. Afterward, the presence of modified forms
of NSHTIMQIQCK was established by peptide-spectrum
matching. All MS2 spectra were searched against the whole set
of human entries of the Uniprot database (20 308 total protein
entries). Only peptide spectrummatches with a high confidence
(>0.9) were considered (see proteomics data in the Supporting
Information). Among these, the only compound-modified
peptide was NSHTIMQIQCK carrying 19 and 22 (Table S7).
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The fragment spectra were assigned with a very high confidence
of >99.9% (Figure S9). LC-SRM was used to quantify the
conversion rates of Cys862 by 19, 22, and 22r. The reactive
compounds displayed a conversion rate >90% (19: 94% and 22:
92%), while no conversion was observed for the reversible
analogue 22r (Figure 4g).
X-ray crystallographic studies with compounds 19 and 22

mapped continuous electron densities between the side-chain
thiol group of Cys862 and the inhibitors’ acrylamide moiety,
indicating the formation of a covalent bond between PI3Kα and
the inhibitor (Figure 4h,i). Due to linker flexibility, a gap in the
electron density map was observed for both 19 and 22 (Figure
4j,k). The core molecule maintained the major interactions
observed for the PI3Kα-PQR530 complex (PDB ID: 6OAC,
resolution 3.15 Å),59 including the H-bond between the
morpholine oxygen and the backbone amide of Val851, as
well as between the NH2-group of the aminopyrimidine and
Asp805/810. The CHF2-group could either interact (i) with the
triazine core in an intramolecular manner or (ii) with Lys802
(distances <2.5 Å). The linker connecting the core module with
the warhead is located in the solvent-exposed region and the
carbonyl group linked to the piperazine establishes a pivotal
interaction with Gln859 (distance <3.0 Å) for both 19 and 22
structures (Figure 4h,i). Met858 and Thr856 interact differ-
entially with 19 and 22 linkers due to the higher rigidity of the
tertiary amide, leading to an optimal stabilization of 19 (see
Figure 4c for kinact/Ki values). Altogether these results confirm
that 19 and 22 irreversibly inhibit PI3Kα by a covalent
modification of Cys862.
NanoBRET Assay Detects Drug-Target Engagement in

Cells. A bioluminescence resonance energy transfer (BRET)
inhibitor displacement assay was used to dynamically quantify
target engagement in living cells. The used NanoBRET
approach exploits light emission from a small, bright, and stable
Nanoluciferase (NanoLuc)63,64 fused to PI3Ks, and an energy
transfer to a fluorescent (a pyrrolylBODIPY tracer; Energy
Transfer Probe 3 in ref 62) tracer binding to the ATP-binding
pocket of PI3Ks. We have examined the irreversible covalent
behavior of 19 and 22 in HEK293 cells expressing NanoLuc-
PI3K fusion proteins (PI3Kα, a PI3Kα Cys862 to Ser mutant,
PI3Kβ, and PI3Kδ). The reversible analogues of 19 and 22 (19r
and 22r) were included as negative controls (Figure 5), and

CNX-1351 as a positive control (Figure S10). After exposure to
19 or 22, subsequent inhibitor washout, and tracer addition, the
cells expressing wild-type PI3Kα did not show a BRET signal
and tracer binding for >3 h (Figure 5a). In contrast, the PI3Kα
C862S mutant displayed comparable dissociation rates for 19,
22, and their corresponding reversible analogues 19r and 22r
(Figure 5b). Tracer binding and BRET signal increase were
achieved also after drug washout in PI3Kβ and PI3Kδ (Figure
5c,d). The NanoBRET assays demonstrated therefore that
compounds 19 and 22 selectively and irreversibly react with
Cys862 in wild-type PI3Kα, but not with PI3Kα C862S, PI3Kβ,
and PI3Kδ.

