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Abstract
In this work, we designed new terpenoid-peptide conjugates to target the epidermal growth factor receptor (EGFR) and its 
double mutant EGFR T790M/L858R which are implicated in many cancers. The peptides utilized were MEGPSKCCF-
SLALSH (MFSL), a new peptide sequence designed by mutating an ErbB2 targeting peptide, while the sequence VPWXE 
was derived from a peptide motif known to target tumor cells. Each of the peptides were conjugated to four terpenoids, 
23-hydroxy betulinic acid (HB), oleanolic acid, perillic acid, and ursolic acid. Molecular docking and molecular dynamics 
(MD) simulations with the kinase domain of both the wild type and double mutant EGFR receptors revealed that the con-
jugates formed H-bonds and hydrophobic interactions with key residues in the hinge region, A-loop, and DFG motif, while 
in the case of the double mutant, interactions also occurred with C-terminal residues and with allosteric sites. MMGBSA 
analysis revealed higher binding energies for the double mutant. Six of the conjugates were synthesized and self-assembled 
into nanoassemblies and their impact on tumor cells expressing the wild type and double mutant receptor revealed that 
higher apoptosis was induced by MFSL conjugates, particularly in cells expressing the double mutant EGFR receptor. The 
HB and ursolate conjugates were found to be more potent against the tumor cell lines. Overall, these results indicate that 
these peptides and peptide conjugates can effectively bind to both the wild type and the T790M/L858R receptors to target 
tumor cells. Such peptide conjugates may be further potentially developed as therapeutic agents for further laboratory studies 
against tumors overexpressing EGFR.
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Introduction

In recent years, new strategies for cancer treatment have 
been developed to supplement traditional treatment meth-
ods such as chemotherapy, surgery and radiation (Debala 
et al. 2021). Specifically, targeted drug delivery has garnered 
tremendous attention due to its potential ability to mitigate 
side-effects caused by systemic drugs, which affect somatic 
cells in addition to tumor cells (Kutova et al. 2019). In recep-
tor targeted drug delivery, specific overexpressed receptors 
in tumor cells are identified for targeting using designed 

drug molecules or ligands (Chen et al. 2010). In order to 
decipher receptor-ligand interactions, molecular docking 
studies provide critical information regarding the binding 
interactions (Morency et al. 2018). In silico studies allow 
for an extensive examination of possible drug interactions, 
while saving costs and valuable resources (Azuaje 2017) 
before synthesizing and exploring the most optimal candi-
date. In addition to molecular docking, molecular dynamics 
simulations have become key to drug discovery, as these 
provide in-depth analysis of receptor-ligand interactions 
(Durrant and McCammon 2011).

For example, docking studies were conducted with gen-
istein, a phytoestrogen, to examine the interactions with 
Hypoxia Inducible Factor-1 (HIF-1α), an overexpressed 
protein in breast cancer, which revealed the sites of inter-
actions and thereby provided insights into downregulation 
mechanisms of HIF-1α by genistein (Mukund et al. 2019). 
While several receptors are over-expressed in tumor cells 
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that are implicated in tumor progression and metastasis such 
as G-protein coupled receptors (Li et al. 2005), somatostatin 
receptor (Volante et al. 2008) and gonadotropin releasing 
hormone receptors (GnRH) (Limonta et al. 2012), growth 
factor receptors have particularly gained importance over 
the years due to the downstream signaling pathways which  
these receptors are associated with, that can lead to over-
activation and proliferation of tumor cells (Minashi et al. 
2021). These include the vascular endothelial growth fac-
tor receptor (VEGFR) (Shibuya 2011), epidermal growth 
factor receptor (EGFR) (Rimawi et  al. 2010), platelet 
derived growth factor receptor (PDGFR-alpha) (Carvalho 
et al. 2005), and fibroblast derived growth factor receptors 
(FGFRs).

In addition, nanoscale materials are being developed for 
both active and passive targeting of tumor cells (Cheng et al. 
2021) due to their tunability and multifunctional properties 
(Jagtap et al. 2020). Specifically, peptide-based nanomate-
rials are gaining popularity due to their biological recogni-
tion properties, targeting ability, and reduced toxicity toward 
non-cancerous cells (Costa et al. 2019). For example, a poly-
ethylene glycol (PEG) functionalized peptide analog (X4-2-
6), derived from the transmembrane helix of the chemokine 
receptor CXCR4, was self-assembled into nanoparticles and 
was found to inhibit CXCR4 function in vitro and impair 
CXCR4-related metastasis of MDA-MB-231 breast cancer 
cells (Tarasov et al. 2011). In another study, a 26-amino 
acid aptamer-like peptide, which was identified from phage 
display library to have a high binding affinity toward the 
fibronectin extra domain B, was conjugated with polyethyl-
ene glycol-poly lactic acid nanoparticles and encapsulated 
with the chemotherapeutic drug Paclitaxel to specifically 
target glioma cells that overexpress the protein fibronectin 
extra domain B. The results showed enhanced antiangio-
genic activity in the tumor neovasculature and cellular inter-
nalization and apoptosis of glioma cells (Gu et al. 2014). In 
a separate study, lipoprotein-like core–shell nanoparticles 
of the tyrosine kinase inhibitor drug lapatinib were pre-
pared with the protein bovine serum albumin (BSA) that 
were found to reduce proliferation of U87 glioma cells and 
induce apoptosis (Gao et al. 2014).

EGFR, which is overexpressed in numerous cancers, is 
a member of the superfamily of transmembrane tyrosine 
kinases (RTKs) (Maennling et al. 2019; Zhang et al. 2006; 
Lee et al. 2015). Specifically, the kinase domain of EGFR 
and other RTKs is an attractive target for developing drugs 
for targeting tumor cells (Purba et al. 2017; Masuda et al. 
2012). Numerous drugs have been developed which target 
the ATP binding pocket of the receptor. For example, drugs 
such as erlotinib and gefitinib were considered first genera-
tion drugs that bound to the kinase domain of EGFR effica-
ciously (Cataldo et al. 2011) and showed excellent therapeu-
tic response. However, those drugs were found to develop 

resistance over time to mutations within the receptor, such 
as the T790M gatekeeper EGFR mutation (Yu et al. 2014) as 
well as double and triple mutations such as T790M/L858R 
and T790M/L858R/C797S (Nguyen et al. 2009). These 
mutations often increase the binding affinity of kinase for 
ATP and thereby reduce inhibitor activity. Thus, next gen-
eration drugs were developed to overcome drug resistance to 
these mutations, including drugs such as Osimertinib (Zhang 
et al. 2016), Afatinib, Dacomitinib, and Rociletinib (Rosko-
ski 2016, Du and Lovly 2018). However, over time, many 
of those drugs were also found to acquire resistance. Thus, 
there exists a need for development of new therapeutics that 
can potentially target not only the wild type over-expressed 
EGFR receptor, but also its mutants.

In this work, we have developed self-assembled nanoscale 
peptide conjugates of the triterpenoids hydroxybetulinic 
acid (HB), ursolic acid (UA), and oleanolic acid (OA) and 
examined the interactions of the conjugates with the double 
mutant T790M/L858R and the wild type EGFR. These natu-
rally derived triterpenoids  were selected due to their inher-
ent anticancer activity (Yin et al. 2017; Lu et al. 2019; Tang 
et al. 2022). Furthermore, UA has been shown to induce 
apoptosis and suppress gene expression of CT45A2 in EGFR 
T790M tumor cells as well as reduce EGFR expression in 
HT-29 colon cancer cells (Shan et al. 2009). Additionally, 
betulinic acid and OA also downregulated EGFR activity 
in bladder cancer cells and melanoma cells respectively 
(Chadalapaka et al. 2010; Ghosh et al. 2014). We also cre-
ated peptide conjugates of the menthane monoterpenoid 
and human metabolite, perillic acid, due to its documented 
antineoplastic properties (Yeruva et al. 2007). Furthermore, 
these compounds are derived from plants and are generally 
non-toxic toward somatic cells as well as hydrophobic in 
character, which may aid in binding to the hydrophobic bind-
ing pocket of EGFR receptors (Zhao et al. 2020). We utilized 
two peptides for conjugation with the terpenoids, which 
included the short peptide VPWXE (where X = norleucine) 
and the peptide sequence MEGPSKCCFSLALSH (abbrevi-
ated as MFSL). Specifically, VPWXE is derived from the 
p160 sequence (VPWMEPAYQRFL) which is known for 
its affinity toward neuroblastoma cells (Askoxylakis et al. 
2006). Additionally, the VPWXE motif was incorporated 
into several peptide sequences that were previously designed 
for screening several tumor cell binding peptides using pep-
tide array-whole cell binding technique and were shown to 
bind to tumor cell surface receptors (Ahmed and Kaur 2017).

The MEGPSKCCFSLALSH peptide, on the other 
hand, was designed by creating a mutation in the sequence 
MEGPSKCCYSLALSH. Through phage display library, 
this sequence has been shown to have a high affinity toward 
receptor ErbB2 (Ahmadpour and Hosseinimehr 2019), a 
tyrosine kinase receptor that shows 95% homology with 
EGFR in the intracellular region containing residues 
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727–986, which encompasses the EGFR kinase domain 
(Wang et  al. 2011). To examine if binding interactions 
with EGFR can be enhanced, we created point mutations 
in the sequence to design three peptides and examined their 
anticancer potential using the antiCP webserver, (Vijaya-
kumar and Lakshmi 2015). Based on the scores obtained, 
we selected the MEGPSKCCFSLALSH peptide sequence 
(abbreviated as MFSL) where the tyrosine residue in the 

original peptide was mutated to phenylalanine at position 
nine for designing the conjugates.

Thus, eight conjugates were designed with four con-
jugates for each sequence. The structures of the peptides 
and the conjugates are shown in Fig. 1. Docking studies 
revealed that, compared to the neat peptides, the conju-
gates showed enhanced binding affinities toward both the 
wild type and double mutant EGFR. Additionally, several 

Fig. 1   Chemical structures of terpenoid-peptide conjugates designed. 
a Hydroxybetulinate-VPWXE (HB-VPWXE); b Oleanolate-VPWXE; 
c ursolate-VPWXE; d perillate-VPWXE; e (perillate)2-MEGPSKC-
CFSLALSH (perillate)2-MFSL); f (hydroxybetulinate)2-MEGPSKC-

CFSLALSH (HB)2-MFSL); g oleanolate-MEGPSKCCFSLALSH 
(oleanoate)2-MFSL); h (ursolate)2- MEGPSKCCFSLALSH 
(ursolate)2-MFSL). In each case, the terpene moiety has been circled
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of the conjugates were able to bind to the DFG motif resi-
due D831 of the activation loop in the wild type receptor, 
while binding occurred both with C-terminal residues and 
binding pocket residues for the double mutant. To validate 
the computational results, six of the optimum conjugates 
were synthesized and self-assembled into nanoassemblies 
to target tumor cells expressing the wild type (WT) EGFR 
and T790M/L858R receptor. While monoconjugates 
were designed with VPWXE peptide, di-conjugates were 
designed for the MFSL peptide, because of the presence of 
two free amines in the MFSL sequence. Depending upon 
the conjugates, multilayered supramolecular assemblies or 
nanofibers and nanospheres were formed. In vitro studies 
revealed that the MFSL-tri-terpenoid conjugates induced 
higher apoptosis in the wild type EGFR expressing cells 
and the double mutant, while the VPWXE conjugates with 
ursolate and hydroxybetulinate also induced apoptosis in 
the T790M/L858R expressing cells. In contrast, most of 
the conjugates had comparatively little effects on non-can-
cer cells. Thus, we have designed new triperpene-peptide 
conjugates with applications for specifically targeting 
over-expressed EGFR receptors and the T790M/L858R 
receptor. Specifically, the ursolate and the hydroxybetu-
linate conjugates may be potentially developed for future 
in vivo studies for therapeutic applications.

Materials

The peptides, MEGPSKCCFSLALSH (MFSL) and 
VPW(Nle)E (VPWXE), were custom ordered from Gen-
Script. Oleanolic acid, 23-Hydroxybetulinic acid, and 
ursolic acid were purchased from SantaCruz Biotech-
nology. Dimethylformamide (DMF), Dimethyl sulfoxide 
(DMSO), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDAC) and Poly 
(Glu, Tyr) sodium salt were purchased from Sigma-
Aldrich. Mouse fibroblast cells (SCRC-1008), F98EGFR 
(ATCC CRL-2948) rat glioma cells with wild type over-
expressed EGFR and human NCI-H1975 lung cancer cells 
(CRL-5908) expressing EGFR [T790M/L858R] were 
purchased from ATCC (Manassas, VA, USA) along with 
fetal bovine serum (FBS), Dulbecco’s modified Eagle’s 
medium (DMEM), Dulbecco’s phosphate-buffered saline 
(PBS), Antibiotic–Antimycotic, and Penicillin–Streptomy-
cin-Amphotericin B Solution. The MTT Assay Kit and 
the Annexin V FITC-Propidium Iodide Assay Kit were 
purchased from Cayman Chemical Company (Ann Arbor, 
MI, USA). The Kinase-Glo Luminescent Assay was pur-
chased from Promega (Madison, WI). EGFR and EGFR 
(T790M/L858R) proteins were purchased from Thermo 
Fisher Scientific.

Computational Methods

Prediction of Anticancer Potential of Peptides

We investigated the anti-cancer properties of the pep-
tides VPWXE, as well as MEGPSKCCYSLALSH and 
its mutants. In the case of MEGPSKCCYSLALSH, point 
mutations were generated at three positions, namely posi-
tions 2, 9 and 11 by replacing E with D at position 2; 
Y with F at position 9 and L with I at position 11. The 
anti-cancer potential of those peptides was studied through 
the web server AntiCP (https://​webs.​iiitd.​edu.​in/​ragha​va/​
anticp/​submi​ssion.​php). The program determines vari-
ous physiochemical properties of each peptide including 
hydrophobicity, hydropathicity, hydrophilicity, and pI, and 
provides a support vector machine (SVM) score, which is 
determined by amino acid composition, dipeptide com-
position, and binary profile pattern. The two peptides 
with the highest SVM score were used for designing the 
conjugates. Those peptides were MEGPSKCCFSLALSH 
(abbreviated as MFSL) and VPW(Nle)E (VPWXE).

