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A covalent inhibitor of the YAP–TEAD
transcriptional complex identified by
high-throughput screening†

Kayla Nutsch, ‡a Lirui Song,‡b Emily Chen,b Mitchell Hull,b Arnab K. Chatterjee,b

Jian Jeffery Chen*b and Michael J. Bollong *a

Yes-associated protein (YAP), the master transcriptional effector downstream of the Hippo pathway,

regulates essential cell growth and regenerative processes in animals. However, the activation of YAP

observed in cancers drives cellular proliferation, metastasis, chemoresistance, and immune suppression,

making it of key interest in developing precision therapeutics for oncology. As such, pharmacological

inhibition of YAP by targeting its essential co-regulators, TEA domain transcription factors (TEADs) would

likely promote tumor clearance in sensitive tumor types. From a fluorescence polarization-based high

throughput screen of over 800 000 diverse small molecules, here we report the identification of a

pyrazolopyrimidine-based scaffold that inhibits association of YAP and TEADs. Medicinal chemistry-

based optimization identified mCMY020, a potent, covalent inhibitor of TEAD transcriptional activity that

occupies a conserved, central palmitoylation site on TEADs.

Introduction

Genetic screens for candidate tumor suppressor genes in Dro-
sophila melanogaster revealed a conserved regulatory network
that governs cellular proliferation and organ size, termed the
Hippo pathway after the first discovered gene Hpo.1–3 At its core,
the Hippo pathway canonically consists of a linear kinase
cascade in which the serine/threonine protein kinases macro-
phage stimulating 1 and 2 (MST1/2) and large tumor suppressor
kinase 1 and 2 (LATS1/2) along with their scaffolding proteins
Salvador (SAV) and monopolar spindle-one-binder proteins
(MOB) result in the phosphorylation of YAP in response to
extracellular signals, cell density, cell polarity, mechanotrans-
duction, and cellular stress. In environments of high cellular
density, Hippo pathway activation results in LATS1/2 mediated
phosphorylation of YAP, sequestering it in the cytoplasm via
interactions with 14-3-3 proteins. When the Hippo pathway is
inactivated, LATS remains unphosphorylated and does not
phosphorylate YAP, allowing nuclear translocation of YAP where
it binds transcriptional coactivator TEA-domain (TEAD) proteins
and executes a pro-proliferative transcriptional program

consisting of several dozen target transcripts.4 In addition to
its role as a central regulator of cellular proliferation, YAP can be
constitutively activated in human cancers, enabling tumor cell
intrinsic transcriptional programs such as proliferation, stem-
ness, and metastasis, as well as tumor microenvironmental cues
such as recruitment and activation of cancer-associated fibro-
blasts and immune evasion.5–16 Inactivating mutations in the
Hippo pathway, which activate YAP, are extensive in malignant
mesotheliomas and a rare schwannoma, NF217 but are not the
driving factor in many cancers. Upregulation of YAP in most
malignant tumors is induced following anti-cancer treatment,
driving therapy resistance, likely due to the crosstalk between
the Hippo pathway and other oncogenic drivers.12,18 Tumori-
genic cells derived from dysregulated Hippo signaling can
become uniquely dependent on YAP for cell growth, making it
a key target for pharmacological therapeutic intervention.19

YAP is an intrinsically disordered protein, making it difficult
to target directly with pharmacological agents. Accordingly, tar-
geting the interface of YAP and TEADs with drug like small
molecules has become a promising strategy. Upon binding to
TEAD, YAP inducibly forms secondary structures at three distinct
interfaces.20 It has been shown that interface 1 is dispensable for
the binding of YAP and TEAD, while disruption of binding at
interfaces 2 and 3 lead to disassociation of the complex.20–22 In
addition to these protein interaction sites, TEAD contains a deep
hydrophobic pocket with a surface accessible cysteine that is
palmitoylated in the active transcriptional species. Typically,
palmitoylation of proteins is an enzyme catalyzed modification
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that results in the trafficking of proteins to cell membranes.
However, TEAD is one of few proteins that undergoes auto-
palmitoylation in the presence of cellular palmitoyl-CoA pools,
which is essential for its transcriptional activity and stability.23–25

Whether palmitoylation affects the association of YAP and TEADs is
unclear and there are conflicting reports to this end in the
literature.24,26,27 The development of novel TEAD selective small
molecule inhibitors would provide a tool to uncover the regulatory
mechanisms of TEAD palmitoylation and have the potential to be
further developed into therapeutic agents for cancer treatment.

Here, we performed a fluorescence polarization (FP) high-
throughput screen to identify novel small molecules capable of
disrupting the interaction of YAP and TEAD. A library of
4826 000 diverse small molecules was screened, resulting in
the identification of a novel TEAD inhibitor scaffold. Selected
hit molecules were further optimized to produce a covalent sub-
micromolar inhibitor, mCMY020, that prevents palmitoylation,
decreases YAP-driven transcription, and selectively slows pro-
liferation of Hippo deficient cancer cells.

Results
Fluorescence polarization screen identifies inhibitors of the
YAP–TEAD interaction

To identify small molecules capable of disrupting the interaction
between YAP and TEAD, we first optimized a miniaturized

fluorescence polarization-based assay to enable high throughput
chemical screening. As interface three is crucial for the stabili-
zation of the YAP–TEAD complex, we utilized a seventeen amino-
acid peptide from the sequence of YAP mimicking the omega loop
(residues 84–100) which contained several potency increasing
mutations (VP{3-Cl-Phe}{Hcy}LRK{NIe}PASFCKPPE with a disul-
fide bond between Hcy and Cys) and an N-terminal tetramethylr-
hodamine (TMR)-based fluorophore (TMR-YAP)28 (Fig. 1A). In
optimized conditions (50 nM of TMR-YAP) the approximate bind-
ing affinity of the non-acylated YAP binding domain (YBD) of
TEAD4 (TEAD4-YBD) was determined to be 186.3 nM (Fig. 1B). An
unlabeled YAP peptide containing the same amino acid sequence
without TMR (unlabeled-YAP), was able to competitively inhibit
TMR-YAP binding to TEAD4-YBD with an IC50 of 6.3 mM (Fig. 1C).
Using unlabeled-YAP as a positive competition control, a Z-score of
0.86 with a standard deviation of 2.61 and coefficient of variant of
0.12 for 16 replicates, could be achieved in 384-well format and
was deemed suitable for a high throughput screening campaign
(Fig. 1D).

