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Abstract: In this study, the structures of six new peptide-indole derivatives were elucidated through spectroscopic
and analytical methods following their synthesis. In addition to their anticancer and antioxidant properties, density
functional theory (DFT) calculations and docking studies were conducted for the compounds. According to the
obtained results, compounds 1 and 3 were identified as the most active against the MCF-7 cell line, with ICsg
values of 8.72 and 5.86 pg/mL, respectively. Conversely, compounds 4 and 1 were found to be the most active
against the A549 cell line, with ICsp values of 15.43 and 16.10 ug/mL, respectively. When compared to standard
antioxidants using both the DPPH and iron reduction power assays, the compounds did not exhibit significant
antioxidant activity. The molecular geometry and electronic properties of the synthesized peptide-indole
derivatives were investigated through theoretical calculations using the Density Functional Theory (DFT) method.
Molecular docking studies were also conducted to investigate the binding modes of the synthesized compounds
within the active sites of EGFR enzyme.

Keywords: Indole derivatives; peptides; anticancer; antioxidant; DFT calculations; docking study. ©2024 ACG
Publications. All right reserved

1. Introduction

The synthesis of nitrogen-containing heterocyclic compounds has always been a fascinating area
of research in organic chemistry due to their diverse biological activities.'? Indole derivatives, a class
of nitrogen-containing heterocyclic compounds, possess a wide range of physiological properties, and
have therefore been integrated into the structure of many drugs.

The indole skeleton is a key component of numerous naturally occurring compounds, with
important physiological® and industrial properties " Hence, indoles have become a crucial research topic
in various fields such as pharmaceuticals, fragrances, agricultural control, pigments, and materials
science®® One of the most significant indole derivatives is tryptophan, an essential amino acid and one
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of the 22 naturally occurring amino acids. Although organisms cannot synthesize tryptophan, it can be
obtained through daily nutrition. The essential amino acid tryptophan plays a crucial role in protein
synthesis as a building block, and as a precursor in various vital biochemical processes carried out by
functional proteins. Tryptophan analogs are also significant building blocks for natural product
synthesis, peptidomimetics, and biologically active compounds.*®

The indole structure is also found in indole-3-carbinol, which is an important antitumor agent
11" Controlled studies employing laboratory animals and cultured cells on indole-3-carbinol demonstrate
its inhibition of aflatoxin binding. Consequently, the carcinogenic effects of aflatoxins are reduced. 1213
Tryptamine, as an additional notable derivative of indole, demonstrates a diverse range of bioactivity.'*
In a recent study conducted in our research laboratory, we aimed to synthesize dipeptide derivatives of
indole with known physiological activities. This was in response to the promising anticancer activities
exhibited by 5-aminomethylindole-dipeptide derivatives against A2780 and MCF.%°

In light of our noteworthy investigation into indole-related compounds, we have effectively
synthesized six novel indole-dipeptide derivatives. The structural elucidation of these derivatives was
accomplished, followed by an exploration of their potential as anticancer agents against A549 and
A2740 cancer cell lines.

Theoretical calculations employing the Density Functional Theory (DFT) method via the
Gaussian 09 software program were employed to analyze the molecular geometry and electronic
characteristics of the peptide-indole derivatives that were synthesized. Additionally, molecular docking
studies were carried out to explore the binding mechanisms of the newly synthesized peptide-indole
conjugates within the active sites of the EGFR enzyme.

2. Experimental
2.1. Chemical Material and Apparatus

Standard techniques were employed to purify and dry all solvents before use. Commercially
available reagents from Aldrich, Acros, ABCR, and Merck were used without further purification.
Reactions involving compounds sensitive to air or moisture were conducted in dried glassware under an
argon atmosphere. Analytical thin-layer chromatography (TLC) was performed on Sigma-Aldrich silica
gel 60 F-254 aluminum plates. The human breast (MCF-7) cancer cell lines and human ovarian (A-
2780) cancer cell lines were obtained from the American Type Culture Collection (ATCC). Nuclear
magnetic resonance (*H NMR, *C NMR) spectra were recorded in DMSO-d6 using a Bruker Advance
I11 400 MHz spectrometer. Chemical shifts were reported in parts per million (ppm) and the coupling
constants (J) were expressed in Hertz (Hz). Exchangeable protons (NH) were confirmed by the addition
of D,0O. Mass spectra were recorded on an Agilent Technologies 6530 Accurate-Mass Q-TOF-LC/MS.
Elemental analyses were performed using the LECO CHNS-932 elemental analyzer. Infrared spectra
were recorded in the range of 4000-650 cm™ using ATR equipment on a Perkin Elmer Spectrum one
FTIR spectrophotometer. Melting points (m.p.) were measured in open capillary tubes using a
Gallenkamp MPD350.BM3.5 apparatus and are reported without correction. All microwave-assisted
reactions were carried out using a microwave oven system manufactured by Milestone (Milestone Start
S Microwave Labstation for Synthesis).