Validation of Extended Duration of Action in Cellular
Washout Studies. The library of acrylamide-containing
compounds (16−24) was evaluated in SKOV3 ovarian cancer
cells with a constitutively active PI3Kα due to a His1047 to Arg
mutation in PIK3CA65 and enhanced expression of ERBB2
(HER2).66 PI3K output was monitored by protein kinase B
(PKB/Akt) phosphorylation on Ser473. Compounds 19 and 22
displayed a good cellular activity (IC50 for PKB/Akt
phosphorylation was 82 and 86 nM, respectively), being twice
as potent in SKOV3 cells compared to CNX-1351 (IC50 of 165
nM, Tables 1 and S5). Despite the poor efficiency in covalent
bond formation, compounds 16−18 showed high cellular
potency (IC50 of 51, 47, 48 nM, Table 1) due to the increased
clog P compared to 19 and 22 (clog P: 16: 1.72; 17: 1.89; 18:
2.28; 19: 0.65; 22: 0.89, Table S5).
To gain further insight into long-term inhibition of PI3K

signaling, cell lines with mutated, constitutively activated PI3Kα
(MCF7 breast carcinoma, PIK3CA Glu545Lys; SKOV3 ovarian
carcinoma, His1047Arg; and T47D breast carcinoma, Hi-
s1047Arg)65 were exposed to compounds 19, 22, and their
reversible analogues (19r and 22r) lacking the Michael acceptor
(see Scheme S3), as well as BYL719. BYL71935 was used as a
reversible inhibitor benchmark. The cells were incubated with
inhibitor (3 μM for 2 h) before free compound was washed out.
Subsequently, PI3K signaling output was measured by in-cell
western (ICW) detection of phosphorylated PKB/Akt. A
complete and prolonged inhibition (>6 h) of PKB/Akt
phosphorylation was observed in MCF7 (Figure 6a,b) and
T47D (Figure 6c,d) cells after washout of 19 and 22,
demonstrating that the irreversible elimination of PI3Kα activity

Figure 5. (a−d) Residence time experiment using BRET in intact HEK293 cells expressing NanoLuc fused to (a) PI3Kα, (b) PI3Kα Cys862Ser, (c)
PI3Kβ, and (d) PI3Kδ. The cells were incubated with inhibitors (3 μM) for 2 h. Subsequently, free inhibitor was washed out twice using Opti-MEM
medium (for 10 min at 37 °C and 5% CO2), before the cell-permeable BRET tracer was added (0.2 μM final concentration). A tracer bearing a
pyrrolylBODIPY fluorescent moiety83 (excitation at 460 nm and emission at 618 nm) was used to determine the on-target residence time of the
inhibitors after drug washout.64 Displacement of the inhibitors by the BRET tracer from the ATP-binding pocket in the indicated PI3K isoforms was
monitored by the recovery of the BRET signal between theNanoLuc-fused PI3K (donor) and the BRET tracer (acceptor). A prolonged residence time
of inhibitors (after drug washout) diminishes the BRET signal and points to a covalent interaction. Data shown are mean± standard error of the mean
(SEM) (n = 3). Results for CNX-1351 are shown in Figure S10.
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was sufficient to fully downregulate all PI3K signaling. This
suggests that mutated PI3Kα is the prevalent driver of PI3K
signaling in these cells. In contrast, ca. 25% of PKB/Akt

phosphorylation persisted in SKOV3 cells after the washout of
19 or 22 (Figure 6e,f), which is best explained by the enforced
signaling of over-expressed HER2 to other class IA PI3K. In line
with this, further addition of the PI3Kβ-selective inhibitor

