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Chemical probes have gained importance in the elucidation of signal transduction in biology. Insufficient

selectivity and potency, lack of cellular activity and inappropriate use of chemical probes has major

consequences on interpretation of biological results. The catalytic subunit of phosphoinositide 3-kinase

a (PI3Ka) is one of the most frequently mutated genes in cancer, but fast-acting, high-quality probes to

define PI3Ka's specific function to clearly separate it from other class I PI3K isoforms, are not available.

Here, we present a series of novel covalent PI3Ka-targeting probes with optimized intracellular target

access and kinetic parameters. On-target TR-FRET and off-target assays provided relevant kinetic

parameters (kchem, kinact and Ki) to validate our chemical probes. Additional intracellular nanoBRET tracer

displacement measurements showed rapid diffusion across the cell membrane and extremely fast target

engagement, while investigations of signaling downstream of PI3Ka via protein kinase B (PKB/Akt) and

forkhead box O (FOXO) revealed blunted pathway activity in cancer cell lines with constitutively activated

PI3Ka lasting for several days. In contrast, persistent PI3Ka inhibition was rapidly bypassed by other class I

PI3K isoforms in cells lacking functional phosphatase and tensin homolog (PTEN). Comparing the rapidly-

diffusing, fast target-engaging chemical probe 9 to clinical reversible PI3Ka-selective inhibitors alpelisib,

inavolisib and 9r, a reversible analogue of 9, revealed 9's superior potency to inhibit growth (up to 600-

fold) associated with sustained suppression of PI3Ka signaling in breast cancer cell lines. Finally, using

a simple washout protocol, the utility of the highly-selective covalent PI3Ka probe 9 was demonstrated by

the quantification of the coupling of insulin, EGF and CXCL12 receptors to distinct PI3K isoforms for signal

transduction in response to ligand-dependent activation. Collectively, these findings along with the novel

covalent chemical probes against PI3Ka provide insights into isoform-specific functions in cancer cells and

highlight opportunities to achieve improved selectivity and long-lasting efficacy.
Introduction

Small-molecule chemical probes are excellent tools to interro-
gate specic enzyme functions, and to dissect convoluted
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signaling pathways.1,2 Additionally, high-quality chemical
probes are essential to validate target tractability, on-target
efficacy and safety in early stage drug development.3 Despite
their vital importance, many commonly used chemical probes
do not meet the fundamental quality criteria regarding
biochemical (<100 nM) and cellular potency (<1 mM), target
selectivity (>30 fold to sequence related proteins), and a proof of
target engagement.4–6 The use of probes with inferior quality
oen leads to corrupted data and false conclusions,7 high-
lighting the necessity to develop advanced chemical probes
which meet stringent quality criteria.

Investigating class I phosphoinositide 3-kinase (PI3K)
signaling using small molecule chemical probes has been
a challenging endeavor, also because class I PI3Ks include four
isoforms (class IA: PI3Ka, PI3Kb, PI3Kd; class IB: PI3Kg) with
highly conserved ATP binding sites.8–10 In response to growth
factor receptor engagement, these PI3Ks catalyze the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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phosphorylation of phosphatidylinositol(4,5)-bisphosphate
(PIP2) to generate phosphatidylinositol(3,4,5)-trisphosphate
(PIP3)11–13 and regulate cell metabolism, growth, proliferation
and survival.14,15 Here signaling is convoluted, as the ubiqui-
tously expressed PI3Ka and PI3Kb have both PI3K distinct or
redundant, context- and receptor-dependent cellular functions.
For example, PI3Ka is activated by tyrosine kinase receptors
(RTKs) and operates downstream of GTP-loaded Ras, while
PI3Kb can also be activated in response to G protein-coupled
receptor (GPCRs) activation.16–18

In addition, membrane receptor activation can cause
concurrent signaling through PI3K and mitogen-activated
protein kinase (MAPK) pathways, leading to inter-pathway
cross-signaling – depending on ligand, cell type and genetic
context.19 To date, attempts to deconvolute receptor–PI3K
isoform-coupling yielded incomplete or conicting data.17,20–22

Activating mutations of catalytic subunit of PI3Ka (p110a,
encoded by the PIK3CA locus) are oen located in the helical
(hotspot E542K/E545K) or kinase domain (hotspot H1047R),23–25

and are frequent in cancer.26 Despite its well-known oncogenic
role, the current understanding of PI3Ka isoform-specic
contributions in cellular signaling events and disease mecha-
nisms remains poor. This delayed the clinical development of
reversible small molecule PI3K inhibitors, which still lack
specicity at effective concentrations, causing a high incidence
of adverse reactions. Moreover, reversible inhibitors only
provide transient target inhibition, leading to rapid rebound
signaling and loss of drug action.27–33 Increased isoform speci-
city and duration of action is therefore necessary to widen the
therapeutic window of PI3Ka inhibition and improve potency.

Covalent inhibitors, designed from reversible scaffolds via
deliberate addition of weakly reactive ‘warheads’, have been
successfully used to target oncogenic proteins, including
BTK,34–36 EGFR/HER2 37–40 and KRAS.41,42 The covalent bond
formation with non-conserved amino acids provides excep-
tional selectivity and potency, while simplifying pharmacoki-
netics, as the target remains inactive until its re-synthesis.
Despite distinct advantages over reversible ATP-competitive
inhibitors, covalent irreversible inhibitors and probes of
PI3Ka have not been thoroughly investigated. We previously
developed a method for Covalent Proximity Scanning (CoPS) to
target remote, solvent-exposed cysteines.43 We applied CoPS to
target the non-conserved Cys862 of PI3Ka located ∼11 Å away
from the reversible binding site and, using our preclinical
candidate PQR514,44 generated covalent inhibitor tool
compounds with low intrinsic reactivity and excellent target
engagement in vitro. Although these compounds were already
accepted as high-quality covalent small molecule chemical
probes,45 their cellular potency remained moderate due to low
cellular permeability. Here, we report the strategic improve-
ment of covalent small molecule chemical probes to achieve
optimal potency and cellular permeability. We describe modi-
cations in the linker between the reversible binding core
module and the warhead which ultimately lead to optimized
Cys862 targeting. Additionally, with the aid of the novel, highly
cell-permeable chemical probe 9, we show for the rst time the
biological impact of isolated PI3Ka isoform inhibition in cancer
© 2024 The Author(s). Published by the Royal Society of Chemistry
cells. In particular, we demonstrate that a covalent inhibition of
PI3Ka not only provides exceptional selectivity aer washout,
but also markedly increases potency and circumvents pathway
reactivation in sensitive cell lines. These major improvements
provide for prolonged duration of efficacy in comparison to
reversible ATP-competitive PI3Ka inhibitors.
Results and discussion
Targeted optimization of PI3Ka-specic inhibiting covalent
chemical probes

