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Abstract: One of the most dangerous types of breast cancer that can spread from its original location
to neighboring tissues is invasive breast cancer. Cathepsins, a group of proteolytic enzymes, has been
thoroughly investigated in relation to cancer progression and has been shown to be crucial for the
invasion and metastasis of breast cancer cells. A series of new N-alkyl-2-(2-undecyl-1H-
benzimidazol-1-yl)  acetamides were prepared from 2-(2-undecyl-1H-benzimidazol-1-
yl)ethanhydrazide via azide coupling method with a variety of amines. The new compounds were
designed to inhibit proliferation of breast cancer cells based on inhibition of the selectively and highly
expressed cathepsin K. The compounds were tested for their antiproliferative activity on four cancer
cell lines, namely, A549, MDA-MB231, MCF-7, U87, and HEK293 to elucidate their preferential
activity on invasive breast cancer cells. The results showed that most compounds exerted enhanced
activity against MDA-MD231 compared to other cell lines. Compounds 7h, 7i, 7a, and 7j showed the
highest inhibition with ICsos of 17, 27, 38, and 67 pug/ml respectively. Compounds 7a, and 7j showed
the highest selectivity to MDA-MD231 in terms of degree of inhibition. Molecular docking supported
the cathepsin K mediated activity where compound 7i, the most potent compound, showed the best
docking score of -7.126 with a low RMSD to the co-crystallized ligand pose. Molecular dynamics
(MD) simulations demonstrated that 7i maintained stability within the binding pocket with minimal
fluctuations. The postulated lipophilicity impact on activity was evaluated through LLE calculations,
where values for the most active compounds demonstrated that optimal potency was frequently
associated with moderate lipophilicity, as seen in compound 7i (LLE = 2.69). Thus, the developed
compounds are promising antiproliferative agents for invasive breast cancer where a cathepsin
inhibition pathway is implicated.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Introduction

Invasive breast cancer is one of the most aggressive cancers, defined by its ability to spread
beyond its initial location to surrounding tissues. In invasive breast cancer, the tumor cells invade the
basement membrane, meaning they can invade the surrounding tissues, and the risk of metastasis is
high [1]. Understanding the molecular basis of this invasiveness has revealed that lysosomal
proteases, particularly the cathepsin family, are essential for cancer cell invasion and metastasis [2].
Cathepsins, a group of proteolytic enzymes, have been extensively studied in the context of cancer
progression and it has been found to play an essential role in cancer development and in the invasive
process.

Among cathepsins, cathepsins B, D, and L are the most well-studied cathepsins in the context of
cancer invasion and metastasis. They enhance cancer progression through extracellular matrix (ECM)
protein degradation, critical for tumor cell migration and invasion [3-6]. Moreover, cathepsin K is an
endopeptidase which works in both lysosomal and extracellular regions [7]. It has a relatively specific
role in bone remodeling and is primarily limited to osteoclasts [8]. But a preliminary study found that
this protease is expressed in both primary cancer of the breast cells and bone tumors [9,10]. Crucially,
cathepsin K activity is often higher in breast cancer cells, implying that this enzyme plays an
important role in enabling breast cancer cells to spread to bone [7]. One biochemical method by which
cathepsin K stimulates ECM breaking matrix, which leads to breast cancer cell spreading and
metastatic potential [11]. Furthermore, secreted cathepsin K can degrade ECM components [12].

Research has been done on the expression of cathepsin in various breast cancer cell lines, and
the results have shown that the activity of cathepsin differs. The high invasiveness of MDA-MB-231
cells is reflected in the increased activity of cathepsin compared to less invasive lines, for example,
MCF-7 [13]. In hypoxic environments, cathepsin is overexpressed in MDA-MB-231 cells, increasing
their migration and epithelial-to-mesenchymal transition (EMT), thus contributing to their malignant
phenotype [13,14]. On the other hand, MCF-7 cells with low cathepsin levels display limited
invasiveness, therefore underlining the relationship between cathepsin levels and cancer cell
invasiveness.

