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Abstract

Context Ephrin type A receptor 2 (EphA2) is a well-known drug target for cancer treatment due to its overexpression in numer-
ous types of cancers. Thus, it is crucial to determine the binding interactions of this receptor with both the ligand-binding domain
(LBD) and the kinase-binding domain (KBD) through a targeted approach in order to modulate its activity. In this work, natural
terpenes with inherent anticancer properties were conjugated with short peptides YSAYP and SWLAY that are known to bind to
the LBD of EphA2 receptor. We examined the binding interactions of six terpenes (maslinic acid, levopimaric acid, quinopimaric
acid, oleanolic, polyalthic, and hydroxybetulinic acid) conjugated to the above peptides with the ligand-binding domain (LBD) of
EphA2 receptor computationally. Additionally, following the “target-hopping approach,” we also examined the interactions of the
conjugates with the KBD. Our results indicated that most of the conjugates showed higher binding interactions with the EphA2
kinase domain compared to LBD. Furthermore, the binding affinities of the terpenes increased upon conjugating the peptides
with the terpenes. In order to further investigate the specificity toward EphA2 kinase domain, we also examined the binding
interactions of the terpenes conjugated to VPWXE (x = norleucine), as VPWXE has been shown to bind to other RTKs. Our
results indicated that the terpenes conjugated to SWLAY in particular showed high efficacy toward binding to the KBD. We also
designed conjugates where in the peptide portion and the terpenes were separated by a butyl (C4) group linker to examine if the
binding interactions could be enhanced. Docking studies showed that the conjugates with linkers had enhanced binding with the
LBD compared to those without linkers, though binding remained slightly higher without linkers toward the KBD. As a proof of
concept, maslinate and oleanolate conjugates of each of the peptides were then tested with FO8 tumor cells which are known to
overexpress EphA2 receptor. Results indicated that the oleanolate-amido-SWLAY conjugates were efficacious in reducing the
cell proliferation of the tumor cells and may be potentially developed and further studied for targeting tumor cells overexpressing
the EphA2 receptor. To test if these conjugates could bind to the receptor and potentially function as kinase inhibitors, we con-
ducted SPR analysis and ADP-Glo assay. Our results indicated that OA conjugate with SWLAY showed the highest inhibition.
Methods Docking studies were carried out using AutoDock Vina, v.1.2.0; Molecular Dynamics and MMGBSA calculations
were carried out through Schrodinger Software DESMOND.

Keywords Terpenes - Molecular dynamics - Peptide conjugates - Tumor targeting

Introduction

Over the years, naturally occurring resources from plants
have been known for their therapeutic and medicinal prop-
erties [1]. For example, essential oils such as gingerol,
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eugenol, and peppermint oil are plant-based compounds
that have found numerous therapeutic applications due to
their antioxidant, anti-inflammatory, and anticancer proper-
ties [2]. Often the active components of plant-based materi-
als include polyphenols, flavonoids, glycosides, and several
alkaloids [3, 4]. Additionally, phytochemicals including ter-
penoids and phytosterols have been found to possess potent
anticancer activity [5]. These include terpenoids such as
B-elemene, furanodiene, curcumol, and phytosterols like
24-epibrassinolide, stigamsterol [6, 7]. Many chemothera-
peutics such as Paclitaxel, Vinblastine, and Camptothecin
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have also been derived from plants [8, 9]. Thus, research
toward the development of natural product-based therapeu-
tics is gaining importance due their relatively lower toxicity
and enhanced cytocompatibility and targeting ability. In the
realm of targeting, several peptide sequences with thera-
peutic value have also been obtained from plants, marine
resources, and microbes and are known to have targeting
ability toward tumor cells [10, 11]. Targeting tumor cells
is significant because it not only enhances the potency of a
drug, but also mitigates side effects. Thus, several tumor-
targeting peptides have been developed. For example, the
cyclic peptide containing the sequence CTVALPGGY VRVC
was shown to preferentially internalize into melanoma tumor
cells through the GRP78 receptor. [12]. In another study, the
sequence TYPE7 comprising residues of the transmembrane
region of the tyrosine kinase receptor EphA2, overexpressed
in several types of cancer cells, was found to bind to the
receptor and prevent cell migration [13]. In particular, the
EphAZ2 kinase has been known to be highly implicated in
carcinogenesis among the Eph kinases [14]. It is overex-
pressed in several types of cancers and stimulates prolif-
eration, angiogenesis, invasion, and metastasis resulting in
poor prognosis [15, 16]. It is therefore considered a promis-
ing target for cancer therapeutics. The precise role of Eph
A2 kinase in tumor progression however has been a subject
of debate. This is because several studies have also shown
that the activation of EphA?2 kinase on tumor cells can elicit
signaling pathways that may also lead to tumor suppres-
sion. In fact, studies have shown that ligand stimulation of
EphA2 can inhibit integrin signaling, Ras/ERK pathway,
Rac GTPase activation, as well as suppress the PI3K/Akt
oncogenic signaling pathways [17, 18] which in turn results
in reduced cell proliferation and migration. Furthermore, it
has been shown that while the regulation of cell migration,
adhesion, invasion, and metastasis is affected by the kinase-
dependent role of EphA2 receptor, invasion and metastasis
may also occur in an EphA2 kinase-independent way [19].
Under those circumstances, the reactivation of the EphA2
kinase function becomes necessary. Therefore, further stud-
ies are necessary to develop and examine interactions of
novel drug candidates with the EphA?2 kinase domain.

The EphA2 receptor belongs to the Eph family of RTKs
that comprises of an extracellular ligand-binding domain
(LBD), a cysteine-rich domain, an epidermal growth factor
(EGF)-like domain and two fibronectin type III domains.
The juxtamembrane region and tyrosine kinase domain,
as well as the sterile a motif (SAM) and the C-terminal
PDZ-binding motif, are part of the intracellular region
[20]. Ephrin Al is the primary ligand that binds to EphA2
receptor resulting in the formation of signal-receptor com-
plex. Researchers have developed peptide agonists such as
YSAYPDSVPMMS and SWLAYPGAVSYR that can mimic
Ephrin ligands. In particular, YSAYPDSVPMMS binding

@ Springer

promotes forward signaling, resulting in EphA2 phosphoryl-
ation and internalization [21] and is considered as a potential
tumor-homing peptide that can be utilized for drug deliv-
ery to tumor cells. To that end, nanoscale materials func-
tionalized with YSAYPDSVPMMS have been developed,
and were found to target overexpressed EphA2 receptors in
ovarian tumor cells [22, 23]. It has also been reported that
YSAYPDSVPMMS enhances EphA?2 stability, by promoting
EphA2 dimer stabilization, which leads to enhanced kinase
activity and reduced cell migration [24]. In a recent study,
the crystal structure of the unphosphorylated intracellular
region of the EphA2 receptor was solved by Pasquale and
co-workers [25]. Interestingly, the mechanism of EphA2
overexpression related tumorigenesis is markedly different
from that of other RTKs such as EGFR where in tumorigen-
esis is promoted due to uncontrolled dimerization that leads
to further downstream signaling [26]. Therefore, inhibitors
of receptor kinase activity similar to those that are currently
being developed for other RTKs may work differently for
EphAZ2. Thus, it is important to examine the binding interac-
tions of newly developed therapeutics with both the kinase
and the ligand-binding domains of the EphA2 receptor and
compare those with other RTKSs.

In this study, we have selected six plant-based terpenes
with known anti-tumor activity and conjugated those with
the peptides YSAYP and SWLAY to form novel peptide
conjugates for targeting the EphA?2 receptor. We chose
these 5-mer sequences because in previous work, it has
been shown that those sequences retain selectivity toward
the EphA2 receptor [27]. The terpenes include quinopi-
maric acid (QA), polyalthic acid (PA), levopimaric acid
(LA), hydroxybetulinic acid (HB), oleanolic acid (OA), and
maslinic acid (MA). In a recent study, Tognolini and co-
workers utilized known ligands such as betulinic acid and
OA, that are known to bind to the nuclear receptor FXR
and the G-protein coupled receptor TGRS to examine their
ability to inhibit EphA2 receptor by targeting the EphA2-
ephrin-A linteraction by target-hopping approach [28]. They
examined the structural similarities between lithocholic
acid and triterpenes such as betulinic acid, OA, as well as
stilbene carboxylic acids and investigated their efficacy to
inhibit Ephrin A1 interaction with EphA2 receptor. Litho-
cholic acid, which contains a steroidal moiety, was used as
the starting point as it has been known to display antago-
nistic activity for EphA2 receptor and has significant struc-
tural similarities with the terpenes. Furthermore, mechanisti-
cally, it has been shown that lithocholic acid interferes with
EphA2-ephrin ligand interaction through EphA2-kinase
activation [29]. Although they reported that the stilbene
carboxylic acid compounds had the highest ability to inter-
rupt EphrinA1-EphA?2 receptor interaction, both OA and
betulinic acid also showed modest ability to disrupt this
interaction. We therefore hypothesized, that given that these
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triterpenes are precursors of steroids [30] and have structural
similarities, the binding interactions with EphA2 receptor
may be further enhanced by conjugating a range of terpenes
with short peptide sequences that are known to specifically
bind to EphA2 receptor. In fact, it was shown that lithocholic
acid when conjugated to amino acids such as tryptophan and
phenylalanine showed high antagonistic activity toward the
receptor [31]. While previous work mainly focused on the
ligand-binding domain interactions, we have extended it to
the kinase binding domain as some of the terpenes utilized
in this study have been known to react with other types of
kinases. For example, in previous work, it has been shown
that terpenes such as MA have been found to inhibit the
activity of kinases such as PKC in lymphoblastoid cells [32].
Additionally, its involvement in mTORCI1 activation was
recently proven [33]. OA is another anticancer compound
that has also been found to bind to cyclin-dependent kinases
and cause inhibition of tumor cell proliferation [34]. Other
terpenes such as PA have also been tested for kinase bind-
ing. Given these studies, we conjectured that by utilizing the
“target hopping approach” and conjugating these terpenes
with anticancer properties to the short peptides YSAYP and
SWLAY may also result in kinase binding of the EphA2
receptor kinase domain and interact with the binding pocket
of the receptor. These terpenes or their derivatives have
been shown to possess anti-inflammatory, anti-microbial,
anti-viral, anti-tumor, and anti-ulcerative activity and are
therefore attractive molecules for drug design [35-38].
To examine conjugate targeting, we explored their bind-
ing interactions with both the kinase- and ligand-binding
domains. Furthermore, we also conjugated the terpenes with
an EGFR-targeting peptide VPWXE (where X represents
norleucine) [39] and explored the binding interactions of
VPWXE-conjugated terpenes with EphA2 ligand-binding
domain (LBD) and EphA2 kinase domain (KBD) to exam-
ine specificity of binding. We also studied the interactions
of the control peptides and the unconjugated terpenes using
molecular docking and molecular dynamics studies. The
chemical structures of the designed peptide conjugates are
shown in Fig. 1. To further evaluate if a linker could enhance
binding interactions, we also designed conjugates and car-
ried out in silico studies where in the carboxylic acid groups
of the terpenes were conjugated to the free amino group
of 5-amino valeric acid (creating a C4 hydrophobic linker)
which was then further conjugated with the amino terminal
of the 5-mer peptides. Those structures are shown in Sup-
plementary Information Fig. S1.

Finally, as a proof of concept, we synthesized conjugates
of the terpenes MA and OA with all three of the peptides
and examined their potency to target F98 tumor cells that
are known to overexpress EphA2 receptor. Our results
indicated that OA-conjugates of the peptides, particularly
with SWLAY, showed lowered proliferation of tumor cells.

Additionally, no effect was seen in non-tumor cells (fibro-
blasts). Furthermore, ADP-Glo assay results revealed that
the OA-amido-SWLAY conjugates showed the highest
kinase inhibition, while the VPWXE conjugates showed
minimal inhibition. Surface plasmon resonance (SPR)
analysis also confirmed that oleanolate-amido-SWLAY
conjugates bound to the kinase-binding domain with higher
affinity. Thus, overall, OA conjugates of these peptides, par-
ticularly with SWLAY may be developed for future studies
in cancer therapeutics.

Materials and methods
Materials

Maslinic acid and oleanolic acid were purchased from Santa
Cruz Biotechnology. The peptide sequences, YSAYP, SWLAY,
and VPW(NIe)E were custom ordered from Genscript. Dimeth-
ylformamide (DMF), N-hydroxysuccinimide (NHS), streptavi-
din, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC),
and Poly (Glu, Tyr) sodium salt were purchased from Sigma-
Aldrich. Rat F98 glioma cell line (CRL-2397), and mouse
fibroblast cells (SCRC-1008) were purchased from ATCC
(Manassas, VA, USA) along with fetal bovine serum (FBS),
Dulbecco’s modified Eagle’s medium (DMEM), Roswell Park
Memorial Institute (RPMI) medium, and Dulbecco’s phos-
phate-buffered saline (PBS). The WST-8 Cell Proliferation
Assay Kit and the Annexin V FTIC-Propidium Iodide Assay
Kit were purchased from Cayman Chemical Company (Ann
Arbor, MI, USA). The ADP-Glo Kinase Assay was purchased
from Promega (Madison, WI). Ephrin A2/EFNA?2 Protein,
Mouse, Recombinant was purchased from Sino Biological.

Methods
Structure design

The peptides YSAYP and SWLAY; terpenes QA, PA, LA,
HB, OA, and MA; and their conjugates with and without
linker (5-amino-valeric acid) were designed using Chem-
Draw (20.1.1) and then transferred to ChemDraw3D (20.1.1)
for energy minimization to obtain the most stable conforma-
tion. Each structure was then saved as a.pdb file to check for
structural errors in PyMOL (2.5.2) [40].