Compounds 1 and 2 (Fig. 1a) established using CoPS43 had an
excellent in vitro, but only a moderate cellular on-target activity
(IC50s for phosphorylation of Ser473 of PKB/Akt in SKOV3 cells
were 86 for 1 and 82 nM for 2). We hypothesized that this
originated from the highly polar nature of both molecules (Log
D 1: 1.12; 2: 0.97) and that introduction of more lipophilic
moieties should increase their cellular permeability, leading to
improved intracellular potency. To this end, we rst analyzed
interactions of compounds 1 and 2 (Fig. S1†) with p110a to
identify exchangeable structural elements that lower hydro-
philicity while retaining activity using the respective co-crystal
structures (PDB-ID: 7R9V and 7R9Y). While the ATP binding
site-occupying core formed well-established hydrogen bonds
with residues Val851 and Asp810 for 1 and 2, additional linker-
specic protein interactions were noted (Fig. S1†). Hydrogen
bonds essential for isoform selectivity formed between the
proximal, piperazine-adjacent carbonyl groups and residue
Gln859 46–49 in the case of both compounds and, additionally,
between the distal, piperidine-adjacent carbonyl group of 1 and
residue Thr856 (Fig. S1†). To explore the importance of each
carbonyl group individually while simultaneously aiming to
reduce hydrophilicity, we synthesized 3 and 4, which lack one of
the two carbonyl groups (Fig. 1a). In either case, Log D values
increased and TPSA decreased with 3 being the more hydro-
phobic compound (Table 1). While compound 4 showed
comparable cellular activity (IC50 pPKB: 69 nM) as 1 and 2,
compound 3 was more potent (IC50 pPKB: 38 nM, Fig. 1d). We
continued by replacing the tertiary amine in compound 3 with
an aromatic ring which led to compounds 5 and 6. Although
this change resulted in higher Log D values (5: 3.32; 6: 2.66), the
cellular activities remained comparable to 3, presumably
caused by the rigidity of the linkers, thus preventing an optimal
orientation of the warhead towards Cys862. Another negative
feature of 5 and 6 was a drop in kinetic solubility (363 mM for 3
vs. 7 and 46 mM for 5 and 6, respectively), caused by the
replacement of a very polar tertiary amine by a highly hydro-
phobic and rigid phenyl ring.

We speculated that a more exible hydrophobic linker would
improve target engagement and increase kinetic solubility.
Thus, we designed, modelled (Fig. 1b) and synthesized
compound 7, which had the cationic nitrogen from compound
3 replaced by a methylene. Indeed, 7 showed an improved
cellular potency (pPKB IC50 of 22 nM, Fig. 1d and Table 1; full
datasets and SD in Table S1†), while retaining good solubility
(243 mM) and an optimal LogD (2.67).
Chem. Sci., 2024, 15, 20274–20291 | 20275
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Fig. 1 (a) Chemical structure of eight PI3Ka-selective inhibiting chemical probes. (b) Modelling of compound 7 bound covalently to Cys862 of
p110a (PDB ID: 7R9V was used as a starting point). H-bonds are depicted as dashed black lines. (c) Time-dependent IC50 shift derived from time-
resolved fluorescence resonance energy transfer (TR-FRET) ratios (Fig. S2† for all compounds), comparing compound 7 and its reversible
analogue 7r. (d) IC50 values for PKB phosphorylation (pPKB, Ser473) measured in SKOV3 cells by in-cell western (ICW) plotted against logD values
(measured by Bienta Enamine Biology Services). Data shown are mean ± SD from at least n = 3 independent experiments. Error bars are not
shown when smaller than symbols. (e) LC-SRM quantification of covalent Cys862-modification by 7 and no covalent modification by 7r. (f)
Bioluminescence resonance energy transfer (BRET) target occupancy assay in live HEK293 cells. The cells were transiently transfected with
constructs encoding a Nanoluciferase (Nanoluc) fused to different PI3K isoforms (PI3Ka, PI3Kb and PI3Kd) or a Cys862 to Ser mutated PI3Ka. 24 h
after transfection, cells were incubated with 3 mM of 7 or 7r for 2 h. The probes were washed out (twice for 10 min with Opti-MEM) and a cell-
permeable Py-BODIPY moiety bearing a fluorescent energy transfer probe (BRET tracer) was added to the cells (0.2 mM final concentration).
Recovery of the BRET signal, resulting from displacement of the inhibitor from the ATP-binding pocket, wasmonitored for 1.5 h. Prolonged target
occupancy after probe washout indicates covalent bond formation. Data shown are mean ± SEM (n = 3).
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Conrmation of covalent targeting of Cys862 in PI3Ka

We synthesized a reversible analog of 7, dubbed 7r, which lacks
the Michael acceptor (Fig. 1a, red) and therefore is not able to
form a covalent bond with Cys862 of PI3Ka. TR-FRET experi-
ments using 7 and 7r showed a time-dependent IC50 shi for 7,
implying covalent engagement of PI3Ka, but not for the
reversible analogue 7r (Fig. 1c). Further, we conrmed covalent
modication of Cys862 by bottom-up LC-MS/MS based proteo-
mics. The existence of covalent adducts between the tryptic
peptide containing Cys862 (NSHTIMQIQCK) was investigated
following incubation of recombinant PI3Ka and BSA with 7 or
7r. As a covalent modication induces a characteristic mass
shi of the peptide, and peptide precursor MS1 spectra were
recorded with high mass accuracy (10 ppm), XIC traces for the
modied forms of the peptides could be extracted. XIC peaks for
the peptide covalently modied with 7 were identied in the
20276 | Chem. Sci., 2024, 15, 20274–20291
samples treated with 7, but not 7r or DMSO (Fig. S3†). The
presence of covalently modied peptide NSHTIMQIQCK was
demonstrated by peptide-spectrum matching (Fig. 1e). MS2
spectra were searched against 20308 human protein entries
from the Uniprot database, and high condence (>0.9) matches
were considered (see proteomics data in ESI†). Among these,
the only compound-modied peptide was NSHTIMQIQCK,
modied with 7 but not with 7r (Table S2†). Importantly, all
other covered cysteines (28/32 cysteines in p110a, 5/6 cysteines
in p85a, 33/35 cysteines in BSA) were not covalently modied,
supporting exclusive targeting of Cys862 in p110a by 7.

Next, a bioluminescence resonance energy transfer (BRET)
compound displacement assay was used to conrm covalent
binding of 7 to PI3Ka in live cells. A stable Nanoluciferase
(Nanoluc)50,51 was fused to different class IA PI3K isoforms and
expressed in HEK293 cells. The light emitted from the Nanoluc-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Data of novel covalent PI3Ka chemical probes, CNX1351, ibrutinib, BYL719 and GDC-0077

Compound
TPSAa

[Å2] LogDb
Solubilityc

[mM]

dkchem × 104

[M−1 s−1]

dkinact × 104

[s−1]
Ki

d

[nM]

dkinact/Ki × 105

[nM−1 s−1]
pPKB/Aktd,f

[nM]

1 175.9 1.12 333 3.7 9.27 2.23 41.6 86
2 167.1 0.97 383 3.5 11.8 5.26 22.5 82
3 150.0 1.79 363 2.7 1.57 29.5 0.53 38
4 158.8 1.40 393 5.2e 1.13 13.7 0.82 69
5 146.8 3.32 7 3.2 0.85 8.4 1.03 54
6 146.8 2.66 46 2.9 2.14 11.6 1.85 41
7 146.8 2.67 243 2.5 3.09 5.00 6.24 22
7r 146.8 n.d. n.d. — — 6.26 — 40
8 156.0 1.70 381 2.9 10.0 4.15 24.4 19
9 156.0 2.43 357 3.0 48.2 8.68 56.1 19
9r 156.0 n.d. n.d. — — 2.9 — 48
CNX1351 99.2 3.96 10 2.2 7.79 43.3 1.82 172
Ibrutinib 107.6 4.08 10 10 — — — —
BYL719 100.2 3.16 49 — — 0.83 — 162
GDC-0077 109.5 1.10 357 — — 0.50 — 10

a TPSA calculated using Marvin/JChem v21. b LogD as measured by Bienta Enamine Biology Services (for c Log P values see extended Table S1).
c Kinetic solubility measured at pH 7.4 in PBS (protocol see ESI). d Calculated from n $ 3 independent measurements; SD values are reported
in Table S1. e Approximation due to incomplete baseline separation between compound 4 and its adduct with bME. f Phosphorylation of PKB/
Akt on Ser473 was determined in SKOV3 cells by in-cell western assays aer 1 h of compound exposure.
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PI3K fusion proteins is transferred to a cell-permeable uores-
cent tracer (energy transfer probe 3 in ref. 52) when bound to
the ATP binding site of PI3K, causing light emission at a longer
wavelength. In HEK293 cells expressing wild-type (WT) PI3Ka,
tracer addition following exposure to 7 and subsequent washout
did not increase BRET signal over time (Fig. 1f). In contrast,
mutation of Cys862 to Ser (C862S) in PI3Ka allowed tracer
binding aer compound washout, demonstrating selective and
irreversible bond formation between 7 and Cys862 in PI3Ka in
living cells. Importantly, the reversible analogue 7r was readily
washed out from WT and C862S PI3Ka and neither compound
formed covalent bonds with PI3Kb and PI3Kd (Fig. 1f).
Inhibition of PI3K signaling in cancer cell lines