Starting N-protected mono (1) and dipeptides (11 and 111) were prepared according to previously
published procedures.>8

2.2. Chemistry
2.2.1. General Synthesis Method of Peptide-Indole Conjugates (1-5)

To synthesize compounds 1-5, compound | or 111 (1 mmol) was reacted with commercially
available 1-methyl-3-aminomethylindole (1.2 mmol) in the presence of anhydrous THF (5.0 mL) at
70°C under microwave irradiation for one hour. The reaction progress was monitored by thin-layer
chromatography. Afterward, all volatiles were removed by rotavapor, and the resulting crude product
was crystallized from methanol, yielding compounds 1-5 at 64-89% yield.
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Benzyl  [(2R,3R)-3-methyl-1-{[(1-methyl-1H-indol-3-yl)methyl]Jamino}-1-oxopentan-2-yl]carbamate
(1): Cream solid (yield 84%); m.p: 194-195 °C; *H NMR (400 MHz, DMSO-d6) & (ppm): & 8.18 (t, 1H,
CH2NH, J =4.0 Hz), 7.57 (d, 1H, CHNH, J= 8.0 Hz), 7.41-7.14 (m, 8H, ArH), 7.01 (t, ArH, 1H, J=8.0
Hz), 5.02 (s, 2H, CH,0), 4.46-4.36 (m, 2H, NHCHz-indole), 3.90 (t, 1H, NHCH, J= 8.0 Hz), 3.74 (s,
3H, CHj3), 1.73-1.68 (m, 1H, CHCHNH), 1.45-1.49 and 1.12-1.04 (dm, 2H, CHCH,CHj3), 0.79-0.76 (m,
6H, CH3CH, and CH3CH); *C NMR (101 MHz, DMSO-d6) & 171.4(C0O),156.5 (OCONO), 137.6,
137.2,128.8,128.6,128.2,128.1, 127.2,121.7,119.4, 119.0, 111.6, 110.0 (Ar-C), 65.8 (PhCH0), 59.7
(HNCHz-indole), 36.9 (NCCHCH) 34.2 (NCHs), 32.6 (CHCHNH), 24.8 (CHCH,CHs), 15.9 (CHCH3),
11.4 (CHzCHs); IR (cm'l): V(C=0)ketone- 1688 cm'l, V(C=0)carbamate: 1639 cm‘l, V(N-H)amine- 3272 cm‘l; HRMS
(Q-TOF): m/z [M+Na]" calcd for C.sH29N3;NaOs: 430.2107, found: 430.2104; Elemental analysis:
C24H29N303 required C, 70.74; H, 7.17; N, 10.31; found C, 70. 72; H, 7.17; N, 10.36.

tert-Butyl (R)-(1-{[(1-methyl-1H-indol-3-yl)methyl]Jamino}-1-oxo-3-phenylpropan-2-yl)carbamate (2):
Cream solid (yield 89%); m.p: 137-138 °C; *H NMR (400 MHz, DMSO-d6) & (ppm):  8.20 (t, 1H, NH,
J=5.3Hz),7.56 (d, 1H, NH, J=7.9 Hz), 7.41 (d, 1H, ArH, J=8.2 Hz), 7.27-7.13 (m, 7H, ArH), 7.10-
6.85 (m, 2H, ArH), 4.55-4.31 (m, 2H, NHCH:-indole), 4.20-4.14 (m, 1H, CHCHPh), 3.75 (s, 3H,
NCHs), 2.92 (dd, 1H, CH.Ph, J = 13.6, 4.5 Hz), 2.74 (dd, 1H, CH.Ph, J = 13.5, 10.3 Hz), 1.30 (s, 9H,
MesC); C NMR (101 MHz, DMSO0-d6) § 171.8 (CO), 155.7 (OCONO), 138.7, 137.2, 129.8, 129.7,
128.4, 127.2, 126.6, 121.7, 119.44, 119.0, 111.9, 110.1 (Ar-C), 78.4 (Me3CO), 56.3 (HNCH2-indole),
38.2 (NHCHCHy), 34.4 (NHCHj3), 32.8 (CH.Ph), 28.6 [(CH3)sC)]; IR (cm™): v(c=ojketone: 1693 cm?,
V(c=0)carbamate: 1629 €M™, vin-ryamine: 3283 cm™; HRMS (Q-TOF): m/z [M+Na]* calcd for C24H290N3NaOs:
430.2107, found: 430.2134; Elemental analysis: C24H29N303 required C, 70.74; H, 7.17; N, 10.31; found
C,70.73; H, 7.16; N, 10.33.

