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Abstract: In this work, in silico studies were carried out for the design of diterpene and polyphenol-
peptide conjugates to potentially target over-expressed breast tumor cell receptors. Four point
mutations were induced into the known tumor-targeting peptide sequence YHWYGYTPQN at
positions 1, 2, 8 and 10, resulting in four mutated peptides. Each peptide was separately conjugated
with either chlorogenate, carnosate, gallate, or rosmarinate given their known anti-tumor activities,
creating dual targeting compounds. Molecular docking studies were conducted with the epidermal
growth factor receptor (EGFR), to which the original peptide sequence is known to bind, as well
as the estrogen receptor (ERx) and peroxisome proliferator-activated receptor (PPAR«x) using both
Autodock Vina and FireDock. Based on docking results, peptide conjugates and peptides were
selected and subjected to molecular dynamics simulations. MMGBSA calculations were used to
further probe the binding energies. ADME studies revealed that the compounds were not CYP
substrates, though most were Pgp substrates. Additionally, most of the peptides and conjugates
showed MDCK permeability. Our results indicated that several of the peptide conjugates enhanced
binding interactions with the receptors and resulted in stable receptor-ligand complexes; Furthermore,
they may successfully target ERx and PPAR« in addition to EGFR and may be further explored for
synthesis and biological studies for therapeutic applications.

Keywords: peptide conjugates; polyphenols; diterpenes; molecular dynamics; docking

1. Introduction

Peptide-based cancer therapies are gaining importance, as they exhibit high biocompat-
ibility compared to traditional chemotherapeutics and can also be used to specifically target
cancer cells [1]. Tumor cell targeting can be accomplished by developing specific peptide
sequences for several components typically overexpressed in cancer cells, such as receptors,
integrins on tumor blood vessels, extracellular matrix components, and tumor-associated
macrophages [2,3]. Molecular modeling and computational methods are being increasingly
used to examine binding interactions and screen small molecules and peptides for develop-
ing more efficient and targeted compounds [4]. In one study, short peptides composed of
Phe and Asp residues were used to target overexpressed PTP1B and SHP2 phosphatases in
breast cancer cells; the peptides were shown by molecular modeling techniques to bind
to the phosphatases and demonstrated inhibition against MCF-7 breast tumor cells [5].
In another study, computational methods were used to predict tumor-targeting ability of
peptides for the epidermal growth factor receptor (EGFR) [6]. Peptide vaccines are an
additional type of peptide-based cancer therapy, used to activate tumor-associated antigen-
specific immune responses through processes such as targeting major histocompatibility
complexes (MHCs) in tumor-associated antigen-presenting cells [7].
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In numerous studies, targeted peptides have been conjugated with drugs to enhance
toxicity toward cancer cells and to alleviate adverse side effects caused by lack of specificity
in chemotherapeutic drugs [8,9]. For example, the peptide-drug conjugate 17’ Lu-dotatate,
composed of somatostatin conjugated with the cytotoxic radiotherapeutic agent //Lu, was
used to treat gastroenteropancreatic neuroendocrine tumors [10]. Recently, the peptide
angiopep-2 was conjugated with the drug paclitaxel, resulting in an increased blood-brain
barrier permeation without increasing toxicity [11]. In another study, pH low insertion
peptide (pHLIP), a 36-amino acid peptide derived from bacteriorhodopsin, was conjugated
with doxorubicin; it demonstrated cancer cell-specific cytotoxicity in MCF-7 breast tumor
cells [12]. In a separate study, chlorambucil and camptothecin-peptide conjugates were
found to bind to integrin in conformations similar to the bio-active conformation of the
parent peptide, as exhibited by molecular dynamics simulations, indicating their potential
for use as targeting agents [13].

Naturally occurring plant polyphenols and diterpene derivatives are known for their
antioxidant and anticancer properties. These phytochemicals are nontoxic, many are found
in the human diet and are therefore promising tools in cancer research [14,15]. Various
mechanisms have been suggested for the anticancer activity of polyphenols [16]. For exam-
ple, carnosic acid and rosmarinic acid, both derived from the rosemary plant (Rosmarinus
officinalis L.), have been found to exhibit antioxidant properties and anti-carcinogenesis
in both tumor initiation and promotion phases [17]. Chlorogenic acid is a component of
coffee and many other plants and has been found to possess antioxidant, antibacterial,
and anticarcinogenic properties [18]. Gallic acid and curcumin, derived from plant or root
sources, have shown antiproliferative properties and can induce apoptosis in cancer cells
through regulation of Bax, Bcl-2, and X-linked inhibitor of apoptosis protein (Xiap) [19,20].
Using computational methods, it was recently reported that the polyphenol quercetin
binds to RSK2, a ribosomal kinase which is involved in prostate cancer proliferation [21].
In another study, computational docking and screening methods were used to identify
the targeting ability of the green tea derived polyphenol epigallocatechin gallate (EGCG)
toward RSK2 as a novel molecular target [22,23].

Both molecular docking and molecular dynamics (MD) studies are useful in determin-
ing the efficacy and stability of receptor targeting with various ligands [24]. For example,
in a recent study, it was shown that polyphenols such as papyriflavonol A and kazinol F
interacted with the main protease (MPro) enzyme of SARS-CoV-2 and may be developed
as potential drugs [25]. In another study, Jeong and coworkers tested several polyphe-
nols using docking and MD and showed that the methoxy flavonoid acacetin formed a
stable complex with the active site of aldose reductase receptor; thus, it may potentially be
developed as an inhibitor of the enzyme [26].

In this work, we have designed anticancer peptides that were conjugated with chloro-
genic acid (CGA), carnosic acid (CSA), gallic acid (GLA), and rosmarinic acid (RMA) to
develop new polyphenol-peptide conjugates for targeting receptors over-expressed in
breast cancer cells. We chose to study three receptors. Estrogen receptor alpha (ERx), which
is over-expressed in hormone sensitive breast cancer; peroxisome proliferator-activated
receptor alpha (PPAR-«x), which is over-expressed in triple negative breast (TNBC) and
ER positive cancer cells [27]; and epidermal growth factor receptor (EGFR), which is also
over-expressed in TNBC [28]. The anticancer peptides were designed by performing
point mutations on the known antitumor peptide sequence Y-H-W-Y-G-Y-T-P-Q-N (Pep).
This peptide sequence is a truncated form of Y-H-W-Y-G-Y-T-P-Q-N-V-I; both sequences
have previously been shown to bind to epidermal growth factor receptor (EGFR) [29].
Additionally, in recent studies, it has been shown that there is involvement of crosstalk
between estrogen receptors (ERs) and EGFR in breast cancer cells and that expression of
extracellular secreted and cell bound proteoglycans are involved in cancer progression [30].
We therefore sought to probe the possible targeting abilities of this sequence not only for
EGFR, but also for ER-«, as well as alternative receptors overexpressed in breast cancer
cells (PPAR-«x). To enhance receptor targeting, we designed four peptide sequences by
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point mutation of the original peptide Y-H-W-Y-G-Y-T-P-Q-N at positions 1, 2, 8, and 10.
For Mutation 1, Y, which was in the first position, was substituted with F, thus designing
the sequence F-H-W-Y-G-Y-T-P-Q-N (Mut1). For Mutation 2, H, which was in the second
position, was substituted with I, producing the sequence Y-I-W-Y-G-Y-T-P-Q-N (Mut2) and
significantly altering the properties. For Mutation 3, P at position 8 was changed to H,
making Y-H-W-Y-G-Y-T-H-Q-N (Mut3). For Mutation 4, N at position 10 was substituted
with D, making Y-H-W-Y-G-Y-T-P-Q-D (Mut4). Thus, Mutl replaces Y with F, which are
both hydrophobic. In previous studies, as indicated by Ariani and co-workers [29] replacing
Y to F increased cell-adhesion toward both MCF-7 and MDA-MB-231 cells. Mutation 2 was
intended to explore the effect of increased hydrophobicity by changing H to I. Mutation 3,
which substituted Pro with His, was intended to increase the polarity of the peptide and
reduce the effects of rigidity induced by Pro. Finally, N was substituted by D to examine
the effect of a negatively charged residue at the C-terminal. Each of these peptides were
then conjugated to CGA, CSA, GLA or RMA. The sequences of the peptides and chemical
structures of the conjugates are shown in Tables 1 and 2. The binding affinities of each
of the peptides and their conjugates was compared on the basis of molecular docking
abilities with ER-oc (PDB ID: 30S8), Epidermal Growth Factor Receptor (EGFR) (PDB ID:
2RGP), and peroxisome proliferator-activated receptor alpha (PPAR-«) (PDB ID: 2P54) in
order to evaluate potential targeting abilities of these conjugates. We further conducted
molecular docking studies with the unmutated original peptide (pep) sequence as a point
of comparison. In several cases, the novel conjugates displayed comparable or improved
binding affinities for ER compared to ER’s native ligand estradiol [31]. The stability and
compactness of the receptor-docked ligands were examined using MD simulations and
average binding energies were estimated using MMGBSA calculations from the trajectories.

Table 1. Peptide Sequences.

Original Peptide (Pep) YHWYGYTPQN
Mutation 1 (Mutl) FHWYGYTPQN
Mutation 2 (Mut2) YIWYGYTPQN
Mutation 3 (Mut3) YHWYGYTHQN
Mutation 4 (Mut4) YHWYGYTPQD

Overall, in this study, we were able to refine the targeting ability of the peptide Y-
H-W-Y-G-Y-T-P-Q-N by inducing point mutations, conjugating it to polyphenols, and
assessing targeting of ER-o, PPAR-a and EGFR. We found that several peptide conjugates
possessed comparable targeting abilities for all three receptors, while many of the mutated
peptides and conjugates exhibited improved binding. Thus, we have determined for the
first time that the tumor targeting peptide, its single-point mutated peptides, and some of
the novel diterpene/polyphenol-peptide conjugates may be beneficial for developing drugs
for targeting of ER-« and EGFR. The capability of these peptides and peptide conjugates
to bind to PPAR-« also indicates their potential for targeting several other types of cancer
cells. Overall, the conjugates that exhibited the most promising binding interactions for all
three receptors were Rosmarinate-Y-H-W-Y-G-Y-T-P-Q-N, Gallate-F-H-W-Y-G-Y-T-P-Q-N
and Gallate-Y-I-W-Y-G-Y-T-P-Q-N.
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Table 2. Structures of Polyphenol-peptide Conjugates with Pep and Mutl-Mut4. Sequences from top to bottom. (Column A = carnosic amide derived conjugates;

Column B = Chlorogenic amide conjugates; Column C = gallic amide onjugates and Column D = Rosmarinic amide derived conjugates).
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2. Methods
2.1. Peptide and Conjugate Design

Peptides were selected on the basis of their anticancer activity as determined by the
AntiCP database [32,33]. The peptide Y-H-W-Y-G-Y-T-P-Q-N (Pep), was utilized as the
original peptide to which four single point mutations were carried out in order to design
the following peptides: F-H-W-Y-G-Y-T-P-Q-N (Mutl), Y-I-W-Y-G-Y-T-P-Q-N (Mut2), Y-H-
W-Y-G-Y-T-H-Q-N (Mut3), and Y-H-W-Y-G-Y-T-P-Q-D (Mut4); containing point mutations
at positions 1, 2, 8, and 10, respectively. The diterpene carnosic acid (CSA) or polyphenols
chlorogenic acid (CGA), gallic acid (GLA), and rosmarinic acid (RMA) were selected on the
basis of their anticancer and antioxidant activity. Peptides and peptide conjugates were
drawn in ChemDraw 18.1, then energy minimized and converted to PDB files in Chem3D.
Molecules were visualized in PyYMOL v. 2.4.0 [34]. To conjugate the peptides, the free
carboxyl groups of the CGA, CSA, GLA or RMA were conjugated with the free N-terminal
amino group of each of the peptides.

2.2. I-TASSER Studies

I-TASSER studies were conducted for each peptide using the I-TASSER web server in
order to predict secondary structures and solvent accessibility [35-38].

2.3. Binding Pocket Analysis

Binding pocket analysis was performed on each receptor using the Pocket-Cavity
Search Application (POCASA) web server, which probes the surface of proteins of known
structure to identify potential ligand binding pockets and cavities [39]. X-ray crystal struc-
tures of the receptors were retrieved from the RCSB Protein Data Bank. Before uploading
each of the files on the web server, any attached ligands were first removed using PyMOL
and the receptors were saved as PDB files. For ER, PDB ID: 3058 [40]; for PPAR-o, PDB ID:
2P54 [41]; and for EGFR, PDB ID: 2RGP [42] were used.

2.4. Receptor-Ligand Docking Studies

Molecular docking studies were conducted using two different software because it
has been shown that comparing multiple docking software aids in validation of the results.
Software used were Autodock Vina v. 1.1.2 (MacOSX 64-bit, beta version) [43] and FireDock,
in combination with PatchDock [44,45]. For Autodock Vina, receptor and ligand files were
prepared and converted into PDBQT format using Autodock Tools. System-determined
docking grids (dimensions 40 A x 40 A x 40 A) were used for each receptor. Each peptide
and polyphenol-peptide conjugate was run through Autodock Vina with each receptor to
determine maximal binding affinity and ideal docking configurations. Additional molecular
docking studies were conducted with each peptide and polyphenol-peptide conjugate with
each receptor using the PatchDock web server. PatchDock conducts molecular docking
using shape complementarity principles. PDB files for each receptor and ligand were
uploaded to the PatchDock web server and submitted for docking using a cluster RMSD
value of 4.0. Molecular docking data obtained through PatchDock was further analyzed
using the Fast Interaction Refinement in Molecular Docking (FireDock) online server.
PDB files for each receptor and ligand were uploaded to the FireDock server, along with
transformations files generated for the corresponding complexes through PatchDock. From
FireDock, global energy values were obtained for each receptor-ligand complex.