Sigma profiles and surfaces

To determine the physicochemical properties of each terpene,
peptide, and conjugate, ¢ profiles were generated. Each chemi-
cal structure was first converted to a.sdf file on PyMOL and
copied into Turbomole for ab initio quantum chemical calcula-
tions [41]. Then COSMO (conductor-like Screening model)

@ Springer



204 Page4of32

Journal of Molecular Modeling (2023) 29:204

O]

Fig. 1 Chemical structures of terpenes and their peptide conjugates.
a Hydroxybetulinic acid (HBA); b MA acid (MA); ¢ oleanolic acid
(OA); d levopimaric acid (LA); e polyalthic acid (PA); f quinopi-
maric acid (QA); g HBA-YSAYP; h MA-YSAYP; i OA-YSAYAP; j

calculations were generated by computing the screening charges
of the surface of the molecules, similar to the dielectric con-
tinuum solvation models. A cosmo file was then input into the
graphical user interface COSMOtherm (2020) [42]. COSMOth-
erm generated an ¢ profile detailing the probability distribution
of specific charge densities from —0.03 to 0.03 that a molecular
surface segment contains, with o < —0.0082 e/A? representing
the hydrogen bond donor region, 6> +0.0082 e/A? representing
the Hydrogen bond acceptor region and —0.0082 < 6 < 4+-0.0082
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LA-YSAYP; k PA-YSAYP; 1 QA-YSAYP; m HBA-SWLAY; n MA-
SWLAY; o OA-SWLAY; p LA-SWLAY; q PA-SWLAY; r QA-
SWLAY; s HBA- VPWXE; t MA-VPWXE; u OA-VPWXE; v LA-
VPWXE; wPA-VPWXE; x QA-VPWXE. [X =norleucyl group]

e/A? indicating the non-polar region. Sigma surfaces were also
generated to visualize charge densities on respective surface
area of molecule.

Receptor binding pocket analysis
To determine the ligand binding sites of each receptor, we

used the server POCASA (1.1) where a spherical probe
(radius of 2 A) is rolled along the surface of the protein to
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find the top 5 pockets containing the higher volume of dis-
tribution (VD) [43]. Specifically, VD measures the volume
depth of the pocket which is a good indicator of where the
ligand is most likely to bind. The web server also offers
noise points cancelation with the single-point flag and pro-
tein-depth flag parameters as well as probe size adjustment
in order to have a better understanding of the shape and
volume of the pocket [44].

Docking studies

Docking studies to determine ligand binding were conducted
using two software. These include AutoDock Vina v.1.2.0
and HDOCK. For AutoDock Vina, v.1.2.0 the ligand and
receptors were first prepared in AutoDockTools (1.5.6) and
were then uploaded into AutoDock Vina v.1.2.0. The recep-
tors were initially downloaded as a.pdb file from the RCSB
Protein Databank web server. After removing the ligand
from the receptors using PyMol and downloading it as a.pdb
file, these were then inserted into the graphical user inter-
face, In AutoDockTools (1.5.6), polar hydrogen bonds were
added along with kolman charges and water molecules were
deleted. The protein was then saved as a.pdbqt file. Then the.
pdb ligand that had been designed on ChemDraw3D (20.1.1)
was also individually added to the AutoDockTools (1.5.6)
where it was also saved as a.pdbqt file. Lastly, both.pdbqt
files were added to AutoDockTools (1.5.6). This creates
a grid box in the receptor which is the area within which
the binding conformation of the ligand [45] is obtained
using AutoDock Vina v.1.2.0. For the receptors, we used
the default coordinates (X,y,z) for the 40°A x40°A xX40°A
grid box, namely 103.237,—4.422, 52.353 for the EphA2
kinase domain of the receptor and — 17,659, 58.284, 3.16
for ligand-binding domain of EphA2 receptor. All other
parameters used were default such as exhaustiveness at 8
and energy range at 4. A command line was then used to run
the command line interface AutoDock Vina v.1.2.0 which
generated a table with the binding affinities of the top nine
ligand binding positions. This table is then saved as a.txt file
on the local computer followed by an output.pdbqt file with
the most optimal binding conformation that was calculated.
This file was opened on PyMoL along with the receptor to
visualize the ligand-bound receptors. It has been indicated
that comparison of binding interactions using multiple dock-
ing methodologies aids in improving docking predictions
[46]. We therefore also used HDOCK for further validation
of the results. Unlike AutoDock Vina v.1.2.0, HDOCK is
not restricted to the grid box on the receptor that is selected.
Instead, it requires no information about the binding site
since it can automatically integrate it from the PDB. When
the.pdb file of the ligand and receptor are uploaded, the web
server performs a search to look for homologous sequences.
Two sets of homologous templates are then compared [47].

If there are common records, a common template is gener-
ated otherwise the best template is selected. Then global
docking is performed to determine the best binding confor-
mations [48].

Binding interactions using protein-ligand interaction
profiler

Once the binding affinities were obtained using docking
studies, we selected the six most optimal terpenes and
their conjugates and utilized the web server, PLIP (Pro-
tein—Ligand Interaction Profiler), to determine the inter-
actions and residues responsible for the receptor-ligand
binding [49]. To prepare the file for PLIP, we opened the
output.pbdqt file that was generated from AutoDock Vina
v.1.2.0 and the receptor.pdbqt file saved from AutoDock-
Tools (1.5.6) on PyMOL (2.5.2). That file containing the
best binding poses of the ligands on the receptor was then
exported and saved as .pdb file and uploaded to the web
server PLIP. The results were generated as a.txt file with all
the non-covalent interactions as well as the specific residues
involved in binding as well as.pdb files for visualization on
PyMOL [50].

Molecular dynamics simulations

To determine the stability of the ligand-receptor com-
plexes, we conducted molecular dynamic studies using
DESMOND through the Schrodinger’s Maestro program
(v. 2020-4) [51]. The parameter assignment for OPLS3e
force field was performed using Schrodinger Maestro in
two steps. First, each output.pdbqt file from AutoDock
Vina v.1.2.0 was transferred to PyMOL and exported
as.mae file. Those files were then imported to Schroding-
er’s Maestro. The first step was to prepare the protein using
the Protein Preparation Wizard within Maestro to ensure
structural accuracy such as complete side chains, addition
of hydrogen atoms and disulfide bonds between sulfurs in
close proximity followed by optimization to ensure cor-
rect hydrogen orientation in hydrogen bonding network
as well as histidine rings, and asparagine and glutamine
terminal amide side chain orientations [52]. The ligand
was then incorporated with the receptor on the work-
space where an orthorhombic boundary box with dimen-
sions 10 AX 10 Ax 10 A at the predefined solvent model
SPC was created around the receptor for the simulation
to be performed with DESMOND. Water molecules were
added to mimic aqueous conditions. Counter ions were
also added to neutralize the net charge of the system (Na*
and CI7). These ions can shield the charged side residues
of the protein, thereby decreasing electrostatic interac-
tions between neighboring regions of the protein. Similar
MD simulations, where salt ions have been included, for
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various peptides and proteins [53] to counteract electro-
static interactions have been discussed in previous works
[54]. Furthermore, according to the particle mesh Ewald
(PME) method, it has been shown that the simulation sys-
tem must be made neutral for efficient long-range elec-
trostatic calculations using fast Fourier transformation
method. This neutral system, however, may not represent
the counter ion distribution found in cellular/in vitro sys-
tems [55]. The OPLS3e force field-based torsional param-
eters were developed from low energy conformers and
used as the starting geometries in QM optimization. Tor-
sional parameters in OPLS3e are denoted by a truncated
Fourier series similar to the OPLS3 force field as sum-
marized in [56]. The stretching and bending components
were fit to quantum chemical data. Restrained optimization
of the molecules at the B3LYP/6-31G* level [57] for each
discretized value of the dihedral angle was carried out.
Single-point M06-2X/cc-pVTZ(-f) calculations were then
used to resolve the reference energy surface [58]. Maes-
tro provides an automated version of the fitting protocol,
which was utilized to generate the parameters. The simula-
tions were run with an NPT ensemble class to equilibrate
the system at 300 Kelvin and 1.01325 bar. The “Relax
model system before simulation” was selected for a series
of minimizations to be performed prior to the simulation
in order to relax the system. All simulations were set up
to be 100 ns with 1000 frames to be recorded to the trajec-
tory. Once simulations were completed, the -out.cms file
generated from DESMOND was opened on Simulation
Interaction Diagram Panel on Maestro where the data was
studied. To ensure reliability and consistency, each system
was simulated thrice keeping all of the run conditions the
same. The values reported are averaged.

Prediction of LogP values

Since the goal is to develop drug candidates to target
overexpressed receptors in tumor cells, logP values of the
conjugates are important to be evaluated. For this analy-
sis, we used ADMETIab 2.0 which utilizes quantitative
structure—property relationship (QSPR) models trained by
the multi-task graph attention (MGA) framework [59]. The
logP value [60] provides information about the lipophilic-
ity of the drug candidates.

Synthesis
Based on the results of MD simulations and Docking stud-
ies, as a proof of concept, we synthesized six conjugates

that showed relatively high binding affinities with the
EphA2 receptor. These include the MA and OA conjugates
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with YSAYP, VPWXE, and SWLAY. To prepare each con-
jugate, either MA or OA (0.053 M) was dissolved in dime-
thyl formamide (DMF) at room temperature. Previously
established amide coupling methods were utilized [61].
To activate the carboxylic acid group of each compound,
N-hydroxysuccinimide (NHS) (0.05 M) and 1-ethyl-3-(-
3-dimethylaminopropyl) carbodiimide hydrochloride
(EDAC) (0.05 M) were added. The reaction mixture was
shaken at 200 rpm for 1 h at 4 °C. Then 0.06 M of either
YSAYP or VPWXE (side chain of E protected with meth-
oxy group) or SWLAY were added to the mixture and
allowed to shake for 24-48 h at 4 °C. After completion of
reaction, the solvent was rotary evaporated and the prod-
uct was allowed to dry overnight. In the case of VPWXE
conjugate, the ester group was removed by base hydroly-
sis and then recrystallized with acetone. The formation of
products was confirmed by '"H NMR spectroscopy con-
ducted using a Bruker 400 MHz NMR spectrometer. The
solvent utilized in all cases was DMSO-d6 with 0.03%
TMS. Results of the NMR analysis are given in Support-
ing Information.

Cell studies

We examined the interactions of the conjugates with two
different cell lines namely F98 (ATCC CRL-2397) rat
undifferentiated glioma cells which are known to over-
express EphA2 receptors [62]. To assess, if there was
any effect on non-cancer cell lines, we also examined
the interactions of the conjugates and the peptides with
fibroblasts (C57BL/6 ATCC SCRL-1008). The F98 cells
were grown to confluence in RPMI medium, supplemented
with 10% fetal bovine serum (Thermofisher Scientific),
1% 10,000 I.U./mL Penicillin, 10,000 (pg/mL)100 units/
mL streptomycin, while the fibroblast cells were grown in
DMEM containing 10% FBS, 1% 10,000 1.U./mL Penicil-
lin, 10,000 (pg/mL)100 units/mL streptomycin. Each cell
line was grown as monolayers in a humidified atmosphere
at 37 °C in a 5% CO, incubator. The media was changed
every 2 days and the cells were split once or twice a week.

Cell viability and morphology studies

To examine cell viability, we plated cells at a density of
1 x 10* cells/well in 96-well Falcon polystyrene tissue cul-
ture plates. After allowing the cells to spread and attach
for 3 h, we added three different concentrations of each of
the assemblies to the cells to examine their effects at vary-
ing concentrations. Specifically, we tested 2.5 pg/mL, and
5.0 pg/mL and 9.5 pg/mL concentrations of the assemblies.
The growth of the cells was monitored over a period of 24
and 48 h. To determine cell viability, we performed WST-8
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assay [63]. The absorbance at 480 nm was monitored at each
time point using a BioTek Eon microplate reader. Triplicate
experiments were run in all cases. The absorbance of media
with no cells was used at the blank and was subtracted from
all samples. Percent cell viability was calculated according
to the formula [(O.D of cell plus scaffolds)/(O.D of cells
alone)] X 100. Then standard deviations were calculated.
Statistically significant differences were then determined
using student’s ¢ test. Cells were imaged using an inverted
Amscope IN480TC-20MB13 at various magnifications to
determine the effects on cell morphology.

Apoptosis assay

To gain further insight into the mechanism of cell death
induced by some of the conjugates, we performed apoptosis
assay. Cells were plated at 80% confluence on a 24-well Fal-
con polystyrene tissue culture plate at a density of 1.9 x 10
cells/well. The cells were then incubated at 37 °C in a 5%
CO, incubator for 3 h to adhere and spread. The conjugates
were then added to each well at varying concentrations
(2.5 pg/mL, 5 pg/mL, and 10 pg/mL). After an incubation
period of 24 h, Annexin V FTIC-Propidium Iodide Assay
was performed [64]. The stage of apoptosis was then evalu-
ated by fluorescence microscopy using an inverted Amscope
IN480TC-20MB 13. Green fluorescence is seen due to the dye
FTIC that is conjugated to annexin which has a high affin-
ity to phosphatidylserine. When the cell is in early apoptotic
stages, the phosphatidylserine becomes exposed on the outer
leaflet of the outer membrane allowing annexin V to bind and
FTIC to fluoresce [65]. Red fluorescence on the other hand is
indicative of late apoptosis or necrosis as the dye, propidium
iodide must pass through the disrupted membrane in order to
bind to the DNA of the cell and fluoresce [66].