Isoform-selective reversible inhibitors BYL719 (alpelisib, PI3Ka-
selective),46 TGX221 (PI3Kb-selective),53 and CAL101 (idelalisib,
PI3Kd-selective)54 were investigated alongside 7 in two PI3Ka-
mutated cell breast cancer cell lines (H1047R in T47D, E545K in
MCF7), and two PTEN-decient cancer cell lines (prostate
cancer PC3 and melanoma A2058). In T47D and MCF7, 7
showed, respectively, a 5- and 8-fold better cellular potency
(lower pPKB IC50) as compared to BYL719, whereas TGX221 and
CAL101 did not prevent PKB phosphorylation (Fig. 2a). These
data indicate that mutated PI3Ka dominates PI3K output in
T47D and MCF7 cell lines and suggest that inhibition of PI3Kb
and PI3Kd by the pan-PI3K binding module of 7 does not
contribute to the prominent potency of 7. In contrast, PTEN-
decient cell lines showed moderate responses to all revers-
ible inhibitors, while 7most potently inhibited phosphorylation
of PKB, likely due its reversible pan-PI3K inhibition achieved by
the its ATP-binding site core module (Fig. 2a).

To conrm these ndings, we carried out washout studies
using 7, which provide an unambiguous discrimination of
© 2024 The Author(s). Published by the Royal Society of Chemistry
PI3Ka dependencies in these cell lines. Because 7 binds
reversibly to all class I PI3K isoforms, but covalently only to
PI3Ka, washout results in pure PI3Ka inhibition. In all cell
lines, removal of reversible inhibitors BYL719 and 7r aer 2 h
incubation reactivated PI3K/PBK signaling within the rst hour
(Fig. 2b). On the other hand, incubation with 7 followed by
washout resulted in efficacious, long-term (>18 h) inhibition of
the pathway in T47D and MCF7 cells, conrming PI3Ka as the
main driver of PI3K/PKB signaling and demonstrating pro-
longed engagement of PI3Ka. In PTEN-decient cell lines, PI3K/
PKB signaling returned to ∼50% aer washout of 7, suggesting
signicant contribution from other class IA PI3K isoforms.
Dynamic tracking of PI3K signaling in living cells

To study the dynamics of downstream pathway signaling
through PKB, we utilized cell lines stably transfected with
a kinase translocation reporter (KTR) probe based on a modied
PKB substrate (Forkhead box protein O1, FOXO1) fused to
a uorescent reporter.55 This probe translocates from the nucleus
to the cytoplasm in response to phosphorylation by activated
PKB,56,57 which can be quantied in real-time using high-content
microscopy.We rst assessed the cytosol/nuclear ratio of FOXO1-
KTR in live cells as a function of increasing concentrations of
covalent compound 7 or BYL719. In PI3Ka-mutant T47D cells,
1 h incubation with 7 resulted in complete nuclear import of the
FOXO1-KTR (IC90 = 50 nM), whereas BYL719 was not able to
induce full nuclear translocation at the concentrations used
here, suggestive of residual PKB activity (Fig. 2c). In PTEN-
decient A2058 cells, nuclear translocation of FOXO1-KTR
required higher concentrations of 7 (IC90 = 1657 nM), whereas
BYL719 was completely ineffective, as expected (Fig. 2f). We next
investigated time-dependent PKB signaling dynamics upon
treatment with 7 and BYL719 using live cell imaging. In T47D
Chem. Sci., 2024, 15, 20274–20291 | 20277
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Fig. 2 (a) PI3Ka or PTEN-mutated cancer cell lines were incubated for 1 h with a range of concentrations (3 mM to 0.8 nM) of isoform-selective
PI3K inhibitors (7, covalent PI3Ka-selective; 7r, reversible analogue of 7; BYL719, reversible PI3Ka-selective, TGX221, reversible PI3Kb-selective;
CAL101, reversible PI3Kd-selective). Phosphorylation of PKB (pPKB, Ser473) was determined by in-cell western (ICW) assay. Data shown aremean
± SEM from n = 3 independent experiments. (b) Cells were incubated for 2 h with 3 mM of inhibitor, followed by drug washout (twice for 10 min
with growth medium supplemented with 10% FCS). Subsequently, cells were incubated at 37 °C and 5% CO2 for the indicated times before
fixation. Phosphorylation PKB (pPKB, Ser473) was determined in at least n = 3 independent experiments by ICW assay. Data shown are mean ±

SEM from n = 4 independent experiments. (c–h) Concentration and time dependent nuclear translocation of FOXO1 KTR probe in response to 7
or BYL719. Cytosol/nuclear ratio of FOXO1 KTR probewas determined with batch analysis using Cell Profiler software (for details seeMethods). (c
and f) Concentration-dependent IC50 determination in (c) T47D and (f) A2058 cells incubated with compounds for 1 h. (d and g) Time-dependent
FOXO1 KTR probe translocation into the nucleus following treatment with 3 mM of 7, BYL719 or DMSO in (d) T47D and (g) A0258 cells. (e and h)
Cells were incubated with 7, BYL179 or DMSO (3 mM) for 1 h, followed by washout (twice for 10 min with growthmedium supplemented with 10%
FCS). (i) Representative images of (left) T47D and (right) A2058 cells incubated with 7 or BYL719 (3 mM) for 1 h (prior to washout) and 6 h after
inhibitor washout.
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cells, treatment with 7 or BYL719 (3 mM) resulted in rapid (<20
min) import of FOXO1-KTR into the nucleus (Fig. 2d). Subse-
quent washout resulted in a fast recovery of cytosolic signal in
cells treated with BYL719, whereas persistent nuclear FOXO1-
KTR localization (>10 h) was achieved in cells treated with 7
(Fig. 2e and i). In A2058 cells, only exposure to compound 7 (3
mM) induced nuclear FOXO1 KTR localization, and this occurred
20278 | Chem. Sci., 2024, 15, 20274–20291
at a slower rate (>40min) than in T47D cells (Fig. 2g). Subsequent
washout in A2058 cells led to complete cytosolic FOXO1 KTR
translocation (Fig. 2h and i). These data demonstrate that only
covalent inhibition of PI3Ka by compound 7 can completely
block signaling through PKB in sensitive PI3Ka-mutant cell lines,
and that residual upstream PI3K activity is sufficient to fully
activate downstream pathway signaling.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fine-tuning linker–protein interaction

Despite 7 being an excellent covalent PI3Ka small molecule
chemical probe, we hypothesized that further optimization of
linker–protein surface interactions would result in compounds
with superior target engagement and improved cellular
potency. To electrostatically complement the positively charged
protein surface, we synthesized 8, bearing an ether moiety
within the linker, and 9, bearing an additional (S)-methyl
moiety on themorpholine ring to increase lipophilicity (Fig. 3a).
Indeed, TR-FRET experiments with 8 and 9 showed, a 4- and 9-
fold improvement in the kinact/Ki ratio, respectively, as
compared to 7 (Fig. 3b and Table 1), while LogD values were
1.70 for 8 and 2.43 for 9 (Table 1). While the kinact/Ki values of 8
and 9were in the same range as for 1 and 2, cellular potency was
signicantly improved (Table 1).

