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ARTICLE INFO ABSTRACT

Keywords: Tyrosine kinase inhibitors (TKIs) targeting the oncogene Epidermal Growth Factor Receptor (EGFR) are widely
Caflcer used in the treatment of non-small cell lung cancer (NSCLC). In this context, the introduction of fourth-
Epidermal Growth Factor Receptor (EGFR) generation TKIs has significantly advanced targeted therapy for T790M and C797S EGFR mutations. Current
Flavone . . . . . . . . .

Inhibitors therapeutic strategies are increasingly focusing on the design of orthoallosteric TKIs, which have shown promise

in stabilizing the inactive conformation of mutated EGFR. In this context, we report the discovery of FL30, a
small molecule with a flavone core that exhibits nanomolar potency against the EGFR-L858R/T790M mutation,
even in the presence of the C797S mutation. The ICsy comparable to the Osimertinib - one of the most renowned
EGFR-TKIs - emphasizes the remarkable success of the design approach. In NSCLC models, FL30 effectively in-
hibits cancer growth and EGFR phosphorylation selectively in cells with the EGFR mutations. Kinetic studies,
molecular modeling, and Plasmon Internal Reflection Surface-Enhanced Infrared Absorption (PIR-SEIRA) mi-
croscopy suggests that FL30 binds to the orthosteric site while inducing the transition of the mutant EGFR toward
an inactive-like state. These findings highlight FL30’s potential for further optimization and propose a novel
approach for developing targeted therapies that combine orthosteric binding with allosteric modulation.

Tyrosine kinase inhibitors (TKIs)
SEIRA spectroscopy

forms of EGFR [1].

In this context, the mutant-specific changes in the EGFR structure
represent the key for designing mutant-selective TKIs [1-4]. Until now,
the most studied EGFR mutated forms include the L858R/T790M double

1. Introduction

Tyrosine kinase inhibitors (TKIs) have revolutionized the treatment
of non-small cell lung cancer (NSCLC) driven by Epidermal Growth

Factor Receptor (EGFR) mutations. Nonetheless, like other targeted
therapies, TKI treatment often leads to the emergence of on-target drug
resistance mechanisms. Consequently, there is an urgent and compelling
need to develop novel therapeutic agents that can overcome these
challenges. This has driven researchers and pharmaceutical companies
to develop new chemical compounds capable of targeting the mutated
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mutant (EGFR-LT); the development of reversible inhibitors (1st and
2nd TKIs generation) effective against EGFR-LT is often hampered by
poor selectivity against wild-type (Wt) EGFR, resulting in potentially
dose-limiting toxicities and a sub-optimal profile for use in combinations
[1]. This led to the development of the 3rd-generation irreversible TKIs,
like Osimertinib (OS) or Lazertinib, which covalently bind and alkylate
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the Cysteine 797 (C797) at the lip of the ATP-binding pocket (Fig. 1A).
These TKIs are effective against most clinically relevant EGFR mutants;
however, the treatment frequently induces the acquisition of the C797S
mutation (20-30 % of cases) leading to tumour relapse in initially
responding patients [1,5]. The final challenge in designing TKIs is to
avoid cysteine mutations, leading to the development of the 4th-gener-
ation of reversible EGFR inhibitors, specifically targeting EGFR L858R/
T790M and/or L858R/T790M/C797S mutations, some of which are
now entering clinical trials [1]. Overall, this next generation of TKIs
differs between them for the recognition site (Fig. 1A-B) and for tar-
geting the active or inactive EGFR conformation, as each conformer
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possesses distinct characteristics (Fig. 1C) [7-10]. The key differences
between the active and inactive EGFR states are the position of the aC-
helix and of the DFG motif (D855, F856, G857), the formation or
disruption of the salt bridge between the residues Glu (E762) and Lys
(K745) (often referred to as the KE salt bridge) and the conformation of
the activation loop (A-loop) (Fig. 1C). The active EGFR conformation
features an extended activation loop, allowing for substrate binding,
while the inactive form has a compact activation loop. In the active
state, the aC-helix is oriented toward the active site (aC-helix “in”

which stabilizes the structure and promotes the formation of the KE salt
bridge; in the inactive state, it is shifted away («C-helix “out”) resulting
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Fig. 1. (A) Tyrosine kinase domain of the EGFR in which loops, aC-helix and b-sheets are colored in grey, orange and purple, respectively. (B) Type I TKIs bind to the
ATP binding pocket (orthosteric site, yellow colour) while type II inhibitors bind mainly the back pocket across the DFG motif (orange colour) in the DFG-out
conformation. In contrast, allosteric inhibitors target distinct allosteric pockets. Type III binds to the allosteric site next to the ATP-binding pocket (MEK pocket,
magenta colour). MEK pocket is located between the aC-helix and activation loop, and it is accessible mainly in the active EGFR form. The aC-p4-loop represents the
interface between orthosteric and allosteric MEK pocket. (C) Conformation of Wt and EGFR-LT obtained after molecular dynamics simulations [11].
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in the disruption of the KE salt bridge. Additionally, the DFG motif in the
active form is in an “in” position, promoting active site accessibility,
whereas in the inactive state, it adopts an “out” position, hindering
substrate access.

The 4 generation TKIs can be classified into two primary types
based on their binding sites: orthosteric and allosteric inhibitors which
bind competitively to the ATP binding site, or to other pockets,
respectively [1].

In the landscape of allosteric mutant-selective TKIs for the EGFR, the
most interesting is the Type III TKIs which occupies the allosteric MEK
pocket, located between the aC-helix and the A-loop mainly accessible in
the presence of activating mutations such as LT (Fig. 1A-B). In fact, many
studies, including ours, demonstrated that these mutations can desta-
bilize the inactive conformation of EGFR, promoting its active state and
exposing the allosteric pocket [11,12]. The consequent binding of these
allosteric inhibitors induced the transition of the aC-helix from aC-in to
the aC-out conformation, preventing kinase activation [13]. However,
in the cellular context, allosteric compounds are ineffective as single
agents due to the asymmetric ligand-induced dimerization of EGFR [14].
In the past, researchers explored the use of allosteric inhibitors alongside
antibodies like cetuximab, which interferes with dimer formation.
However, cetuximab is not specific for EGFR-mutants, thereby resulting
in on-target wild-type EGFR-mediated toxicities [15]. Current research
is now focusing on dual targeting approach to both the orthosteric and
allosteric binding sites of EGFR. This approach includes the coadmin-
istration of ATP-competitive and allosteric inhibitors, such as Osi-
mertinib with JBJ-04-125 [16], JBJ-09-063 [17] or EAI-432 [18]. The
combination of these two drugs increased potency compared to mono-
therapy and to a delay in orthosteric drug-resistance. Recently, the
structural proximity of the MEK allosteric and orthosteric binding sites
has led to the development of ATP-allosteric bivalent TKIs [19-22].
They are designed with a specific linker connecting the known TKIs,
orthosteric and allosteric. As proof of concept, these bivalent inhibitors
can function as ATP-competitive inhibitors while also stabilizing the aC-
helix of the kinase in the inactive conformation (aC-out). Current syn-
thetic strategies are focused on optimizing the design of these linkers, as
their length, structure, and flexibility are crucial for achieving a super-
additive effect that enhances binding to both sites. Despite the prom-
ising potential of this approach, a significant challenge remains: the high
molecular weight of these compounds can hinders their bioavailability.

Therefore, there is significant interest in finding small compounds
(molecular weight of 500 g/mol or less) that can reversibly bind to the
orthosteric site of constitutively active mutants EGFR while inducing the
transition of the protein into an inactive state. CHMFL-EGFR-202 is a
TKI that favors the adoption of an aC-helix-out conformation associated
with inactive EGFR; however, it is an irreversible orthosteric inhibitor
that forms a covalent bond with the C797 residue (Fig. SIA—B) [23,24].
Conversely, the Osimertinib binding to EGFR L858R, T790M, and
L858R/T790M stabilized an intermediate active state characterized by a
oaC-helix-in conformation [25]. There are instances of TKIs that allo-
sterically promote the transition of the A-loop from an open to a closed
state, such as in the Src-family kinase Fgr (TL02-59) [26], while other
TKIs can induce a distinct DFG-out inactive conformation, as observed in
the ALK kinase (001-017) [27]. Currently, there no evidence supporting
the existence of reversible orthosteric EGFR-TKIs that operate through
similar mechanisms. This gap highlights a significant opportunity for
further investigation and innovation in the development of targeted
therapies for EGFR mutations.

In this study, we introduce FL30, a novel small molecule featuring a
distinct chemical scaffold and mechanism of action that set it apart from
existing EGFR-TKIs. Traditional EGFR inhibitors primarily rely on flat
heteroaromatic cores—such as the anilinopyrimidine scaffold found in
third-generation compounds like Osimertinib (which contains a 2-anili-
nopyrimidine core) and fourth-generation reversible inhibitors like
Brigatinib and TQB3804 (characterized by a 2,4-bis-anilinopyrimidine
core). In contrast, allosteric fourth-generation TKIs, such as EAI045
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and JBJ-04-125-02, are mainly built around an oxoisoindoline phenyl-
acetamide core, which enables them to bind to allosteric MEK sites on
the kinase (Fig. 1). These scaffolds are well-known and widely used to
optimize existing inhibitors [1]. Compared to currently clinically trialed
EGFR-TKIs, FL30 features a flavone-based core—a flat heteroaromatic
system that can be easily functionalized, allowing fine-tuning of its
binding properties. Mechanistically, FL30 showed a unique mechanism
of action. Unlike allosteric inhibitors that target non-ATP sites to inac-
tivate EGFR, or covalent inhibitors such as CHMFL-EGFR-202 that sta-
bilize the inactive conformation through covalent binding, FL30’s
mechanism involves reversible, ATP-site binding that promotes the
change in receptor conformation favoring its inactivation. Overall, FL30
uniquely combines the conformational modulation characteristic of
allosteric agents with the reversible binding of orthosteric inhibitors.
This dual feature broadens its activity spectrum and enables effective
receptor inactivation while potentially reducing resistance develop-
ment. In terms of selectivity, FL30 demonstrates a strong preference for
mutant EGFR variants over the wild-type receptor, outperforming third-
generation agents like Osimertinib and fourth-generation TKIs such as
Brigatinib and TQB3804. Due to its unique chemical structure, mode of
action, and enhanced selectivity for mutant EGFR variants, FL30
emerges as a promising candidate for further in vivo investigation and
optimization. This potential may expand the landscape of EGFR-TKIs
available for the treatment of NSCLC patients.