ADP Glo assay

To confirm whether the OA and MA peptide conjugates
with SWLAY, YSAYP, and VPWXE showed any inhibi-
tory activity with EphA2 kinase, we performed an ADP-Glo
Kinase Assay [67]. Prior to the actual assay, we optimized
the concentrations of kinase and kinase substrate. To deter-
mine the optimal substrate concentration, a serial twofold
dilution of kinase substrate (Poly (Glu, Tyr) sodium salt)
was prepared in kinase buffer (containing 40 mM Tris at
pH 7.5, 20 mM MgCl,, and 0.1 mg/mL) using 10 pg/mL of
kinase and 80 uM of ATP. After an incubation period of 2 h,
the ADP-Glo reagents were added, and the luminescence
was read using a Biotek SynergyH1 microplate reader. It
was determined that the optimal concentration of the kinase
substrate was 2 pg/mL. To determine the optimal kinase
concentration, a twofold dilution of kinase was prepared
in kinase buffer and added to 80 pM ATP and the optimal

concentration of substrate that had been determined previ-
ously. After incubating and adding the ADP-Glo reagents,
the luminescence was read and plotted (data not shown).
The optimal kinase concentration determined was 6 pg/mL.

Once the concentrations of the kinase enzyme (EphA2)
and kinase substrate had been determined, we conducted
the kinase reaction assay. This was done by creating a two-
fold serial dilution of the different inhibitors which were
incubated at concentration range of 0.18 pM to 30 pM in a
white 96-well plate, starting with 5 pL of 50 pg/mL solu-
tion, and diluting it until the appropriate concentration was
reached. The same volumes of 2.5X the optimal concentra-
tion of kinase and kinase substrate were then added to each
well, followed by 10 pL of 80 uM ATP. The control wells
were prepared under the same conditions except DMSO was
utilized. The contents of the well plate were then shaken in
the Gennie Temp-Shaker 300 at 120 rpm for 2 min and then
incubated at room temperature for about 2 h.

After the incubation period, the assay was started by
adding 25 pL of ADP-Glo reagent. This reagent terminates
the reaction by depleting all of the ATP that had not been
cleaved by the KBD of EphA2. After an incubation period of
40 min at room temperature, the Kinase Detection Reagent
was added to convert all of the ADP that had been created
back to ATP in order to generate luminescence through a
luciferin reaction. After 30 min, the luminescence was read
using a BioTek SynergyH1 microplate reader at an integra-
tion time of 0.5 s and a gain of 255. The luminescence cor-
responds to the amount of ADP that was generated from
the reaction, thus giving the kinase activity in presence of
inhibitors.

Surface plasmon resonance analysis

To further explore the binding interactions of the EphA2
receptor with the most optimal conjugate (oleanolate-
SWLAY), we conducted surface plasmon resonance stud-
ies with both the kinase-binding domain (amino acids Leu
585-Ile 976 His & GST tag, Sino Biological) and the ligand-
binding domain (amino acids Met 1-Asn 534, His tag Sino
Biological) of the receptor. In addition, we also conducted
surface plasmon resonance (SPR) analysis with positive
controls for each domain (Recombinant Human Ephrin Al
Fc tag, Sino Biological) for the ligand binding domain and
the commonly known kinase inhibitor drug Dastanib (Sell-
eckchem) with the kinase binding domain. To begin, gold
chips (Platypus technologies, Biosensor chip SF-10 glass
(index =1.72)) were washed with 70% ethanol and were
irradiated with UV light for 10 min. These were then coated
with a stock solution of 11-mercaptoundecanoic acid (1 M
in ethanol) to functionalize the chips. After an hour, the car-
boxylic group of 11-mercaptoundecanoic acid was activated
using N-hydroxysuccinimide (NHS) (0.01 M) followed by
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EDAC (0.01 M). The gold chips were incubated for another
hour. Then the respective EphA2 receptor protein (either
kinase-binding domain or ligand-binding domain) was incu-
bated on the gold chip at a concentration of 2 ug/mL at 4 °C
for 24 h. Before starting the study, the chip was placed on
the flow cell and one drop of Cargill’s 7.21 index fluid was
added to the opposite side of the chip where the SPR prism
was placed. The system was then allowed to stabilize with
1X PBS buffer solution. Once the system was stabilized,
each specific analyte was then introduced into the system.
The binding kinetics of each analyte was tested at room tem-
perature at a concentration range of 25 ng/mL to 100 ng/
mL. On average, each run was carried out for 2200 s. The
flow-rate was kept constant at 30 pL/min. Each run was car-
ried out in triplicate. To determine the KD of each sample,
the data obtained was then input into the software GraphPad
Prism and non-linear regression analyses were carried out.

Statistical analysis

All studies were carried out in triplicate. Student’s ¢ test
method was used to determine statistically significant
differences.

Results and discussion
Sigma profiles

To predict the physicochemical properties of the terpenes,
their peptide conjugates, and the three neat peptides, we
utilized the software COSMO-RS, which uses informa-
tion about the conductor surface polarization charge densi-
ties o as indicated in the conductor-like screening model
of realistic solvation (COSMO-RS). The graphs obtained
for the surface polarities essentially signify the sigma pro-
files, which can provide vital information regarding parti-
tion and adsorption coefficients which are key to examin-
ing “drug-like” properties of the various conjugates [68].
Results obtained are shown in Fig. 2. As shown in Fig. 2a,
the terpenes displayed varying amounts of hydrophobicity as
indicated by the peaks in the neutral region (c value ~0 e/A?)
due to their cyclic terpenoid composition. OA was the most
hydrophobic compound due to the lesser number of hydroxyl
groups compared to MA and HB. All three of the terpe-
nes are pentacyclic terpenoids. HB and MA on the other
hand possess additional hydroxyl groups, thus making them
relatively less hydrophobic. PA is unique as it possesses a
furano-diterpene structure [69] making it least hydropho-
bic. LA possesses more hydrophobic character compared to
polyalthic as it lacks the furan ring system. QA has a unique
structure due to the bridged structure in addition to the car-
bonyl groups of the quinone like ring system. The peaks in
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the hydrogen bond donor (HBD) region are attributed to the
carboxyl groups that are found in all of the terpenes studied
here, as well as the presence of the hydroxyl groups found
in HB, MA, and OA. The latter is responsible for HB, MA,
and OA, respectively having higher peaks in this region. The
peaks in hydrogen bond acceptor (HBA) regions (positive
o values) are attributed not only to the presence lone pair
of oxygen. As expected, PA had a relatively higher peak at
a sigma value of +0.015 e/A? due to the furan ring system,
which confers the molecule © H-bond acceptor properties
[70]. The sigma profiles and corresponding sigma-surfaces
of the conjugates and the individual peptides are shown in
Fig. 2b—d. As shown, all conjugates showed an increase in
the values in HBD and HBA regions due to the incorpora-
tion of the peptide moieties containing amide groups as well
as the new amide bond formed between the terpene moi-
ety and the N-terminal of each of the peptides. An increase
was also observed in the hydrophobic region; however, the
trends were similar to unconjugated terpenes. Thus, the OA-
peptide conjugates had the highest hydrophobicity while the
PA peptide conjugates had the lowest hydrophobic character
regardless of the peptide that was conjugated. This increase
in hydrophobicity is due to the fact that the peptide moi-
eties contain hydrophobic residues such as two tyrosines,
one alanine and one proline for YSAYP, though serine adds
hydrophilic character due to its —OH group. In the case of
the SWLAY conjugates, except for serine, once again all of
the residues are hydrophobic, and in the case of VPWXE,
the case is similar with E being the only non-hydrophobic
residue. Interestingly, the sigma-plots in the H-bond donor
region showed relatively higher peaks in the H-bond donor
region for the YSAYP conjugates due to the incorporation
of three additional hydroxyl groups (two from Tyr and one
from Ser) while the SWLAY conjugates lead to two addi-
tional —OH groups and the VPWXE lead to the addition of
the side chain —COOH of the glutamic acid residue. The
C-terminal carboxyl group was free for all conjugates as
well, leading to an overall increase in the peak intensities in
the H-bond donor (HBD) regions. Compared to the conju-
gates each of the peptides had lowest hydrophobicities due
to the absence of the terpene moieties. These results indicate
that the conjugation of the peptide sequences to the terpenes
enhanced the H-bond donor and H-bond acceptor (HBA)
capabilities while also increasing the hydrophobicity which
may be important in cell-permeation and receptor binding.
We also designed conjugates with a linker attached to the
terpenes and the peptides. The linker utilized was 5-amino
valeric acid, leading to the formation of an amphiphilic
conjugate with four carbons (C4) separating the peptides
from the terpenes. Results for the MA and OA conjugates
with C4 linker are shown in Supplementary Information
(Fig. S2). Results show that, compared to the conjugates
without the linkers, the conjugates with linkers had higher



Journal of Molecular Modeling (2023) 29:204

Page90f32 204

Fig.2 o-Profiles and sigma sur-
face of compounds. a Terpenes;
b YSAYP and conjugates with
each of the terpenes; ¢ SWLAY
and its conjugates with each

of the terpenes; d VPWXE

and each of its conjugates with
each terpene. For the sigma
surfaces, red color indicates
H-bond acceptor region, green/
yellow indicates hydrophobic/
neutral; blue color is indicative
of H-bond donor region
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hydrophobicity as indicated by the peak between —0.0082
e/A? and +0.0082 e/A2. Of these, OA-VPWXE-C4-linker
conjugate had the highest hydrophobicity while the MA-
YSAYP-C4-linker conjugate had the lowest hydrophobic-
ity. All the linker conjugates also showed a slightly more
pronounced peak in the HBD and HBA regions due to the
additional amide bonds that were introduced.

Binding pocket analysis

It is crucial to study the binding pockets of the receptors to
determine the locations of preferred binding regions within
each of the receptors. The receptors studied here include
EphA2 kinase domain (PDB ID: 5NK1) [71] and EphA2
ligand binding domain (PDB ID:3C8X) [72]. The results
obtained are shown in Fig. 3 and Table 1. The webserver
POCASA was used to determine the binding pockets. In
the case of the EphA2 receptor kinase domain, the top five
pockets are shown. The highest ranked pocket had a vol-
ume distribution (VD) of 986 and with a volume of 346 A.

Furthermore, the highest ranked binding pocket was found in
the ATP binding pocket involving residues Y694 and E696
located toward the ATP pocket entrance, 1619 and A699
in the ribose pocket and the gatekeeper residues T692 and
M695 in the hinge region [73]. The top 5 pockets were also
determined for the ligand binding domain with the highest-
ranking pocket having a VD of only 147 and a volume of
60 A. This indicates that the kinase domain has a larger
binding area, which may be more conducive toward binding
with the peptides conjugated to the terpenes.

Molecular docking studies

EphA2 receptor (ligand binding domain)

We first utilized AutoDock Vina to determine the binding
affinities of the terpenes, the peptide conjugates with YSAYP
and SWLAY, as well as that of the unbound peptides. In pre-

vious work, crystal structures of the longer forms of these
peptides in complex with Eph receptors [74] have shown that
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Fig.3 POCASA results showing binding pockets of each receptor
domain in magenta. a Ligand binding domain of EphA?2 receptor; b
kinase domain of the EphA?2 receptor

Table 1 Binding pockets obtained based on POCASA results

Kinase binding domain (KBD) Ligand binding domain (LBD) of

of EphA2 EphA2

Pocket num-  Volume (A) VD Pocket num-  Volume (A) VD
ber ber

161 346 986 207 60 147
366 94 262 175 34 86
118 97 237 121 31 74
403 81 225 24 28 74
191 61 165

the peptides bind in the hydrophobic ligand-binding channel.
The flexibility of the receptor loops that comprise the ligand-
binding cavity allow for an induced-fit mechanism [75]. As
seen in Table 2, the AutoDock results indicated that com-
pared to the peptide YSAYP, the binding affinity increased
upon conjugation with the terpenes with the exception of
the conjugate comprising the PA moiety. In the case of the
SWLAY conjugates, similar results were observed. For the
VPWXE conjugates however, with the exception of LA and
QA-amido VPWXE conjugates, a slight decrease in bind-
ing affinity was observed compared to the unbound pep-
tide. To further validate these results, we utilized a second
docking server, the HDOCK server. This server utilizes a
hybrid docking strategy and automatically incorporates
binding interface information into normal global docking

@ Springer

Table 2 Binding affinities of conjugates, peptides, and terpenes using
AutoDock Vina and HDOCK (without linker)

Name of the terpene
or terpene-peptide

*KBD EphA2

*LBD EphA2

AutoDock HDOCK

AutoDock HDOCK

conjugate
(Kcal/ Kcal/mol
mol)

YSAYP =175 —16547 -54 —154.21
MA-amido-YSAYP -10.7 —-200.90 -7.8 —-171.74
OA-amido-YSAYP -9.9 -197.67 -17.6 —169.27
QA-amido-YSAYP -9.9 -193.22 -7.1 —181.62
LA-amido-YSAYP -9.7 —180.47 -5.8 —180.08
HB-amido-YSAYP -8.7 —-199.20 -7.2 —198.11
PA-amido-YSAYP -8.7 —187.40 —-4.7 —174.06
SWLAY -8.5 —198.01 -6.1 -169.29
OA-amido-SWLAY -10.5 —-191.39 -7.0 —173.8
QA-amido-SWLAY —10.1 —193.75 -79 —186.80
MA-amido-SWLAY —10.1 —18598 —-6.4 —172.80
LA-amido-SWLAY -9.8 —18236 -74 —179.67
PA-amido-SWLAY -95 —184.15 -74 —182.87
HB-amido-SWLAY -93 —20498 -7.2 —179.75
VPWXE -7.8 —-170.82 —-6.5 —159.90
HB-amido-VPWXE -9.6 —190.16 —-59 —180.67
QA-amido-VPWXE —-8.8 —198.98 -7.0 —178.52
OA-amido-VPWXE -8.6 —186.47 -6.3 —187.90
MA-amido-VPWXE -8.6 —187.74 —-6.2 —186.15
LA-amido-VPWXE -85 —182.78 —-6.9 —173.87
PA-amido-VPWXE -7.6 —-192.00 -6.4 —172.58
QA -9.1 —158.60 —-6.7 —129.08
OA -89 —134.63 -74 —-125.42
MA —-8.4 —14148 -72 —130.07
LA -84 —134.03 -6.0 —101.02
HB -79 —-146.09 -7.1 —-121.74
PA -7.6 —132.64 -59 —106.12