2.5. Protein-Ligand Interaction Determination

Receptor-ligand configurations were then run through the Protein-Ligand Interaction
Profiler (PLIP) online interface to determine the major interactions contributing to docking
ability for each combination [46].
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2.6. Molecular Dynamics Studies

Receptor-ligand molecular dynamics studies were conducted using Desmond in
Schrodinger Suites version 2020-3 [47] for 100 ns with each of the peptide-receptor or
polyphenol-peptide conjugate-receptor complexes. Receptors and ligands were prepared
in PyMOL and Maestro. Using Protein Preparation Wizard, hydrogens and any missing
side chains were added to the receptors and disulfide bonds were created. H-bonds were
optimized using a pH of 7.0 and restrained minimization was conducted using the OPLS3e
force field, while heavy atoms were converged to 0.30 A RMSD. Simulations were set up in
a10 A x 10 A x 10 A orthorhombic box with the SCP solvent model and OPLS3e force
field. Systems were neutralized with sodium or chloride ions. Protein-ligand RMSD, RMSF,
and simulation interaction interpretations were generated by Desmond. Desmond was
run on a Linux operating system: Linux (Ubuntu 18.0.4 LTS) with 24 CPUs, and 4 GPUs,
Intel(R) Xeon(R) CPU E5-2690 v3 @ 2.60GHz.

2.7. MMGBSA Energy Calculations

To evaluate the theoretical free energies of binding of the peptides and the conjugates
with the receptors, we have utilized the molecular mechanics generalized Born surface area
(MM-GBSA) method to calculate the relative binding free energies [48]. The free energy of
binding can be calculated as AG (bind) = AG (solv) + AE (MM) + AG (SA) where AG solv 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 [49]. AE (MM) is the difference in the
minimized energies between receptor-ligand complex and the sum of the energies of each
of the free ligands and receptor while AG (SA) is the difference in surface area energies of
the ligand-receptor complex and the sum of the surface area energies for each of the neat
ligands and receptor. The polar effect of free energy is examined by a generalized Born
model with an external dielectric constant of 80 and an internal dielectric constant of 1,
while the non-polar energy contribution is calculated from the solvent accessible surface
area (SASA). The Prime module of the Schrodinger Suite 2020-03 was used to calculate the
free energies [50]. Output trajectory files from each MD simulation were analyzed using
the script thermal_mmgbsa.py. The average free energy of each receptor-ligand complex
through the 100 ns MD simulation was determined.

2.8. ADME Studies

Absorption, distribution, metabolism, and excretion (ADME) data were obtained
for each peptide and selected polyphenol-peptide conjugates using the ADMETlab2.0
webserver [51]. These studies were used to predict the partition coefficient, MDCK cell
permeability, CYP and Pgp substrate/inhibitor properties, of each peptide and conjugate.

3. Results and Discussion

To determine the binding affinity of the designed polyphenol-peptide conjugates as
well as the peptides, we examined three different receptors. The binding affinity of the four
new sequences with single point mutations and the original peptide (Pep) toward ER-«,
PPAR-«&, and EGFR was explored. We specifically chose those four positions and amino
acids to mutate in order to examine the effect of H-bonding, hydrophobicity or charge
alteration on the binding affinity. To further enhance tumor targeting and increase potency,
each of the peptides were conjugated with the polyphenols CGA, CSA, GLA, and RMA,
each of which are well-known for their inherent anticancer properties.

3.1. Anti CP Studies

The peptide and each of the mutated variants were found to possess anticancer
properties according to AntiCP analysis (Table 3). Mutl had the highest SVM score and
was predicted to possess anticancer properties with the greatest degree, followed by
Pep, Mut4, Mut3, and Mut2. The pl values indicated that Mut2 and Mut4 are slightly
acidic in an aqueous environment, while Pep, Mutl, and Mut4 are relatively neutral. As
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expected, mutating YHWYGYTPQN to YIWYGYTPQN (Mutation 3) showed the highest
change in hydrophobicity, where it increased from —0.17 to —0.03, while Mutation 4
(YHWYGYTPQD) showed the highest hydrophilicity at —0.80.

Table 3. Properties of Designed Anticancer Peptides, (a) Peptide AntiCP Results, (b) I-TASSER Results.

Peptide Sequence

Mutation Position =~ SVM Score = Hydrophobicity =~ Hydropathicity = Hydrophilicity  pl

YHWYGYTPQN None 0.88 -0.14 -1.77 —-1.08 7.08
FHWYGYTPQN 1 1.00 —0.08 —1.36 —1.10 7.09
YIWYGYTPQN 2 0.77 —0.03 —1.00 —1.21 5.87
YHWYGYTHQN 8 0.82 -0.17 -1.93 -1.13 7.25
YHWYGYTPQD 10 0.85 —-0.15 —-1.77 —0.80 5.09

Solvent Accessibility/Residue

Peptide Sequence Secondary Structure in the Sequence * C Score
YHWYGYTPQN CCCcccececce 7-4-3-4-4-3-4-4-7-8 —0.58
FHWYGYTPQN cccceeececcce 6-4-3-4-4-3-4-4-7-8 —0.56
YIWYGYTPQN Ccsscceecce 6-3-2-4-4-3-4-4-7-8 —0.54
YHWYGYTHQN CCCcccececc 7-4-3-4-4-3-4-4-7-8 —0.68
YHWYGYTPQD cccceceececcce 7-4-3-4-4-3-4-4-7-8 —0.46

* Numbers given are for each residue in the sequence, in the range of 0 to 9, with 9 having the highest. solvent
exposure and 0 having lowest solvent exposure.

3.2. I-TASSER Studies

In order to predict the structures of the peptides, we carried out I-TASSER studies.
As shown in 3, I-TASSER studies predicted exclusively coiled structures for all peptides
except Mut2, for which Trp3 and Tyr4 regions were predicted to form strands based on
C-scores. This secondary structural change is likely a result of the change of His to Ile,
imparting elevated hydrophobicity to the peptide. Solvent accessibility ranged from 6-8
for N- and C-terminal residues and from 2—4 for interior residues. Solvent accessibility
for the original peptide (Pep) was found to be 7-4-3-4-4-3-4-4-7-8 corresponding to each
residue of the sequence. For Mutl, the N-terminal solvent accessibility decreased slightly,
giving a value of 6-4-3-4-4-3-4-4-7-8. For Mut2, where His2 was changed to Ile, scores were
found to be 6-3-2-4-4-3-4-4-7-8. Mut3 and Mut4 both had identical solvent accessibility to
Pep, 7-4-3-4-4-3-4-4-7-8. These results indicate that the peptides had amphiphilic properties.
The C-scores, or confidence scores, for I-TASSER predictions were —0.58 for Pep, —0.56 for
Mut1, —0.54 for Mut2, —0.68 for Mut3, and —0.46 for Mut4. Thus, the - TASSER predictions
can be expected to have the most variability for Mut3 and the least for Mut4 based on a
higher confidence level for these predictions.

3.3. Receptor Binding Pocket Analysis

Potential ligand binding pockets of ER-«, PPAR-«, and EGFR were predicted by the
POCASA web server. Predicted binding pockets are shown in Figure 1. For ER«, the pocket
ranked number 1 by POCASA had a volume of 233 A and a VD of 2355. Pockets 2 and 3 had
volumes of 87 A and 74 A and VD of 420 and 180, respectively. The large diversity of pocket
volumes and VD for ER indicate that this receptor can bind to a variety of ligands; thus it
was predicted to potentially interact favorably with the designed conjugates and peptides.
Studies have shown that when several naturally occurring flavonoids were docked to ER,
many interacted with Glu353, Arg394, Thr347, and Asp351 residues [52].
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Figure 1. Binding pocket analysis based on POCASA results (i) ER«; (ii) PPAR-o; (iii) EGFR. Shaded
blue regions indicate binding pockets.

For PPAR-«, the pocket number 1 had a volume of 165 A and a VD of 1447. Pockets 2
and 3 had volumes of 196 A and 76 A and VD of 1406 and 204, respectively. In previous
studies, molecular docking of ligands with PPAR-« showed binding occurred in mostly
hydrophobic pockets and interacted with Tyr314, Tyr464, Ser280, and His440 [53]. The
POCASA results for EGFR showed that pocket number 180 was ranked number 1 and had
a volume of 428 A and a volume density of 1954.

3.4. Molecular Docking Studies

Receptor-ligand molecular docking studies were conducted using Autodock Vina and
FireDock. It has been shown that investigating binding affinity using multiple docking
methods improves the reliability of results [54]. The purpose of these studies was to
determine the optimal binding affinity upon docking of each of the peptides and peptide-
polyphenol conjugates with ER-«, EGFR, and PPAR-a. Binding affinities obtained from
Autodock Vina between peptides or peptide-conjugates and receptors are shown in Table 4,
while those obtained from FireDock are shown in Supplementary Information Table S1.

From the data obtained from Autodock Vina, for ER-o, RMAMutl (rosmarinic acid
conjugated to Mutation 1 peptide); CGAMut4 (chlorogenic acid conjugated to Mutation
4 peptide), and GLAMut4 (gallic acid conjugated to Mutation 4 peptide) were found to
have the highest binding affinities. According to FireDock results, the highest global
energies were found to be for GLAMut4, followed by CSAMut2 (carnosic acid conjugated
to Mutation 2 peptide) and CGAMut3 (chlorogenic acid conjugated to Mutation 3 peptide).
These results indicate that conjugating with certain polyphenols likely increases the binding
affinity of the ligands toward ER-«. For PPAR-«, the binding affinities were found to be
relatively lower than the results obtained for ER-«. This is plausible due to differences
in the binding pockets and their interactions with each of the ligands. Nevertheless, the
highest binding affinity for PPAR-« according to Autodock Vina was seen for RMAMut1,
followed closely by GLAMut3 and RMAPep. Based on FireDock results, the highest global
energy was found to be for CSAMutl, followed by CSAMut3 and GLAMutl. For the EGFR
receptor, based on Autodock Vina results, the highest binding affinity was observed for pep
at —9.5 kcal/mol, though this was lower than that observed for the ER-o (—10.0 kcal/mol).
The second-highest binding affinity was observed for RMAMutl, followed by CSAMut3.
As per FireDock results, the highest global binding energy was found to be for RMAMut4
followed by CSAMut3 and GLAMut3. For PPAR-«, the point mutation of Tyr in position 1 to
Phe improved binding affinity from —8.9 kcal/mol to —9.1 kcal /mol according to Autodock
Vina results, whereas very marginal reduction was observed according to FireDock (—49.68
to —49.55 kcal/mol), indicating that Mutl may potentially exhibit high binding affinity
for PPAR-«. Mut4 and Mut3 exhibited the second and third highest global binding energy
according to FireDock and a high binding affinity according to Autodock Vina as well,
indicating that these peptides may have a fairly high binding affinity with PPAR-o. Thus,
while there were some similarities in the results obtained from FireDock and AutoDock
Vina, the results overall showed a selection of different compounds for each of the receptors.
Given the variance in results based on the individual analysis of global energy as seen in
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the case of FireDock or estimate of free binding energy (kcal/mol), as seen in Autodock
Vina, it is indicative that the software had dissimilarities between best proposed candidates.
This is likely due to differences in the docking algorithms [55]. FireDock provides results
from the global binding energy and takes into account electrostatic, Van der Waals, H-bond,
and atomic contact energies. Autodock Vina uses a combination of knowledge-based and
empirical scoring functions and is the summation of AG gauss, AGrepulsion, AGHbond,
AGhydrophobic, and AGtors, which is proportional to the number of rotatable bonds [56].
Overall, based on both docking programs, our results indicated that the conjugates, as well
as the peptides, had moderate to good binding affinities, with relatively higher binding
affinities observed for ER-oc and EGFR receptors compared to PPAR-a.

Table 4. Binding Affinities (kcal/mol) of Peptide, mutants and Peptide-Polyphenol Conjugates for
ER-o; PPAR-«, and EGFR using Autodock Vina.

ER-a
Peptlde. Sequence Carnosic Acid  Chlorogenic Acid Gallic Acid Rosmarinic Acid Neat Ifeptlde
Conjugated (Unconjugated)
YHWYGYTPQN (pep) —-8.7 -9.8 —8.8 —-10.3 —10.0
FHWYGYTPQN (Mut1) -7.8 —-10.2 —9.0 —8.7 —8.6
YIWYGYTPQN (Mut2) -7.8 —9.6 —9.5 —8.6 —8.6
YHWYGYTHQN (Mut3) —10.0 -9.1 -8.1 —8.2 —10.0
YHWYGYTPQD (Mut4) -9.0 -10.3 —10.2 —9.4 —9.1
PPAR-«x
Peptlde. Sequence Carnosic Acid  Chlorogenic Acid Gallic Acid Rosmarinic Acid Neat Ifeptlde
Conjugated (Unconjugated)
YHWYGYTPQN (pep) -7.1 —8.1 —8.3 -9.2 -89
FHWYGYTPQN (Mut1) —6.5 -7.0 —8.3 —9.5 -9.1
YIWYGYTPQN (Mut2) —6.2 -7.1 —9.2 —5.4 —7.6
YHWYGYTHON (Mut3) —6.5 -72 —74 —7.6 -89
YHWYGYTPQD (Mut4) -7.0 —6.8 —8.6 —8.3 -9.1
EGFR
Peptlde. Sequence Carnosic Acid  Chlorogenic Acid Gallic Acid Rosmarinic Acid Neat Ifeptlde
Conjugated (Unconjugated)
YHWYGYTPQN (pep) -8 -85 —8.3 —8.4 —9.5
FHWYGYTPQN (Mut1) —8.3 —8.3 -7.7 -9.1 -77
YIWYGYTPQN (Mut2) -72 —-8.2 —7.7 -84 —8.7
YHWYGYTHQN (Mut3) —8.6 —74 -7.4 —74 —8.0
YHWYGYTPQD (Mut4) -8.1 -7.5 —8.4 —8.8 —8.3

3.5. Binding Interaction Analysis with PLIP
3.5.1. Interactions with Estrogen Receptor

Following docking, the PLIP interface was used to study the interactions. Results for
ER-o with peptides are shown in Figure 2 and Supplementary Information Table S2. As
shown in Figure 2a, and Supplementary Information Table S2a, Pep exhibited eighteen
hydrogen bonds and eight hydrophobic interactions with ER-«. Additionally, a mt-stacking
interaction between Tyr537A and Tyr6 of Pep, as well as salt bridges between His516D and
Lys520D and the carboxy-terminal of Pep, were observed. Tyr537 is a critical residue in
the binding pocket of ER-« that plays an important role in hormone binding and DNA
binding and is essential for the conformational changes that occur within the receptor to
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activate downstream transcription processes [57]. This indicates that Pep interacts within
the same region.