2. Results and discussion

2.1. Rational identification of lead compounds and synthesis of amide-
containing flavone derivatives

Recent structural studies, including ours, highlight the importance of
reversible orthosteric EGFR drugs to form stronger reversible in-
teractions within ATP-binding pocket of the kinase domain in mutant
EGFR. This enhancement is essential for improving their potency and
selectivity [12,28-32]. Key regions of focus can include: (i) hinge re-
gion, as it is where many ATP-competitive agents anchor themselves; (ii)
K745, the conserved catalytic residue involved in the formation of salt
bridge and essential for maintaining EGFR in its active conformation;
(iii) T854, which interaction appears to be a structural feature of the
most potent 4th-generation orthosteric TKIs and (iv) T790M, the
mutated gatekeeper residue known for enhancing ATP affinity and
blocking the binding of reversible ATP-competitive TKIs through a steric
effect. In addition to these considerations, we want eventually to explore
additional interactions with residues localized in the aC-p4 loop (V774,
C775, R776). Considering that the irreversible TKI CHMFL-EGFR-202
interacts with this poorly explored region stabilizing an inactive EGFR
conformation (Fig. S1B), we hypothesized that targeting this site can
potentially destabilize the near aC-helix conformation.

For the design of new inhibitors, flavone was used as a scaffold
(Fig. 2A). Previously, starting from this structure, we successfully
developed a selective TKI inhibitor for the mutated forms of the receptor
(Fig. 2B), but its efficacy was in the low micromolar range. The goal is to
achieve a TKI that is effective in the nanomolar range and has improved
selectivity for the mutated forms compared to the wild type. In this
context, various groups have been added to promote interactions with
the previously described regions, while also trying to maintain the
interaction of the flavone with C775 in the aC-p4 loop (Fig. 2C).

Each newly designed compound underwent a dual-track focused
docking analysis to identify those with a higher affinity toward the
active EGFR-LT mutated form (checked for DFG-in, «aC-helix-in,
extended A-loop), targeting nanomolar activity (Epinding < —10 kcal/
mol), while ensuring that the Wt form was less favorable (Epinding > —7
kcal/mol) (Fig. S2). Compounds that showed interactions with the
selected regions were thoroughly examined. This is a common strategy
applied to avoid loss of information after virtual screening [31,33].
Among the most promising candidates, we identified a series of
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Fig. 2. (A) Left: 2D and 3D Chemical structure of flavone scaffold. Right: Binding pose of flavone inside the EGFR-LT. The residues in the aC-p4 loop region (V774,
C775, R776) are shown as spheres colored in tan. (B) 2D Chemical structure of FL4, a flavone-based EGFR-TKI previously identified [31]. (C) 2D and 3D Chemical
structure of FL30. (D) Tyrosine kinase domain of the active EGFR-LT (checked for open A-loop, DFG-in, aC-helix-in and unfolded helices in the A-loop) [11] docked
to FL30: surface representation illustrating the position of FL30 in relation to various binding pockets. Inset: interaction of FL30 with the aC-p4 loop. (E) Detailed
depiction of the binding mode of FL30 in complex with EGFR-LT, drawn by Discovery Studio 4.5. The hydrogen bond, CH-hydrogen bond, and n-alkyl and VdW
interactions are highlighted in green, light-green and pink, respectively.

compounds exhibiting strong binding affinity toward EGFR-LT (Ebinding containing flavones were synthetized: FL30, FL31, FL32, FL33 and

< —11 kcal/mol). They feature an amide moiety attached to the C8 FL34. The structures are shown in Scheme 1. Initially, we obtained 3a
position of the A ring and a phenoxy group linked to the C3’ position of and 3b intermediates from the reaction between 1-(2-hydroxy-5-methyl-
the B ring. 3-nitrophenyl)ethanone (1a) or 1-(2-hydroxy-5-methoxy-3-nitrophenyl)

To validate the in silico design and screening, selected amide- ethanone (1b) and 3-phenoxybenzaldehyde (2) under basic conditions.

H;CO. H,;CO. /@
Q) 7
OH H0, GIaclaIAc Acid,
HNG5, rt, 2 h N02 o NO,
1b P — . OH
o) H (ia) NaOH (ag), EtOH, 16 h, 45 °C O \
(ib) KOH, MeOH, 24 h,45 °C Ry

(0] [e]
OH 2 3a) Ry=-CH,
1a NO, 3b) Ry=-OCHj

ii) I, DMSO, 6 h, 130°C iii) Pd/C, Hp, DCM, iiii) EtsN, DCM, 25°C, 24 h
25°C,24h
a, b) Acryloyl Chloride
c) Benzyl Chloride
4a) Ry=-CHj; 5a) Ry= -CH3 d) Pivaloyl Chloride
4b) Ry= -OCHj3 5b) Ry= -OCHj e) Propionyl Chloride

6a, FL30 6b, FL31 6c, FL32 6d, FL33 6e, FL34

Scheme 1. Chemical steps in the synthesis of FL-derivatives.
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Then, the ring C closure mediated by iodine led to the nitroflavone in-
termediates (4), which were then selectively reduced to their corre-
sponding amine flavone derivatives using Hy and palladium on carbon
(Pd/C). Subsequently, the -NHy group of the amine derivatives was
acylated with the appropriate acyl chloride to yield the final amide
flavone derivatives.

2.2. Reversible and selective inhibition of EGFR mutants by FL30

Flavone analogues were first screened in a biochemical assay at a
single concentration of 1 uM against EGFR-LT. Although FL31, FL32,
and FL33 showed the ability to inhibit EGFR activity (20-30 % of in-
hibition), the higher potency was obtained with FL30 which showed
almost complete inhibition at the concentration tested (92 % of inhibi-
tion) (Fig. $3). Analyzing the binding mode of the FL30, we can observe
that FL30 binds to the orthosteric site, extending toward both the aC-p4
loop and to the back pocket near the DFG motif (Fig. 2C-E). More in
detail, the acrylamide moiety of FL30 plays a pivotal role by anchoring
the compound to the hinge region of the protein. This anchoring is
facilitated through a bidentate hydrogen bonding with the backbone
amide of M793 and Q791 in addition to a carbon-hydrogen bond with
the side chain of L792. A network of hydrophobic interactions, primarily
involving n-CH interactions, significantly enhances the overall stability
of FL30’s binding. In this context, interactions with catalytic spine res-
idues were observed, including 1844, A743, and A726, along with
additional support from L722, V730, and C797. These interactions sta-
bilize FL30, creating a hydrophobic pocket and increasing the binding
affinity. The phenyl ring A and the methyl group at C6 make further
hydrophobic n-CH interactions with C775 and form van der Waals in-
teractions with R776, which is located within the aC-p4 loop. Notably,
the mutated gatekeeper residue, M790, also participates in the stabili-
zation of ring A (Fig. 2D). The flat heteroaromatic system (ring C) is
stabilized through a hydrogen bond with T854, which is located before
the activation loop. This interaction contributes to the binding stability
of FL30, suggesting potential implications for the dynamics of the
activation loop, which may be influenced by the FL30 presence. Finally,
several van der Waals interactions with the residues belonging to the
glycine-rich P-loop were observed (G723, G726, G728, F727). Inter-
estingly, when the acrylamide group was replaced with either a benzyl
group (FL32) or a pivaloyl group (FL33), the resulting derivatives pre-
dominantly extended their binding within the pocket near the DFG
motif, thus losing the interaction with the aC-f4 loop region
(Figure S1C). Furthermore, replacing the methyl group at C6 of ring A,
which participates in hydrophobic n-interactions with C775, with a
larger and more polar methoxy group allowed the flavone to adopt a
binding mode similar to that observed for FL32 and FL33. The complete
inability of FL34 to inhibit EGFR-LT kinase activity (Fig. S3A) further
emphasizes the essential role of the acrylamide group in FL30’s activity.
As shown in Fig. S1D, hydrogenation of the double bond between Ca
and Cp of the amide (FL34) causes the compound to shift out of the ATP-
binding pocket, leading to a loss of hinge interactions. The saturation of
the Ca—Cp double bond alters the conformation of the amide group,
increasing the flexibility of the entire moiety, which consequently im-
pacts its binding affinity. Overall, our findings showed that both the
flexibility and conformation of amide derivatives are pivotal in dictating
the spatial orientation and interactions of the compounds within these
key protein regions.

Considering the obtained results, a dose-dependent assay of FL30
was performed and compared with Lapatinib and Osimertinib as stan-
dard TKIs references for Wt and EGFR-LT, respectively (Table 1).
Interestingly, FL30 exhibited an ICso of 95 nM for EGFR-LT, only
marginally higher than the ICsy of 87 nM for Osimertinib. Notably, it
showed poor efficacy in inhibiting Wt EGFR, with an ICsg of 25,000 nM,
highlighting its exceptional selectivity for the mutant EGFR. The selec-
tivity index (SI) for Osimertinib relative to Wt EGFR was approximately
58, consistent with findings from other studies aligning with reported
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Table 1
ICso values for the EGFR Wild type (Wt), L858R/T790M (LT) and L858R/
T790M/C797S (LTC) in an enzyme-based assay.

Compd Kinase activity (ICsp, nM)

Wt LT LTC S S
FL4 >150,000 12,000 + 1259 16,000 + 2324 >13 >9
FL30 25,000 95 +11 320 + 37 257 78
Lapatinib 5+0,9 12,000 + 604 20,000 - -
Osimertinib 5000 + 1324 87 +7 >10,000° 58 0.5
Erlotinib n.d. 2711 + 530 n.d. - -

2 Selective Index (SI), determined as the ratio between ICs, values measured
in Wt and ICsq calculated in LT.

b Selective Index (SI), determined as the ratio between ICsq values measured
in Wt and ICs calculated in LTC.

