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Abstract

The inhibition of the Epidermal Growth Factor (EGFR) represents one of the most promising strategies in non-small cell
lung cancer (NSCLC) therapy. The recently identified C797S mutation causes resistance of EGFRE58R/T790M against
osimertinib, the latest approved third generation EGFR inhibitor. The identification of small molecules capable of
selectively inhibiting the T790M mutations also in the late-onset C797S mutation is a desirable strategy and novel
chemical structures might provide new insight in the overcoming resistance mechanisms. Here we report the identification
of a novel mutant-selective privileged molecular core; guided by a structure-based drug design, a flavone skeleton has
been rationally modified, and a virtual library generated. Reversible EGFR inhibitors targeting both L858R/T790M and
L858R/T790M/C797S mutations with a higher affinity with respect to the wild type one are discovered via a three-track
virtual screening. Selected hits were synthesized and tested in an activity-based enzyme assay against wild-type EGFR,
L858R/T790M, as well as L858R/T790M/C797S. The results showed that a nitroflavone-based compound inhibits the
phosphorylation of EGFR mutants at low-micromolar concentration showing selectivity over the wild type ones.
Structurally similar flavone analogues have been synthesized and the following inhibition assays underlied the importance

of both the presence and position of the nitrophenoxy moiety.

1. Introduction

Activating mutations in the Epidermal Growth Factor Receptor (EGFR) are one of the major drivers
of non-small cell lung cancer (NSCLC). However, although some studies have shown very high
response rates of EGFR-mutant tumours to tyrosine kinase inhibitors (TKISs), resistance mechanisms
could interfere with their efficacy. The most common EGFR mutations are the in-frame deletion of
five amino acids in the exon 19 (EGFRP®%) and the point mutation in the exon 21 (EGFR-8%R),

which are associated with a high response to the first-generation inhibitors. However, TKIs-resistance
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frequently occurs. 60% of treated patients develop the secondary mutation on the gatekeeper T790M
residue [1] which seems to be more inclined to coexist with EGFR8%R than with EGFRP® [2].
Osimertinib, which is the latest FDA-approved TKI, selectively overcomes T790M by a covalent
bond formation with C797; however, the tertiary mutation (C797S) in EGFR caused new drug
resistance by preventing the covalent bond with the side chain of C797 [3]. The ongoing research has
actively pursued the discovery of novel TKIs to overcome the osimertinib-resistance. The
coadministration of EAIO45, an allosteric EGFR inhibitor, with cetuximab is effective in the
EGFRT79M/CT7S mytant model inhibition [3,4]. However, cetuximab is not EGFR mutant—specific
also determines the inhibition of wild type EGFR form and leads to the failure of the clinical trials
[4,5]. Drug discovery efforts have identified novel TKIs that selectively target C797S [6] or that
covalently bind to the catalytic and conserved K745 residue [7,8]. However, an effective therapeutic
approach to overcome the acquired resistance to the third-generation inhibitors could be the
identification of the ATP-competitive inhibitors that selectively target EGFR-8RT790M “aiso in the
late-onset C797S mutation.

Here we report the design of a novel privileged molecular core specific for EGFR858R/T790M gnq
EGFRU8%8RITT90MICTS7S \yjith selectivity over the wild type. For this purpose, a flavone skeleton has been
selected as starting structure for our in silico drug design (Figure 1). The flat hetero aromatic system
is rationally modified by introducing several chemical groups able to interact with the key regions of
the ATP-binding pocket. It is known that an effective EGFR inhibition is obtained with a compound
anchored to the kinase hinge region (Q791-G797) through a bidentate hydrogen bond (HB) [9,10]
and extended to the phosphate binding (PB) region [11] undertaking interactions with the catalytic
residue (K745) [7,8]. Moreover, several inhibitors exploit the highly conserved D855 residue in the
DFG motif located at the beginning of the activation loop, which is important for protein catalysis
[12]. Since R858 and M790 represent the key differences between the mutants (EGFR-858R/T780M gnd
EGFRU8%8RITT90MICT97S) and the wild type EGFR, additional interactions with these amino acids could
lead us to obtain a mutant-selective TKIs. In this context, we add appropriate chemical groups to take
advantage of the increased hydrophobicity imposed by T790M mutation and the hydrophilicity of
arginine as opposed to leucine (L858R). To this end, a homemade virtual library was generated, and
a three-track virtual screening was applied to identify compounds with a higher affinity toward both
mutated forms (Ebinding < -10 kcal/mol) with respect to the wild type one (Ebinding > -7 kcal/mol)
(Figure 1). The selected hits were therefore synthetized and tested in an activity-based enzyme assay
against EGFR-wt, -L858R/T790M, as well as -L858R/T790M/C797S. From the results obtained, a
nitroflavone-based compound inhibits the phosphorylation of EGFR mutants at low-micromolar

concentration showing a selectivity over the wild type greater than 150. Then, we measured the



biochemical potencies of structurally similar flavone analogues that underlie the importance of both

the presence and position of the nitrophenoxy moiety.
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Figure 1. Flowchart for the discovery of mutant-selective EGFR inhibitors

using the three-track virtual screening and enzyme inhibition assays.

2. Materials and methods
2.1 Materials

The materials and reagents employed in the synthetic procedures 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 (230-400 mesh).