* KBD kinase binding domain, LBD ligand binding domain

and uses intrinsic scoring functions to provide a docking
score [76, 77]. Based on HDOCK results, though the gen-
eral trends were similar as there was an increase in binding
score upon conjugation with the terpenes, slight differences
were seen. For example, HDOCK showed an increase in
binding score for PA-amido-YSAYP compared to YSAYP,
while AutoDock Vina showed a slight decrease in bind-
ing affinity. This trend was also seen in the case of some
of VPWXE conjugates. These differences arise due to the
variations by which calculations from each software are
carried out and are reported. Unlike HDOCK, AutoDock
Vina uses algorithms that search for the conformation of a
flexible ligand by a global optimization of the scoring func-
tion. During this process, the ligand binding score is deter-
mined by an empirical scoring function, which consists of
the following equation AG=Ws, gauss; X Ws, gauss, + WR
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Repulsion + Whp X Hydrophobic + Whb X HB 4+ WrotNrot,
which takes into account van der Waals interactions, hydro-
phobic and H-bonding interactions, as well as torsional
entropy loss upon binding [78, 79]. Thus, overall from dock-
ing results, one can conclude that in most cases, the binding
is enhanced upon conjugation.

We also compared the docking results with that of the
unbound terpenes which indicated that the binding affini-
ties of the peptide bound conjugates were comparable with
that of the neat terpenes, though LA-amido YSAYP and PA-
amido YSAYP and MA-SWLAY showed a slight decrease
in binding affinity according to AutoDock results. Overall,
VPWXE conjugates were found to have lower binding affini-
ties compared to SWLAY and YSAYP, which is expected
given that those two peptides have been shown to be spe-
cific for binding to the LBD domain of the EphA2 receptor.
HDOCK results however showed an increase in the binding
score for all conjugates.

To further assess these results, we conducted PLIP analy-
sis (Fig. 4) and Table S1 (Supplementary Information). For
YSAYP, the main interactions appeared to be H-bond inter-
actions between —OH groups of the Tyr and Ser moieties
with Thr 45 and Tyr 48 and Thr 132 respectively, implying
that interactions occur with the D-E region as well as the
G-H region. Tyr 48 and Leu 44 are also involved in hydro-
phobic interactions. Upon conjugating with the YSAYP
peptide, a slight shift occurs and some of the interactions
seen include Gln 56, Asn 84, Tyr 87, Tyr 48, Thr 132, and
Leu 44 for the HB-amido-YSYAP conjugate. For the MA
and OA amido-YSAYP conjugates however, a decrease in
number of H-bonds is seen (one H-bond with Leu 41 for the
MA conjugate and three for the OA conjugate). Interestingly,
there is an increase in hydrophobic interactions compared
to the HB, for the MA conjugate. This may be due to the
fact that in MA, the —OH groups are adjacent to each other,
and may be involved in intramolecular H-bonds, resulting in
less interactions with the receptor compared to the HB con-
jugate, where one of the —OH groups is part of a -CH,OH
group. Interactions with Leu 48 and Tyr 48 are maintained.
Additionally, while the unbound peptide and the HB and
MA conjugates did not show any salt bridge formation, the
OA-amido-YSAYP conjugate shows a new salt bridge with
His 46.

The LA and QA-amido YSAYP conjugates show six and
five H-bonds and two and five hydrophobic interactions
respectively. While interactions with Leu 44, Tyr 48, and Thr
132 are still maintained, a new interaction is observed with
Arg 82 in the case of the LA conjugate and with residues Gly
42 and Phe 134 with the QA conjugate. The PA conjugate
shows only two H-bonds with residues Gly 131 and Arg 82,
while six hydrophobic interactions are once again seen with
Leu 44, Tyr 48, and Thr 132. These results indicate that Tyr
48, Leu 44, and Thr 132 are commonly found interacting

with the conjugates as well as with the peptide, and therefore
play a critical role in binding with the LBD of the receptor.

Salt bridges are once again seen with Arg 82 for the
LA-amido-SWLAY, QA-amido-SWLAY, and PA-amido
SWLAY conjugates. Interactions are also seen with Tyr 48
in the case of the HB, OA, PA, and QA-amido-SWLAY
conjugates. For MA-amido-SWLAY, Tyr 48 is involved in
n-stacking interaction with the tryptophan moiety of the
SWLAY. Interestingly, hydrophobic interactions with Leu
44 are not seen for the MA, OA, and the PA-amido SWLAY
conjugates. However, a critical new hydrophobic interac-
tion is seen with Tyr 65 with all SWLAY conjugates except
the OA amido SWLAY conjugate. Comparatively, MA and
OA-amido SWLAY conjugates had lower number of hydro-
phobic interactions while QA-amido SWLAY showed the
highest number of hydrophobic interactions (seven). The
highest number of H-bonds were observed with the HB-
amido-SWLAY conjugate due to the -CH,OH group which
further facilitates H-bonding interactions as was seen in the
case of YSAYP conjugates. H-bonding interactions with Gly
42 was also found to be important in binding with several
of the SWLAY conjugates and the SWLAY peptide itself.
Overall, once again, most interactions were found in the D-E
region and the G-H regions. The binding is promoted due
to several predominantly hydrophobic contacts with Tyr
48, Tyr 65, Leu 41, Leu 44, Asn 84 in most cases. LA and
PA-amido-SWLAY conjugates had additional hydrophobic
contacts with Leu 54, while MA conjugates showed contacts
with Val 30, Tyr 87, and Val 86 which were unique to this
molecule indicating that it was binding at a slightly differ-
ent position, though still within the D-E and G-H regions of
EphA2 ligand binding domain.

For the VPWXE peptide, the most striking difference
observed was that there were no hydrophobic interac-
tions seen with the LBD of EphA2, which explains the
relatively low binding affinity of this peptide. However,
upon conjugation with the terpenes, common hydrophobic
interactions were once again seen with Tyr 48, Leu 44,
and Leu 41 in most cases. The OA-amido-VPWXE conju-
gate showed the highest number of H-bonding interactions
(seven), while LA-amido-VPWXE showed no H-bonding
interactions. QA-amido-VPWXE showed the highest num-
ber of hydrophobic interactions (eight) followed closely
by MA-amido-VPWXE (seven). Most interactions were
observed in the D-E region, with a few occurring in the
G-H loop region (Thr 132, Phe 134) for QA, MA, and
the OA-amido-VPWXE conjugates. Salt bridges with His
46 was seen for the OA-amido-VPWXE conjugate, while
all others except MA-amido-VPWXE showed salt bridges
with Arg 82.

Thus, overall from the docking and PLIP analyses, the
SWLAY and YSAYP conjugates showed better interactions
with the LBD domain of EphA2, compared to VPWXE and
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Fig.4 PLIP images showing
docked ligands with the ligand
binding domain of EphA2
receptor. Column A represents
YSAYP and its conjugates;
column B represents SWLAY
and its conjugates and column
C represents VPWXE and its
conjugates. Each row from

i through vii indicate neat
peptide; HB-conjugate; MA
conjugate; OA conjugate; LA
conjugate; PA conjugate; and
the QA conjugate respectively

its conjugates. Hydrophobic interactions appear to play a
critical role, along with H-bonding. Salt bridge formation
with either His 46 or Arg 82 also played an important role
in binding with these ligands. We also compared the bind-
ing interactions with the individual terpenes (Supplementary
Information Table S2). Results indicated that Tyr 48 and
Leu 44 were consistent residues seen interacting with all
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of the terpenes, which matches with the results obtained
for the peptide conjugated terpenes. None of the terpenes
showed any salt bridge interactions or n-stacking interac-
tions. However, HB was found to have additional H-bond
interactions with Trp 43 and Tyr 67, and was also involved
in an additional hydrophobic interaction with Thr 132. LA
was found to have interactions with Thr 45, and His 46 in
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addition to Leu 44 and Tyr 48, which was seen for all the ter-
penes. Overall, the maximum number of hydrophobic inter-
actions was observed for HB and LA (five) while all others
showed two to four hydrophobic interactions. These results
indicate that conjugating with the peptides enhanced interac-
tions with the LBD of the EphA2 receptor and account for
higher binding.

We then examined the impact of the C4 linker conju-
gates on the binding affinities with the ligand binding
domain of EphA2 receptor. Results are shown in the Sup-
plementary Information Table S3. For the ligand binding
domain, the C4 linker showed mixed results compared
to those obtained without the linker. While in the case of
MA-amido-C4-YSAYP, QA-amido-C4-YSAYP, and PA-
amido-C4-YSAYP conjugates, a marginal increase in bind-
ing affinity was observed according to docking results,
(an increase of ~ 1 kcal); LA-amido-C4-YSAYP and HB-
amido-C4-YSAYP showed a decrease in binding affinity
while OA-amido-C4-YSAYP remained virtually the same.
In the case of the SWLAY conjugates with C4 linker, most
conjugates showed a marginal increase in binding affinity
(between 0.3 to 1.1 kcal) with the exception of HB-amido-
C4-SWLAY conjugate which showed a decrease, while
no change in binding affinity was observed in the case of
the PA-amido-C4-SWLAY conjugate. In the case of the
VPWXE-C4-linker conjugates, results showed that most
conjugates had similar binding affinities with the exception
of HB-amido-C4-VPWXE, PA-amido-C4-VPWXE, and
OA-amido-C4-conjugates showed an increase, while LA-
amido-C4-VPWXE and QA-amido-C4-VPWXE conjugates
showed a decrease. No change was observed in the case of
the MA-amido-C4-VPWXE; no change in binding affinity
was observed. The HDOCK scores showed that the linker
conjugates showed nominal increases in most cases. Thus, it
appears that the linker slightly improved the binding affinity
of several of the ligands to the LBD of the receptor.

To further assess these results, PLIP analysis was con-
ducted (Supplementary Information Table S4). For the
ligand binding domain, results showed that for the HB-
amido-C4-YSAYP conjugate, incorporation of the linker
changed the binding interactions significantly. Without the
linker, HB-amido-YSAYP binds within the D-E, J-K, and
G-H region which lines the ephrin binding pocket [80].
However, upon introducing the linker, the C4 conjugate
binds to the hydrophobic pocket, making contacts with resi-
dues Lys 141, Gln 183, Ile 185. All other PLIP results with
the linker are discussed in the supplementary information
following Table S4.

EphA2 receptor (kinase binding domain)

Similar to the ligand binding domain, AutoDock Vina
results showed that upon conjugation with the YSAYP

and the SWLAY, binding affinities increased for all con-
jugates. Interestingly, for all conjugates, the binding affini-
ties showed higher values compared to those observed for
the ligand binding domain indicating higher affinity for the
kinase binding domain. A similar trend was seen with the
VPWXE conjugates except for PA-amido-VPWXE where a
slight decrease in binding affinity was seen upon conjuga-
tion. When comparing the results to those obtained by the
HDOCK server, the YSAYP conjugates showed an increase
in the scores; however, for the SWLAY conjugates, a slight
decrease was observed in some cases. This is likely due to
the differences in scoring methodologies as explained ear-
lier. For the VPWXE conjugates, the HDOCK results fol-
low the same trend as that of AutoDock Vina except that
we see an increase in PA-amido-VPWXE binding affinities,
which is not seen in the AutoDock Vina results. Overall, our
results show that conjugation of the terpenes to the peptides
increase binding affinity to the kinase binding domain of the
EphA2 receptor. In all instances, the docking results from
AutoDock Vina and HDOCK for the unbound terpenes also
showed that conjugation with the peptides enhance the bind-
ing affinities.