The FP assay was further miniaturized to 1536-well
format and then screened at a single concentration (10 mM)
against 4826 000 compounds: a library consisting of a 588 000-
compound proprietary collection, 215 000 commercially obtained
compounds, a 10 000-compound bioactive collection, and the
12 000-compound ReFRAME Library.29 This effort yielded 323
compounds with dose-responsive inhibitory activity in the primary

Fig. 1 A fluorescence polarization-based screen for YAP–TEAD interaction inhibition identifies a series of efficacious pyrazolopyrimidines. (A) Schematic
depicting TEAD4-YBD protein and TMR-YAP peptide used in the FP assay. Hcy, homocysteine; Nle, norleucine. (B) Binding of TMR-YAP (50 nM) to
TEAD4-YBD in FP assay demonstrates an approximate Kd of 186.3 nM (n = 10, mean � SEM). (C) Fluorescence polarization (mP) of TMR-YAP (50 nM) and
TEAD4-YBD (1 mM) in response to increasing concentrations of unlabeled YAP peptide with an IC50 of 6.27 mM (n = 3, mean � SEM). (D) Z-Score of a
representative FP assay in 384-well format with 1 mM TEAD4-YBD and 50 nM TMR-YAP (n = 16, mean � SEM). (E) Screening funnel depicting the high
throughput screening campaign. (F) Structures of KNS1, KNS2, and KNS3 with their respective IC50 values. Structure of VTP can be found in Fig. S1 (ESI†).
(G) Fluorescence polarization values in response to the indicated concentrations of KNS1, KNS2, KNS3, and VTP in 384-well format (n = 3, mean � SEM).
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screening assay. Among these, 76 culled hit compounds were
manually selected for further study, as many screening hits con-
tained fluorophores, known fluorescent quenching moieties (e.g.,
anilines, diazo motifs), or screening PAINS-like structures (e.g.,
catechols). Notably, among these, we identified several porphyrin
containing molecules (kCAW794, kCBN853, and kCAS717,
Fig. S1A, ESI†) that displayed low micromolar inhibitory potencies
(9.6 mM, 6.9 mM, and 4.7 mM respectively, Fig. S1B, ESI†) in this
assay. Interestingly, these molecules resemble the structure of
reported YAP–TEAD interaction inhibitor Verteporfin30 (VTP),
although VTP was considerably more potent in this assay (IC50 =
544 nM). Additionally, we identified a pyrazolopyrimidine-based
scaffold that was the most prevalent among identified hit classes.
From experiments performed in 1536-well format using library
material, 11 of these compounds displayed inhibitory activity in
the FP assay ranging from 5.9–26 mM (Fig. S1C and D, ESI†). Given
this activity as well as the observation that no pyrazolopyrimidine
has yet been described as possessing YAP inhibitory activity, we
pursued this scaffold further. We next purchased three represen-
tative commercially available analogs (KNS1, KNS2, and KNS3) and
found that each displayed sub-micromolar potency in the FP assay
(243 nM, 336 nM, and 275 nM respectively, Fig. 1F and G),
performing similarly to VTP in this context.

Identification of efficacious TEAD inhibitor mCMY020

To confirm the identified compounds bound to TEAD4, we
measured the thermal stability of TEAD4-YBD upon treatment
using a fluorescence-based thermal denaturation assay (Life
Technologies). KNS1, KNS2, and KNS3 were all confirmed to
engage TEAD4, shifting the thermal melting temperature by
3.71 1C, 1.88 1C, and 1.47 1C respectively (Fig. S2, ESI†). Next, to
validate the capacity of this chemical scaffold to inhibit the YAP
and TEAD interaction in cells, we tested the compounds in a
Gal4-responsive reporter in which an exogenously supplied
Gal4-TEAD4 fusion protein drives transcription of luciferase
in the presence of a functional interaction with expressed YAP
protein (Fig. S3A and B, ESI†). Consistent with an ability to
inhibit this required protein–protein interaction, KNS1 and
KNS2 (20 and 50 mM) were found to inhibit luciferase signal
to a similar magnitude as that observed for VTP (10, 20, and
50 mM) over a 24 hour period (Fig. S3C, ESI†). In contrast, KNS3
displayed a more modest activity in cells that was not statisti-
cally significant, suggesting that this molecule likely does not
efficiently engage TEAD4 in cells. While KNS1 and KNS2 display
a more modest potency, these data confirm that the identified
pyrazolopyrimidine scaffold functionally antagonizes the YAP–
TEAD transcriptional complex in cells.

To date, two reported mechanisms have been shown to
disrupt the interaction between YAP and TEAD, either by inhibit-
ing the protein–protein interaction at interface 2 or 3 (alpha-helix
or omega loop respectively) or by occupying the hydrophobic core
resulting in an allosteric change in affinity for YAP.27,28,31 As our
fluorescence polarization screen was unbiased for detecting an
inhibitor that acted by either mechanism, we next sought to
determine if the identified pyrazolopyrimidine series could bind
the hydrophobic core of TEAD. We reasoned that binders to the

palmitoylation site could likely be identified from experiments in
which the non-enzymatic modification of TEAD4 by an alkyne
modified palmitoyl-CoA (Fig. S4A, ESI†), might be completed by
pre-treatment with compound. Accordingly, we found that KNS1,
KNS2, and KNS3 (10 and 100 mM) could compete with alkyne
palmitoyl-CoA for labeling of TEAD 4 in vitro (Fig. S4B and C,
ESI†). This data strongly suggested that the identified com-
pounds bind to the palmitoylation pocket of TEAD, likely result-
ing in an allosteric disassociation of YAP.

To better understand the potential binding mode of the
pyrazolopyrimidine scaffold within the hydrophobic pocket,
KNS1, KNS2, and KNS3 were computationally docked into the
palmitoylation site of an existing co-crystal structure of TEAD4
(PDB: 5OAQ) using Schrodinger XP Glide32 (Fig. S5A–C, ESI†).
Evaluating the highest scoring docking pose for each molecule,
it was observed that the hydrophobic phenyl moiety of each
compound was buried within the more lipophilic palmitoyl
binding pocket whereas the more polar northern substituents
of the scaffold (as depicted in Fig. 1F) faced the solvent
accessible pocket entrance near the conserved acylated cysteine
(Fig. S5D, ESI†). A salient observation from this work was that
the full depth of this pocket was not fully engaged in the
binding mode adopted by the scaffold. Likewise, the scaffold
docked most efficiently near the conserved cysteine (2.86 Å,
3.70 Å, or 6.40 Å for KNS1, KNS2, or KNS3 respectively). We
reasoned that an elongated molecule that more effectively occu-
pies the lipid binding site and engages the active site cysteine
might more potently inhibit TEAD activity in cells. As such, from
several iterative medicinal chemistry-based efforts, we designed
and synthesized mCMY020 (Fig. 2A), which bears a western
cyclohexyl substituent as well as a 2-fluoro acrylamide, a reactivity
handle introduced to covalently engage the active site cysteine.
Docking studies with mCMY020 and TEAD4 suggested it fully
occupied the palmitoylation pocket and demonstrated a favor-
able orientation of the covalent warhead to Cys367 (Fig. 2A and
Fig. S5E; covalent docking was not capable in this context, ESI†).