High-resolution MS (HRMS) ESI analyses were performed on a Xevo G2-XSQTof (Waters) mass
spectrometer. Mass spectrometric detection was performed in the in the positiveion mode. The 'H
and 3C NMR spectra were recorded at 400 and 100 MHz, respectively, on a Agilent Technologies
400 MHz Premium Shielded spectrometer. Chemical shifts (5) are reported in ppm relative to TMS
and coupling constants (J) in Hz. Infrared spectra were made by diamond crystal ATR FTIR
spectroscopy on a FT-IR Bruker Alpha and were expressed in wavenumber (cm—1). Insect cells and
media for protein expression were from Expression Systems LLC (Davis - CA, USA), IMAC resin

was from Qiagen, and protein chromatography columns from Cytiva.



2.2 Synthesis
2.2.1 2-hydroxy-5-(4-nitrophenoxy)acetophenone (2)

2,5-Dihydroxyacetophenone 1 (3.01 g, 19.8 mmol) was added to a solution of Cs;COz (12.90 g, 39.6
mmol, 2 eq) in 15 mL DMSO; after stirring for 30 min, 4-Fluoronitrobenzene (2.79 g, 19.8 mmol, 1
eq) was added and the reaction stirred at 50 °C for 24 h. The reaction mixture was then cooled, and
water (150 mL) was added. pH was adjusted to 3 with 5 N HCI and the reaction extracted with EtOAc
(3x300 mL). The combined organic layers were washed with brine, dried over Na>SQyg, filtered and
concentrated. The crude oil was purified by silica-gel chromatography with 20% EtOAc/cyclohexane
to give the desired product 2 (3.8 g, Yield 70%) *H NMR (Acetone-D6, 400 MHz): & 2.69 (s, 3H),
7.08 (d, J=9.0 Hz, 1 H), 7,14 (ddd, J=9.4 Hz, J=3.4 Hz, J=2.1 Hz, 2 H), 7.43 (dd, J=9.0 Hz, J=3.0 Hz,
1 H), 7.83 (d, J=3.0 Hz, 1 H), 8.25 ( ddd, J=9.4 Hz, J=3.4 Hz, J=2.1 Hz, 2 H), 12.21 (s, OH). 1*C
NMR (DMSO-d6, 100 MHz): 6 28.7, 117.1, 120.0, 122.0, 123.3, 126.6, 129.5, 142.5, 145.9, 158.4,
163.9, 203.5.

2.2.3. (E)-1-(2-hydroxy-5-(4-nitrophenoxy)phenyl)-3-(3-phenoxyphenyl)prop-2-en-1-one (3)

2-hydroxy-5-(4-nitrophenoxy)acetophenone 2 (1.20 g, 4.4 mmol) and 3-phenoxybenzaldehyde (0.87
g, 4.4 mmol) were added to a solution of potassium hydroxide (1.23 g, 22 mmol, 5 eq) in methanol
(40 mL). The reaction was stirred for 48 h at 60 °C, and then cooled and acidified to pH 5-6 by adding
5% aqueous HCI. After extraction with EtOAc, the product was purified by column chromatography
using silica gel as the stationary phase and 15% EtOAc/cyclohexane as mobile phase to give the
desired compound 3 as a yellow solid. (1.7 g, Yield 86%). *H NMR (DMSO-d6, 500 MHz): 7.01(dd,
J=0.8, J=8.6, 2H), 7.06 (dd, J=8.2, J=2.0, 1 H), 7.09-7.16 (m, 4H), 7.36-7,42 (m, 2H), 7.45 (dd, J=8.6,
J=2.7, 2H), 7.65-7.73 (m, 2H), 7.84 (d, J=15.7, 1 H), 8.03 (d, J=15.7, 1 H), 8.18 (d, J=2.7, 1 H), 8.21-
8.27 (m,2H), 12.40 (s, OH). *C NMR (DMSO0-d6, 100 MHz): § 116.9, 118.7, 119.8, 120.1, 121.7,
122.0,123.2,123.3,123.9, 125.4, 126.6, 129.9, 130.4, 131.0, 137.0, 142.4, 145.0, 146.0, 157.1, 157.3,
159.8, 164.1, 193.2.

2.2.4. 6-(4-nitrophenoxy)-2-(3’-phenoxy)phenyl-4H-chromen-4-one (4)

lodine (0.20 g, 0.8 mmol) was added to a solution of 3 (3.31 g, 7.3 mmol) in DMSO (20 mL) and the
reaction mixture stirred at 130 °C for 6 h. After cooling to room temperature, the reaction was
quenched with 0.5% NaHSOs (aq) (50 mL). The mixture was extracted with CH2Cl> (3x50 mL) and
the combined organic layers washed with brine (100 mL) and dried over Na>SOas. Volatiles were

removed under reduced pressure to give a residue which was purified by silica gel column



chromatography (petroleum ether/ethyl acetate 1:1) to afford the desired compound 4 (2.6 g, Yield
78%) as a white solid. mp:161-162°C. *H NMR (DMSO-d6, 400 MHz): & 7.06 (d, J=7.8, 2H), 7.07
(s, 1H), 7.13-7.24 (m, 4H), 7.40 (dd, J=8.6, J=7.8, 2H), 7.53-7.59 (m, 1H), 7.61(d, J=3.1, 1H), 7.67
(dd, J=9.0, J=3.1, 1H), 7.78-7.81 (m, 1H), 7.86-7.93 (m, 2H), 8.21-8.28 (m, 2H). *C NMR (DMSO-
d6, 100 MHz): 6 106.9, 114.3, 116.7, 118.1, 118.7, 121.5, 121.6, 121.7, 123.9, 124.6, 126.2, 127.1,
130.2, 130.9, 133.0, 142.8, 151.8, 152.7, 156.3, 157.2, 162.0, 162.2, 176.5. IR(vmax/cm™'): 1643
(C=0), 1347 (NO). Calcd. neutral mass for Co7H17NOs: 451.10559 Da. HRMS: m/z = 452.11
[M+H]*, 474.10 [M+Na]".