Benzyl (S)-(1-[(2-{[(2-methyl-1H-indol-3-yl)methyl]Jamino}-2-oxoethyl)amino]-4-(methylthio)-1-
oxobutan-2-yl)carbamate(3): Cream solid (yield 76%); m.p: 126-127 °C; *H NMR (400 MHz, DMSO-
d6) & (ppm): 6 8.26 (t, I1H, NH, J = 6.0 Hz), 8.07 (t, 1H, NH, J= 4.0 Hz), 7.54 (t, 1H, NH, J = 4.0 Hz),
7.38-7.31 (m, 7H, ArH), 7.23 (s, 1H, ArH), 5.03 (d, 2H, CH.0, J= 4.0 Hz), 4.42-4.40 (m, 2H, NHCH-
indole), 4.12-4.08 (m and bs, 3H, CH,CO + CHNH), 3.78 (s, 3H, NCHj3), 2.49-2.44 (m, 2H, CH,CH),
2.03 (s, 3H, SCHs), 1.85-1.75 (m, 2H, CH,SCHj3); *C NMR (101 MHz, DMSO-d6) 5 172.3 and 168.7
(CO), 156.6 (OCONO), 139.6, 137.2, 129.8, 128.8, 128.2, 128.1, 125.4, 122.0, 119.4, 115.5, 111.9,
110.3 (Ar-C), 66.6 (CH20), 54.5 (HNCH.-indole), 34.6 (CH.CO), 34.2 (NHCH), 32.9 (CHsN), 32.7
(CHZCH), 30.1 (SCHs), 15.0 (CHQSCH3); IR (cm‘l): V(C=0O)ketone- 1703 and 1664 cm‘l, V(C:O)carbamate:164o
cmL, vin-ryamine: 3280 cm; HRMS (Q-TOF): m/z [M+Na]* calcd for CsHaoN4NaO,S: 505.1885, found:
505.1866; Elemental analysis: C2sH30N4O4S required C, 62.22; H, 6.27; N, 11.61; found C, 62.19; H,
6.26; N, 11.65.

Benzyl [(S)-1-{[(R)-1-{[(1-methyl-1H-indol-3-yl)methyl]amino}-1-oxo-3-phenylpropan-2-ylJamino}-4-
(methylthio)-1-oxobutan-2-ylJcarbamate(4): Cream solid (yield 84%); m.p: 216-217 °C; *H NMR (400
MHz, DMSO-d6) & (ppm): & 8.28 (t, 1H, NH, J = 6.0 Hz), 8.02 (d, 1H, NH, J= 8.0 Hz), 7.53 (t, 2H,
ArH), 7.46-7.26 (m, 6H, ArH + NH), 7.26-7.13 (m, 7H, ArH), 7.03 (t, 1H, ArH, J=8.0 Hz), 4.99 (q,
2H, CH,0, J=12.6 Hz), 4.54-4.53 (m, 1H, CHNH), 4.41 (d, 2H, NHCH:-indole, J= 4.0 Hz), 4.07-4.05
(m, 1H, CHNH), 3.73 (s, 3H, NCHj3), 3.01-2.96 (m, 1H, CH.Ph), 2.86-2.80 (m, 1H, CH,Ph), 2.37-2.35
('m, 2H, CH,CH,S), 1.99 (s, 3H, SCHs), 1.76-1.70 (m, 2H, CH,SCHj3); **C NMR (101 MHz, DMSO-
d6) 6 171.5 and 170.8 (CO), 156.4 (OCONO), 138.1, 137.4, 137.2, 129.7, 128.8, 128.4, 128.4, 128.3,
128.2, 127.2, 126.7, 121.7, 119.4, 119.1, 111.7, 110.1 (Ar-C), 66.0 (CH.0), 54.6 (NHCH), 54.3
(HNCH2-indole), 38.3 (NHCH), 43.4 (NCHs), 34.4 (CH:Ph), 32.7 (CH2CH.S), 30.0 (SCHs), 15.0
(CH2SCHs3); IR (cm™): v(c=ojketone: 1700 and 1688 cm™, v(c=ojcarbamate: 1630 M, v(n-ryamine: 3278 cm?;
HRMS (Q-TOF): m/z [M+Na]" calcd for CsyHssNaNaO.S: 595.2355, found: 595.2342; Elemental
analysis: Cs2H3sN4O4S required C, 67.11; H, 6.34; N, 9.78; found C, 67.09; H, 6.34; N, 9.57.

tert-Butyl [(R)-1-{[(S)-1-{[(1-methyl-1H-indol-3-yl)methylJamino}-1-oxo-3-phenylpropan-2-ylJamino}
-1-ox0-3-phenylpropan-2-yl]carbamate (5): Cream solid (yield 78%); m.p: 145-146 °C; *H NMR (400
MHz, DMSO) 6 8.32 (bs, 1H, NH), 8.03 (d, 1H, NH, J= 7.8 Hz), 7.55 — 6.94 (m, 16H, ArH + NH),
4.59-4.54 (m, 1H, CHNH), 4.41 (bs, 2H, NHCH2-indole, 4.15-4.09 (m, 1H, CHNH), 3.74 (s, 3H,
NCHz), 3.00 — 2.96 (m, 1H, CH2Ph), 2.88-2.83 (m, 2H, CH2Ph), 2.68-2.62 (m, 1H, CHzPh), 1.30 (s, 9H,
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Me;sC); BC NMR (101 MHz, DMSO0) 6 171.7(CO), , 170.8(C0O), 155.6 (OCONO), 138.6, 138.0, 137.2,
129.8, 129.6, 128.4, 127.2, 126.7, 126.6, 125.5, 121.7, 119.4, 119.1, 115.4, 111.7, 110.1 (Ar-C), 78.6
(Me3CO), 56.4 (NHCH), 54.2(HNCH:-indole), 38.6 (NHCH), 38.0 (NCHs), 34.4 (CH.Ph), 32.8
(CH2Ph), 28.6 [(CH3)3C)]; IR (cm™): v(c=ojketone: 1722 and 1690 cm™, v(c=o)carbamate: 1630 M, v(N-Hyamine:
3269 cm*; HRMS (Q-TOF): m/z [M+H]" calcd for Cs3HssN4O4: 555.2971, found: 556.3042; Elemental
analysis: Cs2H3sN4O4 required C, 71.46; H, 6.91; N, 10.10; found C, 71. 42; H, 6.91; N, 10.13.