¢ Inhibition was <50 % at the highest used concentration (i.e., 10 pM).

ranges of 40 to 100 in other studies [21,30,34]. In contrast, FL30
boasted a selectivity index of 257, which is four times greater than that
of osimertinib. Furthermore, comparisons with the previously identified
flavone-based EGFR-TKI (FL4, Fig. 2B) [31], showed that the design
approach led to a more potent and selective compound.

Although the design was performed on the EGFR-LT, we sought to
determine FL30’s effectiveness in inhibiting the EGFR L858R/T790M
even in the presence of C797S mutation, which arises from treatment
with irreversible inhibitors. As outlined in the Table 1, FL30 exhibited
potent binding and inhibition of the EGFR L858R/T790M/C797S (LTC)
variant in the nanomolar range (ICso, 320 nM). In this case, the potency
of FL30 was found to be significantly higher than that of Osimertinib,
which has an ICsp higher than to Wt (>10,000 nM). These findings align
with existing literature [34-36] and confirms that the Cys797 mutation
renders this drug largely ineffective. Additionally, FL30 demonstrated a
commendable selectivity index of 78 (Table 1), supporting its potential
as a promising new chemical entity capable of overcoming both the
T790M and C797S resistance mutations. Compared to several fourth-
generation TKIs currently under development, FL30 exhibited greater
selectivity for mutants EGFR than to wild-type EGFR. For example,
orthosteric EGFR-TKIs TQB3804 targeting LT had an SI of approximately
6, while Brigatinib demonstrated an SI of about 10 for LTS [1]. Similarly,
the allosteric EGFR-TKI JBJ-04-125-02 showed SI values of 8 and 9 for
LT and LTS, respectively [30]. This discovery opens avenues for further
investigation into FL30’s therapeutic potential in treating resistant
EGFR mutant cancers.

The inhibition of the mutant form containing the C797S mutation
also suggests that FL30 is not an irreversible TKI; to explore this aspect,
we conducted experiments to evaluate the reversible nature of FL30.
One of the hallmark characteristics of covalent inhibitors is their time-
dependent inhibition of the target protein [37]. Our kinetic analysis
revealed no significant change in the ICsy value for EGFR-LT after 45
min of preincubation with FL30 (Fig. $3). This stability in the ICs( value
indicates that FL30 likely operates through a reversible mechanism
involving noncovalent interactions.

To evaluate potential off-target effects, we tested FL30 at a con-
centration of 1 pM against a panel of nine representative kinases. This
included kinases with accessible and reactive cysteine residues within or
near their ATP-binding sites, such as JNK2 (C116), BTK (C481), ERK2
(C164), FGFR4 (C552), and AKT1 (C310), for which irreversible in-
hibitors containing an acrylamide group have been previously devel-
oped [38-42]. In addition to these cysteine-rich kinases, we included
three other kinases—ALK, CDK2, and MET—in our profiling to gain a
broader understanding of potential off-target interactions. As shown in
Table 2, the results demonstrated that FL30 exhibited minimal off-target
activity; specifically, it did not significantly inhibit JNK1, ERK2, or
AKT1. For kinases like BTK and FGFR4, only about 10 % inhibition was
observed at the tested concentration, indicating high selectivity. Simi-
larly, no substantial inhibition was detected for ALK, CDK2, or MET.
Overall, this targeted kinase provides an initial assessment of FL30’s
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Table 2
Residual activity values for FL30 at 1000 nM in singlicate in 10 kinase assays. All
values are calculated as % of control.

Compound ID Targetable cysteine FL30 Staurosporine
(1000 nM) (1000 nM)
JNK1 Cl16 102 36
BTK C481 89 5
ERK2 Cl64 108 57
FGFR4 C552 89 12
AKT1 C310 107 9
ALK - 99 1
ALK C1156Y - 101 1
CDK2/CycAl - 100 0
MET - 100 23

selectivity and off-target activity, supporting its potential safety profile.

2.3. FL30 Inhibits the activation of EGFR L858R/T790M in NSCLC
models

The antiproliferative activity of FL30 was assessed against a panel of
cell lines with different EGFR status: NSCLC H1975 (EGFR-L858R/
T790M), NSCLC A549 (showing high expression level of Wt EGFR),
MCF7 (showing low expression level of Wt EGFR) and human fibroblast
cells (HDF) as a model of non-cancer cells (Table S1 and Fig. 3A). The
FL30 displayed a high antiproliferative effect on H1975 cells (ICso
values of 1.7 pM) while showing low cytotoxicity on Wt EGFR cells
(A549; 31-times lower than to H1975), which is consistent with the
mutant selectivity observed in the enzyme-based assay described below.
Additionally, a cell-based target validation performed on the MCF7

A
= - H1975
LA = A549
£2 -+ MCF7
29
Ss
=35 50
° 8
o
& 25
]
e 01 T T T ¢ T 2 g 1
0 10 20 30 40 50 60 70
[FL30], uM
c phospho-EGFR Wt EGFR Wt

Count
Count

‘ Untreated (EGF)
‘ [FL30], 1 uM

[FL30], 5 uM

10! 102 10°
Green Fluorescence Area

Count
Count

Count
© w e ®ewe e e w e e

Count

100 10° 102

Count Count

Count

International Journal of Biological Macromolecules 319 (2025) 145453

further supports the conclusion that the FL30 is not effective against Wt
EGFR (Table S1 and Fig. 3A). Interestingly, the ICsy observed in H1975
cells is lower than that of a recently published bivalent TKI, which re-
ported an ICsp of 3 pM [43]. Flow cytometry results corroborated the
ability of FL30 to function as a mutant-selective TKI (Fig. 3). In the
H1975 cells, after 4 h of treatment with 1 pM and 5 pM concentration of
FL30, there was a notable 60 % and 80 % reduction in EGFR phos-
phorylation level compared to untreated cells, respectively (Fig. 3B, D).
No effects were observed in cells expressing Wt EGFR (Fig. 3C, D).
Therefore, these data underlined the potential of FL30 as novel revers-
ible and mutant-selective TKIs.

2.4. FL30 induces the transition of the mutated EGFR from active to an
inactive-like state

2.4.1. SEIRA reveals conformational changes induced by FL30

Surface enhanced infrared absorption (SEIRA) spectroscopy was
used to study the EGFR secondary structures combining infrared mi-
croscopy with advanced plasmonic devices, which are engineered to
resonate at specific frequencies corresponding to the vibrational modes
of protein’s peptide backbone. This resonance amplifies the infrared
signal with respect to traditional infrared spectroscopy, allowing subtle
structural changes in proteins to be discerned while interacting with
other biomolecules [44-46]. One of the main advantages of SEIRA
spectroscopy is its capacity to study enzyme-inhibitor interactions in
conditions that closely resemble the natural environments of biological
systems and in a dynamic way. In our recent studies, we showcased the
effectiveness of SEIRA microscopy in detecting structural differences in
the secondary structure of the inactive (Wt EGFR) and the active (EGFR-
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Fig. 3. (A) Antiproliferative activity of FL30 on a panel of cells with different EGFR status. Cells were treated with increasing FL30 concentrations, and the cell
viability was assessed by using XTT assay. Relative ICsq values were determined by non-linear regression analyses using GraphPad Prism 10.4.1(627), employing
[Inhibitor] vs normalized response model. (B—C) The effect of FL30 on the EGFR phosphorylation by Flow cytometry. Data are analyzed with FCS 7 Express: (B—C)
Representative FACS showing phospho-EGFR and total EGFR levels with and without compounds in H1975 (EGFR L858R/T790M) and A549 (EGFR Wild type)
NSCLC cells; (D) Histogram representing the percentage of phospho-EGFR normalized to total EGFR levels in H1975 and A549 NSCLC cells after FL30 treatments for
4 h and analyzed by flow cytometry by using antibody against phospho-EGFR (Tyr1068). The percentage values derived from the ratio between the geometric mean
fluorescence intensity of the phospho-EGFR to the total EGFR. Representative FACS showing total EGFR levels after compounds treatment and data derived from flow

cytometry analyses are shown in SI (Table S2). *P < 0.001 vs. untreated cells.
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LT) conformation of EGFR [11]. As previously described, the inactive
form of EGFR adopts a closed conformation, while the active form as-
sumes an open conformation. These structural differences are reflected
in the SEIRA spectra, particularly in the regions associated with helices
and loops [11]. Given SEIRA’ ability to differentiate between these two
conformations, we conducted kinase binding assays to gain insight into
the binding mechanisms and the structural adaptations induced by the
FL30 binding in the absence of ATP.

The target proteins, Wt EGFR and EGFR-LT were immobilized on a
plasmonic chip, and SEIRA measurements in the 1490-1710 cm ™ range
of the Wt and EGFR-LT monolayers were acquired in Plasmonic Internal
Reflection (PIR) configuration (Fig. 4A, D). Following this, a solution
containing FL30 at a concentration equivalent to its ICsy value was
injected and flowed over the surface to facilitate the formation of the
EGFR-TKI adduct. The IR data were then compared after processing.
Overall, the spectral analysis conducted before and after the incubation
of FL30 with both Wt (Fig. 4B—C) and EGFR-LT (Fig. 4E-F) clearly
demonstrated FL30 ability to induce conformational changes selectively
in the mutated EGFR-LT form.