In our previous work, we established that moderate intrinsic
warhead reactivity is pivotal in the development of covalent
chemical probes and potential clinical candidates.43 To deter-
mine compound-specic intrinsic reactivity (kchem), the newly
synthesized covalent chemical probes (3–9), CNX1351, the rst
reported covalent inhibitor of PI3Ka58 and ibrutinib, a covalent
inhibitor of BTK,34 were incubated at a concentration of 1 mM
with b-mercaptoethanol (bME, 600 mM). LC-MS was used to
monitor the reactions over time and bME-inhibitor adduct
formation was conrmed by MS. Fitting the time-dependent
adduct formation curves to pseudo-rst-order reaction
kinetics and subsequently calculating to the second-order
reaction rate constant kchem conrmed that all seven covalent
compounds (3–9) have intrinsic reactivities in the optimal range
of 10−3 to 10−4 M−1 s−1 (Fig. 3c). Using KinTek Global Kinetic
Explorer, we modelled covalent reactions with 10 nM of protein
(PI3Ka), 100 nM of the indicated compound and 7 mM of
intracellular free sulydryl. The latter has been reported to be
mostly intracellular glutathione (GSH).59 Experimentally deter-
mined Ki and kinact values (see Table 1) were used to model each
compound's reaction kinetics. The predicted >90% covalent
target engagement for 9 was reached at <10 min, while
compounds with a lower kinact/Ki values lagged behind (Fig. 3d).

Off-target reactions with free sulydryls were predicted to be
negligible for all modelled compounds. Model calculations with
elevated kchem values exemplify rapid off-target engagement
with cellular sulydryls for kchem values >10−3 M−1 s−1 (Fig. 3e).
The presented modeling with empirically determined
compound parameters (kchem, Ki and kinact) illustrate clearly that
full target engagement must be achieved with warheads with
moderate intrinsic reactivity to avoid off-target reactions, which
lead to neo-antigen formation and elimination of active cova-
lent compound.

The covalent bonds between inhibitor 9 and the target Cys862
in PI3Ka were conrmed by X-ray crystallography (Fig. 3f). The
electron density map of compound 9 showed a dened density
over all atoms of the inhibitor. This contrasts with gaps
appearing in electron density maps derived for 1 and 2 bound to
PI3Ka (Fig. 3g), which point to increased local mobility and
reduced ligand–protein interaction. This is further supported by
covalent docking studies of compounds 3, 7, 8 and 9 to p110a X-
© 2024 The Author(s). Published by the Royal Society of Chemistry
ray co-crystal structure of compound 1 (PDB ID: 7R9V), which
suggest an inverse correlation between target engagement
(determined by kinact/Ki) and the distance between the linker and
the protein surface using Thr856 and Gln859 as main reference
points (for docking data and discussion see Fig. S4†).
Lipophilicity and diffusion coefficients

To correct for hydrophobic effects inuencing cellular efficacy,
we calculated lipophilic ligand efficiency (LipE) values to
normalize compound potency relative to lipophilicity.60,61 Plot-
ting pIC50 (negative Log10 of the IC50s for PKB phosphorylation)
measured in SKOV3 cells (Table 1, see Methods for details) vs.
Log D revealed that 3 to 9 have systematically increased cellular
potency with a LogD in the range of 1.4 to 3.4 (Fig. 3h and Table
1). LipE calculations showed that compounds 3, 4, 8 and 9 pass
the standard threshold value of $5,62 desired for high-quality
chemical probes. When comparing covalent target engage-
ment efficiency (kinact/Ki) and LipE, compound 9 stands out as
the preferred covalent PI3Ka inhibitor of the series with favor-
able physicochemical properties (Fig. 3i).

To investigate whether this translates to faster and more effi-
cient target engagement intracellularly, we utilized a NanoBRET
tracer displacement assay.63 HEK293 cells transfected with
a Nanoluc-p110a fusion construct were incubated with a cell-
permeable NanoBRET target engagement tracer (200 nM Tracer
K-3).52 In the presence of furimazine, a strong BRET signal was
detected, which decreased over time aer compound was added
extracellularly to displace the tracer from Nanoluc-p110a. The
BRET signal decay was observed aer compound addition in
a time- and concentration-dependent fashion (Fig. 3l). An equi-
libriumwas reached at ca. 20min for reversible inhibitors (9r and
BYL719), while typical two-step binding kinetics were observed
for all tested covalent compounds (CNX1351, 1, 2, 6, 7, 9). Aer
diffusion into the cells and reversible target engagement, covalent
bond formation with PI3Ka proceeds. The overall rate of this
process is a convolution of on-target reactivity and rate of diffu-
sion across the plasma membrane. A clear trend for faster tracer
displacement was therefore observed for compounds with high
kinact/Ki (>20 × 10−5 nM−1 s−1, 1, 2, 9), as compared to
compounds with low kinact/Ki (<10 × 10−5 nM−1 s−1, 6, 7 and
CNX1351). To deconvolute on-target reactivity and diffusion rates,
kinetic nanoBRET data were tted with a diffusion/tracer-
displacement/reaction model using KinTek Global Kinetic
Explorer. The emerging diffusion coefficients were normalized to
the one of BYL719 to avoid distortion of comparisons by cellular
volumes (see Methods for details).

CNX1351, 1 and 2 displayed slower cellular diffusion than
BYL719; 6, 7r and 7were comparable to BYL719, while 8, 9r and 9
showed 2- to 3-fold increase in cellular permeability (Fig. 3j).
While the large differences in the diffusion coefficients between
1, 2 and 7, 8, 9 (up to 28×) can be explained by altered lip-
ophilicities, 7 and 9 possess similar physicochemical traits, but 9
permeates ca. 2.8× faster into cells as compared to 7. To inves-
tigate if chameleon-like effects64 could explain this difference, we
performed computational conformational searches for 1, 7 and 9
in water and octanol. Representative conformers of 1, 7 and 9
Chem. Sci., 2024, 15, 20274–20291 | 20279
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Fig. 3 (a) Chemical structure of three covalent PI3Ka-selective chemical probes and one reversible analogue (9r). (b) Comparison of the second
order rate constant for 9 covalent chemical probes and CNX1351. Dissociation constants (Ki) and rate for covalent binding to PI3Ka constants
(kinact) were used to characterize covalent binding efficiency. The kinetic parameters were calculated with global fitting from TR-FRET ratios
(Fig. S5†) for numerical integration on a kinetic model using KinTek Global Kinetic Explorer modeling software. Values are shown asmean± SD (n
= 3). (c) Intrinsic reactivity (kchem) of 9 covalent chemical probes, CNX1351 and ibrutinib. For details and SD see Table S1.† (d) Modelling of on-
target reactivity. Experimentally determined intrinsic reactivity, dissociation and rate constants (kchem, Ki and kinact) were used for each compound
to model the target engagement with 10 nM PI3Ka and 100 nM compound over 40 minutes. (e) Modelling of off-target reactivity. Side reactions
between compounds 1–9 (green line, intrinsic warhead reactivity below 10−3 M−1 s−1) and 7mMGSH. Modelling of side reactions was carried out
with KinTek Global Kinetic Explorer modeling software. (f) X-ray co-crystallographic structure of PI3Ka with 9 (green) (PDB-ID: 8TWY) bound
covalently to Cys862 of p110a. H-bonds are depicted as dashed black lines (data collection and refinement statistics are reported in Table S3†).
(g) Electron density maps of compound 9 (PDB-ID: 8TWY) compared with compounds 1 (PDB-ID: 7R9V) and 2 (PDB-ID: 7R9Y) covalently bound
to p110a (h) lipophilic efficiency (LipE) analysis of covalent chemical probes and BYL719. IC50 values (pPKB, Ser473) measured in SKOV3 cells by
in-cell western (ICW) plotted against logD values. Data shown are mean ± SD from at least n = 3 independent experiments (for calculation see
Table S4†). (i) Covalent binding efficiency (kinact/Ki) plotted against LipE values. Data shown are mean ± SD from at least n = 3 independent
experiments. (j) Diffusion coefficients of 6 covalent chemical probes, two reversible analogues (7r and 9r), CNX1351 and BYL719. Diffusion
coefficients were obtained by fitting the NanoBRET data (Fig. 3l) with KinTek Global Kinetic Explorer software (see Methods for detailed

20280 | Chem. Sci., 2024, 15, 20274–20291 © 2024 The Author(s). Published by the Royal Society of Chemistry
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displayed signicant conformational changes according to the
polarity of the solvent (i.e., extended hydrophilic conformations
in water, and compacted intramolecularly-bonded conforma-
tions in octanol, Fig. S6†). Nonetheless, no signicant reduction
of 3D PSA computed for each representative conformer of 7 and 9
(see Table S6†) was observed when transitioning from water to
octanol. This shows that the computational conformational
sampling herein performed doesn't predict a strong tendency of
7 or 9 for chameleon-like effects.