(S)-1-(((R)-1-(((1-methyl-1H-indol-3-yl)methyl)amino)-1-oxo-3-phenylpropan-2-yl)amino)-1-oxo-3-
phenylpropan-2-aminium 2,2,2-trifluoroacetate(6): Burgundy solid (yield 58%); m.p: 234-235 °C;H
NMR (400 MHz, DMSO) & 8.83 (bs, 3H, N*Hz), 8.18 (4, 1H, NH, J =8.0 Hz), 7.56 — 7.16 (m, 15H,
ArH + NH), 4.54-4.49 (m, 2H, NHCH,-indole), 4.39-4.36 (m, 1H, CHCH,Ph), 4.27 4.19 (m,1H,
CHCH_Ph), 4.05 (s, 3H, CHj3), 3.12-2.81 (m, 4H, CHCHPh). C NMR (101 MHz, DMSO) § 172.7
(CO), 168.3 (CO), 158.4 (g, CFsCO, %J(c-H= 30.0 Hz), 138.0, 136.4, 135.3, 133.7, 133.0, 130.6, 130.1,
129.7,129.6, 128.9, 128.8, 128.7, 128.6, 127.6, 127.5, 126.9 (ArC), 117.6 (q, CFsCO, Jc.n= 300 Hz),
56.7 (HNCH:-indole), 53.6 (CHCH.Ph), 38.2(CHCH.Ph), 37.4 (CH.Ph), 30.2 (CH.Ph), 29.9
[(CH3)sO); IR (cm™): vic-opetone:1669 cm?;  HRMS (Q-TOF): m/z [M-F;CCOO-]* calcd for
CasH33N4O2: 455.2442, found: 455.2000; Elemental analysis: CzoHsi1FsN4Os required C, 63.37; H, 5.50;
N, 9.85; found C, 63.34; H, 5.49; N, 9.91.

2.3. Biological Assay
2.3.1. Cytotoxicity Assay

MTT assay antitumor activities of these substances were evaluated by 3-(4,5dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay.'® MCF-7 (Human Breast Cancer) and A549 (Human
Lung Cancer) cells were grown in a separate flask, in a 5% CO, incubator at 37 degrees, using high
glucose DMEM medium, which is a mixture of 10% FBS and 1% Pen-Strep. 10000 MCF-7 cells in each
well and 10000 A549 cells in another 96-well plate were seeded into 96-well plates. Each well plate was
named and numbered, then allowed to adhere and spread in the CO- incubator until the next day. A
solution of each dipeptide-indole derivative was first prepared with DMSO at 1 mg/mL and then diluted
with medium to 6.25, 12.5, 25, 50, 100 and 200 pug/mL concentrations. The waiting medium in the well
plate was withdrawn and replaced with 100 pL of the medium containing different dipeptide-indole
conjugates and different concentrations. It was then incubated at 37 degrees for 24 hours in a 5% CO;
incubator until the next day. MTT dye at 5 mg/mL was dissolved in PBS (pH: 7.4 in Phosphate Buffer).
After 24 hours, the old medium from all well plates is discarded and replaced with 90 L of DMEM in
each well and 10 pL of 5Smg/mL prepared MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) in each well. 100 pL of the mixture was prepared and incubated in a CO; incubator for 4 hours.
After incubation, the medium with MTT in the well plates was withdrawn and discarded. 100 pL of
DMSO was added to each well of the well plates. The well plates were read with the help of a
spectrophotometer device at 540 nm wavelengths immediately after DMSO was loaded.

2.3.2. Antioxidant Activity Assays
2.3.2.1. Radical Scavenging Activity Using DPPH Method

The radical scavenging activity of dipeptide-indole conjugates was assessed by their ability to
act as antioxidants against the stable free radical, 1,1-diphenyl-2-picrylhydrazil (DPPH). The method
suggested by Yang et al.,?® was followed, wherein 1 mL of the antioxidant solution (dissolved in ethanol)
was added to 3 mL of 0.1 mM ethanolic DPPH solution. The solutions were kept in the dark for 30
minutes at ambient temperature, and their absorbance readings were measured at 517 nm. The inhibition
(%) was calculated using the following formula;

[1 - (As-A0)/Ab]x100,

where As is the absorbance reading for samples including the antioxidant, Ao is the absorbance of the
antioxidant in pure ethanol, and Ab corresponds to the absorbance of the DPPH solution. Positive
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controls such as butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), and a-tocopherol
were employed in the study.