Analyzing the average spectra, the frequency associated with the
o-helices shifts from 1660 to 1657 cm™! when LT is treated with FL30,
approaching the value measured in the Wt EGFR (~1652-1655 cm™1).
No appreciable shift is instead observed for Wt + FL30, implying that
the conformational response to FL30 is specific to the LT mutant. This
change is consistent with a transition toward a more hydrated and less
compact structure. In Laudadio et al. [11], SEIRA and MD analysis
showed that activating mutations like LT shift the Amide I band to
higher wavenumbers (~1660 cm™!), associated with a hyper com-
pacted, catalytically active o-helix (Fig. S4). Interestingly the effect of
FL30 on EGFR-LT appears more pronounced and dynamic, suggesting a
structural response to binding that includes o-helix relaxation and
increased hydration, hallmarks of a transition toward an inactive,
therapeutically relevant conformation. In line with this evidence, in our
previous work [44], we observed only minor changes in the Amide I
region of EGFR-Wt upon Lapatinib treatment (~1654-1656 cm ™), with
minor structural changes. This is consistent with the findings of Wood
et al. [47], who demonstrated that Lapatinib binds to an inactive-like
conformation of wild type EGFR, shifting the o-helix to a more
solvent-accessible environment without inducing substantial secondary

Inactive

Inactive
LT EGFR

Active
LT EGFR
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structure changes.

The differences in structural dynamics were further elucidated
through Principal Component Analysis (PCA), whose scores for Wt and
LT are reported in the scatterplots in Fig. 4C, F and the loadings in
Fig. S5 respectively. The interaction with FL30 produced non-
significant effects on Wt structure confirming the mutant-selective
interaction of FL30 to EGFR-LT. Conversely, Fig. 4F illustrates a clear
separation of data along both Principal Component 2 (PC2) and Prin-
cipal Component 3 (PC3) for the LT monolayer treated with the inhibitor
FL30. The box plots presenting paired comparisons utilizing Tukey’s test
for score values of PC2 and PC3 (Fig. SSD—F) corroborate these find-
ings, revealing that, for EGFR-LT in the presence of FL30, both PC2 and
PC3 distributions significantly differ from those of EGFR-LT alone (P <
0.001 for PC2 and PC3). The spectral shape of PC2 in the region of
Amide I band suggests the data separation to be driven by negative peaks
at 1646 cm ! and a positive one at 1668 cm ', While the first contri-
bution may be attributed to loops and short strands, the second one is
assigned to 3(10)-helix and p-turns [48-51]. A third peak at 1692 cm !
is also prominent, but it cannot reliably be assigned based on literature
data. PC3 instead presents a strong negative peak at 1646 cm ™' (asso-
ciated with loops or strands) and a strong positive peak at 1615 cm ™"
This later peak is possibly related to CC stretching and CH bending of
tyrosine amino acid side chain, and the correlated PC3 peak at 1506
em ! supports this attribution [52]. Overall, the analysis underscores
significant structural alterations within the loops, helical conformations
and p-turns following interaction with FL30, predominantly captured by
PC2 (Fig. 4E and Fig. S5D). In contrast, PC3 accounts for more subtle
modifications in the loops and short p-strands possibly adjacent to the
ATP-binding pocket confirming that FL30 binds within the orthosteric
site which certainly cause subtle conformational changes around the
pocket to accommodate the ligand.

In addition, we also compared SEIRA results with the previously
identified flavone-based inhibitor, FL4, which selectively inhibits EGFR-
LT activation via only an ATP-competitive mechanism with an ICsy of
10 pM [31]. Similar to FL30, FL4 did not induce significant conforma-
tional changes in Wt EGFR, confirming its mutant-selective nature
(Fig. S6A—D). For the EGFR-LT + FL4 complex, we did not observe
separation along PC2, indicating no alterations in helical conformations
and p-turns. As expected, we noted a partial separation along PC3 (P <
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Fig. 4. (A-D) Overview of the experimental conditions and results obtained by SEIRA spectroscopy. (B) Average spectra of Wt and Wt + FL30, shadowing is the SD of
the different measurements. (E) Same plots for the EGFR-L858R/T790M (LT) experiments. (C) Scatterplot representing the PCA score values of all the experimental
points of the Wt + FL30, the ellipses represent the C-I of 95 %. (F) Scatterplot representing the PCA score values of all the experimental points of the EGFR-LT +
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0.001), reflecting subtle modifications in loops and short p-strands near
the ATP-binding pocket (Fig. S6GE—H). Collectively, these findings
indicate that both FL30 and FL4 interact with the ATP-binding pocket of
EGFR. However, FL30 not only binds to this site but also destabilizes the
active conformation of the receptor, offering valuable insights into its
potential role in modulating EGFR activity.

2.4.2. FL30 induces the EGFR-LT toward an inactive-like conformation:
Molecular dynamics simulation

Considering the SEIRA results about the EGFR structural modifica-
tions, and to gain insights into the mechanism of action of FL30, we
conducted extensive molecular dynamics (MD) simulations starting
from the active-EGFR-LT model used in the docking studies, which
features DFG-in conformation, linear conformation of the regulatory
spines (R-spines), aC-helix in inward position with the KE salt bridge,
and unfolded helices in the A-loop. We monitored the evolution of the
structures in the presence of FL30 and compared the resulting confor-
mations of EGFR-LT alone with those of EGFR-LT-FL30 during 1 ps of
simulation. Notably, distinct conformational changes were observed in
EGFR induced by the presence of FL30 (Fig. 5).

Specifically, we found that FL30 disturbs the EGFR structure and
induces an allosteric modulation of the EGFR-LT structure which results
in a transition from open to closed EGFR conformation (Fig. 5A). During
this transition, a functionally important third conformation was
observed after about 0.2 ps of MD, in which the kinase complexed with
FL30 exhibits local intrinsic disorder or “cracking” in some areas of the
protein. As shown in figure, FL30 promotes a partially unfolded oC-
helix, which disrupts the salt bridge between K745 and E762 (Fig. 5B)
and disassembles the regulatory spines (R-spines) which are known to be
important for the kinase activity (Fig. 5C). Computational and experi-
mental studies have shown that these local “cracking” could facilitate
conformational changes by increasing conformational entropy, thereby
lowering the free energy of the transition state [53,54]. This phenom-
enon has been shown in the transition from the active Wt EGFR which is
unstable in the absence of an activator [1,11,28,54]. At the same time,
the presence of activating mutations such as L858R, the formation of this
third intermediate disordered state is suppressed, thereby stabilizing the
active conformation and promoting EGFR dimerization and activation.
Based on these observations, it appears that FL30 destabilizes the active
EGFR-LT conformation leading to an intermediate disordered confor-
mation, which then promotes the transition to an inactive-like confor-
mation. Measurement of the conformational fluctuations in our EGFR
kinase simulations (residue-specific root-mean-square fluctuation,
RMSF) showed that the EGFR-LT-FL30 conformation is characterized by
high RMSF values, particularly in the regions of the aC-helix, activation
loop, and near the hinge region. Interestingly, these are the same areas
that underwent changes in the SEIRA results (Fig. 4). In contrast,
smaller fluctuations were observed for the EGFR-LT without the ligand
(Fig. S7A).

Finally, to provide further confirmation of the action mechanism of
FL30 at a computational level, we conducted a brief molecular dynamics
simulation (200 ns) starting from the inactive conformation of EGFR-LT,
which has been used in our previous studies aimed at investigating the
constitutive activation induced by the T790M and L858R mutations
[11]. As extensively described in the previous sections, EGFR-LT in
simulation tends to evolve toward an active conformation with the
formation of the KE salt bridge. Therefore, we wanted to test the effect of
FL30 on this transition. As can be seen in Fig. S7C—D, in the presence of
FL30, the E762 is rotated out, preventing the formation of the salt bridge
between K745 and E762. The radius of gyration (Rg), a measure of the
compactness of the EGFR structure, shows a decrease in EGFR-LT,
indicating a transition to a more compact active state. In contrast, the
presence of FL30 results in a slight increase in Rg, suggesting that it
maintains a more extended and open conformation (Fig. S7D). These
observations highlight FL30 ability to modulate the structure of EGFR-
LT by inducing and stabilizing an inactive-like conformation.
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To elucidate the unique inhibitory mechanism of FL30 compared to
other EGFR inhibitors, a comprehensive in silico comparative analysis
was performed between the EGFR-LT-FL30 complex and a selection of
known inhibitors with available crystallographic data. This comparison
primarily focused on the conformational states of the EGFR protein
within each complex.

Firstly, when comparing FL30 to ATP-competitive reversible TKIs
such as Brigatinib (PDB: 7Z2YM), a distinct binding mode is evident.
Brigatinib, initially developed as an ALK inhibitor, inhibits mutant forms
of EGFR like L858R/T790M/C797S by binding within the ATP-binding
pocket. Structural analysis shows that Brigatinib interacts via hinge re-
gion anchoring, characteristic of ATP-competitive inhibitors, maintain-
ing the kinase in an active conformation where the aC-helix remains
inward-facing (Fig. 5D), and key residues K745 and E762 form the ca-
nonical KE salt bridge. In contrast, the EGFR-T790M/V948R in complex
with the allosteric inhibitor JBJ-09-063 (PDB: 7JXQ) displays a similar
conformational profile of the EGFR-LT-FL30 complex: the aC-helix
adopts an outward conformation, indicative of an inactive, open state
(Fig. 5E). However, the allosteric inhibitor JBJ-09-063 occupies the
MEK binding pocket, while FL30 binds within an orthosteric site.
Instead, the binding mode of FL30 shows also some similarities to that of
the inhibitor CHMFL-EGFR-202. As illustrated in Fig. S1A, CHMFL-
EGFR-202, as FL30, interacts with the aC-p4 loop residues (V774,
C775, R776) and promotes an inactive EGFR conformation in the L858R
mutant. However, while CHMFL-EGFR-202 forms an irreversible cova-
lent bond, FL30 is reversible, indicating that FL30 exerts its inhibitory
effect through a distinct binding modality. Overall, this data underscores
a different mechanism of inhibition, primarily via non-covalent in-
teractions within the orthosteric site, leading to conformational stabi-
lization of the inactive kinase state.