Peptide Design

We utilized ChemDraw (20.1.1) to design each conjugate, 
peptide and the neat terpenes followed by ChemDraw 3D 
(20.1.1) where each structure was energy minimized to 
relieve any structural strain. The files were then exported 
as a .pdb file and utilized for further studies.

Receptor Processing

For this analysis,  .pdb files of wild type EGFR kinase 
domain (PDB ID: 2GS2) (Lelais et al. 2016) and EGFR 
T790M/L858R kinase domain (PDB ID: 3W2R) (Worm 
et al. 2020) were downloaded from the online RCSB Pro-
tein Data Bank as .pdb files. Each file was then opened on 
PyMOL (2.5.2). Water molecules and any bound ligands 
where applicable were removed. The final structures were 
then exported as a .pdb file to be used for further studies.

Surface Cavity Analysis

The web server Pocket-Cavity Search Application 
(POCASA) was used to determine the surface cavities 
and binding pockets of the receptors. This server predicts 
ligand binding sites by rolling a sphere probe of different 
radii along the protein surface to detect pockets, ranking 
these by position and size (Yu et al. 2010). For our studies, 
a probe radius of 2 Å, a single point flag of 16, a protein 
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depth flag of 18, and a grid size of 1 Å was used. We then 
exported the results into PyMOL to visualize the cavities.

Docking Studies

Molecular docking studies were conducted for both recep-
tors with each of the conjugates, peptides VPWXE and 
MEGPSKCCYSLALSH, as well as neat ursolic acid, peril-
lic acid, oleanolic acid and 23-hydroxy betulinic acid (HB) 
using the molecular docking software AutoDock Vina 1.1.2, 
which uses gradient optimization and multithreading, thus 
speeding up and improving accuracy of the molecular dock-
ing (Trott and Olson 2012). We prepared the receptor-ligand 
complexes using AutoDock Tools 1.5.6. The receptor was 
first prepared by opening it on the workspace of AutoDock 
Tools 1.5.6 where polar hydrogens were added along with 
Kollman charges. The file was then saved as a .pdbqt file. 
On a different workspace window, the ligand that had been 
prepared on ChemDraw3D was saved as a.pdbqt file. Both 
the .pdbqt receptor and ligand files were then opened on the 
same workspace where an automatic grid box (40 × 40 × 40)
Å with specific coordinates for each receptor was created. 
We recorded the highest binding affinities of each docked 
receptor-ligand and visualized the results using PyMOL.

Receptor‑Ligand Interactions (PLIP)

Each receptor-ligand complex structures with the high-
est binding affinity were exported into the Protein–Ligand 
Interaction Profiler (PLIP). PLIP is a web server (https://​
plip-​tool.​biotec.​tu-​dresd​en.​de/​plip-​web/​plip/​index) which 
can analyze .pdb files generated from docking studies by 
identifying hydrogen bonds, hydrophobic interactions, and 
their interacting residues (Salentin et al. 2014). The interac-
tion results were recorded and PyMOL was used for further 
visualization and analysis.

Molecular Dynamics

To conduct molecular dynamics simulations, the software 
Desmond was utilized. This software is used to study bio-
logical systems at high-speeds with high performance and 
accuracy, using specific advanced algorithms and numerical 
techniques (Bowers et al. 2006; Bergdorf et al. 2016). We 
chose each receptor-ligand complex with the highest bind-
ing affinity from the AutoDock runs, added hydrogens, and 
uploaded it to the software Maestro. We then ran Protein 
Preparation Wizard on each receptor by assigning bond 
orders, adding hydrogens, creating zero-order bonds to 
metals, and generating het states using Epik with a pH of 
7.0 ± 2.0. After the receptor was preprocessed with these 
conditions, we optimized it using a PROPKA pH of 7.0. We 
then incorporated the ligand with the prepared receptor and 

created a solvated system using System Builder. We prede-
fined the solvent model with SPC, used an orthorhombic box 
shape with distances of 10 Å on all sides, and minimized 
the volume of the box to best fit the complex. The system 
was neutralized by adding Na+ and Cl− ions. All systems 
were run locally on Maestro 2020-4. We then ran the simula-
tions using force field OPLS2005 (Banks et al. 2005) with 
a 100 ns trajectory, an NPT ensemble class, and conditions 
set at 300 K and 1.013 atm pressure. This process was con-
ducted for each receptor-ligand combination. The results of 
each complex were then analyzed. The radius of gyration, 
molecular surface area, and RMSD data were obtained using 
the plot function on Maestro.

MMGBSA Studies

Molecular mechanics generalized Born surface area (MM-
GBSA) calculations were carried out to determine the 
theoretical free energies of binding of each peptide and the 
conjugates with each receptor (Genheden and Ryde 2015). 
The MM-GBSA method calculates free energies of bind-
ing complexes by using molecular mechanics calculations 
and solvation models (Forouzesh and Mishra 2021). The 
free energy of binding, ΔG(bind), can be calculated using the 
equation ΔG(bind) = ΔG(solv) + ΔE(MM) + ΔG(SA). The ΔGsolv 
is the difference in solvation energy of the ligand-bound 
receptor complex and the sum of the solvation energies for 
the free ligand and receptor. ΔEMM is the difference in the 
minimized energies between the receptor-ligand complex 
and the sum of the energies of each of the free ligands and 
receptor, while ΔG(SA) is the difference in surface area ener-
gies of the ligand-receptor complex and the sum of the sur-
face area energies for each of the neat ligands and receptors 
(Dasmahapatra et al. 2022). To assess the polar effect of free 
energy, a generalized Born model was used with an external 
dielectric constant of 80 and an internal dielectric constant 
of 1. The non-polar energy contribution is calculated from 
the solvent accessible surface area (SASA). The prime MM-
GBSA module of the Schrodinger suite was used to calculate 
the free energies, which calculates the energy of optimized 
free receptor, free ligand, and ligand bound with receptor 
(Kumar et al. 2022). The ligand strain energy is also cal-
culated by placing the ligand in a solution which was auto 
generated by VSGB 2.0 suit.

Laboratory Methods

Synthesis

To validate the computational results, we synthesized six 
of the optimal conjugates and tested them in vitro. Thus, 
peptide conjugates of hydroxybetulinic acid (HB), oleanolic 

https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index
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acid, and ursolic acid were prepared with VPWXE and 
MEGPSKCCFSLALSH (MFSL). In the case of MFSL, di-
conjugates were prepared, where the free amino groups of 
lysine and methionine residues were conjugated with the trit-
erpene. Monoconjugates of VPWXE were prepared where 
the N-terminal of valine was conjugated with the triterpenes. 
For the synthesis of conjugates, traditional peptide coupling 
methods were used (Fischer 2010). Briefly, each triterpenoid 
(0.053 M) was dissolved separately in dimethyl formamide 
(DMF) followed by the addition of N-hydroxy-succinimide 
(NHS) (0.06 M) and 1-ethyl-3-(-3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDAC) (0.08 M) to activate 
their carboxylic groups. In the case of the MFSL conjugates, 
0.1 M concentrations of the triterpenes were used. Each of 
these were then shaken at 200 rpm for an hour at 4 °C. Next, 
the respective peptide (0.1 M) was added, and allowed to 
shake for 24–48 h at 4 °C. The solvent was then evapo-
rated via rotary evaporation. The products obtained were 
then recrystallized from acetone or methanol. The residual 
solvent was removed and dried by using a speed-vacuum 
concentrator. The chemical structures of the conjugates were 
confirmed by proton NMR spectroscopy conducted using a 
Bruker 400 MHz NMR in DMSO-d6 with 0.3% TMS.

Ursolate-VPWXE: δ 0.69 (3H, s); δ 0.85 (18H, m); δ 0.94 
(7H, m); δ 1.08 (6H, m); 1.25 (2H, m); δ 1.32 (6H, t); δ 1.41 
(1H, m); δ 1.46 (1H, m); δ 1.58 (2H, t); δ 1.61 (6H, m); δ 
1.81 (4H, m); δ 2.01 (4H, m); δ 2.22 (5H, m); δ 2.38 (4H, 
t); δ 3.11 (2H, d); δ 3.41 (1H, t); δ 3.52 (2H, t); δ 4.32 (1H, 
d); δ 4.40 (1H, t); δ 4.50 (1H, s); δ 4.64 (1H, t); δ 4.92 (1H, 
s); δ 5.12 (1H, t); δ 5.25 (1H, s); δ 6.8 (1H, d); δ 7.1 (1H, 
d); δ 7.4 (1H, d); δ 7.7 (1H, d); δ 8.5 (4H, s); δ 10.30 (1H, 
s); δ 12.25 (2H, s).

Oleanolate-VPWXE: δ 0.72 (6H, s); δ 0.83 (3H, s); δ 0.92 
(12H, m); δ 1.00 (7H, m); δ 1.15 (6H, m); δ 1.22 (2H, m); δ 
1.38 (6H, m); δ 1.43 (4H, m); δ 1.52 (2H, t); δ 1.68 (2H, q); 
δ 1.81 (4H, m); δ 1.94 (4H, m); δ 2.12 (2H, t); δ 2.19 (2H, 
d); δ 2.35 (7H, m); δ 3.15 (2H, d); δ 3.42 (1H, t); δ 3.58 (2H, 
t); δ 4.25 (1H, d); δ 4.49 (2H, m); δ 4.62 (1H, t); δ 4.82 (1H, 
s); δ 4.95 (1H, t); δ 5.20 (1H, s); δ 7.22 (1H, s); δ 7.63 (d, 
1H); δ 6.81 (d, 1H); δ 7.2 (d, 1H); δ 7.6 (1H, d); δ 8.33 (4H, 
s); δ 10.25 (1H, s); δ 12.51 (2H, s).

Hydroxybetulinate-VPWXE δ 0.65 (3H, s); δ 0.76 (3H, 
s); δ 0.82 (15H, m); δ 0.95 (7H, m); δ 1.1 (1H, t); δ 1.20 
(2H, m); δ 1.30 (5H, m); δ 1.45 (1H, s); δ 1.54 (6H, m); δ 
1.72 (8H, m); δ 1.81 (3H, s); δ 2.1 (1H, t); δ 2.2 (4H, m); δ 
2.40 (4H, t); δ 2.96 (2H, d); δ 3.20 (1H, t); δ 3.42 (2H, t); δ 
3.82 (1H, s); δ 4.30 (1H, d); δ 4.40 (1H, s); δ 4.52 (1H, t); δ 
4.61 (1H, t); δ 4.82 (1H, s); δ 4.90 (2H, m); δ 5.30 (1H, s); 
δ 6.5 (1H, s); δ 7.0 (2H, m); δ 7.5 (1H, d); δ 7.8 (1H, d); Δ 
8.51 (4H, s); δ 10.20 (1H, s); δ 12.50 (2H, s).

(Ursolate)2-MEGPSKCCFSLALSH: δ 0. 80 (6H, d); δ 
0.87 (30H, s); δ 0.96 (2H, t); δ 1.0 (12H, s); δ 1.1 (12H, d); 
δ 1.21 (2H, t); δ 1.32 (4H, t); δ 1.40 (4H, t); δ 1.44 (4H, d); δ 

1.51 (5H, m); δ 1.60 (14H, m); δ 1.65 (4H, m); δ 1.75 (10H, 
m); δ 1.85 (4H, t); δ 2.0 (9H, m); δ 2.22 (4H,d); δ 2.31 (6H, 
m); δ 2.7 (2H, t); δ 2.95 (6H, d); δ 3.0 (4H, m); δ 3.25 (2H, 
t); δ 3.4 (2H, t); δ 3.9 (2H, s); δ 4.11 (6H, d); δ 4.35 (5H, t); 
δ 4.50 (3H, t); δ 4.60 (1H, q); δ 4.70 (2H, t); δ 4.75 (2H, s); 
δ 4.80 (2H, t); δ 4.85 (1H, t); δ 5.0 (3H, s); δ 5.1 (1H, t); δ 
7.0 (4H, d); δ 7.25 (1H, d); δ 7.8 (1H, s); δ 8.25 (15H, s); δ 
8.60 (1H, s); δ 9.20 (1H, s); δ 12.5 (1H, s); δ 12.82 (2H, s).

(Oleanolate)2-MEGPSKCCFSLALSH: δ 0.80 (6H, s); δ 
0.85 (12H, s); δ 0.95 (26H, m); δ 1.0 (6H, s); δ 1.1 (2H, d); δ 
1.22 (2H, m); δ 1.30 (8H, m); δ 1.45 (7H, d); δ 1.50 (6H, m); 
δ 1.65 (10H, m); δ 1.70 (4H, q); δ 1.80 (4H, q); δ 1.85 (6H, 
m); δ 1.95 (4H, t); δ 2.10 (9H, m); δ 2.25 (4H, d); δ 2.30 
(6H, t); δ 2.6 (2H, t); δ 3.0 (2H, d); δ 3.15 (6H, m); δ 3.35 
(2H, t); δ 3.42 (2H, d); δ 3.55 (2H, t); δ 4.0 (2H, s); δ 4.15 
(6H, d); δ 4.35 (5H, t); δ 4.50 (3H, t); δ 4.62 (2H, m); δ 4.70 
(1H, s); δ 4.85 (2H, t); δ 4.90 (1H, t); δ 5.10 (3H, s); δ 5.3 
(2H, t); δ 7.2 (4H, s); δ 7.3 (1H, d); δ 7.5 (1H, s); δ 8.2 (14H, 
s); δ 8.3 (1H, s); δ 8.9 (1H, s); δ 11.9 (1H, s); δ 13.1 (2H, s).