TGX22167 after the transient exposure to either 19 or 22 yielded

a complete inhibition of PI3K signaling also in SKOV3 cells

(Figure 6e,f).
In the presence of all inhibitors (before washout, t = 0),

including the reversible 19r, 22r, and BYL719, PI3K output was

completely blocked. This illustrates that BYL719 also inhibited

the TGX221-sensitive PI3Kβ signaling in SKOV3 cells and

acted as pan-PI3Ki. Altogether, an incubation/washout cycle

with 19 and 22 reveals reliably which part of a PI3K output is

Figure 6. (a−f) Cellular washout experiments in cancer cells with amutated and constitutively activated PI3Kα. (a, b)MCF7 (PIK3CA E545K), (c, d)
T47D (PIK3CAH1047R), and (e, f) SKOV3 (PIK3CAH1047R;HER2+) cancer cell lines were treated with 3 μMof the indicated compounds for 2 h,
followed by drug washout (twice with fully supplemented Dulbecco’s modified Eagle’s medium (DMEM) for 10 min each). The cells were then
incubated at 37 °C and 5% CO2 for the indicated times before they were fixed, and the phosphorylation status of PKB/Akt was determined by in-cell
western; t = 0 values indicate reference measurements in the presence of inhibitor (i.e., immediately after the 2 h treatment window and without
removal of drug). Where indicated, TGX221 (3 μM) was added 1 h before the fixation of cells, to investigate a potential cell-line-dependent further
contribution of PI3Kβ to PKB/Akt phosphorylation. Data shown are mean± SEM (n = 4; two independent measurements). Error bars are not shown
when smaller than symbols. (g, h) Plot of clogD vs biological activity ((g) pKi; (h) pIC50) of compounds 19, 22, and CNX-1351. Lipophilic ligand
efficiency (LipE) values higher than 5 are considered to be the threshold for lead compounds and high-quality chemical probes. LipE calculations are
shown in Table S9. (i) On-target covalent modification modeled after 40 min using KinTek Global Kinetic Explorer. See Figure S1c,d for additional
details. (j) Metabolic stability of 19, 22, and CNX-1351 using rat liver microsomes fortified with phase I metabolism cofactor NADPH. The time-
dependent degradation of test items (starting concentration 1 μM) in the presence of rat liver microsomes (0.5 mg microsomal protein/mL) was
measured (mean ± SD; n = 2). Error bars are not shown when smaller than symbols. Corresponding raw data are reported in Table S10.
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strictly PI3Kα-dependent, and qualifies 19 and 22 as specific
chemical probes to investigate selectively PI3Kα signaling.
Lipophilicity and Lipophilic Ligand Efficiency (LipE).

Lipophilicity plays a central role in compounds’ pharmacoki-
netics and safety; thus, the concept of lipophilic ligand efficiency
(LipE) has been developed to normalize potency relative to
lipophilicity. The potential of achieving good in vivo perform-
ance increases when chemical modifications improved potency
and simultaneously lower lipophilicity.68 Proposed acceptable
values of LipE for drug candidates are ≥5.69 We calculated LipE
values for our lead compounds (19 and 22) as well as CNX-1351
to evaluate the effect of the structural changes on both potency
and lipophilicity. LipE profiles of CNX-1351 did not reach the
standard threshold value of 5 [LipE (Ki) = 2.78; (IC50) = 2.13,
Figure 6g,h; see Table S9 for calculations]. On the contrary,
compounds 19 and 22 significantly increased potency and
decreased lipophilicity, resulting in optimal LipE values [LipE
(Ki) = 19, 7.89; 22, 7.40; LipE (IC50) = 19, 6.44; 22, 6.18, Figure
6g,h]. Employing LipE allowed to move into the desirable
property space and to select high-quality chemical probes. Based
on KinTek modeling using experimentally determined Ki and
kinact, 19 and 22 are predicted to reach covalent modification of
PI3Kα faster than with CNX-1351 (Figure 6i). KinTek
modeling also predicts that all three compounds display
negligible off-target reactivity (Figure S1d).
Assessment of Metabolic Stability. The metabolic

