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Abstract

Peptide-based therapeutics have been gaining attention due to their ability to actively target tumor cells. Additionally, several
varieties of nucleotide derivatives have been developed to reduce cell proliferation and induce apoptosis of tumor cells. In
this work, we have developed novel peptide conjugates with newly designed purine analogs and pyrimidine derivatives and
explored the binding interactions with the kinase domain of wild-type EGFR and its mutant EGFR [L858R/ T790M] which
are known to be over-expressed in tumor cells. The peptides explored included WNWKYV (derived from sea cucumber) and
LARFFS, which in previous work was predicted to bind to Domain I of EGFR. Computational studies conducted to explore
binding interactions include molecular docking studies, molecular dynamics simulations and MMGBSA to investigate the
binding abilities and stability of the complexes. The results indicate that conjugation enhanced binding capabilities, particu-
larly for the WNWKYV conjugates. MMGBSA analysis revealed nearly twofold higher binding toward the T790M/L858R
double mutant receptor. Several conjugates were shown to have strong and stable binding with both wild-type and mutant
EGFR. As a proof of concept, we synthesized pyrimidine conjugates with both peptides and determined the KD values using
SPR analysis. The results corroborated with the computational analyses. Additionally, cell viability and apoptosis studies with
lung cancer cells expressing the wild-type and double mutant proteins revealed that the WNWKYV conjugate showed greater
potency than the LARFFS conjugate, while LARFFS peptide alone showed poor binding to the kinase domain. Thus, we
have designed peptide conjugates that show potential for further laboratory studies for developing therapeutics for targeting
the EGFR receptor and its mutant T790M/L858R.
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Introduction

Currently, most cancer treatment options include chemo-
therapy, radiation, and surgery. However, these treatments
may cause complications and side effects due to invasive-
ness and relatively low specificity [1]. Although immuno-
therapy has been gaining traction, it is also associated with
side effects and resistance and the effectiveness can vary
depending upon genetic mutations [2]. Likewise, resistance
to common chemotherapeutic drugs also may result in their
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failure [3, 4]. Thus, various strategies are being developed
for more targeted therapeutics [5]. One approach that has
been gaining importance is peptide-based tumor targeting
due to its greater specificity toward tumor cells [6]. This
approach involves targeting specific receptors that are
expressed by tumor cells which can bind to distinct pep-
tides and elicit signaling pathways involved in tumor cell
proliferation, migration, and invasion [7, 8]. Many of these
receptors become over-expressed in cancer and therefore
are ideal targets for tumor therapeutics [9]. For example,
the sequence VSWFSRHRYSPFAVS obtained from a phage
display library was found to be highly specific for binding to
integrin agB; receptor [10]. In a separate study, it was dem-
onstrated that the neurohormone peptide Bombesin func-
tionalized with gold nanoparticles showed higher uptake and
specificity toward gastrin-releasing receptors that are often
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over-expressed in breast and small-cell lung cancers [11]. In
addition, small molecule-peptide-drug conjugates contain-
ing bioactive peptide sequences have been developed [12].
For example, the low-density lipoprotein receptor (LRP-1)
binding peptide, Angiopep-2, was conjugated with the cell
penetrating TAT peptide and the drug Paclitaxel for target-
ing glioma cells and was found to be highly efficacious [13].

Among the various types of receptors, growth factor
receptors, G-protein coupled receptors, and integrins are
considered ideal targets for therapeutics due to their role
in tumor cell growth and metastasis [14]. In particular, the
epidermal growth factor receptor (EGFR), which belongs to
the tyrosine kinase (RTK) family of receptors, is an attrac-
tive target as it is over-expressed in several types of can-
cers [15-17]. In addition to the overexpression of wild-type
EGEFR, various mutations of EGFR have been observed [18].
These mutations often alter the dimerization and phospho-
rylation threshold of the receptors and thus increase their
activity, leading to chemoresistance, cell proliferation, and
more aggressive tumors [19]. For example, the expres-
sion of the exon 19 deletion (19-del) and exon 21 dele-
tion (21-del) L858R point mutation has been found to be
highly prevalent in non-small cell-lung cancers [20]. Other
known common mutations include T790M and C797S [21,
22]. More recently, some uncommon mutations of EGFR
have also been shown to occur, and these include G719C,
G719A, L861Q, and S768I [23]. Additionally, the L858R
and T790M mutations often coexist in tumor cells and their
combination can cause increased drug resistance toward
multiple EGFR inhibitors [24]. A majority of the EGFR
mutations occur in the kinase domain. The T790M muta-
tion is called the “gatekeeper” mutation due to its position
within the ATP binding cleft [25, 26], while the L858R
lies in the activation loop (A-loop) region [27]. In addi-
tion, the conserved DFG motif plays an important role as
it is part of the A-loop that forms a cleft that binds to the
substrate and controls access of ligands and drugs to the
active site of the kinase domain [28]. Thus, the DFG motif
is also a popular target for drug design [29]. On the basis of
molecular modeling studies, the mono-anilino pyrimidine-
based drug AZD9291 was designed for targeting the EGFR
T790M mutant kinase domain [30]. Since then, several
modifications of the structure have been attempted, and it
was found that an indole ring derivative with 5,6-dihydro-
4H-pyrrolo-[3,2,1-ij] quinolone motif inhibited the activity
of the EGFR T790M/L858R mutant with higher potency
and lower cardiotoxicity. Molecular docking studies demon-
strated that an amino group can act as an H-bond donor with
M793 in the EGFR T790M, while the indole ring aided in
hydrophobic interactions with the hinge region of the kinase
domain [31]. Several 2-anilino-pyrimidine compounds have
been synthesized as analogs of the drug WZ4002 [32, 33]
to enhance interactions with T790M and C797S EGFR
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mutants by incorporating different hydrophilic or hydropho-
bic moieties. Interestingly, a pyrrolo[3,2-d] pyrimidine drug
has been shown to specifically inhibit the kinase activity
of both wild-type EGFR and EGFR [L858R/T790M] [34].
Potent RTK kinase inhibitors including Gefitinib, Erlotinib,
and Osimertinib have also been widely studied [35, 36].
Recently, through in silico and laboratory studies, thioeno
[2,3-d] pyrimidine derivatives have also been developed as
EGFR inhibitors [37].

Peptide-based therapeutics are also being studied for tar-
geting not only the wild-type EGFR, but also its mutants.
For example, in a recent study, the cyclic peptide sequences
CHVPGSYLC and CVNAMQSYC, where the -N and -C
terminal cysteines were connected through a disulfide bond,
were conjugated with the drug camptothecin. The drug con-
jugates were found to specifically target EGFR expressed in
H1299 cells and its mutant, EGFRvIII-expressed in DKMG
cell lines [38]. Additionally, substituted purines and their
bioisosteres have been designed and synthesized as potential
EGFR kinase domain inhibitors [39].

In this work, we have designed new peptide-based purine
and pyrimidine derivatives by conjugating them with the
peptide sequences WNWKYV and LARFFS and explored
their efficacy in binding to the kinase binding domain of the
EGFR and its mutant T790M/L858R. It is well known that
kinase activity increases due to T790M/L858R mutation and
the receptor shows an increased affinity toward AMP, which
leads to higher stabilization of the double mutant EGFR [40]
in the active state. Therefore, developing novel therapeutics
to target this double mutant EGFR kinase domain would
be advantageous. Specifically, the sequence WNWKYV is a
bioactive peptide containing multiple indole ring systems
derived from sea cucumber and has been shown to have anti-
oxidant properties [41]. In previous work, it has been shown
that several antioxidant peptides also displayed anticancer
effects [42]. On the other hand, LARFFS was designed for
targeting EGFR over-expressed tumor cells, and was shown
through peptide library design and docking analysis to bind
to domain I of the EGFR [43]. Given the hydrophobic moi-
eties present in both peptides, we hypothesized that upon
conjugating to purine or pyrimidine moieties, the conju-
gates may show potential for binding within the hydropho-
bic pocket of the EGFR kinase domain. Thus, we utilized a
target hopping approach to explore the binding interactions
of the peptides and their conjugates with the EGFR kinase
domain. Specifically, we explored the binding interactions
with the mutant T790M/L858R and the wild-type EGFR
kinase domain. Target hopping approach has been found to
be fruitful in identifying several drug molecules. For exam-
ple, this approach was utilized to show that lithocholic acid,
a physiological ligand of the nuclear FXR receptor and the
TGRS receptor, could also behave as an antagonist toward
the EphA2 receptor [44].
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The purine derivatives designed include (9-((3R,4R)-2-
(aminomethyl)-4-(hydroxymethyl)-3-(m-toluyloxy) cyclo-
pent-1-en-1-yl)-9H-purin-6-ol, abbreviated as CPU, and
its bioisostere NPU, where we replaced the toluloxy group
with a 5-methyl pyridin-3-yl moiety, leaving all other struc-
tural aspects of the molecule the same. Thus, we designed
9-((3R,4R)-2-(aminomethyl)-4-(hydroxymethyl)-3-((5-
methylpyridin-3-yl) oxy) cyclopent-1-en-1-yl)-9H-purin-
6-ol, abbreviated as NPU. CPU was designed as a mimic
of the molecule (2R,3S,5R)-5-(6-Amino-2-chloro-9H-
purin-9-yl)-3-(benzoyloxy) tetrahydrofuran-2-yl) methyl
2-fluorobenzoate, which is an intermediate in the preparation
of clofarabine, a purine nucleoside analog with antineoplas-
tic and antiviral properties [45, 46]. We replaced the furan
ring with a cyclopentynyl ring that was then attached to a
—CH,OH group at position 4, a -CH,—NH, group at posi-
tion 1, and toluloxy group at position five. The chloro and
amino group side chains attached to the purine moiety were
replaced by hydrogen and hydroxyl groups at positions 2
and 6, respectively, in an effort to enhance hydrophobic and
H-bond interactions with the kinase binding domain of the

Fig.1 Chemical structures of
designed conjugates and pep-
tides studied. WNWKYV moiety
is represented in red, LARFFS
moiety in purple, PYC is shown
in light blue, MPY is shown in
brown, CPU is represented in
green; NPU is represented in
yellow
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receptors. In previous work, it has been shown that a bioisos-
tere of cabozantinib containing trimethylpyridine instead of
benzene in the center of the structure demonstrated enhanced
antiproliferative effects toward multiple tumor cell lines and
greater specificity for hepatocellular carcinoma compared to
cabozantinib [47]. We therefore created the bioisostere of
CPU, namely NPU. Each of these molecules was attached
to the peptide sequences LARFFS and WNWKYV separately.

In a study conducted by Xiao and co-workers, pyrimi-
dine derivatives containing 5-(methylthio) group were
found to be potent against EGFR T790M/L858R mutants
[48]. Thus, for designing the pyrimidine derivatives, we
utilized two small molecules, 2-methylthio pyimidin-
4-amine, abbreviated as MPY, and pyrimidine-4-carbox-
ylic acid, abbreviated as PYC. Both of these compounds
were also conjugated with LARFFS and WNWKV. In the
case of WNWKYV, a second conjugate was also created
with PYC, where the lysine moiety was also attached
to a second PYC molecule. Thus, in total, nine conju-
gates were designed. The chemical structures of all con-
jugates evaluated in this study are shown in Fig. 1 We
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also explored the binding interactions with the neat CPU,
NPU, MPY, and PYC molecules as well as the neat pep-
tides individually. The binding interactions with both
EGFR T790M/L858R and EGFR wild-type were studied
using molecular docking and molecular dynamics stud-
ies as well as MMGBSA analysis. Results of molecular
docking studies revealed that the binding interactions
with WNWKYV were enhanced upon conjugation with
the purine or pyrimidine derivatives with both the wild-
type and the mutant receptor. However, with the excep-
tion of LARFFS-PYC conjugate, the LARFFS conjugates
showed marginal changes in binding affinities compared
to the peptide alone for the wild-type receptor, while
lesser binding affinities were seen for the mutant.