Taken together, these data demonstrate that compound 9 is
a potent covalent PI3Ka inhibitor with a superior rate of intra-
cellular covalent target engagement due to its high cellular
permeability (Fig. 3k), and excellent cellular potency. Addi-
tionally, the biochemical and cellular assays presented here
provide a workow for covalent chemical probe characterization
to meet high-quality standards towards improved cellular
activity based on experimentally determined parameters.
Potency of covalent PI3Ka chemical probes in cancer cells

Advantages of covalent inhibition include exceptional effi-
ciency, specicity and extended pharmacodynamic effects,
which may provide a competitive edge over reversible inhibition
of PI3Ka. To test this, the potential to abrogate growth of cancer
cells was determined for covalent compound 9 and the three
reversible inhibitors 9r, BYL719 (alpelisib) and GDC-0077 (ina-
volisib, currently in phase III). For GDC-0077 it was recently
claimed that this compound also has the unique ability to
degrade mutant PI3Ka.65

The growth rate inhibition (GR) method and associated
metric for potency, GR50,66 was used to quantify anti-
proliferative activity in a panel of cancer cell lines with PI3K
pathway activation. Aer 72 h incubation, we observed excep-
tional sensitivity to 9 in PI3Ka-mutant cell lines, yielding 2- to
273-fold more potent growth inhibition than reference
compounds BYL719 and GDC-0077 (Fig. 4a and Table S7†).
Notably, 9 was also 6- to 70-fold more potent than the reversible
analogue 9r, indicating that the covalent engagement of 9 with
PI3Ka is the main driver to signicantly improve its anti-
proliferative potential. Growth rate inhibition was related to
G1 arrest in response to PI3K inhibition (Fig. S7†). In PTEN-
decient cell lines, 9 was only modestly more potent than 9r,
with high concentrations required to sustain growth inhibition.
Furthermore, BYL719 and GDC-0077 were ineffective in the
tested concentration range, suggesting pan-PI3K inhibition is
necessary for efficacy in these cell lines (Fig. S8† for dose–
response curves and Table S7† for calculated GR50 values).

Concentration-dependent inhibition of PI3K signaling was
measured in the same cell line panel using in-cell western
detection of phosphorylated PKB (pPKB, Ser473) and
calculations). Values are shown as mean ± SD (n = 3; for calculations se
efficiency (kinact/Ki) for 6 covalent chemical probes and CNX1351. Values a
than symbols. (l) Target engagement in live HEK293 cells using biolumin
fected with N-terminal Nanoluc fused to PI3Ka were pre-incubated wit
(37 °C, 5% CO2). Subsequently, compounds were added at different conc
mean ± SEM (n = 3).

© 2024 The Author(s). Published by the Royal Society of Chemistry
phosphorylated ribosomal protein S6 (pS6, Ser235/Ser236) aer
2 h treatment. In this short-term assay, the differences in
potency (IC50) between 9 and reference compounds were less
evident (Fig. S8† for dose–response curves and Tables S8 and
S9† for calculated IC50 values for pPKB and pS6, respectively). In
PI3Ka mutated lines, 9 and GDC-0077 were nearly equipotent
and achieved more potent inhibition of pPKB and pS6 than
BYL719 and 9r (Fig. 4b and c). However, quantication of
FOXO1 KTR translocation aer 2 h incubation in 3 of the cancer
cell lines highlighted 9 as most potently inhibiting downstream
signaling through PKB (Fig. 4d, see Fig. S8† for dose–response
curves and Table S10† for calculated FOXO1 KTR IC50 values).
Together, these data suggest that covalent targeting of PI3Ka in
cancer cell lines expressing mutant forms of PI3Ka signicantly
improves anti-proliferative activity compared to reversible
inhibitors through long-lasting target engagement and persis-
tently efficacious inhibition of downstream pathway signaling.

Both irreversible covalent inhibition and targeted protein
degradation can be exploited to achieve a long lasting and
durable signaling pathway inhibition. In both settings, target
re-synthesis is required to rescue signaling. Degradation of
mutated p110a was recently reported for GDC-0032 (taselisib)
and GDC-0077, but seems limited to specic breast cancer cell
lines, and is modulated through an undened mechanism.65

We validated this in four PIK3CA mutated breast cancer lines
exposed to PI3Ka inhibitors (1 mM for 48 h). In HCC1954 and
MDA-MB-453 cells, GDC-0077 and 9 induced a prominent,
indistinguishable depletion of p110a, which was insignicant
in MCF7 and T47D cells (Fig. 4e and f).

The fact that the potency of GDC-0077 almost approached
that of 9 in inhibiting growth of HCC1954 (Fig. 4a), ts with the
notion that degradation of p110a can produce an extended
pharmacodynamic action comparable to covalent engagement.

To further investigate the duration of action of 9 in
comparison to reversible inhibitors, we incubated MDA-MB-
453, T47D, and MCF7 breast cancer cells with mutated PI3Ka
with inhibitors (1 mM for 2 h), followed by a drug washout, and
monitored pPKB levels over time. Aer exposure to reversible
inhibitors, including 9r, PKB phosphorylation recovered within
<1 h, whereas 9 led to loss of detectable pPKB for up to 72 h
(Fig. 4g). In an assay setup to simulate a peak and trough model
of drug levels, cells were exposed to 1 mM of compounds for 4 h
daily over 4 days and relative growth rates were measured as
previously described.66 Intermittent exposure to 9 prevented
(growth rate #0) or reduced (growth rate #0.5) proliferation of
PI3Ka mutant cell lines. This was in contrast to reversible
inhibitors, which showed very limited efficacy (Fig. 4h). The
same transient treatment with 9 yielded negligible growth rate
inhibition in PTEN-decient cell lines (Fig. S7†), consistent with
growth dependencies on other class IA PI3K isoform.
e Table S5†). (k) Diffusion coefficients plotted against covalent binding
re shown as mean± SD (n= 3). Error bars are not shown when smaller
escence resonance energy transfer (BRET) assay. HEK293 cells trans-
h Tracer K-3 (Promega) and NanoBRET NanoGlo substrate for 20 min
entrations and BRET signal was measured for 4 h. Values are shown as
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Fig. 4 (a–d) Dot plots comparing the potency of covalent compound 9 to reversible PI3Ka inhibitors in PI3Ka or PTEN mutant cancer cell lines.
(a) GR50 ratios for cell growth determined after 72 h incubation (see Table S6† for GR50 values). (b) IC50 ratios for PKB phosphorylation (pPKB,
Ser473) determined after 2 h incubation (see Table S8† for pPKB IC50 values). (c) IC50 ratios for ribosomal protein S6 phosphorylation (pS6,
Ser235/Ser236) determined after 2 h incubation. See Table S9† for calculated pS6 IC50 values. (d) IC50 ratios for FOXO1 KTR translocation
(cytosolic/nuclear ratio) determined after 2 h incubation. Symbols show the ratio of GR50/IC50 values derived from at least n = 3 independent
experiments. Where GR50/IC50 values were extrapolated, ratios were calculated using the highest assay concentration instead and represented
as empty symbols (GR50 – 5 mM; pS6 IC50 – 3 mM). See Fig. S8† for dose–response curves. (e) Detection of p110a, phosphorylated PKB (pPKB,
Thr308 and Ser473), and b-actin by western blot in cell lines treated with DMSO, 9 (1 mM), or GDC-0077 (1 mM) for 48 h prior to lysis (repre-
sentative images are shown). (f) Quantification of remaining p110a protein levels relative to DMSO control (n = 4, mean ± SD). (g) Heatmaps
showing pPKB (Ser473) levels in cell lines treated with DMSO or PI3Ka inhibitors (1 mM) for 2 h, followed by drug washout (twice for 10 min with
fully supplemented growth medium), and further incubation in fully supplemented growth medium for the indicated times. pPKB levels were
determined by in-cell western in n= 2 independent experiments (t= 0, inhibitor present). (h) Growth rate of cancer cell lines with mutated PI3Ka
in response to intermittent inhibitor exposure (4 h per day followed by washout on 4 consecutive days; n= 2 independent experiments with each
in technical triplicates, mean ± SD).
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Altogether, these results highlight that covalent inhibitors
achieve a unique long-term pathway inhibition over the course
of several days following a single administration. This decou-
pling of inhibitor exposure from inhibitor action may offer
advantages for a highly selective targeting of PI3Ka in oncology.