Studying cathepsin expressions in other types of cancer also provides information about their
oncogenic functions. For instance, cathepsin B is over-expressed in lung adenocarcinoma (A549),
through which it promotes the invasiveness of the tumor [15]; cathepsins B and L are over-expressed
in glioblastoma (U87) through which they facilitate the aggressive invasion into brain tissue [16]. On
the other hand, normal cells (KEK) show relatively low cathepsin levels [17]. Such differential
expression pattern further supports that cathepsins offer a selective advantage to the tumor cells over
normal cells.

Since cathepsins have been observed to be overexpressed in various types of cancer, inhibiting
it may be an effective cancer treatment strategy. Several cathepsin inhibitors have been investigated
as potential anticancer therapeutic agents. These inhibitors prevent the degradation of ECM, and
thereby decrease cancer cell invasion and metastasis [18]. A number of specific cathepsin inhibitors
have shown promise, such as kaempferol, chloroquine, and Pepstatin A [4,15,19].

Moreover, the use of cathepsin inhibitors, together with other cancer treatments, has been seen
to cause cumulative effects. For example, kaempferol exhibits an antiproliferative effect through the
inhibition of cathepsin D. It increases the efficacy of other chemotherapeutic drugs, which may be
potentially helpful for the treatment of highly malignant tumours, including breast cancer and
glioblastoma [20]. These results imply that cathepsin inhibitors may have therapeutic value in cancers
that overexpress cathepsin. Further studies of cathepsin inhibitors are needed to determine the
effectiveness of these compounds in clinical practice and their potential synergism with other
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treatments to enhance patients’ prognosis. As discussed above, cathepsin K represents a good target
for breast cancer given its limited occurrence to osteoclasts under normal conditions and its
overexpression in breast cancer, that would allow suitable selectivity for clinical development.
Relacatib, Balicatib, and Odanacatib, are cathepsin K inhibitors that progressed to clinical trials
phases I, II, and III, respectively (Figure 1). The structures show a common feature of a
peptidomimetic chain on an aromatic scaffold including phenyl, biphenyl, and benzofuran.

I
0=8=0

Balicatib

Relacatib

Figure 1. Structures of cathepsin K inhibitors with highlight in the common structural features.

Benzimidazole is an important class of biologically active compounds showing a wide range of
applications in medicinal chemistry including Anti-inflammatory [21,22], Antihypertensive [23],
anticancer [24-27], antioxidant [28], Anthelmintic [29,30], Antispasmodic [31] and antimicrobial
activities [32-35]. Figure 1 shows the marketed drugs containing benzimidazole ring system.
Benomyl [36] and Carbendazim [37] were used as antimicrobial while Pracinostat (histone
deacetylase inhibitor) [38,39] and Bendamustine (chronic lymphocytic leukemia, multiple
myeloma and lung cancer) were used as antitumour, (Figure 2) [40,41].

The pharmacokinetic properties are also crucial for the drug to reach its site of action and of
utmost importance in case of solid tumors is penetration [42,43]. Based on that, we designed a series
N-1 peptidomimetic substituted and N-2 lauryl substituted benzimmidazoles. We utilized the azide
coupling method described before by our group in the structure modification of a number of
heterocyclic compounds f [44-50]. This method offers the attachment of a wide range of
functionalities ranging from lipophilic to hydrophilic by simple addition of a variety of amines and
amino acids and amino acid esters. Herein, we report on the synthesis and characterization of N-
alkyl-2-(2-undecyl-1H-benzimidazol-1-yl)acetamides and their antiproliferative activity.
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Figure 2. Marketed drugs containing benzimidazole ring system.
2. Results and Discussion