(Hydroxybetulinate)2-MFSL: δ 0.75 (6H,s); 0.82 (18H, 
m); δ 1.0 (12H, d); δ 1.05 (6H, m); δ 1.25 (2H, m); δ 1.40 
(7H, m); δ 1.55 (18H, m); δ 1.65 (16H, m); δ 1.70 (4H, t); δ 
1.82 (12H, m); δ 1.90 (4H, t); δ 2.0 (2H, m); δ 2.1 (9H, m); 
δ 2.35 (4H, t); δ 2.50 (2H, t); δ 2.80 (2H, d); δ 3.20 (6H, m); 
δ 3.30 (2H, t); δ 3.40 (2H, d); δ 3.5 (6H, m); δ 3.9 (2H, s); 
δ 4.20 (6H, d); δ 4.35 (5H, t); δ 4.5 (3H, t); δ 4.6 (1H, q); δ 
4.70 (1H, t); δ 4.80 (1H, s); δ 4.85 (2H, t); δ 4.95 (3H, m); 
δ 5.1 (3H, s); δ 5.3 (2H, d); δ 7.2 (4H, s); δ 7.3 (1H, d); δ 
7.5 (1H,s); δ 8.0 (1H, s); δ 8.1 (14H, s); δ 8.8 (1H, s); δ 12.1 
(1H, s); 12.6 (1H, s); δ 12.9 (1H, s).

Self‑Assembly

The products, (0.2 M) were then each allowed to self-assem-
ble in aqueous conditions containing 2% DMF at room tem-
perature over a period of 2 to 3 weeks. Over time, the forma-
tion of the nanoassemblies was monitored using Dynamic 
Light Scattering (DLS). The formed assemblies were then 
centrifuged, washed with water thrice, and dried before fur-
ther analysis.

Dynamic Light Scattering (DLS)

To assess the formation of the assemblies in suspension over 
time, Dynamic Light Scattering (DLS) studies were con-
ducted using a Zetasizer Ultra from Malvern Panalytical. 
Having confirmed the formation of nanoassemblies, these 
samples were then used for further studies.

Atomic Force Microscopy (AFM)

Atomic Force Microscopy was utilized to assess the mor-
phology of the formed nanoassemblies. Each sample was 
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spread on a mica sheet and allowed to air-dry for 24 h prior 
to analysis. Images were then captured at multiple locations 
using contact mode or ScanAsyst mode on a Bruker mul-
timode 8 atomic force microscope. A CONTV cantilever 
was used with frequency of 13 kHz, spring constant of 0.2 
N/m, and tip radius of 10 nm for contact mode, while a 
SCANASYST-AIR cantilever with frequency 70 kHz with 
spring constant of 0.4 N/m and tip radius of 650 nm was 
used while imaging using ScanAsyst mode.

Scanning Electron Microscopy (SEM)

SEM imaging was carried out using a Zeiss EVO MA10 
model scanning electron microscope. Samples were dried 
onto conductive carbon adhesive tabs (Electron Microscopy 
Sciences) and were examined at a range of 8 to 15 kV at 
varying magnifications. The instrument was operated in EP 
mode.

Nanoparticle Tracking Analysis (NTA)

To examine the aggregation behavior, hydrodynamic particle 
sizes and concentration of the nanoassemblies, NTA analysis 
was carried out using a ZetaView Nanoparticle Tracking 
Analysis (NTA) instrument equipped with a sample chamber 
with a 488 nm laser. Zetaview software (Particle Metrix) was 
used to analyze the data obtained. In general, all samples 
were diluted in phosphate buffer saline (PBS) at pH 7 and 
studies were carried out at 25 °C. Samples were injected into 
the sample chamber until the liquid reached the tip of the 
nozzle. Each sample was run thrice and data shown are the 
mean values obtained from three runs.

Cell Studies

Three different cell lines were used to investigate the inter-
actions of the nanoassemblies with each cell line. Mouse 
fibroblast cells (SCRC-1008) were used as the control 
non-cancerous cell line. For the cancer-cell lines, F98EGFR 
(ATCC CRL-2948) rat glioma cells that express wild type 
EGFR and human NCI-H1975 lung cancer cells (CRL-5908) 
expressing EGFR [T790M, L858R] were used. Each cell 
line was cultured in DMEM supplemented with 10% fetal 
bovine serum (FBS), antibiotic–antimycotic mixture (20 µg/
mL) and penicillin/streptomycin (100 µg/mL). These were 
then incubated at 37 °C and 5% CO2 where cells were grown 
to confluence. The media was replaced every 2–3 days and 
the cells were split twice a week.

Cell Viability and Morphology Studies

To examine cell viability, a 3-(4,5-dimethylthiazolyl-2)-2, 
5-diphenyltetrazolium bromide (MTT) assay was conducted 

(Ghasemi et  al. 2021). The cells expressing EGFR and 
EGFR [T790M/ L858R] were plated at a density of 1 × 105 
cells/well on a 96-well Falcon polystyrene plate and incu-
bated for 3 h at 37 °C in a 5% CO2 incubator to allow for the 
cells to attach and spread in the well plates. Cells were plated 
in triplicate. The nanoassemblies, terpenes or peptides were 
then added to the cells and allowed to incubate with the cells 
for 24 h. For preparing nanoassemblies for cell studies, the 
samples were first dried in speedvac concentrator for 48 h, 
and then dispersed in DI water at the appropriate concen-
tration. Dose dependent curves were obtained to determine 
cytotoxicity of the conjugates at a range of concentrations 
between 0.1 μM and 40 μM. IC-50 values were obtained 
using linear regression analysis using the GraphPad 9.5.0 
software. Prior to the MTT assay, the cells were imaged 
with an inverted Amscope IN480TC-20MB13 microscope 
at different magnification levels to examine the morphology 
of the cells after exposure to the nanoassemblies. After 24 h 
of incubation, 10 µL of MTT reagent was added to each 
well, followed by an incubation period of 3 h at 37 °C. Next, 
100 µL of crystal dissolving solution was added followed 
by 8 h of incubation at 37 °C. The absorbance at 590 nm 
was read immediately after, using a BioTek Eon microplate 
reader. The background control (MTT solution with media 
in the absence of cells) was subtracted from all readings. 
The absorbance values were then averaged for each construct 
treated cells as well as the control untreated cells. The via-
bility was obtained by dividing the values obtained for the 
treated cells by control untreated cells and then multiplying 
by 100 to determine percentages. Each of these were carried 
out in triplicate and statistical analysis was carried out using 
Student’s t tests to determine p values.

Apoptosis Assay

A BD FACSMelody flow cytometer was used for apoptosis 
studies. Flow cytometry uses different fluorochromes with 
varying emission and excitation to distinguish between dif-
ferent populations of cells (McKinnon 2018). The apopto-
sis assay was conducted using Annexin V FITC-Propidium 
Iodide (Rieger et al. 2011). The cells were plated at a density 
of 1 × 106 cells/well on a 6-well Falcon polystyrene plate. 
The nanoassemblies (3 µM) were incubated for 24 h at 37 °C 
with the cells. After trypsinization, the cells were then cen-
trifuged at 400 g for five minutes. The pellet was then resus-
pended in 1X Binding Buffer followed by another round of 
centrifugation. The supernatant was decanted and the pellet 
was resuspended in 50 µL of Annexin V FITC/Propidium 
Iodide staining solution and incubated in the dark at room 
temperature for 10 min. Then 150 µL of 1X Binding Buffer 
was added along with FACS buffer (50 mL of 1 × PBS, 1% 
bovine serum albumin, and 0.05% sodium azide). The con-
tents of the centrifuge tube were then passed through filter 
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caps into FACS test tubes and loaded into the instrument 
for flow cytometry. Each sample was read at an excitation 
of 488 nm and emission of 525 nm for the Annexin V FITC 
staining solution and 655–730 emission for the propidium 
iodide (PI) staining solution. The total number of events was 
kept at 10,000 for every sample. Result analysis was then 
carried out on the software FlowJo v10.8. Each scatter plot 
was gated on the FSC-A/SSC-A control pseudo color plot, 
followed by the FSC-A/FSC-W and SSC-A/SSC-W plots. 
The population was then plotted as Annexin FITC- A/Pro-
pidium Iodide-A with a biexponential scale to incorporate 
all events in each window of the quadrant gate. The gates 
were then all copied to the remaining samples to quantify 
the frequency of each event.

Kinase Glo Assay

To confirm whether the nanoassemblies affected kinase 
activity of the EGFR receptors (both wild type and the 
double mutant), a Kinase-Glo Luminescent Assay was 
conducted (Bell and Storey 2014). This assay indicates the 
amount of ATP remaining in solution following a kinase 
reaction, which is quantified through luminescence meas-
urement, where higher luminescence indicates better kinase 
inhibition as the remaining ATP cannot be dephosphoryl-
ated. First, various optimizations were conducted. The first 
consisted of optimizing the kinase reaction conditions with 
respect to the amount of kinase and kinase substrate. To 
determine the optimal substrate concentration, twofold serial 
dilutions (0.25–4 µg/mL) of the kinase substrate, Poly (Glu, 
Tyr) sodium salt, was conducted with 10 µg/mL kinase and 
80 µM ATP. The plate was then incubated for an hour at 
room temperature to allow the kinase reaction to occur. 
Following the incubation period, Kinase-Glo Reagent was 
added to each well to double the total volume. The plate was 
once again incubated for 10 min in the dark at room tem-
perature, after which its luminescence was recorded using 
a Biotek Eon Synergy H1 Multi-Mode Microplate Reader 
at an integration time of 0.25 s and at a gain of 145. The 
optimal kinase substrate concentration was determined to 
be 0.25 µg/mL, which was the concentration at which the 

largest change in luminescence was seen when compar-
ing the kinase reaction wells to those that did not contain 
kinase. Next, we determined the optimal kinase concentra-
tion. For this, a series of twofold serial dilutions of kinase 
(0.625–10 µg/mL) was created along with the previously 
determined optimum substrate concentration and 80 µM of 
ATP. The same procedure was then used to arrive at a kinase 
optimum concentration.

Once the optimum concentration of substrate and kinase 
had been determined, the nanoassemblies were screened. To 
each well, 5 µL of 3 µM nanoassemblies in aqueous solution 
containing 2% DMSO was added followed by 15 µL of 2.5X 
the optimal concentration of WT EGFR or EGFR (T790M/
L858R) kinase and Poly (Glu, Tyr) sodium salt (0.625 µg/
mL) diluted in 1X kinase reaction buffer (40 mM Tris [pH 
7.5], 20 mM MgCl2 and 0.1 mg/mL BSA). The ATP con-
centration used was 5 µM. The plate was then incubated for 
an hour at room temperature to allow the kinase reaction to 
take place. After the incubation period, 50 µL of Kinase-Glo 
Reagent was added to each well, followed by incubation for 
another 10 min at room temperature. The control wells were 
prepared under the same conditions where aqueous solutions 
containing 2% DMSO was utilized. The luminescence was 
then recorded using a BioTek SynergyH1 microplate reader 
at an integration time of 0.5 s.

Results and Discussion

Prediction of Anticancer Properties of Peptides

To predict if the designed peptides exhibited anticancer 
properties, the sequences were uploaded into the AntiCP 
webserver. Results obtained are shown in Table 1. We first 
examined the original MEGPSKCCYSLALSH sequence as 
discussed earlier and compared it to the point mutations that 
were created. Each mutated residue is indicated in bold (at 
positions 2, 9 and 11).

As can be seen, the sequence with mutation at position 
9 (MEGPSKCCFSLALSH) exhibited a high support vector 
machine (SVM) score of 0.94, which was higher than that 

Table 1   Anti-cancer peptide 
screening

Mutated residues are indicated in bold

Peptide sequence SVM score Hydrophobicity Hydropathicity Hydrophilicity pI Anti-CP 
predic-
tion

MEGPSKCCYSLALSH 0.91 − 0.08 0.00 − 0.22 7.03 Yes
MDGPSKCCYSLALSH 0.85 − 0.08 0.00 − 0.22 7.03 Yes
MEGPSKCCFSLALSH 0.94 − 0.04 0.27 − 0.23 7.03 Yes
MEGPSKCCYSIALSH 0.91 − 0.06 0.05 − 0.22 7.03 Yes
VPW(Nle)E 1.10 0.04 − 0.36 − 0.38 4.00 Yes
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of the original peptide MEGPSKCCYSLALSH known to 
bind to ErbB2 as described earlier. The mutation at posi-
tion 2 resulting in the sequence MDGPSKCCYSLALSH 
on the other hand, displayed the lowest score with a SVM 
value of 0.85. Thus, all of the peptides with the exception 
of MDGPSKCCYSLALSH displayed a score of 0.9 (90%) 
or above and therefore were predicted to be anticancer pep-
tides (Ghandehari et al. 2015). We also investigated the anti-
cancer potential of the VPWXE peptide, and this peptide 
was found to have the highest SVM score at 1.10 and was 
also predicted to be an anticancer peptide. Furthermore, 
analysis of the physicochemical properties of the anticancer 
peptides showed that the mean hydrophobicity score was 
relatively higher for the VPWXE sequence compared to the 
other sequences, which is expected given the presence of all 
hydrophobic residues in the sequence with the exception of 
glutamic acid residue. Conversely, the mean hydrophilicity 
score was lowest for the VPWXE sequence, followed by 
MEGPSKCCFSLALSH. VPWXE also had a lower pI, while 
all others showed a pI of 7.0 indicative that those peptides 
were neutral. Therefore, these two peptides were utilized in 
further computational and experimental studies.

Cleft Determination

To determine the binding pockets of the kinase domains of 
the receptors, we utilized the web server POCASA. This 
server predicts the number of possible binding pockets, as 
well as their rank, volume, and their volume depth (VD). 
The results are shown in Fig. 2 and Table 2. As shown in 
Table 2, the wild type EGF receptor displayed five bind-
ing pockets and the highest ranked pocket was number 264, 
which was found to have a volume of 385 Å and a VD value 
of 1059. The number of binding pockets increased in the 
EGFR T790M/L858R receptor to 6 pockets. Pocket number 
204 was ranked highest with a volume of 324 Å and a VD 
of 1264. Thus, though there was a slight decrease in the 
volume of the highest ranked pocket in the EGFR T790M/
L858R, the volume depth value (VD) increased. This value 
is determined by addition of the depth of all pocket points, 
where the depth of each pocket point has been established to 
be the smallest distance from a pocket point to probe surface 
(Ramirez and Caballero 2018). Therefore, it is likely that the 
binding of the ligands would occur deeper into the receptor 
for the double mutant compared to the wild type.