Covalent PI3Ka chemical probes deconvolute receptor-PI3K
isoform coupling

The ability to obtain pure, isoform-specic PI3Ka inhibition by
exposure with 9 followed by drug washout (here referred to as 9-
wo) was exploited to deconvolute class IA PI3K isoform coupling
to upstream extracellular receptors in serum-starved breast
20282 | Chem. Sci., 2024, 15, 20274–20291
MCF7 and ovarian SKOV3 cancer cell lines stimulated with
various receptor ligands (Fig. 5). The PI3Kb-selective inhibitor
TGX221 was used aer 9-wo, before ligand addition, to evaluate
residual contribution of PI3Kb to PI3K signaling. Ligands tested
were EGF (engaging EGFR family RTKs), insulin (activating
insulin RTK), and CXCL12 (triggering the CXCR4 and CXCR7
GPCRs). Signaling contribution from different class IA isoforms
was calculated as remaining area under the pPKB (Ser473)
signal curve (Fig. 5a). In the absence of inhibitors, addition of
ligands resulted always in a time-dependent, transient increase
in PKB phosphorylation (Fig. 5b and d).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Schematic diagram of PI3K pathway stimulation in cancer cell lines to deconvolute PI3Ka isoform contribution downstream of
membrane receptors. Serum starved cells (24 h) were incubated with 1 mM 9 or DMSO for 2 h followed by washout (labelled 9-wo or DMSO-wo).
Receptor ligands (L) were then added to the medium in the absence or presence of the PI3Kb-selective inhibitor TGX221 (1 mM) for the indicated
times (5, 30, 180 min) prior to lysis. Total PKB and pPKB (Ser473) levels were measured by western blot (Fig. S9†). All treatments and media
changes were carried out using serum-free medium. Depicted in the schematic are the active and inactive (red line-crossed) PI3K isoforms
resulting from inhibitor treatments. (b) PI3K signaling in MCF7 cells treated with inhibitors and stimulated with 10 ng mL−1 EGF (left), 10 mg mL−1

insulin (center) or 50 ng mL−1 CXCL12 (right). (c) Quantification of PI3K isoform contribution (area under curve) to PI3K signaling in response to
EGF, insulin and CXCL12 in MCF7 cells. (d) PI3K signaling in SKOV3 cells treated with inhibitors and stimulated with 10 ng mL−1 EGF (left), 10 mg
mL−1 insulin (center) or 50 ngmL−1 CXCL12 (right). (e) Quantification of PI3K isoform contribution (area under curve) to PI3K signaling in response
to EGF, insulin and CXCL12 in SKOV3 cells.
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In MCF7 cells, PI3K signaling in response to EGF, insulin
and CXCL12 was inhibited by 98%, 85%, and 91% aer 9-wo,
respectively, indicating that PI3Ka operates as the dominant
PI3K isoform in this cell line (Fig. 5c). Addition of TGX221
suppressed the remaining PI3K signaling by 2%, 12% and 6%,
respectively, suggesting a minor role for PI3Kb and a negligible
contribution of the PI3Kd isoform.

In SKOV3 cells, PI3Ka relayed 65% of the PI3K signal trig-
gered by EGF and insulin, and 69% in response to CXCL12,
while the output from PI3Kb accounted for 26%, 22% and 30%,
respectively (Fig. 5e). By exclusion, the remaining PI3K
signaling amounting to 9% for EGF and 13% for insulin can be
attributed to the last class IA member, PI3Kd, while the residual
signaling in response to CXCL12 excludes a signicant role of
PI3Kd downstream of CXCR4/7 receptors.

These ndings corroborate previous work showing that
PI3Ka is the dominant isoform relaying PI3K signaling down-
stream of ligands that activate RTKs. The major contribution of
PI3Ka to GPCR-triggered PKB activation was, however, not
anticipated, as a direct GPCR input would rather involve direct
© 2024 The Author(s). Published by the Royal Society of Chemistry
PI3Kb activation. This result must be considered in the context
of oncogenic PI3Ka mutations which may diminish specicity
of the signal relayed by this isoform.67 Alternatively, PI3Ka
activity could be triggered by GPCR-mediated transactivation of
HER2.68

In parallel, the effect of specic PI3Ka inhibition on MAPK
signaling in response to the above stimuli was investigated,
since compensatory upregulation of MAPK signaling in
response to PI3K inhibition has been reported in cancer cell
lines with overexpressed HER2 or KRAS.69,70 In MCF7 cells,
MAPK activation in response to EGF, insulin and CXCL12 was
slightly reduced by 9-wo, indicating the existence of a feedfor-
ward loop where PI3Ka promotes MAPK signaling (Fig. S10†). In
contrast, in SKOV3 cells, MAPK signaling was strongly activated
in response to PI3Ka inhibition by 9-wo alone, presumably
through compensatory activation of HER2 via the suppression
of the mTORC1/Grb10 feedback loop.71

Altogether, this work illustrates a novel, straightforward
approach to quantify isoform specic signaling through PI3Ka
in response to external stimuli with the use of covalent PI3Ka
Chem. Sci., 2024, 15, 20274–20291 | 20283
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Fig. 6 Interactions of compound 9 at 1 mMwith protein and lipid kinases visualized as kinome TREEspot™ plot. Kinases that bind to 9 are marked
by red circles (larger circles indicate higher-affinity; see free kinase as % of control). Kinases are organized according to phylogeny and kinase
families, including atypical kinases, lipid kinases, mutated kinases and some pathogen-derived kinases: AGC: PKA, PKG and PKC kinases; CAMK:
calcium-calmodulin-dependent protein kinases; CK1: casein kinase 1; CMGC: CDK, MAPK, GSK3, CLK family kinases; STE: homologs of yeast
sterile 7, sterile 11, sterile 20 kinases; TK: tyrosine kinases; TKL: tyrosine kinase-like. Precise% values for 9 are in Table S11,† together with
previously reported kinase interaction data for 1 and BYL719 (alpelisib),43 PQR514,44 PQR309, GDC0980, and PKI-057.72 Extended TREEspot™ in
Fig. S11;† selectivity scores are depicted in Table S12.†
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inhibitors. Notably, it also shows that the impact of PI3Ka
inactivation is context-specic and suggests that contributions
from other class IA isoforms and prominent upregulation of
MAPK signaling may dictate worse response to PI3Ka-selective
targeting compounds, particularly in the context of oncology.

