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Cancer is the leading cause for human mortality together with cardiovascular diseases. Abl (Abelson) tyrosine
kinases play a fundamental role in transducing various signals that control proliferation, survival, migration and
invasion in several cancers such as Chronic Myeloid Leukemia (CML), breast cancer and brain cancer. For these
reasons Abl tyrosine kinases are considered important biological targets in drug discovery. In this study a series
of lysine-based oligopeptides with expected Abl inhibitory activity were designed resembling the binding of FDA-
approved drugs (i.e. of Imatinib and Nilotinib), synthesized, purified by High Performance Liquid Chromatog-
raphy (HPLC), analyzed by mass spectrometry (MS) and biologically tested in vitro in CML (AR-230 and K-562),
breast cancers (MDA-MB 231 and MDA-MB 468) and glioblastoma cell lines (U87 and U118). The solid-phase
peptide synthesis (SPPS) by Fmoc (9-fluorenylmethoxycarbonyl) chemistry was used to synthesize target com-
pounds. AutoDock Vina was applied for simulation binding to Abl. The biological activities were measured
evaluating cytotoxic effect, induction of apoptosis and inhibition of cancer cells migration. The new peptides
exhibited different concentration-dependent antiproliferative effect against the tumor cell lines after 72 h
treatment. The most promising results were obtained with the U87 glioblastoma cell line where a significant

reduction of the migration ability was detected with one compound (H-Lys'-Lys-Lys-NHy).

1. Introduction

Cancer is the leading cause for human mortality together with car-
diovascular diseases. Although conventional chemotherapy remains the
principal cancer treatment, treating cancer with novel drugs will reduce
the side effects providing better life and healthcare for many patients
worldwide (Enback and Laakkonen, 2007).

New anticancer drugs with high metabolic stability and selectivity on
the target should be discovered after identification of the most appro-
priate biological structures to be attacked: specific membrane receptors
or enzymes (Enback and Laakkonen, 2007; Aina et al., 2002; Vlieghe
et al., 2010).

The treatment against cancer includes the use of small molecule
drugs as well as proteins, monoclonal antibodies and peptides (Var-
danyan and Hruby, 2016). Small molecules, due to their advantages in

* Corresponding authors.

efficacy and safety compared with traditional chemotherapy drugs in
targeted cancer therapy, are emerging as cancer treatments (Zhong
et al., 2021). The monoclonal antibodies (mAbs) and large protein li-
gands have two major limitations compared to peptides: (i) their large
size leads to poor delivery to tumor issues; (ii) nonspecific uptake into
the reticuloendothelial system causes dose-limiting toxicity to the liver
and bone marrow (Qiu et al., 2007; Allen, 2002; Pastan et al., 2006; Reff
et al., 2002; La Manna et al., 2021; La Manna et al., 2018).

The small peptides with anticancer activity containing specific
amino acid sequences, are selective and toxic to cancer cells (Tyagi et al.,
2015). They are a promising solution as therapeutic agents compared to
antibodies and small molecules due to their high selectivity, high
penetration and easy modifications (Thundimadathil, 2012; Vlieghe
et al., 2010; Otvos, 2008). In addition, their degradation by proteolysis
can be prevented by incorporation of D-amino acids or cyclization
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Fig. 1. H-binding of Imatinib and Nilotinib to Abl.

(Thayer, 2011; Borghouts et al., 2005). The direct use of peptides to treat
cancer is raising more interest in the last years. In fact, their anticancer
activity is the results of different mechanisms that limit tumor growth
involving the inhibition of various biological processes (e.g. angiogen-
esis, protein-protein interactions, enzyme activity, signal transduction
pathways, and cancer-related gene expression) (Rosca et al., 2011;
Karagiannis and Popel, 2008; Kritzer et al., 2005; Mochly-Rosen and
Qvit, 2010; Eldar-Finkelman and Eisenstein, 2009; Tonelli et al., 2005;
Kakde et al., 2011; Zheng et al., 2011). Moreover anti-cancer peptides
act as antagonists which can selectively bind specific receptors (Corne-
lio et al., 2007; Sotomayor et al., 2010), and induce apoptosis in tumor
cells (Smolarczyk et al., 2006; Ellerby et al., 1999; Walensky et al., 2004;
Hoskin and Ramamoorthy, 2008; Rodrigues et al., 2009; Droin et al.,
2009).

Protein tyrosine kinases, are important regulators of several biolog-
ical processes, and their abnormal activity has been identified as key
factors in many human diseases, including cancer, diabetes, and
neurodegenerative disorders (Blume-Jensen and Hunter, 2001; Cohen,
2002; Saltiel and Pessin, 2002; Neduva and Russell, 2006; Remenyi
et al., 2005; Remenyi et al., 2006). For these reasons they are attractive
targets for new drugs and peptides design. Among tyrosine kinases, in
the last decades, it has been deeply investigated the Ber-Abl-tyrosine
kinase in Chronic Myeloid Leukemia (CML) (Hunter, 1997; Patarca,
1996; Al-Obeidi and Lam, 2000; Druker et al., 1996; Druker et al., 2001;
Lam et al., 1995; Al-Obeidi et al., 1998; Goldman and Melo, 2001;
Sawyers, 1999; Pophali and Mrinal, 2016; Deininger et al., 2000;
Goldman, 2000). Four Ber-Abl chains are gathered in close proximity,
and it is easy for the kinase domains to attach phosphates to neighboring
Bcer-Abl chains activating them. The result is the overexpressed protein
production and the uncontrolled growth of the myeloid cells (Goodsell,
2005; Ganguly and Plattner, 2012; Wang and Pendergast, 2015).