2.3.2.2. Ferric lons Reducing Power Assay

The assessment of the reducing power of dipeptide-indole conjugates and standards adhered to
the protocol outlined by Oyaizu.?! In summary, varying concentrations of the compounds (12.5, 25.0,
and 37.5 pg/mL), dissolved in 1 mL ethanol, were combined with 2.5 mL of 0.2 M phosphate buffer
(pH 6.6) and 2.5 mL of 1% potassium ferricyanide, followed by incubation at 50°C for 20 minutes.
Subsequently, 2.5 mL of 10% trichloroacetic acid solution was introduced, and the resulting mixture
underwent centrifugation at 3000 rpm for 10 minutes. The supernatant was amalgamated with 2.5 mL
distilled water and 0.5 mL of 0.1% ferric chloride, and the absorbance was gauged at 700 nm against a
blank consisting of distilled water and phosphate buffer. The reducing power assays were conducted in
triplicate, with the elevation in absorbance within the reaction mixture serving as an indicator of the
reducing power of the samples/standards. Positive controls, such as a-tocopherol, BHT, or BHA, were
incorporated for reference.

2.4. Structural Features and Electronic Properties
2.4.1. DFT Calculations

The molecular geometry and electronic properties of the synthesized dipeptide-indole
derivatives were investigated through theoretical calculations using the Density Functional Theory
(DFT) method. The Gaussian 09 software was employed for all computations, utilizing the B3LYP
functional in combination with the 6-311+G(d,p) basis set.?? confirm the ground states, the absence of
imaginary frequencies was checked.

2.4.2. Molecular Docking

Molecular docking studies were conducted to investigate the binding modes of the synthesized
compounds within the active sites of EGFR enzyme. The molecular geometries of the compounds were
determined through DFT calculations. The coordinates of EGFR were retrieved from the Protein Data
Bank (PDB) with the 2ITY identifier. The prepared protein structure involved the meticulous removal
of ligands, water molecules, heteroatoms, and co-crystallized solvents. Subsequently, AutoDockTools
(version 1.5.6) was employed to introduce partial charges and hydrogen atoms into both the protein and
ligands. The search space for docking simulations was defined as a 25 A cube with grid points spaced 1
A apart, centered at the enzyme's active site. Docking studies were performed using AutoDock Vina
(version 1.1.2),2% with most default settings retained, except for 'num_modes," which was set to 32 to
ensure a thorough exploration of binding modes. For visualization and analysis of the results, BIOVIA
Discovery Studio (available at https://3dsbiovia.com/) was utilized. The reliability and accuracy of the
docking procedure were confirmed by comparing crystallographic data with theoretical data for native
ligands, resulting in a root mean square deviation (RMSD) of less than 1.5 A.

3. Results and Discussion

3.1. Chemistry

The mono- and dipeptide-indole derivatives disclosed in this investigation were synthesized
with favorable yields by reacting 1-methyl-3-aminomethylindole with benzotriazole-activated N-
protected peptide under microwave heating conditions. The deprotection of the Boc group in compound
5 followed a literature method (Merrifield, 1963) and was achieved by stirring in a mixture of TFA and
dichloromethane (1:1) at room temperature for 2 hours. Scheme 1 outlines the synthetic pathways
utilized for the preparation of the peptide-indole conjugates.
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Scheme 1. Synthetic routs for the indole-peptide conjugates

In the proton spectrum of compound 1, the amide NH peak is observed as a triplet at 8.18 ppm,
while the carbamate NH peak is seen as a doublet at 7.57 ppm. In compound 2, another monopeptide-
indole conjugate, these NH peaks are observed as a triplet at 8.20 ppm and a doublet at 7.56 ppm,
respectively. In compound 1, the methylene peak of the benzyloxycarbonyl (Z) protecting group
resonates as a singlet at 5.02 ppm, while in compound 2, the tert-butyl group of the tert-butoxycarbonyl
(Boc) protecting group resonates as a singlet at 1.30 ppm. The methylene group at the 3rd position of
the indole molecule and the methyl group at the 1st position in compound 1 resonate as a multiplet in
the range of 4.55-4.31 ppm and as a singlet at 3.74 ppm, respectively. In compound 2, the corresponding
peaks resonate as a multiplet in the range of 4.55-4.31 ppm and as a singlet at 3.75 ppm. The appearance
of multiplets instead of expected doublet peaks for the methylene groups at the 3rd position is attributed
to the chiral neighboring group effect. In the carbon-13 spectrum of compounds 1 and 2, the amide and
carbamate carbonyl peaks resonate at 171.4 and 156.5 ppm for compound 1, and at 171.8 and 155.7
ppm for compound 2. The remaining proton and carbon peaks align with the suggested structures, as
detailed in the accompanying supplementary information. In compounds 3, 4, and 5 dipeptide-indole
conjugates, the NH peaks appear as follows: 8.26 (t), 8.07 (d), 7.54 (t); 8.28 (t), 8.02 (d), and in the
range of 7.46-7.20 ppm along with aromatic protons; and 8.32 (bs), 8.03 (d), in the range of 7.55-6.94
ppm along with aromatic protons.