2.2.5. 6-(4-aminophenoxy)-2-(3-phenoxyphenyl)-4H-chromen-4-one (5)

A solution of 4 (0.45 g, 1 mmol), Ni(acac). (0.03 g, 0.1 mmol), and Poly(methylhydrosiloxane)
(PMHS) (3 mL, 1.50 mmol) in dioxane (5 mL) was stirred at 80 °C under air atmosphere for the 12
h. After completion of the reaction, monitored by thin-layer chromatography (silica gel), the mixture
was cooled to ambient temperature and purified by silica gel column chromatography using ethyl
acetate/petroleum ether as eluent to obtain the desired compound 5 as light-yellow solid (140 mg,
Yield 72%). mp:169-170°C. *H NMR (DMSO-d6, 500 MHz): § 5.09 (broad s, 2H, NH,), 6.64 (d,
J=6.8, 2H), 6.84 (d, J=7.1, 2H), 7.02 (s, 1 H), 7.07-7.11 (m, 2H), 7.17-7.22 (m, 3H), 7.41-7.46 (m,
3H), 7.56-7.60 (m, 1H), 7.77-7.80 (m, 2H), 7,87-7,90 (m, 1H). **C NMR (DMSO-d6, 100 MHz): §
107.1,108.7,115.5,117.1,119.2,121.0, 121.8,122.0, 122.1, 124.3, 124.5, 124.6, 130.7, 131.4, 133.7,
145.4, 146.6, 151.3, 156.8, 157.2, 157.7, 162.1, 177.2. IR (vmax/cm'): 3441, 3344 (NH) 1626
(C=0). Calcd. neutral mass for C2:H13NOs: 359.07937 Da. HRMS: m/z = 422.14 [M+H]", 444.12
[M+Na]".

2.2.6. 6-(4-nitrophenoxy)-2-(phenyl)-4H-chromen-4-one (4a)

The product 4a has been obtained starting from 2-hydroxy-5-(4-nitrophenoxy)acetophenone 2 (1.20
g, 4.4 mmol) and benzaldehyde (0.47 g, 4.4 mmol) following the same procedure as for compound 4.
(1.03 g, Yield 65%). mp:177-178°C.*H NMR (DMSO-d6, 400 MHz): § 7.09 (s, 1 H), 7.21-7.28 (m,
2H), 7.56-7.67 (m, 4H), 7.71 (dd, J=9, J= 3.1, 1H), 7.95 (d, J=9, 1H), 8.11-8.16 (m, 2H), 8.25-8.31
(m, 2H). C NMR (DMSO0-d6, 100 MHz): § 106.9, 114.8, 118.5, 121.9, 125.0, 126.7, 126.9, 127.5,
129.6, 131.4, 132.4, 143.2, 152.2, 153.2, 162.7, 163.3, 176.9 IR(vmax/cm™"): 1639 (C=0), 1338
(NO2). HRMS: m/z = 360.09[M+H]".

2.2.7 7-(4-nitrophenoxy)-2-(3’-phenoxy)phenyl-4H-chromen-4-one (4b)



The product 4b has been obtained starting from 2,4-dihydroxyacetophenone (3.01 g, 19.8 mmol)
following the same procedure as for compound 4. (3.57 g, Yield 40%). mp:149-150°C *H NMR
(DMSO-d6, 400 MHz):  7.03 (d, J=7.8, 2H), 7.05 (s, 1H), 7.11-7.18 (m, 2H), 7.26 (dd, J=2.4, J=9.0,
1H), 7.32-7.43 (m, 4H), 7.49-7.57 (m, 2H), 7.78-7.81 (m, 1H), 7.84-7.89 (m, 1H), 8.09 (d,J=9, 1H),
8.27-8.32 (m, 2H). 3C NMR (DMSO-d6, 100 MHz): & 107.9, 108.6, 117.3, 118.0, 119.0, 120.0,
120.6, 122.0, 122.1, 124.2, 126.7, 127.8, 130.6, 131.3, 133.4, 144.0, 156.8, 156.9, 157.5, 160.0,
161.2,162.2, 176.8. IR(vmax/cm™!): 1637 (C=0), 1349 (NO). Calcd. neutral mass for C27H17NOs:
451.10559 Da. HRMS: m/z = 452.11 [M+H]*, 474.10 [M+Na]".

2.2.8 5-(4-nitrophenoxy)-2-(3’-phenoxy)phenyl-4H-chromen-4-one (4c)

The product 4c has been obtained starting from 2,6-dihydroxyacetophenone (3.01 g, 19.8 mmol)
following the same procedure as for compound 4 (3.10 g, Yield 35%). mp:170-171°C. *H NMR
(DMSO-d6, 500 MHz): 6 6.88 (s, 1H), 7.00-7.05 (m, 2 H), 7.06-7.10 (m, 2H), 7.16-7.21 (m, 2H),
7.25 (dd, J=0.9, J=7.9, 2H), 7.40-7.45 (m, 2H), 7.55-7.60 (m, 1H), 7.76-7.79 (m, 2H), 7.85-7.92 (m,
2H). *C NMR (DMSO0-d6, 125 MHz): § 109.1, 116.7, 117.1, 117.4, 117.6, 119.2, 119.8, 122.0,
122.2, 124.3, 126.3, 130.7, 131.4, 133.2, 135.4, 142.3, 151.7, 156.8, 157.7, 157.9, 161.0, 1643.2,
175.9. IR: 481.64, 693.38, 846.08, 997.36, 1213.49, 1256.39, 1346.66, 1466.05, 1515.57, 1588.71,
1608.83, 1638.57, 3042.43, 3092.16. IR (vmax/cm™!): 1639 (C=0), 1347 (NO). Calcd. neutral mass
for C27H17NQs: 451.10559 Da. HRMS: m/z = 452.11 [M+H]", 474.10 [M+Na]".