3. Conclusion

In this study, we began with a molecular scaffold featuring a flavone
core (FL), which has demonstrated significant potential as a template for
the design of mutant-selective EGFR-TKIs [31]. By employing structure-
based drug design, we successfully discovered a small molecule named
FL30. This flavone, featuring an amide group, exhibits nanomolar po-
tency for the EGFR-L858R/T790M mutation, even in the presence of the
C797S mutation, with a greater efficacy compared to the Osimertinib.
Our findings, derived from kinetic analyses, PIR-SEIRA microscopy, and
extensive molecular modeling, indicate that FL30 operates through a
distinct mechanism of action. FL30 binds to the orthosteric site of the
active EGFR-LT protein anchoring themselves to the hinge region and
seems to interact with the aC-p4 loop, near the allosteric pocket. The
interaction with these residues probably disturbs the EGFR-LT active
conformation, facilitating the transition of EGFR toward an inactive-like
state. However, further evaluation needs to be performed in the future to
prove the interaction with this specific region. Remarkably, FL30 inhi-
bition mechanism is characterized by reverse allosteric communication
within the protein, highlighting its unique mode of action. While up-
coming structural studies may provide additional insight into the FL30
mechanism, the current findings compellingly demonstrate FL30 capa-
bility to bind at the orthosteric site and induce significant conforma-
tional modulation within the EGFR structure. This dual
mechanism—binding at the orthosteric site while simultaneously
exerting allosteric effects—not only positions FL30 as a promising
candidate for further optimization but also paves the way for the syn-
thesis and development of other reversible orthosteric inhibitors that
can leverage a synergistic therapeutic approach. However, given the
substantial differences between in vitro and in vivo conditions, it is
essential to conduct in vivo evaluations using relevant animal models to
confirm FL30’s efficacy and safety profile. Further pharmacokinetic and
pharmacodynamic studies will be necessary to determine optimal
administration routes and dosing schedules. These steps will be critical
for assessing FL30’s potential to progress toward clinical trials and
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eventual therapeutic application, as well as for guiding structural
modifications aimed at enhancing its efficacy and safety.

4. Experimental section
4.1. General methods and materials

All compounds used for the synthesis were purchased from Sigma
Aldrich Co. (Stenheim, Germany) and used without purification. All
solvents were analytically pure and dried before use. TLC were carried
out on aluminum sheets precoated with silica gel 60 F254 (Merck).
Column chromatography was performed using silica gel 60 (SiOa,
230-400 mesh). High-resolution MS (HRMS) ESI and High-performance
liquid chromatography-mass spectrometry (HPLC-MS) analyses were
performed on Waters Xevo G2-XF QTof mass spectrometer. Mass spec-
trometric detection was performed in the positive ion mode for all
compounds and in the negative ion mode. The 'H and '*C NMR spectra
were recorded on the Agilent Technologies 400 MHz Premium Shielded,
Bruker Ascend 500 Avance III HD and Bruker Ascend 600 avance NEO
spectrometers. Chemical shifts (§) are reported in ppm relative to TMS
and coupling constants (J) in Hz.

4.2. Computational studies

4.2.1. Structural preparation of EGFR proteins and focused docking

The study used two distinct structural models: the inactive tyrosine
kinase (TK) domain of the wild type (Wt) EGFR and the active TK
domain of the EGFR variant L858R/T790M (designated as LT). They
have been prepared starting from the PDB ID: 4HJO and 3W2O files,
respectively as we previously described [11,28]. For the inactive wild
type EGFR (Wt), we used the inactive EGFR form showing the key
conformational features: the aC-helix-out conformation, the DFG-out
position, the A-loop closed, and the R-spine with a linear conforma-
tion. In contrast, the active EGFR-LT variant was derived from molecular
dynamics (MD) simulations conducted in our previous works which
have been thoroughly validated and compared with PDB files [11,28]. In
these studies, we monitored the conformational changes of the TK
domain over time. Finally, EGFR-LT structure displayed a distinctly
different set of conformational features than to inactive Wt EGFR: the
aC-helix and DFG motif were in an “in” conformation, the A-loop was
open, and the R-spine was distorted. These findings underscore the
significant conformational differences between the inactive and active
states of EGFR, which are critical to understanding its regulatory
mechanisms.

The designed compounds have been generated starting from the
flavone skeleton and adding the functional groups with UCSF Chimera.
[55] All molecules have been then parametrized using quantum me-
chanical calculations based on Density Functional Theory (DFT) using
hybrid functional B3LYP and 6-311G** basis set; the ligands’ Mulliken
charges have been calculated and included in the ligand input file for
subsequent Focused Docking (FD) and Molecular Dynamics (MD) cal-
culations. The implicit water GB/SA solvation method has been used to
mimic the solvent effect. [56] The binding mode of each compound has
been evaluated in the ATP-binding and allosteric pockets of wild type
and EGFR-LT with a semiflexible docking approach using AutoDock
Suite 4.2. [57] Since the binding pocket in EGFR-TK domains has been
already described [58-60], and the starting structures as well as the final
designed TKIs were small molecules with few rotational degrees of
freedom, a focused grid field of 60 x 54 x 68 A® has been generated
centred on EGFR-TK pockets with points spaced equally at 0.375 A in-
tervals. The docking calculations have been carried out by AMBER-
based empirical free energy force field as implemented in Autodock
4.2 combined with a Lamarckian Genetic Algorithm (LGA). The number
of GA runs is settled to 100, while the maximum number of top in-
dividuals that automatically survive is 0.1. The resulting 100 docked
conformations have been clustered into groups with similar binding

10
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modes by a root mean square deviation (RMSD) clustering tolerance of 2
A to obtain a population percentage. The lowest energy conformations
from the most populated clusters have been considered the most stable
orientations. The sum of the intermolecular and the internal energies of
the TKIs represents the docking energy, while the sum of the intermo-
lecular and the torsional free energies is the free-binding energy. This
calculated free binding energy can be related to the inhibition constant
(Ki) through the known thermodynamic equation /AG = —RT InKi. The
most populated conformations and the resulting binding poses of each
protein-drug complex have been deeply analyzed.

4.2.2. Molecular dynamics (MD) simulations

The docked complex of FL30 in complex with EGFR-LT form un-
derwent 1 ps of MD simulations using CHARMMS36 force field. [61] The
designed compounds were modelled and parametrized using quantum
mechanical calculations based on Density Functional Theory (DFT),
using the hybrid functional B3LYP and 6-311G** basis set to calculate
the ligands’ Mulliken charges and to compute a massive conformational
analysis. [56] A simulation box of 120 A3 was settled for each complex
including 54,867 TIP3P water molecules for solvation. Na* ions and C1~
ions were also included to mimic the physiological conditions (0.15 M
NaCl) and to neutralize the net charge of EGFR-TK. A minimization
phase composed of 10,000 cycles of steepest descent followed by 5000
cycles of conjugate gradient minimization was used to converge to the
energy threshold of 1000 KJ/mol/nm. The following equilibration step
was adopted for each system to gradually accommodate the protein in
the salt-aqueous environment. Verlet cutoff [62] was applied in com-
bination with Particle Mesh Ewald (PME) for electrostatics. The cutoff
for the calculation of the Van der Waals force was settled to 1.2 nm,
while the force smoothly was switched to zero between 1.0 and 1.2 nm.
Atom velocities were generated at 310 K in the NVT ensemble using the
Maxwell distribution function with generated random seed and a weak
temperature coupling using the Berendsen thermostat. A time constant
of 1 ps was applied to maintain the reference temperature (310K) for the
whole run. After equilibration simulation run of 2 ns, a switch to the NPT
ensemble was carried out, maintaining the weak coupling also for
pressure control (i.e., Berendsen barostat). For all simulation runs, the
isotropic conditions were settled with a reference pressure of 1 atm and a
time constant for coupling of 5 ps. A shift to the Nosé-Hoover [63] and
Parrinello-Rahman algorithm for pressure coupling [64] was operated
for the production phase in NPT Ensemble. Then, a 2 ps-long MD
simulation was run for each system implementing an accurate leapfrog
algorithm or interacting Newton’s equations of motion with a time step
of 0.002 ps. All the MD simulations were performed using GROMACS
5.0.4. [65,66] The 2D binding modes of small molecules obtained after
MD simulations were detected using Discovery Studio, while the anal-
ysis of the simulations’ trajectories was performed by means of the VMD
[67] and CHIMERA software. [55]

4.3. Chemical synthesis

4.3.1. Synthesis of 1-(2-hydroxy-5-methoxy-3-nitrophenyl)ethenone (1b)

1-(2-Hydroxy-5-methoxyphenyl)ethenone (500 mg, 3 mmol, 1 eq)
was suspended in Acetic acid (1 mL) and then Deionized water (300 pL)
was added to the suspension. Nitric acid (265 pL, 6.4 mmol, 1.5 eq) was
dripped into the mixture. The reaction was stirred at room temperature
for 2 h. The product was extracted with ethyl acetate. The organic sol-
vent was evaporated under reduced pressure and the crude was purified
by silica gel column chromatography (Rf = 0.29, 25 % ethyl acetate in
cyclohexane) to give compound 1b as a yellow solid. Yield: 450 mg,
70.7 %. 'H NMR (600 MHz, DMSO-ds, 25 °C, ppm): & 2.70 (s, 3H, CHg),
3.84 (s, 3H, CHs), 7.75 (d, J = 3.2 Hz, 1H, Ar—H), 7.80 (d, J = 3.2 Hz,
1H, Ar—H), 12.24 (s, 1H, OH). 3C NMR (151 MHz, DMSO-ds, 25 °C,
ppm): 5 28.4, 56.4, 115.7, 122.4, 123.8, 138.1, 147.8, 150.4, 203.9.
Calcd. neutral mass for CoHgNOs: 211.04807 Da. HRMS: m/z =
210.04059 [M-1]".
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4.3.2. (E)-1-(2-Hydroxy-5-methyl-3-nitrophenyl)-3-(3-phenoxyphenyl)
prop-2-en-1-one (3a)