Figure 2. PLIP results with ER-« for (a) Pep; (b) Mutl (c) Mut2 (d) Mut3 (e) Mut4.

For the Mutation 1 peptide (Mutl), which involved altering the N-terminal Tyr to Phe,
results are shown in Figure 2b and Supplementary Information Table S2b. Fifteen H-bonds
and eleven hydrophobic interactions were observed; an H-bond with Asp426 that had been
observed for the original peptide was eliminated, which explains the reduction in binding
affinity upon mutating Y to F. No m-stacking or salt bridges occurred, due to a slight change
in orientation of the ligand within the receptor binding site.

The mutation of His to Ile (Mut2) resulted in fourteen H-bonds and five hydrophobic
interactions with ER-«, as seen in Figure 2c and Supplementary Information Table S2c.
Interestingly, with the exception of one H-bond with Asp426D, H-bonds with different
residues of ER-o were formed compared to those with Pep. Some hydrophobic interactions
seen for Pep were maintained, including those with Glu423D, Thr460B, and Tyr537B,
while new interactions were formed with Val534A and Tyr537A of ER-o. Two m-stacking
interactions occurred between Tyr residues of ER and Mut2.

For Mut3, (Figure 2d and Supplementary Information Table 52d), eighteen H-bonds
and eleven hydrophobic interactions occurred. New H-bonds formed with residues, includ-
ing Thr371B, Arg412D, Glu419D, Met528A, Lys531A, Val533A, indicating a slight change in
position of the Mut3 peptide within the receptor compared to Pep. Certain hydrophobic
interactions were maintained, including those with Glu423D, Ser463B, and Tyr537B, while
new hydrophobic interactions formed with several residues including Val422D, Asp426D,
Leu462B, Tyr526A, Tyr537A, and Leu541A. A new 7-cation interaction was observed be-
tween Tyr4 of Mut3 and Arg412D of ER-o and the 7-stacking interaction between Tyr537A
of ER-oe and Tyr6 of the peptide was conserved and is likely responsible for the higher
binding compared to Mut2.

For Mut4 (Figure 2e and Supplementary Information Table S2e), eleven hydrophobic
interactions and fourteen hydrogen bonds were formed between Mut4 and ER. Hydropho-
bic interactions were all formed with different residues compared to Pep. A H-bond was
observed with Asp538A, as was seen for Pep, while all other H-bonds formed with new
residues of ER-«. m-stacking was observed between Tyr537B of ER and Tyr4 of the Mut4
peptide and a 7m-cation interaction occurred between Lys520C of ER and the N-terminal Tyr
of Mut4. Three salt bridges were formed between Arg515A, His516C, and Lys520C of ER
and the C-terminal Asp of Mut4.

These results indicate that the mutated peptides showed comparable binding interac-
tions with ER-«, though for some there was a slight reduction (Mutl and Mut2) compared
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to Pep. Mut3 showed similar binding affinity to Pep, while Mut4 showed a very slight
reduction. Further, new interactions were formed between some of the mutated peptides
and ER-a, which could potentially enhance the peptides’ selectivity and stability in the
receptor binding site.

After examining the binding interactions of the peptides, we then examined the
binding interactions of the polyphenol-peptide conjugates. The interactions are shown in
Supplementary Information Table S3 and Figure 3.

Figure 3. PLIP results for polyphenol peptide conjugates bound to ERo (a) CGA-Pep; (b) CSA-Pep
(c) GLA-Pep (d) RMA-Pep (e) Mutl-CGA; (f) Mutl-CSA; (g) Mutl-GLA; (h) Mut1-RMA; (i) Mut2-
CGA (j) Mut2-CSA; (k) Mut2-GLA; (1) Mut2-RMA; (m) Mut3-CGA; (n) Mut3-CSA; (o) Mut3-GLA;
(p) Mut3-RMA; (q) Mut4-CGA; (r) Mut4-CSA; (s) Mut4-GLA; (t) Mut4-RMA.

In a recent study, comparative molecular binding studies of ER-& models with their
native ligand estradiol, the drug genistein, and homoisoflavones demonstrated that ho-
moisoflavones exhibited comparable binding affinity for ER-« as that of estradiol and
genistein, indicating their potential applications as ER-« ligands. Several residues, in-
cluding Leu339, Leu343, Phe356, Phe475, Glu305, and Ile373, were particularly implicated
in binding interactions [58]. Various polyphenols have also been shown to act as ER-o
ligands and this property is implicated in their anti-tumorigenic properties in ER positive
cancers [59]. Thus, we hypothesized that the designed polyphenol-peptide conjugates may
also display favorable binding interactions with ER«.
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The results obtained after conjugation with polyphenols are shown in Figure 3. Results
for CGAPep are shown in Supplementary Information Table S3a and Figure 3a. Extensive
hydrophobic interactions (ten) and hydrogen bonds (twenty) occurred. m-stacking interac-
tions occurred between Tyr526A and Tyr537A of ER-« and CGAPep. A 7-cation interaction
also occurred between Arg412D of ER-a and CGAPep and a salt bridge was observed
between His516D and the C-terminal of CGAPep. The results obtained for CSAPep are
shown in Supplementary Information Table S3b and Figure 3b. As shown, conjugation
with carnosate led to nine hydrophobic interactions and only twelve hydrogen bonds
formed. Some hydrophobic interactions that were seen for Pep were eliminated, including
those with Glu423D, Thr460B, and Met522B, while new ones were formed with Asp426D,
Tyr526A, Asn532A, and Val534A. New hydrogen bonds were formed in several locations,
including Arg412D, Glu423D, Thr460B, Asn532A, and Val533A. While three 7-stacking
interactions occurred with Tyr526A of ER, salt bridges were absent. The GLA-Pep conjugate
(Supplementary information Table S3¢c and Figure 3c) formed sixteen hydrogen bonds and
seven hydrophobic interactions were observed in addition to one 7-cation interaction. New
hydrophobic interactions were formed with Thr465B, Tyr537A, Leu539A, Leu541A, and
Glu542A. Several hydrogen bonds that were observed for Pep were eliminated, includ-
ing those with Glu380B, Asp426D, Ser463B, His516D, Ser518B, and others; however, new
H-bonds were observed with Arg412D, Glu423D, Phe461B, and Asn532A. For RMAPep
(Figure 3d, and Supplementary Information Table S3d), eighteen hydrogen bonds and ten
hydrophobic interactions were observed, and an additional 7-stacking interaction formed
between Tyr526A and RMAPep. Some hydrophobic interacting residues seen for Pep were
observed, while new residues included Val422D, Leu462B, and Tyr526A. Several changes
in hydrogen bonding positions were also observed, including new H-bonds with Cys381B,
Trp383B, Arg412D, Met427D, Thr460B, Asn532A, Tyr537A, and Tyr537B.

We next explored the binding interactions with the Mutl-polyphenol conjugates. The
chlorogenate-Mutl (CGAMutl) results are shown in Supplementary Information Table S3e
and Figure 3e. Hydrogen bonds with Arg412D, Asn532A, Ser536A, and Asp538A were
still observed, while others were formed with new residues, including Thr371B, Asp374B,
Glu380A, Glu380B, Trp383A, Asp426D, and Val534A, among other residues. Hydropho-
bic interactions were still seen with Glu423D, Tyr426A, Val534A, Tyr537A, Tyr537B, and
Asp538A, while new hydrophobic interactions were seen with Asp426D, Val534A, and
Glu542A. n-stacking occurred with Tyr526A and Tyr537B, respectively. A m-cation interac-
tion occurred between His373B of ER-« and CGAMutl. Results for CSAMutl1 are shown in
Supplementary Information Table S3f and Figure 3f. This conjugate exhibited six hydropho-
bic interactions and thirteen hydrogen bonds. Hydrophobic interactions with Tyr526A,
Tyr537B, Asp538A, Val422C, and Lys531B were observed. One 7-stacking interaction and
one salt bridge occurred. For the gallate-Mutl (GLAMutl) conjugate, nine hydrophobic
interactions and thirteen H-bonds occurred, as shown in Supplementary Information Table
S3g and Figure 3g. The H-bonds were observed with different residues compared to those
seen for neat Mutl, indicating a change in position of the ligand within the receptor binding
site upon conjugation with gallate. Hydrophobic interactions with Tyr526A and Tyr537B
were still seen, while all others were formed with different residues, including Glu423C,
Thr460A, and Met522A. n-stacking occurred with Tyr526B and salt bridges occurred with
His516C and Lys520C. RMAMutl (Figure 3h and Supplementary Information Table S3h)
led to the formation of twenty hydrogen bonds and eleven hydrophobic interactions with
ER-«. Many new hydrogen bonds were formed, including with His373B, Glu380A, Trp383B,
Asnb19B, Lys520D, Leu525A, Tyr526B, Met528A, Tyr537A, and Asp538B. Several new hy-
drophobic interactions occurred with Asp426D, Thr460B, and Val534B. Additionally, a
ni-stacking interaction was observed with Tyr526A.

PLIP studies were next performed with Mut2 conjugated with all four polyphenols.
The CGAMut2 conjugate (Supplementary Information Table S3i and Figure 3i) exhibited
marked improvement in binding affinity. In total, seventeen H-bonds and eleven hy-
drophobic interactions, as well as the formation of a m-stacking interaction, a m-cation
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interaction, and a salt bridge was observed. New hydrogen bonds were observed with
Glu423C, Asp426C, Thr460A, Phe461B, His516C, Asn519A, Lys520D, Tyr526B, Ser536A,
and Asp538A. New hydrophobic interactions were seen with Glu380B, Asp426C, Asn519A,
Lys520C, Tyr526A, and Tyr526B. For CSAMut?2, the results are shown in Figure 3j and Sup-
plementary Information Table S3j. Six hydrophobic interactions and sixteen H-bonds were
observed. New hydrophobic interactions were seen with Tyr526A, while new H-bonds
occurred with Trp383A, Arg412C, Glu423C, Thr460A, Lys520C, Lys531B, Ser536B, and
Leu539B. A salt bridge was also observed with Arg412C. The results obtained for GLAMut2
are shown in Supplementary Information Table S3k and Figure 3k. Additional hydropho-
bic interactions (a total of eleven) and H-bonding (a total of nineteen) compared to neat
Mut2 were seen. A m-stacking interaction with Tyr537A was also seen. New hydropho-
bic interactions include those with Glu380A, Val422D, Tyr526A, Lys531A, Asn532A, and
Leu539A, while new H-bonds included those with Phe461B, Ser464B, His516C, Lys520C,
Tyr526A, Met528A, and Ser536A. For RMAMut2 (Figure 31 and Supplementary Information
Table S31), nineteen hydrogen bonds and five hydrophobic interactions occurred; a salt
bridge was observed with His377A. New H-bonds included those with Cys381B, Tyr459B,
Phe461B, Leu462A, Leud62B, Ser463B, and His516D. New hydrophobic interactions oc-
curred with Asp426D, Tyr526B, and Asp538A.

CGAMut3 showed a slight decrease in H-bonding (fifteen total); fewer hydrophobic
interactions (six total) were observed compared to neat Mut3, while 7t-stacking occurred
with Tyr526A and Tyr526B in addition to a salt bridge with His377B (Supplementary In-
formation Table S3m and Figure 3m). Compared to Mut3, hydrogen bonds with Thr371B,
Glu419D, Met528A, Val533A, Val534A, Tyr537A, Leu539A, and Glu542A were eliminated,
while several other new H-bonds were observed. New hydrophobic interactions were also
seen. In the case of CSAMut3, twelve hydrogen bonds and thirteen hydrophobic interac-
tions occurred and n-stacking and 7-cation interactions were not maintained, while a salt
bridge was formed with Arg412D, as shown in Figure 3n and Supplementary Information
Table S3n. Several hydrogen bonds seen for neat Mut3 were not observed, including those
with Thr371B, Glu419D, Leu462B, Met528A, Lys531A, and Glub542A. New hydrophobic
interactions formed included those with His377A, Val534A, and Asp538A. For GLAMut3
(Figure 30 and Supplementary Information Table S30), four hydrophobic interactions and
sixteen H-bonds occurred, while 7t-stacking and a salt bridge were observed. Hydrophobic
interactions were seen with Tyr537A, Tyr537B, and Leu539B. Several hydrogen bonds dis-
appeared, including those with Thr371B, Glu419D, Asp426D, Leud62B, Met528A, Lys531A,
Ser536A, and Leu539A, while new H-bonds were formed with several other residues. The
RMAMut3 conjugate showed four hydrophobic interactions and nineteen H-bonds, in
addition to m-stacking interactions and a salt bridge (Supplementary Information Table S3p
and Figure 3p). Hydrophobic interactions were observed with Glu380A, Val534A, Tyr537A,
and Tyr537B. New H-bonds were formed with His373A, His373B, Glu380B, Arg412C,
Val422C, Glu423C, Thr460B, His516C, and Lys520C, among other residues. The significant
changes in the positions of receptor-ligand interactions indicate a change in the position of
RMAMut3 within the binding pocket compared with Mut3.

PLIP studies were then carried out with Mut4-conjugated polyphenols. For CGA-
Mut4, eighteen hydrogen bonds and twelve hydrophobic interactions were observed,
while two salt bridges were formed between His377A (Supplementary Information Ta-
ble S3q and Figure 3q). New H-bonds formed include those with Thr371B, Asp374B,
Arg412C, and Ser536B. New hydrophobic interactions include those with Val422C, Lys531B,
Asp538B, Leu541A, and Glu542A. No m-stacking or m-cation interactions were formed.
The CSAMut4 conjugate (Supplementary Information Table S3r and Figure 3r) showed
fourteen H-bonds and nine hydrophobic interactions. Nearly all H-bonds observed were
formed with different residues compared to those for Mut4 alone; interacting residues in-
clude Arg412D, Glu423D, His516D, Lys520D, and Ser536A. New hydrophobic interactions
included those with Thr460B, Leu462B, and Leu539A. m-stacking and salt bridges seen
for neat Mut4 were not maintained. A 7-cation interaction was observed with Arg412D.
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For GLAMut4, the conjugate exhibited nineteen H-bonds and eleven hydrophobic interac-
tions (Supplementary Information Table S3s and Figure 3s). New H-bonds were seen with
Arg412D, Asp426C, Met427D, Leud62B, Ser463B, His516C, Lys520C, Ser536A, and Glu542A,
while new hydrophobic interactions occurred with Glu380A, Val422D, and Asp538A. A
m-stacking interaction was formed with Tyr537B and a 7-cation interaction was seen with
His516C. For the RMAMut4 conjugate, additional H-bonding (twenty-two total) was ob-
served and slightly reduced hydrophobic interactions (nine) occurred compared to Mut4
alone (Supplementary Information Table S3t and Figure 3t). New H-bonds included those
with Cys381B, Trp383B, Arg412D, Asp426D, His516D, Ser518B, and Asn519B and new
hydrophobic interactions included those with Glu380B, Thr460B, and Ser463B. n-stacking
interactions were formed with His516D and Tyr537A, a m-cation interaction was observed
with His377B, and salt bridges occurred with Arg412D and Lys520D.