2.3 EGFR modelling, ligand dataset preparation and three-track virtual screening

The TK domain of wild type EGFR, EGFRL858R, and EGFRL858R/T790M/C797S have been
prepared using 3W20 pdb file [13]. A short loop lacking in the starting structure has been modelled,
GalaxyWEB [14] has been used to model the junctions between carboxyl and amino terminal
residues, while DISULFIND online server [15] has been used to predict the disulfide bonding state
of cysteines and their disulfide connectivity. We generated the compounds starting from the flavone
skeleton and adding the functional groups with UCSF Chimera [16]. All molecules have been
parametrized using quantum mechanical 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 docking calculations. The solvent effect
was included by using the implicit water GB/SA solvation method [17]. Each designed TKI with the
calculated charges and the most stable conformation has been added manually, to build up a
homemade virtual library composed by more than 500 molecules. The binding mode of each molecule
has been evaluated in the ATP-binding pocket of wild type EGFR, EGFRW8S8RTM gng

EGFRU8%8RITTO0MICTSTS yith a semiflexible docking approach.



AutoDock Suite 4.2 [18] has been used to investigate the TKI-EGFR interactions. Autodocktools [19]
has been used to add polar hydrogen atoms and partial charges for proteins, while TKIs charges have
been obtained with previously described DFT method. Addsol tool has been used to assign atomic
solvation parameters and fragmental volumes. Flexible torsions in the TKIs have been assigned with
the Autotors module, and all dihedral angles were allowed to freely rotate. Affinity grid fields have
been generated using the auxiliary program Autogrid, and the Mg?* ions parameters have been
included using the additional AD_4.1 bond package parameters.

Since the binding pocket in EGFR-TK domains has been already described [20-22], 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 centered on EGFR-TK pockets
with points spaced equally at 0.375 A intervals. 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), which provides a fast prediction of conformation and free
energy. The number of GA runs is settled to 100, while the maximum number of top individuals that
automatically survive is 0.1. The chosen step size for translation is 0.2 A, and the energy evaluation
is performed using a maximum number of evals of 25,000,000 (long). The resulting docked
conformations have been clustered into groups with similar binding modes by a root mean square
deviation (RMSD) clustering tolerance of 2 A. 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
intermolecular and the torsional free energies is the free-binding energy [19]. This calculated free
binding energy can be related to the inhibition constant (K;) through the known thermodynamic
equation AG=-RT In Kj. PoseView program [23] has been used to plot the 2D TKIs binding poses.
All the best binding modes of each compound have been selected on the basis of the highest
population, which always corresponded to the lowest energy conformation, and by comparing the
binding free energies obtained for the EGFR mutants with respect to the wild type one (lower than -

10 kcal/mol and higher than -7.0 kcal/mol with respect the mutants and the wild type, respectively).

2.4. Molecular Dynamics Simulations

The complexes generated by three mutated EGFR forms with compound 4 that have been obtained
by the previously described docking approach underwent 100 ns of molecular dynamics (MD)
simulations following different steps of minimization and equilibration protocol with CHARMM36
force field [24]. The compound 4 has been 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 [17]. A simulation box of 120 A® has been settled, including 54867 TIP3P water molecules
to solve each system. Na* ions and CI™ ions have been included explicitly to reach the physiological
conditions (0.15 M NaCl) and to neutralize the net charge of the different EGFR proteins. Since the
mutations can give different protein net charge, the number of ions added was different in relation to
the total protonation state of the EGFR model. Solvation and ions were added using GROMACS 5.0.4
[25,26]. A minimization phase composed by 10,000 cycles of steepest descent followed by 5000
cycles of conjugate gradient minimization has been used to converge to the energy threshold of 1000
KJ/mol/nm. The following equilibration step has been adopted for each system with the aim to let the
protein gradually accommodate in the salt-aqueous environment. In all runs, Verlet cutoff [27],
combined with Particle Mesh Ewald (PME) for electrostatics [28] has been applied. The cutoff for
the calculation of the VVan der Waals force was set to 1.2 nm, while the force smoothly was switched
to zero between 1.0 and 1.2 nm. Atom velocities have been 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. Time constant of 1 ps was applied to maintain the reference
temperature (310 K) 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 have been settled with a reference pressure
of 1 atm and a time constant for coupling of 5 ps. Position restraints have been applied to EGFR
proteins, while a shift to the Nosé-Hoover [29] and Parrinello-Rahman algorithm for pressure
coupling [30] has been operated for the production phase in NPT Ensemble. Then, a 100 ns-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. The 2D binding modes of ATP at the end
of MD simulations were detected using Discovery Studio, while the analysis of the simulations’

trajectories was performed by means of the VMD [31] and CHIMERA software [16].