Imatinib was the first Abl-tyrosine kinase inhibitor (STI571 - Glee-
vec, Novartis, Basel, Switzerland) approved by the Food and Drug
Administration (FDA) in 2001, followed by other similar drugs such as
Dasatinib, Nilotinib, Bosutinib and Ponatinib (LeMarbre et al., 2007;
Aghel et al., 2017; Rossari et al., 2018). This drug’s family works as
competitive inhibitor of ATP’s binding to Bcr-Abl-tyrosine kinase. These
drugs interact with the enzyme when it is inactive, and the activation
loop is closed and the peptide substrate cannot go in the active site and
bind to C-lobe disturbing the first stage of protein synthesis catalysed by
Ber-Abl (Reddy and Aggarwal, 2012). In detail, Imatinib and Nilotinib
prevent ATP from binding to Abl domain via six and four hydrogen in-
teractions respectively (Fig. 1). Molecular dynamics simulations
revealed the existence of intermediate state in Bcr-Abl between active
and inactive form which is characterized by salt bridge between Glu-286
and Arg-386 (Reddy and Aggarwal, 2012).

Unfortunately, many patients develop resistance to these drugs. In
addition these compounds inhibit also another tyrosine kinase receptor
called c-KIT, which is found in bone marrow stem cells negatively
affecting their division and differentiation, and prolonged treatment
could alter the hematopoiesis and develop anemia as side effect

Table 1

ChemPLP scores of the designed peptides and the reference compounds.
Compound  Structure ChemPLP
1 H-His-His-OH 60.9470
2 H-His-His-His-OH 72.3591
3 H-His-His-Lys-OH 78.0910
4 H-His-Lys-His-OH 69.9312
5 H-Lys-His-Lys-OH 78.7264
6 H-Lys-Lys-OH 64.8408
7 H-Lys-Lys-Lys-OH 85.3253
8 H-Lys-Lys-2-amino bicyclo[2.2.1]heptane-2-carboxylic 80.2276

acid

9 H-Lys-Lys-His-OH 79.1934
10 Imatinib 94.9644
11 Nilotinib 108.0341
12 Bosutinib 90.4119
13 Ponatinib 112.6931
14 Bafetinib 110.2151

(LeMarbre et al., 2007).

The development of new Abl inhibitors as potential drug candidates
is the starting point of this work. By analyzing the structure-activity
relationships and enzyme-inhibitor interactions, new peptide struc-
tures were design, synthesis and biological evaluated in vitro in six
different cell lines of CML, breast cancer and glioblastoma.

2. Materials and methods
2.1. Peptide synthesis and characterization

The protected amino acids and Fmoc-Rink Amide 4-Methylbenzhy-
drylamine (MBHA) Resin were purchased from Iris Biotech (Ger-
many). All other reagents and solvents were analytical or High
Performance Liquid Chromatography (HPLC) grade and were bought
from Merck (Germany). The Liquid chromatography-mass spectrometry
(LC/MC) spectra were recorded on a Linear Ion Trap Mass Spectrometer
(LTQ XL), Thermo Corporation, USA. The optical rotation was measured
on automatic standard polarimeter Polamat A, Carl Zeis, Jena.

The conventional solid-phase peptide synthesis based on Fmoc (9-
fluorenylmethoxycarbonyl) chemistry was employed to synthesize
target compounds.

Rink-amide MBHA resin was used as a solid-phase carrier to obtain
C- terminal amides. To prepare the peptides with C-terminal carboxyl
group we used Wang resin. TBTU (2- (1H-benzotriazole-1-yl) -1,1,3,3-
tetramethyluronium tetrafluoroborate) was used as a coupling reagent.

Three-functional amino acids were embedded as follows: Lys as Na-
Fmoc-Lys(Boc)-OH, Arg as Noa-Fmoc-Arg(Pbf)-OH. The coupling re-
actions were performed, using for amino acid/TBTU/1-
Hydrozybenzotriazole (HOBt)/ N, N-Diisopropylethylamine (DIEA)/
resin a molar ratio 3/3/3/9/1 or amino acid/ N,N’-Diisopropylcarbo-
diimide (DIC)/HOBt/resin a molar ratio 3/3/3/1, respectively. The
Fmoc-aNH-group was deprotected by treatment with 20% piperidine
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solution in dimethylformamide.

The coupling and deprotection reactions were checked by the Kaiser
test. The cleavage of the synthesized peptide from the resin was done,
using a mixture of 95% trifluoroacetic acid (TFA), 2.5% triisopropylsilan
(TIS) and 2.5 % water. The peptide was obtained as a filtrate in TFA and
precipitated with cold dry ether. The precipitate was filtered, dissolved
in water and lyophilized to obtain the crude peptide. The peptide purity
was monitored on a RP-HPLC XTera C18 3.5 pm (125 x 2.1mm) (Waters
Co.) column, flow 200 pl/min, using a linear binary gradient of phase B
from 10% to 90% for 15 min (phase A: 0.1% HCOOH/H,0; phase B:
0.1% HCOOH/ Acetonitrile) The compounds were checked by electro-
spray ionization mass spectrometry. The analytical data for the syn-
thesized peptides is shown in Table 1.

2.2. Hydrolytic stability

Hydrolytic stability of targeted compounds was studied in a model
system, which mimics pH values in the blood plasma. Model solution
used for determination of hydrolytic stability was prepared according to
the European Pharmacopoeia, 6th Edition, as follows: Buffer with pH 7.4
—2.38 g NapHPOy, 0.19 g KHyPO4 and 8.0 g NaCl was dissolved in dH20.
The obtained solution was made up to 1000.0 mL with dH20. All
analysis were monitored on Perkin-Elmer Series 200 HPLC with UV
Detectors, column Hypersil GOLD C18 100 x 3 mm, 5 pm with isocratic
mobile phase containing acetonitrile-water 35:65 (v/v), elution rate: 0.9
mL/min, room temperature, scanning wavelength 190 nm, injected
volume 20 L. Hydrolytic stability of all newly synthesized molecules
was monitored for a period of 72 hours, and they all were completely
stable in the test conditions.

2.3. Molecular docking

Protein preparation. The X-ray structure of wild-type Ber-Abl (pdb
code: 30XZ) (Zhou et al., 2011) was retrieved from the Protein Data
Bank (PDB). The hydrogen atoms were added and the water molecules
were removed.