As proof of concept, we synthesized two of the pep-
tide conjugates, WNWKV-(PYC), and LARFFS-PYC for
laboratory studies and explored the binding interactions
with both the wild-type and mutant EGFR receptors using
SPR. Additionally, we also carried out viability studies to
determine if the conjugates showed cytotoxicity toward
EGFR T790M/L858R and wild-type over-expressed
EGFR cells as well as FACS analysis to determine if
apoptosis was involved. Overall these studies reveal that
the conjugates were able to bind to both receptors, though
higher binding was seen for the double mutant receptor.
In the case of WNWKYV, critical H-bond interactions
occurred with the CYS797 residue, along with ASP 800
and PHE 795 in the hinge region, and therefore, it may
be further studied for targeting the triple mutant T790M/
L858R/C797S in future work. The conjugates were found
to form vital H-bond interactions within the active site
residues which were part of activation loop, glycine-rich
loop, or the hinge region. The peptide LARFFS, how-
ever, appeared to bind further into the C-terminal lobe
away from the binding cleft. Conjugation with the pyrimi-
dine derivatives, however, changed the interactions and
the LARFFS conjugates were found to interact within
the binding pocket, particularly with the hinge region
residues.

SPR analysis revealed that WNWKYV peptide had the
lowest KD value for the wild-type EGFR receptor, while
WNWKV-(PYC), had the lowest KD value with the dou-
ble mutant. Furthermore, the conjugates were found to
induce higher apoptosis and cell blebbing in T790M/
L858R expressing cells compared to the wild-type EGFR
expressing cells. In particular, LARFFS peptide and its
conjugates did not show significant induction of apoptosis
in the wild-type cells. Additionally, the purine conjugates,
which were studied computationally, also showed promis-
ing results, particularly with the double mutant receptor
and may be potentially developed as well for future thera-
peutics for targeting the EGFR mutant receptor.
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Methods
Computational methods
Peptide analysis

The Anti-CP 2.0 web server [49, 50] was used to deter-
mine if the peptides utilized in this study were predicted to
demonstrate anticancer activity. The web server employs
support vector machine (SVM) models using amino acid
composition and the SVM scores indicate anticancer char-
acteristics. The web server also predicts the physicochemi-
cal properties of the peptide based on its amino acid com-
position, such as the hydrophobic/hydrophilic character of
the peptide sequence.

Structure design

All nucleotide derivatives, peptides, and peptide conju-
gates were designed using ChemDraw (20.1.1). To pre-
pare the conjugates, the free amine groups of the designed
purine or pyrimidine analog were attached to the carbox-
ylic group of WNWKYV or LARFFS. For WNWKYV with
PYC, two conjugates were designed, where the lysine
group was also attached to the PYC as a second conjugate
through its carboxylic groups. The designed structures
were then transferred to ChemDraw 3D (20.1.1), where
the energy minimization was carried out, producing sta-
ble 3D conformations, and then saved as.pdb files. These
files were then opened on PyMoL (2.5.2) [51] to check for
structural errors and add hydrogens to the ligand.

Sigma profiles and surfaces

Sigma profiles and sigma surfaces were generated in order
to investigate the physicochemical properties of the conju-
gates and the peptides. Each .pdb ligand file was first pre-
pared on PyMoL by adding hydrogens prior to starting the
runs using the software Turbomole, which utilizes ab initio
quantum chemical calculations [52]. The resulting .cosmo
files were then opened on COSMOtherm (2020) to deter-
mine the sigma profiles of each ligand [53]. The sigma
profiles provide a probability distribution of the charge
density of the surface of the designed compounds, rang-
ing from — 0.03 to 0.03 e/A%. The hydrogen-bond donor
region corresponds to ¢ < — 0.0082 e/A2, the nonpolar
region corresponds to — 0.0082 e/A’< o< +0.0082 e/
A2, and the hydrogen-bond acceptor region corresponds
to 6> 0.0082 e/A”. Sigma surfaces were also generated to
visualize the surface charge densities of each ligand.



Molecular Diversity

Receptor processing

The PDB files of wild-type EGFR kinase domain (PDB
ID: 4JQ8) [54] and EGFR kinase domain [L858R /T790M]
(PDB ID: 6S9C) [55] were downloaded from the RCSB
Protein data bank [56]. Any pre-attached ligands and water
molecules were removed in PyMOL (2.5.2). The structures
were exported as.pdb files in preparation for docking studies.

Receptor binding pocket analysis

The.pdb files of the receptors were then uploaded to the
Pocket-Cavity Search Application (POCASA) (1.1) [57]
a web server which performed binding pocket analysis of
each receptor. The standard parameters were used for all
receptors: a probe radius of 2 A, an SPF of 16, a PDF of
18, a grid size of 1 ;A, and an unlimited number of cavi-
ties. POCASA obtained the volume for each surface cavity
by inserting spheres of various radii between atoms in the
receptor and then adding a rolling probe to roll along the
receptor’s surface. The volume of each surface cavity was
filled in with markers. The POCASA results also included
information about the analysis parameters and depth cent-
ers for each surface cavity. The surface cavity information
obtained from POCASA was used to determine the most
probable docking regions to which the ligands could bind for
each receptor. To visualize the H-bond donor/ acceptor sites
within the binding pockets of the receptor, we utilized Des-
mond in Schrodinger Suites version 2023-2 SiteMap Panel
[58, 59]. To begin SiteMap calculation, the cleaned receptor,
which was prepared using the protein preparation wizard,
was displayed on the workspace. The minimum number of
site points required for the initial site-finding stage to define
a site was set to 15 site points. The size of the grid used in
the displayed site maps was set to standard, corresponding
t0 0.70 A. The default distance from the nearest site point at
which to crop the individual site maps for display was set to
4 A. The option to detect shallow binding sites was selected.
When the job was completed, the protein was displayed on
the workspace showing different map types which corre-
spond to hydrophobic, hydrophilic, hydrogen-bond donor,
hydrogen-bond acceptor, and metal-binding regions, which
were color coded. SiteMap not only aided in further con-
firming the binding pockets, but also provided imaging data
showing the areas of the residues involved.

Molecular docking studies

Two separate programs were utilized to conduct dock-
ing studies, namely Autodock Vina v.1.2.0 and Dock-
Thor, thereby allowing further validation of the results.
For Autodock Vina, first the clean .pdb file of the receptor
was uploaded to Autodock Tools (1.5.6.) [60], the water

molecules were removed, and polar hydrogens and Kolman
charges were added before generating a .pdbqt file. On a sep-
arate workspace, the .pdb file of the ligand was also uploaded
to Autodock Tools (1.5.6.) and converted to a .pdbqt file.
Then, both .pdbqt files were added to the same workspace
on Autodock Tools (1.5.6.) where a grid box was gener-
ated around the receptor. The dimensions of the docking
grids were set based on the location of the binding pockets
determined by POCASA, with wild-type EGFR having grid
dimensions of (92 A x 110 A x 100 A) and EGFR [L858R/
T790M] having grid dimensions of (98 A x 126 A x 50 A).
The coordinates of the grid box for wild-type EGFR were
(141.183, 120.587, 200.952) and those of the grid box for
EGFR [L858R, T790M] were (— 24.959, — 57.578, 2.169).
Parameters such as exhaustiveness and energy range were
kept at their default values of 8 and 4, respectively. Each
protein—ligand complex was then inputted on Autodock Vina
v. 1.2.0 [61], which gave a table of optimal binding affinities
and an output.pdbqt file of the ideal binding configuration
for each complex based on RMSD values. The .pqbdt file
was opened in Pymol (2.5.2) along with the receptor to visu-
alize the binding conformation. DockThor utilizes a hybrid
scoring function developed using a mixture of force field-
based, contact-based, and knowledge-based descriptors,
such as DockTScore from the DockThor program provided
through the webserver [62]. For docking studies, using the
DockThor webserver, the cleaned receptors and ligands were
uploaded to the webserver. The grid center parameter for
the wild-type EGFR was (148.081 x 123.146x201.531 A)
and that of the T790M/L858R double mutant was (— 24.93
X —58.91 X — 4.80 A). The corresponding grid size for the
wild-type receptor complex was (36 x36 x40 A), and the
T790M/L858R receptor was (40 x40 x40 A). The results
obtained for the highest ranked models were downloaded
and visualized on PyMOL and the corresponding binding
affinities were recorded.

Binding interactions using protein-ligand interaction
profiler (PLIP)

The binding interactions occurring within each pro-
tein-ligand complex were determined using the Pro-
tein—Ligand Interaction Profiler (PLIP) online interface
[63]. The output .pdbqt file generated from Autodock Vina v.
1.2.0 and the .pdb file of the receptor were opened in PyMoL
(2.5.2) and exported as a single .pdb file to be uploaded
to the PLIP web server. The web server generated results
in .txt format and in .pdb format, both of which illustrated
the residues and distances involved in forming non-covalent
interactions with the ligand. The results were tabulated and
heatmaps were created to illustrate the most common resi-
dues involved in binding across the various ligands.
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Molecular dynamics studies

Molecular dynamics studies were performed on the recep-
tor-ligand complexes using Desmond through Maestro soft-
ware 2023-2 [64] from Schrodinger. For each protein-ligand
complex, the output .pdbqt file generated from Autodock
Vina v. 1.2.0 and the .pdb file of the clean receptor were
opened in PyMoL (2.5.2) and exported as a single .mae file.
In the case of the apo receptors, the .pdb file of the receptor
without the ligand was opened in PYMOL and exported as
a single .mae file. The .mae file was then opened in Maestro
2023-2 to prepare them for molecular dynamic studies. The
structure was checked for any errors, including missing aro-
matic rings, and edited accordingly. In the Protein Prepara-
tion Wizard application in Maestro, hydrogens and missing
side chains were added to the receptors and disulfide bonds
were created. Hydrogen bonds were optimized with a pH
setting of 7.0 and restrained minimization was carried out.
Heavy atoms were converged to 0.30 A RMSD. Using the
System Builder application in Maestro, a 10 Ax10Ax10 A
grid box was formed around the entire protein-ligand com-
plex with the SPC solvent model and OPLS4 force field.
This particular force field offers improved parameters for
proteins leading to enhanced structural stabilization during
MD simulations, improved binding predictions, confor-
mational analysis and binding free energies resulting in an
enhanced model accuracy system [65]. To mimic physiologi-
cal conditions, the complex was surrounded by water and
the system was neutralized with sodium and chloride ions
depending on the charge of the complex. In the Molecular
Dynamics panel, the run time was set for 250 ns and 1000
frames were set to be produced for the trajectory images. An
NPT ensemble class was selected to equilibrate the system
at 310 K and 1.01325 bar followed by relaxation of the sys-
tem through a series of minimizations prior to starting the
run. Once simulations were completed through Desmond,
the resulting out.cms files were analyzed in Maestro 2023-2
using the Simulation Interactions application. This provides
data on the stability of the protein—ligand complexes and
more information about the nature of the binding interac-
tions. Trajectory images at various time points in molecular
dynamics simulation were analyzed to visualize the binding
interactions over time.

MMGBSA studies

Molecular mechanics generalized Born surface area (MMG-
BSA) energy calculations for each ligand-receptor complex
to determine the theoretical free binding energies were car-
ried out. For these calculations, trajectory files generated
from each molecular dynamics simulations were analyzed
using the script thermal_mmbgsa.py. and the average free
energy (as well as the average electrostatic energy, average
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H-bond energy, average lipophilic energy, solvation, and
average van der Waals energy) for the entire 250 ns run was
determined using the Prime module of Schrodinger Suite
2023-02 [66, 67]. The major components contributing to the
total energy across the 250 ns simulation for three separate
simulations were averaged, tabulated, and reported. This
includes coulomb energy, covalent, Van der Waals, lipo-
philic, solv GB (generalized born electrostatic solvation
energy) H-bond, and packing (pi—pi interaction) [68].