2.5. Enzyme inhibition assays

Recombinant EGFR proteins were purchased from SignalChem (T790M/C797S/L858R: E10-
122V G) or produced (WT and L858R/T790M) as described [32]. Shortly, EGFR wild-type kinase
domain was expressed in Sf9 insect cells and purified in 3 chromatographic steps: IMAC, anion
exchange and size-exclusion (SEC). The final protein was frozen in 25 mM Hepes pH 8, 250 mM
NaCl, 5% glycerol, 2 mM TCEP buffer and stored in aliquots at —80 °C until further use. The
T790M/L858R mutations were inserted by the Q5 site-directed mutagenesis (New England Biolabs),
and the protein was purified as the WT construct. The selected flavone derivatives were screened for



their ability to inhibit the tyrosine kinase activity of the EGFRs using the ADP-GIoTM kinase assay.
This discontinuous assay converts the ADP by-product formed upon EGFR activity to ATP which,
in turn, is quantified with an ATP-dependent, luciferase/luciferin-based bioluminescent reaction. The
kinase activity of each enzyme was measured in the presence of an ATP concentration of 10 uM,
roughly equal to the Km value. Compounds were tested in a 1% DMSO solution. For ICsg
determination, the initial rate of the enzymatic reaction was measured at fixed ATP and peptide
substrate in the absence and presence of various concentrations of inhibitors (typically 0-30 pM).
Using GraphPad Prism, the ICso value was determined by plotting the rates versus inhibitor
concentration and fitting to the equation: Vi = Vo/(1+[1]/1Cs0). Vo and Vi represent initial rates in the

absence and presence of inhibitors at concentration [I].

3. Results and discussion

3.1 Flavone-based drug design and virtual library generation

Among all the chemical skeletons used for the design of novel TKIs, flavone represents a compelling
template (Figure 1): the flat hetero aromatic system, one of the common pharmacophoric features of
EGFR-TKIs, can be easily used to place functional groups in the desired positions [33]. In this
context, natural flavones such as apigenin and their derivatives seem to be very efficient in the
inhibition of EGFR phosphorylation [34,35]. In order to introduce the appropriate chemical groups
on the flavone skeleton, we firstly determined the flavone pose in the ATP binding pocket of the wild-
type EGFR and EGFR8%R/T79M py, 3 focused docking approach. The interactions involved have been
investigated considering that many potent TKIs (e.g., quinazolines) exploit at least one hydrogen
bond (HB) with the hinge region residues (M793 and/or Q791) [10,20,36]. Since our aim is to identify
a scaffold that can target both L858R and T790M mutations independently of those acquiring the
C797S, the design could be performed in the ATP binding pocket of EGFR858R/T790M

From docking results, the most populated binding poses of the flavone molecule had 100%, 98%, and
100% of the conformational population in combination with wild-type, L858R/T790M, and
L858R/T790M/C797S forms. These data indicate the presence of a univocal and reliable positioning
for each studied EGFR receptor. On the other hand, important differences have been found in the
flavone binding affinity in relation to the mutated EGFR type. In detail, an energy of -8.65 Kcal/mol
has been calculated for the binding with wild-type form, and an increase to —5.67 Kcal/mol has been
detected in association with the L858R/T790M form. This underlines a major affinity of the flavone
for the wild-type. Finally, no remarked differences have been observed for the L858R/T790M/C797S
form since the energy value was very similar to that calculated for the L858R/T790M form (-5.49



Kcal/mol). This means that the onset of the third mutation does not influence the binding mode of the
flavone molecule inside the ATP-binding pocket of EGFR.

As shown in Figure 2, the flavone skeleton adopts a different orientation within the EGFR ATP-
binding pockets. In the EGFR858R/TTS0M (Fjg 2B), the flat hetero aromatic system is anchored to the
M793, in the hinge region, through a HB with the carbonyl oxygen, and two =m-alkyl interactions,
respectively, with the B ring and the C>=Cs n system. The positioning of the ligand-receptor binding
seems to be supported by the neighbouring hydrophobic interactions of the phenyl A ring with the
hydrophobic region | (A743 and V730) and Il (L844) of the ATP-binding site. Interestingly, the
mutated gatekeeper residue M790 plays a key role in the stabilization of the flavone-EGFR complex
by interacting with all the three rings of molecule (n-sulphur interaction with A and C rings and n-
alkyl with B) (Fig. 2A). The importance of this interaction is underlined by the different binding
mode observed in the wild-type EGFR form. In fact, the presence of the polar T790 induces the
flavone to adopt a different orientation with respect to that observed in L858R/T790M form, moving
it toward the phosphate binding region level (Fig. 2B). However, based on these results, the L858R
does not seems to have a direct role on the flavone binding mode in these EGFR forms.

Interactions

:I van der Waals I:‘ n-alkyl
- Hydrogen Bond - 7-sigma
I:l n-sulfur m-anion

Figure 2. Focused docking of flavone in the ATP-binding site of (A) wild type EGFR (forest green) and (B)
EGFRU8%8RITT90M (cyan). Carbon atoms of flavone are coloured in green. Hydrogen-bond and m-interactions are represented
with black thick and thin dotted line lines, respectively. From left to right: surface representation of the flavone in the
ATP-binding pocket, detailed binding mode of flavone in complex with EGFR receptors and 2D diagram drawn by
Discovery Studio 4.5 representing the main residue involved in flavone-binding.