Molecular Docking Studies and PLIP Analysis

To determine the binding affinities and interactions between 
each conjugate and peptide with the receptors, we conducted 
molecular docking studies using the software Autodock Vina 
2.0. The results obtained for binding affinities are shown in 
Table 3. The highest binding affinity was obtained for the 

ursolate-VPWXE conjugate with the double mutant recep-
tor followed by hydroxybetulinate-VPWXE (HB-VPWXE) 
conjugate, also for the double mutant receptor. The lowest 
binding affinity was seen for the (perillate)2-MFSL conju-
gate with the wild type EGFR receptor. Interestingly, all 
VPWXE-conjugates showed higher binding affinities com-
pared to the MFSL conjugates. Additionally, the neat com-
pounds were also found to show higher binding affinities 

Fig. 2   POCASA results showing binding pockets of EGFR kinase 
domains. a wild type receptor; b T790M/L858R Double mutant 
receptor. Purple regions indicate binding pockets

Table 2   Binding pockets predicted by POCASA

Rank number Pocket number Volume (Å) VD

Wild Type EGFR
 1 264 385 1059
 2 409 256 641
 3 14 169 492
 4 88 159 400
 5 366 96 243

EGFR T790M/L858R
 1 204 324 1264
 2 75 148 373
 3 400 115 295
 4 488 28 72
 5 208 23 58
 6 422 21 46



	 International Journal of Peptide Research and Therapeutics (2024) 30:3

1 3

3  Page 10 of 30

compared to the MFSL conjugates, with the exception of 
(HB)2-MFSL and (perillate)2-MFSL conjugates, which 
showed increased binding affinity toward the T790M/L858R 
double mutant receptor compared to the corresponding neat 
HB and perillate compounds.

To further elucidate these results, we conducted PLIP 
studies to determine the residues of the receptors involved 
in binding with the conjugates and peptides. For interac-
tions VPWXE and its conjugates with the wild type receptor, 
results are shown in Supplementary Information Table S1a 

and in Fig. 3. The VPWXE conjugates, as well as the pep-
tide alone, were found to bind within the binding pocket 
of the kinase domain (Kumar et al. 2008). As expected, a 
higher number of hydrophobic interactions were observed 
for all conjugates compared to the neat peptide due to the 
presence of the terpene moieties. The neat peptide, on the 
other hand, showed eight hydrogen bonds and only four 
hydrophobic interactions. Furthermore, neat VPWXE and 
all conjugates with the exception of ursolate-VPWXE and 
perillate-VPWXE were found to form H-bonds with the cata-
lytic loop residues (either ASN 818 or ARG 817 or both). 
Perillate-VPWXE and ursolate-VPWXE, on the other hand, 
formed H-bonds with the DFG motif residue ASP 831, as 
did the neat peptide. The DFG motif is an important resi-
due for designing EGFR inhibitors due to its role in regulat-
ing kinase activity and H-bonds with the ASP 831 residue 
in particular have shown to be beneficial in the formation 
of binding complexes with the wild type receptor (Peng 
et al. 2013). Interestingly, the highest number of hydropho-
bic interactions was seen for HB-VPWXE and perillate-
VPWXE, both with eleven interactions. The HB-VPWXE 
conjugate interacted with residues from the Gly-rich P-loop 
region (LEU 694, ALA 698, PHE 699) and with the acti-
vation loop residues ASP 831 (DFG motif) and LEU 834. 
Interactions were also observed with the catalytic loop resi-
dues ARG 817 and LEU 820, which have been implicated 
in binding interactions of other EGFR inhibitors, including 
hydrophobic interactions with quinazolinone-benzyl piperi-
dine derivatives (Emami et al. 2022). It is important to note 
that the terpene ring system was involved primarily in hydro-
phobic interactions. In addition, hydrophobic interactions 
were also seen with LYS 721.

Table 3   Binding affinities determined by Autodock Vina

Binding affinity kcal/mol

EGFR (Wild Type) EGFR 
T790M/
L858R

HB-VPWXE − 7.9 − 9.0
Oleanoate-VPWXE − 8.6 − 8.2
Perillate-VPWXE − 7.4 − 6.5
Ursolate-VPWXE − 8.4 − 9.4
VPWXE − 6.6 − 8.2
(HB)2-MFSL − 7.1 − 7.3
(oleanolate)2-MFSL − 6.2 − 5.5
(perillate)2-MFSL − 5.1 − 6.4
(ursolate)2-MFSL − 7.0 − 6.3
MFSL − 5.4 − 6.5
Hydroxybetulinic acid − 7.7 − 6.8
Oleanolic acid − 8.4 − 8
Perillic acid − 6.6 − 5.5
Ursolic acid − 8.4 − 8.5

Fig. 3   Binding interaction 
analysis of VPWXE conjugates 
obtained from PLIP with wild 
type EGFR. a VPWXE; b HB-
VPWXE; c oleanolate-VPWXE; 
d perillate-VPWXE and e 
ursolate-VPWXE



International Journal of Peptide Research and Therapeutics (2024) 30:3	

1 3

Page 11 of 30  3

Oleanolate-VPWXE and ursolate-VPWXE showed hydro-
phobic interactions roughly in the same region. However, 
it is important to note that oleanolate-VPWXE, like neat 
VPWXE and perillate-VPWXE, was found to form a salt 
bridge with LYS 721. This interaction has been shown to be 
critical because LYS 721 usually forms a salt bridge with the 
highly conserved GLU 738 residue, which is important for 
the catalytic activity of kinase. Thus, the fact that these two 
conjugates and neat VPWXE form a salt bridge with LYS 
721 implies that the salt bridge with GLU 738 is disrupted 
when these conjugates bind to the active site (Bose and 
Zhang 2009; Honegger et al. 1987). This is compelling as 
several kinase inhibitors including Erlotinib, indoline deriva-
tives, and Midostaurin have been shown to interact with LYS 
721 (Mirza et al. 2015; Palanivel et al. 2022). The perillate-
VPWXE also interacted with Gly-rich-P loop residues such 
as SER 696, GLY 700, LEU 694, ALA 698 and VAL 702 
in addition to other residues in the binding pocket such as 
THR 830 and LEU 820. One study found that the EGFR 
inhibitor, erlotinib, and several erlotinib analogues formed 
many similar interactions with EGFR as perillate-VPWXE, 
specifically with residues LEU 694, VAL 702, and THR 830, 
indicating that these interactions are likely important for the 
targeting ability of the conjugate (Sheikh and Hassan 2016).

We then compared the interactions of the double mutant 
T790M/L858R EGFR receptor with VPWXE and its con-
jugates (Fig. 4 and Supplementary Information S1b). As 
with the wild type receptor, the VPWXE conjugates and the 
peptide interacted primarily within the ATP binding pocket. 
However, the residues involved were markedly different. No 
salt bridges or interactions were seen with LYS 721. Instead, 
we observed a salt bridge and a H-bond with LYS 745 for 
VPWXE peptide. LYS 745 is considered a critical residue 

involved in binding to ATP and drugs such as gefitinib 
(Iressa) are known to bind to this site and exert inhibitory 
effects (Barker et al. 2001).

Other vital H-bonds included those with residues 
CYS797, ARG 841, ASN 842 and ASP 800. Furthermore, 
it appears that hydrophobic interactions occurred further 
into the C-terminal with PHE 997. Additional hydropho-
bic interactions included those with LEU 718, LYS 745 and 
LEU 844. Two salt bridges were seen with LYS 745 and HIS 
835 for HB-VPWXE. The hydroxyl group of ring A shows 
hydrogen bonding with LYS 879, while the C and D rings 
interact with ASN 842. The peptide part of the conjugate, 
specifically the tryptophan residue, forms hydrophobic inter-
actions with VAL 726 and LEU 718 while the proline moi-
ety forms hydrophobic interactions with ARG 841 and LEU 
799. Interestingly, ARG 841 is a crucial residue that has 
been shown to be involved in the binding of several lapatinib 
mimics with wild type EGFR, (Mehmankhah et al. 2014). 
Additional interactions with HB-VPWXE are also seen with 
the activation loop residues ASP 855 and ASP 837, which is 
highly conserved in EGFRs (Gajiwala et al. 2013). For the 
oleanolate-VPWXE conjugate, hydrophobic interactions are 
formed between ring A of the oleanolate moiety and TRP 
880, while ring D forms hydrophobic interactions with LEU 
844. The tryptophan moiety of the oleanolate-VPWXE is 
once again found to interact with LEU 718 and VAL 726, 
while the valine moiety interacts with LEU 799. Activation 
loop residues THR 854 and ASN 842 are also found to inter-
act with the conjugate. Similar interactions were seen for the 
pentacyclic tri-terpenoid 12, 13 dihydro-alpha amyrin-20, 
30-en-3 ol, which showed strong binding with EGFR and 
inhibited the growth of myeloma cells (Mulyadi 2011). 
While the perillate conjugate formed interactions with resi-
dues in the same region, one notable difference compared to 
the other conjugates was that binding was observed further 
into the C-terminal between the prop-1-ene-2-yl group of the 
perillate moiety with the ALA 1000 residue. The ursolate-
VPWXE conjugate interacted with similar residues as the 
other conjugates, as well as with CYS 797, which was seen 
for VPWXE. An interaction specific to the ursolate-VPWXE 
conjugate included the MET 793 residue in the hinge region. 
Both these residues have been found to be critical for bind-
ing with drugs that are considered potent inhibitors such as 
Osimertinib (Beyett et al. 2022).

PLIP analysis was also conducted to explore the inter-
actions of the designed peptide MEGPSKCCFSLALSH 
(MFSL) and its conjugates with both the wild type and the 
double mutant T790M/L858R. For the wild type EGFR, 
results are shown in Supplementary Information Table S2a 
and Fig. 5). In the case of MFSL, interactions were seen 
with the catalytic loop residue ARG 817, with which three 
H-bonds were formed; as well as with Gly-rich loop resi-
dues including PHE 699, ALA 698, SER 696 and GLY 700. 

Fig. 4   Binding interaction analysis of VPWXE and its conjugates 
with T790M/L858R EGFR obtained from PLIP. a VPWXE; b HB-
VPWXE; c oleanolate-VPWXE; d perillate-VPWXE and e ursolate-
VPWXE
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Interactions with the key active site residue ASP 831 of the 
DFG motif and the activation loop residue LYS 851 were 
also seen. Interestingly, most interactions were H-bonds, 
while the only two hydrophobic interactions occurred with 
ALA 698 and TRP 856. A salt bridge was also formed with 
ARG 779. The interaction with the DFG motif residue ASP 
831 was also seen for the (HB)2-MSFL and the (perillate)2-
MFSL conjugate. In addition, H-bond interactions for (HB)2-
MFSL included binding pocket residues VAL 693, LYS 692, 
LYS 604, CYS 773, LYS 822 and ASP 776. The interaction 
with CYS 773 is particularly interesting to note as it has 
been an attractive target for some EGFR inhibitors, including 
a class of compounds that were found to alkylate CYS 773 
and irreversibly inactivate the receptor (Fry et al. 1998). As 
in the case of the VPWXE conjugates, the terpenoid conju-
gates of MSFL also showed increased hydrophobic interac-
tions. Notable residues included ALA 698, VAL 702, TRP 
856, and LYS 721. (HB)2-MFSL also formed a salt bridge 
with ARG 817 of the catalytic loop. Interestingly, the histi-
dine moiety of the peptide part of the conjugate interacted 
through hydrophobic interactions with ASP 988. This sug-
gests that the conjugate binds with residues within the ATP 
binding pocket and extends into the C-terminal residues. The 
(oleanolate)2-MFSL conjugate and the (perillate)2-MFSL 
conjugates shared H-bond interactions with SER 696 and 
LYS 721, though the (oleanolate)2-MFSL conjugate dis-
played only five hydrophobic interactions compared to nine 
hydrophobic interactions seen for the corresponding peril-
late conjugate. Furthermore, the (perillate)2-MFSL conju-
gate also displayed a salt bridge with the critical residue 
LYS 721. The catalytic loop residues ARG 817 and ASN 
818 formed two hydrogen bonds each with (oleanolate)2-
MFSL while ARG 817 formed hydrophobic interactions 

with the (perillate)2-MFSL conjugate. Additionally, the 
activation loop residue PRO 853 also formed hydrophobic 
interactions with both the conjugates. The (ursolate)2-MFSL 
conjugate showed ten hydrophobic interactions with wild 
type EGFR, with notable residues including ALA 847 and 
LEU 834 from the activation loop region, LEU 820 of the 
catalytic loop region, and LYS 855 and TRP 856, which are 
allosteric site residues that have been shown to play a critical 
role in enhancing binding interactions with drugs that target 
EGFR overexpressed receptors and its mutant (Zhao et al. 
2018). H-bonds were also formed with the catalytic loop 
residues ASP 813 and ARG 817 as well as with the Gly-rich 
loop region residue LYS 692. While this conjugate did not 
extend deep into the C-terminal of the receptor, it formed 
critical interactions with the binding pocket and allosteric 
sites, which have been shown to interact with several EGFR 
inhibitors.