1-(2-Hydroxy-5-methyl-3-nitrophenyl)ethanone (1a) (1 g, 5.12
mmol, 1 eq) was dissolved in methanol and an aqueous solution of so-
dium hydroxide (840.5 mg, 41 mmol, 8 eq) was added. When all of 1a
was dissolved 3-phenoxybenzaldehyde (888 pL, 1 eq) could be added to
the mixture. The reaction was stirred for 16 h at 45 °C, and then acidified
to pH 5-6 by adding 5 % aqueous HCl. After extraction with EtOAc, the
volatiles were removed under reduced pressure. The raw was purified by
silica gel column chromatography (Ry = 0.31, 3 % ethyl acetate in
cyclohexane) to afford the compound 3a as a yellow solid. Yield: 798
mg, 41.5 %. 'H NMR (400 MHz, DMSO-dg, 25 °C, ppm): § 2.35 (s, 3H,
CHg), 6.98-7.02 (m, 2H, Ar—H), 7.06 (ddd, J = 8.0, 2.5, 0.9 Hz, 1H,
Ar—H), 7.10-7.15 (m, 1H, Ar—H), 7.33-7.42 (m, 2H, Ar—H), 7.46 (t, J
= 8.0 Hz, 1H, Ar—H), 7.67-7.68 (m, 1H, Ar—H), 7.70-7.71 (m, 1H,
Ar—H), 7.83 (d, J = 15.5 Hz, 1H, CH), 7.97 (d, J = 15.5 Hz, 1H, CH),
8.05 (d, J = 1.2 Hz, 1H, Ar—H), 8.39 (d, J = 1.2 Hz, 1H, Ar—H), 13.14
(s, 1H, OH). 13C NMR (101 MHz, DMSO-dg, 25 °C, ppm): 6 19.5, 118.3,
119.5, 121.5, 122.5, 123.3, 123.5, 125.1, 128.4, 130.1, 130.6, 131.0,
136.3, 136.5, 137.7, 145.5, 153.0, 156.6, 156.8, 193.4. Calcd. neutral
mass for CooH17NOs: 375,11,067 Da. Caled. mass for CooH17NO5 + Na™:
398,09989 Da. HRMS: m/z = 376.11765 [M + 1]T; 398.09942 [M +
Na]™.

4.3.3. (E)-1-(2-Hydroxy-5-methoxy-3-nitrophenyl)-3-(3-phenoxyphenyl)
prop-2-en-1-one (3b)

1-(2-Hydroxy-5-methoxy-3-nitrophenyl)ethenone (1b) (450 mg, 2.1
mmol, 1 eq) was dissolved in methanol and a solution of potassium
hydroxide (654.4 mg, 11.7 mmol, 5.5 eq) in methanol (2 mL) was added
to the mixture. When all of 1b was dissolved 3-phenoxybenzaldehyde
(370 pL, 1 eq) could be added. The reaction was stirred for 24 h at
45 °C and then acidified to pH 5-6 by adding 5 % aqueous HCl. After
extraction with EtOAc, the volatiles were removed under reduced
pressure. The raw was purified by silica gel column chromatography (Rs
= 0.28, 10 % ethyl acetate in cyclohexane) to afford the compound 3b as
a yellow solid. Yield: 200 mg, 24,4 %. 'H NMR (600 MHz, DMSO-dg,
25 °C, ppm): 6 3.87 (s, 3H, OCH3), 7.04-7.06 (m, 2H, Ar—H), 7.10 (ddd,
J=8.1, 2.5, 0.9 Hz, 1H, Ar—H), 7.14-7.20 (m, 1H, Ar—H), 7.39-7.46
(m, 2H, Ar—H), 7.50 (t, J = 8.1 Hz, 1H, Ar—H), 7.70-7.71 (m, 1H,
Ar—H), 7.72-7.74 (m, 1H, Ar—H), 7.80-7.86 (m, 2H, Ar—H, CH), 7.93
(d, J = 15.6 Hz, 1H, CH), 8.03 (d, J = 3.2 Hz, 1H, Ar—H), 12.46 (s, 1H,
OH). 13C NMR (151 MHz, DMSO-dg, 25 °C, ppm): § 56.5, 115.0, 118.3,
119.5, 121.5, 122.4, 123.4, 123.5, 125.0, 125.4, 130.1, 130.6, 136.4,
138.1, 145.5, 148.4, 150.6, 156.6, 156.9, 192.9. Calcd neutral mass for
Ca2H17NOg: 391,10,559 Da. HRMS: m/z = 392.11342 [M + 117,

4.3.4. 6-Methyl-8-nitro-2-(3-phenoxyphenyl)-4H-chromen-4-one (4a)

Iodine (42 mg, 0.17 mmol) was added to a solution of 3a (420 mg,
1.12 mmol) in DMSO (8 mL) and the reaction mixture stirred at 130 °C
for 6 h. After cooling to room temperature, the reaction was quenched
with 0.5 % NaHSOgz (aq) (50 mL). The mixture was extracted with
CHaCl (3 x 50 mL) and the combined organic layers washed with brine
(100 mL) and dried over Na3SOj4. Volatiles were removed under reduced
pressure and the obtained residue was purified by silica gel column
chromatography (Ry= 0.35, 20 % ethyl acetate in cyclohexane) to afford
the compound 4a as a white solid. Yield: 199 mg, 47.6 %. ‘H NMR (400
MHz, CDCl3, 25 °C, ppm): § 2.53 (s, 3H, CH3), 6.81 (s, 1H, CH), 7.06 (dd,
J =8.7, 1.1 Hz, 2H, Ar—H), 7.15-7.20 (m, 2H, Ar—H), 7.35-7.42 (m,
2H, Ar—H), 7.48 (t, J = 8.0 Hz, 1H, Ar—H), 7.57 (t, J = 2.0 Hz, 1H,
Ar—H), 7.72 (ddd, J = 7.9, 2.0, 1.0 Hz, 1H, Ar—H), 8.18 (d, J = 1.5 Hz,
1H, Ar—H), 8.28 (d, J = 1.5 Hz, 1H, Ar—H). 13¢ NMR (101 MHz, CDClg3,
25 °C, ppm): 6 20.8, 107.6, 116.0, 119.6, 121.1, 122.1, 124.3, 125.4,
130.1, 130.7, 130.8, 131.4, 132.3, 135.1, 138.3, 146.7, 156.1, 158.5,
163.0, 176.3. Calcd. neutral mass for CooH15NOs5: 373,09502 Da. HRMS:
m/z = 374.10116 [M + 1] + .
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4.3.5. 6-Methoxy-8-nitro-2-(3-phenoxyphenyl)-4H-chromen-4-one (4b)
Iodine (18 mg, 0.07 mmol) was added to a solution of 3b (180 mg,
0.46 mmol) in DMSO (8 mL) and the reaction mixture stirred at 130 °C
for 6 h. After cooling to room temperature, the reaction was quenched
with 0.5 % NaHSOjz (aq) (50 mL). The mixture was extracted with
CH3Cl (3 x 50 mL) and the combined organic layers were washed with
brine (100 mL) and dried over NaySO4. Volatiles were removed under
reduced pressure and the obtained residue was purified by silica gel
column chromatography (Rf= 0.28, 20 % ethyl acetate in cyclohexane)
to afford the compound 4b as a white solid. Yield: 113 mg, 63.1 %. 'H
NMR (600 MHz, DMSO-ds, 25 °C, ppm): § 3.96 (s, 3H, OCH3), 7.07-7.13
(m, 2H, Ar—H), 7.18-7.25 (m, 3H, Ar—H, CH), 7.41-7.48 (m, 2H,
Ar—H), 7.61 (t, J = 8.0 Hz, 1H, Ar—H), 7.76-7.80 (m, 2H, Ar—H), 7.89
(ddd, J = 8.0, 1.7, 0.8 Hz, 1H, Ar—H), 8.12 (d, J = 3.2 Hz, 1H, Ar—H).
13¢ NMR (151 MHz, DMSO-dg, 25 °C, ppm): § 56.6,106.9,112.1,116.4,
118.4, 118.9, 121.5, 121.9, 124.0, 125.8, 130.2, 131.0, 132.5, 139.1,
142.3, 155.1, 156.0, 157.4, 161.6, 175.3. Calcd. neutral mass for
Ca2H15NOg: 389,08994 Da. HRMS: m/z = 390.09790 [M + 1.

4.3.6. 8-Amino-6-methyl-2-(3-phenoxyphenyl)-4H-chromen-4-one (5a)
The nitro group in compound 4a was selective reduced using Palla-
dium catalysis and Ha. Palladium on Carbon (Pd/C) (25 mg, 0.24 mmol)
was added to the solution of 4a (168 mg, 0.45 mmol) in CH»Cly (3 mL).
The reaction was stirred at room temperature, under hydrogen atmo-
sphere, for 24 h. After completion of the reaction, monitored by thin-
layer chromatography (silica gel), the mixture of reaction was filtered
with LLG-Plain disc filter. The volatiles of filtered were removed under
reduced pressure and the obtained residue was purified by silica gel
column chromatography (Ry = 0.39, 30 % ethyl acetate in cyclohexane)
to afford the compound 5a as a yellow solid. Yield: 78 mg, 50.5 %. 'H
NMR (400 MHz, DMSO-dg, 25 °C, ppm): § 2.29 (s, 3H, CH3), 5.69 (s, 2H,
NHy), 6.89 (dd, J = 2.1, 0.7 Hz, 1H, Ar—H), 6.94 (s, 1H, CH), 6.99 (dd, J
=2.1,0.9 Hz, 1H, Ar—H), 7.05-7.12 (m, 2H, Ar—H), 7.13-7.21 (m, 2H,
Ar—H), 7.38-7.47 (m, 2H, Ar—H), 7.55 (t, J = 8.0 Hz, 1H, Ar—H), 7.94
(t, J = 2.0 Hz, 1H, Ar—H), 8.00 (ddd, J = 8.0, 2.0, 0.9 Hz, 1H, Ar—H).
13C NMR (101 MHz, DMSO-dg, 25 °C, ppm): 5 20.9, 106.9, 110.3, 117.2,
118.2, 118.7, 121.3, 121.8, 123.6, 123.7, 130.1, 130.7, 133.4, 134.8,
138.4, 142.5, 156.5, 157.1, 160.9, 177.5. Calcd. neutral mass for
CaoH17NO3: 343,12,084 Da. HRMS: m/z = 344.12764 [M + 1]7.