The next step is the rational modification of the flavone skeleton following the basic pharmacophoric
features of EGFR-TK inhibitors [37] and exploring how the addition of several groups to the A and
B rings can influence the bind of different flavone analogues in the binding pocket of the
EGFR8%RTTOM (Eigure 3A). It is noteworthy that the C2 and C3 of the B ring direct toward the
vacant binding region comprising R858, K745, and D855 (Figure 3B). This peripheral binding
pocket acts as PB region and represents a vulnerable target for some EGFR mutants because it
includes the R858, a common mutated residue in the EGFR-8%8R/T780M gng EGFR8BRIT7SOMICTITS
addition, the D855, belonging to the Asp-Phe-Gly (DFG) motif of the activation segment, represents,
together with the catalytic K745 residue, a strategic target that can lead to a deregulation of kinase
activity [38]. Therefore, a significant inhibitor potency could be obtained by the addition of a proper
chemical moiety able to induce a strong interaction at this level. Due to the presence of positively
charged amino acids containing H-donor atoms (K745 and R858), we hypothesize that more selective
TKIs could be obtained by the introduction on the B ring of a phenyl head binding the selected
residues by m-cation interactions and of an O-spacer able to promote the formation of HBs with the
H-donor amino acids (Figure 3C-D). In addition, the presence of such an oxygen atom acting as an
electron donator group could also strengthen the w-cation bond with lysine or arginine residues [39],
stabilizing the positioning of the whole inhibitor skeleton at this peripheral binding pocket.

Regarding the A ring, C5, C6, and C7 point toward the hydrophobic region Il (L844) near the hinge
region. Therefore, the addition of a hydrophobic head could improve the stabilization of the inhibitor
in the ATP-binding pocket. Moreover, a polar group linked to the hydrophobic moiety could act as
H-acceptor or H-donor, strengthening the association with the hinge region. Following this rationale,

a structure-based library of potential EGFR TKI has been generated for virtual screening.
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Figure 3. (A) Structure of the flavone. (B) Flavone-EGFRR/T790M complex in which the peripheral binding pocket and
hydrophobic pocket Il of the ATP-binding site is indicated with magenta and light green circles, respectively. (C) Rational
for the drug design of new chemical scaffold for the development of mutant-selective TKIs and (D) summary of the

possible chemical used in the virtual library generation.

3.2 ldentification of the hit compounds by three-track virtual screening and kinase inhibition
assay

Approximately 500 designed molecules are screened through the docking simulations in the ATP-
binding pockets of the EGFR8%8R/T790M 'EGERLESERITIOOMIICTOTS mytants, and the wild-type EGFR.
This three-track virtual screening has been performed to identify potential mutant-selective inhibitors
with binding free energies lower than -10 kcal/mol (strong binders) and higher than -7.0 kcal/mol
(weak binders) with respect to mutants and wild type, respectively (Figure 1). The process has led to
only two molecules that met our filtration criteria showing high binding affinities for the mutants with
selectivity over the wild-type. This small number of virtual hits is due to the difficulty in discovering
a new generation of reversible EGFR inhibitors that are selective only for the mutants. The identified
hits compounds differ from each other only for the presence of a NO.functional group (H-bond

acceptor) in 4 and NH; in 5 (H-bond donator and acceptor) on the phenoxy moiety linked to the A



ring of the flavone core; they can therefore be prepared using the same synthetic route shown in
Scheme 1. The key starting material 2,5-dihydroxyaceophenone 1 has been O-arylated with 4-
fluoronitrobenzene in  the presence of Csx(CO); to obtain the 2-hydroxy-5-(4-
nitrophenoxy)acetophenone 2. The following crossed aldol condensation with the
phenoxybenzaldehyde led to the (E)-1-(2-hydroxy-5-(4-nitrophenoxy)phenyl)-3-(3-
phenoxyphenyl)prop-2-en-1-one 3 that in the presence of DMSO-I» was oxidized to obtain the nitro-
derivate 4 with the target flavone skeleton. The use of Ni(acac)> and PMHS allows to selectively

reduce the nitro group to obtain the 6-(4-aminophenoxy)-2-(3 phenoxyphenyl)-4H-chromen-4-one 5.

F
OH
/O;( CS,CO;, DMSO O/Qir KOH. Methanol
50°C,3h Reflux, 24 h
1
N02 NOZ

/O e /O
0 30°C,6h 0

- O
PMHS, Ni(acac),
1,4-dioxane,
5 80°C,3 h 4
NH, NO,

Scheme 1. Synthesis of selected compounds 4 and 5.

Analysing the results obtained from the focused docking experiments, 4 shows a higher affinity for
both mutants respect to 5 of about 1-2 kcal/mol (Table 1). Therefore, the corresponding calculated

inhibitor constant value (Ki) of 5 is much higher than 4.

Table 1. Population percentage, calculated binding affinity, Kivalues obtained from focused docking and ICsp values of

inhibitors for selected compounds in complexes with mutants and wild type EGFR.



- N 4 5

(e NH,

Wild-type  L858R/T790M  L858R/T790M/C797S  Wild-type L8S8R/T790M  L858R/T790M/C797S

Population
%) 81 72 83 99 45 99
Binding Affinity ., ., 106403 112403 -6.1+03 9.4 40.1 93+02
(keal/mol)
Calculated K;
M) 374 24 17 305 128 166
Kinase activity >150 12 16 >150 39 49

(IC50, pM)

The in silico data agree with the in vitro inhibitory assay (Table 1). As shown, both compounds are
selective for the mutants EGFR while sparing the wild-type one (ICso > 150) underlying the efficacy
of our drug design strategy. However, the best result is obtained with the nitro-derivative 4, which
inhibits the phosphorylation of EGFR mutant forms at low-micromolar concentration. This is
particularly interesting because nitro-aromatics are incorporated within many approved drugs [40],
including Chloramphenicol antibiotic [41], a hypnotic drug such as Flunitrazepam [42], and
Venetoclax [43] which is used to treat chronic lymphocytic leukemia.