Pharmacokinetics predictions

Absorption, distribution, metabolism, and excretion
(ADME) studies were performed on all ligands to pre-
dict their pharmacological properties. For this analysis,
we used ADMETIab 2.0 [69] which utilizes quantitative
structure—property relationship (QSPR) models employed
by a robust multi-task graph attention (MGA) framework to
construct accurate prediction models. Properties predicted
included hERG blocker, MDCK cell permeability, ability
to act as a PgP substrate or inhibitor, and reactivity with
cytochrome P450 enzymes, which are important pharma-
cokinetic factors to consider when designing a drug for use
as a chemotherapeutic.

Laboratory methods
Materials

The peptide sequences, WNWKYV and LARFFS, were
custom ordered from Genscript. N-hydroxysuccinimide
(NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDAC), 11-mercaptoundecanoic acid, ethanol (95%), and
Pyrimidine-4-Carboxylic acid were purchased from Sigma
Aldrich. Dulbecco’s Modified Eagle’s Medium (DMEM)
was purchased from VWR. Fetal bovine serum (FBS), Phos-
phate Buffered Saline (PBS), Antibiotic—Antimycotic, and
Penicillin—Streptomycin-Amphotericin B Solution as well
as Human Lung fibroblast cells, human NCI-H1975 lung
carcinoma cells (CRL-5908), and Human epithelial lung car-
cinoma cells (A549) were purchased from ATCC (Manas-
sas, VA, USA). EGFR (kinase domain) and EGFR (T790M/
L858R) proteins were purchased from Sino Biological or
Thermo Fisher Scientific. FACS buffer was acquired from
BD Bioscience and Annexin V-FITC/PI Apoptosis Kits were
purchased from Elabscience Biotechnology Inc. (Houston,
TX, US). WST-1 assay reagents were bought from Cayman
Chemical. Dasatinib was purchased from Selleck Chemi-
cals. Gold biosensor chips (SF-10 glass, index =1.72) were
ordered from Platypus Technologies and index fluid was
purchased from Cargille.
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Synthesis

We synthesized the peptide conjugates WNWKV-(PYC),
and LARFFS-PYC using standard peptide coupling meth-
ods [70]. For the LARFF conjugates, Pyrimidine-4-Car-
boxylic acid (PYC) (0.0322 M) was dissolved in dimethyl
formamide (DMF). Once dissolved, N-Hydroxysuccinimide
(NHS) (0.05 M) and 1-ethyl-3-(-3-dimethylaminopropyl)
carbodiimide hydrochloride (EDAC) (0.05 M) were added
to the solution, which was shaken at 200 rpm for 1 h at 4 °C
to activate the carboxyl group. Then, LARFFS (0.03 M) was
added to the reaction mixture and shaken at 200 rpm for
48 h at 4 °C. After the incubation period, rotary evaporation
was used to remove the solvent. The product was recrystal-
lized from acetone and water, and then dried using SpeedVac
Vacuum Concentrator. For the WNWKYV conjugate, a simi-
lar method was used, except that the molar concentration
of PYC utilized was 0.062 M to ensure conjugation with
both amino groups of the WNWKYV peptide. The forma-
tion of the products was confirmed by 'H NMR spectros-
copy using a Bruker 400 MHz NMR spectrometer. Samples
were prepared in the solvent DMSO-d6 with 0.03% TMS.
The 'H NMR spectrum showed the following peaks for the
LARFFS-PYC conjugate. § 9.4 (1H, d); 9.3 (1H, 5); 8 9.1
(1H,s); 8 8.3 (1H, s); 6 8.1 (5H, s); 7.9 (1H, 5); 6 7.2 (8H,
d); 67.0 (2H, s); 6.2 (2H, s); 8 5.1 (1H, 5); 5 4.8 (2H, t); &
4.5 (1H, q); 6 4.3 (1H, t); 4.1 (2H, d); 6 3.9 (1H, t); 6 3.4
(2H, t); 3.2 (4H, d); 5 1.8 (4H, m); & 1.6 (m, 2H); & 1.5 (m,
1H); 6 1.4 (3H, d); 5 0.8 (d, 6H).

The '"H NMR spectrum showed the following peaks for
the WNWKV-(PYC), conjugate.  12.1 (1H, s); & 10.5 (2H,
s);89.4 (2H, s); 69.2 (1H, s); 9.1 (2H, d); 9.0 (1H, 5); &
8.3 (2H, d); 5 8.5 (4H, s); 6 7.5 (2H, s); 8 7.4 (2H, 5); 8 7.3
(2H,s); 6 7.1 (2H,d); 57.0 (2H, 5); 5 6.8 (2H, d); 54. 8 (2H,
t); 64.7 (1H, t); 54.5 (1H, t); 54.3 (1H, d); 8 (3.3 d, 4H); 6
29 (2H,t);52.6 (2H,d); 52.1 (1H, m); 6 1.8 (2H,q); 6 1.5
(2H, m); 6 1.3 (2H, m); & 1.1 (6H, d).

Surface plasmon resonance studies (SPR)

Surface plasmon resonance (SPR) analysis is useful for
examining live-binding of peptides or antibodies to spe-
cific receptors, proteins, or antigens [71]. SPR was used
to examine the binding interactions of the conjugates and
neat peptides with the kinase domain of EGFR (Sino Bio-
logical) EGFR Protein, Human, Recombinant (aa 668-
1210, His & GST Tag), and EGFR (T790M, L858R) pro-
tein (Thermo Fisher Scientific). Each study was carried
out in triplicate. Gold chips (Platypus technologies) were
functionalized according to previously established meth-
ods [72]. Briefly, the chips were washed in a 70% ethanol
solution and irradiated with UV light for 10 min. Then,
11-mercaptoundecanoic acid (1 M) was used to fully coat

and functionalize the chips. After an hour, the chips were
coated with NHS (0.01 M) followed by EDAC (0.01 M).
The chips were then incubated for two hours at 4 °C. Then,
either the wild-type EGFR or the double mutant EGFR
solution was allowed to incubate on the coated chips for
4 °C before use. Before beginning binding analysis, the
functionalized chip was placed with gold side down on the
flow sensor and a drop of Cargille’s 7.21 index fluid was
added to the opposite side of the chip before placing the
prism. The system was calibrated and allowed to stabilize
with 1X PBS buffer. Once the calibration run had been
performed, 1X PBS was allowed to run through the system
for 500 s before switching it out for the analyte solution
(peptide or PYC conjugate). The binding interactions of
analyte solutions ranging from 50 nM to 100 uM were
analyzed at room temperature. The analyte was allowed
to run through the system for 2500 s before the 1X PBS
solution was then switched back in and allowed to circu-
late for at least 500 s. The flow rate was kept constant at
30 pL/min. The data from the SPR were then input into
GraphPad Prism 8 (Graphpad Software Inc., San Diego,
CA, USA) to perform a non-linear regression analysis in
order to determine the KD value of each sample. The val-
ues obtained for three separate runs for each sample were
averaged and reported. Statistical Analysis was carried out
using Student’s T tests.

Cell studies

As a proof of concept, cell studies were carried out to
examine cytotoxic effects of the pyrimidine-4-amide
conjugates of both LARFFS and WNWKYV and the neat
peptides. For consistency, cell lines from the same organ
(human lungs) were used to characterize the effects of the
constructs and evaluate specificity. A549 cells (lung car-
cinoma epithelial cells which are known to overexpress
wild-type EGFR) [73], and NCI-H1975 lung cells (ATCC
CRL-5908) expressing EGFR [T790M/ L858R] were
tested. In addition, primary lung fibroblasts (HLF) (ATCC
PCS 201-013) which are non-cancer cells were also com-
pared. All cancer cell types were grown to confluence in
DMEM, which was supplemented with 10% FBS, 2 mL
of 1X Penicillin—Streptomycin-Amphotericin B Solution
(0.004%), and 20 pL of 100X antibiotic—antimycotic mix-
ture. In the case of the lung fibroblasts, those cells were
grown in fibroblast basal medium (ATCC PCS 201-030),
which was supplemented with fibroblast growth kit (PCS-
201-041). All cell types were grown as monolayers in a
humidified incubator set to 37 °C and 5% CO, and moni-
tored on a daily basis. Media were changed every 2-3 days
and cells were split once confluence was reached, which
ranged in time frame from 2 days to a week.
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Cell viability and morphology studies

To examine cell viability, colorimetric tetrazolium-based
WST-1 assays [74] were conducted after treatment with
PYC conjugates or peptides. After removing the media
and washing with PBS bulffer, the adherent cells from the
culture flasks were first detached using trypsin for three
minutes at 37 °C after which it was then neutralized with
culture media. The contents of the flask were then spun
at 500 gs for 5 min at which point the pellet was obtained
and the media were removed and replaced with fresh media
and mixed with the media. The cells were then plated at a
density of 1710 cells/well on a 96-well Falcon polystyrene
plate and incubated for 3 h at 37 °C in a 5% CO, to allow for
attachment to the well plates prior to adding the constructs.
For the assays, six different concentrations of the constructs
were tested (50 nM; 100 nM; 1 uM; 5 uM; 50 uM; and
100 uM) to examine the cytotoxic effects of the constructs
on the cells. Each construct was prepared in an aqueous
solution containing 2% sterile DMSO. Each sample was
added to the wells and allowed to incubate with the cells
for 24 h. DMSO-water (containing 2% DMSO) was added
to the control cells in place of the constructs. Dasatinib
(5 uM) was utilized as a positive control. Prior to use, the
WST-1 developer reagent and the electron mediator solution
were thawed and equal volumes were mixed to prepare the
WST-1 mixture. After 24 h, 10 uL of WST-1 reagent was
added to each well, followed by an incubation period of 3 h
at 37 °C. Then, the contents within the wells of the plates
were gently mixed and the absorbance at 450 nm was read
using a BioTek Eon microplate reader. The mean absorb-
ance of the wells only containing media was subtracted
from all samples. The percentage cell viability was then
determined by subtracting the absorbance of treated cells
from untreated cells and then divided by the absorbance of
untreated cells. The results obtained were then multiplied
by 100. All studies were carried out in triplicate and the
results reported were average values of three independent
experiments. Cells were imaged using an inverted Amscope
IN480TC-20MB 13 microscope at various magnifications
(10X, 20X, and 40X) before and after treatment with
constructs to examine the morphology of the cells after
exposure to the constructs. IC-50 values were obtained by
inputting the cell viability data obtained into Graphpad 9.5
software and by utilizing dose—response calculations. Sta-
tistical analysis was carried out using Student’s T tests and
p values * <0.05 and ** <0.01 were considered statistically
significant.

Apoptosis assay

Apoptosis assays were conducted in order to examine if
the constructs induced apoptosis. For each cell line, cells
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were plated at a density of 1710’ cells/well in a 6-well
Falcon polystyrene tissue culture plate and allowed to
adhere for 24 h at 37 °C in a 5% CO, incubator. Then con-
structs (5 uM) were added to each well and incubated for
24 h before performing an Annexin V FITC-Propidium
Todide Assay [75]. This concentration was chosen based
on the results obtained from viability studies. After 24 h,
the cells were removed from the culture well plates using
trypsin and were centrifuged at 400 gs for five minutes.
The supernatant was then decanted and the pellet was
washed with 1X Binding Buffer, followed by another
round of centrifugation. The pellet was then resuspended
with 50 uL of Annexin V FITC/Propidium Iodide Stain-
ing Solution and incubated in the dark at room tempera-
ture for 10 min. Then, 150 pyL of 1X Binding Buffer was
added along with FACS buffer (50 mL of 1 XxPBS, 1%
bovine serum albumin, and 0.05% sodium azide) which
were then filtered through filter caps into FACS test tubes
to be loaded into the instrument for Flow Cytometry
[76-78]. A BD FACS Melody flow cytometer was used.
Each sample was read at excitation of 488 nm and emis-
sion of 525 nm for the Annexin V FITC staining solution
and 655-730 emission for the propidium iodide staining
solution. The total number of events was kept at 10,000
for every sample. Results were then analyzed using the
software FlowJo v10.9. Each scatter plot was gated on
the FSC-A/SSC-A control pseudo color sample plot, fol-
lowed by the FSC-A/FSC-W and SSC-A/SSC-W plots.
The population was then plotted as Annexin FITC-A/Pro-
pidium Iodide-A with a biexponential scale to incorporate
all events in each window of the quadrant gate. The gates
were then all copied to the remaining samples to quantify
the frequency of each event.