Dataset. The dataset consists of 9 novel peptidomimetic molecules
designed to mimic the structure of Imatinib. They were built and mo-
lecular mechanics (MM) optimized (MM+ force field) applying steepest
descent with root mean square (RMS) gradient of 0.1 kcal/(Amol) as
implemented in HyperChem 8.0.6 (HyperChem 8.0.6, 2022). The
structures of the reference compounds Imatinib, Nilotinib, Bosutinib,
Ponatinib and Bafetinib were retrieved from DrugBank (Wishart et al.,
2006, Jan 1) and MM optimized.

Molecular docking by GOLD. The X-ray structure of Ber-Abl was used
as a protein target in the docking simulations by GOLD v.5.2.2 software
(GOLD Suite v5.2.2.2, 2022; Liebeschuetz et al., 2012). The docking of
the novel and the reference compounds was performed at the following
settings: ChemPLP scoring function, flexible ligand, rigid protein, radius
of the binding site 6A. ChemPLP incorporates protein-ligand in-
teractions (attractive and repulsive contacts, hydrogen bonding, lipo-
philic interactions, acceptor-metal bonding) and clashes. Recent
validation tests have shown it to be generally more effective than the
other scoring functions for both pose prediction and virtual screening
(Liebeschuetz et al., 2012). This scoring function is the default for GOLD
version 5.1 and later. Each run generated 100 binding poses; the highest
scored pose was selected for each molecule.

Molecular docking by AutoDock Vina. Studied chemical structures
were built by ChemBioOffice 2010 (ChemBio3D Ultral2.0). Ligand free
energy was minimized using MM2 force field and truncated New-
ton-Raphson method. Crystallographic structure of Ber-Abl kinase was
taken from the Protein Data Bank of Research Collaboratory for Struc-
tural Bioinformatics (PDB ID: 30XZ). Inhibitor and water molecules
were removed and polar hydrogens were added. Docking of ligand to
enzyme has been done by using AutoGrid 4 and AutoDock Vina soft-
wares (Trott and Olson, 2010; Russo et al., 2016). AutoDock Vina
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automatically calculates the grid maps and clusters the results in a way
transparent to the user. The ligands were ranked using an energy-based
scoring function and a grid-based protein-ligand interaction was used to
speed up the score calculation. The most promising interaction models
were chosen and for them hydrogen bounds lengths were measured.

2.4. Biological study

Cell culture. The antileukemic effects were evaluated in two chronic
myeloid leukemia derived cell lines, namely AR-230 and K-562,
expressing the fusion Ber-Abl oncoprotein with tyrosine kinase activity
(Koeffler and Golde, 1980; Wada et al., 1995). The cell lines used were
grown as suspension cell cultures under standard conditions: RPMI -
1640 medium enriched with 10% fetal calf serum (FCS) and L-glutamine
(2.5 mg/mL); humidified atmosphere with 5% carbon dioxide at 37°C
(in an incubator). The leukemic lines were maintained in exponential
growth phase by cell suspension removal and supplementation with
fresh growth medium 2-3 times a week.

MDA-MB 231 and MDA-MB 468 Human Adenocarcinoma Cell Lines
purchased from American Type Culture Collection (ATCC® HTB26™
and ATCC® HTB 132™, respectively) were culture in RPMI 1640 me-
dium (Gibco) supplemented with 10% Foetal Bovine Serum (FBS)
(Gibco) and 1% Penicillin-Streptomycin mixture (Pen/Strep) (Gibco,
100 U/ml -100 ug/mL). U87 Human Glioblastoma Cell line purchased
from ATCC (ATCC® HTB-14™) were cultured in a-MEM nucleosides w/
o0 ascorbic acid medium (Gibco) added with 10% FBS and 1% Pen/Strep.
U118 Human Glioblastoma Cell line purchased from ATCC (ATCC®
HTB-15™) were cultured in DMEM High Glucose with pyruvate (Gibco)
supplemented with 10% FBS and 1% Pen/Strep. Cell cultures were kept
in an incubator at 37°C under controlled humidity and 5% CO5 atmo-
sphere conditions. Cells were detached from culture flasks by trypsini-
zation and centrifugated. The cell number and viability were determined
by Trypan Blue Dye Exclusion Test. All cell handling procedures were
performed under a laminar flow hood in sterility conditions.

Peptide structures testing. A broad screening of E1, E2, E3, EN1, EN2
and EN3 on all cell lines was performed by testing various peptide’s
concentrations: 400 uM, 200 uM, 100 uM, 50 uM, 25 uM with AR-230
and K-56 cell lines; 300 uM, 200 uM, 100 pM, 50 pM, 25 pM, 10 uM, 5
uM, 1 uM and 0.5 uM with MDA-MB 231, MDA-MB 468, U87 and U118
cell lines. The peptides were resuspended firstly in MilliQ water and then
diluted in cell culture (35x for 300 uM up to 5200x for 0.5 uM). Bio-
logical analyses on cells were performed 72 h after peptides’ addition to
the cell culture. Moreover, U87 cell line was subsequently selected for
deeper analysis of cell apoptosis, migration and morphology after 72 h
of exposure to EN1, EN2 and EN3 drugs at 100 uM concentration. Cells
only were used as control group.

Cell viability Assay. The cellular viability of the leukemic cells was
assessed by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) reduction assay (Mosmann, 1983) with slight
modifications (Konstantinov et al., 1999). In brief, exponentially
proliferating cells were plated in 96- well flat-bottomed microplates
(100 pl/well) at a density of 1.5 x 105 cells per ml and after 24h in-
cubation at 37°C they were exposed to a range of concentrations of the
tested compounds for 72 h. For each concentration a set of at 8 wells was
used. After the treatment period 10 ul MTT solution (10 mg/ml in PBS -
Phosphate-buffered saline) aliquots were added to each well and the
microplates were further incubated for 4h at 37°C. Thereafter the MTT
formazan crystals formed were dissolved through addition of 100
pl/well 5% formic acid solution in 2-propanol. The MTT-formazan ab-
sorption was measured using Beckman-Coulter DTX800 multimode
microplate reader at 580 nm. Cell survival fractions were normalized as
percentage of the solvent-treated control. In addition, IC50 values were
derived from the concentration-response curves, using non-linear
regression analysis (Curve fit, GraphPad Prizm software).