By examining the calculated binding mode of the selected hit 4 with the different EGFR mutate forms,
it is possible to rationalize the observed mutant-selectivity (Figure 5) and how the —NH2 group
decreased the affinity for the EGFR-8%R/7%0M gand EGFRL858R/T90MICTI7S \wjth respect to the presence of

the -NO2 moiety.
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Figure 5. Focused docking of 4 in the ATP-binding site of (A) wild type EGFR (forest green), (B) EGFR-858R/T790M
(cyan) and (C) EGFR858RT780MICTITS (go]den rod). Carbon atoms of 4 are coloured in magenta. Hydrogen-bond and n-
interactions are represented with black thick and thin dotted line lines, respectively. From left to right: surface
representation of the ATP-binding pocket with inhibitor, detailed binding mode of 4 in complex with EGFR receptors
and 2D diagram drawn by Discovery Studio 4.5 representing the main residue involved in 4-binding.

In both EGFR mutants, 4 binds the ATP-binding pocket from the hinge to the PB region, showing a
common interaction pattern in these EGFR forms (Figure 5). The nitro group in the para position of

the phenoxy moiety anchors the inhibitor at the hinge region level as bidentate HB ligand forming a



N-H---O interaction with the backbone nitrogen atoms of M793 and a noncanonical C-H---O
interaction with L792 (in EGFR88RTTOM) and G796 (in EGFR\8S8RITTOOMICTITS) - Although the C-
H---O hydrogen bonds are classified as weak interactions, several studies underlie their importance
in the stabilization of the kinase inhibitor complexes [44,45] and their role in increasing the binding
affinity of nitro compounds [46,47].

In addition, the terminal phenoxy moiety, linked to C’3 position of the B ring, is extended toward the
peripheral binding pocket interacting with one or more targeted residues (K745, R858 and D855). As
expected, the whole inhibitor binding mode is stabilized by non-covalent interactions involving the
n-systems of the aromatic moieties. More in detail, regarding the 4-EGFR“8%8RT79M complex, the
phenyl group in A is involved in a w-sulfur interaction with the mutated M790, and in a C-H/x bond
with the hydrophobic clamp motif (A743, L844 and L722) and the C797 residue. All these forces
contribute to direct the nitro group towards the hinge region level and allow it to make the previously
mentioned bidentate HB. The phenyl B ring is instead stabilized by C-H/xn interaction with residues
L862 and A859 in the activation loop and by a w-anion bond with D837 of the highly conserved HRD
motif. As planned, the O-spacer linker on the ring B acts as an H-acceptor atom establishing an N-
H---O HB with the amino group of the K745 side chain; in addition, a VdW interaction with R858
and D855 is observed. Regarding the EGFR858R/TTOOMICTITS ~the nitrophenoxy moiety is again
stabilized by C-H/zn interactions with the hydrophobic clamp motif (A743 and L.722) and by L792,
another residue of the hinge region. In this case, the calculated binding mode shows only a VdwW
interaction with mutated M790 while a direct involvement of R858 is observed. The amino group of
the arginine side chain makes a HB with the O1 of the flavone core and a z-cation interaction with
the phenyl B ring. In addition, D855 contributes to this association by establishing a m-anion
interaction with C>=Cz 7 system of the flavone skeleton while any interaction is observed with K745.
In the wild type EGFR, the nitrophenoxy moiety of 4 does not act as bidentate HB moiety with the
hinge region moving instead toward the region exposed to the solvent. Therefore, we hypothesized
that the interactions with mutated residues (M790, in EGFRBSRTIOM — and R858,
EGFRU-8%8RITTOOMICTS7S) - are the driving force of the mutants-selectivity inhibition. In both EGFR
mutants, the replacement of the nitro- with amino-group prevents the anchoring of 5 at the hinge

region level; therefore, adifferent positioning of the compound is observed (Figure 6).
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Figure 6. Detailed binding mode of 5 in complex with EGFR receptors and 2D diagram drawn by Discovery Studio 4.5
representing the main residue involved in 5-binding. Carbon atoms of 5 are coloured in light brown. Hydrogen-bond and
n-interactions are represented with black thick and thin dotted line lines, respectively. From left to right: surface
representation of the ATP-binding pocket with inhibitor, detailed binding mode of 5 in complex with EGFR receptors

and 2D diagram drawn by Discovery Studio 4.5 representing the main residue involved in 5-binding.

However, the mutant-selectivity is again obtained by the specific interactions with the two mutated
residues, M790 and R858. In fact, in the double mutant, the ©-system of the flavone core makes key
interactions involving M790 (=-sulfur and C-H/x), the hinge region residues M793 (C-H/x) and Q791
(m-0). The terminal aminophenoxy moiety points instead toward a solvent-accessible region making
a N-H---O HB with D800, which seems to be destabilized by the unfavourable donor-donor
interaction with C797. It is worth noting that, any interaction with the phosphate binding pocket is
observed in this case. Interestingly, in the triple mutant, the side chain of R858 shows a similar
behaviour we observed for the 4 making an HB with the O1 of flavone core in addition to HB with
the O-spacer at phenyl B ring level. However, 5 is localized mainly at the PB region, completely
loosing the interaction with the hinge region. Overall, the absence of interactions with the PB region,
in the EGFRME%R/TTOM “and with the hinge region, in the EGFRLSBRTTIOOMICIITS can explain the

decrease in I1Cso values for the nitro analogue 4 (Table 1).