We then compared the interactions of the MFSL peptide 
and its conjugates with the double mutant EGFR T790M/
L858R (Supplementary Information Table S2b and Fig. 6). 
The neat peptide showed 16 hydrogen bonds with the dou-
ble mutant receptor, while it formed 19 H-bonds with the 
wild type. The residue PHE 856 formed stacking interactions 
with the phenylalanine moiety of the peptide in the case of 
the double mutant receptor, which was promising. Further-
more, for the double mutant receptor, the LYS 745 residue 
was involved both in H-bond interactions and in hydropho-
bic interactions with the peptide, specifically with the amide 
bond of the serine residue of the peptide moiety. This inter-
action is notable given that the double mutant kinase recep-
tor is known to form a salt bridge between GLU 762 and 
LYS 745, which is key for its activity (Tamirat et al. 2019). 
Other interactions included those with THR 854 and ASP 

Fig. 5   Binding interactions 
analysis of MFSL and its conju-
gates obtained from PLIP with 
wild type EGFR. a MFSL; b 
(HB)2-MFSL; c (oleanolate)2-
MFSL; d (perillate)2-MFSL 
and e (ursolate)2-MFSL
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855 and with the activation loop residues LEU 844 and ARG 
841. The glutamic acid residue of the peptide was found to 
interact with VAL 876, ILE 878, and TRP 880. The leucine 
and alanine residues of the peptide interacted with LEU 718, 
PHE 997, LEU 844 and with LEU 792.

The interaction with PHE 997 was found to be consist-
ently present for all of the conjugates, with the exception 
of the (perillate)2-MFSL conjugate. PHE 997 is part of the 
C-terminal tail β-strand that tracks the surface of the kinase 
domain, and is close to the AP2 helix of EGFR (Martin-
Fernandez et al. 2019). In recent work, it was shown that 
molecules such as 1,2,3-triazole tethered chalcone deriva-
tives were found to interact with PHE 997 and LYS 745 and 
exhibited high docking scores with EGFR and potent inhibi-
tory activity against breast and cervical tumor cells (Gurrapu 
et al. 2020). Overall, the highest number of hydrophobic 
interactions was seen for (perillate)2-MFSL at fourteen, 
while (oleanolate)2-MFSL only showed six hydrophobic 
interactions. Key residues for the (oleanolate)2-MFSL con-
jugate to interact within the binding pocket included LEU 
718, ARG 841, and VAL 717. ARG 803 formed a pi-cation 
interaction with the histidine component of the peptide moi-
ety of the conjugate while both PHE 997 and ASN 996 were 
involved in hydrophobic interactions with the conjugate.

A unique interaction specific for the (oleanolate)2-
MFSL conjugate was a single H-bond with GLU 906, while 
(perillate)2-MFSL displayed distinctive interactions with 
PRO 914 and LYS 913. Key interactions included those with 
the hinge region residues MET 793 as well as LEU 799 and 
activation loop residues ARG 841 and LEU 844. Interactions 
were also seen with Gly-rich P-loop residues LEU 718 and 
ALA 722 which has been implicated in binding to EGFR 
T790M/L858R based inhibitors (Kovacs et al. 2015). (HB)2-
MFSL showed equal numbers of H-bond interactions and 

hydrophobic interactions (twelve each), with key residues 
similar to those mentioned above within the binding pocket. 
The B and C rings of the terpenoid parts of the conjugate 
interacted with TYR 891, VAL 876, ALA 722 and PHE 723 
through hydrophobic interactions while all other interactions 
occurred with the peptide segment of the conjugate. These 
included residues from the C-terminal tail such as ASN 996 
and PHE 997 as well as those within ATP binding cleft, 
ALA 743 and LYS 745, among other residues. Hydrophobic 
interactions with PHE 723 in particular are promising as it 
has been implicated in the binding interactions of several 
EGFR (T790M/L858R) inhibitors (Agarwal et al. 2022). 
Thus, (HB)2-MFSL also showed strong interactions with 
key residues within the binding pocket. Likewise, notable 
interactions were also seen with the (ursolate)2-MFSL con-
jugate with hinge region residues MET 793 and LEU 799 
as well as with LEU 718 and VAL 726, which are known to 
be critical for ligand independent dimerization of the double 
mutant receptor (Zhu et al. 2018). Thus, based on the dock-
ing studies overall, it appears that the terpene conjugates 
were able to bind successfully to both the wild type EGFR 
and the EGFR T790M/L858R double mutant, though dif-
ferent regions of the binding pocket residues were involved.

Among the neat terpenoids, (Supplementary Information 
Table S3 and Fig. S1) oleanolic acid and ursolic acid did 
not show any H-bond interactions with the T790M/L858R 
EGFR receptor, while perillic acid and hydroxybetulinic 
acid displayed two hydrogen bonds each. The neat terpe-
noids, however, did display hydrophobic interactions with 
binding pocket residues, including those with residues from 
the activation loop. Hydroxybetulinic acid showed interac-
tions with TRP 880, LYS 879, and PRO 877, implying that 
it binds with residues further into the C-terminal of the dou-
ble mutant receptor. In comparison, hydroxybetulinic acid 

Fig. 6   Binding interactions 
analysis of MFSL and its conju-
gates obtained from PLIP with 
T790M/L858R EGFR. a MFSL; 
b (HB)2-MFSL; c (oleanolate)2-
MFSL; d (perillate)2-MFSL and 
e (ursolate)2-MFSL
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showed seven hydrophobic interactions with the wild type 
EGFR receptor, among which involved the residues LYS 
721 and LEU 694. Additionally, a H-bond with the DFG 
motif residue ASP 831 was observed. Comparatively, peril-
lic acid and ursolic acid showed significantly fewer interac-
tions with the wild type receptor. Only three hydrophobic 
interactions were formed with perillic acid and two hydrogen 
bonds and one hydrophobic interaction were formed with 
ursolic acid. Oleanolic acid formed a H-bond with MET 
769 and four hydrophobic interactions with residues from 
the hinge region and the catalytic loop region. These results 
imply that conjugation with both peptides significantly 
enhances the binding interactions with the receptors.

Molecular Dynamics

To investigate the stability and to further elucidate the differ-
ences in binding of the conjugates within the binding pockets 
of wild type EGFR and EGFR T790M/L858R, we conducted 
the molecular dynamics (MD) simulations. Given that more 
interactions were seen with the peptides and the conjugates, 
MD simulations were conducted for the peptides and the 
conjugates. A comparison of the RMSD values obtained for 
T790M/L858R and the wild type EGFR receptor is shown 
in Table 4. Overall, the lowest RMSD values for the wild 
type receptor complexes were seen for the (ursolate)2-MFSL 
conjugate and the neat MFSL peptide, followed by the urso-
late-VPWXE conjugate complex. All other conjugates dem-
onstrated RMSD values between 0.39 and 0.55 nm, which 
were also indicative of fairly stable binding in all cases. 
For the double mutant receptor, however, the RMSD val-
ues were marginally higher in all cases with the exception 
of the (oleanoate)2-MFSL conjugate complexed with the 
T790M/L858R receptor. This complex showed the lowest 
RMSD value with the double mutant (0.31 nm). All of the 
other MFSL-terpene conjugate complexes also showed low 
RMSD values ranging between 0.34 and 0.39 nm. The neat 

MFSL peptide showed a higher RMSD value with double 
mutant receptor compared to the wild type, indicating that it 
formed a more stable complex with the wild type. Interest-
ingly, the oleanoate-VPWXE conjugate complex with the 
T790M/L858R double mutant receptor showed the highest 
RMSD value (0.88 nm) and thereby is indicative of lowest 
stability among all conjugates and peptides, followed by the 
HB-VPWXE conjugate complex at 0.74 nm with the double 
mutant receptor.

To further illustrate the differences in binding interac-
tions and investigate the binding mechanism with the recep-
tors, we examined the trajectories (Fig. 7). A comparison 
of the HB-VPWXE conjugates reveals that, in the case of 
the wild type, the conjugate undergoes slight conformation 
changes during the simulation while still largely remaining 
confined to the binding pocket, making contacts mostly with 
the P-loop, as well as the C-helix and the beta3/αC residues. 
For the double mutant, however, major changes occur in 
the conformation of HB-VPWXE. Initially, binding occurs 
within the ATP binding cleft while the rings of the terpenoid 
component of the conjugate are seen interacting with the 
C-lobe alpha-helices. However, by 50 ns, there is a change in 
position of the terpenoid component of the conjugate, and as 
it moves toward the ATP binding cleft, it continues to inter-
act with ARG 841 of the activation loop. By 100 ns, it moves 
further into the binding cleft, making contacts with αC-β4 
loops, while interacting with activation loop residues ASP 
837 and ASP 855. Throughout the simulation, it remains in 
contact with the LYS 745 residue, which is a key residue 
within the active site as previously mentioned. Changes are 
also seen in the conformation of the C-helix. This would 
explain the higher RMSD values seen for the HB-VPWXE 
with the double mutant.

In the case of the wild type receptor, the oleanoate-
VPWXE conjugate also remains confined within the bind-
ing cleft throughout the simulation, with the TRP moiety of 
the peptide moving further toward the catalytic loop, making 

Table 4   Average RMSD 
values obtained upon 
complexation of VPWXE 
and MEGPSKCCFSLALSH 
(MFSL) and their conjugates 
with EGFR (wild type) and 
double mutant (T790M/L858R)

EGFR (Wild Type) EGFR (T790M/L858R)

Cα RMSD (nm) P-L RMSD (nm) Cα RMSD (nm) P-L RMSD (nm)

VPWXE 0.326 0.504 0.266 0.480
HB-VPWXE 0.195 0.393 0.279 0.743
Oleanoate-VPWXE 0.260 0.509 0.215 0.883
Perillate-VPWXE 0.226 0.552 0.260 0.597
Ursolate-VPWXE 0.336 0.376 0.253 0.485
MEGPSKCCF-

SLALSH (MFSL)
0.354 0.291 0.407 0.386

(HB)2-MFSL 0.396 0.552 0.338 0.342
(oleanolate)2-MFSL 0.304 0.493 0.343 0.313
(Perillate)2-MFSL 0.315 0.432 0.325 0.390
(ursolate)2-MFSL 0.315 0.296 0.389 0.347
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contact with the ASP 813 residue by the end of the simula-
tion. Furthermore, the conjugate appears to spread out into 
the binding cleft of the wild type receptor over the course 
of the simulation. On the other hand, the opposite behavior 
is seen for the conjugate with the double mutant receptor 
during the course of the simulation where, initially, the con-
jugate is spread out, interacting with both N-lobe and C-lobe 

residues as well as the hinge region. However, by the end 
of the simulation, it becomes more compact and folds up 
on itself, primarily making contact within the binding cleft 
residues such as ASP 837 and PHE 723, among others.

The perillate-VPWXE conjugate also shows binding 
interactions within the binding cleft of the wild type recep-
tor with few changes over the course of the simulation as 
the conjugate becomes more compact. However, the con-
jugate appears to change positions and move further into 
the C-terminal tail region containing residues LEU 1001, 
ALA 1000, and GLU 1004 over the course of the simulation 
when complexed with the double mutant receptor. Interest-
ingly, the interaction with the key hinge region residue MET 
793 is lost temporarily at 50 ns, but it is restored by the 
end of the simulation. The terpenoid component appears 
to move toward the C-lobe, while the peptide component is 
seen interacting more within the ATP binding cleft region. 
For the wild type, the trajectories over 100 ns for the urso-
late-VPWXE complex shows that the conjugate remains 
constricted within the binding cleft, with slight changes in 
the conformation of the conjugate. Key interactions with 
hinge region residues and activation loop residues are seen 
throughout the course of the simulation, which explains its 
low RMSD values. In the case of the double mutant receptor, 
however, ursolate-VPWXE appears to change its position 
during the course of the simulation, where most interac-
tions are initially seen with the C-lobe residues and the hinge 
region residues. However, by the end of the simulation, the 
conjugate appears to move further into the loop regions 
within the binding cleft. Of note is the fact that its interac-
tion with MET 793 remains throughout the simulation.

The peptide VPWXE alone (Supplementary Information 
Fig. S2) is initially seen interacting with LYS 721, the DFG 
motif residue ASP 831, LYS 851 of the activation loop and 
ARG 817 of the catalytic loop of the wild type receptor. 
However, over the course of simulation, interactions are 
seen with the Gly-rich P-loop residues PHE 699 and GLY 
700 along with the hinge region residue MET 769. Addi-
tional interactions are also seen with CYS 773 and THR 
830. In comparison, for the double mutant complexed with 
VPWXE, although a number of interactions with key resi-
dues such as MET 793, MET 790, ASP 855, ASP 837, CYS 
797 occur in the first 50 ns of the simulation, the number of 
interactions reduces over the course of simulation, with only 
one interaction with ASP 855 remaining at the end of the 
simulation. Thus, it appears that neat VPWXE has a stronger 
and more stable interaction with the wild type EGFR com-
pared to the double mutant receptor over the course of the 
simulation.

A comparison of the trajectories of the MFSL conjugates 
are shown in Fig. 8. As shown, for the wild type receptor 
complexed with (HB)2-MFSL, the conjugate occupies the 
binding pocket and extends into the N-lobe and C-lobe 

Fig. 7   Comparison of trajectory snap shots at 0  ns, 50  ns, 100  ns 
of VPWXE peptide conjugates with wild type and T790M/L858R 
EGFR. WT Wild Type, V VPWXE, HB hydroxybetulinate, OL 
oleanolate, PE perillate, UR ursolate
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residues. Furthermore, over the course of the simulation, 
the entire conjugate continues to remain within the bind-
ing pocket, making contacts with ALA 698 of the P-loop 
region, ARG 817 of the catalytic loop, and PRO 770. In the 
case of the T790M/L858R receptor, however, the terpene 
part of the conjugate appears to completely move out of 
the binding pocket by 100 ns, though, the peptide portion 

remains within the pocket and interacts with the C-terminal 
residues (PHE 997). This contributes to the relatively higher 
RMSD value for the (HB)2-MFSL conjugate, with the dou-
ble mutant receptor. In comparison, the (oleanolate)2-MFSL 
conjugate appears to remain tightly bound to the double 
mutant receptor over the course of the entire simulation 
and interacts with the activation loop residue ARG 844, as 
well as LEU 718 and ARG 803. The peptide component of 
the conjugate extends deep into the C-lobe, making contact 
with the PHE 997 residue. Thus, unlike (HB)2-MFSL, the 
(oleanolate)2-MFSL conjugate forms a highly stable com-
plex with the double mutant receptor. This can be attributed 
to the structural differences between HB and oleanolate. 
While oleanolate contains 5 six membered rings, which may 
allow for more hydrophobic interactions, HB contains 4 six 
membered rings and one five membered ring, as well as an 
additional –CH2OH group attached to ring A. The additional 
hydroxyl group may contribute further H-bond interactions 
with the receptor.