We next confirmed that mCMY020 bound to TEAD4-YBD
in vitro, inducing a thermal shift of 3.17 1C in thermal dena-
turation assays (Fig. 2B). We additionally demonstrated that
mCMY020 formed a covalent adduct with TEAD4, as observed
by intact mass spectrometry (Fig. 2C). Binding of mCMY020 to
the palmitoylation site was additionally confirmed, as mCMY020
was found to dose dependently compete for labeling (IC50 of
91.9 nM) when recombinant TEAD4 protein was exposed to
alkyne palmitoyl-CoA in vitro (Fig. 2D). The ability to bind the
lipid site of TEAD4 was recapitulated in cells, as mCMY020 was
capable of also dose dependently inhibiting (IC50 of 190 nM) the
labeling of exogenously expressed FLAG-TEAD4 protein in
HEK293T cells exposed to alkyne palmitate (Fig. 2E). In addition
to TEAD4, mCMY020 was also found to occupy the palmitoylation
sites (Fig. 2D) and form covalent adducts with recombinant
preparations of TEAD1, TEAD2, and TEAD3 (Fig. S6, ESI†), which
collectively suggests that mCMY020 is likely an efficacious inhi-
bitor of the four TEAD proteins.

Due to the covalent nature of mCMY020, we also assessed its
selectivity in binding TEADs relative to other proteins bearing
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reactive cysteine residues. The targets of the three most recently
approved cysteine targeting covalently acting drugs, the epider-
mal growth factor receptor (EGFR), Bruton’s tyrosine kinase
(BTK), and SARS-CoV-2 main protease (MPro), were evaluated
for enzymatic activity in vitro. Unlike representative inhibitors
of each target (osimertinib, ibrutinib, and nirmatrelvir respec-
tively), mCMY020 did not significantly inhibit the catalytic
activity of these enzymes (Fig. S7A–C, ESI†). We also observed
no observable effect at global cysteine labeling when cells were
pre-treated with increasing concentrations of mCMY020 fol-
lowed by labeling by iodoacetamide biotin (Fig. S7D, ESI†).
These experiments further indicated that mCMY020 selectively
binds TEADs and its activity is not driven by non-specific
covalent modification of cysteines.

mCMY020 inhibits TEAD-dependent transcriptional program
and cell proliferation

We next sought to understand if occupying the hydrophobic
core of TEADs by mCMY020 would negatively influence YAP-
driven transcription. An MCF-7 cell line with a stably integrated
cassette encoding luciferase downstream of eight copies of the
TEAD-binding element (8x-GTII-LUC; TEAD-LUC reporter) was
used to assess YAP driven transcription in a cellular context.
mCMY020 treatment (24 hours) was found to dose-dependently
decrease the TEAD-LUC signal in this assay with an IC50 of
162.1 nM (Fig. 3A). Additionally, treatment with mCMY020
(20 mM) in the Gal4-TEAD4 assay resulted in a 96% decrease
in YAP-driven luciferase signal, as compared to an 88%
decrease at the same concentration of verteporfin (20 mM;
Fig. 3B). To verify the compound could functionally inhibit the

endogenous YAP driven transcriptional program, we next assessed
NF2 deficient NCI-H226 cells by RT-qPCR. As anticipated,
mCMY020 was found to markedly decrease the levels of the
YAP-controlled transcripts CYR61, CTGF, and ANKRD1 by up to
75% over a 24 hour period (Fig. 3C). RNA-sequencing (RNA-seq)
further revealed that treatment of NCI-H226 cells with mCMY020
selectively decreased conserved YAP targets (Fig. 3D), as transcripts
shown to promote proliferation and cell growth in relation with
YAP, NPPB, F3, SLC7A5, and IGFBP3, were the most significantly
downregulated genes.33–36 Gene set enrichment analysis (GSEA)
further demonstrated that treatment with mCMY020 decreased
expression of annotated YAP transcriptional targets (Fig. 3E).
Evaluating the top 200 most dynamically regulated transcripts by
Gene Ontology term analysis revealed genes related to DNA
replication and repair, cell cycle, growth factors, and p53 signaling
were downregulated while transcripts associated with immune
activation were upregulated upon treatment (Fig. S8, ESI†).

We next assessed if the ability of mCMY020 to decrease TEAD
driven transcription might inhibit the proliferation of Hippo
mutant cancer cells. NCI-H226 (NF2-deficient) and NCI-H2052
(homozygous for NF2 inactivating mutations) malignant mesothe-
liomas displayed strong sensitivity to mCMY020 treatment, as
growth was potently inhibited (IC50 = 261.3 nM and 228.7 nM,
respectively) over the course of five days in culture (Fig. 4A and B).
This contrasts with NF2 wildtype NCI-H2452 or neuroblastoma
IMR32 cells, which did not display any measurable decrease in
proliferation at concentrations up to 10 mM (Fig. 4C and D).

Lastly, we sought to understand the mechanism by
which engagement of the TEAD palmitoylation site results in
decreased proliferation and transcription. Inhibitors occupying

Fig. 2 mCMY020 is a covalent inhibitor of TEAD lipidation. (A) Structure of mCMY020. (B) Fluorescence signal from a thermal denaturation assay with
recombinant TEAD4-YBD in the presence or absence of mCMY020. (C) Intact mass spectrometry of recombinant TEAD4-YBD in the presence (blue) or
absence (black) of mCMY020 after 1 hour treatment. (D) Right, representative fluorescent gel scans of rhodamine-azide labeled palmitoylated TEAD1–4
after 1 hour treatment with the indicated concentrations of mCMY020. Left, densitometry-based quantification of competitive labeling from rhodamine
gels (n = 3, mean � SEM). (E) Representative fluorescent gel scan of rhodamine-azide labeled immunoprecipitated FLAG-TEAD4 from HEK293T cells
treated with the indicated concentrations of mCMY020 and alkyne palmitate.
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the hydrophobic core of TEADs have been shown to cause
allosteric disassociation of YAP and TEAD, like that reported
by the small molecule inhibitor MYF-03-69, which has been
hypothesized as essential for its inhibitory activities.37 To
understand if mCMY020 treatment disassociates the YAP:TEAD
complex, HEK293T cells were co-transfected with FLAG-TEAD
(TEAD1–4) and HA-YAP overexpression plasmids and then

treated with 10 mM mCMY020 or MYF-03-69 for 24 hours.
Anti-FLAG co-immunoprecipitation studies evaluating the
capacity to pull down the HA-YAP transgene revealed that both
MYF-03-69 and mCMY020 robustly inhibited the association
with TEAD1 transgene (Fig. 4E). Interestingly, whereas
mCMY020 additionally was found to inhibit the association
of YAP with TEAD2 and TEAD3 but showed no inhibitory