stability of 19, 22, and CNX-1351 was evaluated in vitro in rat
liver microsomes fortified with NADPH as a phase I metabolism
cofactor. Compounds were tested at 1 μM concentration with
liver microsomes and the percentage of remaining compounds
after 60 min of incubation was detected. Verapamil was run in
parallel as a high-clearance control compound. Compounds 19
and 22 were stable over the tested time frame with 97% of 19
and 87% of 22 remaining. CNX-1351 was rapidly metabolized
with only 2% remaining after 60 min of incubation (Figure 6j
and Table S10). Compounds 19 and 22, containing a
moderately reactive, druglike warhead, as well as a metabolically
favorable linker, outperformed the rapidly metabolized CNX-
1351.
Profiling of Protein and Lipid Kinase Selectivity.

Although off-target reactions with free thiols are negligible for
19 due to its low inherent reactivity, reversible binding to off-
target proteins could generate the proximity to bring about off-
target reactions. As 19 contains an ATP-site binding module,
protein kinases are a possible target. The cysteinome of protein
kinases has been elegantly reviewed by Chaikuad et al.70 and
provides a projection of the cysteinome to protein kinase A
(PKA).Modeling of 19 into this template’s ATP-binding reveals
only one close target cysteine at a distance of ca. 8 Å, which
belongs to the c-Jun amino-terminal kinase (JNK1, 2, 3) family
(Figure 7a, Cys154 in JNK3, labeled as F3), and previously
targeted by the selective, covalent JNK-IN-8 inhibitor.71

To explore the selectivity of compound 19 for PI3K, a
DiscoverX scanMAX kinase assay panel including a wide range
of protein and lipid kinases was used. Compound 19 displayed
negligible binding to protein kinases including JNK1-3 at a
concentration of 1 μM (Figure 7b, full dataset and comparisons
with PQR514, PQR309, BYL719, GDC-0980, and PKI-587 in
Figure S11 and Table S13). The only minor hits involved
CSF1R (autoinhibited), JAK1 (JH2 domain-pseudokinase),
KIT (autoinhibited), with a remaining tracer binding of 20, 32,
and 35%, respectively. At the same time, CSF1R, JAK1, and KIT
(and mutant) catalytic domains showed no relevant interactions

Figure 7. (a) Analysis of putative off-target reactions of covalent PI3Kα
inhibitors with protein kinases. Coordinates for a cysteinome protein
kinase template were kindly provided by Chaikuad and Knapp. Their
template was generated based on the PDB ID 1ATP of the catalytic
subunit of cAMP-dependent protein kinase (PKA), onto which
cysteines throughout the kinome have been projected as reported in
ref 70. These coordinates were aligned with PI3K crystallographic data
from PDB IDs 5OQ4 (PQR309/PI3Kγ complex), 1E8X (ATP/PI3Kγ
complex), and structures of compound 19 bound to PI3Kα provided
here, to dock 19 into the PKA template’s ATP-binding site. In the
depicted compound 19 (dark blue), the sulfur atom of Cys862
(oversize yellow sphere) is located at a distance of 8.0 Å from Cys F3
(Cys annotation as in ref 70), which corresponds to a Cys in JNK1, 2,
and 3. Closer is only Cys F4 at a distance of 4.0 Å, which is the Cys862
of PI3Kα projected onto the PKA template. The rest of the projected
protein kinase Cys residues are ≫10 Å away from the warhead of 19
and cannot be targeted without displacement of the ATP-binding
module. (b) Validation of off-target binding of 19 at 1 μM to protein
kinases in KINOMEScan experiments (comparisons with results from
PQR514, PQR309, BYL719, GDC-0980, and PKI-587, and lipid kinase
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with 19, as also apparent from excellent selectivity scores (Table
S12). This selectivity is based in part on the PI3K-binding motif
derived from PQR514, a compound that shows a Kd of 2 nM for
PI3Kα in a KdELECT assay (Table S11), which drops to 0.1 nM
by a factor of 20 for 19.
Compound 19 is thus a potent covalent PI3Kα inhibitor and