MDA-MB 231, MDA-MB 468, U118 and U87 cells were seeded 5.0 x
103 cells/well in 96 well-plates. Twenty-four hours after seeding, the
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peptides were added to the cell cultures. Cell viability was performed by
MTT assay after 72 h according to the manufacturer’s instructions.
Briefly, MTT reagent [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide] (5 mg/mL) was dissolved in Phosphate Saline Buffer
1X (PBS 1X). At the time point, the cells were incubated with 10% media
volume MTT solution for 2 h at 37°C, 5% CO2 and controlled humidity
conditions. The media was removed and substituted with Dimethyl
Sulfoxide (DMSO) (Merck) dissolving formazan crystals. After 15 min of
incubation under slight stirring conditions, the absorbance of formazan
was observed at 570 nm by using the Multiskan FC Microplate
Photometer (Thermo Scientific). The values of absorbance are directly
proportional to the number of metabolic active cells in each well. Two
different experiments were performed and each sample was analyzed in
triplicate (N=6).

ELISA assay. The hallmark for apoptosis DNA fragmentation pattern
was examined using a commercially available ’Cell-death detection’
ELISA kit (Roche Applied Science). This assay allows semi-quantitative
determination of the histone-associated DNA-fragments. In brief, expo-
nentially proliferating AR-230 cells were treated with equieffective
concentrations of the tested agents and afterwards cytosolic fractions of
1 x 104 cells per group (treated or control) were utilized as antigen
source in a sandwich ELISA with primary anti-histone antibody-coated
microplate and a secondary peroxidase-conjugated anti-DNA antibody.
The photometric immunoassay for determination of the histone-
associated DNA fragments was carried out according to the manufac-
turers’ instructions at 405 nm, using a Beckman-Coulter DTX800
multimode microplate reader. The results are expressed as oligonu-
cleosomal enrichment factor (arbitrary unit representing a ratio be-
tween the absorption in the treated vs. the solvent-treated control
samples).

Western blotting. 5.0 x 104 U87 cells per well were seeded in a 6
well-plate and exposed for 72 h to 100 uM concentration of EN1, EN2
and EN3 peptides. Cells only was used as a negative control. Briefly, cells
were washed in PBS 1X and lysed in 100 uL/well Radio-
immunoprecipitation Buffer (RIPA Buffer) supplemented with protein-
ase inhibitor cocktail (Cell Signaling). Protein concentration of each
lysate supernatant was determined by a colorimetric assay (DC Protein
Assay Kit, Bio-Rad), following the manufacturer’s instructions. Equal
amounts of total protein (20 pg) were loaded, separated at 200 V for ~
45 min using 4—15% SDS-PAGE Stain-free protein gel (SDS PAGE Mini-
PROTEAN TGX, Bio-Rad) and transferred by electrophoresis to a nitro-
cellulose membrane (Trans-Blot Turbo™, Bio-Rad). The membranes
were washed in a solution of PBS 1X and 0.1% Tween 20, blocked with
2,5% skim milk for 40 min and incubated overnight at 4°C under soft
agitation with primary antibodies: Pro-caspase 3 (Thermo Fisher Sci-
entific MA1-41163, 2 ng/mL) and Actin (Invitrogen MA5-11869, 0.5 pg/
mL) as the internal control. The membranes were washed and incubated
with Goat Anti-Mouse IgG (H + L)-HRP Conjugate (Bio-Rad, 1:3000) for
Pro-caspase 3 detection and with Goat Anti-Rabbit IgG (H + L)-HRP
Conjugate (Bio-Rad, 1:3000) for Actin detection. One experiment with
three biological replicates was performed. Bands were visualized by
enhanced chemiluminescence (ChemiDOC XRS+, Bio-Rad) and
analyzed with ImageLab software by applying Pro-caspase 3 bands
normalization respect to Actin ones.

Apoptosis-DNA Ladder Kit. U87 cell line was seeded in T25 flasks
(2.0 x 106) and exposed to 100 uM concentration of EN1, EN2 and EN3
peptides for 72 h. For apoptotic DNA evaluation, Apoptosis-DNA Ladder
kit (Sigma) was performed following the manufacturer’s instructions.
Cells only group was used as negative control and U937 lyophilized
apoptotic cells kit, provided by the manufacturer, was used as positive
control. Briefly, total extract and purification of genomic DNA were
performed and DNA was eluted in 100 pL Elution Buffer. The DNA of
each sample was mixed with loading buffer (Merck) and then analysed
by native agarose gel (1%) electrophoresis (1.5 h at 75 V voltage). The
gel was visualized onto a UV light source and photograph by using the
ChemiDOCX (Bio-Rad). One sample/group was analyzed.
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Cell morphology evaluation. Morphology was evaluated by per-
forming fluorescent analysis. In order to visualize actin filaments, cells
(2.5 x 10* cells/well in 24 well-plate) exposed to 100 uM concentration
of EN1, EN2 and EN3 drugs for 72 h were washed with PBS 1x for 5 min,
fixed with 4% w/v paraformaldehyde (PFA) for 15 min and washed with
PBS 1x for 5 min. Permeabilization was performed with PBS 1x with
0.1% (v/v) Triton X-100 for 5 min. F-actin filaments were highlighted
with a red fluorescent solution of Rhodamine Phalloidin (Actin Red 555
Ready Probes™ Reagent, Invitrogen) for 30 min incubation at room
temperature (Martin et al., 2017). Cells were washed with PBS 1x for 5
min and incubated with nuclear stain DAPI (4,6-dia-
midino-2-phenylindole; Invitrogen) 300 nM in PBS 1x for 5 min. The
nuclear morphological changes in apoptotic cells were also evaluated.
Apoptotic cells were identified by condensation of chromatin and/or
nuclear fragmentation (Lazebnik et al., 1993,Plotkin et al., 1999). The
images were acquired by using an Inverted Ti-E Fluorescent Microscope
(Nikon). One well/sample was performed (N=1).