Fig. 3 mCMY020 inhibits YAP driven transcription in cells. (A) Relative luminance signal from TEAD-LUC MCF-7 cells treated with the indicated
concentrations of mCMY020 for 24 hours (n = 3, mean � SEM). (B) Relative UAS-LUC signal from a Gal4 assay with TEAD4 in HEK293T cells treated with
the indicated concentrations of mCMY020 or verteporfin (VTP) for 24 hours (n = 10, mean � SEM). Significance was determined by Welch and Brown–
Forsythe ANOVA; ****p o 0.0001. (C) Relative transcript levels of CYR61, CTGF, and ANKRD1 from H226 cells treated with 10 mM mCMY020 for 24 hours.
(n = 3, mean� SEM). Significance was determined by two-tailed t-test; ***p o 0.001. (D) Volcano plot of RNA-sequencing data depicting the fold change
of transcripts in response to 24 hour treatment with mCMY020 (10 mM). (E) GSEA plots of YAP-dependent gene sets (curated from Zhao et al.4 and
Cordenonsi et al.9) in response to mCMY020.

Fig. 4 mCMY020 inhibits proliferation in Hippo pathway deficient cancers. Relative viability of NF2-deficient NCI-H226 (A), NF2-heterozygous mutant
NCI-H2052 (B), NF2-wildtype NCI-H2452 (C) and NF2 independent neuroblastoma IMR32 cells (D) treated with the indicated concentrations of
mCMY020 (n = 3, mean � SEM). (E) Relative HA-YAP precipitated protein content from HEK293T cells expressing the indicate FLAG-TEAD transgene and
then treated with mCMY020 or MYF-03-69.

RSC Chemical Biology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
1/

4/
20

25
 6

:4
6:

38
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cb00044c


© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2023, 4, 894–905 |  899

activity towards the TEAD4 complex. This contrasts with MYF-
03-69, which strongly inhibited YAP’s association with TEAD4
while displaying a lesser inhibitory effect on TEAD2 and none
towards TEAD3 (Fig. 4E).

Discussion

Here, we performed an unbiased fluorescence polarization-
based screen to discover novel pharmacological inhibitors of
the interaction between YAP and TEAD. This assay used the
YAP binding domain (YBD) of TEAD4 in conjunction with the
essential binding sequence of YAP, the omega loop at interface
3, to unbiasedly evaluate a large chemical library for mechan-
isms that might functionally inhibit this protein–protein inter-
action. Of identified hits, a small subset of molecules that
mimicked the structure of the reported YAP inhibitor vertepor-
fin were discovered, giving us confidence in the validity of our
screening method (Fig. S1B, ESI†). Among the other hit mole-
cules was a larger subset of compounds containing a previously
undescribed pyrazolopyrimidine core, a scaffold which we
pursued here as novel chemical matter to inhibit TEADs.

We hypothesized that hit compounds likely acted either as
direct PPI inhibitors or as inhibitors of TEAD auto-palmitoylation.
Using an in vitro assay with recombinant TEAD4 protein and a set
of representative pyrazolopyrimidines (KNS1–3), we found that the
identified scaffold functionally inhibits TEAD auto-palmitoylation,
albeit with modest cell-based potency. Evaluating the binding
mode of KNS1–3 demonstrated the scaffold most likely did not
efficiently occupy the palmitoylation site. Accordingly, we sought
improve the pharmacological properties of the scaffold by devel-
oping an optimal chemical probe of TEAD palmitoylation using
medical chemistry. From this effort we identified mCMY020, a
compound with an extended lipophilic ‘tail’, bearing a terminal
cyclohexyl group, that by docking, more efficiently occupies the
depth of the palmitoyl cavity. Additionally, mCMY020 bears a
2-fluoro acrylamide (2FA), which results in efficient covalent
targeting of the conserved active site cysteine in all 4 TEADs. While
several acrylamide-based inhibitors of the TEADs have been
developed, this is, to our knowledge, the first example of using a
2FA to effectively and covalently inhibit TEADs. As addition of the
withdrawing group to the 2 position of the acrylamide endows a
reversible covalent modification of target proteins, there is the
potential that 2FA use can increase selectivity of the desired
interaction. Using 2FA has shown to be of benefit in increasing
the efficacy, pharmacokinetics, and reactivity of other covalent
chemotypes in in oncology (e.g., KRAS G12C38,39 and FGFR440,41).
Future work evaluating the proteome wide selectivity, pharmaco-
kinetics, and safety of mCMY020 will necessarily be required to
understand if altering the covalent targeting group results in a
superior TEAD targeting phenotype.

Here we have shown that mCMY020 results in the efficient
engagement of all four TEAD proteins covalently, likely acting
as a pan-TEAD inhibitor in cells. Interestingly, however, from
co-immunoprecipitation experiments, we have shown that
mCMY020 inhibits the association of YAP with TEADs1–3 with

varying degrees of efficacy and with no effect on TEAD4. This
contrasts with the reported pan-TEAD inhibitor MYF-03-69,
which shows preferentially activity at inhibiting the association
of YAP with TEAD4, and to a lesser extent TEAD1 and TEAD3.
While clearly there must be an association between YAP and
TEADs for positively affecting transcription, it is unclear if
inhibiting TEAD activity pharmacologically necessarily requires
a decreased association with YAP and TEADs. Indeed, the lipid
pocket on TEAD is not near the protein–protein interface of YAP
and TEAD, and it is not functionally understood how preventing
palmitoylation of TEAD leads to decreased YAP-target gene
expression. Reports on if palmitoylation is essential for the YAP
and TEAD interaction are contradictory and may be TEAD
specific.23,24,26 For example, de-palmitoylated TEAD1 is unable to
bind to YAP but remains stable and can bind to the co-repressor
VGLL4.24,25,42 In contrast, if TEAD2 is de-palmitoylated, its protein
levels are reduced dramatically.23 Future experiments aimed at
understanding the structural, transcriptional, and interactome-
level changes that occur in each TEAD in response to a diverse
set of lipid site binding small molecules will likely be required to
address this question. Given its unique chemotype as well as the
divergent interactions it elicits with TEADs in cells, mCMY020 will
likely be a useful chemical tool to investigate this hypothesis.