acts at higher concentrations as pan-PI3K. This profile allows
the transient, reversible inhibition of class I PI3Ks (PI3Kβ,
PI3Kδ, and PI3Kγ; Table S11), while PI3Kα inactivation
persists after the washout of free inhibitor and completely
abrogates PI3K signaling in cells with mutated, constitutively
activated PI3Kα (Figure 6).
Our novel covalent tools have been fully characterized and

met all of the criteria proposed in the validation process of a
covalent tool compound,72 including (i) irreversible ligand and
control compounds; (ii) time-dependent in vitro activity; (iii)
retained cell-based activity upon washout; (iv) confirmed target
labeling usingmass spectrometry; (v) confirmed residue-specific
labeling using X-ray crystallography and/or MS; (vi) cell-based
target validation (resistance mutation, C862S); and (vii)
selectivity profiling (KinomeScan, TreeSpot representation).

■ CONCLUSIONS
Selective irreversible inhibition relies on warhead reactivity and
proximity. Here, we delineate a path to an efficient design to
proximity-optimized druglike covalent inhibitors targeting
remote cysteines. As moderate electrophiles with a distant
target nucleophile do not produce hits in assays for covalency,
we use fast-reactive warheads as tools in an early stage of the
screening process to explore a bigger reactive space. The
proximity/reactivity (kinact) information acquired as a function
of linker length served then to design molecules with an
expected placement of the warhead in close proximity to the
target cysteine. At that stage, acrylamide-containing warheads
could be introduced, avoiding metabolic instability and off-
target thiol reactivity. The optimization of linkers allowed a close
positioning of the electrophile relative to Cys862 in PI3Kα. A
thorough assessment of intrinsic chemical reactivity (kchem) and
rate of covalent bond formation (kinact) with PI3Kα provided a
guided path to proximity-driven reactivity. Following this recipe,
a two-order of magnitude increase in kinact was achieved, while
the electrophilicity of the warhead remained unchanged. Finally,
we have developed irreversible inhibitors of PI3Kα (19 and 22)
with rapid and covalent bond formation and higher cellular
potency compared to CNX-1351.27 X-ray crystallography
confirmed the covalent bond formation between the cysteine
thiol and the acrylamide. This specificity for Cys862 in PI3Kα
was confirmed by NanoBRET assays. Compounds 19 and 22
showed excellent stability in rat liver microsomes compared to
CNX-1351, highlighting the use of the described approach to
design metabolically stable warheads and linkers, and to
properly direct the electrophiles to remote cysteines. Consid-

ering the importance of PI3Kα as a target in oncology and
vascular malformations, irreversible PI3Kα inhibitors could
provide highly specific, long-acting, on-target therapeutics with
unprecedented pharmacological properties.
The presented workflow, including a stepwise optimization of

proximity and metabolic stability, can serve as a template to
target distal cysteines across the kinome, accelerating the
characterization of the role of different kinases in human disease.

■ METHODS
Compounds Synthesis and Characterization. All final com-

pounds were synthesized in a purity ≥95% (see the Supporting
Information for synthetic procedures).1H,19F, and 13C NMR spectra
were recorded on a Bruker Avance 400 spectrometer. NMR spectra
were obtained in deuterated solvents, namely, CDCl3 or (CD3)2SO.
The chemical shift (δ values) are reported in ppm and corrected to the
signal of the deuterated solvents [7.26 ppm (1H NMR) and 77.16 ppm
(13C NMR) for CDCl3; and 2.50 ppm (1H NMR) and 39.52 ppm (13C
NMR) for (CD3)2SO].

19F NMR spectra are calibrated relative to
CFCl3 (δ = 0 ppm) as external standard (see the Supporting
Information).