These results can be explained by studies carried out using
PLIP (Fig. 5 and Supplementary Information Tables S5). For
the YSAYP, the main interactions that are seen include that
seen between Asp 757 in the DFG motif and the hydroxyl
group of Ser from the peptide. Hydrophobic interactions with
Leu 746, Ala 699, Met 695, and H-bond interactions with
Thr 692 occur with the between the tyrosine moieties of the
peptide. Upon conjugation, the hydrophobic interaction with
Leu 746 in the activation loop and hydrophobic and H-bond
interactions with Ala 699 in the ribose pocket remain present
with all conjugates. While it has been shown that Leu 746 is
highly conserved across the kinase domains, the residue Ala
699 is important in that it drives selectivity. Other common
interactions seen in the MA-amido-YSAYP conjugate and
some of the other YSAYP conjugates are Asp 757 in the DFG
motif of the activation loop, Ile 619 in the ribose pocket, Lys
646 in the Gly-rich loop, and Met 695 in the hinge region.
Similar to the residue Ala 699, gatekeeper residue Thr 692
also confers specificity to the ATP binding site of the KBD
and is also a key residue involved in drug protein interac-
tion. Specifically, for HB-amido-YSAYP conjugate, we see
a loss of interaction with Ile 619; however, H-bond interac-
tions with Tyr 735, His 737, Asn 744, and Gly 759 arise
due to interactions of the peptide fragment of the conjugates
with the C-lobe. Compared to the HB-amido-YSAYP, the
MA-amido-YSAYP shows an increase in both hydrogen and
hydrophobic bonds; eight and nine respectively versus seven
and five for HB conjugate. Due to the similarity between the
structure of MA and OA terpenes, these two moieties are
interacting with the same residues of the receptor namely,
Lys 702, Ala 699, and Ile 619. The MA-amido-YSAYP is
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Fig.5 PLIP images showing
docked peptide conjugates with
the kinase binding domain

of EphA2 receptor. Column

A represents YSAYP and its
conjugates; column B represents
SWLAY and its conjugates and
column C represents VPWXE
and its conjugates. Each row
from i through vii indicate neat
peptide; Hydroxybetuliniate-
conjugate; MA conjugate; OA
conjugate; LA conjugate; PA
conjugate and the QA conjugate
respectively

extending toward the Gly-rich loop whereas the OA-amido-
YSAYP folds back on itself with and interacts with Leu 746
bringing the two tyrosine groups in close proximity. Over-
all, both have the same number of hydrophobic bonds (nine)
however MA-amido-YSAYP has two extra H-bond interac-
tions whereas OA-amido-YSAYP has one salt bridge.
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The LA and QA-amido-YSAYP conjugates show twelve
and ten hydrophobic interactions and five and ten H-bond
interactions respectively in addition to one pi-stacking inter-
action with Phe 624 for the LA-amido-YSYAP conjugate. In
addition, while some of the key interactions remain such as
Met 695 and Lys 646, the majority of the remaining bonds
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are not common among each other since the terpene moieties
and peptides are binding to relatively different areas of the
receptor. For example, one end of the QA-amido-YSYAP
conjugate the carbonyl groups of ring E, of the quinopi-
maric moiety is seen interacting with Tyr 694 in the ATP
binding pocket, while for the LA moiety part of its conju-
gate is binding to Leu 746 in the activation loop. PA-amido-
YSAYP has the lowest binding affinity while also having
distinct interactions. While interactions with key residues
are maintained, two new interactions are observed with the
PA-YSYAP conjugate, namely a salt bridge with Lys 629
and a pi-cation interaction with Lys 617 placing the proline
moiety pointing toward the N-lobe of the receptor, where no
other conjugate is binding.

The key residues for the YSAYP conjugate are still pre-
sent in the SWLAY conjugate. For example, the interaction
with Lys 646 that interacted with all the YSAYP conjugates
is also interacting with all the SWLAY conjugates. In addi-
tion, while Asp 757 which is part of the DFG motif was
also found to interact with all of the SWLAY conjugates.
Similarly, Ile 619 and Met 695 are also present with most
of the SWLAY conjugates. Interestingly though, the key
residue Ala 699 is only present in the QA-amido-SWLAY
and MA-amido-SWLAY conjugates. All the SWLAY conju-
gates interact with Phe 624, and with the exception of MA-
amido-SWLAY, all conjugates also interact with Phe 660
as well. MA-amido-SWLAY has eleven hydrophobic inter-
actions, eight H-bonds, one pi-cation interaction, and one
salt-bridge. The salt bridge introduces an interaction that is
only present for this conjugate occurring with the terminal
tyrosine indicating that this conjugate is extending into a
region in the receptor where the other SWLAY conjugates
do not interact. The OA-amido-SWLAY conjugate has more
hydrophobic interactions than the MA conjugate; however,
the number of H-bond interactions is less and it also has
two pi-cation interactions with Lys 646 and the tryptophan
moiety which stabilize the ligand further. In fact, previous
studies have shown that cation interactions are among the
strongest residue-residue interactions and are less likely to
be affected by solvation environment which justifies its high
binding affinity [81]. QA-amido SWLAY on the other hand
has the most hydrogen bonds. The two carbonyl groups from
the E-ring of the QA moiety contribute to this as it interacts
with the Ala 621 in the Gly-rich loop and Ala 699 in the
ribose pocket. Other key interactions are maintained such
as Lys 646, Asp 757, Met 695, Thr 692, and Ile 619. In fact,
its high binding affinity can be attributed to the number of
interactions with the key residues as well as the salt bridge
and pi-stacking. LA and PA-amido-SWLAY conjugates have
the same number of hydrophobic interactions while PA-
amido-SWLAY has one extra H-bond and pi-stacking inter-
action (Phe 660), whereas LA conjugate forms a salt bridge
(His 737). The HB conjugate is also pointing the terminal

tyrosine in the same direction as the LA and PA-amido-
SWLAY conjugate. For all three of those SWLAY conju-
gates, the terminal tyrosine residues are interacting with Arg
738, whereas only the LA and PA-amido-SWLAY conjugate
are also interacting with Asp 739. HB-amido-SWLAY con-
jugate instead forms an extra H-bond with Arg 738. The
tryptophan moiety of HB and PA-amido-SWLAY conjugates
show interactions with Phe 660, Leu 648, Phe 624, and Gln
656. This shows that the peptide region for these 3 conju-
gates are binding near the same region.

For the VPWXE peptide, there is no striking difference
observed compared to the other peptides. In fact, we still
observe key interactions with Lys 646 in the Gly-rich loop;
gatekeeper residue Thr 692, Asp 757, and Leu 746 in the acti-
vation loop; and Ala 699 in the ribose pocket. Since all the
VPWXE conjugates are forming interactions with these resi-
dues located throughout the ATP binding pocket, it indicates
that all the conjugates are binding relatively to the same area
of the receptor. QA-amido-VPWXE conjugate showed the
highest number of H-bonds (9) followed closely by the PA
conjugate with eight. All the conjugates had a similar number
of hydrophobic interactions with the neat peptide, HB and
the QA having ten and MA and OA-amido-VPWXE conju-
gate having nine. PA-amido-VPWXE on the other hand only
had four hydrophobic interactions. Salt bridges with Lys646
were common among MA (one), OA (two), and QA-amido-
VPWXE (two) conjugates, as well as with Lys 702 and the
neat peptide as well as His 737 and the HB-amido-VPWXE
conjugate. Two pi-stacking interactions were also seen
between the tryptophan moiety of hydroxybetulinic-amido-
VPWXE conjugate and Phe 624 and Phe 660.

We then compared the binding affinities with the EphA2
kinase domain upon incorporation of the C4 linker into the
conjugates, the results of which are shown in Supplementary
Information Table S3; the autodock results obtained for all
of the YSAYP conjugates indicated that upon incorpora-
tion of the linker, the binding affinity was lowered in all
cases marginally. For the SWLAY conjugates with the C4
linker, a similar pattern was seen. For the VPWXE conju-
gates however, upon incorporation of the linker, the binding
affinity increased by 0.6 kcal, 0.7 kcal, and 0.8 kcal for the
OA-amido-C4-VPWXE, PA-amido-C4-VPWXE, and LA-
amido-C4-VPWXE conjugates respectively compared to
their non-linker counterparts. All other conjugates displayed
binding affinities either higher for the non-linker conjugate
or the same as that of the linker conjugate. Interestingly
though, the HDOCK results showed a different trend where
the binding score was higher for the C4 linker conjugates
in comparison with the non-linker conjugates; however, the
difference was marginal. The binding interactions with the
EphA2 kinase domain were further assessed through PLIP
analysis as shown Supplementary Information Table S6 and
discussion following the Table S6.
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The results suggest that for the most part, interac-
tions with the kinase domain of the EphA2 receptor were
improved upon conjugation with the terpenes and the linker
did not enhance binding for the SWLAY and the YSAYP
conjugates. Additionally, the SWLAY conjugates showed
better interactions compared to the other peptide conjugates
especially the VPWXE conjugate which proved to have the
weakest interactions compared to the others. Hydrophobic
interactions appeared to play a critical role in binding to the
receptor as well as H-bonds. Salt formation with Lys 646
or His 737 also showed to be an important residue to bind
to receptor.

Among the neat terpenes (Table S7, Supporting Informa-
tion), the highest number of interactions were seen for LA
(six hydrophobic interactions), while the lowest was seen
for HB (three hydrophobic interactions). Val 627 was the
common interaction seen in all cases except for QA; interest-
ingly however, no interactions were seen with Met 695 with
the terpenes, and Asp 757 interaction was only observed
for MA. These results further confirm that the peptide con-
jugates of the terpenes enhance interactions with the ATP
binding pocket.

Molecular dynamics studies

We further assessed the stability of the receptor-ligand com-
plexes for both domains of the EphA?2 receptor using molec-
ular dynamics simulations. The binding pockets of each of
the receptors are distinct and provides in depth information
about the stability of each of the ligands. As can be seen in
Table 3, for the LBD complexed with YSAYP or its con-
jugates, the lowest average RMSD values are seen for the
unconjugated peptide and the HB conjugate. MA-amido-
YSAYP also had a relatively low RMSD value at 0.87 nm.
All other conjugates had a higher RMSD value > 1.0 nm and
in some cases > 2.0 nm (for PA and OA conjugates). The
SWLAY peptide and its conjugates displayed comparatively
lower average RMSD values with the LBD domain of the
EphA2 receptor. Only the LA-amido-SWLAY conjugate
and the PA-amido-SWLAY conjugates had RMSD aver-
ages> 1.0 nm while all others were below 1.0 nm. In the
case of VPWXE and its conjugates, the neat peptide showed
a very high average RMSD value > 3.0 nm, indicative of
weak binding interactions. QA-amido-VPWXE showed the
lowest average RMSD at 0.48 nm, followed by LA-amido-
VPWXE and MA-amido-VPWXE conjugates showing aver-
age RMSD values ~0.8 nm. All other conjugates showed
averages > 1.0 nm and in some cases > 2.0 nm. We also
compared the interactions with each of the neat terpenes
and results showed that with the exception of QA, all other
terpenes had higher average RMSD values > 1.6 nm. To fur-
ther decipher these results, we examined the trajectories over
100 ns simulations. It has been previously reported that the
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Eph-ephrin ligand binding domain contains a hydrophobic
channel into which the ephrin loop inserts [72]. As can be
seen (Fig. 6), in the case of the YSAYP peptide, the pri-
mary interactions occur with the G-H loop region residues
Thr 132-Phe 134, although the peptide itself undergoes
conformation changes overtime. In the case of HB-amido-
YSAYP, additional interactions occur with the anti-parallel
beta-sheets that line the hydrophobic channels, in addition
to residues Asp 129 in the G-H loop region and Tyr 179 in
the J-K loop regions. Interactions are also seen with Trp
85 and Tyr 87. Overall, there is very little change in the
position of the ligand during the simulation process. In the
case of the MA-amido-YSAYP, although interactions are
initially seen with the G-H loop region, by the end of the
simulation, the ligand changes position and is seen interact-
ing with Lys 50 and Tyr 48. Similar interactions occur with
the oleanolic-amido-YSAYP conjugate, though by the end of
the simulation, the ligand is entirely of outside of the binding
pocket, with only one interaction with the G-H loop region
(Thr 132) which corroborates with its higher average RMSD
value. All other interactions occur closer to the N-terminal
end (Gly 42, Leu 41, and Tyr 48). The Tyr 48 interaction
was also seen with the MA-amido-YSYAP conjugate. The
LA-amido-YSYAP conjugate shows most of the ligand on
the outside, at the beginning; however, it moves inward as
the simulation progresses, with interactions occurring with
residues Tyr 67 and Leu 54 in the D-E region accounting for
relatively lower RMSD values.

In the case of PA-amido-YSAYP, the ligand changes
positions drastically over the course of the simulation
explaining its relatively high RMSD, while for QA-amido-
YSAYP, interactions occur within the G-H loop region
(Phe 134). In general, compared to the YSAYP conjugates,
the SWLAY conjugates had lower RMSD values in most
cases, with the exception of LA-amido-SWLAY where the
average RMSD value increased. Among the conjugates,
once again HB-amido-SWLAY showed the lowest aver-
age RMSD value signifying the most stable binding inter-
actions, followed by OA-amido-SWLAY conjugate and
the QA-amido-SWLAY conjugate which also had RMSD
values within 0.6 nm. The MA-amido SWLAY conjugate
also showed stable interaction with average RMSD being
0.8 nm. To further elucidate these interactions, we exam-
ined the trajectories as shown in Fig. 7. As seen in the
figure, the neat unconjugated SWLAY peptide primarily
binds in the D-E region with a few interactions toward the
N-terminal. Upon conjugation with HB-amido-SWLAY,
a new interaction is initially observed with Gly 131 in
the G-H loop region, in addition to Trp 43 and Gly 42.
However, over the course of the simulation, the interac-
tions are observed in the D-E region with Tyr 67, while
those with the Tyr 48 and Trp 43 are retained for most of
the simulation. Significant interactions are observed with
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Table 3 Average RMSD values
obtained for each terpene-
peptide conjugate receptor
complex (without linker)

Name of compound

Ligand binding domain of EphA2  Kinase domain of EphA2
receptor (nm) receptor (nm)

P-L RMSD Ca RMSD P-L RMSD Ca RMSD
YSAYP 0.655 0.229 0.419 0.376
HB-amido-YSAYP 0.603 0.244 0.818 0.335
LA-amido-YSAYP 0.874 0.300 0.529 0.374
MA-amido-YSAYP 1.090 0.242 0.613 0.372
OA-amido-YSAYP 2.207 0.257 0.504 0.463
PA-amido-YSAYP 2.731 0.226 0.507 0.401
QA-amido-YSAYP 1.165 0.283 0.360 0.421
SWLAY 0.603 0.223 0.630 0.629
HB-amido-SWLAY 0.581 0.237 0.589 0.339
LA-amido-SWLAY 1.527 0.225 0.521 0.376
MA-amido- SWLAY 0.809 0.236 0.583 0.432
OA-amido-SWLAY 0.604 0.294 0.378 0.279
PA-amido-SWLAY 1.230 0.292 0.694 0.510
Quinopimartate-amido-SWLAY 0.603 0.331 0.641 0.397
VPWXE 3.184 0.245 0.289 0.309
HB-amido-VPWXE 2.536 0.269 0.324 0.306
LA-amido-VPWXE 0.829 0.326 0.680 0.329
MA-amido-VPWXE 0.809 0.236 0.525 0.304
OA-amido-VPWXE 1.448 0.301 0.465 0.336
PA-amido-VPWXE 1.350 0.275 1.209 0.342
Quinopimartate-amido-VPWXE 0.482 0.245 0.706 0.496
Hydroxybetulinic acid 3.044 0.317 0.658 0.477
Levopimaric acid 1.796 0.289 0.352 0.376
MA acid 3.136 0.265 0.897 0.535
Oleanolic acid 1.767 0.252 1.000 0.411
Polyalthic acid 1.997 0.240 0.184 0.375
Quinopimaric acid 0.792 0.232 0.933 0.534

the beta-sheet region of the receptor. In the case of MA-
amido-SWLAY conjugate, a new interaction is observed
with Thr 45 with the —OH group of the MA component in
addition to interactions with Tyr 48 and Trp 43 in the B-C
region of the receptor. Overall, the ligand remains attached
to the receptor throughout the course of the simulation
with very little changes in conformation.