Characterization
Surface plasmon resonance

As proof of concept, the binding affinities of the compounds
WNWKV-(PYC),, and the neat peptides were studied for both
wild-type and T790M/L858R double mutant EGFR using a
GWC Horizon SPRimager II instrument.

FACS

Fluorescence-Activated Cell Sorting (FACS) Flow Cytometry
was conducted using a BD FACSMelody flow cytometer. The
results of the flow cytometry experiments were analyzed using
FlowJo v10.9 software.
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Results and discussion
Peptide analysis

We utilized the antiCP web server 2.0 to predict the anti-
cancer potential of the peptides WNWKYV and LARFFS.
The WNWKYV sequence displayed an SVM (support vector
machine) score of 0.63 (63%) and LARFFS showed a SVM
score of 0.79 (79%). Both peptides were predicted to be
anticancer peptides. Additionally, the hydropathicity score
for LARFFS was found to be 0.98 with a hydrophilicity of
— 0.67, while the hydropathicity score for WNWKYV was
— 1.00, and the hydrophilicity score was — 1.02. Further-
more, the amphipathicity score was higher for WNWKYV
(0.73) compared to LARFFS (0.43). This study provided
confirmation that the peptides had anticancer properties.

Sigma profiles

To determine the physicochemical properties of the pep-
tides and their conjugates, we utilized COSMOS-RS. Con-
ductor-like Screening Model with Real Solvents (COSMO-
RS) utilizes a statistical thermodynamics methodology to
determine the solubility properties, chemical potential, and
activity coefficients of molecules in a mixture based on
quantum chemical calculations [79].

Furthermore, COSMO-RS has been used to generate
molecular surface charge distributions based on the 3D
distribution of charges on the surface of molecules in the
form of sigma profile plots. The sigma profiles provide
comprehensive information about the polarity distribu-
tion of molecules and therefore provide vital information
about the H-bond donor and acceptor capabilities of the
molecules [80]. The sigma surfaces and sigma profiles for
each group of peptide conjugates and the unconjugated
molecules are shown in Fig. 2. Results for WNWKYV and
its conjugates are shown in Fig. 2a which indicated that
the neat peptide had a hydrophobic character due to the
presence of tryptophan and valine. The carbonyl groups
(from amide linkages) contribute to the H-bond acceptor
region peak at (0.015 e/A?) [81]. Notable peaks in the
hydrophobic region of the sigma profile of WNWKYV were
seen at — 0.003 e/A2 and 0.008 e/A”.

The sigma profiles of WNWKYV-CPU and WNWKYV-
NPU, while relatively similar to each other, indicated
greater hydrophobic character than the other WNWKYV
conjugates. Since both CPU and NPU contain purine
moieties, as well as a cyclopentynyl ring with an addi-
tional toluloxy (CPU) or pyridyl moiety (NPU), higher
hydrophobicity is displayed for those conjugates. It is well
known that purine moieties can alternate between H-bond
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Fig.2 Comparison of sigma profiles and sigma surfaces of a
WNWKYV and its conjugates with NPU, CPU, MPY and PYC; b
LARFFS and its conjugates with NPU, CPU, MPY and PYC; ¢
Unconjugated compounds NPU, CPU, MPY, and PYC

donor and H-bond acceptor capabilities [82]. Thus, the
relatively strong peak displayed at 0.008 e/A? in the
hydrogen-bond accepting region is attributed to the NPU
and CPU moieties due to the additional H-bond accept-
ing capabilities of the purine ring systems. The results for
WNWKV-MPY and WNWKV-PYC were relatively simi-
lar to that of WNWKYV alone, though WNWKV-(PYC),,
where both the free amino groups of WNWKYV are conju-
gated with PYC, was found to be more hydrophobic due to
the presence of two pyrimidine groups. WNWKV-(PYC),
displayed a strong peak in the hydrogen acceptor region
at 0.018 e/A? due to the two pyrimidine groups attached
to the WNWKV. In addition, all conjugates also displayed
a short peak in the H-bond donating region due to the
presence of -NH from amide groups of the peptide, the
contribution from the side chain amino group of lysine,
and the free carboxyl groups. The sigma surfaces allow
for visualization of the charge densities of a molecule’s
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surface. The red regions of the sigma surfaces indicate
the location of hydrogen-bond acceptor surfaces, the
blue regions indicate the location of hydrogen donating
surfaces, and the green and yellow regions indicate the
location of nonpolar and neutral regions. Thus, higher
green and red regions are seen for the WNWKV-CPU and
WNWKV-NPU conjugates, which corroborated with the
sigma profiles, while higher blue region was seen for the
WNWKV-MPY conjugate.

The results of LARFFS and its conjugates are shown in
Fig. 2b. A similar trend as that of the WNWKYV conjugates
was seen, where the LARFFS-CPU and the LARFFS-NPU
conjugates showed the highest peaks in the hydrophobic
region. The presence of the guanidino group from arginine
residue also contributes to the peak within the hydrogen
accepting region as well as higher hydrophobicity [83].
LARFFS-MPY showed slightly less hydrophobic charac-
ter than LARFFS alone. In fact, LARFFS-MPY displayed a
split peak in the hydrophobic region with one of the peaks
leaning toward H-bond donor region due to the presence of
the thio-methyl group being attached to the pyrimidine ring
[84]. Interestingly, LARFFS-PYC had virtually the same
sigma profile as LARFFS alone. Thus, while conjugation
with MPY generated notable differences in the sigma pro-
files, conjugation with PYC had relatively less effect on the
physicochemical properties.

We also compared the properties of the unconjugated
pyrimidine and purine derivatives. Overall, the hydropho-
bicity was markedly reduced in all cases compared to the
peptide conjugates due to the lack of the peptide moieties.
As shown in Fig. 2¢, CPU and NPU showed greater hydro-
phobic character than either MPY or PYC, both of which are
significantly smaller structures. Both CPU and NPU shared
a similar peak in the hydrophobic region and similar sigma
surfaces. For CPU, however, the hydrogen acceptor peak
was shifted more toward the left closer to the hydropho-
bic region. This is expected as CPU has a nonpolar toluene
ring system compared to the more polar pyridyl ring system
seen in NPU. Both MPY and PYC showed comparatively
short peaks in the hydrophobic region due to smaller size.
However, PYC also showed small peaks in both the hydro-
gen donating and hydrogen accepting region, as would be
expected due to the free carboxylic group and the pyrimidine
ring system. Thus, overall, the conjugates showed higher
H-bond donor/acceptor capabilities as well as higher hydro-
phobicity due to incorporation of the peptides and there-
fore may potentially lead to greater interactions with the
receptors.

Receptor analysis

The potential locations and volumes of the binding pockets
of the kinase domain of the receptors were first determined
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Fig.3 Comparison of binding pockets obtained from POCASA. a
Wild Type EGFR; b Double Mutant T790M/L858R EGFR

Table 1 Binding Pocket Analysis from POCASA

Rank number Pocket number Volume (A) VD value
Wild type EGFR
1 190 426 1345
2 122 183 502
3 57 85 215
4 374 93 201
5 12 37 85
[L858R/ T790M] EGFR
1 261 363 1025
2 37 182 508
3 19 47 145
4 27 43 116
5 32 33 84

through the POCASA web server. Results are seen in
Fig. 3 and Table 1. For wild-type EGFR, the pocket ranked
number 1 by POCASA had a volume distribution (VD)
value of 1345. The next highest ranked pocket had a VD
value of 508 and the fifth highest ranked pocket had a VD
value of 85. Thus, the wild-type EGFR is predicted to have
one large binding pocket, which is seen in Fig. 3a. For
EGFR [L858R, T790M], the binding pocket ranked num-
ber 1 by POCASA had a VD value of 1025. The pocket
ranked number 2 had a VD value of 508, and the pocket
ranked number 5 had a VD values of 84. As with wild-type
EGFR, the number 1 ranked pocket was significantly big-
ger than the other binding pockets (Fig. 3b). However, the
VD value of the highest ranked pocket for EGFR [L858R/
T790M] was lower than that of wild-type EGFR.

To gain further insight about the binding sites of the
wild-type and the double mutant (T790M/L858R) kinase
domain of the EGF receptors and to locate binding sites,
we utilized SiteMap from Schrodinger Suite. Specifi-
cally, SiteMap can display regions within the binding site
appropriate for occupancy by hydrophobic groups or by
ligand hydrogen-bond donors, H-bond acceptors, or metal-
binding functional groups. This allows for evaluation of a
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Fig.4 Comparison of predicted binding sites within the a wild-type
EGFR receptor; b Double mutant receptor (T790M/L858R). White
dots are indicative of the binding pocket regions, some of the residues
within the pockets are labeled. The specific regions within the bind-
ing pocket are color-coded as follows. Hydrophilic regions—green;
hydrophobic-yellow; Hydrogen bond donor region- blue; H-bond
acceptor region is indicated in red

potential drug molecule’s complementarity with the recep-
tor. The results obtained are shown in Fig. 4.

As can be seen, there are several H-bond donor and accep-
tor regions as well as hydrophobic regions which encompass
the binding pocket of the receptors. These involve residues
from the activation loop, Glycine rich P-loop, and the hinge
region [85, 86]. In the case of the double mutant, residues in
the region deeper into the C-lobe region (residue numbers
higher than 900) are also seen. Overall, there appears to be
relatively more hydrophobic regions in the case of the dou-
ble mutant receptors, while both receptors displayed H-bond
donor and H-bond acceptor regions within the receptor.
These results imply that it is likely that the conjugates may
interact more favorably through hydrophobic interaction
with the double mutant receptor, while also interacting with
the H-bond donor—acceptor groups of the receptors through
complementary regions of the ligands.

Molecular docking studies

In order to examine the binding interactions of the designed
conjugates, the individual pyridine and purine-based com-
pounds, and the peptides with EGFR (wild) and T790M/
L858R EGFR, we conducted molecular docking studies
using two separate docking methodologies, AutoDock Vina
1.1.2 and DockThor. AutoDock Vina utilizes algorithms that
search for the conformation of flexible ligands by a stochas-
tic global optimization of the scoring function. The binding
score is evaluated by an empirical scoring function, which
comprises the sum of six weighted energy terms as follows:

AG = Ws; X gaussl + Ws, X gauss2 + W, X Repulsion
+ Whp X Hydrophobic + Whb x HB + WrotNrot,

where the first three terms describe steric and Van der Waals
interactions, while the last three terms indicate hydropho-
bic, H-bonds, and changes in torsional entropy upon binding
[87]. On the other hand, the DockThor program is primarily
utilized to examine docking of highly flexible ligands [88,
89] such as peptides. Because we are exploring relatively
short peptides and small molecule-peptide conjugates, we
compared the results obtained from AutoDock Vina with
the DockThor program for examining protein—ligand dock-
ing. The DockThor program utilizes the MMFF94S force
field, and the scoring function for the binding energy is a
sum of various intermolecular interactions including Van der
Waals forces and electrostatic potentials; torsional entropy,
protein-ligand lipophilic interaction, and polar solvation
that takes into consideration the loss of polar interactions of
the charged groups following binding and also a nonpolar
solvation term, that is proportional to the solvent-accessible
surface [90]. A comparison of the results of binding affini-
ties obtained from the docking studies using both methods is
shown in Table 2. In general, a common trend seen in most
cases for both the double mutant and wild-type receptor was
that the binding affinities were higher for the WNWKYV con-
jugates and peptides compared to the LARFFS conjugates,
the exception being the LARFFS-PYC conjugate result seen
using AutoDock Vina for the wild-type receptor. In addi-
tion, the binding affinities of the neat peptides LARFFS
and WNWKYV were comparable for the wild-type using
both docking methods, while LARFFS displayed a slightly
higher docking score using the DockThor program for the
double mutant receptor. Overall, in most cases, the numeri-
cal values of the binding affinities obtained were slightly
higher for the DockThor program compared to AutoDock
Vina, which is expected given that the methodologies uti-
lized for scoring function are different for the two software
as described earlier. Overall, the highest binding scores with
the double mutant and the wild-type EGFR kinase domain
were obtained for the purine derivatives when conjugated
to WNWKYV. Among the pyrimidine derivatives, higher
binding affinities with comparable scores for both receptors
were seen for WNWKV(PYC),. The LARFFS-PYC conju-
gate, however, showed a relatively higher binding toward
the wild-type receptor compared to the double mutant. As
expected, the unconjugated PYC and MPY molecules dis-
played the lowest binding, affinities, indicating that conju-
gating with the peptides enhanced binding affinities toward
both receptors.