Recent reports have shown that YAP plays key roles in
maintaining the tumor immune microenvironment. In tumor
cells, YAP positively affects cytokines that recruit myeloid-derived
suppressor cells and M2 macrophages while directly suppressing
PD-L1 expression. YAP additionally suppresses activation and
differentiation of T cells, as YAP-deficient CD4+ and CD8+ T cells
dramatically suppress syngeneic tumor burden and display
increased infiltrative capacity.43 Our RNA-sequencing data demon-
strated that canonical inflammatory response related transcripts
are upregulated when NF2 deficient tumor cells are treated with
mCMY020, as assessed by Gene Ontology analysis (Fig. S8, ESI†).
To the extent that inhibiting TEADs with compounds like
mCMY020 can recapitulate the impressive phenotypic effects of
deleting YAP will be of keen interest to the field.

YAP is also essential for the self-renewal and tumor-initiation
capacities of cancer stem cells (CSCs).13–15,44 CSCs have been
shown to be responsible for chemoresistance, metastasis, and
recurrence in cancer patients leading to an increase of mortality
rates.45 The Hippo pathway has been shown to induce CSCs in
many cancers including breast,9,10 liver,46 ovary,47 lung,48 brain,49

colon,50 and pancreas.51 Of interest will be future work exploring if
inhibition of TEAD by mCMY020 leads to a reduction in tumor
stemness as a primary or combinatorial treatment. Others have
recently uncovered that cancer cells can enter a senescence-like
dormancy following treatment with epidermal growth factor recep-
tor (EGFR) tyrosine kinase inhibitors (TKI). These cells display
high YAP activity, engage in epithelial-to-mesenchymal transition,
and avoid apoptosis, leading to recurrence.52 This shift in depen-
dency on YAP following treatment with targeted therapy has also
been observed in multiple contexts and provides an attractive use
for TEAD inhibitors, such as mCMY020, as a combination therapy
to abolish dormant cells, likely preventing recurrence or increasing
the efficacy of frontline targeted therapies in solid tumors.
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Methods and materials
Protein expression and purification

The coding region of human TEAD4-YBD (residues 216–434,
Uniprot Q15561) was codon optimized and inserted into the
pET-28a(+)-TEV vector between restriction sites NcoI and XhoI.
The final construct contained a TEV cleavable His6-tag at the
N-terminal and was verified by DNA sequencing. For protein
expression, pET-28a-TEV-TEAD4-YBD was transformed into
BL21 and cultured in LB supplemented with Kanamycin at
37 1C until O.D. 600 reached 0.6–0.7. Expression was induced
by adding IPTG to a final concentration of 0.1 mM and cultured
for 18 hours at 18 1C. Harvested cells were resuspended and
lysed by sonication in lysis buffer (50 mM Tris–HCl, 300 mM
NaCl, 10 mM imidazole, 10% glycerol, 1% TritonX-100, pH 7.4).
The protein was first purified by metal ion affinity chromatography
by batch binding with Ni-NTA resin equilibrated in lysis buffer. The
solution was transferred to a column and washed with buffer A
(50 mM Tris–HCl, 500 mM NaCl, 10% glycerol, 20 mM imidazole,
pH 7.4) and eluted with buffer B (50 mM Tris–HCl, 500 mM NaCl,
10% glycerol, 200 mM imidazole, pH 7.4). The protein was further
purified by size exclusion chromatography on a sephadex 200
increase gel filtration column with FPLC buffer (50 mM Tris–HCl,
100 mM NaCl, 2 mM MgCl2, 1 mM TCEP, 5% glycerol, pH 8).
Protein purity was analyzed by SDS-PAGE and protein folding was
analyzed by protein thermal shift. Purified protein was frozen in
liquid nitrogen and stored at �80 1C. TEAD1-YBD (residues 207–
426, Uniprot P28347), TEAD2-YBD (residues 217–447, Uniprot
Q15562), and TEAD3-YBD (residues 216–435, Uniprot Q99594) were
prepared using the same methods.

Synthesis of YAP peptide and TMR-labeled YAP peptide probe

Unlabeled-YAP peptide was purchased from GenScript. TMR-
YAP peptide probe was purchased from InnoPep. Both were
analyzed by reverse-phase HPLC and MS.

Fluorescence polarization (FP) measurement

All FP measurements for 384-well plates were performed on a
CLARIOstar plate reader (BMG) in black opaque 384-well micro-
plates (Corning), with 10 mL of the assay solution per well. All FP
measurements for 1536-well screening were performed on a
PHERAstar plate reader (BMG) in black opaque 1536-well micro-
plates (Greiner), with 5 mL of the assay solution per well. The FP
values were calculated according to the following equation:

FP (mP) = 1000 � (FS � FP)/(FS + FP)

where FS and FP are the parallel and perpendicular emission
fluorescence intensities relative to the excitation light plane.

FP binding and competition assay

Recombinant TEAD4-YBD protein, serially diluted from 5 mM
(final concentration) for the binding assay or at 1 mM (final
concentration) for the competition assay, was prepared in
50 mM Tris–HCl buffer and 4 mL per well was pipetted into a
black low volume 384-well plate (Corning 3281) using a matrix
pipette. 2 mL of water, or unlabeled YAP peptide dissolved in

water, was added to each well and incubated covered for 1 hour
at room temperature. Following incubation, 4 mL of TMR-YAP at
a final concentration of 50 nM in HBT buffer (20 mM HEPES,
150 mM NaCl, 0.1% BSA, 0.01% Tween-20) was added to each
well and incubated covered overnight at room temperature.

High-throughput screening

For high-throughput screening, 2.5 nL of 2 mM DMSO stock
concentrations of compound were prespotted using an Echo
Acoustic Liquid Handler instrument (Labcyte) before the
addition of 5 mL of solution containing 1 mM TEAD4-YBD and
50 nM TMR-YAP in screening buffer (50% 50 mM Tris–HCl and
50% HBT buffer) per well and incubated overnight at room
temperature before reading FP.

Thermal denaturation assay

Master mixes containing 2 mM TEAD4-YBD and/or 100 mM
compound (final concentrations) diluted in water to 75 mL were
prepared. 5 mL of protein thermal shift buffer (4461146,
Thermo Fisher Scientific) added per well in a 384-well Micro-
Amp Optical Reaction Plate (Life Technologies), followed by
12.5 mL of appropriate master mix or water, and 2.5 mL freshly
diluted 8� Protein Thermal Shift Dye. Reaction mixed well via
pipet and centrifuged at 1000 rpm for 1 minute before running
a melt curve on a Viia7 system (Thermo Fisher Scientific).