For the OA-amido-SWLAY conjugate, strong interactions
are seen throughout the course of the simulation once again
between Tyr 48 in addition to Lys 50, and Asp 78 in the first
50 ns; however, toward the later part of the simulation, inter-
actions are observed with Thr 132 which is part of the G-H
loop region. Interestingly, the terpene part of the conjugate
remains strongly anchored to the ligand binding domain, while
the last two residues Tyr and Ala appear to move away from
the receptor. These results indicate that the OA moiety strongly
encourages binding interactions for this conjugate. For the LA-
amido-SWLAY conjugate, although the ligand initially spreads
around a large portion of the receptor, making contacts with
residues such as Gly 131, Gln 56, and Thr 45, toward the end

of the simulation, the ligand is barely attached and moves away
from the receptor, only showing H-bonding interactions with
the Tyr 65 and hydrophobic interactions with Ala 37. The
entire terpene moiety part of the conjugate moves away, thus
accounting for the high average RMSD value. In the case of the
PA-amido SWLAY, while the ligand starts out with interac-
tions with residues such as Tyr 48 and Thr 45, however later
interactions are observed in the D-E region with residues such
as Trp 52 (at 50 ns) and Leu 64 and Tyr 65 by the end of the
simulation. QA-amido-SWLAY conjugate shows interactions
with some residues in the G-H loop region, (Arg 82) for the
most part of the simulation, in addition to interactions with
Gly 42, Leu 44, and Thr 45, that allows to stabilize the conju-
gate within the ligand binding domain of the receptor. Thus, it
appears that in the case of the SWLAY conjugates, interactions
with the terpene moiety within the binding pocket plays a key
role in stabilizing the binding interactions.

Among all three peptides, the highest average RMSD
value was observed for VPWXE (X being norleucine residue)
at 3.18 nm. However, upon conjugation with the terpenes, the
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Fig.6 Trajectory images of
YSAYP and its conjugates with
the ligand binding domain of
EphA2 at 0 ns, 50 ns and 100 ns
of the simulation (a) YSAYP;
(b) HB-amido-YSAYP; (c) MA-
amido-YSAYP; (d) OA-amido-
YSAYP; (e) LA-amido-YSAYP;
(f) PA-amido-YSAYP; (g) QA-
amido-YSAYP conjugate

value is lowered, thus implying that conjugation with terpe-
nes may increase interactions compared to VPWXE alone.
Strikingly, among the conjugates, the HB-conjugate had the
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highest average RMSD value, which is opposite to the results
obtained for the SWLAY and YSAYP conjugates, indicating
that conjugation with VPWXE likely changes the binding
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Fig.7 Trajectory images of
SWLAY and its conjugates

with the ligand binding domain
of EphA2 at 0 ns, 50 ns, and
100 ns of the simulation a
SWLAY:; b HB-amido-SWLAY;
¢ MA-amido- SWLAY; d OA-
amido- SWLAY; e LA-amido-
SWLAY; f PA-amido- SWLAY;
g QA-amido-SWLAY conjugate

position and reduces binding with the HB moiety. LA, MA,
and QA-amido-VPWXE conjugates were the only conjugates
to display RMSD values below 1.0 nm. These results are

corroborated by the trajectory analysis (Fig. 8). As seen in
the figure, the VPWXE peptide changes its position, and con-
formation during the course of the simulation significantly
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and appears to move away from the receptor, with only
hydrophobic interactions between Phe 95, Lys 199, and Lys
27 by the end of the simulation. Among the conjugates, for
the HB-amido-VPWXE, the entire molecule appears to fold
up, and move away toward the end of the simulation with
interactions with Pro 63 at the end of the simulation. The
MA-amido-VPWXE conjugate remains firmly attached to the
receptor throughout the course of the simulation and inter-
actions are seen between Tyr 48 and the —OH group of MA
moiety. Additional interactions are also seen with Thr 45.
For the OA-amido-VPWXE conjugate, multiple interactions
in the G-H loop region with Gln 135, Asn 133, and Tyr 130
occur at 50 ns; however, once again by the end of the simula-
tion, most of the ligand moves away with only interactions
with Gln 36 remaining with the norleucine moiety while the
terpene end is outside of the binding pocket accounting for a
very high RMSD value. The LA-amido-VPWXE conjugate
on the other hand remains attached to the receptor, though
most interactions occur with the peptide portion, between the
glutamate residue and Arg 82, a salt-bridge formation occurs
and the terpene moiety is stabilized by binding with Tyr 48.
Hydrophobic interactions with Leu 41 and Trp 85 are also
responsible for the binding interactions.

For the PA-amido conjugate, changes occur over the
course of the simulation, and interactions are seen with Phe
134 in the G-H loop region and the peptide moiety. The
QA-amido VPWXE conjugate remains firmly attached in
the B-C region and D-E region, with strong interactions
seen with Trp 43, Leu 41, Tyr 48, and Tyr 67, implying
stabilization of this conjugate primarily through hydropho-
bic interactions. Overall, these results indicate that of the
three conjugates, a majority of SWLAY conjugates remained
attached to the binding pocket of the LBD domain of the
EphA?2 receptor followed by YSAYP conjugates, while only
three conjugates with VPWXE were found to be somewhat
stable. The terpene moiety appears to be stabilized by a
critical interaction with Tyr 48, which is seen interacting
with almost all conjugates. Although, the significance of
binding to this region needs to be further elucidated. The
trajectories of the neat unbound terpenes upon interacting
with the LBD of EphA2 receptor are shown in Supporting
Information Fig. S3. As can be seen in the figure, with the
exception of LA and QA, all other terpenes were found to
move away from the receptor over the course of the simula-
tion. Additionally, the ligands and the receptor undergoes
conformational changes in all cases. These results indicate
that the terpenes alone do not have stable interactions with
the LBD of EphA2 and conjugation with the peptides allows
for anchoring the conjugates on to the LBD. Notably, con-
formational changes were observed in the ligand binding
domain upon binding to the various conjugates or the terpe-
nes and peptides individually as seen from the trajectories,
particularly in the loop regions.
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Based on the binding affinities obtained from the dock-
ing studies, we chose to perform molecular dynamic simu-
lations with two of the C4-linker conjugates that showed
relatively higher binding affinities namely the masliante-
amido-C4-peptide and OA-amido-C4-peptide. In the pres-
ence of the linker, the YSAYP conjugates showed slightly
lower average RMSD value (0.7 nm and 0.8 nm) as opposed
to RMSD averages of 1.0 nm and 2.0 nm obtained for the
corresponding MA and OA conjugates respectively without
the linker. This implies that the linker successfully enhanced
interactions with the LBD for both of these YSAYP con-
jugates. On the other hand, introducing the linker to the
SWLAY conjugates worsened the ligand-receptor stabil-
ity for the two conjugates studied. The RMSD value for
the conjugates without the linker averaged below 1.0 nm,
whereas upon conjugation with the linker, the RMSD val-
ues were> 1.0 nm. For the VPWXE conjugate, the linker
improved the ligand-receptor stability for the OA-amido-
C4-VPWXE, whereas for MA-amido-C4-VPWXE the aver-
age RMSD increased, indicative of weaker interactions. The
results are seen in Table 4.

To further decipher these results, we also examined the
trajectories of the linker conjugates (Supplementary Infor-
mation Fig. S4). The MA-amido-C4-YSAYP conjugate
undergoes very little conformational change within the LBD
of the EphA2 receptor. The most important contributors to
this stability were the interactions with Thr 45 and Trp 43
in the N-terminal end which anchored the ligand for the
entirety of the simulation. This minimal change in position
corroborates with its low RMSD value. As opposed to MA-
YSAYP without the linker, where there were no interactions
within the G-H loop and the ligand changed conformation
during the simulation. For the OA-amido-C4-YSAYP con-
jugate, interactions with Gly 49 as well as Thr 132 were
seen in the G-H loop region throughout the simulation. As
opposed to the improvement in ligand-receptor stability
that was caused by the linker in the case of YSAYP conju-
gates, we saw weaker ligand-receptor interactions with the
linker in the SWLAY conjugates. MA-amido-C4-SWLAY
for example showed interactions with Leu 31 and Asp 33
for the majority of the simulation; however, unlike the
results for the MA-SWLAY without the linker, the ligand
is displaced entirely out of the binding pocket at the end of
the simulation. Similarly, OA-amido-C4-SWLAY showed
extensive interactions in the beginning of the simulation;
however, toward the end of the simulation, the terpene part
of the conjugate moves away from the receptor and remains
anchored only by interactions with Pro 63 and Ala 37 with
the peptide portion of the conjugate. This is contrary to what
is seen for the compound without the linker which helps
justify its lower RMSD value indicative of stronger binding
interactions than that seen in the presence of the linker. The
MA-amido-C4-VPWXE conjugate shows interactions with
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Fig.8 Trajectory images

of VPWXE and its conju-
gates with the ligand bind-

ing domain of EphA2 at

0 ns, 50 ns, and 100 ns of

the simulation a VPWXE; b
HB-amido-VPWXE; ¢ MA-
amido-VPWXE; d OA-amido-
VPWXE; e LA-amido-VPWXE;
f PA-amido-VPWXE; g QA-
amido-VPWXE conjugate

Gln 136 and Tyr 122 in the beginning of the simulation and
Gln 183 for the last 50 ns. However, binding interactions
with Asn 120 is seen for the entire simulation. These new

100n
\ i W
{ ( /, - \\ /.\pu 95‘&’7 g

interactions in the presence of the linker confer a higher
RMSD value however the difference is not significant.
For the OA-amido-C4-VPWXE conjugate starts out very
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Table 4 Average RMSD values
obtained for terpene-linker-
peptide receptor complex

Name of compound with Linker

Ligand binding domain of EphA2  Kinase domain of EphA2

receptor receptor

P-L RMSD Ca RMSD P-L RMSD Ca RMSD
MA-amido-C4-YSAYP 0.724 0.2406 0.7792 0.3263
OA-amido-C4-YSAYP 0.811 0.2765 0.6535 0.3331
MA-amido-C4-SWLAY 1.380 0.1987 0.5332 0.4024
OA-amido-C4-SWLAY 1.191 0.2490 0.5564 0.3123
MA-amido-C4-VPWXE 0.972 0.2545 0.5606 0.4200
OA-amido-C4-VPWXE 0.679 0.2039 0.6027 0.3440

well anchored to the receptor as seen by the low RMSD
value until 37 ns. Throughout the simulation, it undergoes a
change of conformation until the terpene region of the com-
pounds becomes loose at the end of the simulation.

The kinase domain of EphA2 receptor also plays a criti-
cal role in several cellular processes and in the propaga-
tion of diseases. Studies have been conducted to elucidate
the binding interactions of drug candidates with the EphA2
kinase binding domain in order to understand the differences
and similarities with other RTKs implicated in cancer. To
examine if the conjugates formed stable complexes with the
kinase domain of the receptor, we carried out molecular
dynamics studies. As can be seen in Table 3, across all of
the conjugates, the average RMSD values were lower for the
complexes with the kinase domain of the EphA2 receptor.
This indicates that overall the conjugates may form more sta-
ble complexes with the EphA2 receptor kinase domain. This
is likely because the EphA2 receptor kinase domain contains
a larger hydrophobic pocket, that can bind to the conjugates
more efficiently. In the case of the YSAYP conjugates, all
conjugates showed lower RMSD values (< 1.0 nm). QA-
amido-YSAYP conjugate had the lowest RMSD (0.36 nm)
while the HB-amido YSAYP conjugate had a relatively
higher value at 0.818 nm. All others were found to be in the
range of 0.5 to 0.6 nm indicating high stability. The SWLAY
conjugates also showed low RMSD values compared to
those obtained with LBD. The lowest value was seen for
the OA-amido-SWLAY conjugate at 0.38 nm. All other
conjugates ranged from 0.5 to 0.69 nm, again implying the
formation of more stable complexes with the EphA2 kinase
domain. For the VPWXE conjugates also, we show lower
average RMSD values (between 0.3 and 0.49 nm). These
results indicate that the conjugates without the linker appear
to have a higher affinity toward the EphA?2 kinase domain.