The NH protons have been confirmed by D,O exchange. In compounds 3 and 4, the methylene
peaks of the protecting group resonate as a doublet and quartet at 5.03 and 4.99, respectively, instead of
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the expected singlet, due to chiral group effects. The methylene group at the 3rd position of the indole
molecule and the methyl group at the 1st position appear as a multiplet at 4.42-4.40 ppm and a singlet
at 3.78 ppm in compound 3, as a doublet at 4.41 ppm and a singlet at 3.73 ppm in compound 4, and as
a broad singlet at 4.41 ppm and a singlet at 3.74 ppm in compound 5. The different splitting of the
indole's methylene protons is attributed to chiral effects. In the carbon-13 spectra of compounds 3, 4,
and 5, two amide carbonyl peaks and one carbamate carbonyl peak resonate as follows: 172.3, 168.7,
and 156.6 ppm; 171.5, 170.8, and 156.4 ppm; and 171.7, 170.8, and 155.6 ppm, respectively. All other
proton and carbon peaks are in accordance with the proposed structures. In order to assess the potential
effect of the protective group in amino acids on biological activities, the Boc protective group in
compound 5 was removed according to literature methods. The most notable information observed in
the proton NMR data between compound 5 and compound 6 includes the absence of the tert-butoxy
group in compound 6, the emergence of a broad singlet peak at 8.83 ppm attributed to NH3 with an
intensity of 3 units and a slight shift of the aromatic peak group to a lower field.

Differences observed in the carbon-13 spectrum include the disappearance of aliphatic carbon
peaks associated with the tert-butoxy group along with the carbonyl peak at 155.6 ppm and the
appearance of quartet peak groups at 158.4 ppm and 117.6 ppm, attributed to carbon-fluorine couplings
from TFA. The differences observed in the carbon-13 spectrum involve the disappearance of aliphatic
carbon peaks associated with the tert-butoxy group, as well as the carbonyl peak at 155.6 ppm.
Additionally, quartet peak groups at 158.4 ppm and 117.6 ppm emerge attributed to carbon-fluorine
couplings from trifluoroacetic acid (TFA). The observed changes in the NMR spectra upon the removal
of the Boc protective group are consistent with our previous studies.*>*’

3.2 Biological Assay
3.2.1. Cytotoxicity Study

As a result of the calculation of the data obtained from readings at 540 nm wavelength in the
spectrophotometer, the I1Cso (ug/mL) values of each peptide-indole conjugate (1-6) against the MCF-7
and A549 cell lines are presented in Table 1 and Figure S26. Microscopic images depicting the effects
of peptide-indole conjugates prepared at a concentration of 100 ug/mL on MCF-7 and A549 cell lines
are provided in Figures 1 and 2, respectively.

The anticancer activities of the compounds tested against the MCF-7 cell line are observed in
Table 1, Figure S26. Upon examination of the table data and figures, it is evident that compound 3, a
dipeptide-indole derivative containing methionine and glycine amino acids, and compound 1, a
monopeptide-indole derivative containing leucine amino acid, are the most active against the MCF-7
cell line. With the exception of compound 6, where the protecting group is removed, all compounds
demonstrated higher anticancer activity against the MCF-7 cell line compared to cisplatin.

The anticancer activities of the tested compounds against the A549 cell line are observed in
Table 1, Figure 1, and Figure 2. Upon examination of the table data and figures, it is evident that
compound 4, a dipeptide-indole derivative containing methionine and phenylalanine amino acids, and
compound 1, a monopeptide-indole derivative containing leucine amino acid, are the most active against
the A549 cell line. With the exception of compound 6, where the protecting group is removed, all
compounds demonstrated higher anticancer activity against the A549 cell line compared to cisplatin.

However, in a general context, the compounds exhibited relatively higher anticancer activity against
the MCF-7 cell line than the A549 cell line. When comparing the structures of the compounds with their
anticancer activities against MCF-7 and A549 cell lines, there is a lack of parallelism in anticancer
activity for compounds other than compound 1, a monopeptide-indole derivative containing leucine
amino acid, and compound 6, a dipeptide-indole derivative with the protecting group removed.
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Cisplatin

Figure 1. The effect of compounds 1-6 prepared with a concentration of 100 pg/mL on MCF-7 cells
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Figure 2. The effect of compounds 1-6 prepared with a concentration of 100 pg/mL on A549 cells
As outlined in the current literature, compounds 1 and 3 among the examined peptide-indole
conjugates exhibited antioxidant activities of 26.375% and 22.895%, respectively.
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Table 1. ICso values of compounds 1-6 on MCF-7 and A549 cells

Comp. No 1Cso (ug/mL) D (ulg(/:I::L) SD
MCF-7 A549
1 8.72 3.16 3.01 3.01
2 11,36 4,21 242 2.42
3 5,86 351 3.30 3.30
4 35,03 4,49 1.65 1.65
5 12,12 3,88 2.63 2.63
6 96,36 1,03 4.33 433
Cisplatin 82.02 6.19 3.01 3.01

3.2.2. Antioxidant Activity

47

The assessment of the compounds' antioxidant capacity was conducted through the utilization
of the DPPH method ?° and the iron reducing potency method,?* as outlined in the current literature.
Compounds 1 and 3 among the examined peptide-indole conjugates exhibited antioxidant activities of
26.375% and 22.895%, respectively, at a concentration of 125 ug/mL, determined by the DPPH (1,1-

diphenyl-2-picrylhydrazyl) method as shown in Table 2.