Scratch Assay. The migration ability of U87 cell line was evaluated
by performing the scratch assay during the 72 h exposure to 100 uM
concentration of EN1, EN2 and EN3, by using cells only as a negative
control (Liang et al., 2007). Cells were seeded 2.5 x 10* cells/well in 24
well-plate. After 24 h, the cell monolayer was scraped in a straight line
to create a “scratch” with a p1000 pipet tip, then cells were washed by
PBS 1X to remove cell debris, and cell culture medium containing drugs
was added. A first image of the scratch was acquired at time 0, and then
after 24, 48 and 72 h by an Inverted Ti-E Fluorescent Microscope
(Nikon). For each image acquired, distances between one side of scratch
and the other were measured and analyzed quantitatively by using
ImageJ software. The results were graphically represented and statisti-
cally analyzed by using GraphPad Software (8.0.1 version). In addition,
at each time points, cells were fixed with 4% w/v paraformaldehyde
(PFA) and cell nuclei stained following the procedure described in “cell
morphology evaluation” section, and the images were acquired by using
an Inverted Ti-E Fluorescent Microscope (Nikon).

2.5. Statistical analysis

The results of MTT assay were elaborated by performing two-way
analysis of variance (ANOVA) tests and were analyzed by using Dun-
nett’s multiple comparisons test as a post-hoc test. Whereas a multiple T-
test, Holm-Sidak method, with alpha = 0.05, was used to compare
Scratch assay data. The results were expressed as mean =+ standard error
of the mean (SEM) plotted on the graph. Statistical analyses were per-
formed by GraphPad Prism software (version 8.0.1, GraphPad Software,
San Diego, CA, USA).

3. Results and discussion

The design of the new peptides with potential Abl inhibitory activity
was based on structural units of Imatinib and Nilotinib, through which
they interact with Ber-Abl-tyrosine kinase. Imatinib and Nilotinib are
competitive inhibitors of ATP for its binding site in Abl molecule. They
form H-bonds with Met-318, Thr-315, Glu-286 and Asp-381. Imatinib
makes two additional H-interactions with Ile-360 and His-361 (Weis-
berg et al., 2006; Weisberg et al., 2019; Savage and Antman, 2002).
When a molecule of ATP goes into a specific binding pocket of Ber-Abl
the peptide substrate gets activated by the phosphorylation of one of
its tyrosine residues interacting with other downstream effector mole-
cules. When Imatinib occupies the place of ATP in the kinase pocket, the
transfer of a phosphate group to the peptide substrate is getting
impossible so no protein pro-duction catalyzed by Bcr-Abl will happen
(Savage and Antman, 2002).

3.1. Molecular docking using GOLD Suite v5.2.2.2

In this study novel peptides were designed to act in a similar way of
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Fig. 2. Overlapped complexes Ponatinib (yellow)-Bcr-Abl (grey) and com-
pound H-Lys-Lys-Lys-OH (magenta)-Bcr-Abl (grey).

Table 2
Binding free energy (AG) of the synthesized peptides.

Compound Structure Gibbs free energy (AG) kcal/mol
El H-Arg'-Lys*Lys>-Lys*-OH 6.9

E2 H-Phe!-Phe® Lys®-Arg*-NH, 6.9

E3 H-Phe'-Lys?-Lys>-Arg*-NH, -6.7

EN1 H-Lys'-Lys*Lys>-Phe*-OH -7

EN2 H-Arg'-Lys*Lys®-Phe*-OH 7.1

EN3 H-Lys!-Lys>-Lys>-NH, 7.3

7 H-Lys-Lys-Lys-OH -6.7

Abl-tyrosine kinase inhibitors (i.e. Imatinib, Nilotinib, Bosutinib,
Ponatinib, and Bafetinib), used as starting point for the molecular
docking analysis.

The potential inhibitory activity of the peptides was performed by
molecular docking using GOLD Suite v5.2.2.2. CCDC Software Ltd.
Cambridge, UK. The X-ray coordinates of Bcr-Abl were used as a protein
grid in the docking simulations by GOLD v.5.2.2 software (Zhou et al.,
2011; HyperChem 8.0.6, 2022; Wishart et al., 2006, Jan 1; GOLD Suite
v5.2.2.2, 2022). The ChemPLP scores of the docked compounds are
given in Table 1 (the higher ChemPLP score corresponds to a better
binding). The designed peptide structures showed lower ChemPLP
scores than the reference compounds. The compound H-Lys-Lys-Lys-OH
(compound 7 from the Table 1) showed the highest score

The overlapped structures of the complexes Ponatinib-Ber-Abl and
compound H-Lys-Lys-Lys-OH -Bcr-Abl showed that the inhibitors bind
similarly in the binding site but compound H-Lys-Lys-Lys-OH (7) is
shorter and makes fewer contacts with the enzyme than Ponatinib
(Fig. 2). This could explain the lower ChemPLP score of this compound
in comparison with Ponatinib.

We suppose that the expansion of the peptide structure will improve
the binding affinity of the new inhibitors. That is why we chose the
compound H-Lys-Lys-Lys-OH as the basic compound and designed a new
series of lysine based tetrapeptides with expected biological activity.

3.2. Molecular docking by AutoDock Vina

On the base of preliminary docking simulations by GOLD v.5.2.2
software we selected H-Lys-Lys-Lys-OH as a leading compound and we
designed and synthesized a new series of oligopeptides. Firstly, we have
synthesized the compound that includes three lysine residues and that
gives the highest ChemPLP scores. We decided to include the diamino
acid lysine (Lys) in the designed peptides due to a similar spatial
arrangement. The distance between the two nitrogen atoms bound to
Thr-315 and Met-318 in the molecules of Imatinib and Nilotinib is 5

Fig. 3. Interaction of EN2 (A1, A2) and EN3 (B1, B2) with Bcr-Abl according to
molecular docking analysis. In detail: A1 and A2, EN2 was found to form 4
hydrogen bonds with Ber-Abl: phenylalanine carbonyl oxygen atom with amide
NH of Ser-385 (2.088108), side -NH2 group of first lysine (Lys at position 2) with
side CO Glu-286 (2.065A), NH from the peptide bond between Argl and Lys2
with carbonyl oxygen of Asp-381 (2.122A) and NH of arginine with carbonyl
oxygen of Val-379 (2.072A). B1 and B2, in EN3 3 H-bonds were detected: one
between amino group of C-terminal amide of EN3 and carbonyl oxygen atom of
side chain of Glu-286 (2.093108), second one between side amino group of Lys at
position 2 of EN3 and carbonyl oxygen atom of Ile-360 (1.956A), and the last
one between second lysine peptide NH and CO Asp381 (2.098A).

atoms (4 carbon and one nitrogen). Molecular docking binding to Ber-
Abl protein by using AutoGrid 4 and AutoDock Vina softwares were
also performed. Results of molecular docking analysis are presented in
the Table 2.