Gal4 assay

HEK293T cells were trypsinized, resuspended in growth medium,
and diluted to a density of 125 000 cells per mL. 40 mL of cell
suspension (5000 cells) was dispensed per well in a white 384-well
plate (Corning). The cells were then transfected with 25 ng UAS-
LUC reporter, pCMX-Gal4-TEAD4, pCI-HA-YAP, and/or pCMV6-
Entry (for a total of 100 ng DNA) per well using 200 ng P.E.I.
transfection reagent complexed in 10 mL of Opti-MEM medium
(Gibco). After 24 hours incubation at 37 1C, 5% CO2 10 mL of
compounds diluted in growth medium were added per well and
incubated an additional 24 hours followed by the addition of 30 mL
of BrightGlo (Promega; diluted 1 : 3 in water) to each well and
luminescence values recorded using an EnVision plate reader.

Cell-free TEAD palmitoylation assay

2 mg of purified recombinant TEAD-YBD was incubated with
compounds at the indicated concentration for 1 hour at room
temperature followed by the addition of 100 nM alkyne
palmitoyl-CoA (Cayman Chemical, 36470) in a total volume of
100 mL. After 1 hour at room temperature the reaction was
quenched with 1% SDS followed by click chemistry reaction
with rhodamine-azide (Sigma-Aldrich, 760757). Palmitoylated
TEAD and total TEAD protein were detected by rhodamine
fluorescence followed by Coomassie or silver staining.

Cell-based TEAD palmitoylation assay

FLAG-TEAD4 expression plasmid transfected HEK293T cells
were treated with DMSO or 50 mM alkynyl palmitic acid and
DMSO or compound for 24 hours. FLAG-TEAD4 protein was
immunoprecipitated with anti-flag beads and subjected to click

RSC Chemical Biology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
1/

4/
20

25
 6

:4
6:

38
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cb00044c


© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2023, 4, 894–905 |  901

chemistry. Palmitoylated TEAD was detected by rhodamine
fluorescence and total TEAD was detected by western blot.

Docking

TEAD4 (PDB Code: 5OAQ) was prepared using the protein
preparation wizard implemented in the Schrodinger software
package. The bond orders were assigned, and hydrogens were
added after removal of original hydrogens. Missing loops and
side chains were filled in using Prime and the protonation
states were generated using Epik with pH value 7.4 � 2.0.
Hydrogen bond networks were optimized, and their restrained
minimization was carried out using OOPLS4 force fields. KNS1,
KNS2, KNS3, and mCMY020 were prepared using LigPrep
implemented in the Schrodinger software package. Ionization
states were generated at target pH of 7.4 � 2 using Epik. The
docking grid was centered on the myristate ligand with a scaling
factor value of 1. Docking was performed using Glide from the
Schrodinger software suite with extra precision (XP) and all
other default parameters, exporting 5 poses per molecule. The
top scoring pose was chosen to illustrate the binding pose.

Intact mass spectrometry

mCMY020 (100 mM) was incubated with TEAD4-YBD (10 mM) in
PBS for 1 hour at 37 1C. The samples were diluted 10-fold with
PBS prior to being analyzed on an Agilent 6230 ESI-TOF mass
spectrometer coupled to an Agilent 1260 LC stack using an
Agilent PLRP-S LC column. Signal was deconvoluted using
Agilent Masshunter Bioconfirm software.

YAP reporter assay

MCF-7 TEAD-LUC reporter cells were obtained from BPS
Bioscience, Inc. and cultured in DMEM medium (Corning,
10-013-CV) supplemented with 10% fetal bovine serum (Gibco,
10438-026), 1% penicillin–streptomycin (Gibco, 15070063), 1%
non-essential amino acids (Gibco, 15070063), and 10 mg mL�1

insulin (Sigma, I0516). Cells were trypsinized, resuspended in
growth medium, and diluted to a concentrated of 100 000 cells
per mL. 5000 cells, 50 mL of cell suspension, per well were then
plated in a white 384-well plate (Corning) and incubated at
37 1C, 5% CO2. After 24 hours incubation, 100 nL of test
compounds in DMSO, 20-point 1 : 2 dilution starting from
10 mM (final concentration) in triplicate, were transferred to
each well using an Agilent Bravo instrument outfitted with a
pintool head. Cells were incubated at 37 1C, 5% CO2 for
24 hours followed by the addition of 30 mL of BrightGlo
(Promega; diluted 1 : 3 in water) to each well and luminescence
values recorded using an EnVision plate reader.

RNA extraction, qPCR, and RNA-sequencing

NCI-H226 cells were plated at 500 000 cells per well in 6-well
dishes in growth medium. After 24 hour incubation, cells were
subjected to 10 mM mCMY020 or DMSO delivered as 0.1%
DMSO final solutions for an additional 24 hours. After removing
culture medium, cells were washed once with PBS, trypsinized
with 500 mL TrypLE Express dissociation reagent (Gibo) and
neutralized with 500 mL of growth medium. Pellets were

collected by centrifugation for 5 minutes at 300 g and RNA
was then extracted using RNeasy Plus Mini Kit (Qiagen).

For qPCR studies complementary DNA was reverse-transcribed
using a high-capacity cDNA reverse transcription kit (Thermo Fisher
Scientific, 4368813). qRT-PCR was performed using the SYBR green
method using a PowerSYBR Green PCR master mix (Thermo Fisher
Scientific, 4367659) along with transcript specific primers in the
table below on the Viia7 system (Thermo Fisher Scientific). Samples
were normalized to GAPDH levels and transcript abundance was
calculated using the standard comparative Ct method.

RNA sequencing was performed at BGI using the DNAseq
Technology platform. STAR53 was used to align to the reference
transcriptome and estimate transcript abundance. Differential
gene expression analysis (DESeq2) was carried out using R. Differ-
entially expressed genes were defined as having an adjusted P
value o0.05 and fold change 4�0.5. Gene set enrichment
analysis (GSEA, Broad Institute) was performed using the Java
application, and results replotted using R. Gene Ontology analysis
was conducted on selected genes using the DAVID program.54,55

Transcript Forward primer Reverse primer

CTGF TGGAGATTTTGG
GAGTACGG

CAGGCTAGAGAAG
CAGAGCC

ANKRD1 GTGTAGCACCA
GATCCATCG

CGGTGAGACTGAA
CCGCTAT

CYR61 CCCGTTTTGGT
AGATTCTGG

GCTGGAATGCAA
CTTCGG

GAPDH AATGAAGGGGT
CATTGATGG

AAGGTGAAGGTCG
GAGTCAA

Cell proliferation assays

NCI-H226, NCI-H2052, and NCI-H2452 cells were trypsinized, resus-
pended in growth medium, and diluted to a concentrated of 10 000
cells per mL. 500 cells, 50 mL of cell suspension, per well were then
plated in a white 384-well plate (Corning) and incubated at 37 1C,
5% CO2. After 24 hours incubation, 100 nL of test compounds in
DMSO, 20-point 1 : 2 dilution starting from 20 mM (final concen-
tration) in triplicate, were transferred to each well using an Agilent
Bravo instrument outfitted with a pintool head. Cells were incu-
bated at 37 1C, 5% CO2 for 5 days followed by the addition of 30 mL
of Cell TiterGlo (Promega; diluted 1 : 6 in water) to each well and
luminescence values recorded using an EnVision plate reader.