3.3. Evaluation of binding mode stability by molecular dynamic simulations

To address the dynamic stability of the binding modes observed with docking experiments, we
performed molecular dynamics (MD) simulations for EGFRL858R/TT90M gng EGFRLBSERITIOOMICTOTS 4.
complexes. Using the trajectory snapshots, the root mean square deviations have been calculated from
the initial structure (RMSDinit) of the backbone of the double and triple mutants (Figure 7A), and
those for the heavy atoms of 4 (Figure 7B) to estimate the time evolutions of the protein conformation

and the binding mode of 4, respectively.
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Figure 7. Root mean square deviation (RMSD) of (A) EGFR-858R/T790M gnd EGFR-858RTT90MICTO7S and (B) of molecule 4
in complex with mutated receptors. (C) Time evolutions of the hydrogen-bond and 7-sulfur interaction in the

L858R/T790M-4 complex involving the residues in the hinge region, K745 amino acid and M790. (D) Time evolutions
of the hydrogen-bond in the L858R/T790M/C797S-4 complex involving the residues in the hinge region and the side

chain of R858 amino acid.

RMSD values detected for the EGFR forms highlight that different stabilization patterns can be
observed for the complexes when C797S mutation occurs (Figure 7A). In fact, an evident decrease



in the RMSD values can be seen for the system with EGFRLes8RT79MCr97 - Nonetheless, it is worth
mentioning that each system reached convergence after 60 ns of MD simulations, meaning that each
complex finds a proper steady state, being both stabilised when molecule 4 binds the pocket.
Monitoring the molecule behaviour (Figure 7B), even if little differences in the stabilization
pathways are observed between the two models, the RMSD values always remain low undergoing
only small fluctuations, remarking high stability in the binding pocket when this molecule binds both
the EGFR mutated forms.

To verify that the HBs shown in Figure 7C-D would be the most significant binding forces for 4 to
tightly bind in the ATP-binding site of the mutants, we monitored their presence along 100 ns of MD.
After an initial stabilization, we observe in both EGFR mutants a constant presence of the bidentate
HB with the hinge region. Both N-H---O interaction with the backbone nitrogen atoms of M793 and
noncanonical C-H---O with L792 (in EGFR8R/T7®0M) and G796 (in EGFR-8%BR/TTOMICTSTS) annear
to be dynamically stable. In EGFR8%RTT90M e also evaluate the stability of z-sulphur interaction
as the time evolutions of the distance from the sulphur atom of the mutated M790 to the centre of
mass (CM) of the nitrophenoxy moiety linked to C6 of the A ring. Interestingly, this distance falls
within 0.5 nm, which is considered the optimal inter-segment separation for -sulfur interaction [48].
This dynamically stable hydrophobic contact with M790 could have the effect of positioning 4 to
form the HBs in the hinge region of the L858R/T790M mutant (Figure 5). Regarding the
EGFRU-8%8RIT7T90MICTS7S \ye monitor the maintenance of the HB involving the side chain of R858 and
O1 of flavone core. The results show that after 50 ns of MD simulation this interaction is retained,

leading us to assume that it represents the main force that guides the EGFR-858R/TT90MICT7S jnhipition.

3.4 Influence of phenoxy moieties on the inhibitory activity of nitroflavone 4

To find relationships between chemical structure and inhibitor activity of 4, using a similar synthetic
route to that described for 4 (Scheme 1), we synthetised flavone analogues that lack one of the two
phenoxy moieties and in which the nitrophenoxy moiety placed in a different position in the A ring.
Their kinase inhibitor activity has then been evaluated against the EGFR mutant forms; as control,
we also evaluated the kinase inhibition actitivy of Lapatinib the well-known reversible TKI [49]. As
shown in Table 2, the position shift (4b, 4c) of the nitrophenoxy moiety in the A ring of the flavone
lead to the loss or decrease in the inhibitory activity. Interestingly, although with a lower potency,
other mutant-active compound could be represented by 4a in which we remove the phenoxy moiety
linked to the C3’ of the B ring. Overall, these findings are consistent with the critical role played by
the C6-nitrophenoxy, which promote the formation of the strategic bidentate HB with the hinge



region, and that the C3’- phenoxy moiety is important to obtain a more efficient and potent EGFR

inhibition.

Table 2. Structures of 4 analogues and their 1Csq values for the wild-type, L858R/T790M and L858R/T790M/C797S

EGFR.
Chemical substituent Kinase activity (IC50, uM)
Entry R1 R2 R3 R4 Wild-type L858R/T790M |L858R/T790M/C797S
LAPATINIB 0.005 12 > 20
J"J{O @
™0
4 H H i > 150 12 16
O,N
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e} 0
5 H H i > 150 39 49
NH,
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4a H H H N.D.@ 43 41
05N
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4b H H @ 67 > 150 >150
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4c H H @ 106 > 150 73
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@ no significant inhibition was detected at the highest inhibitor concentration



Conclusion

Overall, the flavone-based compound 4 containing a nitrophenoxy group may act as an effective
scaffold for designing novel generation EGFR inhibitors due to its low-micromolar inhibitory activity
against EGFRI8%8M/TT90M anq EGFR8%8MITTS0MICTITS aqded to a good selectivity over the wild-type.
Structural modifications focused on the terminal phenoxy moiety on the B ring could be explored to
reinforce the interaction with the phosphate binding region. Starting from 4, novel TKIs will be
therefore designed to obtain molecules with nanomolar inhibitory activity and shed light on new

strategies to overcome current T790M and C797S mediated resistance.
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