These results indicated that all of the polyphenol-peptide conjugates, as well as the
peptides, interacted with the ER-o; furthermore, the conjugation of select peptides with
some of the polyphenols enhanced binding. Specifically, the binding interactions of Mut1
was improved by conjugation with gallate, while that of Mut2 improved upon conjugation
with all four of the polyphenols. In the case of Mut3, improved binding interactions were
observed with CGA, while, for Mut4, conjugation with gallate enhanced interactions. The
relatively stronger binding interactions between chlorogenate conjugates and ERx were
likely resultant of the hydrogen bonding ability of CGA. In comparison to CGA, carnosate
is relatively hydrophobic due to its extensive ring system, which likely contributed to the
weaker binding interactions observed for carnosate conjugates with ER-«. It is interest-
ing to note that, among the mutated peptides, Mut3 and Pep had very similar binding
interactions, indicating that changing Y-H-W-Y-G-Y-T-P-Q-N to Y-H-W-Y-G-Y-T-H-Q-N
did not have a large impact on binding, though His is significantly different in properties
from proline. This can be attributed to the fact that both peptides showed an equal number
of H-bonding interactions with the ER-«, indicating that H-bonding played a key role in
overall binding interactions.

3.5.2. Interactions with PPAR-«

Peroxisome proliferator-activated receptors (PPARs) are members of the nuclear hor-
mone receptor superfamily that are responsible for cellular responses. PPARs are regulators
of lipid and carbohydrate metabolism; they also modulate inflammatory responses [60].
Their over-expression has also been implicated in breast cancer. PPARs are activated by
a variety of ligands, including cholesterol metabolites, eicosanoids, retinoids, fatty acids,
steroids and several antidyslipidemic drugs [61]. In previous studies, the crystal structure
of the PPAR-« ligand binding domain (LBD) in complex with a polyphenolic dihydro
cinnamate derivative was studied; it was shown that a conserved H-bonding network
formed between the cinnamate derivative and the AF2 helix played an important role in
forming a stable structure. This study further showed that the LBD of PPAR-« occurred
at the C-terminus, composed of 12 helices in an antiparallel helix sandwich, as well as
a 3-stranded antiparallel 3-sheet. Ligands generally bind to Tyr437, Tyr446, Ser280, and
His440 of the PPAR-« ligand-binding motif [62]. In another study, molecular docking
of several benzenesulphonamide derivatives with PPAR-« revealed residues including
Met355, Met330, Met220, Val332, Val324, Ile317, Leu331, Leu321, Ser280, Asn219, Gly335,
and Cys276, among others, that were involved in interactions [63].

The PLIP results showing the residues of the PPAR-x receptor involved in binding
interactions with the peptides are shown in Figure 4 and Supplementary Information
Table S4. The binding interactions for Pep with PPAR-o showed ten hydrophobic interac-
tions and twelve hydrogen bonds, shown in Figure 4a and Supplementary Information
Table S4a. Met220A, 1le241A, Val281A, Leu321A, and Val332A were involved in hydropho-
bic interactions and Ala256A, His274A, Leu331A, Gly335A, Ala455A, and His457A were
involved in H-bonding, while Lys257A, Thr279A, Ala333A, and Tyr334A were involved in
both hydrophobic interactions and H-bonding.



Appl. Sci. 2022, 12,515

15 of 41

Figure 4. PLIP results for each of the peptides bound to PPAR« receptor. (a) Original peptide;
(b) Mut1 (c) Mut2 (d) Mut3 (e) Mut4.

For Mut1 (Figure 4b and Supplementary Information Table S4b), thirteen hydrophobic
interactions, twelve H-bonds, and a m-stacking interaction with Tyr334A were observed.
New hydrophobic interactions were observed with Thr283A, Met320A, and Val324A, while
new H-bonds occurred with Leu254A, Thr283A, and Thr285A. For Mut2, extensive hydro-
gen bonding (fourteen) and hydrophobic interactions (eleven) were observed compared
with Pep, and a m-stacking interaction with Tyr334A was again observed, as shown in
Figure 4c and Supplementary Information Table S4c. New hydrogen bonds occurred with
Tyr214A, Lys222A, Leu254A, and Ser323A, while new hydrophobic interactions were seen
with Glu282A, and Met320A. Mut3 (Figure 4d and Supplementary Information Table S4d)
exhibited thirteen hydrophobic interactions and sixteen H-bonds. New hydrophobic inter-
actions occurred with Val255A, Thr283A, Thr285A, Glu286A, Glu289A, and Val324A, while
new H-bonds occurred with Asn217A, Asn219A, Met220A, Glu282A, Thr283A, Glu286A,
and Glu289A. Mut4 (Figure 4e and Supplementary Information Table S4e), displayed ten
hydrophobic interactions and ten hydrogen bonds. New hydrophobic interactions were
observed with Lys224A, Asn236A, Leu254A, and Val324A and new H-bonds were seen
with Lys224A, Ser234A, Thr253A, and Thr283A. A salt bridge was formed with Lys224A.

PLIP interactions of the peptide-polyphenol conjugates and PPARx were next ex-
amined as shown in Figure 5 and Supplementary Information Table S5. The CGAPep
conjugate displayed seventeen H-bonds and fourteen hydrophobic interactions as well as
two m-stacking interactions (Figure 5a and Supplementary Information Table S5a). New
hydrogen bonds formed included those with Lys216A, Asn219A, Leu254A, Cys278A,
Thr279A, Glu282A, Thr285A, and Glu696B, while new hydrophobic interactions were
seen with Val255A, Leu258A, Glu282A, I1e339A, and Leu693B compared to Pep. As seen
in Figure 5b and Supplementary information Table S5b, eight hydrogen bonds and nine
hydrophobic interactions were observed for CSAPep, while a 7-stacking interaction oc-
curred with Tyr334A of PPAR-«. Hydrogen bonds were still observed with Thr279A and
Tyr334A, while all others were seen with new residues, including Lys224A, Glu282A, and
Asn336A. All hydrophobic interactions, except for two with Tyr334A, were formed with
new residues, including Val255A, Val281A, Glu282A, Thr285A, Glu286A, and Glu289A.
The GLAPep conjugate displayed fourteen hydrogen bonds and thirteen hydrophobic
interactions, as seen in Figure 5c and Supplementary Information Table S5c. New hydro-
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gen bonds included those with Asn219A, Lys224A, Ser334A, Asn236A, 11e272A, Cys275A,
Glu282A, and Asn336A, while new hydrophobic interactions were observed with Asn219A,
Lys224A, 11e228A, Asn236A, Leu254A, Val255A, Glu282A, and Ile339A. Conjugation with
rosmarinate (RMAPep) improved the binding affinity of Pep for PPAR-«. As shown in
Figure 5d and Supplementary Information Table S5d, seventeen hydrophobic interactions
and fourteen hydrogen bonds were observed. Hydrogen bonds observed included those
with Asn219A, Met220A, Cys275A, Glu282A, Thr285A, Glu286A, and Arg692B, while
new hydrophobic interactions included those with Leu254A, Val255A, Ile317A, Phe318A,
Met320A, Val324A, and Leu693B. Additionally, two m-stacking interactions were formed
with Tyr334.

Figure 5. PLIP results for polyphenol peptide conjugates bound to PPAR-« receptor. Pep con-
jugated with (a) cholorogenate; (b) carnosate (c) gallate (d) rosmarinate. Mutl-conjugated with
(e) cholorogenate; (f) carnosate; (g) gallate; (h) rosmairnate. Mut2-conjugated with (i) chlorogenate
(j) carnosate; (k) gallate; (1) rosmairnate. Mut 3-conjugated with (m) cholorogenate; (n) carnosate;
(o) gallate; (p) rosmairnate; Mut4-conjugated with (q) cholorogenate; (r) with carnosate; (s) gallate;
(t) rosmairnate.

The conjugate CGAMutl (Figure 5e and Supplementary Information Table S5e) showed
eleven H-bonds and fourteen hydrophobic interactions. New H-bonds were observed with
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Asn219A, Cys275A, Glu282A, and Glu289A, while new hydrophobic interactions occurred
with Leu254A, Val255A, Leu258A, Glu282A, Thr285A, Glu286A, and Glu289A. As shown in
Figure 5f and Supplementary Information Table S5f, carnosate-Mut1 (CSAMutl) conjugate
displayed eight hydrophobic interactions and nine H-bonds, while the m-stacking was not
maintained. Several hydrophobic interactions seen for Mutl alone were eliminated, while
new ones formed. New H-bonds were also observed with Glu282A, Glu289A, Arg692B,
and Glu696B. A 7-stacking interaction was observed with Tyr334A. The GLAMutl con-
jugate exhibited thirteen hydrophobic interactions and ten hydrogen bonds as shown
in Figure 5g and Supplementary Information Table S5g. New hydrophobic interactions
were observed with Leu247A, Glu251A, Val255A, and Val281A. A new hydrogen bond
was observed with Leu331A. A salt bridge also occurred with His457A. The RMAMutl
(Figure 5h and Supplementary information Table S5h), formed fifteen H-bonds and twenty
hydrophobic interactions. New H-bonds were seen with Ser280A, Glu282A, Met320A,
His440A, and Arg692B. New hydrophobic interactions occurred with Leu247A, Val255A,
Nle272A, Thr285A, Phe318A, 11e339A, His457A, and Leu693B. m-stacking was observed
between Tyr334 and a 7-cation interaction was shown between His274 of PPAR-« and Tyr6
of RMAMutl.

The CGAMut?2 conjugate (Figure 5i and Supplementary information Table S5i), formed
eleven hydrophobic interactions, with new ones occurring with Leu254A, Val281A, Thr285A,
Glu286A, Glu289A, and Leu459A. Twelve hydrogen bonds occurred, with new ones in-
cluding those with Asn219A, Asn236A, Thr279A, Asn336A, and Arg692B. n-stacking with
Tyr334A and salt bridges with His257A and His457A were also observed. CSAMut2 on
the other hand, as shown in Figure 5j and Supplementary information Table S5j, showed
only six hydrophobic interactions and eight hydrogen bonds. n-stacking with His457A
and a m-cation interaction with Arg692B were again seen. GLA-Mut2 (Figure 5k and
Supplementary information Table S5k), showed increased H-bonds (fourteen hydrogen
bonds) and seventeen hydrophobic interactions. New H-bonds were seen with Met220A,
Ne272A, His274A, Cys276A, Cys278A, Thr285A, Glu286A, and Leu331A. New hydropho-
bic interactions were observed with Leu247A, Leu254A, Val255A, 1le272A, Val324A, and
Ile339A. m-stacking was observed with Tyr334, while a salt bridge was formed with His457.
RMAMut2 (Figure 51 and Supplementary information Table S51), showed however showed
only nine hydrophobic interactions and eight H-bonds.

CGAMut3 (Figure 5m and Supplementary Information Table S5m), showed ten hy-
drophobic interactions including new ones with Lys224A, [le228A, Leu254A, Val281A, and
Glu282A. Eleven hydrogen bonds were seen, new ones occurring with Ser234A, Cys257A,
Asn226A, His457A, and Arg692B. The CSAMut3 conjugate shown in Figure 5n and Supple-
mentary Information Table S5n, exhibited twelve hydrophobic interactions, including those
with Asn219A, Lys224A, Val227A, 11e228A, Asn236A, and Lys257A. Eight H-bonds were
seen, T-stacking was once again seen with Tyr334A, and a 7-cation interaction with Lys224A
was observed. GLAMut3 (Figure 50 and Supplementary Information Table S50), showed
only six H-bonds with His274A, Thr279A, Glu282A, Thr285A, His457A, and Arg692B. Of
the total of nine hydrophobic interactions, new ones were seen with Lys257A, Thr279A,
Val281A, Glu282A, His457A, and Leu 693B. n-stacking was observed with His274A and a
salt bridge was observed with Arg692B. RMAMut3 (Figure 5p and Supplementary Infor-
mation Table S5p) displayed eleven hydrophobic interactions, including new ones with
Leu254A, Lys257A, Leu258A, Thr279A, Val281A, and Glu282A. Thirteen H-bonds were
shown, including new ones with Ala250A, Ala256A, Lys257A, Thr283A, Thr285A, His457A,
and Arg692B. Three 7-stacking interactions were seen with Tyr334A and one with His457A,
while a salt bridge was formed with Arg692B.

The CGAMut4 conjugate (Figure 5q and Supplementary Information Table S5q) dis-
played lesser hydrophobic interactions (seven) with Met220A, Thr279A, Val281A, Tyr334A,
Pro458A, and I1e689B but higher H-bonds (sixteen), including new ones with Asn219A,
Met220A, Leu254A, Glu282A, Thr285A, Glu286A, His457A, and Arg692B. m-stacking
with Tyr334A was shown, as was a salt bridge with His274A. CSAMut4 (Figure 5r and
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Supplementary Information Table S5r) displayed nine hydrophobic interactions and twelve
H-bonds, including new hydrophobic interactions with Val223A, Arg226A, Val227A,
Ne228A, Leu229A, Lys232A, and Asn336A and new H-bonds with Lys222A, Arg226A,
Val227A, Ser230A, Asn236A, and Leu370A. However, for GLAMut4 conjugate (Figure 5s
and Supplementary Information Table S5s) increased H-bonds (nineteen) and ten hy-
drophobic interactions were observed, as was a m-stacking interaction with Tyr334. New
H-bonds included those with Tyr214A, Lys222A, Leu254A, Ala256A, Cys275A, Glu282A,
Ser323A, and Gly335A4, indicating overall higher interactions. RMAMut4 (Figure 5t and
Supplementary Information Table S5t) showed relatively less (seven) hydrophobic interac-
tions, including new ones with Lys257A, Val332A, and Ile689B. Thirteen H-bonds were still
formed, including new ones with Leu254A, Ala256A, Glu282A, Thr285A, His457A, and
Arg692B. A m-stacking interaction with Tyr334A, a m-cation interaction with His457A, and
two salt bridges with Arg692B were also formed.