Conclusions

Compounds optimized to covalently target a single enzyme
provide potent and selective inhibition. We previously estab-
lished a workow to design proximity-optimized covalent tool
compounds targeting a remote cysteine in PI3Ka.43 Here, we
present a novel set of cell-permeable, covalent PI3Ka targeting
small molecule chemical probes developed by varying linker
composition with the aim of modulating physicochemical
properties, including polarity, lipophilicity and exibility, and
tailoring interactions with the protein surface. Through a series
of structured biochemical and cell-based assays, we validated the
covalent mode of PI3Ka inhibition engaging Cys862 and deter-
mined the compounds' cellular activity proles. The covalent
chemical probes generated from this work are characterized by
low intrinsic reactivity and high reaction rates for covalent bond
formation with Cys862 of PI3Ka, leading to rapid and efficacious
on-target engagement with negligible off-target reactions. This
has also been conrmed testing 9's interaction in a kinase panel
(KinomeScan, Fig. 6), where 9 showed insignicant binding to
protein kinases, except for minor interactions with the JAK1 JH2
domain-pseudokinase and CSF1R (autoinhibited).

Together with the improved cellular diffusion, this contrib-
utes to the exceptional potency of compound 9 in cellular assays
measuring PI3K pathway activation and cell proliferation.
20284 | Chem. Sci., 2024, 15, 20274–20291
Furthermore, with the aid of compound 9, we were able to
demonstrate that, in the case of PI3Ka targeting, prolonged
target engagement and durable pathway inhibition inherently
result in superior anti-cancer cell activity relative exceeding the
action of reversible inhibitors.

The small molecule chemical probes generated in this study
have unprecedented pharmacological properties for PI3Ka
inhibition. Due to the high affinity ATP-pocket binding module,
all class I PI3K isoforms can be inhibited reversibly in vitro, but
only specic inhibition of PI3Ka remains aer removal of
unbound compound by washout. Under these assay conditions,
the establishment of PI3Ka isoform signaling is simple and
absolute, and provides quantitative links between ligated
membrane receptors and PI3K isoform activation.

When extrapolating the above ndings to a potential in vivo
pharmacology, prolonged and specic inhibition of PI3Ka will
persist until protein re-synthesis, and inhibition of other iso-
forms would be relieved as unreacted compound undergoes
clearance. Therefore, therapeutic covalent PI3Ka inhibitors
have the potential to minimize adverse effects associated with
reversible pan-PI3K inhibitors, and pave the way for new PI3Ka
selective inhibitors for targeted cancer therapy.

Methods
Compound synthesis and characterization

The nal compounds were synthesized in a purity higher than
95%, determined by high performance liquid chromatography
(HPLC) analyses on an Ultimate 3000SD System from Thermo-
Fisher. 1H, 19F and 13C NMR spectra were recorded on a Bruker
Avance 400 spectrometer. NMR spectra were obtained in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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deuterated solvents, namely CDCl3 or (CD3)2SO. The chemical
shi (d 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 (d = 0 ppm) as external standard. For detailed meth-
odology see ESI.†

Inhibitor binding and determination of dissociation and
kinetic constants by TR-FRET

Time-Resolved Förster's Resonance Energy Transfer (TR-FRET)
assays were performed as previously described.73 Briey,
a kinase–antibody–tracer complex was formed by combining
His6-tagged p110a recombinant protein (5 nM, PV4789, Life
Technologies), biotinylated anti-His6-tag antibody (2 nM,
PV6089), europium-labeled streptavidin (2 nM, PV5899) and an
AlexaFluor647-labelled kinase Tracer (20 nM, PV6087, Tracer 314)
in TR-FRET assay buffer (50 mM N-(2-hydroxyethyl)piperazine-N0-
ethanesulfonic acid (HEPES) pH 7.5, 10 mM MgCl2, 1 mM
ethylene glycol-bis(b-aminoethyl ether)-N,N,N0,N0-tetraacetic acid
(EGTA), and 0.01% (v/v) Brij-35). DMSO (controls) and
compounds were rapidly dispensed using an I.DOT One
dispenser (Dispendix). TR-FRETwasmeasured on a Synergy Neo2
plate reader (BioTek instruments; emission lters: 665/8 nm and
620/10 nm; excitation at 330/80 nmusing a xenon ash lamp; 100
ms delay, 200 ms data collection; 37 °C; dichroic mirror 400 nm).

The dissociation constants (Ki) and the rate of covalent bond
formation (kinact) were obtained by globally tting the time- and
concentration-dependent changes in FRET emission ratios over
time (Fig. S5†) using KinTek Global Kinetic Explorer So-
ware.74,75 For further details and data analysis, see ESI.†

Determination of cellular PKB/Akt and ribosomal protein S6
phosphorylation

Phosphorylation of PKB/Akt and ribosomal protein S6 were
measured using in-cell western (ICW) assays as previously
described.73 Briey, cells seeded into 96-well CellCarrier black
plates with optically clear bottom (PerkinElmer) were exposed
to inhibitors for 2 h unless otherwise stated, xed with 4%
paraformaldehyde (PFA) in PBS, permeabilized and blocked
with 5% goat serum, 1% BSA, 0.1% Triton X-100 in PBS for
30 min at room temperature, and stained with rabbit mono-
clonal anti-phospho-Ser473 PKB/Akt (Cell Signaling Tech-
nology, #4058) or anti-phospho-Ser235/236 S6 ribosomal
protein (Cell Signaling Technology, #4856) and anti-a-tubulin
(Sigma, #T9026) antibodies overnight at 4 °C. Secondary anti-
bodies (IRDye680-conjugated goat anti-mouse [LICOR, #926-
68070] and IRDye800-conjugated goat anti-rabbit [LICOR, #926-
32211]) were added and incubated for 90 min with shaking in
the dark. Fluorescence was recorded on an Odyssey CLx infrared
imaging scanner (LICOR). For additional experimental details
and data analysis, refer to the ESI.†

NanoBRET target engagement and tracer displacement assays

NanoBRET assays were performed as described previously.43 In
brief, expression vectors encoding Nanoluc fused the N-
© 2024 The Author(s). Published by the Royal Society of Chemistry
terminus of class IA PI3K catalytic subunit isoforms and
a PI3Ka mutant were purchased from Promega (PI3Ka wild
type, #NV3901; PI3Ka C862S; custom vector; PI3Kb, #NV4011;
and PI3Kd, #NV4021). Together with a vector encoding the
regulatory p85a subunit (Promega, #NV4031), 2 × 106 HEK293
cells were transiently transfected (JetPEI Polyplus transfection,
#101B-010N) with a total of 10 mg plasmid DNA and a mass ratio
of regulatory : catalytic subunit of 10 : 1. For tracer displacement
assays, cells were incubated with Tracer K-3 (200 nM, Promega,
#N2602) for 20min before dispensing inhibitors using an I.DOT
One dispenser (Dispendix). Immediately aer dispensing, BRET
measurements were performed. Filtered luminescence was
measured sequentially on a Berthold Mithras2 LB 943 Plate
Reader luminometer at 25 °C equipped with 460 nm BP lter
(donor) and 600 nm LP lter (acceptor), using 0.5 s integration
time for the duration of the assay. For target engagement
assays, cells were incubated with inhibitors (3 mM) for 2 h. Aer
incubation, the medium containing inhibitors was gently
aspirated and cells were washed twice with inhibitor-free Opti-
MEM (Gibco, #11058021) (10 min at 37 °C and 5% CO2) and
Tracer K-3 (200 nM) was dispensed using an I.DOT One
dispenser (Dispendix). BRET measurements were performed as
described above. For further details on data analysis and
experimental setup, see ESI.†
FOXO1 kinase translocation reporter