Binding interaction analysis
To further explicate these results, we conducted PLIP

analysis of the docked conjugates and peptides with both
receptors. Results of the interactions are shown in Tables 3
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Table 2 Binding affinities of

N N . AutoDock Vina DockThor AutoDock Vina DockThor

peptides, peptide conjugates,

and pyrimidine/purine Compounds EGFR EGFR EGFR [L858R/T790M] EGFR

derivatives with EGFR and [L858R/

EGFR [L858R/ T790M] (Kcal/ T790M]

lr;lgg(ﬁ?gtamed from Molecular WNWKV — 60 87 70 82
WNWKV-CPU - 10.3 -95 — 8.8 - 8.7
WNWKV-NPU -89 -9.7 -9.0 —10.0
WNWKV-MPY -17.3 - 8.1 -17.5 -79
WNWKV-PYC - 6.7 -85 - 8.9 - 8.1
WNWKV-(PYC), -8.0 -8.2 - 8.0 -8.2
LARFFS - 6.1 -8.7 - 6.6 - 8.9
LARFFS-CPU -74 -8.0 - 6.5 - 8.5
LARFFS-NPU -7.1 -89 - 6.9 -9.7
LARFFS-MPY -57 -8.2 -538 -7.8
LARFFS-PYC -84 -82 -5.0 -173
CPU —-7.8 -7.6 —-69 - 6.6
NPU —-6.5 -79 -7.1 -7.7
MPY —4.7 -7.0 —42 —-6.5
PYC -50 -6.1 - 4.6 -59

and 4 which highlight H-bond interactions and hydropho-
bic interactions, respectively. As can be seen in the case of
the wild-type EGFR kinase domain, while both LARFFS
and WNWKYV and their respective conjugates showed
a few commonalities in interactions within the binding
pocket, some of the residues involved were different.
Interestingly LARFFS-PYC, LARFFS-NPU, WNWVKV-
NPU, WNWKV-CPU, and WNWKV-(PYC), showed
H-bond interactions with the DFG motif residue ASP
831 [91]. This is a critical interaction found in a number
of EGFR inhibitors and is therefore promising. Addition-
ally, WNWKV-CPU, WNWKV-NPU, WNWKV-MPY, and
LARFFS-CPU displayed H-bond interactions with MET 769
in the region just following the aC-helix, which has also
been implicated in interacting with several EGFR inhibitors
[92]. The most prominent residue involved in hydrophobic
interactions was PHE 699 from the gly-rich P-loop region
[93] which interacted with all of the conjugates except
WNWKV-MPY; neat LARFFS and LARFFS-MPY. Other
common residues involved in interacting with multiple con-
jugates included LYS 721, VAL 702 CYS 773, and ASP
776. In addition, LEU 694 also displayed multiple inter-
actions with WNWKV-CPU, WNWKV-NPU, WNWKYV-
MPY, LARFFS-PYC, and LARFFS-CPU. The neat peptide
WNWKYV and LARFFS-PYC displayed H-bond interactions
with catalytic loop residues ASP 813, ARG 817, and ASN
818, while neat LARFFS showed several H-bond interac-
tions with SER 888, ARG 779, and LYS 889. In addition,
interactions with PRO 853, which is also part of the activa-
tion loop are also seen [94] in the case of WNWKV-PYC
and WNWKV-CPU. While one of the indole rings in neat
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WNWKYV did participate in a salt-bridge interaction with
LYS 855 wild-type EGFR, the tryptophan side chains of
WNWKYV and the purine derivative conjugates generally
participated in H-bond interactions rather than hydrophobic
interactions. These H-bonds were formed with the -NH in
the indole rings of tryptophan (Supplementary Information
Figures S1 and S2). However, the indole rings in the pyrimi-
dine derivative conjugates tended to form more hydrophobic
interactions than H-bonds. A salt bridge was also observed
between WNWKV-PYC and ARG 817. One notable excep-
tion to this trend was seen for WNWKV-MPY, which
showed the Trp moiety forming multiple H-bond interac-
tions with MET 769.

For the T790M/L858R double mutant, the most promi-
nent H-bond interaction was seen with the activation loop
residue ARG 841, which was common for WNWKYV and all
of its conjugates with the exception of WNWKV-(PYC),,
with which it showed a hydrophobic interaction. ASP 800
and CYS 797 from the hinge region were also found to form
H-bonds across most of the WNWKYV conjugates and the
WNWKYV peptide. Exceptions included WNWKYV-CPU
and WNWKV-MPY which did not display any interaction
with CYS 797. WNWKV-MPY also did not display H-bond
interactions with ASP 800. Interestingly, ASP 855 from the
activation loop also formed H-bonds with WNWKYV-CPU,
WNWKV-MPY, and WNWKV-(PYC),. Other residues that
showed interactions with most of the WNWKYV conjugates
included LEU 718, which not only formed H-bonds but
also displayed hydrophobic interactions. Remarkably, VAL
726 and PHE 723 displayed hydrophobic interactions with
WNWKY and all of its conjugates implying their important
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Table 3 Hydrogen bond interactions of WNWKYV (W) and LARFFS (L) and its conjugates with wild-type EGFR and double mutant EGFR

kinase domain

W-CPU W W-NPU W-MPY W-PYC _W-(PYC): W-CPU W W-NPU  W-MPY
ALA7lg |ASP8I3 | MET769  ASP776 LEU718 LEU718
ARGS817 MET769  ASP813  ASP831 PHE795  GLY 796
MET769 CYST3  apGgr7  ASP83L
GLU734  LYS851 oo - ASP831
GLU738 LYS855 = CYS773 ASPE31
THR766 ASP776 GLY833
MET769
MET769 THRS830 LYS 879
CYS773 ASP831 LYS 913
CYS773 ARIPELE
ASP776 ASP 916
ASP831
L-CPU L L-NPU  L-MPY L-PYC L-CPU L-NPU L-MPY  L-PYC
PHE771  GLN958 = ARG817 ASN802 LYS716 LYS754 %%U
LEU
CYS773  LYS889 | ,qpes; ASN802 GLU734 LYS728 GLU7S8 oo
ASP776 ASP83]  GLUS05  GLU734 PRO794
GLY833 ARGS808 ARG8I12 LYS846
ILE854  ARGS08 = ASP8I3 HIS850
ARGS817 ARG808 ~ ARGS817 GLU1015
THR885 ALA840 - VAL876
HIS869 | ASP831
LYS936 | ASP831
LYS836

*Residues that appear only once are shown in white background. Color coded residues indicate that those residues were involved in interacting

more than once either with the same or different ligands

role in binding with those conjugates. Moreover, PHE 723
also promoted n—x stacking interactions with WNWKYV and
its conjugates. Additionally, ALA 722 was found to form
H-bond interactions with WNWKV-(PYC),, LARFFS, and
with LARFFS-NPU, while ALA 743 from the aC-helix
region displayed hydrophobic interactions with WNWKV-
CPU, WNWKV-NPU, WNWKV-(PYC),, and WNWKYV. Of
note is the fact that LARFFS-CPU showed a unique H-bond
interaction with GLU 1015 and hydrophobic interaction with
VAL 1010, which are part of the C-terminal tail region of the
kinase domain, while also interacting with the hinge region
residues PRO 794 and PHE 795 as well as the activation
loop residue HIS 850 and with p3/aC region residues LYS
716 and LYS 728. LARFFS-NPU and LARFFS-MPY also
showed interactions with the activation loop residue ARG
841. In addition, both LARFFS-NPU and WNWKV-NPU

formed H-bonds with ILE 878. Overall, LARFFS-PYC
showed the least number of interactions (four hydrophobic
and two H-bonds) with the double mutant receptor, while
the peptide WNWKYV showed the highest number of hydro-
phobic interactions (twelve) and WNWKV-NPU formed
the highest number of H-bonds. These results are promising
given that the conjugate appears to make critical interactions
with residues within the ATP binding cleft of the kinase
domain that were found to interact with previous drugs that
were designed. The binding interactions are likely enhanced
due to the presence of the indole moiety in the WNWKV
peptide and its conjugates, which has been shown to be
effective in previous work in binding to EGFR [95].

We also compared the binding interactions of both recep-
tors with the four individual molecules without conjuga-
tion (CPU, NPU, PYC, and MPY). Results are shown in
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Table 4 Hydrophobic interactions of WNWKV (W) and LARFFS (L) and its conjugates with NPU, CPU, MPY, and PYC with wild-type EGFR

and double mutant EGFR kinase domain

w W-PYC W-(PYC)2
PHE699 ALA698  PHE699
PHE699 PHEG99  PHE699
PROS853 ;’A”O VAL702 PHE699
PHE699 PHE699 ’;LA” ?RGSI VAL702
VAL702 | LYS855 ;’A”O PHE771
VAL702 | in:dess LEUS20 PROgs3 LEUT23
ALA89  GLU73
TYRTTT . pROSS3 ALAT3I
PROS53 ILE735
ARG817
L-CPU L L-NPU L-MPY L-PYC
ILE914  PHEG699 ?LUSO -
PRO913 LEU723 LYS843 PHEG99
LU
PHE699  PRO9I3 Z‘LL” HIS869  PHEG699
VAL702 | PRO910 [MIBSREA OGLN87 PHE699
LEu7es  PHESS6 [RIBEEEE VAL702
TRP881 VAL702
TRP881 VAL702
ARGS81
LYS782 7
LYS851

W- W-
W-CPU w W-NPU MPY W-PYC PYO)2
LEU718 LEU718 PHE723 PHE723 LEU718 LEU718
LEU718 LEU718 PHE723 PHE723 LEU718 PHE723
LEU718 PHE723 PHE723 PHE723 PHE723

PHE723 PHE723 PHE723  LEU799

LEU844 ALA743

LYS728 LEUS44

ALA743 ALA743 ALA743 LYS913

LEU792 ASP855

LEU844

PRO794 LEU799 PRO877
LYS879
TRP880
L-CPU L-NPU L-MPY L-PYC
LEU730 IDNOPZYAS PHE723  ALA722

PRO794 LEU747 [gsiogbki 1EU747 LEU703

ILE759 LEU799 BBty LEU703

ARGS85
8

TRP880

LYS913

ILE759 GLU758

LEU1017
GLU100
5 8

VAL 1010

ARG85

LYS875 VALS876

VALI1010 LYS875 LYS913

LYS875

*Residues that appear only once are shown in white background. Color coded residues indicate that those residues were involved in interacting

more than once either with the same or different ligands

Supplementary Information Figure S3. As expected, rela-
tively lesser number of interactions were seen with the
individual molecules. With the wild-type EGFR, (Supple-
mentary Information Table S1) CPU formed hydrophobic
interactions close to the P-loop region with LEU 694 in addi-
tion to B1 and C-helix residues. One hydrophobic interaction
was seen with LEU 820 in the helix-2 region. Interactions
with NPU, on the other hand, included those with the DFG
motif residue ASP 831, as well as with the A-loop residues
GLY 833 and LEU 835. An H-bond interaction with the
catalytic loop residue ASP 813 was also seen in addition to
PHE 699 from the Gly-rich P-loop. Thus, NPU seemed to
have more critical binding interactions within the binding
pocket compared to CPU implying that the pyridyl moiety
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has higher interactions compared to the toluene containing
CPU. Compared to NPU and CPU, MPY and PYC displayed
fewer interactions. MPY only showed interactions with three
residues (THR 766, LEU 764, and LYS 721), while PYC
showed one interaction with the DFG motif residue ASP
831 in addition to LYS 721 and GLU 738. With the T790M/
L858R receptor, (Supplementary Information Table S2)
CPU showed one interaction with the A-loop residue ARG
841, while other interactions such as LEU 747, GLU 758,
and ILE 759 were seen within the C-helix region. ALA 722
from P2 region was also involved in one H-bonding interac-
tion. NPU, on the other hand, displayed H-bond interactions
with the hinge region residue MET 793, in addition to other
interactions from P1-PB2 region residues and one interaction
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with LEU 844 of the activation loop. MPY interestingly only
formed four H-bonds with ASN 771, VAL 774, LYS 852,
and ASP 1014. No other interactions were observed. PYC
showed even fewer interactions (three H-bonds). Although
the interactions were closer to the catalytic loop residues
(SER 811 and GLN 812), one interaction was observed fur-
ther into the C-lobe with GLN 976.