Determination of kchem Using β-Mercaptoethanol (βME). The
tested compounds (1 mM) were reacted with indicated concentrations
of βME (Tables S2, S3, and S5) at 37 °C in a 4:1 DMSO/PBS (pH 7.4)
mixture. The loss of inhibitor and formation of inhibitor-βME adduct
was monitored by HPLC (Ultimate 3000SD System, ThermoFisher) at
20 min to 1 h intervals depending on reaction rates. Inhibitor-βME
adduct was identified by MALDI-ToF MS (Voyager-DeTM Pro
measured in m/z; see the MALDI-MS Spectra of β-Mercaptoethanol
Adducts section in the Supporting Information). The experiments were
performed in triplicate. For further details, see the Supporting
Information.

Structure Modeling of PI3K and mTOR Kinase Complexes.
The coordinates of PQR530 in PI3Kα (PDB ID 6OAC)59 were used as
starting points to dock molecules into the ATP-binding sites. Ligands in
crystal structures were manually docked using Maestro 11.1 and energy
minimization was subsequently carried out. Further measurements and
figures were generated in Maestro 11.1 and Chimera UCSF.

Determination of Inhibitor Binding by TR-FRET. TR-FRET
was performed by a LanthaScreen Technology (Life Technologies)
assay as described in ref 42. In brief, displacement of AlexaFluor647-
labeled Kinase Tracer 314 (#PV6087, Kd of 2.2 nM for PI3Kα) from a
kinase/antibody/tracer (KAT) complex induced by the addition of
increasing inhibitor concentrations was measured. The KAT was
premixed in PI3Kα assay buffer composed of 50mMHEPES pH 7.5, 10
mMMgCl2, 1 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-
tetraacetic acid (EGTA), and 0.01% (v/v) Brij-35 from recombinant N-
terminally (His)6-tagged PI3Kα [(His)6-p110α/p85α complex, 5 nM,
#PV4789], biotinylated anti-(His)6-tag antibody (2 nM, #PV6089),
and LanthaScreen Eu-steptavidin (2 nM, #PV5899) as well as the
AlexaFluor647-labeled Kinase Tracer 314 (20 nM). Rapid dispensing
of inhibitors was performed on an I.DOT One dispenser (Dispendix).
For experimental details and data analysis, refer to the Supporting
Information.

Determination of Inhibitor Dissociation and Kinetic Con-
stants. Dissociation constants (Ki) and the rate of covalent bond
formation (kinact) for PI3Kα were determined by LanthaScreen
Technology as above, and fluorescence changes were recorded as a
function of time and inhibitor concentration. Recordings were started
immediately after compound addition and continued at 60 s intervals
for 1.5 h. FRET emission ratios were calculated by dividing blank-
corrected FRET acceptor signals (AlexaFluor647-labeled Tracer 314,
665 nm) by donor signals (Eu-labeled steptavidin, 620 nm). Kinetic
parameters (Ki and kinact) were obtained through the global fitting of
time- and concentration-dependent FRET ratios using KinTek Global
Kinetic Explorer software,73,74 with adaptions to fit enzymatic covalent
reaction data as previously described.75,76 For details on the
experimental setup and data analysis, see the Supporting Information.

Figure 7. continued

interactions are shown in Figure S11 and quantitative data are listed in
Table S13). The three red spots in the kinase tree represent CSF1R
(autoinhibited; juxtamembrane domains of some protein tyrosine
kinase receptors stabilize the kinase domain in an inactive state), JAK1
(JH2 domain-pseudokinase), and KIT (autoinhibited) with remaining
binding of 20, 32, and 35%, respectively. CSF1R, JAK1, and KIT (and
mutant) catalytic domains (in active conformations) showed no
relevant interactions with 19.
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KinTek Modeling of On-/Off-Target Reactions. The reaction
progression curves of on-/off-target covalent binding for each inhibitor
were modeled using KinTek Kinetic software.73,74 The underlying
enzymatic reaction mechanism is detailed in the Supporting
Information.
Stochastic Approach to Calculation of Covalent Reaction