Cell lines (A2058, SKOV3, T47D) stably expressing a FOXO1-
Clover fusion protein56 were seeded in 96-well CellCarrier
black plates with optically clear bottom (PerkinElmer) the day
before inhibitor treatment. To generate dose–response curves,
cells were exposed to compounds for 1 h unless otherwise
stated, xed with 4% PFA for 30 min at room temperature,
permeabilized and stained with Hoechst33324 (10 mg mL−1)
diluted in 1% BSA, 0.1% Triton-X in PBS for 30 min at room
temperature in the dark. Fluorescent microscopy images were
acquired on an Operetta high content analysis system (Perki-
nElmer) and batch analyzed using Cell Proler version 4.2.4
(ref. 76) (Broad Institute, http://www.cellproler.org). Briey,
nuclei were identied using the nuclear stain uorescence
and cells were identied by extending the nuclear
segmentation to create a ring around the nucleus based on
the FOXO1 Clover reporter uorescence (secondary object).
Subsequently, the nuclear region was subtracted from the
cellular region to give a cytosolic ring (“cytoring”). The
average ratio of the median uorescence intensity of the
cytoring/nucleus was calculated for each inhibitor concentra-
tion or DMSO control well and used to quantify FOXO1
localization.

Live cell imaging studies were performed in phenol red-free
medium with 2% FCS and nuclei were stained with SiR Hoechst
(http://spirochrome.com) for 1 h prior to imaging using a Leica
DMi8 microscope (Leica) with a stage top incubator maintained
at 37 °C, and in 95% air, 5% CO2. Cells were exposed to vehicle
or compounds (3 mM) for 2 h followed by washout and imaging
was continued for a further 10 hours. Cells were imaged every
minute until 1 h following washout and at later time points
Chem. Sci., 2024, 15, 20274–20291 | 20285
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every 30 min using a 20× HC Plan-Apo objective (N.A. 0.8), and
a GFP lter cube (excitation band, 470/40 nm; emission band,
525/50 nm) and a Cy5 lter cube (excitation band, 620/60 nm;
emission band, 700/72 nm). Image analysis was performed as
above. Further details on cell line generation, image acquisition
and data analysis are provided in ESI.†

Compound washout experiments

For assays with timed removal of compounds, addition of
compounds was carried out at the indicated nal concentra-
tions and incubated for 2 h unless otherwise stated. Medium
containing compounds was gently aspirated and cells were
washed twice with inhibitor-free medium (10 min at 37 °C and
5% CO2) and further incubated for the indicated times. Values
at t = 0 represent measurements before washout (compounds
present).

Intrinsic warhead reactivity (kchem) determination using b-
mercaptoethanol (bME)

Compounds (1 mM) were reacted with bME (600 mM) at 37 °C
in a 3 : 1 DMSO/PBS mixture. Compound loss and compound +
bME adduct formation was monitored every 20 min for the rst
three hours and every hour for up to eight hours. Compound +
bME adduct formation was conrmed by MALDI-ToF mass
spectrometry obtained on a Voyager-DeTM Pro (measured in m/
z, see ESI† for MALDI-MS spectra). Percentages of compound
against compound + bME adduct was determined by measuring
the area under the curve in HPLC (Ultimate 3000SD System,
ThermoFisher) chromatograms. For further details on kchem
calculations, see ESI.†

Modeling of on- and off-target reactions

The modeling of on- and off-target reactions were carried out
with KinTek Global Kinetic Explorer modeling soware. The
reaction parameters were determined experimentally by TR-
FRET for each compound. For details on the enzymatic reac-
tion model and parameters, see ESI.†

Crystallography

Crystals were generated as described previously.43 Initial apo
p110a crystals were obtained from a grid of 1 mL hanging
drops containing 0.5 mL of protein at 5.8 mg mL−1 (in 50 mM
Tris pH 8.0, 100 mM NaCl, 2% EG, 1 mM TCEP pH 7.5) mixed
1 : 1 with 0.5 mL reservoir (poly(ethylene glycol)6000 (PEG6000)
6–12%, 0.6 M sodium formate, 0.1 M N-cyclohexyl-2-
aminoethanesulfonic acid (CHES) pH 9.1–9.7, 5 mM TCEP
pH 7.5) grown for several days at 18 °C. For co-crystallization
of 9, protein at 5.8 mg mL−1 was initially incubated for 20
hours on ice with a 2-fold molar excess of inhibitor. Crystals
collected for diffraction were obtained from 1 mL hanging
drops containing 0.5 mL of inhibitor-bound protein mixed
with 0.4 mL reservoir (6–10% PEG6000, 0.6 M Na formate,
0.1 M CHES pH 9.5, 5 mM TCEP pH 7.5) and 0.1 mL of 1/1000
diluted microseeds crushed from a drop of the original apo
crystals. Co-crystals were ash-frozen in liquid nitrogen aer
20286 | Chem. Sci., 2024, 15, 20274–20291
transferring to 1 mL of reservoir solution containing 25% (v/v)
glycerol as cryoprotectant. Diffraction data for PI3K crystals
were collected at beamline 08ID-1 of the Canadian Light
Source. Data was collected at 13.0 keV (CLS) for 9. Data were
processed using XDS.77 Phases were initially obtained by
molecular replacement using Phaser78 with the structure of
truncated PI3Ka (PDB ID: 4TUU).79 Iterative model building
and renement were performed in COOT80 and phenix.re-
ne.81 Renement was carried out with rigid body renement,
followed by translation/libration/screw B-factor and xyz
renement. The nal model was veried in Molprobity82 for
the absence of both Ramachandran and rotamer outliers. The
structure of 9 had 1.0% Ramachandran outliers and 0.6%
rotamer outliers. Data collection and renement statistics are
shown in Table S3.†
Viability assay and growth rate calculations

Cells seeded in 96-well CellCarrier black plates (PerkinElmer) in
growth medium supplemented with 10% FCS and 2 mM L-
glutamine were allowed to adhere overnight (37 °C, 5% CO2)
before compounds were added to the wells. Relative live cells
numbers were measured using the resazurin assay using 0.3 mg
mL−1 resazurin solution prepared from resazurin sodium salt
(Sigma, #R7017) dissolved in Dulbecco's PBS. Cell numbers
were measured at the time of inhibitor addition and at the end
of the treatment period by adding resazurin solution (10% of
cell culture medium volume) and incubating for 4 hours (37 °C,
5% CO2). Fluorescence (565/590 nm excitation/emission) was
recorded on a Synergy 4 plate reader (BioTek). Background
uorescence values (medium only) were subtracted from raw
test values, and growth rates (GR) and GR50 values were calcu-
lated as previously described.66 For detailed experimental
method and data analysis see ESI.†
Immunodetection by western blot

Whole cell lysates were resolved by SDS-PAGE and transferred to
nitrocellulose membranes (see ESI†). Primary antibodies
against pSer473-PKB/Akt (Cell Signaling Technology, #4058),
pThr308-PKB/Akt (Cell Signaling Technology, #9275), pan-PKB/
Akt (Cell Signaling Technology, #2920), p44/42 MAPK (Erk1/2)
(Cell Signaling Technology, #4695), pThr202/Tyr204-p44/42
MAPK (Erk1/2) (Cell Signaling Technology, #4370), b-actin
(Sigma, #A5441) and p110a U3A83 were incubated overnight.
Membranes were probed with HRP-conjugated secondary anti-
bodies (Sigma) and imaged using Immobilon western HRP
substrate (Millipore) on a Fusion FX (Vilber Lourmat) imaging
system. Levels of phosphorylated and total protein signals were
quantied using ImageJ.
Data availability

The coordinates of compound 9 covalently bound to the PI3Ka
catalytic subunit p110a have been deposited at https://
www.pdb.org and https://www.rcsb.org with PDB ID code
8TWY.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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