Based on the results from Table 2, EN2 and EN3 were identified as
the most promising inhibitors of Ber-Abl tyrosine kinase. For these
compounds mode and type of interactions were inquired. The presence
of two aromatic rings in the molecules of Imatinib and Nilotinib led us to
include the amino acid phenylalanine (Phe) in the designed structures.
The introduction of Phe at the N-terminus (E2 and E3) proved to be
insignificant in contrast to its introduction at the C-terminus (EN1 and
EN2) (Fig. 3 Al, A2)

The combination of Arg at position 1 and Phe at the C-terminus
seems promising, because peptide EN2 forms 4 hydrogen bonds with the
Ber-Abl tyrosine kinase due to the presence of a guanidine residue that
effectively interacts with carbonyl oxygen of Val-379 (2.072A) from the
Abl molecule (Fig 3A). In addition, arginine and lysine are basic amino
acids and can easily form H-bonds with Glu-286. In case of EN3 (Fig. 3B)
3 H-bonds were detected: one between amino group of C-terminal amide
of EN3 and carbonyl oxygen atom of side chain of Glu-286 (2.093A),
second one between side amino group of Lys at position 2 of EN3 and
carbonyl oxygen atom of Ile-360 (1.956A), and the last one between
second lysine peptide NH and CO Asp381 (2.098A).

The results showed that Arg-moiety of EN2 doesn’t interact with Glu-
286 as we have expected but with Val-379. The bond between amino
group of C-terminal amide of EN3 and carbonyl oxygen atom of side
chain of Glu-286 gives a confirmation that amide function is better than
carboxylic group. The bonds between side -NH2 group of Lys at position
2 in EN2 with side CO Glu-286 and between side amino group of Lys at
position 2 of EN3 and carbonyl oxygen atom of Ile-360 suggest that
lysine should stay in the design element in further studies of new Abl
inhibitors.

Compound EN3 was obtained as the C-terminal amide in order to
prevent enzyme degradation. We expected that the amide function
might interact more efficiently with the Ber-Abl tyrosine kinase. This
was confirmed by the better results in the study of biological activity
(see below). The U87 cell line seems to be more affected by the presence
of this peptide (Fig. 5). The introduction of highly hydrophilic Arg into
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Table 3
Structures and characteristics of the synthesized peptides. Mm molecular mass;
RT- retention time; *specific rotation [a] in water (c = 1).

European Journal of Pharmaceutical Sciences 176 (2022) 106249

Table 4
Cytotoxic effects of the tested compounds as assessed by the MTT-dye reduction
assay after 72 h treatment.

Compound Molecular Mm exact [MH] * RT ©)* Compounds ICs0 (uM)
Name Formula Observed (min) AR-230 K-562
El Co4Hs7N100g 558.7252 558.4246 0.33 -32 El 184.2 207.7
E2 C30Hs0NgOg 595.7457 596.3720 0.73 -22 E2 157.2 135.0
E3 Co7Hs56NoOg 576.7433 577.3987 0.35 -6 E3 202.0 122.7
EN1 Cy7Hs5N700 549.7142  550.3710 1.71 +30 EN1 194.2 169.6
EN2 Co7Hs54NoOg 577.7276 578.3772 1.73 +18 EN2 124.5 203.0
EN3 C;8H39N703 401.5533 402.3184 1.62 -6 EN3 41.09 179.0

Imatinib 0.817 0.622

the N-terminus of lysine-based tetra peptide (E1) does not significantly
form.

affect biological activity. Molecular docking and simulation binding to
Abl protein showed that this peptide formed only two Hydrogen bonds
with Ber-Abl tyrosine kinase (Fig. 1S Supplementary Materials). This
could explain the low biological activity (Section 3.4).

Peptide EN2 reduces the cell viability by a higher percentage after 72
h of treatment of cells at concentrations above 50 pM. In comparison to
Imatinib and Nilotinib which bind to NH-amide of Asp381 of Abl, the
compounds EN1, EN2 and EN3 take part in H-interactions with carbonyl
moiety of side chain of Asp381. E1, EN2 and EN3 bind to the carbonyl of
side chain of Glu286 in the same way as Imatinib and Nilotinib. E2, E3
and EN3 bind to amide CO of 11e360 like Imatinib. H-bindings to Ser385,
Glu282 and Val379 are made by some of studied peptides but are not
described up to now in Imatinib and Nilotinib interactions.

The results show that the approach is correct, but the structures of
the designed molecules need to be significantly optimized. The objective
of ongoing docking is to look for relation between the found biological
activity of the tested substances, and the results obtained from docking
allow the design of new analogues with targeted biological activity.

3.3. Peptide synthesis

The compound 7 H-Lys-Lys-Lys-OH showed the highest score
(ChemPLP 85.3253) close to Imatinib (ChemPLP 94.9644) (Table 1).
This gave us the reason to design a new series of lysine-based peptides.

In order to study the effect of the amino acids Lys, Phe and Arg, we
synthesized, purified and analyzed a series of new peptides.

The presence of each amino acid in the peptide design resembles
building blocks of Imatinib and Nilotinib aiming to prevent a salt bridge
formation in Abl intermediate states keeping the enzyme in its inactive

AR-230 cells
100 #—]
£
§ 754
2 -~ E3
E 50 - E2
] - E1
5 254
ES
o+—
[} 110 100 1000
Concentration (pM)
K-562 cells
10084—
g
‘é 754
T - E3
§ 50 - E2
= -- E1
5 254
B
0+— I——!
0 110 100 1000

Concentration (uM)

Phenylalanine is included in order to perform hydrophobic in-
teractions with Abl.