Table 2. The antioxidant capabilities of the dipeptide-indole conjugates 1-6

DPPH Free Radical Scavenging Activity, %

Compound No 12.5 25 375 62.5 125
pg/mL pg/mL pg/mL pg/mL pg/mL
1 2.126 4.897 8.920 11.123 22.895
2 nd 1.677 3.795 6.714 10.165
3 2.684 5.691 9.026 14.033 26.375
4 3.335 6.691 8.026 10.697 15.369
5 nd 1.045 2.035 5.671 9.342
6 1.238 1.927 2.711 5.724 9.165
BHA 75.167 75503  76.174  76.845 76.845
BHT 63758 73825 75503 75838  77.181
a-tocopherol 76510 77.181 79530  81.879 84.899

nd: Not detected

Additionally, compounds 3, 4, and 5 exhibited the highest antioxidant activities, with values of
0.161%, 0.135%, and 0.121%, respectively, based on the iron reducing power assay as indicated in Table
3. However, in comparison with standard antioxidants such as butylated hydroxyanisole (BHA),
butylated hydroxytoluene (BHT), and a-tocopherol, it was generally observed that the indole-peptide
conjugates displayed relatively limited antioxidant efficacy in both methods. Furthermore, it was
observed that the removal of the protecting group did not enhance the antioxidant activities in either of

the methods.
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Table 3. The antioxidant capabilities of the dipeptide-indole conjugates 1-6

Iron Reducing  Activity
Compound No %
375
125 ug/mL 25 pg/mL pg/mL
1 0.068 0.091 0.115
2 0.091 0.107 0.113
3 0.095 0.113 0.161
4 0.089 0.098 0.135
5 0.086 0.097 0.121
6 0.084 0.096 0.117
BHA 0,463 1,296 1,927
BHT 0,257 0,491 0,933
a-tocopherol 0.220 0.456 0.778

3.3. Structural Features and Electronic Properties

Theoretical chemistry studies were conducted on the prepared molecules to better understand
their molecular geometry and examine their electronic properties. All calculations were performed using
the Gaussian 9 package at the B3LYP/6-311G+(d,p) theoretical level. The most stable geometrical
structures of molecules 1-6 are illustrated in Figure 3. As seen, none of the structures adopt a linear or
planar geometry; instead, they exhibit irregular configurations stabilized by intramolecular hydrogen
bonds.

Compounds 1 and 2 feature a single intramolecular hydrogen bond (IHB) between the NH bond
of the amide and the CO group of the ester-amide, with distances of 2.13 A and 2.11 A, respectively. In
contrast, the other molecules exhibit two IHBs with distances ranging from 2.02 to 2.82 A. These
irregular geometries arise from the various substituents present in the dipeptide backbone. On the other
hand, the dipole moment of the molecules ranges from 1.56 to 10.13 Debye. The least polarized
molecule is 5, while the most polarized molecule is 6.

The frontier molecular orbital (FMO) theory, an extension of the molecular orbital (MO) theory,
focuses on elucidating the interactions between the most occupied molecular orbital (HOMO) and the
least occupied molecular orbital (LUMO) in compounds. The HOMO, positioned like the outer orbital,
has electron-donation and nucleophilicity characteristics that determine a compound's reactivity.?* On
the other hand, LUMO, which functions like the inner orbital, is electrophilic, i.e. ready to accept
electrons. The FMO theory incorporates these orbital characteristics to explain molecular electronic
characteristics and reactivity.

The frontier molecular orbital (FMO) theory, an extension of the molecular orbital (MO) theory,
focuses on elucidating the interactions between the most occupied molecular orbital (HOMO) and the
least occupied molecular orbital (LUMO) in compounds. The HOMO, positioned like the outer orbital,
has electron-donation and nucleophilicity characteristics that determine a compound's reactivity. On the
other hand, LUMO, which functions like the inner orbital, is electrophilic, i.e. ready to accept electrons.
The FMO theory incorporates these orbital characteristics to explain molecular electronic characteristics
and reactivity.
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Figure 3. Optimized molecular geometry of molecules 1-6 at the B3LYP/6-311G+(d,p) level

The distribution of FMOs for molecules 1-6 is shown in Figure 4. It is clear that the HOMO of
all the molecules share a similar pattern, mainly located on the indole ring. This observation implies that
the indole serves as the determining site for the reactivity of this type of molecule towards electrophiles.
On the other hand, the LUMOs exhibit variations across the molecules. In molecule 1, the LUMO is
located on the benzyl group, while in molecule 2, which shares a similar geometry to 1, the LUMO is
distributed throughout the molecule. In the case of molecules 3 and 4, the LUMO is distributed
exclusively on the indole and benzyl groups, respectively. For molecules 5 and 6, the HOMO is located
on one of the benzyl groups positioned between the amide and ester-amide groups. These results indicate
that the LUMOs of these compounds, representing the electrophilic sites, depend on the nature of the
substituents.