Overall, conjugation with the peptides generally increased
the number of interactions with the receptors. In particular,
the LARFFS-CPU conjugate showed interactions away from
the binding pocket toward the C-terminal domain with the
double mutant EGFR, while it showed interactions within
the binding pocket hinge region for the wild-type receptor.
Furthermore, WNWKYV and its conjugates were found to
make higher number of binding interactions within the bind-
ing pocket residues of A-loop, P-loop, hinge region, and in
some cases, the catalytic loop regions compared to those
seen for LARFFS and its conjugates. The LARFFS-PYC
conjugate, however, showed the highest number of interac-
tions within the binding pocket among the LARFFS conju-
gates with the wild-type EGFR compared to that seen for the
double mutant. Interestingly, it also showed the least number
of interactions with the double mutant receptor.

Molecular dynamics studies

Because overall docking studies indicated higher binding
affinities with the peptides and conjugates, MD simulations
were conducted with the conjugates and the neat peptides
in order to gain further insight into the stability of the pro-
tein-ligand complexes. All MD simulations were performed
over 250 ns and the results reported are an average of three
independent simulations for each complex. Results of the
root mean square deviations for the receptor Co and that
of ligand bound receptors are shown for Fig. 5. In general,
as can be seen in the case of the wild-type receptor, the Ca
RMSD (Fig. 5a) attained stability after 50 ns and remained
stable without any significant deviations for the rest of the
simulation. The apo receptor displayed the lowest RMSD
values as expected (0.8 nm), while the Ca for LARFFS-
NPU stabilized at 1.2 nm, which was the highest. All oth-
ers displayed values in the range of 0.9 nm to 1.1 nm. The
protein-ligand complex with the wild-type kinase domain
of EGFR RMSD plots (Fig. 5b) displayed stability and
very minimal difference with the Ca RMSD for most of
the WNWKYV conjugates when complexed with the wild-
type EGFR. In particular, WNWKV-PYC, LARFFS-PYC,
WNWKV-NPU, WNWKV-(PYC),, and WNWKV-MPY
showed RMSD values between 0.6 nm and 1.2 nm at the
end of the simulation. In the case of WNWKV-CPU, for
the first 40 ns, the RMSD was low (0.4 nm). However, it
continued to increase over time, reaching 1.7 nm by the end
of the simulation. This indicates that, compared to some of

the other WNWKYV conjugate complexes, the WNWKV-
CPU complex is relatively less stable. Interestingly, com-
pared to the conjugates, WNWKYV peptide by itself showed
relatively less stability, particularly for the first 60 ns where
it showed deviations, after which the RMSD value came
down and remained fairly constant at 2.3 nm for the rest of
the simulation.

The LARFFS-MPY conjugate formed the least sta-
ble complex with the wild-type receptor and the RMSD
value remained high for most of the simulation. However,
a gradual decrease was observed after 150 ns, at which
point the RMSD did not show significant deviations. The
LARFFS-NPU conjugate, on the other hand, starts off stable
and showed very little deviations up to 100ns. However, a
gradual increase is seen between 100 and 150 ns, after which
it stabilized at 2.1 nm. This is likely due to a conforma-
tional change occurring within the receptor complexed with
LARFFS-NPU. Thus, in general, for the wild-type receptor,
most WNWKYV conjugates formed more stable complexes
compared to LARFFS conjugates. The corresponding tra-
jectory snapshots at different time points over the 250 ns
simulations are shown in Supplementary Information Fig-
ures S4 and S5. The trajectory images corroborate with the
RMSDs. In particular, WNWKV-(PYC),, WNWKV-MPY,
LARFFS-PYC, and WNWKYV-NPU remain attached within
the ATP binding cleft throughout the simulation, making key
interactions within the ATP binding pocket with LEU 694,
PHE 699 as well as with LYS 721, ARG 817, MET 769,
and ASP 831. Thus, the presence of a methyl-pyridyl ring in
NPU in place of the toluene ring located in CPU may have
allowed WNWKV-NPU to form stronger, more stable inter-
actions with ASP 776, ASP 831, and GLU 780 residues in
wild-type EGFR. In particular, the DFG motif residue, ASP
831, is implicated in the binding to several EGFR target-
ing chemotherapeutic drugs, including a series of pyrazole
derivatives [96]. Previous research has also shown that ARG
817 from the catalytic loop [97, 98] is also a critical residue
in binding to EGFR kinase inhibitors such as Midostaurin
[99]. Thus, these results are promising. On the other hand,
LARFFS-NPU and LARFFS-MPY barely remain attached
to the receptor by the end of the simulation accounting for
the high RMSD values. Interestingly, unconjugated LARFFS
and WNWKYV peptides, as well as WNWKV-PYC, appear to
attach below the ATP binding cleft toward the C-lobe, mak-
ing key contacts with SER 888, ARG 908, TYR 891, and
LYS 889. Additionally, while WNKWV did initially appear
to bind within the binding pocket of wild-type EGFR, over
the course of the simulation, the peptide moved away from
the binding pocket while still showing interaction with the
C-lobe residue ASP 892. Out of all of the LARFFS con-
jugates, LARFFS-PYC also formed stable complex within
the active site of wild-type EGFR. The conjugate displayed
interactions with several residues, including ASP 813, ARG
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Fig.5 RMSD plots for EGFR kinase domain complexes with pep-
tides and conjugates. a Ca RMSD for wild-type EGFR; b protein—
ligand complex RMSD for wild-type receptor; ¢ Ca RMSD for

817, PHE 699, and ASP 831. In previous work, EGFR tar-
geting inhibitors, including quinazoline derivatives contain-
ing pyrimidine moieties, form interactions with PHE 699,
indicating the importance of its participation in binding with
these complexes [100]. Overall, the trajectories indicate
that WNWKYV conjugates formed more stable complexes
with the wild-type EGFR than the LARFFS conjugates.
Compounds with average PL-RMSD values below 0.7 nm
were seen to remain stably bound within the main active
site region of the kinase domain of wild-type EGFR. While
WNKWV-NPU, WNWKV-MPY, and WNKWV-(PYC),
all met these criteria, LARFFS-PYC was the only LARFFS
conjugate to do the same.

The Ca RMSD values were found to be lower in all cases
for the double mutant receptor (Fig. 5c) compared to the
wild-type receptor. In general, very little deviations were
observed and RMSD values ranged from 0.25 to 0.5 nm
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T790M/L858R EGFR; d protein-ligand complex RMSD for T790M/
L858R receptor. Dotted lines in all cases are indicative of apo recep-
tors

across all peptides and conjugates. In the case of the
ligand bound receptor complexes (Fig. 5d), WNWKYV and
WNWKV-(PYC), formed the most stable complexes and
showed lowest RMSD values (ranging from 0.4 to 0.5 nm).
The RMSDs of WNWKV-CPU, WNWKV-NPU, and
WNWKYV-PYC showed deviations in the first 100 ns, but
gradually stabilized at 1.1 nm by the end of the simulation.
Interestingly, once again WNWKV-MPY, LARFFS-MPY,
LARFFS-PYC, and LARFFS-CPU showed high RMSD
values with significant deviations for the first 120 ns, after
which the complexes were found to stabilize between 3.0 nm
and 3.6 nm indicating those formed less stable complexes
with the T790M/L858R kinase domain of the receptor. The
trajectory images indicate that WNKWKYV and its conju-
gates are mostly interacting with residues within the ATP
binding pocket, encompassing the C-helix, hinge region, and
the Gly-rich loop residues as well as activation loop residues
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in some cases. Most common residues that were found to
interact during the course of the simulation included ARG
748, ASN 756, SER 720, PRO 794, and LEU 718 (Sup-
plementary Information Figure S6). The LEU 718 residue
is known to form hydrophobic interactions with kinase
inhibitors, including erlotinib, especially with the presence
of the L858R mutation [101-104] which is encouraging.
However, in the case of the conjugate WNWKV-MPY, the
ligand appears to be constantly changing positions through-
out the simulation and part of the conjugate remains outside
of the binding pocket by the end of the simulation which
accounts for the high deviations seen. Interestingly, while the
WNWKV-(PYC), conjugate remains firmly attached, mak-
ing several contacts with the ATP binding pocket residues
including with the activation loop residue ARG 841, the
corresponding monoconjugate WNWKYV-PYC constantly
changes conformation within the binding pocket though at
the end of the simulation, it is found to interact with resi-
dues ARG 841, CYS 797, and ASN 756. In particular, the
interaction with CYS 797 is highly promising as it has been
implicated the C797S mutation and can cause drug resist-
ance to kinase inhibitors, including pyrimidine derivatives
[105, 106]. Compared to the WNWKYV conjugates, most
LARFFS conjugates were found to change positions during
the course of the simulation as seen in Supplementary Infor-
mation Figure S7. In particular, LARFFS-CPU, which was
mostly outside of the binding pocket, moves further inwards
and interacts with the C-lobe residues SER 912, ASP 916
toward the end of the simulation. Very few contacts are seen
with residues within the ATP binding pocket with the excep-
tion of LYS 806 which occurs between 150 and 200 ns of
the simulation. Interestingly, however, the LARFFS-NPU
conjugate remains stable throughout the simulation mak-
ing critical contacts within the ATP binding pocket once
again showing that the pyridyl ring in place of the toluoloxy
ring aids in binding within the ATP binding pocket. Like
the WNWKV-MPY conjugate, the LARFFS-MPY con-
jugates are also constantly changing positions within the
binding pocket, thus accounting for its high RMSD. Like-
wise, LARFFS-PYC also was found to move away from the
binding pocket, and only the peptide part of the conjugate
remained attached to the double mutant receptor accounting
for the deviations seen during the simulation. Thus, both the
MD simulations revealed that overall the WNWKYV peptide
conjugates formed more stable complexes with the double
mutant receptor.