After introducing the C4 linker (Table 4), the RMSD
values for the linker conjugates with MA and OA were on
average about similar or slightly higher compared to those
obtained without the linker. The average RMSD values
ranged from 0.55 to 0.77 nm in most cases. This suggests
that while the incorporation of the linker did not significantly
worsen the stability of the receptor ligand complex, it also
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did not enhance it (with exception of MA-amido-C4-SWLAY
which showed slight reduction from 0.58 to 0.53 nm). To
assess these results further, we explored the trajectories (Sup-
plementary Information Fig. S5-S7). As can be seen, the
YSAYP peptide interacts with residues within the DFG motif
of the activation loop (Asp 757) and makes contacts with Lys
645 and Met 695 which are residues found within the hinge
region of the ATP binding cleft. Over the course of the simu-
lation, subtle changes are observed for the peptide within
the cleft and while it continues to interact with Met 695, a
new interaction is observed with Glu 693 toward the end of
the simulation. For the conjugates, once again the hydroxy-
betulinic amido-YSAYP conjugate fits into the ATP binding
cleft, and toward the end of the simulation the ligand also
shows interactions with the C-helix region of the receptor.
MA-amido-YSAYP also interacts with the G-rich region as
well as the C-Helix and the activation loop, initially, however
toward the end of the simulation, it makes critical contacts
with Asp 757 of the DFG motif in the activation loop and
moves away from the C-helix region. Hydrophobic contacts
are observed with Ile 619 and the terpene moiety of the con-
jugate. For the OA-amido-YSAYP conjugate, Met 695 and Ile
619 appear to play a critical role in binding with the receptor,
along with Glu 693. However, the ligand itself undergoes
conformational change and folds up on itself by the end of
the simulation. For the LA-amido-YSAYP conjugate, once
again the ligand initially fits into the ATP binding cleft, and
is spread out between the Gly-rich loop and the activation
loop as well as with the C-helix making critical interactions,
but by the end of the simulation, the ligand changes confor-
mation and it moves away from the C-helix, though with a
less extended conformation. For the PA-amido-YSAYP and
QA-amido-YSAYP conjugates, interactions with Met 695,
Tyr 694, and Ile 619 play role in hydrophobic interactions
with the conjugate and appear to have strong interactions
with the hinge region. The C-helix adopts an “in”” conforma-
tion initially but midway through the simulation, it adopts
an “out” conformation in the cases of QA and OA-amido-
YSAYP conjugates. These results indicate that in all cases,
binding interactions occurred within the ATP binding cleft
for the peptide YSAYP and its terpene conjugates.
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For SWLAY and its conjugates, interactions are observed
with residues of the hinge region and Asp 757 of the activa-
tion loop. For SWLAY, the peptide undergoes conforma-
tion changes and toward the end of the simulation shows
interaction with C-helix residue Glu 663 which hydrogen
bonds with the —OH group of the terminal tyrosine of the
peptide. For the HB-amido-SWLAY, initially the conjugate
spans the entire ATP binding cleft, and is also seen interact-
ing with one of the alpha helices of the C-lobe below the
activation loop. However, toward the end of the simulation,
the ligand moves upwards and makes hydrophobic contacts
with Ile 619, Asp 659, and Val 627 in the hinge region. The
MA-amido SWLAY and the OA-amido-SWLAY conjugates
show similar interactions, encompassing the ATP binding
cleft, with the terpene part of the conjugates interacting
with the alpha-helices of the C-lobe, and the peptide por-
tion with the activation loop making critical contacts with
the DFG motif. In the case of the MA conjugate however,
while the C-lobe interactions occur throughout the simu-
lation, in the case of OA-amido-SWLAY conjugate, the
terpene portion interacts with the residues of the C-helix.
Additionally, the C-helix changes from an “in” conformation
to “out” conformation in the case of the OA-amido SWLAY
conjugate over the course of the simulation. In the case of
the LA-amido SWLAY, the conjugate undergoes conforma-
tion changes throughout the simulation, though it maintains
contact with the Asp 757 residue of the activation loop. The
PA-amido-SWLAY conjugate makes initially interactions
with the hinge region and the activation loop as well as the
C-helix; however, by the end of the simulation, it moves
toward the C-helix, while still maintaining contacts with
the hinge region residues. The QA-amido SWLAY conju-
gate remains tethered to the activation loop throughout the
simulation, though slight changes in conformation of the
conjugate are observed, the main contacts with Met 695,
Thr 692, Lys 646, and Ser 756 remain, thus accounting for
its low RMSD and stability. One of the major differences
observed between the SWLAY and the YSAYP conjugates
was that several of the SWLAY conjugates interacted not
only in the ATP binding cleft region but also with the C-lobe
residues and the C-helix. This may be due to the presence
of tryptophan residue, making it slightly more hydrophobic
in the case of SWLAY.

The VPWXE peptide interacts with the hinge region and
the gly-rich region, making contacts with residues such
Lys 646, Asp 701, and Thr 692. The HB amido-VPWXE
conjugate however occupies the entire ATP binding cleft,
extending into the C-helix region. The MA and the OA-
amido VPWXE conjugates remain tightly attached to the
receptor kinase domain making contacts once again with the
DFG motif residue Asp 757, alongside the gly-rich region
residues Asp 659 and Lys 646. Additionally, interactions
are also seen with the alpha-helices of the C-lobe. For the

LA-amido-VPWXE however, the ligand undergoes major
conformational changes and folds up during the course of
the simulation, and interactions are observed with Ile 619
and Ala 621. The C-helix adopts an open conformation
by the end of the simulation. Both QA and the PA-amido
VPWXE conjugates also show changes in conformation over
the course of the simulation, though primary contacts are
seen with the hinge region. The QA-amido VPWXE conju-
gate almost moves out of the receptor, maintaining hydro-
phobic contacts with residues such as Ile 619 and Ala 621
with the peptide portion.

We then compared the trajectories of the MA and OA
linker peptide conjugates (Supplementary Information
Fig. S8). Similar to MA-amido-YSAYP, the correspond-
ing linker incorporated conjugate retained the interaction
with Glu 663 in the C-Helix throughout the entirety of the
simulation. It also started out with interactions within the
gatekeeper region as well as G-rich region. At the end of
the simulation, the terminal tyrosine of the peptide was seen
interacting with the gatekeeper residue. While the peptide
chain portion experienced little fluctuations, the terpene
region initially binds to Phe 758 of the DFG motif; however,
at the end, it fails to anchor itself to the receptor. This sup-
ports the slightly increased RMSD value that was seen for
the linker. The OA-amido-C4-YSAYP conjugate retained the
interaction with Met 695 that was determined to play a criti-
cal role in binding the OA-amido-YSAYP to the receptor. In
fact, even though other interactions take place throughout
the simulation, at the end of the simulation Met 695 is cru-
cial in keeping the linker-incorporated conjugate anchored
to the receptor through an interaction with the terminal -OH
group of the terpene group. For the MA-amido-C4-SWLAY,
binding occurs in the same region throughout the simula-
tion, namely in the DFG motif, ribose pocket, hinge region,
and ATP binding pocket entrance. The terpene portion of
the conjugate fluctuated the most; however, it is able to
remain anchored to the receptor unlike in the case of the
conjugate without the linker, which justifies why its RMSD
value was slightly lower, representing higher stability of the
receptor ligand complex. The OA-amido-C4-SWLAY also
retained many of the interactions that were present for the
corresponding non-linker conjugate, namely Lys 646, Glu
663, and Asp 757. Similarly, the MA-amido-C4-VPWXE
and the OA-amido-C4-VPWXE conjugates also remained
tightly bound, making contacts in similar regions as their
respective non-containing linkers such as interactions with
the DFG motif and Gly-rich loop.

Overall, these results indicate that several of the con-
jugates had stronger interactions with the tyrosine kinase
domain of the EphA2 receptor compared to the ligand bind-
ing domain and may be considered for further studies for
designing drugs for targeting cancer. Incorporation of the
linker resulted in comparatively stronger interactions with
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the LBD region, while it slightly reduced interactions with
the EphA2 kinase domain. The trajectories of the terpenes
showed significantly lower binding though the terpenes also
attached to the EphA2 kinase binding domain (Supporting
Information Fig. S9) making key contacts with residues such
as Met 695 and Asp 757. Previous work has also shown that
plant terpenes such as oleanolic acid and urosolic acid may
play a key role in reducing cell proliferation of tumor cells
by inhibiting tyrosine kinases [82, 83].

We next compared the RMSF values which provide us
with the information regarding the flexibility of the protein
upon interacting with a ligand [84]. The results are shown
in Fig. 9. As can be seen in the figure, in the case of the
LBD of the receptor, all conjugates as well as the peptide
alone resulted in higher flexibilities in the same regions of
the protein though the RMSF values varied depending upon
the conjugates. The residues involved included Ala 37, Lys

50, Asn 60, Gly 75, Gly 100, and Val 161. This indicates
that the conjugates were likely binding mostly in the G-H
loop regions along with some interactions in the J-K loop as
well as the D-E region in some cases. The unbound peptides
showed relatively lower flexibilities.

When compared with the neat terpenes (Fig. 9g), it was
observed that the same amino acid residues contribute to the
movement of the protein during the simulation. The same
pattern in seen for the MA and OA conjugates containing
the linkers where RMSF values range similar to the values of
the conjugates without the linkers as seen in Supplementary
Information Fig. S10b. For the LBD, highest flexibility was
seen for the residues including Asp 33, Asn 57, and Phe 108
indicative of higher motion of the receptor in this region.
Interestingly, the MA-amido-C4-VPWXE showed higher
flexibility compared to the other conjugates in the Val 161
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the kinase binding domain of EphA2; e SWLAY and its terpene con-
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region, whereas MA-amido-C4-YSAYP showed higher flex-
ibility in the region between Asn 57 and Pro-63.

In the case of the kinase domain, relatively lower fluctua-
tions compared to the ligand binding domain was observed.
Among the conjugate receptor complexes, relatively higher
fluctuations were observed for the YSAYP conjugates, while
the SWLAY and the VPWXE conjugates showed lower
fluctuations. In all cases, the C-terminal residues showed
high fluctuations, which is due to higher flexibility [85].
The residues showing fluctuations were interestingly dif-
ferent for each ligand complexed with the kinase domain.
For the YSAYP peptide and its conjugates, residues Ile 619,
Lys 649, Glu 656, Asp 708, Ile 781Tyr 791, and His 824
showed fluctuations while the OA-amido YSAYP conjugate
showing highest fluctuations with Glu 654 and Lys 649. In
the case of the SWLAY conjugates, all conjugates showed
approximately similar fluctuations, with residues Tyr 628,
Gly 651, Leu 704, Leu 710, Ala 788, Met 840, and Ile 875.
Thus hydrophobic interactions played a large role in sta-
bilizing the SWLAY-conjugate complexes. The values for
the VPWXE complexes also showed relatively low RMSF
values (< 0.5 nm), with the QA conjugate showing slightly
higher fluctuations. Residues involved included Gly 622, Glu
654, Leu 716, Gly 759, Ser 796, and Ser 822, indicating
more H-bonding interactions being involved in stabilizing
this complex. For the kinase domain with terpenes alone,
residues that showed higher flexibility included Gly 622,
Met 631, Glu 634, Gly 759, and Ala 788 indicating that
some of the residues include those in the gly-rich loop as
well as the catalytic region. For the MA and OA conjugates
with the linker (Supplementary Information Fig. S10a), the
highest flexibility was seen in the C-terminal region which is
expected given that the terminal residues are expected to be
flexible. Other regions that showed relatively higher flexibil-
ity for most conjugates were Val 658, Lys 655, Glu 706, Ala
699, Leu 746, and Met 827. Relatively higher flexibility was
seen for the MA-amido-C4-SWLAY conjugate, particularly
in the region of Met 733. The olealonate-amido-C4-SWLAY
conjugate showed relatively higher flexibility in the Val 658
region. These results indicate that overall, the linker conju-
gates were interacting more with the hydrophobic residues
of the EphA2 kinase binding domain.

ADME studies

For further analysis of the designed conjugates, we exam-
ined their properties using the web server ADMETIab2.0.
Results of log P values for each of the conjugates and indi-
vidual terpenes are shown in Table 5. In general, log P is
the partition coefficient between the lipophilic phase and
aqueous phase and provides critical information regarding
the absorption and distribution of the pharmacological can-
didate [86]. All the conjugates as well as the unconjugated

peptides and the neat terpenes were studied. The neat ter-
penoids had a high log P values ranging from 4.292 to
6.645 due to their hydrophobicity. In comparison, the neat
peptides had a much lower logP values, as they were less
hydrophobic. Upon conjugation with the terpenes, there
was an increase in logP value compared to the YSAYP
peptide, as expected. The highest logP value was seen for
the OA-amido-YSAYP as was expected and also predicted
from COSMO-RS studies discussed earlier. Similarly, upon
conjugating the terpenes with the SWLAY peptide as well
as the VPWXE peptide, there was also an increase in logP
value. Overall, the VPWXE conjugated peptides had the
highest logP value compared to the conjugates with the
other peptides as was expected since the VPWXE peptide
was the most hydrophobic of the three peptides. These

Table 5 ADME studies

Compound LogP

Hydroxybetulinic acid 4.582
Maslinic Acid 5.798
Oleanolic acid 6.645
Levopimaric acid 4.292
Polyalthic acid 4.685
Quinopimaric acid 4.558
YSAYP -1.435
HB-amido-YSAYP 4.264
MA-amido-YSAYP 5.626
OA-amido-YSAYP 6.328
LA-amido-YSAYP 3.869
PA-amido-YSAYP 3.784
QA-amido-YSAYP 4355
MA-amido-C4-YSAYP 522

OA-amido-C4-YSAYP 6.022
SWLAY 0.48

HB-amido-SWLAY 5.142
MA-amido-SWLAY 5.19

OA-amido-SWLAY 7.357
LA-amido-SWLAY 5.272
PA-amido-SWLAY 5.384
QA-amido-SWLAY 5.873
MA-amido-C4-SWLAY 6.490
OA-amido-C4-SWLAY 7.181
VPWXE 0.544
HB-amido-VPWXE 5.819
MA-amido-VPWXE 7.081

OA-amido-VPWXE 7.67

LA-amido-VPWXE 5.557
PA-amido-VPWXE 6.369
QA-amido-VPWXE 6.134
MA-amido-C4-VPWXE 6.583
OA-amido-C4-VPWXE 7.481
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results indicate that some of the peptide conjugates dis-
played drug-like properties and may be utilized for further
development for targeting tumors. For the MA and OA
peptide conjugates with the C4 linker, as expected the logP
values further increased due to incorporation of the C4
aliphatic linker.