Overall, binding studies conducted showed that highest binding free energies accord-
ing to FireDock were observed for CSAMut3, CGAMut4, and RMAMut3 as well as the neat
Mut3 peptide. According to Autodock Vina, however, the results showed that the highest
binding affinities were for Mutl, Mut2, RMAPep, GLAMut2, and RMAMutl. Several
residues were significantly implicated in binding with peptides and peptide-polyphenol
conjugates as predicted according to PLIP, including Thr279A, Thr285A, Tyr334A, Leu254A,
Leu321A, Ile228A, Ala333A, Val255A, and Val281A, attesting to the relative hydrophobicity
of the binding site. Though the binding sites seen for peptides and conjugates varied,
molecules bound in or near the ligand binding domain found in other studies, as indicated
by the overlap with residues such as Thr279A, Leu254A, Leu321A, among other interacting
residues [64].

3.5.3. Interactions with EGFR

PLIP results for each of the peptides docked with EGFR are shown in Figure 6 and
detailed interactions are indicated in Supplementary Information Table S6. Eight hydropho-
bic interactions and nine hydrogen bonds were predicted, according to PLIP as shown in
Figure 6a and Supplementary Information Table S6a. Mutl, as indicated in Figure 6b and
Supplementary Information Table S6b, showed comparatively lower (six) hydrophobic in-
teractions and six H-bonds, as well as a salt bridge with Lys745A. Hydrophobic interactions
with Asp800A, Arg841A, and Leu844A that were seen for Pep were still observed, while
new ones were formed with Leu718A and Gly719A. Hydrogen bonds with Lys745A and
Asp800A were likewise maintained, while new H-bonds were seen with Met793A, Gly796A,
Asp855A, and Asn996A. Mut?2 (Figure 6¢ and Supplementary Information Table Sé6c¢) dis-
played eleven hydrophobic interactions and ten hydrogen bonds as well as a salt bridge
with Lys745A. New hydrophobic interactions formed compared to Pep included those with
Leu718A, Gly719A, Met793A, Glu804A, Thr854A, Asp855A, and Leul001A. New hydrogen
bonds included those with Leu718A, Ser720A, Met793A, Asn842A, Thr854A, Asp855A, and
Asn996A. Mut3, as seen in Figure 6d and Supplementary Information Table S6d exhibited
only two hydrophobic interactions and five hydrogen bonds while for Mut4, six hydropho-
bic interactions and four hydrogen bonds were predicted, along with a salt bridge with
Asp800A, as shown in Figure 6e and Supplementary Information Table S6e. Hydrophobic
interactions occurred with Val726A, Leu844A, and Leul001A, while H-bonds were shown
with Lys745A, Arg803A, Asp855A, and Lys913A.
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Figure 6. PLIP results for each of the peptides bound to EGFR receptor. (a) Original peptide; (b) Mutl
(c) Mut2 (d) Mut3 (e) Mut4.

PLIP results for polyphenol-peptide conjugates are shown in Figure 7 and Supple-
mentary Information Table S7. For CGA-Pep, as shown in Figure 7a and Supplementary
Information Table S7a, six hydrophobic interactions and eight hydrogen bonds occurred,
one 7-cation interaction with Arg803A was seen. Some hydrophobic interactions seen
for Pep alone were maintained, including those with Leu799A, and Asp800A, while new
ones were formed with Ser720A, Ala722A, Val876A, and Pro877A. H-bonds with Asp800A
and Arg803A were still seen, while new ones were seen with Gly719A, Ser720A, Gly721A,
Cys797A, Arg841A, and Val876A. As indicated in Figure 7b and Supplementary Informa-
tion Table S7b, eight hydrophobic interactions and seven hydrogen bonds were formed for
CSA-Pep. Compared to Pep alone, new hydrophobic interactions were seen with Ser720A,
Thr854A, Trp880A, and Lys913A. New hydrogen bonds were observed with Val717A,
Leu718A, Ser720A, and Cys797A. GLA-Pep (Figure 7c and Supplementary Information
Table S7c¢) displayed only six hydrophobic interactions and six hydrogen bonds, in addi-
tion to one 7-cation interaction with Arg841A. The RMAPep conjugate (Figure 7d and
Supplementary Information Table S7d) however showed increased interactions compara-
tively (nine hydrophobic) and ten hydrogen bonds.
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Figure 7. PLIP results for polyphenol peptide conjugates bound to EGFR (a) CGAPep (b) CSAPep
(c) GLAPep (d) RMAPep (e) CGAMutl; (f) CSAMutl; (g) GLAMutl; (h) RMAMutl; (i) CGAMut2
(j) CSAMut2; (k) GLAMut2; (1) RMAMut2; (m) CGAMut3; (n) CSAMut3; (0) GLAMut3; (p) RMA-
Mut3; (q) CGAMut4; (r) CSAMut4; (s) GLAMut4; (t) RMAMut4.

CGAMutl, as shown in Figure 7e and Supplementary Information Table S7e, displayed
hydrophobic interactions with Ser720A, Val726A, Asp855A, Trp880A, and Lys913A, while
new hydrogen bonds were seen with Leu718A, Ser720A, Ala722A, Gly724A, Arg803A,
Arg841A, Lys913A, and Asp916A. No interactions observed for Mutl alone were main-
tained, indicating a change of position within the EGFR binding site. The CSAMutl
conjugate displayed increased interactions (fifteen hydrophobic interactions and ten hydro-
gen bonds) as shown in Figure 7f and Supplementary Information Table S7f. Compared
to Mutl alone, several new hydrophobic interactions and H-bonds were seen. GLA-Mut1
showed lower interactions (eight hydrophobic interactions, nine hydrogen bonds). How-
ever, two m-stacking interactions with Trp880A, and one 7-cation interaction with Arg841A
were observed, as shown in Figure 7g and Supplementary Information Table S7g. New
hydrophobic interactions included those with Val726A, Thr854A, Trp880A, and Pro914A,
while new hydrogen bonds occurred with Ser720A and Thr854. RMAMut 1 in comparison
displayed thirteen hydrophobic interactions and ten hydrogen bonds, in addition to one
mi-cation interaction and one salt bridge with Lys879A as seen in Figure 7h and Supple-
mentary Information Table S7h. Compared to Mut1 alone, new hydrophobic interactions
occurred with Gly721A, Ala722A, Phe723A, Val726A, Leu799A, Thr854A, Lys879A, and
Ala920A, while new hydrogen bonds were observed with Leu718A, Ser720A, Gly721A,
Cys797A, Lys879A, Gly911A, Lys913A, and Ala920A.

The CGAMut?2 conjugate showed only seven hydrophobic interactions, nine hydrogen
bonds, and one salt bridge, as shown in Figure 7i and Supplementary Information Table S7i.
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Compared to Mut2 alone, new hydrophobic interactions were formed with Val717A and
Asp800A, while new H-bonds were formed with Val717A, Ala722A, Arg841A, and Lys913A.
CSAMut?2 comparatively displayed ten hydrophobic interactions and four hydrogen bonds,
in addition to one salt bridge with Arg841A, as seen in Figure 7j and Supplementary
Information Table S7j. New hydrophobic interactions were seen with Ser720A, Ala722A,
Leu799A, Asp800A, and Trp880A. The GLAMut2 conjugate, on the other hand, showed
eleven hydrophobic interactions and six hydrogen bonds, as shown in Figure 7k and
Supplementary Information Table S7k. Several new hydrophobic interactions were seen,
while new H-bonding occurred with Tyr801A, Lys846A, GIn849A, and Met987A. The large
change in interactions observed following conjugation of Mut2 with gallate indicates a
change of position of the conjugate within the EGFR binding site. RMAMut2 showed only
six hydrophobic interactions and eight hydrogen bonds, in addition to two salt bridges
with Arg803A and Lys879A, shown in Figure 71 and Supplementary Information Table S71.
Compared to Mut2 alone, new hydrophobic interactions were observed with Ser720A,
Ala722A, Arg803A, and Trp880A, while new H-bonds formed with Ala722A, Asp800A,
Arg841A, Val876A, Lys879A, Gly917A, and Ala920A.

CGAMut3 exhibited seven hydrophobic interactions and ten hydrogen bonds were
observed, as well as a salt bridge with Arg841A, indicated in Figure 7m and Supplementary
Information Table S7m. Compared to Mut3 alone, new hydrophobic interactions were
observed with Leu718A, Gly719A, Ser720A, Leu799A, Asp800A, and Asn996A. New H-
bonds were seen with Ser710A, Ala722A, Lys745A, Asp800A, and Asn996A. As seen in
for CSAMut3 (Figure 7n and Supplementary Information Table S7n), ten hydrophobic
interactions, eight hydrogen bonds, and one 7-stacking interaction were seen. New hy-
drophobic interactions included those with Ala722A, Val726A, Leu844A, Thr854A, Val876A,
11e878A, and Trp880A, while new H-bonds included those with Lys745A, Arg841A, Val876A,
Lys879A, I1e918A, and Ala920A. The GLAMut3 conjugate, as indicated in Figure 7o and
Supplementary Information Table S70, showed nine hydrophobic interactions and eight
hydrogen bonds. New hydrophobic interactions included those with Leu718A, Val726A,
Asp800A, Leu844A, and Trp880A, while new hydrogen bonds were seen with Leu718A,
Asp800A, and Arg841A. RMAMut3 (Figure 7p and Supplementary Information Table S7p)
showed seven hydrophobic interactions, including new ones with Leu718A, Gly719A,
Leu799A, Asp800A, Lys879A, and Trp880A. Eight H-bonds, including new ones with
Val717A, Gly719A, Ser720A, and Val876A, were formed.

CGAMut4, as shown in Figure 7q and Supplementary Information Table S7q, seven
hydrophobic interactions, thirteen hydrogen bonds. One salt bridge with Lys745A was
observed. Compared to Mut4 alone, new hydrophobic interactions occurred with Lys716A,
Leu718A, and Gly719A, while new hydrogen bonding occurred with Val717A, Leu718A,
Gly719A, Ser720A, Gly721A, Lys728A, Asp800A, Alal000A, and Aspl003A. The CSAMut4
conjugate showed shown in Figure 7r and Supplementary Information Table S7r, exhibited
eight hydrophobic interactions and twelve hydrogen bonds. New hydrophobic interactions
were seen with Gly719A, Phe723A, Ala743A, Thr854A, Glu866A, and Pro877A, while new
H-bonds were observed with Ala722A, Phe723A, Arg748A, Arg841A, Thr854A, Gly863A,
Val876A, and Arg889A. GLAMut4, on the other hand. displayed only five hydrophobic
interactions, but seventeen hydrogen bonds, and one salt bridge as seen in Figure 7s and
Supplementary Information Table S7s. A new hydrophobic interaction was seen with
Phe723A, while new H-bonds included those with Gly719A, Ser720A, Gly721A, Ala722A,
Phe723A, Gly724A, Asp800A, Glu804A, Asn842A, and Asn996A. RMAMut 4, as shown in
Figure 7t and Supplementary Information Table S7t, exhibited nine hydrophobic interac-
tions, including those with Leu718A, Ala743A, Asp800A, Arg841A, and Tyr998A. Fourteen
hydrogen bonds were observed, including new ones with Gly719A, Ser720A, Gly721A,
Phe723A, Val726A, GIn791A, Met793A, Cys797A, Asp800A, Glu804A, and Asn996A. These
results once again indicated that conjugates displayed overall larger interactions and there
were changes observed as far as the binding region was concerned.
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3.6. Molecular Dynamics Studies
3.6.1. Analysis of RMSDs and RMSFs for Ligand-Receptor Complexes

To further elucidate the interactions and examine the stability of the ligands with
the receptors, we carried out 100 ns molecular dynamics (MD) simulations. While we
conducted MD simulations with all peptides, for the polyphenol-peptide conjugates, only
those conjugates that showed significant binding interactions were selected. These include
RMAPep, RMAMutl, GLAMutl, GLAMut2, CGAMut4, and CSAMut4.

Figure 8a,d,g shows a comparison of RMSDs of ligand bound receptors of each of
the peptides and conjugates with the three receptors. The RMSDs are representative of
the last 25 ns of 100 ns runs. The RMSDs of the entire runs are shown in Supplementary
Information Figure S1. As shown in the figures, among the unconjugated peptides, Pep
and Mut4 showed the lowest RMSDs, followed closely by Mut2 and Mut3 (<1.0 nm) in the
case of ER-«. However, Mutl showed a relatively high RMSD (2.4 nm). In comparison, for
PPAR-« the lowest RMSD (0.3 nm) was observed for Mut2, followed by Pep, Mutl, and
Mut4. Mut3 had the highest (0.82 nm) RMSD in the case of PPAR-«. In the case of EGFR,
Mut3 was lowest (0.6 nm) followed closely by Pep, Mutl, and Mut4. The highest RMSD
(0.96 nm) was found to be for Mut2. Thus, in each case the most stable receptor-peptide
combination was dependent upon the peptide sequence of the ligand. Furthermore, other
than Mutl (in the case of ER-«), all of the peptides showed fairly stable binding interactions.
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Figure 8. Comparison of RMSDs (72 ns-100 ns). (a) ERe; (d) PPARw; (g) EGFR. RMSFs for the
entire 100 ns runs are shown for each of the receptors with (b) and (c) corresponding to ERe;
(e,f) corresponding to PPAR«; (h,i) corresponding to EGFR.
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Amongst the polyphenol-peptide conjugates, RMA-Pep was found to have lower
RMSD values (~0.7 nm) in the case of all the three receptors. GLAMutl, was found to have
the highest RMSD for ER-«, while CSAMut4 was found to have the highest RMSD for both
PPAR-a and EGEFR in this time frame, indicating that toward the end of the simulations
those ligands are relatively less tightly-bound to the respective receptors. Interestingly,
CSAMut4 was found to have the lowest RMSD for ER-«, indicating that it was the most
stable conjugate with ER-«. CGAMut4 showed the lowest RMSD with PPAR-«, while
RMAMut1 showed the lowest RMSD with EGFR indicating the formation of highly stable
complexes [65].