Rates. The details of covalent binding reaction models and the
derivation of stochastic and macroscopic equations are explained in
detail in the Supporting Information.
Protein Mass Spectrometry. Details on samples preparation are

reported in the Supporting Information. LC-MS/MS data were
acquired in data-dependent mode on a system consisting of a Proxeon
Ultra easy LC and anOrbitrap Elite (Thermo). Peptides were identified
using the Trans-Proteomic-Pipeline (TPP) v5.1 with the search engine
Myrimatch and the parameters: precursor tolerance: 10 ppm; fragment
tolerance: 0.5 Da; dynamic modifications: iodoacetamide (C),
oxidation (M); 19 (C), 22 (C) and 22r (C), enzyme: trypsin; missed
cleavages: 2. Peptide probabilities were assigned with PeptideProphet
and iProphet and the dataset was filtered with a peptide probability
(iprobability) of 0.9. MS1 XIC traces of the Cys862-containing
peptides with different covalent modifications were extracted using
Skyline v4.2. The conversion rate of Cys862 through the compounds
was quantified using LC-SRM.
Purification of PI3Kα Protein for Structural Studies. PI3Kα

(ΔABD-LBS p110α 105−1048) was expressed by recombinant
baculovirus in Sf9 cells, purified, and initially crystallized as previously
published.59,77 Additional details are provided in the Supporting
Information.
Crystallography. For co-crystallization of 19 and 22, protein at 5.8

mg/mLwas initially incubated for 20 h on ice with a 2-fold molar excess
of inhibitor. Crystals collected for diffraction were obtained from 1 μL
hanging drops containing 0.5 μL of inhibitor-bound protein mixed with
0.4 μL reservoir (6−10% poly(ethylene glycol) (PEG)6000, 0.6 M
sodium formate, 0.1 M N-cyclohexyl-2-aminoethanesulfonic acid
(CHES) pH 9.5, 5 mM tris(2-carboxyethyl)phosphine (TCEP) pH
7.5) and 0.1 μL of 1/1000 diluted micro-seeds crushed from a drop of
the original apo crystals. Diffraction data for PI3K crystals were
collected at beamline 08ID-1 of the Canadian Light Source (19 and
22). Data were collected at 12.670 keV (CLS) for 19 and 22. For details
on the experimental setup, data analysis, and full data collection details,
see the Supporting Information.
NanoBRET Target Engagement Assay. To investigate drug-

target engagement on a cellular level, HEK293 cells were transiently
transfected (using jetPEI from Polyplus-transfection, #101B-010N)
with expression plasmids for nano-luciferase (NanoLuc) fused to theN-
termini of the catalytic PI3K subunits p110α, p110αCys862Ser, p110β,
and p110δ (Promega #CS1810C52, #CS1810C250, #CS1810C390,
and #CS1810C246) in combination with a vector for the regulatory
p85α subunit. Transfected cells were seeded to 96-well assay plates
(Falcon, #359296) in Opti-MEM I medium without phenol red
(Gibco, #11058021) and exposed to inhibitors (3 μM) for 2 h (37 °C,
5% CO2). Inhibitors were then removed, and cells were washed twice
with medium (10 min intervals, each). Finally, energy transfer probe
(Tracer 03, Promega, # N260B), NanoGlo Substrate (Promega,
#N157C), and extracellular NanoLuc inhibitor (Promega, #N235B)
were added as detailed in the Supporting Information, before donor and
acceptor luminescences were recorded on a Berthold Mithras2 LB943
luminometer equipped with 460 ± 35 nm BP (donor) and 600 nm LP
(acceptor) filters (integration time set to 0.5 s). To generate raw BRET
ratio values, the acceptor emission intensity (618 nm) was divided by
the donor emission intensity (460 nm). Background correction was
performed by subtracting the BRET ratio in the absence of tracer
(average of no tracer control) from the BRET ratio of each sample.
Determination of Cellular PKB/Akt Phosphorylation. For in-