4.3.7. 8-Amino-6-methoxy-2-(3-phenoxyphenyl)-4H-chromen-4-one (5b)
The nitro group in compound 4b was selectively reduced using
Palladium catalysis and Ha. Palladium on Carbon (Pd/C) (17 mg, 0.16
mmol) was added at the solution of 4b (113 mg, 0.29 mmol) in CH»Cly
(3 mL). The reaction was stirred at room temperature, under hydrogen
atmosphere, for 24 h. After completion of the reaction, monitored by
thin-layer chromatography (silica gel), the mixture of reaction was
filtered with LLG-Plain disc filter. The volatiles of filtered were removed
under reduced pressure and the obtained residue was purified by silica
gel column chromatography (R = 0.23, 30 % ethyl acetate in cyclo-
hexane) to afford the compound 5b as a yellow solid. Yield: 69 mg, 66.3
%. 'H NMR (600 MHz, DMSO-dg, 25 °C, ppm): 6 3.77 (s, 3H, OCHgs),
5.84 (s, 2H, NHy), 6.64 (d, J = 3.0 Hz, 1H, Ar—H), 6.65 (d, J = 3.0 Hz,
1H, Ar—H), 6.97 (s, 1H, CH), 7.08 (dd, J = 8.6, 1.1 Hz, 2H, Ar—H), 7.15
(dd, J = 8.1, 1.9 Hz, 1H, Ar—H), 7.18 (tt, J = 7.4, 1.1 Hz, 1H, Ar—H),
7.43 (dd, J = 8.6, 7.4 Hz, 2H, Ar—H), 7.55 (t, J = 8.1 Hz, 1H, Ar—H),
7.96 (t, J = 1.9 Hz, 1H, Ar—H), 8.01 (ddd, J = 8.1, 1.9, 0.8 Hz, 1H,
Ar—H). '3C NMR (151 MHz, DMSO-dg, 25 °C, ppm): § 55.2, 91.4,105.1,
106.4, 117.2, 118.6, 121.3, 121.8, 123.7, 124.4, 130.1, 130.7, 133.4,
139.9, 140.1, 156.5, 157.0, 157.1, 160.7, 177.3 Calcd. neutral mass for
Ca2H17NOg4: 359,11,576 Da. HRMS: m/z = 360.12343 [M + 1]7.

4.4. General procedure 1 for the synthesis of amide derivatives 6a-6e

The obtained amino derivatives (5a-5b) and 2 eq. (6¢, 6d), 2.5 eq.
(6b, 6e), 3 eq. (6a) of triethylamine were dissolved in CHxCly (3 mL)
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and cooled to 0 °C. The appropriate acyl chloride (iiiia, 1 eq; iiiic,d 1.2
eq; iiiie,b 1.5 eq) was added and the reaction was allowed to warm up to
room temperature overnight. At the end the product was extracted by
CHaCly and then the volatiles were evapored under reduced pressure.
The residue was purified by silica gel column chromatography with
appropriate eluent mixture, to afford the final compound (6a-e).

4.4.1. N-(6-methyl-4-oxo-2-(3-phenoxyphenyl)-4H-chromen-8-yl)
acrylamide (6a, FL30)

The synthesis was carried out in accordance with the general pro-
cedure 1. The residue was purified by silica gel column chromatography
(Ry=0.32, 25 % ethyl acetate in cyclohexane) to give compound 6a as a
light-pink powder. Yield: 45 mg, 77.6 %. 'H NMR (500 MHz, DMSO-d,
25 °C, ppm): § 2.44 (s, 3H, CHgs), 5.80 (dd, J = 10.2, 1.9 Hz, 1H, CHy),
6.28 (dd, J = 17.1, 1.9 Hz, 1H, CH)), 6.52 (dd, J = 17.1, 10.2 Hz, 1H,
CH), 7.06 (s, 1H, CH), 7.08 (d, J = 7.5 Hz, 2H, Ar—H), 7.18-7.22 (m, 2H,
Ar—H), 7.41-7.46 (m, 2H, Ar—H), 7.58 (t, J = 7.9 Hz, 1H, Ar—H), 7.68
(d, J = 2.2 Hz, 1H, Ar—H), 7.83 (t, J = 2.0 Hz, 1H, Ar—H), 7.88 (d, J =
2.2 Hz, 1H, Ar—H), 7.91 (dd, J = 7.9, 2.0 Hz, 1H, Ar—H), 10.16 (s, 1H,
NH). 13C NMR (126 MHz, DMSO-dg, 25 °C, ppm): § 20.6, 107.4, 117.0,
118.6, 120.6, 121.8, 123.5, 123.7, 127.0, 127.4, 130.1, 130.1, 130.7,
131.1, 133.1, 134.6, 146.9, 156.3, 157.1, 161.3, 163.6, 176.8. Calcd.
neutral mass of CosH19gNO4: 397,13,141 Da. HRMS: m/z = 398.13812
M+ 11%.

4.4.2. N-(6-methoxy-4-oxo-2-(3-phenoxyphenyl)-4H-chromen-8-yl)
acrylamide (6b, FL31)

The synthesis was carried out in accordance with the general pro-
cedure 1. The residue was purified by silica gel column chromatography
(R = 0.32, 30 % ethyl acetate in cyclohexane) to give compound 6b as a
yellow solid. Yield: 15 mg, 55.6 %. 'H NMR (600 MHz, DMSO-dg, 25 °C,
ppm): § 3.87 (s, 3H, CH3), 5.82 (dd, J = 10.2, 1.8 Hz, 1H, CHj), 6.29 (dd,
J=17.0,1.8 Hz, 1H, CHy), 6.53 (dd, J=17.0, 10.2 Hz, 1H, CH), 7.07 (s,
1H, CH), 7.07-7.11 (m, 2H, Ar—H), 7.18 (tt, J = 7.4, 1.1 Hz, 1H, Ar—H)),
7.21 (ddd, J = 8.1, 2.1, 0.9 Hz, 1H, Ar—H), 7.27 (d, J = 3.1 Hz, 1H,
Ar—H), 7.39-7.46 (m, 2H, Ar—H), 7.58 (t, J = 8.1 Hz, 1H, Ar—H), 7.75
(d, J= 3.1 Hz, 1H, Ar—H), 7.78 (t, J = 2.1 Hz, 1H, Ar—H), 7.91 (ddd, J
=8.1, 2.1, 0.9 Hz, 1H, Ar—H), 10.20 (s, 1H, NH). 3C NMR (151 MHz,
DMSO-dg, 25 °C, ppm): § 55.8,101.1,106.9,117.0,117.4,118.7, 121.8,
121.8, 123.8, 124.3, 127.9, 128.7, 130.2, 130.8, 131.1, 133.2, 143.4,
156.0, 156.3, 157.2, 161.3, 163.7, 176.6. Calcd. neutral mass of
Ca5H19oNOs: 413.12632 Da. HRMS: m/z = 414.13366 [M + 1]7.

4.4.3. N-(6-methyl-4-oxo-2-(3-phenoxyphenyl)-4H-chromen-8-yl)
bengzamide (6¢, FL32)

The synthesis was carried out in accordance with the general pro-
cedure 1. The residue was purified by silica gel column chromatography
(Rf = 0.33, 20 % ethyl acetate in cyclohexane) to give compound 6c as
an orange solid. Yield: 41 mg, 54 %. 'H NMR (400 MHz, DMSO-dg,
25 °C, ppm): § 2.43 (s, 3H, CH3), 6.93-6.97 (m, 2H), 7.03 (s, 1H, CH),
7.07-7.12 (m, 1H, Ar—H), 7.12-7.15 (m, 1H, Ar—H), 7.29-7.35 (m, 2H,
Ar—H), 7.43-7.51 (m, 3H, Ar—H), 7.54-7.60 (m, 1H, Ar—H), 7.71 (dd,
J=2.2,1.0Hz, 1H, Ar—H), 7.76-7.78 (m, 1H, Ar—H), 7.79 (d, J = 2.2
Hz, 1H, Ar—H), 7.80-7.83 (m, 1H, Ar—H), 7.97-7.98 (m, 2H, Ar—H),
10.40 (s, 1H, NH). 13C NMR (101 MHz, DMSO-ds, 25 °C, ppm): 6 20.6,
107.4, 117.5, 118.2, 121.3, 121.8, 122.0, 123.5, 123.7, 127.4, 127.6,
128.5, 130.1, 130.8, 131.7, 131.9, 133.4, 133.9, 134.7, 148.1, 156.6,
156.9, 161.3, 165.6, 176.9. Calcd. neutral mass for Cyg9Hs1NOy:
447.14706 Da. Calcd. mass for CagHoiNO4 + Na™: 470,13,628 Da.
HRMS: m/z = 448.15377 [M + 1]¥, 470.13607 [M + Na] ™.

4.4.4. N-(6-methyl-4-oxo-2-(3-phenoxyphenyl)-4H-chromen-8-yl)
pivalamide (6d, FL33)

The synthesis was carried out in accordance with the general pro-
cedure 1. The residue was purified by silica gel column chromatography
(R = 0.37, 25 % ethyl acetate in cyclohexane) to give compound 6d as
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an orange solid. Yield: 38 mg, 55.6 %. 'H NMR (600 MHz, DMSO-dg,
25 °C, ppm): § 1.22 (s, 9H, CH3), 2.43 (s, 3H, CH3), 7.01-7.04 (m, 2H,
Ar—H), 7.06 (s, 1H, CH), 7.16 (tt,J =7.4,1.1 Hz, 1H, Ar—H), 7.22 (ddd,
J=38.0, 2.1, 0.9 Hz, 1H, Ar—H), 7.39-7.43 (m, 2H, Ar—H), 7.59 (t, J =
8.0 Hz, 1H, Ar—H), 7.63 (d, J = 2.2 Hz, 1H, Ar—H), 7.69 (dd, J = 2.2,
1.0 Hz, 1H, Ar—H), 7.80 (t, J = 2.1 Hz, 1H, Ar—H), 7.89 (ddd, J = 7.9,
2.1, 0.9 Hz, 1H, Ar—H), 9.43 (s, 1H, NH). 13C NMR (151 MHz, DMSO-dp,
25 °C, ppm): 6 20.5, 27.2, 38.8, 107.3, 117.5, 118.1, 120.9, 122.0,
122.3, 123.5, 123.6, 127.6, 130.1, 130.8, 131.8, 133.5, 134.5, 148.0,
156.8, 156.8, 161.2, 176.6, 177.0. Calcd. neutral mass for Ca7HasNOq4:
427.17836 Da. Caled mass for CoyHosNO4 + Na™: 450,16,758 Da.
HRMS: m/z = 428.11638 [M + 11*; 450.16888 [M + Na]*.