Arginine is expected to bind to Glu-286 of Abl disturbing a salt bridge
formation be-tween Glu-286 and Arg-386 in Abl structure.

The peptides were synthesized by standard solid phase peptide
chemistry methods — Fmoc strategy. Some of the peptides (E2, E3, EN3)
were synthesized as C-terminal amides in order to prevent enzyme
degradation (Kim and Seong, 2001). The compounds were checked by
LC-electrospray ionization mass spectrometry. The analytical data of
synthesized peptides are reported in Table 3.

The hydrolytic stability of newly synthesized peptides was moni-
tored for a period of 72 h in model buffer solution at pH values that
mimic the pH in the blood plasma (pH 7.4) of the human body. They all
were completely stable in the test conditions.

3.4. Biological studies

In order to verify the biological activity of the synthesized com-
pounds, several cell lines were used. We started with CML cell lines (AR-
230 and K-562) due to their well-known behavior when treated with
tyrosine kinases inhibitors such as Imatinib, Nilotinib. Then we tested
the new compounds also in solid tumor-derived cell lines (MDA-MB 231;
MDA-MB 468; U87; U118). In fact, although several FDA-approved
drugs targeting ABL kinases (e.g. Imatinib, Nilotinib) have been tested
for the treatment of breast tumors and/or glioblastoma, their effec-
tiveness is not well established due to the complexity of signaling
pathways activated in solid tumors, the emergence of therapy resistance,
and the fact these inhibitors have multiple cellular targets (Greuber

AR-230 cells
100 #—
£
§ 754
2 -o- EN3
E 504 - EN2
= -= EN1
5 251
S
0+—
0 110 100 1000
Concentration (uM)
K-562 cells
100%—
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% 504 - EN2
2 - EN1
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0+— P
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Concentration (uM)

Fig. 4. Concentration-response inhibitory curves of the tested compounds as assessed by the MTT-dye reduction assay after 72 h treatment.
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Table 5
Apoptotic DNA-fragmentation in AR-230 cells as assessed by Cell death detec-
tion ELISA™ Kit.

Exposure Enrichment factor

E2 E3 EN3
% ICs (for 24 h) 2.11 + 0.24* 1.99 + 0.20* 2.34 £+ 0.31%*
ICso (for 24 h) 2.78 £ 0.17** 2.92 + 0.25%* 3.17 £ 0.14**

et al., 2013; Colicelli, 2010).

The synthetized peptides caused a concentration-dependent inhibi-
tion of the proliferation in the chronic myeloid leukemia derived cell
lines AR-230 and K-562 after 72 h exposure. The concentration-response
curves are presented in Fig. 4, and the IC50 values are summarized in
Table 4. In AR-230 cells the most pronounced inhibitory activity is
documented with EN3, EN2 and E2. In K-562, the lowest IC50 values
were obtained for compounds E2 and E3. However the IC50 values are
far from the Imatinib’s value revealing a low biological activity in CML
cell lines (Table 3; Fig. S2 in Supplementary Materials).

A mechanistic study to delineate the apoptogenic effects of the
studied series showed that when administered at equieffective concen-
trations (fractions of IC50), compounds E2, E3 and EN3 caused an in-
crease in the levels of histone-associated DNA fragments in the cytosole
of treated AR-230 cells (Table 5). These data indicate that the inhibitory
effects of the tested compounds against chronic myeloid leukemic cells
are at least partly mediated by induction of apoptotic type programmed
cell death.

Although it is well-known that ABL kinases are present also in solid
tumors, less is known about their specific role. In addition, in contrast to
the success of tyrosine kinases inhibitor therapies for the treatment of
CML, the use of the ATP-competitive inhibitors such as imatinib, nilo-
tinib and dasatinib has not achieved similar success for the treatment of
solid tumors probably due to the heterogeneous nature of solid tumors,
which often have acquired mutations in multiple tumor promoting
pathways (Greuber et al., 2013; Colicelli, 2010). To verify if the new
compounds could be more promising anti-cancer therapy in solid tumor
respect CML, we tested the biological effect of the new peptide se-
quences in breast cancer and glioblastoma. In detail two breast cancer
cell lines (MDA-MB 231 and MDA-MB 468) derived from triple-negative
breast cancers (TNBC) characterized by poor prognosis compared to
other subtypes due to their aggressive nature that lead to metastatic
behavior, were employed (Wojtowicz et al., 2020). In addition two other
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cell lines (U118 and U87), derived from the most common malignant
glioma in adults with high invasive nature and a high mortality rate
were used in the biological studies (Zhang et al., 2016; DeAngelis,
2001). The responsiveness to Imatinib of these cells is known in litera-
ture, (Maher et al., 2001; Kadivar et al., 2018; Lo et al., 2011) and
confirmed by our preliminary evaluation reported in Fig. S3 in Supple-
mentary Materials.

An initial screening was performed in order to assess in vitro the cell
cytotoxicity of the peptides. Cells, cultured in contact with different
concentration of peptides (from 0.5 uM up to 300 uM), were analyzed
after 72 h by MTT test, and the cell viability was compared to cells only
used as control group. The low concentration of peptides (0.5 uM up to
25 uM) seems to not induce cytotoxicity to all the cell types tested
(Fig. 5). Starting from 50 to 100 pM, we could appreciate a more pro-
nounced dose-dependent cell viability reduction compared to cells only.
In particular U87 cell line seems to be more affected by the presence of
the peptides. In fact, the cell viability was reduced of ~ 40% after 72 h
with EN1, EN2 and EN3 (Fig. 5D; 50 uM EN1 p<0.05, EN2 p<0.01, EN3
p<0.001; 100 uM EN1 p<0.05, EN2 p<0.05, EN3 p<0.01; 200 uM EN1
p<0.05, EN2 p<0.05, EN3 p<0.01; 300 uM ENI p<0.01, EN2
p<0.0001). For these reasons we decided to use this cell line and these 3
peptides for further analysis, and 100 pM was chosen as reference
concentration.
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Fig. 6. (A) ProCaspase 3 protein expression measured by western blotting. The
graph show the ProCaspase 3 level normalized to B-actin. B) DNA ladder