cell western (ICW) assays, 1.2 × 104 SKOV3 cells in DMEM (Sigma,
D-5671) supplemented with 10% heat-inactivated fetal calf serum
(FCS), L-glutamine (2 mM), and 1% penicillin−streptomycin were
seeded into 96-well plates (Cell Carrier, PerkinElmer, #6005550) and
pre-incubated for 18 h (37 °C, 5% CO2). Inhibitors (2 mM stock
solutions in DMSO) were added using an I.DOT One dispenser

(Dispendix) to generate a concentration range of 0.8 nM to 3 μM (11
intervals) in 0.05% DMSO per plate. Samples were incubated for 1 h
(37 °C, 5% CO2), fixed (4% paraformaldehyde [PFA] in PBS for 30
min at RT), blocked and permeabilized (1% bovine serum albumin
[BSA], 0.1% Triton X-100, 5% goat serum in PBS, 30 min at RT), and
co-stained with rabbit monoclonal anti-phospho-Ser473 PKB/Akt
(Cell Signaling Technology, #4058) and mouse anti-α-tubulin (Sigma,
# T9026) antibodies. The following day, primary antibodies were
removed by washes with PBS (1% BSA, 0.1% Triton X-100), and
secondary antibodies (IRDye680-conjugated goat anti-mouse, and
IRDye800-conjugated goat anti-rabbit antibodies) were added for 90
min (LICOR #926-68070 and #926-32211, shaking, RT, in the dark).
After removal of secondary antibodies, fluorescence was finally
recorded on an Odyssey CLx infrared imaging scanner (LICOR) and
the ratio of pPKB (800 nm) over α-tubulin (680 nm) was determined,
as further described in ref 42 and the Supporting Information.

In-Cell Western (ICW) Washout Experiments. For ICW assays
with timed removal of inhibitor (so-called “washout” experiments), 1.2
× 104 SKOV3, 1.6× 104MCF7, or 1.4× 104 T47D cells (propagated as
indicated above) were seeded per well of a 96-well assay plate (Cell
Carrier; PerkinElmer, #6005550) and incubated for 40 h (37 °C, 5%
CO2). Inhibitor stock solutions (2 mM in DMSO) were diluted to 60
μM working solutions in DMEM medium (with 10% FCS, see above)
and added to a final concentration of 3 μM (max. 0.15% DMSO) per
well. After inhibitor addition, the cells were incubated for 2 h, then
washed twice with medium to remove free inhibitors, and further
incubated for the indicated times (37 °C, 5% CO2). Values at t = 0
represent the measurement in the presence of inhibitors (no washout).
Where indicated, TGX221 was added (3 μM, 1 h prior to fixation) to
probe for cell-line-dependent, PI3Kβ-derived contributions to pPKB/
Akt formation. Finally, the cells were fixed, blocked, permeabilized, and
stained for fluorescence detection as described above.

Metabolic Stability in Rat Liver Microsomes. The assay was
performed using Sprague Dawley rat liver microsomes at 0.5 mg/mL.
Details on the experimental setup are reported in the Supporting
Information. The experiment was initiated by the addition of 70 μL of a
10 mM NADPH solution in phosphate buffer (100 mM, pH 7.4,
supplemented with 2 mM MgCl2) to the prewarmed (37 °C)
microsomes/buffer/test item mix. Samples (70 μL) were removed
from the incubations after 0, 10, 30, and 60 min and transferred to the
quenching plate for sample preparation containing acetonitrile (ACN)
supplemented with the internal standards. The experimental test item
incubations were run in duplicate (n = 2). Verapamil was used as a high-
clearance positive control (n = 2) to demonstrate the microsomal CYP
enzyme activity. For quantitative analysis of test and reference items,
LC-MS systems were used (see the Supporting Information).
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