The (oleanoate)2-MFSL also forms a tightly bound com-
plex with the wild type receptor. Although there is an ini-
tial change in conformation of (oleanolate)2-MFSL, after 
50 ns, very little change is observed overall. Furthermore, 
(oleanolate)2-MFSL remains in contact with the activa-
tion loop throughout the course of the simulation. While it 
also interacts with LYS 721 for the first 50 ns, this interac-
tion is not seen at the end of the simulation. Instead, a new 
interaction with LYS 889 appears, which suggests that the 
conjugate moves further into the C-lobe by the end of the 
simulation.

Interestingly, in the case of the (perillate)2-MFSL conju-
gate, the -Leu-Ser-His residues, which belong to the C-ter-
minal portions of the peptide part of the conjugate appeared 
to be outward of the binding pocket of the wild type recep-
tor, while the perillate ring components of the conjugate 
along with the rest of the peptide folded into the binding 
pocket, interacting with the DFG motif residue ASP 831, as 
well as with LYS 721 and ARG 817. Overall, the conjugate 
did not undergo major changes in position during the simu-
lation, accounting for its low RMSD value. Interestingly, 
this conjugate behaves slightly differently when complexed 
with the double mutant receptor, where initially, the entire 
conjugate fits into the binding pocket and also interacts with 
the C-lobe residues. However, it then spreads out over the 
course of the simulation into the C-helix, which is in prox-
imity with the N-lobe. Key interactions with LEU 718, ARG 
803, and ARG 801 remain consistent throughout the simula-
tion. Thus, this conjugate shows stable binding with both the 
double mutant and wild type receptor.

The (ursolate)2-MFSL conjugate formed a stable complex 
with the wild type receptor as confirmed by the trajectory 
images that show interactions with the DFG motif and with 
LYS 721 of the G-rich P-loop. Additionally, an interaction 

Fig. 8   Trajectory snapshots of MFSL conjugates over 100  ns simu-
lations. (i & ii) (HB)2-MFSL with WT EGFR and T790M/L858R 
respectively; (iii & iv) (Oleanolate)2-MFSL with WT EGFR and 
T790M/L858R respectively; (v & vi) (perillate)2-MFSL with WT 
EGFR and T790M/L858R respectively; (ursolate)2-MFSL with WT 
EGFR and T790M/L858R respectively. WT = wild type
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with ARG 817 formed toward the end of the simulation, 
which remained consistent, particularly between 50 and 
100 ns. The (ursolate)2-MFSL conjugate, when complexed 
with the double mutant receptor EGFR T790M/L858R, was 
found to form an even more stable complex with the entire 
conjugate, remaining tightly attached to the binding pocket 
throughout the course of the simulation. In addition to ARG 
841, LEU 718, and ARG 803 residues, this conjugate also 
interacted with the C-terminal region residue PHE 997. 
Thus, the (ursolate)2-MFSL formed the most stable complex 
with the T790M/L858R receptor among the MFSL conju-
gates. The neat MFSL also interacted favorably within the 
binding pocket of the T790M/L858R double mutant recep-
tor, (Supplementary Information Fig. S3) though the peptide 
itself underwent conformation changes during the simulation 
process. Furthermore, it interacted with key residues includ-
ing LEU 718, PHE 997, ARG 803 and ARG 841 throughout 
the simulation. Comparatively, the neat MFSL interacted 
with only three residues during the simulation process with 
the wild type receptor, specifically with residues LYS 721, 
ARG 817, and ASP 831, all of which have been implicated 
in regulation of kinase activity. The peptide remained bound 
to the binding pocket throughout the simulation. Thus, over-
all, these results indicate that most of the MSFL-triterpenoid 
conjugates were found to remain in contact not only within 
the ATP binding pocket region but also with allosteric 
regions and the C-terminal tail portion of the double mutant 
receptor, while in the case of the wild type receptor, fewer 
interactions were observed with the C-terminal portion of 
the receptor.

Radius of Gyration

The radius of gyration provides information about the 
compactness of the structure within the receptor complex 

(Minnelli et al. 2020). Results are shown in Fig. 9. For 
the wild type receptor, on average, the radius of gyration 
of VPWXE and its conjugates appeared to be lower than 
MFSL and its conjugates. This is expected given the size 
of the MFSL peptide, which is a longer peptide segment 
and therefore is more flexible. Additionally, for each conju-
gate, MFSL is conjugated to two terpenoid moieties, while 
VPWXE conjugates are attached to one terpenoid moiety. 
The peptide VPWXE and perillate-VPWXE formed more 
compact structures as expected, as the perillate has a single 
hydrophobic ring, compared to the pentacylic terpene con-
jugates that folded up over time during the simulation. No 
changes or fluctuations were observed in general, with the 
exception of oleanolate-VPWXE, in which case for the first 
15 ns of the simulation, the rGyr value increased, but then, 
it decreased to 0.67 nm and was able to maintain a steady 
value of 0.68 nm for the rest of the simulation. The rGyr 
remained steady and displayed a relatively constant value 
(< 0.05 nm change) throughout the simulation for all of the 
other VPWXE conjugates.

Amongst the MFSL conjugates however, the rGyr values 
showed changes throughout the simulation for the (HB)2-
MFSL conjugate. By the end of the simulation, the rGyr 
value stabilized at 1.1  nm, implying that (HB)2-MFSL 
formed the least compact structure within the receptor which 
corroborates with the trajectories. The (ursolate)2-MFSL 
conjugate had the second highest value among the MFSL 
conjugates within the wild type receptor. However, the value 
remained relatively constant throughout the simulation. 
This implies that the conjugate is more spread out within 
the receptor but does not undergo changes in conformation 
once complexed with the receptor. The (oleanolate)2-MFSL 
conjugate also showed a similar trend as the ursolate coun-
terpart, indicating that it also underwent very few changes 
within the receptor and formed a slightly more compact 

Fig. 9   Comparison of radius of 
gyration of a VPWXE and its 
conjugates complexed with wild 
type EGFR; b MFSL and its 
conjugates complexed with wild 
type receptor. c VPWXE and 
its conjugates complexed with 
EGFR T790M/L858R receptor; 
d MFSL and its conjugates 
complexed with EGFR T790M/
L858R
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structure compared to (ursolate)2-MFSL. The neat peptide 
showed the lowest rGyr values, while the (perillate)2-MFSL 
conjugate showed a slightly higher rGyr value compared 
to the neat peptide, and displayed fluctuations between 50 
and 82 ns during the simulation, after which it stabilized at 
0.75 nm.

For the EGFR T790M/L858R double mutant receptor, 
the VPWXE and its peptide conjugates showed a similar 
trend as that of the wild type receptor. Average values varied 
between 0.5 and 0.75 nm. All of the conjugates showed very 
few changes during the course of the simulation with the 
exception of oleanolate-VPWXE, which showed minuscule 
change between 30 and 45 ns, after which it maintained a 
steady value of 0.62 nm for the rest of the simulation. Urso-
late-VPWXE showed a marginal increase in rGyr between 
15 and 40 ns, after which it stabilized at 0.71 nm for the rest 
of the simulation. For the MFSL conjugates, the average 
rGyr value was found to be between 0.82 and 0.85 nm, with 
very little fluctuation in most cases; an exception being the 
(HB)2-MFSL conjugate, which showed a higher rGyr value 
at 1.0 nm. A slight decrease was seen between 80 and 90 ns, 
after which the value once again increased to 1.05 nm and 
remained constant. Thus, the (HB)2-MFSL conjugate formed 
the least compact structural complex with both the wild 
type and the double mutant receptor. Furthermore, MFSL 

conjugates showed slightly higher values on average with the 
double mutant receptor compared to the wild type. Overall, 
most complexes did not show fluctuations in structures and 
remained relatively compact throughout the simulation.

MMGBSA Studies

The binding energies of the conjugate and the peptide 
complexes over the course of the simulation were obtained 
using MMGBSA. This provides an accurate evaluation of 
the free energies for binding of each of the ligands over 
the course of the entire simulation (Suenaga et al. 2012). 
Results obtained are shown in Table 5. As can be seen for 
the wild type EGFR, among the conjugates, the highest 
binding energy was found for the (ursolate)2-MFSL conju-
gate at − 115.69 kcal/mol, followed by ursolate-VPWXE and 
oleanolate-VPWXE at − 87.87 kcal/mol and − 87.50 kcal/
mol respectively. Interestingly, in the case of the (ursolate)2-
MFSL conjugate, the largest contribution came from the 
Van der Waals interactions. However, for both oleanolate-
VPWXE and ursolate-VPWXE, the major contribution was 
from electrostatics energy. This suggests that the binding 
modes and residues within the receptor were different for 
the VPWXE conjugates compared to the MFSL conjugates, 
which corroborates with the molecular dynamics studies 

Table 5   MMGBSA analysis

Average ΔG bind-
ing energy

Average electro-
static energy

Average H-bond 
energy

Average lipophilic 
energy

Average Van der 
Waals energy

Wild Type EGFR
 VPWXE − 93.81 − 264.27 − 9.89 − 17.36 − 59.13
 HB-VPWXE − 74.59 − 225.93 − 880 − 13.73 − 49.48
 Oleanolate-VPWXE − 87.50 − 238.73 − 10.01 − 16.37 − 55.74
 Ursolate-VPWXE − 87.87 − 237.97 − 9.37 − 16.02 − 58.77
 Perillate-VPWXE − 77.11 − 200.87 − 8.69 − 14.98 − 53.89
 MEGPSKCCFSLALSH (MFSL) − 66.61 − 27.06 − 3.61 − 15.15 − 71.82
 (HB)2- MFSL − 80.54 − 45.38 − 2.93 − 17.55 − 83.62
 (Oleanolate)2-MFSL − 72.54 − 35.43 − 3.12 − 20.49 − 79.09
 (Perillate)2-MFSL − 51.46 − 10.13 − 1.47 − 12.95 − 65.02
 (Ursolate)2-MFSL − 115.69 − 34.93 − 3.52 − 28.81 − 113.06

T790M/L858R EGFR
 VPWXE − 57.77 − 8.55 − 1.93 − 13.71 − 55.73
 Hydroxybetulinate-VPWXE − 78.39 − 41.31 − 3.46 − 21.98 − 69.90
 Oleanolate-VPWXE − 48.88 − 22.29 − 2.05 − 14.06 − 44.77
 Ursolate-VPWXE − 77.34 − 29.76 − 1.89 − 21.82 − 65.64
 Perillate-VPWXE − 66.41 − 14.58 − 1.456 − 19.28 − 57.95
 MEGPSKCCFSLALSH (MFSL) − 96.05 − 329.45 − 9.69 − 22.81 − 69.97
 (HB)2- MFSL − 87.35 − 34.18 − 3.87 − 22.69 − 90.54
 (Oleanolate)2-MFSL − 59.29 − 28.74 − 2.84 − 16.99 − 64.21
 (Perillate)2-MFSL − 83.24 − 296.24 − 10.11 − 21.51 − 71.09
 (Ursolate)2-MFSL − 78.14 − 29.22 − 2.60 − 19.08 − 71.61
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(Zhang et al. 2017). Neat VPWXE showed a higher ΔG bind 
(− 93.81 kcal/mol) compared to the MFSL peptide for the 
wild type, which displayed a ΔG bind of − 66.61 kcal/mol.

For the T790M/L858R receptor, however, the high-
est ΔG binding energy was seen for the MFSL peptide at 
− 96.05 kcal/mol, while VPWXE showed a binding energy 
of − 57.77 kcal/mol. Thus, the two peptides display opposite 
behavior with the two receptors, which is likely because of 
the structural changes that occur within the double mutant 
receptor and therefore each of these may impart specific-
ity (Lowder et al. 2015). As was seen in most cases, dur-
ing the simulation, the MFSL peptide and its conjugates 
appeared to interact not only with the binding cleft but into 
the C-terminal residues of the receptor, which was not the 
case for the VPWXE conjugates. Among the conjugates, the 
(HB)2-MFSL conjugate showed the second highest binding 
energy at − 87.35 kcal/mol followed by (perillate)2-MFSL at 
− 83.24 kcal/mol and (ursolate)2-MFSL at − 78.14 kcal/mol. 
Overall, it appears that most of the VPWXE conjugates had 
higher binding energies with the wild type receptor, while 
the MFSL conjugates displayed higher ΔGbind with the dou-
ble mutant, with the exception of the oleanolate conjugates 
which showed an opposite trend.

Molecular Surface Area (MolSA)

The MolSA value is representative of the Van der Waals sur-
face area, which was calculated using a 1.4 A0 probe radius 
for all simulations (Rashid et al. 2022). Results obtained 
are shown in Supplementary Information Fig. S4. As can 
be seen, for the wild type receptor, the MolSA values were 
found to be higher for the MFSL peptide and its conjugates 
compared to the VPWXE peptide and its conjugates. Sig-
nificantly higher MolSA values were seen for (HB)2-MFSL, 
(ursolate)2-MFSL, and (oleanolate)2-MFSL conjugates 
(between 160 and 180 nm2) compared to (perillate)2-MFSL 
and the peptide alone (110 and 130 nm2) respectively. How-
ever, in the case of the (perillate)2-MFSL conjugate, the 
MolSA value appeared to increase over the course of the 
simulation. This corroborates with the results obtained for 
the MMGBSA, which showed a higher contribution of the 
Van der Waals forces for MFSL and its conjugates in binding 
with the receptor compared to the VPWXE conjugates. In 
general, the lower the MolSA value, the more stable the pro-
tein–ligand complex and vice-versa (Ferdausi et al. 2022). 
Thus, VPWXE and its conjugates, which showed lower 
MolSA values, appear to form relatively more stable with 
the wild type receptor. This can also be attributed to the size 
of the conjugates, which was larger for the MFSL peptide 
and its conjugates.