The FMO theory focuses on another critical parameter known as the HOMO-LUMO energy gap
(AE). This energy difference has key implications for the chemical characteristics of a molecule. A high
AE means greater thermodynamic stability, indicating the robustness of the compound.?® Conversely, a
lower AE suggests a propensity for easy electronic transitions, implying a more dynamic and potentially
reactive molecular state. The correlation between HOMO energy (Enomo) and ionization potential, and
the association between LUMO energy (ELumo) and electronic affinity, contribute to a better
understanding of molecular behaviour.? Enowmo elucidates the molecule's tendency to lose an electron,
while Erumo highlights its affinity to gain an electron. The FMO and AE energies of the studied
compounds are shown in Figure 4. The Exomos range from -5.54 to -6.03 eV, suggesting that compound
2, with the highest value, is the most electron donor, while compound 3, with the lowest value, is the
least electron donor. The ELumo values range from -0.64 to -1.08 eV. Compound 2, with the highest
value, has the lowest electron acceptance capacity, while compound 6, with the lowest value, has the
highest electron acceptance capacity. Furthermore, the AE trend is 1 <5 =6 <4 <2 < 3, indicating that
compound 1 is the most chemically reactive, while compound 3 is the most chemically stable.
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Figure 4. Distribution and energies of FMOs of compounds 1-6 calculated at the B3LYP/6-311G+(d,p)
level

The electrostatic potential (ESP) is an essential parameter that gives crucial information about
the reactivity of molecules, in particular about potential interaction sites with biological molecules such
as DNA and enzymes. Figure 5 depicts the ESPs of the molecules studied, using color-coding to indicate
electron-rich and electron-poor regions. Electron-rich regions are shown in red, while electron-poor
regions are shown in blue. Examination of the figure reveals multiple electron-rich sites in all the
molecules, mainly associated with carbonyl groups. This observation implies that these specific sites are
ready to engage in interactions with biological molecules, potentially forming hydrogen bonds and
assuming the role of acceptors. On the other hand, all molecules also present electron-poor sites that
could actively participate in hydrogen bonding as donors, mainly located on NH groups.
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Figure 5. Electrostatic potential maps of compounds 1-6 calculated at the B3LYP/6-311G+(d,p) level
3.3.1. Molecular Docking Studies

Molecular docking studies including binding modes/orientations, affinities, and interaction
analysis were performed on the most active compounds (1-5) against the EGFR (epidermal growth factor
receptor, PDB code: 2ITY) target. EGFR is a cell surface receptor that plays a crucial role in regulating
cell growth and survival. It belongs to the ErbB family of receptors and, when activated by binding to
its ligands, such as epidermal growth factor (EGF), triggers a series of signaling pathways that contribute
to cell proliferation, differentiation and survival.

Figure 6. Orientation of the most stable docking pose of compounds 1-5 and Gefitinib into EGFR
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In the context of cancer, dysregulation of EGFR signaling is often associated with the development and
progression of various types of cancer. EGFR mutations or overexpression can lead to uncontrolled cell
growth and tumor formation. Targeting EGFR has therefore become an important strategy in the
development of cancer therapies.?”? In this context, EGFR has been reported to be the target of several
indole-based anticancer molecules.?-3!
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The obtained results of the docking study indicate that the most energetically stable orientation
for all compounds is situated in the same region as the Gefitinib inhibitor within the active site of the
enzyme (Figure 6). The binding energies fall within the range of -7.3 to -8.9 kcal/mol, comparable to or
lower than that of Gefitinib (-7.7 kcal/mol), suggesting a high affinity of all tested molecules for this
enzyme. The interaction analysis, as depicted in Figure 7, reveals that compounds 1 and 2 form a
hydrogen bond with THR854 and ASP855 via the carbonyl and NH groups, respectively. Compound 3
establishes three hydrogen bonds with PHE723, GLY724, and ARG841 through the carbonyl and SH
groups. Similarly, compound 4 is engaged in three hydrogen bonds with LYS745, PHE723, and
GLY724 via two carbonyl moieties. On the other hand, compound 5 forms a hydrogen bond with
LYS745 through the carbonyl group. In comparison, Gefitinib forms a single hydrogen bond with
MET793. Furthermore, all the molecules exhibit favorable hydrophobic, halogenic, and other weak
binding interactions with various amino acids within the active site. These findings suggest that all the
molecules possess a strong affinity for EGFR by interacting with critical amino acids in the active site,
indicating their potential as inhibitors of this enzyme. Additionally, these results underscore the
significance of the carbonyl groups of the molecule in the interaction with EGFR.

4. Conclusion

Breast cancer is a highly prevalent type of cancer and is the most commonly occurring cancer in
women. On the other hand, lung cancer is the second most frequent cancer and the primary cause of
cancer-related deaths. The prolonged use of current anticancer drugs is associated with severe side
effects and a high mortality rate. Generally, there is an inverse correlation between compounds with
antioxidant activity and cancer. For these reasons, studies focusing on the synthesis of new compounds
with low side effects, efficacy, and yet to be resistant to cancer cell lines, along with screenings for their
anticancer and antioxidant properties, are crucial. In the scope of this study, new peptide-indole
derivatives were synthesized, and their anticancer activities against MCF-7 and A549 cell lines, as well
as their antioxidant capacities using DPPH and iron reduction power methods, were determined. Among
the investigated compounds, it was found that the monopeptide-indole derivative containing leucine
amino acid and the dipeptide-indole derivatives containing methionine exhibited higher anticancer
activity.

Generally, compounds, except compound 6 where the protecting group is removed, showed
higher activity compared to cisplatin. However, the antioxidant activities of the compounds were lower
compared to the standard antioxidants used.
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