4.4.5. N-(6-methyl-4-oxo-2-(3-phenoxyphenyl)-4H-chromen-8-yl)
propionamide (6e, FL34)

The synthesis was carried out in accordance with the general pro-
cedure 1. The residue was purified by silica gel column chromatography
(Rf = 0.3, 25 % ethyl acetate in cyclohexane) to give compound 6e as a
pale yellow solid. Yield: 10 mg, 62.5 %. 'H NMR (600 MHz, DMSO-ds,
25 °C, ppm): 6 1.08 (t, J = 7.5 Hz, 3H, CH3), 2.32 (q, J = 7.5 Hz, 2H,
CHy), 2.41 (s, 3H, CHy), 7.06 (s, 1H, CH), 7.06-7.09 (m, 2H, Ar—H),
7.16-7.20 (m, 1H, Ar—H), 7.22 (dd, J = 7.8, 1.5 Hz, 1H, Ar—H), 7.59 (t,
J=7.8Hz, 1H, Ar—H), 7.65 (d, J = 2.5 Hz, 1H, Ar—H), 7.75 (d, J = 2.5
Hz, 1H, Ar—H), 7.83 (t,J = 1.5 Hz, 1H, Ar—H), 7.92 (dd, J= 7.8, 1.5 Hz,
1H, Ar—H), 9.88 (s, 1H, NH). 13C NMR (151 MHz, DMSO-dg, 25 °C,
ppm): 69.7,20.7,29.1,107.4,117.1, 118.6, 120.4, 121.9, 122.0, 123.6,
123.7, 127.4, 130.2, 130.5, 130.9, 133.3, 134.6, 147.2, 156.5, 157.1,
161.3,172.3, 177.0. Calcd. neutral mass of CosH21NO4: 399,14,706 Da.
Caled. mass for CasHa1NO4 + Na't: 422,13,628 Da. HRMS: m/z
400.15400 [M + 1]%, 422.13712 [M + Na] ™.

4.5. Cellular materials and methods

4.5.1. Cell culture

The human non-small cell lung cancer (NSCLC) cell line was all ob-
tained from the American Type Culture Collection (ATCC). The H1975
(CRL-5908™) cell line was grown in RPMI 1640 medium (SIAL-RPMI-
XA) while the A549 (CCL-185™, high-expressing wild type EGFR) was
grown in complete DMEM medium (SIAL-DMEM-HPXA) as well as the
breast cancer cells MCF7 (low-expressing EGFR wild type) and human
dermal fibroblasts (HDF). All cultures were supplemented with 10 %
fetal bovine serum (FBS), 2 mM r-glutamine, 100 U / mL penicillin, and
100 pg / mL streptomycin. All cell lines were routinely maintained in 75
cm? flasks in a cell incubator at 37 °C, 5 % CO,, and 95 % relative hu-
midity. The cell cultures were detached by trypsinization with 0.5 %
trypsin in PBS containing 0.025 % EDTA. All cell culture reagents were
supplied by SIAL (Roma, Italy).

4.5.2. XTT assay

Cell Proliferation Kit II (XTT) (Roche) was used according to the
manufacturer’s protocol. H1975, A549, HDF and MCF7 cells were
seeded in 96-well plates at 3 x 10° cells/well to reach 60 % of conflu-
ence after 24 h. Then, 200 pL of compound at different concentrations
were added to each well. After incubation of 72 h at 37 °C and 5 % CO»,
the supernatant was removed from each well and replaced with 100 pL
of fresh complete medium. The mix containing labelling reagent and
electron reagent was then prepared; 50 pL of this mix was added to each
well and incubated for 4 h at 37 °C and 5 % CO». Reading was then
carried out with the multiple reader at a wavelength of 450 nm.

4.5.3. EGFR phosphorylation studies by flow cytometry

A549 and H1975 were seeded in 25 cm? flasks to reach after 24 h 60
% confluence. For induction of EGFR phosphorylation, A549 cells were
incubated for 10 min with 50 ng/mL recombinant EGF (Euroclone),
before FL30 treatment for 4 and 24 h. After incubation, cells were
washed with PBS buffer (pH, 7.4) containing sodium orthovanadate
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NagVO4 and (1 mM) sodium fluoride NaF (1 mM) to inhibit the phos-
phatase activity. Cells were then detached by trypsinization and pre-
pared for the specific analyses. Cells were prepared following the
previously described protocol [68] which consist of cell fixation (2 %
paraformaldehyde), permeabilization for 30 min on ice in PBS, 0.5 %
BSA and 0.025 % Triton X100 and antibodies staining with EGFR
(Invitrogen, MA5-28104) and phospho-EGFR (Y1068) (R&D System,
IC3570F). After incubation for 1 h in the dark at 4 °C, at least 5000 cells
for each sample were measured using the same settings. For inhibiting
potential phosphatase activity, the staining and permeabilization buffers
were supplemented with NaF and NagVOj4 to a final concentration of 1
mM. The percentage of EGFR phosphorylation was calculated by
dividing the geometric mean fluorescence intensity of phospho-EGFR by
the geometric mean fluorescence intensity of the EGFR.

4.6. Enzyme inhibition assays

We used a continuous, fluorescence-based assay based on Phos-
phoSens technology (Assay Quant) to assess the protein kinase activity
and inhibition. Recombinant wild-type (Wt) and L858R/T790M EGFR
kinase domains were produced according to [44]. Briefly, His-tagged
proteins were expressed in Sf9 cells and purified using immobilized
metal affinity chromatography (IMAC), anion exchange, and size-
exclusion chromatography. Purified proteins were stored at —80 °C in
a buffer containing 25 mM Hepes (pH 8), 250 mM NacCl, 5 % glycerol,
and 2 mM TCEP. L858R/T790M/C797S EGFR kinase domain was pur-
chased from Merck (PRECISIO ®Kinase, recombinant SRP0710). Kinase
activities for mutants (L858R/T790M and L858R/T790M/C797S) and
Wild type EGFR were performed at 30 °C with 0.1 pM enzyme, 10 uM
peptide substrate AQT0734 (Assay Quant) and 1 mM ATP. For the
preliminary screening, synthesized TKIs were tested at a single dose of 1
pM, while for the ICsy determinations inhibitor concentrations ranged
from 0.03 pM to 10 pM. The total assay reaction volume was 25 pL and
included 50 mM HEPES, 20 mM NacCl, 10 mM MgCl,, 0.1 mg/mL BSA, 1
% DMSO, and 2 mM DTT, adjusted to pH 7.5. Assay components were
dispensed into a 384-well assay microplate (Corning 3572). Reactions
were initiated by the addition of ATP following a 5-min preincubation
period. The accumulation of the phosphorylated peptide product was
monitored using a Synergy HT plate reader (Biotek) equipped with a
fluorescence intensity module with excitation at 360 nm and emission at
480 nm for 1 h. For the time-dependant inhibition test, the pre-
incubation period was extended to 45 min. Kinase selectivity assay on a
panel of ten kinases (JNK2, BTK, ERK2, FGFR4, AKT1, ALK, ALK
C1156Y, CDK2, and MET) were performed at Kinase Screening Assay
Services (Reaction Biology Europe GmbH, Engesserstr. 479,108 Frei-
burg, GERMANY, https://www.reactionbiology.com/services/kinase
-assays/kinase-panel-screening/) by using radiometric protein kinase
assay (3*PanQinase™ Activity Assay) and by using different ATP con-
centrations, corresponding to the apparent ATP-K;, of the respective
kinase,

4.7. SEIRA spectroscopy

Surface Enhanced InfraRed Absorption Spectroscopy (SEIRA) is
plasmon-assisted spectroscopic technique that allows for the detection
and measurement of analytes in small concentrations or in small amount
when they can be placed in proximity to with the plasmonic structures.
These molecules can be anchored directly onto the resonant structures
prior the measurements and it is possible to observe the interaction of
these molecules with those in solution, if any.

For the experiments here reported, golden crossed-shaped nano-
antennas arrays were fabricated on calcium fluoride substrates as in
Zucchiatti et at. 2021 [44]. Measurements were carried out in ATR-like
configuration, with the incoming IR light illuminating the backside of
the structures, generating an evanescent field that interacts with the in
house produced proteins (see previous paragraph) anchored via His-tag.
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The reflected light then is sent to the detector obtaining a spectrum. The
measure configuration is known as Plasmonic Internal Reflection (PIR)
[69]. The CaF; window with the plasmonic structures is placed into a
liquid chamber containing either buffer, or buffer plus FL30 (0.1 uM) or
FL4 (10 pM). Data were acquired at the SISSI-Bio Beamline at Elettra
[70] using a Hyperion 3000 Vis/IR microscope coupled with the in-
vacuum Vertex 70v interferometer (Bruker Optics, Billerica, MA, US).
Each spectrum was collected with and MCT (mercury cadmium tellu-
ride, Infrared Associates Inc., Stuart, FL, US) detector, averaging 256
scans at 4 cm ™, setting the apertures of the microscope at 50 x 50 pm*2,
in order to match the size of a single nano-antenna array. Each plas-
monic chip contains 16 independent nano-antennas arrays, therefore
each measurement is similar to operate in al6 well-plate. In addition, all
experiments have been carried out at least twice on different plasmonic
chips. Data were collected using OPUS software (Bruker Optics, Bill-
erica, MA, US) and then analyzed using QUASAR 1.10 [71,72] (https:\
\quasar.codes) and Origin 2024 Pro. [73]
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