The RMSF graphs for ER-o (Figure 8b,c) show the fluctuations of the receptor upon
binding with the various ligands. In the case of the peptides (Figure 8b), while several
regions showed fluctuations, Mut3 showed highest fluctuations with Leu466 and Asp332,
while Mut4 showed the highest fluctuations with Gly494 and Leu497. Mutl showed
the highest fluctuation with Lys467 and Pep showed highest fluctuations with Asp322
and Ala546, indicating the strong involvement of those residues in binding interactions.
Comparatively, more fluctuations were observed for the polyphenol-peptide conjugates
(Figure 8c). GLAMut2, GLAMutl, RMAMutl, showed the highest fluctuations with Ser305,
Tyr331; Lys467 and Glu419 respectively.

To further probe these results, we examined the trajectory snap shots of the peptide and
conjugate-bound ER-« at various time points throughout the simulation (Supplementary
Information Figure S2). In general, estrogen receptors are composed of two domains, made
up mostly of a-helices. It's native ligand, estradiol, binds within a largely hydrophobic
pocket of ERa through H-bonds with Glu353, Arg394, Phe404, and His524 residues in the
ligand binding domain of the receptor [66].

Pep initially has a strong association with the receptor in the binding pocket region
encompassing multiple helices. The ligand binding domain of ER-o consists of a triple-
layered anti-parallel x-helical sandwich and a small anti-parallel 3-sheet at one end [67,68].
Through the course of the simulation, the ligand (depicted in red) changes conformation and
by the end of the simulation it is attached to the central layer comprised of H3/H6/H9/ o
helices in the region. A slight conformation change is also observed in the receptor where
the H4 helix at the bottom changes to a bent shape in order to best fit the ligand. For
Mutl, the ligand is seen within the estrogen receptor binding throughout the first 50 ns
of the simulation, though it begins to migrate within the receptor and reaches all the way
to the top of H6 helix. By 100 ns, the Mutl peptide has migrated out of the receptor
completely, explaining the large RMSD at the end of the simulation. Mut 2 undergoes very
minor conformational changes and remains associated with the receptor primarily through
Helix 6 and Helix 3. Thus, Mut2 appears stable within the binding site. Mut 3 undergoes
conformational changes during the simulation, where it appears to move slightly more
toward the Helix 6 region at the 75 ns time point and remains stable at that position for the
rest of the simulation. Several residues remain associated with the receptor throughout; it
appears that both N-terminal and C-terminal regions of the Mut3 interact with the receptor
at the end of the simulation. Mut4 appears to migrate further inward throughout the 100 ns,
indicating that further interactions are forming between the peptide and the receptor during
the simulation. At 100 ns, Mut4 is nestled tightly within the receptor.

The trajectories of the polyphenol-peptide conjugates with ER-« are shown in
Supplementary Information Figure S3. RMAPep moves slightly in relation to ER-« through-
out the simulation and shows conformational changes, appearing to spread more widely to
associate with ER-o by the end of the simulation, at which point it is attached to H3, H6 and
HO helices. GLAMutl, on the other hand, appears to move away from the binding site and
moves toward the H9 and H10 helices but remains attached to the receptor throughout the
simulation. RMAMut1 also changes position slightly in the first 25 ns, after which minimal
change occurs, indicating stability of RMAMutl in complex with ER. GLAMut2 appears
to jump around within the binding pocket at different positions but remains at the same
position in the region underneath the binding pocket after 75 ns. CGAMut4 remains in the
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same position throughout the simulation, appearing elongated and indicating favorable
interactions with ERx. CSAMut4 likewise remains in the same position, but starts in a
folded conformation, and after 25 ns appears more elongated. Minimal conformation
change occurs between 75 ns and 100 ns, implying stability in complex with ER-c.

RMSF graphs for PPAR-a with the peptides (Figure 8e) showed the highest fluctuations
with Arg226, Ala250 and Asp418 and Asp466, with Mut3 resulting in the highest fluctuation
with Arg226. On the other hand, the peptide-polyphenol conjugates (Figure 8f) showed
major fluctuations, particularly residues Lys232, Lys252, Gly262, Leu392, Asp418, Asp453
and Ala685. The highest fluctuations were seen for RMA-Mutl, CSA-Mut4 and GLA-Mutl
indicating higher interactions.

To further probe these results, we analyzed the corresponding MD trajectories.
Supplementary Information Figure 54 shows the MD trajectory images of each peptide
with PPAR-« at 0 ns, 25 ns, 50 ns, 75 ns, and 100 ns. Each of the peptides bind to the ligand
binding domain within the alpha-helices [69]. Pep shows very little change in conformation
throughout the simulation whereas parts of Mutl seem to rotate slightly within the binding
pocket. Mut2 shows a significant change between its position at 0 ns and 25 ns but remains
very stable from 25 ns till the end of the simulation. Mut3 seems to gradually migrate up
the binding pocket throughout the 100 ns while also increasing in compactness by slightly
folding in on itself. All peptides are shown to remain fully attached to the PPAR- receptor
for the entire simulation, while Mutl appears the least strongly bound and Mut2 appears
the most tightly attached.

We then examined the trajectories of the polyphenol-peptide conjugates with PPAR-o
(Supplementary Information Figure S5). Like the peptides, most of the polyphenol-peptide
conjugates appear to initially bind within the binding pocket of the PPAR-« receptor
(except CSAMut4 and CGAMut4). RMAPep appears the most compact within the receptor
compared to all other compounds. GLAMutl shows more movement within the receptor
binding pocket, especially in the first 25 ns, and it remains mostly unfolded throughout
the simulation. Furthermore, it appears to move away from the helical region into the
loop region after 50 ns. RMAMut1 also shows a slight initial change in position followed
by high stability within the binding pocket and keeps a relatively less compact, more
open conformation. GLAMut2 also shows a slight initial change in position followed by
high stability within the binding pocket with a relatively less compact conformation. The
binding for GLAMutl, RMAMutl, and GLAMut2 look very similar in terms of ligand
position within the binding pocket and ligand compactness. CGAMut4 and CSAMut4 are
relatively loosely attached to the PPAR-« binding pocket and are attached on the peripheral
alpha helical regions and loops. Additionally, the ligands remain partly outside of the
binding pocket. However, CGAMut4 remains in the same position for the entirety of the
simulation whereas CSAMut4 shows significant movement. CGAMut4 and CSAMut4 also
show binding on opposite sides of the PPAR-« receptor. Based on the trajectory images,
CSAMut4 appears the least attached and least stable while RMAPep appears to remain the
most well attached to the receptor.

The EGFR model structure selected is that of the EGFR kinase domain, which has a
bilobate structure, with the N-terminal group consisting of mostly beta-strands and one
alpha-helix while the C-terminal lobe constitutes of primarily x-helical structures. The
cleft to which several ligands and ATP analogues are found to bind is found between the
two lobes [70]. The catalytic domain is surrounded by the cleft and consists of the glycine-
rich nucleotide phosphate-binding loop (Gly695-Gly700), while the C-lobe contributes the
DFG motif (Asp831-Gly833), the catalytic loop (Arg812-Asn818), and the A-loop (Asp831-
Val852) [71]. The RMSEF graphs for EGFR are shown in Figure 8h,i corresponding to the
peptide-bound receptor and the polyphenol-peptide bound receptor, respectively. For the
peptide-bound receptors, major fluctuations are observed with Lys867 along with Ser921,
Lys929 and Met987 with the highest fluctuations being seen for Mutl and Pep. For the
conjugates, fluctuations were observed at the same residues as the peptide, along with
those seen at Ala722, Val738, Arg748 and Ser784. The later residues showed less intense
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fluctuations comparatively, though the values were higher for the conjugates compared to
the unconjugated peptides. In previous work, it has been observed that the residues located
in the loop or helix parts of receptors show higher RMSF fluctuations particularly in the N-
and C-terminal regions [72]. The same was also observed in the case of the peptides and
the polyphenol conjugate interactions with EGFR.

To further probe these results, we analyzed the corresponding trajectories (Supple-
mentary Information Figure S6). Pep appears to bind to the hinge region. For the first
50 ns of the simulation, the ligand appears to undergo conformation changes within the
cleft; however, after 75 ns, minimal changes were observed, indicating that the ligand was
tightly bound to the pocket by the end of the simulation. Mut1 also attached to the hinge
region; however, at 25 ns, the ligand appeared to change conformation, fold up and move
slightly away from the alpha-helix adjacent to the C-lobe. The ligand remains stable for the
entirety of the simulation at this position after 25 ns. The Mut2 peptide appeared to bind
in the same region as well; however, during the course of the simulation, it appeared to
fold up, between 50 ns and 75 ns but, by the end of the simulation, it showed binding with
the alpha-helix region adjacent to the C-lobe. For the Mut3 peptide, the ligand appeared
to make more contacts with the receptor, encompassing the G-loop region, as well as
the alpha-helices, and further expanded and reached out to the C-lobe region during the
course of the simulation. This also explains the RMSD values, showing the most stable
conformation for the Mut3 peptide with EGFR. In the case of Mut4, it also bound within
the hinge region and, after 25 ns, its conformation remained stable and no changes were
observed, confirming that Mut4 also formed a very stable complex with the receptor.

We next examined the trajectories of the polyphenol-peptide conjugates with EGFR. As
shown in Supplementary Information Figure S7, for RMAPep, the ligand bound to the hinge
region and encompassed the alpha-helix motif adjacent to the C-lobe. The conformation
of the ligand underwent very few changes over the entire simulation process, indicating
its stability once attached to the receptor. For GLAMutl, a similar result was observed,
where the ligand, once attached to the receptor, underwent very few changes and remained
tightly attached. In the case of RMAMutl, the ligand initially attached to the hinge region
and encompassed multiple alpha-helices in the C-loop region, however, at 25 ns, the ligand
appeared to flip, and the aromatic rings of the RMA moiety appeared to bind to the G-loop
region and the peptide component moved toward the alpha-helices of the C-lobe. At the
end of the simulation, the ligand appeared to move further inward, attaching more with
the alpha-helices on the C-lobe. The trajectory of GLAMut2, however, showed a completely
different story. While, initially, it appeared to be below the binding pocket, during the
course of the simulation, it appeared to move inward, fold into itself, and then appeared
to bind minimally to the loop region. This explains the large RMSD after 75 ns, where the
ligand position changes completely as it initially moves away and then moves closer. This
indicates that GLAMut2 shows relatively weak binding initially. For CGAMut4, the ligand
remained attached to the binding pocket throughout the simulation process, though slight
changes occurred in the conformation of the ligand. It is interesting to note however, that in
the case of this ligand, after 50 ns, the ligand appeared to more toward the beta-sheet region
of the N-lobe rather than the C-lobe, towards which the other ligands appeared to move.
For CSAMut4, only part of the ligand binds to the G-rich loop of the cleft region, while a
substantial portion of the ligand appears to bind above the cleft region. Furthermore, the
ligand appeared to change conformation at the 50 ns to 75 ns range and appeared to move
toward the Co-helix region, though a major part of the ligand seemed to be away from the
receptor. This further confirms that this particular ligand-receptor complex is relatively less
stable compared to some of the other ligands, which remain tightly attached throughout
the simulation process.
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3.6.2. Protein-Ligand Interactions
ER-a

To further elucidate the interactions, the protein-ligand contacts were examined.
Figure 9 shows the results obtained for ER-x. As shown in Figure 9a, protein ligand
(P-L) contacts for Pep with ER-a were dominated by H-bonds and water bridges. Sites of
significant H-bonding and water bridges include Glu380B, Ser463B, and Glu523D. A small
number of hydrophobic interactions were also seen. A total of 20 contacts were observed
on average throughout the course of the simulation (Figure 9b). For Mutl (Figure 9¢c) P-L
contacts were dominated by H-bonds and water bridges. Glu419D, Ser527D, and Cys417D
were sites of significant H-bonding. Some hydrophobic interactions were observed, par-
ticularly at Tyr537B. The total number of contacts (Figure 9d) initially started off at an
average of 24, which reduced to almost zero by the end of the simulation, which is expected
based on the trajectory data that showed that the Mutl ligand moved away from the
receptor by the end of the simulation. For Mut2, the P-L interactions (Figure 9¢) were
dominated by H-bonds, particularly with Glu380B and Asp426B. Significant hydrophobic
interactions occurred at Tyr537B, which was also indicated by PLIP. The total number of
contacts throughout the course of the simulation was found to be 15 on average (Figure 9f).
For Mut3, the P-L contacts (Figure 9g) are mainly H-bonds, with major interaction sites at
Leu462B, Val534B, and Asp462D. Sites of hydrophobic interactions include Tyr537B and
Phe461B. The total number of contacts was found to be 18, on average, with higher contacts
in the initial stages of the simulation (Figure 9h). In the case of Mut4, P-L interactions
(Figure 9i), show mainly H-bonds, with the highest interaction fraction being for Glu380B.
Hydrophobic interactions are observed with Trp383B and Tyr537B. These results are also
consistent with PLIP studies. The total number of contacts throughout the simulation was
found to be 24 on average with higher contacts (30) at the 5 ns time point (Figure 9j). All of
the corresponding protein-ligand atom contacts are shown in Supplementary Information
Figure S8.