IMR32 cells were trypsinized, resuspended in growth medium,
and diluted to a concentrated of 20 000 cells per mL. 1000 cells,
50 mL of cell suspension, per well were then plated in a white
384-well plate (Corning) and incubated at 37 1C, 5% CO2. After
24 hours incubation, 100 nL of test compounds in DMSO,
20-point 1 : 2 dilution starting from 20 mM (final concentration)
in triplicate, were transferred to each well using an Agilent Bravo
instrument outfitted with a pintool head. Cells were incubated at
37 1C, 5% CO2 for 3 days followed by the addition of 30 mL of Cell
TiterGlo (Promega; diluted 1 : 6 in water) to each well and
luminescence values recorded using an EnVision plate reader.
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Co-immunoprecipitation

HEK293T cells were plated at a density of 106 cells per well in 6-well
dishes in growth medium. The cells were then transfected with 1 mg
each of expression plasmids FLAG-TEADx and HA-YAP, or equiva-
lent empty vector per well using 8 mL of FugeneHD (Promega)
transfection reagent complexed in 100 mL of Opti-MEM medium
(Gibco). After 24 hour incubation, the medium was changed. After a
total 48 hour incubation cells were subjected to compound treat-
ment for an additional 24 hours. After removing medium and
washing once with PBS, lysates were collected with the addition of
250 mL of ice-cold 1� RIPA buffer (Millipore) and scraping. After
brief tip sonication, lysates were clarified by centrifugation (5 min at
16 000 g) and protein abundance was determined by absorbance
measurements at 250 nm. Samples were normalized and split into
two groups: Lysate and IP.

The lysate samples were immediately separated by SDS-PAGE
using 4–12% Bis-Tris gels (12-well gels, Invitrogen) in 0.9� MOPS
buffer (Invitrogen) and then transferred to PVDF membranes (Bio-
Rad) using a semi-dry transfer apparatus (Bio-Rad). Membranes
were blocked in 5% non-fat dry milk in TBST (Tris-buffered saline
with 0.1% Tween-20). Antibody was incubated overnight at 4 1C
(see antibody specific information below). After 30 minutes of
washing in TBST, secondary antibody conjugated to HRP (HA) or
IRDye 680RD (Tubulin and FLAG) was incubated for an hour in
5% non-fat dry milk in TBST. After an additional hour of washing
in TBST, HRP treated membranes were exposed to SuperSignal
West Dura Substrate (Thermo Fisher Scientific, 34076) and signals
recorded via chemiluminescence on a ChemiDoc (Bio-Rad), and
680RD treated membranes were imaged on an Odyssey imaging
system (Li-COR).

20 mL of Anti-FLAG M2 Magnetic beads (Sigma-Aldrich,
M8823) were added per sample and incubated overnight at
4 1C with rotation. Using a magnetic rack, the beads were
washed twice with 500 mL of 1� RIPA, once with 500 mL of PBS
and resuspended in 55 mL of PBS containing 250 mg mL�1 FLAG
peptide (DYKDDDDK, Sino Biological Inc., PP101274) to elute
proteins bound to the FLAG-beads. These IP samples were then
immediate separated by SDS-PAGE and subjected to the same
western blot protocol as described above.

Antigen Supplier
Catalog
number

Host
species Dilution

HA Cell Signaling
Technologies

3724S Rabbit 1 : 1000 (BSA)

FLAG Sigma F1804 Mouse 1 : 2000 (milk)
Tubulin Sigma T6557 Mouse 1 : 2000 (milk)
Rabbit-HRP Thermo

Scientific
SA1-200 Donkey 1 : 3333 (milk)

Mouse
IRDye 680RD

Li-COR 926-68072 Donkey 1 : 1000 (milk)

Cell culture

HEK293T and IMR32 cells were obtained from American Type
Culture Collection (ATCC, CRL-3216 and CCL-127) and cultured

in DMEM medium (Corning, 10-013-CV) supplemented with
10% fetal bovine serum (Gibco, 10438-026) and 1% penicillin–
streptomycin (Gibco, 15070063). NCI-H226, NCI-H2052, and
NCI-H2452 cells were obtained from American Type Culture
Collection (ATCC, CRL-5826, CRL-5915, and CRL-5946) and
cultured in RPMI 1640 with L-glutamine (Corning, 10-040-CV)
supplemented with 10% fetal bovine serum (Gibco, 10438-026)
and 1% penicillin–streptomycin (Gibco, 15070063). MCF7
TEAD-LUC reporter cells were obtained from BPS Bioscience,
Inc. and cultured in DMEM medium (Corning, 10-013-CV)
supplemented with 10% fetal bovine serum (Gibco, 10438-
026), 1% penicillin–streptomycin (Gibco, 15070063), 1% non-
essential amino acids (Gibco, 15070063), and 10 mg mL�1

insulin (Sigma, I0516). Cultures were routinely evaluated for
the presence of mycoplasma contamination via an in-house
ELISA-based core service.

Reporter plasmids

Vector name Transgene Epitope tag Source

pCMV6-Entry Empty
Vector

None Origene PS10001

pCMV6-FLAG-
TEAD1

TEAD1 N-Terminal
FLAG

Origene RC215492

pCMV6-FLAG-
TEAD2

TEAD2 N-Terminal
FLAG

Origene RC203526

pCMV6-FLAG-
TEAD3

TEAD3 N-Terminal
FLAG

Origene RC210621

pCMV6-FLAG-
TEAD4

TEAD4 N-Terminal
FLAG

Origene RC219686

pCI-HA-YAP YAP N-Terminal
HA

Addgene, plasmid
#27007

pCMX-Gal4-
TEAD4

TEAD4 N-Terminal
Gal4

Addgene, plasmid
#33105

GAL4UAS-LUC
Reporter

GAL4UAS C-Terminal
luciferase

Addgene, plasmid
#64125

Chemicals

KNS1 (99089239), KNS2 (36910679), and KNS3 (56220347) were
purchased from Chembridge. Verteporfin (17334), Ibrutinib
(16274), and Nirmatrelvir (35257) were purchased from Cayman
Chemical. Osimertinib was purchased from MedChemExpress
(HY-15772). Commercial chemicals were dissolved as DMSO
solutions and used in biological experiments without further
purification.