For the T790M/L858R double mutant, a similar trend 
was observed. However, the perillate-VPWXE showed an 
increase in the first 5 ns, after which it showed a stable value 

(68.3 nm2) for the rest of the simulation. Thus, the perillate-
VPWXE had a slightly higher value for the double mutant 
complex compared to the wild type. All of the other con-
jugates showed MolSA values in a similar range as that of 
the wild type receptor. As with the wild type receptor, the 
MolSA values for the MFSL peptide and its conjugates were 
higher for the double mutant receptor and values obtained 
were in a similar range as the wild type, indicating that the 
Van der Waals forces involved in binding of those conjugates 
were comparable for both the wild type and double mutant 
receptor.

Based on the computational results, as a proof of concept, 
we synthesized and self-assembled three of the triterpenoid 
conjugates with MFSL and VPWXE peptides to prepare 
nanoassemblies. We further examined their interactions with 
wild type EGFR as well as the T790M/L858R double mutant 
receptor expressing cell lines.

Growth and Morphological Study of Nanoassemblies

Each of the conjugates were allowed to self-assemble over a 
period of 2 weeks. The growth of the assemblies was moni-
tored using dynamic light scattering (Supplementary Infor-
mation Fig. S5). As can be seen, the oleanolate-VPWXE 
nanoassemblies were found to be monodisperse and within a 
size range of 150–200 nm. In comparison, the corresponding 
MFSL conjugate nanoassemblies overall were found to be 
bigger in size (average of 1 µm) and were polydisperse. The 
VPWXE conjugate of HB displayed a size range of 1 µm 
to 3 µm, while a trimodal distribution was observed for the 
corresponding MSFL conjugates, indicating that nanoassem-
blies varied in size. The assemblies formed for the ursolate-
VPWXE conjugates showed a single peak at 3000 nm, while 
a bimodal distribution was observed for the corresponding 
MFSL conjugate which showed a bimodal distribution with 
more assemblies in the sizes range of 1 µm and a small num-
ber of assemblies in the range of 5 µm. The larger sizes may 
be due to possible aggregation of the nanoassemblies that 
occurred over time.

The morphologies of the assemblies obtained was exam-
ined by atomic force microscopy (AFM) and scanning 
electron microscopy (SEM). Results obtained are shown 
in Fig. 10. The ursolate-VPWXE conjugate formed nano-
spheres, which appeared to serve as nuclei for the formation 
of nanochain structures that are formed as the nanospheres 
diffuse together. This is also corroborated by the correspond-
ing SEM image. The (ursolate)2-MFSL conjugate on the 
other hand formed fibrillar structures upon self-assembly as 
shown in the AFM image. The corresponding SEM image 
shows aggregates, which explains the broader size range 
observed in the DLS analysis. Similar distribution has been 
observed upon self-assembly of amphiphilic peptide-heter-
odimers (Luo et al. 2010) comprised of surfactant mimics 
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with two tail peptide motifs containing A6Z2G6 structures, 
where Z is a charged residue (either K or D). Interestingly, 
however, largely multi-layered supramolecular structures 
ranging from spheres to rods were formed for the corre-
sponding for the HB-VPWXE and (HB)2-MFSL conju-
gate as shown by both the AFM and the SEM images. The 
nanofibers obtained from the HB-VPWXE conjugates were 
marginally larger (~ 30 nm) in diameter compared to the 
nanorod like structures seen for the (HB)2-MFSL conjugates. 
In case of the oleanolate-VPWXE conjugates, however, mul-
tilayered spherical structures were seen, which were approxi-
mately 500 nm to 1 µm in diameter. On the other hand, the 
(oleanolate)2-MFSL conjugates self-assembled into multi-
layered nanoplatelet structures which is more evident from 
the SEM images.

The differences in morphologies can be attributed to the 
differences in interactions between the conjugate structures. 
In previous work, triterpenoids such as oleanolic acid have 
been shown to self-assemble into nanovesicle-like struc-
tures, promoted by intermolecular H-bonding involving 
the carboxyl and hydroxyl groups as well as hydrophobic 

interactions of the nonpolar triterpenoid backbone (Bag and 
Paul 2012). In the case of the oleanolate-peptide conjugates 
studied here, it is likely that the –C=O- - -NH– interactions 
between the peptide backbones also play a key role in the 
assembly. In addition, hydrophobic interactions also play 
a significant role in the self-assembly of the oleanolate-
VPWXE conjugate, given that the peptide component is 
also primarily hydrophobic with the exception of the ter-
minal glutamic acid group, which makes the conjugate 
amphiphilic. The C-terminal glutamic carboxyl groups of 
the VPWXE component contribute to H-bonding interac-
tions with the hydroxyl group of oleanolate moiety. The 
(oleanolate)2-MFSL conjugate is rendered amphiphatic due 
to the hydrophobicity of the triterpenoid rings and the pres-
ence of hydrophobic amino acids (such as leucine, proline, 
alanine and phenylalanine). In contrast, the presence of ser-
ine, glutamic acid and histidine groups contribute to hydro-
philicity. The terminal histidine moiety can also participate 
in intra-molecular pi-cation interactions with the phenyla-
lanine moiety of the conjugate (Liao et al. 2013) and its 
carboxyl group contributes to H-bonding.

Ursolic acid and oleanolic acid are similar in chemical 
structure. However, there is a change in the position of one 
methyl group on ring E in ursolic acid compared to oleanolic 
acid. This difference has been shown to cause variations in 
biological activities of the two triterpenoids (Ovesná et al. 
2006) and potentially, in the self-assembly process. In pre-
vious work, ursolic acid has been shown to self-assemble 
into membranous fibrillar structures as well as nanospheres 
in aqueous solutions (Bag et al. 2017). In the case of the 
(ursolate)2-MFSL and ursolate-VPWXE conjugates, it is 
likely that formation of hierarchical tubular or nanochain-
like structures is thermodynamically more favorable under 
the conditions studied. The formation of nanofibrillar struc-
tures of HB-VPWXE is largely due to hydrophobic inter-
actions and is also likely to be more favorable thermody-
namically. This promotes the oligomerization process into 
the formation of nanofibers. In the case of the (HB)2-MFSL 
conjugate, thicker fibrils are formed, likely due to the larger 
peptide sequence and 2 HB moieties that promote more 
amide group H-bonding and hydrophobic interactions. These 
results indicate that each of the conjugates formed nano-
structures of varying shapes and sizes, which could poten-
tially be applicable in a multitude of biological applications 
such as drug delivery and biosensing.

NTA Analysis

NTA analysis exhibits the relationship of the Brownian 
motion of nanoparticles to their hydrodynamic radius in 
solution (Filipe et al. 2010). In previous work it has been 
demonstrated that it is also plausible to examine in structural 
organization of proteins in complex systems through NTA 

Fig. 10   Top two rows: AFM images of nanoassemblies formed after 
self-assembly of peptide conjugates after 2 weeks of growth. a urso-
late-VPWXE; b (ursolate)2-MFSL; c HB-VPWXE; d (HB)2-MFSL; e 
oleanolate-VPWXE; f (oleanolate)2-MFSL. Bottom two rows: SEM 
images: g ursolate-VPWXE; (h) HB-VPWXE; i oleanolate-VPWXE; 
j (ursolate)2-MFSL; k (HB)2-MFSL; l (oleanolate)2-MFSL. Scale bar 
for SEM = 1 μm
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analysis (Juul-Madsen et al. 2021). In this study, we utilized 
NTA to characterize the nanoassemblies of the tri-terpene 
peptide conjugates in solution (Fig. 11). The movement of 
the particles was tracked by particle scattering through a 
projected laser light source at 488 nm. For the HB-VPWXE 
assemblies, the size distribution of the detectable particles 
showed a broad peak, with the largest peak near 225 nm 
(Fig. 11a), with smaller peaks seen in 600–800 nm range. 
The HB-MFSL nanoassemblies (Fig. 11b) also displayed 
a broad peak, with the largest peak at 200 nm and second 
largest peak seen at 150 nm. Once again, small peaks were 
seen at 650 nm, 790 nm and at 920 nm, signifying a small 
percentage of assemblies of larger diameter, likely due to the 
formation of larger oligomers.

The size distribution of the oleanolate-VPWXE assem-
blies (Fig. 11c) showed two peaks with similar heights 
at 150 nm and at 170 nm, along with peaks at 245 nm 
and at 310 nm. On the other hand, the oleanolate-MFSL 
nanoassemblies (Fig. 11d) displayed two major peaks at 
150 nm and at 204 nm. For the ursolate-VPWXE nanoassem-
blies multiple peaks were observed at 65 nm, 146 nm, 
119 nm, 230 nm and at 183 nm with the highest percentage 
seen for the 65 nm peak. The ursolate-MFSL nanoassemblies 
showed major peaks at 80 nm, 113 nm, 190 nm, 250 nm and 
304 nm along with shorter peaks in the 400 nm to 600 nm 
range as well as a short peak at 750 nm. These results are 
indicative that each of the assemblies formed aggregated 

species of a variety of sizes and shapes, ranging from small 
aggregates, intermediate sized assemblies to larger oligom-
ers. These results indicate that assemblies within 1 μm size 
were detectable by the NTA for all of the tri-terpene conju-
gates with the hydrodynamic sizes showing agreement with 
results seen from AFM analysis in most cases. However, it 
is likely that the larger aggregates are not detected by NTA.

Cell Studies

We examined the interactions of the nanoassemblies with 
both F98EGFR (wild type) expressing glioma cells as well 
as with NCI-H1975 cell lines, which are known to over-
express the double mutant T790M/L858R EGFR (Tang 
et al. 2008). Preliminary cytotoxicity studies were done to 
determine IC-50 values for the conjugates (Table 6). As 
can be seen, among the conjugates, the (ursolate)2-MFSL 
conjugates showed the lowest IC-50 value for the double 
mutant expressing cells, while HB-VPWXE displayed the 
lowest IC-50 value for the wild type EGFR expressing cells. 
As an example, results obtained upon treatment with 3 μM 
concentration of the assemblies are shown in Fig. 12. As 
seen, the untreated F98EGFR (wild type) glioma cells appear 
healthy, and are largely spindle-shaped with fusiform nuclei, 
forming a twisted pattern of growth around each other 
(Yang et al. 2009). Upon treatment with the ursolate con-
jugate nanoassemblies, we did not see a significant change 

Fig. 11   NTA analysis of nanoassemblies showing size distribution. a HB-VPWXE; b oleanolate-VPWXE; c ursolate-VPWXE; d (HB)2-MFSL; 
e (oleanolate)2-MFSL and f (ursolate)2-MFSL
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in morphology. Cells appeared to cluster around each other 
and maintained a spindle shape morphology, although a few 
cells appeared to round up. Oleanolate-VPWXE, however, 
showed less clustering. Similar to the ursolate counterpart, 
a small portion of the cells appeared to be rounding up, 
indicative of relatively less proliferation. A similar pattern 
was seen for the HB-VPWXE nanoassembly treated cells. 
In comparison, the neat VPWXE treated cells showed long 
cytoskeletal extensions in some cases, while at the same 
time, a number of cells appeared to be rounding up, signify-
ing declining growth of cells. This indicates that VPWXE 
peptide and its conjugates may be slowing down the growth 
of the wild type EGFR expressing cells.

In comparison, the MFSL peptide conjugates appeared to 
have a more significant effect in lowering the proliferation of 

cells and affecting cell morphology. As can be seen, in the 
case of the (HB)2-MFSL conjugate nanoassembly treated 
cells, there appears to be a complete loss of spindle shape 
morphology of the cells, in addition to blebbing, indicating 
that the cell proliferation and growth was hampered by those 
nanoassemblies. In comparison, the (oleanolate)2-MFSL and 
(ursolate)2-MFSL conjugate nanoassemblies showed less 
blebbing, while few cells still appeared to maintain their 
actin cytoskeletal properties. These results indicate that 
the MSFL peptide and its conjugate nanoassemblies may 
be effective in targeting the cells expressing the wild type 
receptor expressing cells.

We then compared the effects of the nanoassemblies 
on the T790M/L858R expressing NCI-H1975 cells. As 
can be seen, the MFSL conjugates appeared to have sig-
nificantly higher potency in affecting cell proliferation and 
morphology, with the exception of the (oleanoate)2-MFSL 
nanoassemblies. The (HB)2-MFSL nanoassembly treated 
cells appeared to be blebbing and fewer cells were observed 
overall. A similar result was seen with the HB-VPWXE 
treated cells where the cells showed loss of morphology, 
and cell ruffling along with the formation of sporadic long 
filopodial growth possibly due to loss of capping proteins or 
other factors as the cells attempt to adhere to the nanoassem-
blies which may trigger various changes to the mechani-
cal and structural properties of the cells (Hein et al. 2023) 
and (Albuschies and Vogel 2013). The oleanolate-VPWXE 
nanoassemblies and the (oleanolate)2-MFSL nanoassem-
bly treated cells also showed long filopodial protrusions 

Table 6   IC-50 values obtained for the conjugates for the NCI-H795 
(T790M/L858R expressing EGFR) cells and F98 (wild type EGFR 
expressing cells)

Conjugate IC-50 value (WT 
EGFR) (μM)

IC-50 value 
(T790M/L858R) 
(μM)

HB-VPWXE 4.7 ± 0.3 6.2 ± 1.1
Oleanolate-VPWXE 10.3 ± 2.2 8.5 ± 1.3
Ursolate-VPWXE 9.2 ± 3.1 4.6 ± 0.2
(HB)2-MFSL 6.4 ± 1.4 4.9 ± 0.6
(Oleanoate)2-MFSL 15.8 ± 0.7 8.2 ± 1.6
(Ursolate)2-MFSL 12.7 ± 0.8 4.4 ± 0.4

Fig. 12   Impact of growth of cells upon treatment with nanoassem-
blies. a–j F98 Wild Type EGFR expressing cells upon treatment with 
a HB-VPWXE; b Oleanolate-VPWXE; c ursolate-VPWXE; d (HB)2-
MFSL; e (oleanolate)2-MFSL; f (ursolate)2-MFSL; g VPWXE; h 
MFSL, i control untreated cells. j–r T790M/L858R EGFR expressing 

NCI-H1975 cells upon treatment with j HB-VPWXE; k oleanolate-
VPWXE; l ursolate-VPWXE; m (HB)2-MFSL; n (oleanolate)2-
MFSL; o (ursolate)2-MFSL; p VPWXE; q MFSL; r control untreated 
cells. Scale bar = 25 µm
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extending out of the cells along with formation of actin 
stress fibers. The ursolate-VPWXE nanoassembly treated 
cells, on the other hand, did not show such extensions and a 
significant change in cell morphology was not seen, though 
a few cells appeared to round up. Thus, it appears that the 
MFSL peptide conjugated nanoassemblies have a higher 
potency in targeting the tumor cells of both cell lines, with 
the (HB)2-MFSL nanoassemblies showing higher potency. 
When treated with the neat peptide, the cells were found 
to show membrane spreading and filopodia, and cells also 
appeared to be rounding up. In the case of the MFSL treated 
cells, we also observed a significant number of cells round-
ing up. This implies that the VPWXE peptide may trigger 
interesting mechanisms resulting filopodial outgrowths, 
however the MFSL peptide appears to slow down the growth 
to a large extent.