The P-L contact histograms for the polyphenol-peptide conjugates with ER-« are
shown in Figure 10. For RMA-Mutl (Figure 10a), H-bonding, particularly with Tyr537B,
Asp538B, and Leu462B is observed. Residues mainly involved in hydrophobic interactions
include His373B and Tyr537B. The Tyr537B residue is thus involved in both H-bonding
and hydrophobic interactions. The total number of contacts (Figure 10b), on average, was
found to be 10, with major dips in the number of contacts in the 20 ns and 35 ns region, after
which the number of contacts remains relatively steady after 40 ns at about 10 contacts. P-L
contacts for RMAPep with ER-« (Figure 10c) showed extensive H-bonding occurred with
Glu423D, Tyr526B, and Glu380B of ER. Hydrophobic interactions were seen with Lys520D,
while Glu380B and Glu423D were involved in ionic interactions. Tyr526B and Glu380B
were also involved in H-bonding between RMAPep and ER-«, in accordance with PLIP
results, while Glu423D and Lys520D were also implicated as interacting residues. The total
number of contacts was found to be 22 contacts, on average, with the highest number of
contacts being 30 at 40 ns (Figure 10d).

The P-L contacts with GLAMutl are shown in Figure 10e. H-bonding occurred
with Lys531B, Ser536B, and Glu542B, while hydrophobic interactions were observed with
Tyr526B, Leu539B. Lys531B, and Lys531B and Asn532B were additionally involved in
ionic interactions. The total number of contacts, on average, (Figure 10f) was found to
be 8, with the highest being 15 at the 40 ns and 65 ns range, after which the number of
contacts remained steady at 8. P-L contacts (Figure 10g) between GLAMut2 and ER-o
showed several H-bonding interactions occurred with Ser463B, Leu462B, and Ser464B
being prominent. Hydrophobic interactions were seen with Try537B and His373B. The
total number of interactions (Figure 10h) through the course of the simulation was found
to be 9 on average, with the highest number of contacts (15) at 25 ns. P-L contacts between
CGAMut4 and ER« are shown in Figure 10i. Significant H-bonding was observed with
Glu423D, Lys531B, Asp374B, and Val534B. Hydrophobic interactions occurred with Tyr537B,
Tyr526B, and His377B, while Glu423D and Asp538B were involved in ionic interactions. In
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PLIP results, Glu423D, Lys531B, and Asp374B were involved in H-bonding and Tyr537B
and Tyr526B were involved in hydrophobic interactions. The total number of contacts
(Figure 10j) was found to be 20 over the course of the entire simulation, which is expected
given the RMSD analysis which showed a very stable complex. As shown in the P-L
contacts histogram for CSAMut4 (Figure 10k), H-bonding occurred with Glu423D, His516D,
Glu523D, and Tyr526B of ERx. Hydrophobic interactions occurred with Lys520D and
Tyr526B, while Glu423D was involved in ionic interactions. Glu423D, His516D and Tyr526B
were also implicated in H-bonding in PLIP results. The total number of contacts throughout
the entire course of simulation (Figure 101) was found to be 15. Thus, the protein-ligand
contact analysis further confirms the role of H-bonding and hydrophobic interactions
involved in forming complexes with each of the ligands. The ligand atom interactions
with the receptor residues are shown in Supplementary Information Figure S9, which
corroborates with the results obtained above.
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Figure 9. Protein ligand contacts of ERa-ligand complexes (a) with Pep; (b) total number of contacts
during the simulation with Pep; (c) with Mutl; (d) total contacts during the simulation with Mutl1;
(e) with Mut2; (f) total number of contacts during the simulation with Mut2; (g) with Mut3 peptide;
(h) total number of contacts during the simulation with Mut3; (i) with Mut4 peptide; (j) total number
of contacts during the simulation with Mut4.
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Figure 10. Protein ligand contacts of ERx-ligand complexes. (a) with RMAMut1; (b) total number
of contacts with RMAMutl; (c) with RMAPep; (d) total contacts with RMAPep; (e) with GLAMutl;
(f) total number of contacts with GLAMutl; (g) with GLAMut2 conjugate; (h) total number of contacts
with GLAMut2; (i) with CGAMut4; (j) total number of contacts with CGAMut4; (k) with CSA-Mut4;
(1) total number of contacts with CSAMut4.

Overall, MD studies of the ERa-peptide and polyphenol-peptide conjugate complexes
provided valuable insight into the stability of each peptide and polyphenol-peptide con-
struct in complex with the receptor. Of the unconjugated peptides, Mut4 showed the
greatest degree of stability with ER-a. Of the polyphenol-peptide conjugates, CGAMut4
and CSAMut4 showed favorable degrees of stability, as did RMAPep, which showed com-
parable stability compared to Pep. Overall, polyphenols conjugated to the peptides were
involved in higher numbers of interactions with the receptor, indicating that conjugation of
polyphenols to the targeting peptides could improve ER-« targeting.

PPAR-«

We next probed the PPAR-« receptor residues that were involved in interacting with
each of the ligands (Figure 11). As seen in the case of the original peptide and mutations
1-4, H-bonding interactions and water-bridges played a major role in the binding inter-
actions. Pep, Mutl, Mut4 and Mut2 showed significantly more H-bonding interactions.
Additionally, Pep, Mut2 and Mut3 showed significant hydrophobic interactions.
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Figure 11. Protein ligand contacts of PPAR«-ligand complexes with (a) Pep (top); total number of
contacts with Pep (bottom); (b) Mut1 (top); total number of contacts with Mutl (bottom); (c) Mut2
(top); total number of contacts with Mut2 (bottom); (d) Mut3 (top); total number of contacts with
Mut3 (bottom); (e) Mut4 (top); total number of contacts with Mut4 (bottom).

In all five peptides, Tyr 334 showed significant H-bonding and hydrophobic interac-
tions. For Pep (Figure 11a), Asn 261, Glu 282, and Tyr 334 showed the most H-bonding. The
total protein-ligand contacts steadily fluctuated around 15 for the entire simulation. For
Mutl1 (Figure 11b), Glu 282 showed significant H-bonding. The total protein-ligand contacts
also steadily fluctuated around 15 for the entire simulation. For Mut2 (Figure 11c), Thr 279
and Glu 282 also showed significant H-bonding. The total P-L contacts showed a gradual
increase from 15 to 20 throughout the simulation. For Mut3 (Figure 11d), similar residues
showed H-bonding, but Mut3 appeared to have the lowest number of P-L contacts of all
the peptides. The total P-L contacts showed a gradual decrease from 18 to 12 throughout
the simulation. For Mut4 (Figure 11e), Tyr334 showed significantly less H-bonding and
hydrophobic interactions, indicating that the Tyr334 residue was less able to interact with
the receptor due to the mutations of Mut4. The total protein-ligand contacts fluctuated
around 18 for the simulation. In previous studies, Thr279 has been implicated in binding of
ligands to PPAR-« [73], as has Tyr334. This indicates that that some of the conjugates also
interact in the same region. The interactions showing the ligand-atom contacts for each of
the peptide ligands with PPAR-o are shown in Supplementary Information Figure S10.
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For the polyphenol-peptide conjugates, results for the protein-ligand contacts obtained
are shown in Figure 12. For RMAPep (Figure 12a), Glu286 played a major role in H-bonding
followed by Tyr334, which was also implicated in hydrophobic interactions in addition to
several other residues. The total P-L contacts increased in the first 30 ns of the simulation
and then steadily fluctuated around 20 contacts. For RMAMutl (Figure 12b), Glu282
played a major role in both H-bonding and water bridges in addition to Tyr 334, His
457 and Lys 257 which also showed hydrophobic interactions. The total protein-ligand
contacts fluctuated around 18 for the first 60 ns and then dropped to around 15 for the
remainder of the simulation. For GLAMutl (Figure 12c), Tyr334 showed the highest
interaction fraction involved in H-bonding, hydrophobic interactions, and water bridges.
The total protein-ligand contacts varied throughout the simulation, showing an overall
decrease to about 18 contacts by the end of the simulation. For GLAMut2 (Figure 12d),
more H-bonding was seen than any other conjugate, with Glu286 playing the largest role
in H-bonding. The total protein-ligand contacts remained very steady throughout the
simulation, fluctuating around 18 contacts. For CGAMut4 (Figure 12e), Glu282 played
a large role in water bridges, but many residues seemed to play an important role in
interacting with the receptor. The total protein-ligand contacts showed a gradual increase
throughout the simulation, ending with about 24 contacts. Finally, for CSAMut4 (Figure 12f),
Arg226 played a major role in H-bonding, hydrophobic interactions, and water bridges.
The total protein-ligand contacts showed an initial drop from about 10 to 5 contacts in
the first 5 ns of the simulation, followed by a slight increase to about 7 contacts by the
end of the simulation. Overall, the different polyphenol-peptide conjugates showed very
different protein-ligand contacts with highest interactions being observed for CGAMut4;
RMAMutl and GLAMutl. Tyr 334 interactions were found to be common in all cases,
indicating a combination of hydrophobic and H-bonding interactions which stabilized these
complexes. The individual ligand-atom interactions for each of these complexes are shown
in Supplementary Information Figure S11, which corroborates with the histogram results
obtained for the Protein-Ligand contacts. Overall, for all polyphenol-peptide conjugates,
H-bonding interactions, hydrophobic interactions and water-bridges played a major role in
binding interactions.
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Figure 12. Protein ligand contacts of PPARa-ligand complexes. (a) with RMAPep conjugate (top);
total contacts during the simulation with RMAPep conjugate (bottom); (b) with RMAMutl1 conju-
gate (top); total contacts with RMAMutl conjugate (bottom); (c) with GLAMut1 conjugate (top);
total contacts with GLAMutl (bottom); (d) with GLAMut2 conjugate (top); total contacts with
GLAMut2 (bottom); (e) with CGAMut4 conjugate (top); total contacts with CGAMut4 (bottom);
(f) with CSAMut4 conjugate (top); total contacts with CSAMut4 (bottom).
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EGFR

For EGFR P-L contacts, for Pep and Mutations 1-4 (Figure 13), H-bonding interactions
and salt-bridges played a major role in the binding interactions. In particular, Asp800
was found to have a very high interaction fraction in all cases. While fewer hydrophobic
interactions were seen in the case of Pep (Figure 13a), relatively higher hydrophobic
interactions were observed for Mutl (Figure 13b) as expected given that the N-terminal Y
is mutated to F. These interactions are seen with Phe997, Tyr998 and Leu1001 in addition
to Leu844, Leu718, and Lys716, which are also involved in H-bonding. Interestingly, a
new ionic interaction is observed with Lys745. For Pep, the total number of protein-ligand
contacts was found to be in the average range of 16-18, while for Mutl, the average contacts
for the entire simulation increased to 21.
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Figure 13. (a) Protein ligand contacts of EGFR-ligand complexes. (a) with Pep (top); total contacts
with Pep (bottom); (b) with Mutl (top); total contacts with Mutl (bottom); (c) with Mut2 (top); total
contacts with Mut2 (bottom); (d) with Mut3 (top); total contacts with Mut3 (bottom); (e) with Mut4
(top); total contacts with Mut4 (bottom).
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For Mut2 (Figure 13c), the number of contacts throughout the simulation process
was lower than for Mutl and was found to be 17. Overall, H-bond interactions were
the dominant interactions, while hydrophobic interactions also played a role. No ionic
interactions were observed, given that the His at position 2 of the original peptide was
mutated to Ile. For Mut3 (Figure 13d), a very high interaction fraction was observed for
Asp800 (4.0, highest among all the peptides). Other residues involved also showed higher
interactions (between 0.7-1.0) compared to Mutl, 2 and Pep. In addition to H-bonding
and water-bridges, a few hydrophobic interactions were also observed. Additionally, on
average, about 22 contacts were observed throughout the simulation process. For Mut4
(Figure 13e), once again Asp800 showed a high interaction fraction due to H-bonding and
water-bridges, though it was lower than that observed for Mut3. Overall, relatively lesser
residues were involved in interacting. While H-bonds and water bridges were dominant,
hydrophobic interactions were also seen with Leu844, Phe795, Met1002, Tyr998 and Ala722.
The total number of contacts fluctuated between 24 and 16 for the first half of the simulation,
though after 60 ns, the total number of contacts remained stable at an average of 20. These
results indicated that in all cases the mutated peptides had higher numbers of contacts with
the receptor compared to the original peptide, which may help in enhanced binding. The
overall ligand atom-protein residue interactions are shown in Supplementary Interaction
Figure 512, which also confirms the interactions with the various residues of the receptor.

For the polyphenol-peptide conjugates, results for the protein-ligand contacts with
EGEFR are shown in Figure 14. For the RMA-Pep conjugate (Figure 14a), we observed a num-
ber of H-bond and water-bridge interactions, in addition to few hydrophobic interactions
with Phe723, Tyr998, Leul001, Lys716, Val717, Leu799, Arg803 and Met1002.
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Figure 14. Protein ligand contacts of EGFR ligand complexes. (a) with RMAPep (top); total num-
ber of contacts with RMAPep (bottom); (b) with RMAMut1 (top); total number of contacts with
RMAMutl (bottom); (¢) with GLAMutl (top); total number of contacts with GLAMutl (bottom);
(d) with GLAMut2 (top); total number of contacts GLAMut2 (bottom); (e) with CGA-Mut4 (top); total
number of contacts with CGA-Mut4 (bottom); (f) with CSAMut4 (top); total number of contacts with
CSAMut4 (bottom).
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Once again, Asp800 showed a high interaction fraction (1.6), followed by Ser720
and Leu718. The total number of contacts throughout the simulation process was found
to be in the range of 18-24 for the first 40 ns, after which the number of contacts was
found to be 16 on average. In comparison, RMAMut1 (Figure 14b) showed increased ionic
interactions with a higher interaction fraction observed for Asp800 (2.5). Residues such
as Pro877, Trp880, Lys913, Phe723, Ala722, Leu718, Ala743 and Leu799 were involved in
hydrophobic interactions. The number of interactions throughout the simulation process
was found to be 20 on average, with higher interactions observed in the first 40 ns of the
simulation. GLAMut1 (Figure 14c) once again showed mostly H-bonds and water bridges
with some hydrophobic interactions, while the total number of contacts throughout the
simulation was found to be 14 on average, which is lower than other conjugates. This
may be due to the way that the conjugate folds up in the receptor binding cleft. For
GLAMut2, (Figure 14d) the highest interaction fraction was observed for Asn808. The
prominent hydrophobic interactions were found to be with Phe997, Phe795, and Pro794. The
overall average number of contacts was 10 throughout the simulation process. CGAMut4
(Figure 14e) showed a number of H-bond and water bridge interactions, though Ile715
showed a relatively high interaction fraction primarily for hydrophobic interaction along
with Val716, Leu718, Val726 and Leul001. The total number of receptor-ligand contacts was
found to be 20 on average, with highest number of contacts (28) observed within the first
50 ns. CSAMut4 (Figure 14f) showed slightly different ligand contacts with the receptor.
Interestingly, Asp800 was not the dominant interaction, in fact Asp800 showed the lowest
interaction with CSAMut4. Instead, Arg889 had the highest interaction fraction. Several
other interactions were observed which included mostly H-bonds and water bridges and
hydrophobic interactions with Phe 723, Leu718, Val726, Pro877, Trp880 and Arg889.