Iodoacetamide-biotin labeling

NCI-H226 cells were plated at a density of 150 000 cells per well
in a 6-well dish in growth medium and incubated for 24 hours.
Cells were then subjected to the indicated concentrations of
mCMY020 treatment for 1 hour at 37C followed by 250 iodoace-
tamide–PEG–biotin (250 mM; Sigma, 762024) treatment for 1 hour
at 37C. After removing medium and washing once with PBS,
lysates were collected with the addition of 250 mL of ice-cold
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1� RIPA buffer (Millipore) and scraping. After brief tip sonica-
tion, lysates were clarified by centrifugation (5 min at 16 000 g)
and protein abundance was determined by absorbance measure-
ments at 250 nm. Samples were normalized and immediately
separated by SDS-PAGE using 4–12% Bis-Tris gels (15-well gels,
Invitrogen) in 0.9�MOPS buffer (Invitrogen) on two gels. One gel
was Coomassie stained while the other was then transferred to

PVDF membranes (Bio-Rad) using a semi-dry transfer apparatus
(Bio-Rad). The membrane was blocked in 5% non-fat dry milk in
TBST (Tris-buffered saline with 0.1% Tween-20) and incubated in
Streptavidin-680 antibody (Li-COR, 926-68079) 1 : 1000 in 5%
milk in TBST overnight at 4 1C. After 30 minutes of washing in
TBST, the membrane was imaged on an Odyssey imaging system
(Li-COR).

EGFR kinase assay

In a white 384-well plate (Corning), 4 ng of EGFR enzyme, 5 mM
ATP, 1 mg Poly E4Y1 substrate, and 5� indicated concentration
of mCMY020, Osimertinib, or 5% DMSO were diluted in
Tyrosine Kinase Buffer and added to each well as indicated
by the Promega EGFR Kinase Enzyme System Kit (Promega,
V3831). After 1 hour incubation at room temperature, 5 mL of
ADP-Glo reagent (Promega, V9101) was added and incubated at
room temperature for 40 minutes. Subsequently 10 mL of
Kinase Detection Reagent was added per well and incubated
at room temperature for 30 minutes before luminescence
values were recorded using an EnVision plate reader.

BTK kinase assay

In a white 384-well plate (Corning), 3 ng of EGFR enzyme,
50 mM ATP, 1 mg Poly E4Y1 substrate, and 5� indicated
concentration of mCMY020, Ibrutinib, or 5% DMSO were
diluted in Kinase Buffer and added to each well as indicated
by the Promega BTK Kinase Enzyme System Kit (Promega,
V2941). After 2 hours incubation at room temperature, 5 mL
of ADP-Glo reagent (Promega, V9101) was added and incubated
at room temperature for 40 minutes. Subsequently 10 mL of
Kinase Detection Reagent was added per well and incubated at
room temperature for 30 minutes before luminescence values
were recorded using an EnVision plate reader.

SARS-CoV-2 main protease assay

In the provided black 96-well plate, 50 mL of SARS-CoV-2 Main
Protease Assay Buffer, 20 mL of SARS-CoV-2 Main Protease
Enzyme, and 10 mL of 10� indicated concentration of mCMY020,
Nirmatrelvir, or DMSO diluted in assay buffer were added to
each well as described by the Cayman SARS-CoV-2 Main Protease
Inhibitor Screening Assay Kit (Cayman Chemical, #701960) and

incubated for 30 minutes at room temperature. 20 mL of sub-
strate was then added to each well and incubated for 2 hours at
room temperature before fluorescence values were recorded
using 340 nm excitation and 490 nm emission on a SpectraMax
iD3 plate reader.

Synthesis of mCMY020

Step 1: synthesis of 5-(4-cyclohexylphenyl)pyrazolo[1,5-a]pyr-
imidin-3-amine. To a stirred mixture of 5-chloropyrazolo[1,5-
a]pyrimidin-3-amine (80 mg, 0.47 mmol, 1.0 equiv.) and (4-cyclo-
hexylphenyl)boronic acid (116 mg, 0.57 mmol, 1.2 equiv.) in
dioxane (3 mL) and H2O (1 mL) were added K2CO3 (164 mg,
1.19 mmol, 2.5 equiv.) and Pd(PPh3)4 (83 mg, 0.07 mmol,
0.15 equiv.) in portions at room temperature under nitrogen
atmosphere. The resulting mixture was stirred for 4 h at 100 1C
under nitrogen atmosphere. The mixture was allowed to cool
down to room temperature and extracted with NaCl (sat. aq. slon.)
and EA. The organic layer dried over Na2SO4, concentrated in
vacuo. Purified by silica gel column chromatography, eluted with
DCM : MeOH (10 : 2) to afford 5-(4-cyclohexylphenyl)pyrazolo[1,5-
a]pyrimidin-3-amine (80 mg, 57.66% yield) as light yellow solid.

Step 2: synthesis of mCMY020. To a solution of 2-fluoro-
acrylic acid (15 mg, 0.16 mmol, 1.2 equiv.) in DMF (2 mL) was
stirred at 0 1C for 5 min. Then added HATU (62 mg, 0.16 mmol,
1.2 equiv.) and DIPEA (68 mL, 0.41 mmol, 3 equiv.) dropwise,
after stirred for another 5 min, the 5-(4-cyclohexylphenyl)-
pyrazolo[1,5-a]pyrimidin-3-amine (0.04 g, 0.14 mmol, 1 equiv.)
was added. The reaction was continued at 0 1C for 1 hour, after
which it was quenched with H2O (10 mL), NaCl (sat. aq. soln.,
10 mL), and EtOAc (10 mL). Aqueous layer was separated and
extracted with EA (3 � 10 mL). Combined organic phases were
dried over Na2SO4, concentrated in vacuo. Purification by flash
column chromatography eluted with EA to afford mCMY020
(36 mg, 72.21% yield) as white solid. (Positive, ES, m/z): 365.28.
1H NMR (400 MHz, DMSO) d 10.29 (s, 1H), 9.11 (d, J = 7.4 Hz,
1H), 8.41 (s, 1H), 8.20–8.14 (m, 2H), 7.64 (d, J = 7.5 Hz, 1H), 7.46–
7.38 (m, 2H), 5.83–5.67 (m, 1H), 5.45 (dd, J = 15.7, 3.6 Hz, 1H),
2.59 (t, J = 11.3 Hz, 1H), 1.86–1.68 (m, 4H), 1.51–1.21 (m, 6H).
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