As an example, cell viability assays using the MTT cell 
proliferation assay are shown in in Fig. 13. As can be seen, 
the double mutant cells showed a larger reduction in prolif-
eration. In the case of the double mutant EGFR expressing 
cells, (ursolate)2-MFSL and (HB)2-MFSL showed reduction 
to 42% viability. However, when treated with oleanolate-
VPWXE, the viability was comparatively higher, most likely 
because of the antioxidant effect of oleanolate moiety and 
this corroborates with the long filopodial growth seen for the 
oleanolate-peptide nanoassembly treated cells.

Nevertheless, a reduction in viability was still observed. 
Overall, the terpenoids conjugated with MFSL showed 
higher reduction in viability. This indicates that, while 
treatment with MFSL only showed about 28% reduction in 
viability, conjugating with the terpenoids further improves 
its cytotoxicity toward the double mutant expressing cells. 
For the wild type cells treated with the nanoassemblies, 
the lowest viability (48.3%) was seen for the HB-MFSL 
treated nanoassemblies, while the MFSL peptide showed 
a 30% reduction in viability. The (oleanolate)2-MFSL and 
oleanolate-VPWXE conjugate nanoassemblies showed 

similar reduction in viability (30%). Interestingly, the 
(ursolate)2-MFSL conjugate nanoassemblies induced 
slightly more potency in reduction in viability (39.3%). 
Overall, these results indicate that conjugating HB with 
MFSL peptide significantly reduced the viability of the 
wild type EGFR expressing glioma cells, however conju-
gating with the peptides with oleanolate did not signifi-
cantly affect the viability of the cells.

As a control, we also tested the viability of non-cancer 
cells (fibroblasts) to examine if the conjugates are tar-
geted toward tumor cells (Supplementary Information Fig. 
S6). On average, the fibroblasts continued to proliferate 
and demonstrated high viability (> 90% in most cases). 
Ursolate-VPWXE, (HB)2-MFSL and VPWXE demon-
strated slightly lower viability (87.2%, 88.3% and 81.1%) 
respectively upon treatment with the conjugates. This may 
be related to the fact that those conjugates that formed 
nanofibrillar/ nanotubular assemblies, may provide a sur-
face that may affect cell- adhesion, though to much lower 
extent compared to cancer cells. However, the fibroblasts 
by and large continued to proliferate in the presence of the 
assemblies. Thus, it appears that the conjugates are more 
targeted toward the tumor cells. In addition to the conju-
gates and the peptides, we also conducted cell viability 
tests with the individual terpenes (Supplementary Infor-
mation Fig. S7).

Viability studies were also carried out with the neat ter-
penoids (Supplementary Information Fig. S8). As shown, 
the results indicate that there was a slight reduction in 
viability particularly for the ursolate and oleanolate com-
pounds (viability was found to be 76% and 75%) respec-
tively for the treated tumor cell lines, mainly the wild 
type EGFR expressing cells. Almost no effect was found 
in fibroblasts. These results are expected as discussed ear-
lier because the terpenes themselves have been reported 
to have anticancer properties. In general, conjugation with 
the peptide appeared to enhance tumor cell targeting and 
further reduce viability in most cases.

Fig. 13   Cell viability upon 
treatment for 24 h with various 
nanoassemblies at a concentra-
tion of 3 µM. a F98 EGFR (wild 
type) EGFR expressing glioma 
cells; b NCI-H1975 EGFR 
T790M/L858R expressing cells. 
(V-Hb) HB-VPWXE, V–O 
oleanoalate-VPWXE, V-U Urso-
late-VPWXE, M-HB (HB)2-
MFSL, M–O (oleanolate)2-
MFSL, M-U (ursolate)2-MFSL. 
*p value < 0.05, **p 
value < 0.005
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Apoptosis Assay

To evaluate if the nanoassemblies induced apoptosis in 
the tumor cells, we carried out Annexin-FITC-propidium 
iodide flow cytometry assay. Results are shown in Fig. 14. 
In the case of the wild type EGFR expressing glioma cells, 
treatment with MFSL conjugates resulted in an induction 
of a higher amount of early apoptotic cells (between 22 
and 34.3%) compared to the corresponding triterpenoid-
VPWXE treated cells, which showed about 8 to 10% early 
apoptotic cells on average. The (HB)2-MFSL nanoassem-
blies also displayed about 8.88% late apoptosis, indicating 
that it was the most potent of the conjugate nanoassemblies 
studied. Interestingly, however, the peptide MFSL showed 
the greatest effect, with 35% of cells showing late apoptosis 
and 29.5% of cells showing early apoptosis. Additionally, 
28.1% of neat VPWXE peptide treated cells were found to 
show early apoptosis while 17.6% of cells displayed late 
apoptosis. These results corroborate with the viability stud-
ies, which also showed greater effectiveness with the MFSL 
conjugate nanoassemblies. In the case of T790M/L858R 
double mutant expressing cells, higher apoptosis was gen-
erally observed. While 28.4% of cells were found to show 
late apoptosis, 51.5% were found to show early apoptosis 
upon treatment with (HB)2-MFSL nanoassemblies. On the 
other hand, the (ursolate)2-MFSL treated cells were found 
to show 49% early. These results corroborate with previous 
studies, wherein the presence of ursolic acid has been shown 

to induce apoptosis in T790M/L858R expressing cells (Yang 
et al. 2019).

Interestingly, the HB-VPWXE conjugate also displayed 
higher apoptosis, (57.6% early apoptotic versus 19.5% late 
apoptotic). This is expected given the presence of the HB com-
ponent. In previous studies, HB has been shown to induce 
apoptosis in tumor cells (Liu et al. 2015; Ji et al. 2002). In 
comparison, the oleanolate-MFSL nanoassemblies showed 
only 27.9% early apoptotic and about 6% late apoptotic cells. 
Furthermore, as in the case of the wild type, the neat MFSL 
peptide was found to induce early apoptosis in 20.3% of the 
treated cells and late apoptosis in 8.8% cells. Thus, it appears 
that the HB-MFSL nanoassembly is once again the most 
potent nanoassembly for both the wild type and the double 
mutant expressing cells. Additionally, the ursolate conjugates 
showed higher potency compared to the oleanolate conjugates, 
which corroborates with the fact that the ursolate component 
of the conjugate has been shown to have higher cytotoxicity 
toward tumor cells (Li et al. 2002). The corresponding results 
obtained for fibroblasts, which were utilized as a non-cancer 
cell line to ensure targeting toward cancer cells, are shown 
in Supplementary Information Fig. S7. As can be seen, there 
was very little effect of the nanoassemblies on the fibroblasts 
in most cases. In general, viability was seen to be greater than 
85%, with the exception of (HB)2-MFSL which resulted in 
35% apoptotic cells which also accounts for slightly lower 
viability seen. These results further ascertain the fact that the 
nanoassemblies are more targeted toward tumor cells while 

Fig. 14   Apoptosis assay using FACS analysis after 24  h of incu-
bation with various nanoassemblies at a concentration of 3  µM. 
a–i F98 EGFR (wild type) EGFR expressing glioma cells; a Control 
untreated cells; b cells treated with MFSL peptide; c VPWXE pep-
tide; d (oleanolate)2-MFSL; e (ursolate)2-MFSL; f (HB)2-MFSL; g 

oleanoalate-VPWXE; h Ursolate-VPWXE; i HB-VPWXE. j–r NCI-
H1975 EGFR T790M/L858R expressing lung cancer cells. j Control 
untreated cells; k treated with MFSL peptide; l VPWXE peptide; m 
(oleanolate)2-MFSL; n (ursolate)2-MFSL; o (HB)2-MFSL; p oleanoa-
late-VPWXE; q Ursolate-VPWXE; r HB-VPWXE



International Journal of Peptide Research and Therapeutics (2024) 30:3	

1 3

Page 25 of 30  3

the (HB)2-MFSL may also show some apoptosis against non-
cancer cells.

Screening of Nanoassemblies Using Glo Kinase Assay

To explore if the peptides and the conjugated peptide 
nanoassemblies inhibited kinase activity, we conducted the 
Kinase Glo assay. In this assay, the luminescence obtained cor-
relates to the amount of ATP remaining as it works as a sub-
strate taken up by ultra-glo luciferase reagent which then forms 
luciferin, resulting in luminescence. Thus, the luminescence is 
inversely proportional to the kinase activity. As can be seen in 
Fig. 14, for the wild type receptor, ursolate-VPWXE showed 
the lowest kinase activity, indicating highest kinase inhibition 
among all the conjugates and peptides. Overall, VPWXE and 
its conjugates displayed higher kinase inhibition compared to 
MFSL and its conjugates for the wild type EGFR. Among the 
MFSL conjugates, (ursolate)2-MFSL displayed higher kinase 
inhibition compared to (HB)2-MFSL and (oleanolate)2-MFSL 
conjugates. These results indicate that VPWXE and its con-
jugates are likely binding more closely within the ATP bind-
ing pocket, resulting in an inhibitory activity. For the double 
mutant receptor however, the results indicated that both the 
MFSL and VPWXE conjugated nanoassemblies displayed 
significant reduction in kinase activity, with the exception of 
the oleanolate-VPWXE and (oleanoate)2-MFSL conjugates 
which did not show substantial decrease in kinase activity. The 
reduction in activity was marginally higher for the VPWXE 
conjugates, while that of the (ursolate)2-MFSL and the (HB)2-
MFSL nanoassemblies were comparable. These results indi-
cate that the MFSL-conjugates may be more potent in bind-
ing to the kinase domain and inhibiting kinase activity of the 
T790M/L858R receptor, compared to that of the wild type. 
The VPWXE conjugates appear to bind effectively and reduce 
kinase activity with the exception of oleanolate-VPWXE, 
which showed slightly lower reduction in kinase activity. 
Because several of the conjugates were found to interact not 
only with the ATP binding pocket, but also with the allosteric 
residues of the kinase domain, it may be likely that some of 
the conjugates designed here may be potentially allosterically 
inhibiting the kinase activity and are not direct ATP competi-
tive inhibitors (Fig. 15). It is also to be noted that the glo assay 
only takes into account the kinase reactions involving the two 
receptors, while at the cellular level there are several kinase 
and phosphatase enzymes involved and therefore those reac-
tions may also affect ultimate results that were seen at the cel-
lular level.

Conclusions

Peptide conjugated nanoassemblies of three pentacyclic trit-
erpenoids, ursolic acid, hydroxybetulinic acid and oleanolic 
acid were designed and investigated for their ability to target 
EGFR expressing cell lines of the wild type and the dou-
ble mutant T790M/L858R. The MEGPSKCCFSLALSH 
(MFSL) peptide was created to target EGFR by mutating 
the MEGPSKCCYSLALSH peptide sequence at position 
nine, while the VPWXE peptide belongs to a segment of 
the peptide motif known to bind to tumor cells. Upon self-
assembly, the conjugates formed either nanofibers, nano-
spheres or multilayered supramolecular structures. Dock-
ing studies revealed that the conjugates formed hydrogen 
bonds with several residues within the ATP binding pocket. 
The (oleanolate)2-MFSL and (ursolate)2-MFSL conjugates 
interacted with key residues such as LYS 721 and ARG 817, 
while the (hydroxybetulinate)2-MSFL conjugate interacted 
with the DFG motif residue ASP 831, as did the neat peptide. 
The VPWXE peptide and its conjugates displayed interac-
tions within the hinge region as well as with the A-loop resi-
dues. For the EGFR T790M/L858R, the ursolate-VPWXE 
conjugate formed hydrogen bonds with critical residues such 
as MET 793, CYS 797, ARG 841, LYS 745 and TRP 880, 

Fig. 15   A comparison of luminescence of ATP measured by Kinase 
glo-assay. Luminescence is inversely proportional to kinase activity. 
a VPWXE and MFSL and their conjugates upon binding with EGFR 
(wild type); b VPWXE and MFSL and their conjugates with EGFR 
T790M/L858R.The average values of n = 4 and standard deviation are 
shown
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while the other conjugates also interacted with allosteric 
regions deeper into the C-terminal region of the receptor. 
Laboratory studies with cells expressing the wild type and 
the double mutant receptor revealed that higher apoptosis 
was induced by MFSL conjugates in cells expressing the 
double mutant receptor. Additionally, the MFSL conjugates 
showed a marked decrease in kinase activity, particularly for 
the double mutant receptor, while VPWXE conjugates had 
showed greater reduction in kinase activity of the wild type 
receptor. Overall, these results indicate that both peptides 
can effectively bind to the wild type and the T790M/L858R 
receptor. Additionally, the peptide conjugated ursolate and 
HB terpenes may further improve their effectiveness and 
targeting ability of the terpenoids and thus may be developed 
for further studies for developing therapeutics.
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