Cell viability studies

Given the promising results of the conjugates using computa-
tional methods, we chose to explore in vitro cellular interac-
tions with undifferentiated glioma F98 cells which are known
to overexpress EphA2 receptor [87, 88]. This cell line has
been developed for numerous studies for developing tumor
models for glioblastoma multiforme [89]. We also examined
interactions with human fibroblasts, to study the viability of
non-cancer cell lines in the presence of the conjugates. As
a proof of concept, we synthesized MA and OA conjugates

Fig. 10 A. Cell viability studies
of F98 cells in the presence of
varying concentrations of MA
and OA-amido conjugates,
Dasatinib, as well as the neat
peptides YSAYP; SWLAY

and VPWXE. (*P <0.05;

##P <(.01). (Statistical
Analysis was carried out using
Students ¢ test). B. Optical
microscopy images of cells after
24 hours of incubation with
constructs (a) Control cells;

(b) cells treated with MA-
amido-YSAYP; (c) cells treated
with MA-amido-SWLAY; (d)
MA-amido-VPWXE; (e) cells
treated with OA-amido-YSAYP;
(f) cells treated with OA-amido-
SWLAY; (g) cells treated with
OA-amido-VPWXE; (h) cells
treated with SWLAY; (i) cells
treated with YSAYP; (j) cells
treated with VPWXE (k) cells
treated with Dasatinib
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particularly at the higher concentration (52% viability) thus
signifying that the OA-moiety plays a role in reduction of
F98 cell viability. This corroborates with previous results
that have shown that oleanolic acid has tumor-suppressive
effects and reduces cell migration in glioma cells by inhib-
iting the MAPK-/ERK pathway [91]. Furthermore, it has
also been shown to reduce proliferation in varying cancer
cell lines such as MCF-7 and HT-29 [92, 93] by inducing
apoptosis through G2/M phase cell cycle arrest. Among the
SWLAY conjugates, once again OA-amido-SWLAY con-
jugate showed higher cytotoxicity (57% viability at lower
concentration and 47% at the higher concentration), com-
pared to the MA counterpart. Though MA conjugated with
SWLAY did inhibit proliferation (70% viability at the lower
concentration). The cytotoxicity of the VPWXE conjugates
was found to be concentration dependent with oleanolate-
amido-VPWXE showing similar cytotoxicity as the MA
counterpart (61% and 59% respectively at the lower con-
centration and 55% at the higher concentration for both).
In general, compared to the peptides alone, the conjugates
displayed higher cytotoxicity thus implying that conjuga-
tion with terpenes increases cytotoxicity toward tumor cells.
The positive control (Dasatinib) showed a reduction in cell
proliferation to 44% at the higher concentration, which is
comparable to that observed for oleanolate-amido-SWLAY
at 47%. To further confirm these results, we examined the
morphologies of the cells after treatment with the conju-
gates and peptides for 24 h at 5 pg/mL concentration of
each conjugate/peptide. As can be seen in Fig. 10b, the MA
conjugates appear to look similar to the control cells and dis-
played widespread extensions making several contacts with
cells signifying mostly healthy cells. However, in the case
of the OA conjugates, fewer extensions were observed and
cells appeared rounded. This indicates that their growth was
slowed down as this type of morphology is generally seen
in the initial stages of growth of glioma cells [94] and that
cell proliferation was being stunted. In the presence of the

Fig. 11 Apoptosis assay carried
out after 24 h of incubation of
various conjugates with FO8
cells. a OA-amido-SWLAY
conjugate; b OA-amido-
YSAYP; ¢ OA-amido-VPWXE;
d VPWXE; e MA-amido-
VPWXE; f MA-amido-
SWLAY. Scale bar=25 um

peptides however, once again the cells appear well spread,
and making contacts with adjacent cells. With the VPWXE,
some aggregation of rounded cells is also observed. In the
presence of the drug Dastanib, overall, while there were
some cells that appeared to form extensions, a significant
amount of cells were also found to round up. Overall, these
results agree with the WST-8 viability studies.

To further investigate the effects on non-cancer cell lines,
we examined the effects on human dermal fibroblasts, and
the results obtained are shown in Supplementary Informa-
tion Fig. S11. As can be seen, upon treatment with all con-
jugates, the cells continued to proliferate and had a viability
greater than 92%. The cells also formed typical elongated
shapes signifying healthy cells. These results indicate that
the conjugates (particularly the OA-amido-YSAYP and OA-
amido-SWLAY peptide conjugates) had specificity toward
the F98 glioma cells.

Apoptosis studies

In order to elucidate the mechanism, an apoptosis assay was
performed, and the results can be seen in Fig. 11. As can
be seen in the figure, at 24 h, in the presence of OA-amido-
SWLAY (Fig. 11a) and OA-amido-YSAYP (Fig. 11b), the
treated glioma cells appear to be intracellularly stained with
the red propidium iodide dye. This is supported by the fact that
we see extensive blebbing and disrupted membrane [95, 96]
indicative of late-apoptosis. In contrast, OA-amido-VPWXE
(Fig. 11c) was stained green indicating that it induces apoptosis
that is only at its early stages. This is confirmed by the circular
green fluorescence that is seen around the cells which is due
to annexin V binding to the exposed phosphatidylserine on the
membrane of the cell rather than intracellularly as well as the
fact that the integrity of the membrane has not been compro-
mised [97]. Additionally, VPWXE and MA-amido-SWLAY
also induced early apoptosis, while MA-amido-VPWXE
showed late apoptotic cells. No apoptosis was observed in the
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case of the SWLAY or YSAYP individually. These results indi-
cate that conjugating the peptides (particularly SWLAY) with
these specific terpenes promotes apoptosis of F98 cells. This
corroborates with previous work, where it has been shown that
both MA and OA terpenes induce apoptosis in tumor cells [98,
99]. However, the signaling pathways induced by these conju-
gates on F98 cells needs to be further studied, in the context of
binding interactions with the EphA2 receptors. Those studies
are currently ongoing and will be reported separately.

ADP-Glo assay

Given that MA and OA peptide conjugates showed promis-
ing results with F98 cells, we further selected these con-
jugates to test if EphA2 kinase enzyme inhibition was
involved. We therefore determined the kinase activity in
the presence and absence of the conjugates using ADP-Glo
kinase assay which is a well-known method, and is utilized
to examine kinase activity by quantifying the amount of
ADP produced during kinase reactions [100]. For the con-
trol reaction, DMSO vehicle control was used, keeping
all other conditions the same. Results obtained are shown
in Fig. 12. As shown in the figure, we observed that the
highest inhibitory activity was observed for the OA-amido-
SWLAY conjugate (49.4% inhibition) at 30 pM concentra-
tion, while almost no inhibitory effect was seen for the MA-
amido-VPWXE conjugate (10.2% inhibition) at the same
concentration.

The MA-amido-SWLAY conjugate displayed 38.3% inhi-
bition, while MA-amido-YSAYP showed 32% inhibition at the
same concentration. The OA-amido-YSAYP conjugate was
comparable to the MA counterpart showing 33% at the same
concentration. Interestingly, the oleanolate-amido-VPWXE
conjugate did show some inhibition, though less than the oth-
ers at 25% at the same concentration. Overall, the SWLAY
conjugates showed slightly higher inhibition of EphA?2 kinase
activity compared to the YSYAP conjugates. These results
indicate that the oleanolate and Maslinate SWLAY and
YSAYP conjugates do display kinase inhibition activity at
higher concentrations of the conjugates utilized in this study,
though the SWLAY conjugates showed higher potency.

SPR analysis

To further determine the specificity of binding interactions
of the EphA2 receptor with the peptide conjugates, we car-
ried out SPR analysis at varying concentrations with both
the kinase-binding domain and the ligand-binding domain
of the receptor. Results obtained are shown in Table 6.
Because oleanolate-amido-SWLAY showed the most prom-
ising results with cells as well as with the ADP-Glo assay,
as a proof of concept, we carried out SPR analysis with
the oleanolate-amido-SWLAY conjugate. Additionally,
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Fig. 12 EphA2 kinase activity in the presence of peptide conjugates
of MA and OA. All reactions were done in the presence of substrate.
DMSO was used as the vehicle control. The average values of n=3
and standard deviation are shown. S, Y, and V are abbreviations for
SWLAY, YSAYP, and VPWXE. Ole=olealonate; MA =Masli-
nate. The concentrations of the conjugates are blue=10 pM;
orange =20 pM and grey =30 pM. The substrate concentration was
kept constant at 20 pM. Ole-S is circled in red indicating highest
inhibitory activity

Table 6 Binding affinity (KD) using SPR analysis

Test compound KD (M) Domain

OA Amido-SWLAY 0.377e-006  Kinase-binding domain
Dasatnib (positive control)  5.411e-007  Kinase-binding domain
Ephrin A1 (positive control) 0.8134e-006 Ligand-binding domain
OA Amido-SWLAY 0.7393e-003 Ligand-binding domain

the drug Dasatinib was studied as a positive control for the
kinase-binding domain as it is a well-known kinase inhibi-
tor and binds efficiently to the kinase domain of receptors
[101]. Similarly, EphA1 protein which is the natural ligand
for ligand binding domain of the receptor was also stud-
ied as a positive control for the ligand-binding domain. As
can be from the results, for the oleanolate-amido-SWLAY
a higher binding (lower KD) was observed for the kinase
domain compared to the ligand-binding domain. Though
there was slight binding, the KD was higher for the ligand-
binding domain compared to the natural ligand EphAl.
Such minor binding is expected, given that the SWLAY
peptide by itself is known to bind to the ligand-binding
domain as discussed earlier.

These results also validate the computational studies
which indicated increased binding interactions between the
kinase domain and the oleanolate-amido-SWLAY com-
pared to SWLAY alone. As expected, Dasatinib showed
high binding with the kinase domain. The value obtained
for the Dasatinib is comparable to previous values obtained
from other studies [102]. The KD value obtained for the
oleanolate-amido-SWLAY was comparable, further validat-
ing its interactions with the kinase binding domain of the
receptor.
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Conclusions

In this work, we have explored the interactions of newly
designed peptide conjugates of six naturally occurring ter-
penes with both the EphA2 kinase domain and ligand-bind-
ing domain of the EphA2 receptor. Two peptides that were
previously shown to recognize and bind to the ligand bind-
ing domain of the receptor were chosen, namely SWLAY
and YSAYP. We also selected a known RTK-binding pep-
tide (VPWXE) as a control to examine specificity. Molecu-
lar dynamics and docking studies conducted indicated that
most of the conjugates had a higher binding affinity and
formed stable complexes with the EphA2 kinase domain
of the receptor compared to the ligand-binding domain.
Furthermore, many of the conjugates were found to firmly
attach to the ATP binding pocket making contacts with
critical residues in the hinge region and the activation loop.
The ligand-binding domain, however, showed the forma-
tion of relatively less stable complexes, particularly when
the terpenes were conjugated to the YSAYP peptide due
to the highly flexible nature of the ligand-binding domain.
More stable complexes were observed with the SWLAY
conjugates. Conjugation with VPWXE yielded the least
stable complexes with the ligand-binding domain. We also
conducted computational studies where in a linker (C4 ali-
phatic chain) was incorporated into the conjugates. Results
showed that the linker conjugates enhanced interactions
and formed more stable complexes with the ligand-binding
domain, while interactions with EphA2 kinase-binding
domain were about the same or slightly lower upon incor-
poration of the linker. ADME studies also showed increase
in logP values upon incorporation of the linker. Based on
the computational results obtained, we selected two ter-
penes (OA and MA) and conjugated those with all three
peptides and examined their efficacy against F98 glioma
tumor cells. Our results showed that conjugation with the
terpenes reduced the viability of the cells. In particular,
OA conjugates resulted in a higher cytotoxicity toward the
tumor cells, thus indicating those conjugates may be devel-
oped for specifically targeting tumor cells. Mechanistically,
the cells appeared to undergo apoptosis. Finally, ADP-glo
assay studies revealed that the OA-amido-SWLAY and
potentially MA-amido-SWLAY conjugate may also func-
tion as EphA2 kinase inhibitors at higher concentrations.
SPR analysis with the OA-amido-SWLAY conjugate also
confirmed binding with the receptor with a higher affinity
toward the kinase domain. Thus, we have developed a new
family of terpene linked-short-peptide conjugates that may
be potentially developed to target tumor cells, particularly
those over-expressing the EphA?2 receptor. Further stud-
ies on the linker conjugates can be interesting and will be
explored in a future study.
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