The total number of contacts throughout the simulation was lower, with an average
of only 9 contacts over the simulation process. These results indicate that, among the
conjugates, RMAMutl and CGAMut4 were found to have the highest number of contacts
throughout the simulation. The individual ligand atom-receptor contacts are also shown in
Supplementary Information Figure S13, which further corroborates with the results seen
from the histograms of the protein-ligand contacts.

3.7. MM-GBSA Free Energy Studies

The binding energy estimation using the molecular mechanics-generalized Born sur-
face area (MMGBSA) method allows for identifying the ligands that bind efficiently [74]
with receptors. The validity of the peptides and conjugates identified by docking and
MD simulations was further explored by conducting MMGBSA binding free energy
estimation calculations.

The major contributors, H-bonding, lipophilic interactions, electrostatic interactions
and van der Waals interaction energy calculations were also examined from the trajectories
obtained during the simulation. The results obtained for the ligands with each of the
receptors are shown in Table 5 and Figure 15. For ER-«, the highest AG bind was seen for
the Mut4 peptide (YHWYGYTPQD) at AG = —108.9 kcal/mol. This value is significantly
higher than that observed for the original peptide (YHWYGYTPQN). Thus, this single point
mutation had a profound effect in enhancing AG bind for estrogen receptor, likely due to
enhanced electrostatic interactions. In addition, CGAMut4 and CSAMut4 also showed
high AG bind at —80.9 kcal/mol and —78.3 kcal/mol, respectively, while the lowest AG
bind was observed for Mut 1 (FHWYGYTPQN), indicating that the single point mutation
involving alteration of Y to F reduces AG binding with the estrogen receptor.
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Table 5. Comparison of MMGBSA estimations.

Estrogen-Alpha Receptor

Compound Avg. AG Binding Avg Electrostatic Avg. H-Bond Avg. Lipophilic Avg. vdW Energy
Energy (kcal/mol) Energy (kcal/mol) Energy (kcal/mol) Energy (kcal/mol) (kcal/mol)
Pep —61.90 —37.11 —6.40 —15.94 —71.33
Mut1 —37.97 —24.44 —2.52 —11.21 —36.98
Mut2 —70.94 —37.61 —5.45 —17.87 —69.43
Mut3 —70.62 —39.03 —5.48 —18.91 —61.08
Mut4 —108.90 —54.87 —6.72 —32.92 —98.60
RMAPep —59.98 —38.10 —6.70 —15.77 —70.52
GLAMutl —45.97 —23.47 —2.11 —8.74 —45.23
RMAMutl —41.62 —30.82 —3.29 —12.04 —42.22
GLAMut2 —47.28 —30.05 —2.89 —11.53 —42.30
CGAMut4 —80.92 —61.98 —6.34 —18.01 —72.00
CSAMut4 —78.35 —32.18 -3.71 —22.93 —80.60
PPAR-Alpha Receptor
Pep —69.14 —18.34 —4.73 —20.88 —64.80
Mut1 —67.02 —16.01 —3.72 —21.31 —66.31
Mut2 —67.78 —5.03 —3.37 —20.63 —64.29
Mut3 —63.39 —17.82 —4.49 —18.88 —61.90
Mut4 —63.02 —16.45 —3.66 —19.56 —62.26
RMAPep —67.44 —20.33 —4.29 —20.60 —64.76
GLAMutl —71.47 —33.03 —4.99 —21.30 —66.18
RMAMutl —65.35 —28.73 —3.32 —21.03 —65.46
GLAMut2 —67.35 —43.97 —4.39 —22.28 —69.34
CGAMut4 —68.73 —16.27 —4.52 —20.91 —66.46
CSAMut4 —40.20 —9.80 —1.95 —12.81 —39.70
EGFR Receptor

Pep —174.54 —48.74 —8.32 —30.00 —114.43
Mut1 —194.22 —98.96 —10.01 —33.74 —128.01
Mut2 —173.50 —54.84 —8.41 —29.92 —113.84
Mut3 —173.36 —40.40 —8.18 —32.39 —116.54
Mut4 —188.66 —69.22 —8.52 —33.58 —124.70
RMAPep —63.04 —37.18 —3.73 —16.14 —53.81
GLAMutl —175.16 —59.21 —8.33 —30.74 —118.13
RMAMutl —49.77 —9.41 —4.12 —12.13 —60.20
GLAMut2 —173.75 —39.93 —7.70 —32.65 —117.88
CGAMut4 —68.30 —49.13 —4.76 —13.82 429.28

CSAMut4 —46.60 —23.03 —1.87 —15.77 —44.96
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Figure 15. Comparison of AG binding interactions based on MMGBSA calculations. H-bonding,
coulomb interactions, van der Waals and lipophilic contributions are shown. (a,c,e) show interactions
involving the peptides (Pep, and mutated peptides) while (b,d,f) show the interactions with the
polyphenol-conjugates of the peptides with ER«, PPARx and EGFR respectively.

In all cases, van der Waals interactions and electrostatic (coulomb) interactions were
found to play a significant role in binding. For PPAR-«, the AG bind was found to be in the
range of —63.0 to —71.5 kcal/mol for all of the peptides and the polyphenol conjugates,
except for CSAMut4, which showed the lowest AG bind at —40.2 kcal/mol. These results
indicate that, overall, each of the ligands had a fairly moderate binding energy, and stability.
Furthermore, conjugating with the polyphenols did not alter the binding significantly,
except with CSA, where the binding affinity was lowered. Overall, these values obtained are
similar to those obtained for AG bind for kaempferol and resveratrol in a recent study that
explored binding interactions of polyphenols with PPARy using MMGBSA estimations [75].
It is well known that PPAR receptors-« and 'y have hydrophobic binding pockets, and the
peptides and the polyphenol-peptide conjugates have hydrophobic regions. Additionally,
the polyphenolic components increase H-bonding interactions due to the phenolic -OH
groups. The binding energies for the polyphenol-peptide conjugates GLAMutl, RMA-Pep,
RMAMutl, and GLAMut2 were found to be higher for the PPAR-« compared to the ERo
while CSAMut4 was lower despite the fact that it contains the diterpene moiety of the
carnosic acid component. Since PPAR-« normally binds to fatty acid ligands, it is likely that
the polyphenol groups may not interact strongly due to relatively lower hydrophobicity
compared to long chain fatty acids. Nevertheless, most of the ligands showed binding
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energies that are close to other commercially available medicinal polyphenolic compounds,
as mentioned above and may be probed as drug candidates.

Figure 15 further confirms that the most negative binding energies were found to be
for van der Waals interactions, illustrating their role in the binding of ligands to each of
the receptors with EGFR being showing the highest (most negative values) followed by
ER-a and PPAR-a. Coulombic forces also played a significant role, though their values
were fairly similar for each of the receptor’s ligands, with the exception of Mutl which was
more negative for EGFR. Furthermore, each of the ligands demonstrated by far the highest
binding energies for EGFR compared to the ER-« and PPAR-c. It was also demonstrated
from docking studies as well as MD simulations, that these ligands attach firmly into the
binding pocket of EGFR, encompassing a second sub pocket region as well [75,76]. The
highest AG bind was seen for Mutl with EGFR at —194.2 kcal/mol, while the lowest value
was observed for CSAMut4 at —146.6 kcal/mol. These results corroborate with the MD
studies as well as docking studies. The AG bind values for RMAMutl and RMA-original
peptide were relatively lower at —49.7 kcal/mol and at —63.0 kcal/mol compared to most
of the other ligands which showed AG bind values > —150 kcal/mol. These high average
binding energies indicate the stability of the ligands within the binding pockets of EGFR.
Given that their values are close to or higher than the MMGBSA value obtained for the
well-known EGFR inhibitor TAK-285 [77], we can propose that all the peptides as well
as GLAMutl and GLAMut2 may be probed further for biological studies for inhibition
of EGFR.

4. ADME Studies

ADME studies to assess the pharmacokinetic properties of the peptides and selected
conjugates are important in order to evaluate the potential of the designed compounds
as drug candidates [78]. In particular, in silico ADME screening can provide information
that aids in selecting the most promising compounds and minimize the possibility of
drug rejection [79]. We therefore evaluated several critical parameters including partition
coefficient (logP), Madin—Darby canine kidney cells (MDCK) permeability, ability to
behave as Pgp inhibitor /substrate, CYP enzyme substrate/inhibitor capability and hERG
blocker capability. MDCK has been widely developed as model for permeability and
its apparent permeability coefficient, P,pp, is widely considered to provide information
about the uptake efficiency of compounds into cells [80]. Additionally, it is critical that the
designed drugs do not show hERG blockage as hERG (human ether-a-go-go related gene)
plays an important role in the regulation of the exchange of cardiac action potential and
resting potential [81]

The results are listed in Table 6. Overall, our results indicated that the logP values
increased for the conjugates in most cases compared to the individual peptides. All the
peptides showed negative logP values, of which Mut2 showed the highest lipophilicity
at —0.407 and Pep showed the lowest lipophilicity at —1.698. Among the conjugates,
carnosate-Mut4, at a logP value of 2.145, showed the highest lipophilicity followed by
RMA-Mutl at 0.452 and RMA-Pep at 0.046. In general, LogP values of 0-3 are considered to
be optimal [81] and therefore the compounds RMA-Mutl; CSA-Mut4 and RMA-Pep would
be considered to have optimal logP values, though the other conjugates also have logP
values fairly close to zero. MDCK permeability was found to be the highest for Mut2, while
all other candidates, with the exception of CGA-Mut4, RMA-Pep, CSA-Mut4 and Mut4,
showed medium permeability (>2 but <20 x 107% cm/s). CGA-Mut4, RMA-Pep, CSA-
Mut4 and Mut4 showed permeability below 2 x 10~® cm/s indicative of low permeability.
The compounds did not form CYP substrates or inhibitors, though they did form PgP
substrates in most cases, indicative of the fact that this property may affect drug efflux.
None of the compounds caused hERG blockage, which is a desirable property in drugs.
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Table 6. ADME Studies.

Compound Log P MDCK Permeability hERG Pgp Inhibitor/ CYP1A2 Substrate
P atpH 7.4 (cm/s) Blocker Substrate /or Inhibitor

Pep (Y-H-W-Y-G-Y-T-P-Q-N) —1.698 2.5 % 106 No No/No No/No
Mut 1 (F-H-W-Y-G-Y-T-P-Q-N) —0.962 29 x107° No No/Yes No/No
Mut 2 (Y-I-W-Y-G-Y-T-P-Q-N) —0.407 32 x10°° No No/Yes No/No
Mut 3 (Y-H-W-Y-G-Y-T-H-Q-N) —2.112 2x 1076 No No/Yes No/No
Mut 4 (Y-H-W-Y-G-Y-T-P-Q-D) —1.487 1.9 x 107° No No/Yes No/No
Rosmarinate-Peptide 0.046 1.9 x 107© No No/Yes No/No
Gallate-Mut 1 —0.565 22 x10°° No No/Yes No/No
Rosmarinate-Mutation 1 0.452 2.1 x10°° No No/Yes No/No
Gallate-Mut 2 —0.070 2.1 x107° No No/Yes No/No
Chlorogenate-Mut 4 —0.089 1.4 x 107° No No/Yes No/No
Carnosate-Mut 4 2.145 1.8 x 10~° No No/Yes No/No

5. Conclusions

In this study, we have shown that the peptide sequence YHWYGYTPQN, previously
known to bind to EGFR, is also capable of binding to ERx and PPAR«x, making it suitable for
targeting multiple over-expressed receptors in tumor cells. We have further demonstrated
that four point mutations of this peptide sequence and conjugation of both this sequence
and mutated sequences to polyphenols, such as gallic acid and rosmarinic acid, can further
enhance binding interactions of with the three receptors. In the case of the EGFR receptor,
most of the conjugates appeared to bind to the kinase domain binding pocket region, while,
in the case of ER«, binding occurred at the alpha-helical sandwich region of the binding
pocket. Of the twenty novel peptide-polyphenol conjugates studied, those found to be most
promising for ERx, PPAR«, and EGFR targeting based on molecular docking and molecular
dynamics results were rosmarinate-YHWYGYTPQN, gallate- YIWYGYTPQN and gallate-
FHWYGYTPQN. MMGBSA studies revealed that the lowest binding energies (therefore,
the highest binding interactions) were found to be with Pep (YHWYGYTPQN) and Mut1
(FHWYGYTPQN), GLAMutl and GLAMut?2 for the EGFR receptor, while GLAMut1 also
showed low binding energy with PPAR-« receptor. Mut4 and CGAMut4 showed the
lowest binding energies with ER-«. Thus, each of these peptides and conjugates can also
be fine-tuned to bind to the specific receptors. ADME studies revealed that the lipophilicity
was increased upon conjugation of the peptides with the polyphenols. Most of the designed
compounds showed medium permeability for MDCK cells. Though all of the conjugates
formed Pgp substrates, none formed CYPA1/A2 substrates or inhibitors. Overall, the
polyphenol peptide conjugates (particularly GLAMut2) and (RMAPep) designed here
can be potentially explored for further synthesis and exploration as drug candidates for
targeting breast cancer cells.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app12010515/s1, Figures S1-S13: RMSDs, Trajectory images
for MD simulations of Pep; the four mutated peptides as well as the selected polyphenol-peptide
conjugates at 0, 25, 50, 75 and 100 ns showing interactions of the peptides with each of the receptors; as
well as schematic of ligand-atom interactions with each of the receptors. Table SI—Binding energies
obtained from FireDock analysis; Tables S2-S7 shows PLIP results for each of the peptides and the
polyphenol-peptide conjugates.
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