Analysis of root mean square fluctuations

We analyzed the RMSF (root mean square fluctuation) of the
protein backbone of both the wild-type and double mutant
receptors upon binding to the various peptide conjugates
and peptides over the 250 ns trajectory. Each simulation

was run independently three times and the data reported are
the mean of the backbone values (Fig. 6) RMSF provides
information about the flexibility of residues when complexed
with the ligands [107]. As can be seen, in both the wild-type
and the double mutant, the highest fluctuations occurred in
the -N and C-terminal regions, which is expected given that
those regions are known to display higher flexibility [108,
109]. The noteworthy observations during MD simulations
were that residues forming the P-loop, C-terminal loop of
the aC-helix region (A767-G779) [110], A-loop, and the
B3-alpha-C loop showed higher flexibility as indicated by
high degree of fluctuation. Thus, overall, the loop regions
displayed high degree of flexibility compared to the beta
sheets and alpha-helices. In general, the regions containing
residues showing higher RMSF values suggest more flex-
ibility which indicates higher plausibility to interact with the
peptide conjugates and the peptides involved [111]. In the
case of the double mutant, WNWKYV-CPU showed fluctua-
tions throughout the simulation, implying that the ligand is
likely highly mobile within the binding pocket which was
also seen in the trajectory images. Specifically, higher and
broader fluctuations are observed in the distal hydropho-
bic pockets C-lobe residue region encompassing TRP 880
through PRO-934 implying their impact on binding with the
ligand. Previous research has shown that the C-lobe resi-
dues can be a potential target for EGFR inhibitors as they
can bind to certain endogenous ligands and suppress the
over-expression of EGFR [112]. In addition, high fluctua-
tions are also seen in the aC-helix region residues, which
is significant as aC-helix plays an important role in EGFR
kinase domain as it generally forms a docking site on the
receiver kinase domain [113]. The RMSF values in the case
of the wild-type receptor did not show significant variations,
though the C-loop region of the aC-helix region and the
C-lobe residues PRO 910 through MET 921 showed slightly
higher fluctuations with the LARFFS-PYC conjugate com-
pared to the other conjugates.

MMGBSA studies

The free energies of the binding interactions of both the
wild-type and the double mutant receptors with the pep-
tides and conjugates were estimated by molecular mechan-
ics with generalized Born and surface area solvation (MM/
GBSA) [114]. The generalized Born continuum solvent
model takes into account a continuum representation of
the solvent along with an all atom force field (in this case
OPLS4) and is acquiescent to calculation of gradients that
are needed for minimizations. An optimized implicit sol-
vent model system (VSGB 2.1) was utilized, given that the
samples were subjected to a homogenous environment, con-
taining water/ions and all simulations were done at constant
temperature (310°K). Additionally, implicit solvent model
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Fig.6 Comparison of RMSF of protein backbone of a Wild Type EGFR kinase domain upon binding to conjugates and peptides designed; b

Comparison of RMSF of protein backbone of double mutant T790M/L858R EGFR upon binding to conjugates and peptides

solvation energies (Solv GB) obtained are indicative of the

systems provide a significantly high algorithm flexibility and
provide improved sampling, and the samples can explore the
available conformational space relatively faster [115]. The

electrostatic solvation energy. The results shown (Tables 5

and 6) are the averages obtained for three separate MD
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simulations. Overall, the negative AG bind values obtained
for the double mutant receptor were approximately twice
that of those obtained for the wild-type receptor, which indi-
cates that all conjugates had a higher binding energy toward
the double mutant receptor. Interestingly, both in the case
of the wild-type and the double mutant, the pyrimidine con-
jugates displayed slightly higher binding energies. In par-
ticular, WNWKV-MPY and WNWKV-(PYC), showed the
highest binding energy toward the wild-type receptor with
values of -36.67 kcal/ mol and —34.87 kcal/ mol, respec-
tively. For the double mutant, the WNWKV-PYC conjugate
displayed the highest AG bind value at —74.65 kcal/ mol
followed by LARFFS-PYC at —70.19 kcal/mol. The results
of the components of the total energy contributors are also
shown, which indicated that coulomb energy followed by
Van der Waals energy played the most significant roles in
contributing to the binding energies (see Table 6).

Prediction of pharmacokinetic properties

The web server ADMETIab2.0 was used to predict the phar-
macokinetic properties of the peptides, peptide conjugates,
and unconjugated compounds. Results are shown in Table 7.
The table includes logP scores, which are an indication of
lipophilic character of a drug candidate. Specifically, it is
the partition coefficient between the aqueous and lipophilic
phases [116]. LogP scores for the peptides and conjugates
ranged from 0.318 to 2.013, indicating that they display
drug like properties [117]. The logP scores were gener-
ally greater for the conjugates than the individual peptides,
particularly for the purine derivative conjugates as they
contain more hydrophobic ring systems. The unconjugated
compounds generally had low logP scores, with MPY and
PYC displayed negative logP values, indicating that these
compounds are more hydrophilic. None of the tested ligands

were indicated to be hERG blockers, signifying that the
drugs will not cause cardiotoxicity related to hERG chan-
nel inhibition [118]. Additionally, all of the compounds
were shown to be negative for AMES toxicity, indicating
that they are not likely to be mutagenic substances. [119]
Madin-Darby canine kidney (MDCK) cells are commonly
used for studying cellular interactions with drugs, including
cell permeability and cellular uptake [120]. The MDCK cell
permeability values indicate that the ligands are expected
to permeate the cellular membrane. Pgp, an efflux pump
that is often over-expressed in tumor cells, is involved in the
transport and absorption of drugs and may be involved in the
development of multi-drug resistance [121].

Interactions of drugs with pgp are important to exam-
ine due to the possibility of drug-interactions, particularly
since co-administration of substrates and inhibitors can lead
to unwanted side effects [122]. While none of the ligands
were determined to be Pgp inhibitors, most of the conjugates
were determined to be Pgp substrates with the exception of
LARFFS-PYC. CPU and NPU were also categorized as Pgp
substrates. This indicates that the drug efficiency of these
compounds may be affected due to interactions with Pgp.
Cytochrome P450 (CYP) is a group of enzymes involved in
the metabolism of many drugs, so interactions with CYP are
important to examine when developing drugs [123]. While
LARFEFS and the LARFFS conjugates were classified as nei-
ther CYP substrates nor inhibitors, many of the WNWKV
conjugates were categorized as CYP inhibitors. Specifi-
cally, WNWKV-CPU, WNWKV-NPU, and WNWKV-MPY
were predicted to inhibit the activity of CYP3A4, which is
mainly involved in phase I metabolism. While inhibition can
increase the bioavailability of certain drugs, it may result in
side effects including cholestasis and disruption of endocrine
system signaling, so further study would have to be con-
ducted to determine safe administration of such drugs [124].

Table5 MMGBSA of each peptide and conjugate with wild-type EGFR kinase domain

Peptide/conjugate  AG Bind Kcal/mol Coulomb Kcal/mol H-bond Kcal/mol Lipophilic Solv GB Kcal/mol van der Pi-Pi Pack-
Kcal/mol Waals Kcal/  ing Kcal/
mol mol
WNWKV —26.13 - 133.74 -1.22 -5.20 133.61 -21.27 — 0.0006
WNWKV-CPU —28.55 —145.22 —2.65 —-4.23 148.04 -25.29 -0.42
WNWKV-NPU —-30.82 —162.20 —-2.88 -5.35 168.18 —31.04 —0.083
WNWKV-MPY —36.67 —143.18 -0.31 -1.77 142.27 —28.90 0
WNWKV-PYC —33.44 —139.54 - 1.76 -5.71 139.47 —26.44 —0.001
WNWKV-(PYC), —34.87 - 152.79 -2.09 —8.52 152.45 —24.89 —0.001
LARFFS —32.80 - 13572 -2.22 —6.54 135.54 —25.00 0
LARFFS-CPU —26.95 —130.29 —2.50 —-2.48 132.75 —24.47 —0.001
LARFFS-NPU —32.51 —-113.38 -1.02 —6.76 112.52 —24.41 -0.31
LARFFS-MPY -23.79 -117.84 - 1.59 -3.99 116.51 —-17.63 0
LARFFS-PYC -21.85 —120.87 -2.27 -3.12 121.03 —18.24 —0.015
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Table 6 MMGBSA of each peptide and conjugates with T790M/L858R EGFR kinase domain

Peptide/conjugate  AG Bind Kcalc/mol ~ Coulomb Kcal/mol ~ H-bond Kcal/mol  Lipophilic ~ Solvent GB  Van der Pi-Pi pack-
Kcal/mol Kcal/mol Waals Kcal/  ing Kcal/
mol mol
WNWKV —64.99 —301.25 -5.75 —-13.27 301.05 —49.13 -025
WNWKV-CPU —69.04 —307.26 -6.39 - 14.07 351.73 -54.11 —0.21
WNWKV-NPU - 6791 —291.84 —5.33 —15.24 293.80 —52.62 -0.22
WNWKV-MPY —65.99 —303.28 —7.04 -13.32 300.73 —46.54 - 0.54
WNWKV-PYC —74.65 —301.20 -5.92 - 15.62 302.01 -5941 -0.23
WNWKV-(PYC), —61.48 —299.92 —-5.34 —12.56 298.89 —45.83 -043
LARFFS - 6793 —296.36 - 4091 - 15.83 298.53 - 54.17 -0.02
LARFFS-CPU — 66.64 —325.10 — 6.65 - 13.77 325.03 —-50.43 -0.39
LARFFS-NPU —59.42 —313.19 —5.66 —11.56 31291 —42.89 —0.40
LARFFS-MPY —64.23 —306.48 - 643 - 13.31 304.54 —46.28 - 041
LARFFS-PYC —170.19 —282.50 -5.81 —15.16 287.51 —57.82 - 0.06

Table 7 ADME studies of peptides, peptide conjugates, and nucleotide derivatives

Compound LogP  MDCKcell hERG blocker CYP inhibitor/substrate Pgp substrate/inhibitor AMES toxicity

permeabil-

ity
WNWKV 0.318 3x107° No No/No No/No No
WNWKV-CPU 2.013 1x107° No Yes (for CYP3A4)/No Yes/No No
WNWKV-NPU 1.377 1x107° No Yes (for CYP3A4)/No Yes/No No
WNWKV-MPY 1.797 1x107° No Yes (for CYP3A4)/No Yes/No No
WNWKV-PYC 0.642 1x107° No No/Yes (for CYP2C9) Yes/No No
WNWKV-(PYC), 1.051 2x 107 No Somewhat (for CYP2C9) /Yes (for Yes/No No

CYP2C9)

LARFFS 0.29 0.000137 No No/No No/No No
LARFFS-CPU 1.67 2x107° No No/No Yes/Somewhat No
LARFFS-NPU 1.134 1x107° No No/No Yes/No No
LARFFS-MPY 1366 4x107° No No/No Yes/no No
LARFFS-PYC 0.48 7x107° No No/No No/No No
CPU 0.549 2x107° No No/No Yes/no No
NPU 0.008 2x107° No Yes (for CYP3A4)/Yes (for CYP2C9) Yes/no No
MPY —1.854 1.1x10°  No No/Yes (for CYP1A2) No/no No
PYC —0.469 9x107° No No/Yes (for CYP1A2) No/no No

WNWKV-PYC and WNWKYV-(PYC), were characterized
as substrates of CYP2C9, which metabolizes many drugs
including sulfonylureas and anticoagulants [125]. Thus, the
effectiveness of these drugs may be altered due to interac-
tions with CYP2C9.

SPR analysis

In order to validate the computational results, as a proof of
concept, we synthesized and examined the binding inter-
actions of the neat peptides as well as the LARFFS-PYC
and WNWKV-(PYC), conjugates with both receptor pro-
teins. Results are shown in Table 8. The corresponding SPR
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sensograms are shown in Supplementary Information Figure
S8. The concentration of each peptide or conjugate was var-
ied between 50 nM and 100 uM. Each sample was run three
times. The average KD values were determined. Overall, all
conjugates showed higher binding with the T790M/L858R
EGF receptor. In the case of the wild-type receptor, com-
pared to the two neat peptides, both the LARFFS-PYC and
WNWKV-(PYC), showed higher binding, indicating once
again that conjugation enhanced binding interactions. The
highest binding (lowest KD) was found to be for WNWKYV-
(PYC), with both receptors, though the KD was significantly
lower for the T790M/L858R receptor. These results corrobo-
rate with the computational studies which also indicated that
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the conjugates demonstrated higher binding with the double
mutant receptor.