pattern by agarose gel elettroforesis.
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Fig. 5. Cell viability analysis. MTT assay was performed after 72 h of cell culture. The data show the percentage of viable cells compared to cells only as the control,
and the mean =+ standard error of the mean are presented. The graphs show the viability of MDA-MB 231 cell line (A), of MDA-MB 468 cell line (B), U118 cell line (C)
and U87 cell line (D). In detail the following statistically significant differences were detected in U87 cell line comparing the compounds to cells only: 50 uM EN1
p<0.05, EN2 p<0.01, EN3 p<0.001; 100 uM EN1 p<0.05, EN2 p<0.05, EN3 p<0.01; 200 uM EN1 p<0.05, EN2 p<0.05, EN3 p<0.01; 300 uM EN1 p<0.01,

EN2 p<0.0001.
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Fig. 7. Morphological analysis of U87 cell line cultured in the presence of 100 uM EN1 (B), EN2 (C), and EN3 (D) after 72 h. Cells only were used as control group
(A). Phalloidin in red stains for actin filaments and DAPI in blue stains for cell nuclei. Scale bars: 50 um.
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In order to check if the reduction in cell viability was triggered by
apoptosis in response to specific damage induced by the peptides, we
have analyzed by western blot the presence of Pro-Caspase 3 protein due
to its central role in the execution-phase of cell apoptosis (Kamali et al.,
2015; Chandra and Tang, 2009), by DNA ladder kit the presence of the
DNA fragmentation, and by microscopic analysis of DAPI stained cells
the nuclei morphology (Hengartner, 2000). The western blot results
showed only the detection of the full-length of Pro Caspase 3 (Fig. 6A)
with no statistically significantly difference among the peptides
compared to cells only used as control group, indicating that the acti-
vation of the apoptosis process did not occurred. This was also
confirmed by the DNA ladder kit that did not reveal any different pattern
of DNA fragmentation compared to the cells only (Fig. 6B).

In accordance with these results, the DAPI staining analysis of cell
nuclei, visualized by fluorescence microscope, showed the morphology
of cell nuclei treated with the peptides was not different from the control
group and did not exhibit chromatin, condensation and/or nuclear
blebbing, typical apoptotic nuclear alteration (Fig. 7). A further analysis
of actin filaments demonstrated typical cell morphology without aber-
rant differences among the group compared to cells only (Fig. 7).

These results demonstrated that the synthetized peptides did not
trigger the apoptosis process and further investigation will be necessary
to clarify the action mechanism. We assume that the detected activity of
the compounds EN1, EN2, EN3 against U87 cells due to inhibition of
Sarcoma (SCR) kinases, which are overexpressed in Glioblastoma (GBM)
cells including U87, as it was found by Du et al. (Saadat et al., 2015).

An additional investigation was performed to better understand if
the proposed peptides could have a key role in the inhibition of the cell
migration/invasiveness. In fact, one of the clinical distinctive trait of
glioblastoma is extensive infiltration of the tumor surrounding

24h 48h 72h

Fig. 8. In vitro scratch assay. (A) Quantitative
analysis of scratch closure monitored over time.
The scratch area was determined as the scratch
area at a given time relative to the original area.
Data are presented as the means + SEM (N=3).
ENS3 is significantly different compared to the
other groups and cells only at 48 and 72 h (o:
EN3 vs EN1 pvalue < 0.01; EN3 vs EN2 p value
< 0.001; EN3 vs cells only pvalue<0.05. & EN3
vs all the other groups pvalue < 0.01). (B)
Representative images of the scratch assay.
White dotted lined defined the distance be-
tween one side of scratch and the other (~ 650
um). Yellow dotted line indicated the center of
the scratch. Scale bars: 100 um.

parenchyma, that almost never metastasize out of the brain (Du et al.,
2009; Li et al., 2019). Invasion happens along pre-existing structures
such as blood vessels, white matter tracts and the subarachnoid space,
but the mechanisms leading to invasion of glioblastoma, and of tumors
in general, are still not well understood (Vollmann-Zwerenz et al., 2020;
Yelskaya et al., 2013). In vitro scratch assay was used as easy, low-cost
and well-developed method to measure cell migration of U87 cell lines
in contact with EN1, EN2 and EN3 peptide. This method is based on the
observation that, upon creation of an artificial gap, so called “scratch”,
on a confluent cell monolayer, the cells on the edge of the newly created
gap will move toward the opening to close the “scratch” until new
cell-cell contacts are established again (Liang et al., 2007). The cell
cultures were analysed every 24 h for 3 days. In detail the dimension of
the scratch was quantified by using ImageJ software and, starting from
48 h a significant reduction of the migration ability was detected in
group EN3 compared to other groups EN1 (p value < 0.01) and EN2 (p
value < 0.001) and the cells only (p value<0.05). This statistical dif-
ference is maintained at 72 h for all the conditions (p value < 0.01;
Fig. 8A). A qualitative analysis was also performed and presented in
Fig. 8B.

This result, if confirmed with further investigated, will represent the
starting point for the optimization of the peptide sequence in order to
obtain an anti-invasive treatment strategy in aggressive tumor such as
glioblastoma.

4. Conclusions
Lysine-based oligopeptides has been designed and synthesized in

order to act in similar way of the FDA-approved tyrosine kinase in-
hibitors. Biological studies performed on cancer cell lines with Abl over
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expression revealed that the designed peptides possess moderate activ-
ity. The presence of Arg and Phe separately (in E1 and EN1) and together
(in E2, E3 and EN2) is not enough for strong binding to Abl, so the design
of the molecules should be optimized by the inclusion of other amino
acids in search of new Abl inhibitors with anticancer activity. The best
results, obtained with the cell line U87, represent the starting point for
future optimization of the peptide sequence in order to obtain an anti-
invasive treatment therapy in aggressive solid tumor such as
glioblastoma.
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