Cell studies

Having confirmed binding interactions, we explored the
cytotoxicity effects of WNWKV-(PYC), and LARFFS-
PYC as well as the neat peptides by conducting in vitro cell
studies with A549 lung carcinoma epithelial cells known to
overexpress wild-type EGFR and NCI-H1975 lung cancer
cells expressing EGFR [L858R/ T790M] [126]. The mor-
phologies of the cells before and after treatment with the
peptides and the constructs were examined (Fig. 7). The
EGFR T790M/L858R double mutant expressing untreated
NCI-H1975 cells showed healthy growth with epithelial-
like morphology, exhibiting focal adhesion points and cell-
to-cell contacts [127] as expected. Upon treatment with
the LARFFS peptide, we observed a change in morphol-
ogy. Cells appeared to round up, while cell ruffling was
also observed in a few cells. This resulted in cell mem-
brane re-organization. Upon treatment with LARFFS-PYC
and WNWKYV peptide, however, the cells appeared to be
rounded up and cell blebbing was observed. In the case of
the positive control, Dasatinib, some cells showed blebbing,
while overall fewer live-cells were observed. In the case of
the WNWKV-(PYC), conjugate, few cells displayed epithe-
lial morphology while most appeared to round up indicating
that cell proliferation was disrupted.

The untreated A549 cells demonstrated cobble-shaped
morphology and were well spread out, making cell-to-cell
contacts, indicating that the cells were healthy and proliferat-
ing. After exposure to LARFFS and LARFFS-PYC, the cells
appear to have fewer cell-to-cell contacts and are relatively
smaller in size; however, a significant loss of morphology
was not observed. The cells exposed to Dasatinib, on the
other hand, appeared to round up and displayed a loss of
morphology indicating that proliferation was stunted. In

Table8 KD values obtained from SPR analysis of PYC conjugates
and peptides with EGFR receptors

Compound Average KD (uM)
Wild type EGFR
WNWKV 132.5+2.1
WNWKV(PYC), 16.2+0.5
LARFFS 110.5+£2.3
LARFFS-PYC 4841+1.8
T790M/L858R EGFR
WNWKV 49.6£3.7
WNWKV(PYC), 4.7+2.5
LARFFS 21.2+1.2
LARFFS-PYC 143+2.7

comparison, upon treatment with WNWKYV peptide, sev-
eral cells showed complete loss of morphology and fewer
cobble-shaped cells were observed. Few live cells however
did appear to form cytoskeletal extensions and lamellopo-
dia in the case of the WNWKV-(PYC), treated cells. These
results indicate that it is likely that the conjugates are more
potent toward the double mutant expressing cells compared
to the wild-type EGFR expressing cells.

To further explore specificity, we also examined the effect
of treatment of the conjugates on primary lung fibroblast
non-cancer cells that do not express EGFR. As seen in the
figures, upon treatment with LARFFS or the LARFFS-
PYC conjugate, no change in morphology was observed.
The fibroblasts showed long spindle-shaped morphology
[128] and were well spread out throughout the well plate.
This indicated that LARFFS and its PYC conjugate did not
have detrimental effects on the fibroblasts. Treatment with
Dasatinib, however, resulted in complete loss of morphol-
ogy, indicating that Dasatinib not only targets tumor cells,
but also non-cancer cells. This is likely because Dasatinib
is a tyrosine kinase inhibitor that is known to target PDGF-
receptor tyrosine kinase activity in fibroblasts [129]. The
WNWKYV treated fibroblasts appeared to be smaller with
less spindle-shaped morphology, while WNWKV-(PYC), by
and large maintained the spindle-shaped structures and few
cells appeared to round up. Thus, compared to LARFFS and
LARFFS-PYC, the WNWKV-treated fibroblasts seem to be
to some extent affected upon treatment. However, compared
to Dasatinib, all of the conjugates demonstrated significantly
lesser cytotoxic effects toward fibroblasts.

In order to quantitatively assess the effects of the conju-
gates and the peptides on the cell lines, IC50 values (50%
viability of cells) were determined for the wild-type EGFR
and the double mutant EGFR expressing cells. To calcu-
late IC50, a series of dose—response data from 50 nM to
100 uM concentration (log of concentrations of peptides or
conjugates vs % viability) were plotted and calculations were
carried out using GraphPad Prism 9.5.0. Results are shown
in Table 9. The results of the mean of three independent
viability studies for each construct are presented.

As shown in the table, results indicated that the WNWKV-
(PYC), conjugate was most potent toward the double mutant
EGFR expressing cells, while the WNWKYV peptide alone
was more potent toward the wild-type EGFR expressing
cells. In previous work, it has been shown that Dasatinib
displays an IC-50 of approximately 2.2 uM against A-549
cells; [130] therefore, these results indicate that the IC-50
is relatively higher compared to Dasatinib for the wild-type
EGEFR expressing cells. The LARFFS peptide and its con-
jugates were effective against the double mutant cell line;
however, the IC-50 was significantly higher for the wild-type
treated cells, indicating that LARFFS and LARFFS-PYC
were less effective against the EGFR wild-type cells.

@ Springer
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Fig.7 Interactions of Peptides
and PYC conjugates with
T790M/L858R expressing
NCI-H1975 tumor cells (a—f). a
Untreated cells; b cells treated
with LARFFS; c cells treated
with LARFFS-PYC; d cells
treated with Dasatinib; e cells
treated with WNWKYV; f cells
treated with WNWKV-(PYC),.
Interactions of Peptides and
PYC conjugates with Wild Type
EGFR expressing A549 tumor
cells (g-1). g Untreated cells;

h cells treated with LARFFS;

i cells treated with LARFFS-
PYC; j cells treated with
Dasatinib; Kk WNWKYV; 1 cells
treated with WNWKV-(PYC),
Interactions of Peptides and
PYC conjugates with primary
lung fibroblasts (m-r). m
Untreated fibroblasts; n cells
treated with LARFFS; o cells
treated with LARFFS-PYC; p
cells treated with Dasatinib; q
cells treated with WNWKYV; r
cells treated with WNWKV-
(PYC),. Scale bar=25 um. All
images shown show treatment
with 5 uM constructs after 24 h
of incubation. Dastanib was
used as a positive control
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Table 9 Comparison of the

i o Cell line IC-50 value of 1C-50 of IC-50 of IC-50 of
effects of the peptides and WNWKV (uM)  WNWKV-(PYC), LARFFS LARFFS-PYC
conjugates on tumor cell lines (uM) (M) (M)

NCI-H1975 (expressing T790M/ 4.6 2.8 33 3.7
L858REGFR
A-549 (expressing WT EGFR) 4.7 10.3 18.2 20.6

*Each data was calculated as a mean of three separate studies

Apoptosis studies

To determine if the constructs induced cytotoxicity through
apoptosis in the wild-type EGFR expressing cells and the
double mutant expressing cells, an Annexin-FITC assay
using FACS was performed. As seen in Fig. 8, in the
case of the double mutant expressing cells, apoptosis was
observed in all cases. Specifically, the known positive con-
trol Dasatinib showed 58.9% early apoptotic cells, while the
WNWKV-(PYC), conjugate exhibited 67.9% early apoptotic
cells demonstrating its efficacy in inducing apoptosis in the
double mutant cells. In previous work, it has been shown
that Dasatinib induces TRAIL-mediated apoptosis in tumor
cells [131].

In addition, LARFFS-PYC conjugate also displayed
58.3% early apoptotic cells, while the peptide LARFFS
alone showed 30.9% apoptotic cells. These results imply
that WNWKV-(PYC), is a strong candidate for reduction of
cell proliferation and induction of apoptosis in these cells.

In comparison, while the wild-type EGFR expressing
cells demonstrated apoptosis upon treatment with the various
conjugates, it was to a much lesser extent compared to the
double mutant cells. While the positive control demonstrated
significant apoptosis (49%), WNWKYV-(PYC), showed only
24.8% early apoptotic cells; while the LARFFS-PYC conju-
gate showed 26.5% early apoptotic cells, these percentages
are only about 10% lesser than the % of apoptotic cells seen
in the case of the control. The least effect was seen upon
treatment with LARFFS, which only showed a 4% increase
in early apoptotic cells compared to the control. WNWKV
peptide was the lone candidate among the designed pep-
tides and candidates that showed a relative percentage of
early apoptotic cells. Overall, these results indicate that the
designed peptides and conjugates are more effective against
the double mutant expressing cells. These results are in
agreement with the computational studies and SPR which
showed stronger binding with the double mutant compared
to that observed for the wild-type EGFR expressing cells.
We also carried out apoptosis studies with non-cancer cells
(lung fibroblasts). Results are shown in Supplementary
Information Figure S9. As can be seen, the known drug
Dasatinib induced the highest apoptosis in the fibroblast
cells, while very little effect was observed upon treatment

with LARFFS and LARFFS-PYC (1.9% and 11.7%, respec-
tively). WNWKV-(PYC), induced 14.3% apoptosis, while
the peptide WNWKYV showed slightly higher number of
early apoptotic cells at 26.3%. These results indicate that
the LARFFS peptide and its conjugate induces minimal
apoptosis to fibroblasts. Additionally, the degree of apopto-
sis induced by WNWKYV and WNWKV-(PYC), conjugate
is much lesser compared to the results seen for the double
mutant. Overall, these results indicate the conjugates may
have higher selectivity toward the double mutant expressing
tumor cells.

Conclusions

In this work, we have designed new purine and pyrimi-
dine derived peptide conjugates and explored their binding
interactions with the kinase domain of wild-type EGFR and
EGFR T790M/L858R double mutant receptor using molec-
ular docking and molecular dynamics studies. This is the
first time where a sea cucumber-derived peptide with anti-
oxidant properties, WNWKYV, was utilized and its ability
to bind to the kinase domain of these receptors was exam-
ined to potentially target over-expressed EGFR receptors in
tumor cells. The peptide LARFFS, which had been shown
through phage display libraries in previous work to bind to
domain I of the EGFR, was shown to have moderate bind-
ing toward the kinase domain of the wild-type receptor and
poor binding stability with the double mutant. Many of the
conjugates and the WNWKYV peptide were shown to inter-
act with the activation loop region of the receptors, hinge
region, as well as the Gly-rich loop which is promising.
The new purine derivatives were designed by preparing
bioisosteres of an intermediate utilized in the preparation
of the antineoplastic drug clofarabine. Our results indicated
that the 5-methyl methyl-pyridyl group side chain showed
more stable binding with the wild-type receptor compared
to the toluene group when conjugated with WNWKYV. The
pyrimidine derivatives were prepared by conjugating small
molecules pyrimidine 4-carboxylic acid and 2-methylthio
pyimidin-4-amine with the peptides. Molecular dynamics
and MMGBSA analysis showed that the binding energies
were higher for the double mutant receptor, compared to
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(expressing wild-type EGFR)
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the wild-type. Additionally, the conjugates enhanced bind-
ing with the receptor in most cases. Both purine and pyrim-
idine derivatives showed higher binding upon conjugation.
As a proof of concept, the pyrimidine 4-amide conjugates
with WNWKYV and LARFFS were tested for binding with
the receptors using SPR analysis and the results corrobo-
rated with computational analysis. In vitro cell studies indi-
cated that the WNWKV-(PYC), conjugate was more potent
compared to the LARFFS peptide and its conjugate toward
the T790M/L858R EGFR expressing cells. However, the
WNWKYV neat peptide successfully induces apoptosis in
the wild-type cells. In contrast, LARFFS and its PYC con-
jugates showed little effect on the wild-type EGFR express-
ing cells. Additionally, most of the conjugates showed very
little effect upon treatment with fibroblast non-cancer cells.
Overall, these studies reveal the utilization of new peptides
and their conjugates through target hopping approach for
binding to over-expressed EGFR receptors, particularly the
double mutant T790M/L858R, which has been known to
cause chemoresistance. The pyrimidine and purine con-
jugates shown here (particularly the NPU) as well as the
WNWKYV peptide and WNWKV-(PYC), conjugate may
also be considered for future laboratory studies for devel-
opment of therapeutics against EGFR over-expressed
tumor cells.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11030-023-10772-x.
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