2.1. Compounds Design

The structure of cathepsin K inhibitors that progressed to clinical trials revealed that they have
an aromatic core scaffold substituted with a short peptidomimetic chain (Figure 3). We designed our
compounds to contain benzimidazole, a privilege scaffold in drug discovery, as the core structure
and substituted in position 1 with various peptidomimetic chains. We also considered the
pharmacokinetic properties, especially tissue penetration in our design. Tissue penetration could be
improved through various strategies. Among these strategies is the use of drug lipophilic conjugates
(LCs). Alcohol or amine, glycerides, phospholipids, cholesterol, bile salts, long-chain hydrocarbons,
or analogues of squalene might all be considered lipophilic residues. Lipophilic conjugates can be
utilized to accomplish a range of drug delivery and pharmacokinetic advantages through a number
of methods, including enhancing passive membrane permeability or significantly changing drug-
transporter or drug-metabolic enzyme interactions. Furthermore, improved drug binding to
endogenous lipid carriers such as albumin by lipophilic conjugation may change the way drugs are
metabolized, excreted, and disposed of [51-53]. Therefore, we incorporated a long lipophilic lauric
acid chain in position 2 together with the peptidomimetic structure (Figure 3).

Lauryl
Benzimidazole ‘

%\

~N

b

0™

o <
Peptidomimetic

Figure 3. Compound design of the benzimidazole derivatives.

2.2. Chemical Synthesis

The model compound 2-undecyl-1-H-benzimidazole was prepared by the reaction of 1,2-
phenylene diamine with lauric acid under reflux condition in solvent for 4 h [54]. The structure of
benzimidazole 3 with a pronounced nucleophilic character, reacted with ethylchloro acetate in
acetone under reflux condition for 10 h. and gave methyl 2-(2-undecyl-1H-benzimidazol-1-yl) acetate
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(4) in 93 % yield. The ester 4 subsequently reacted with hydrazine hydrate in ethanol for 10 h. and
gave 2-(2-undecyl-1-H-benzimidazol-1-yl)ethanhydrazide (5) in 85 % yield (Scheme 1).

ethanol, reflux

NH, 10 h. NW
+ CHj3(CHy)1COOH ——— N
H 3

NH, )
1 CICH,COOC,Hs
K,COg, acetone
56 °C, 10 h.
N
\\’/\/\/\/\/\/ N2H4 NW
N
- CONHNH, -— N._coocH,
ethanol, reflux
5 10 h. 4

Scheme 1. Preparation of 2-(2-undecyl-1H-benzimidazol-1-yl)ethanhydrazide (5).

The hydrazide 5 is an excellent precursor for the structure modification of benzimidazole ring
system via azide coupling method. The structure could be modified by the attachment of amine
residues covering a wide range of lipophilic and hydrophilic features through a peptide bond. Thus,
2-(2-undecyl-1H-benzimidazol-1-yl)ethanhydrazide (5) reacted with sodium nitrite and HCl at low
temperatures to afford the in-situ generated azide 6, which subsequently reacted with amines: propyl
amine, butyl amine, isopropyl amine, isobutyl amine, allyl amine, benzyl amine, cyclohexyl amine,
diethyl amine, morpholine and piperidine to give N-alkyl-2-(2-undecyl-1H-benzimidazol-1-yl)
acetamides 7a-j in 68-89 % yield (Scheme 2).

NW NW

N
\—~CONHNH
2 NaNO,/HCI, \—CON,
5 H,0,0 °C, 6
15 min.
NHR‘IRZ N\\’/\/\/\/\/\/
—— N 1R2
ethyl acetate, Q/ N—CONRR
0°C, 12h. 7a-j
7 NR'R2 Abbrev. 7 NR'R? Abbrev. 7 NR'R? Abbrev.
propyl butyl isopropyl
a | NH(CH,),CH3 amine b | NH(CH;);CHj amine € NHCH(CH3), amine

d | NHCH,CH(CH,), 'S°PUY! o | NHCH,CH=CH, 2 7§ HN@ benzy!

amine amine amine
HN cyclohexyl diethyl — _
g O amine . N |  N(CHXCHz), .0 i N_O  morpholine

j N_)  piperidine
Scheme 2. Preparation of N-alkyl-2-(2-undecyl-1H-benzimidazol-1-yl)acetamides 7a-j .

The structure assignment of the 2-(2-undecyl-1H-benzimidazol-1-yl)ethanhydrazide (5), methyl
2-(2-undecyl-1H-benzimidazol-1-yl) acetate (4), and N-alkyl-2-(2-undecyl-1H-benzimidazol-1-
yl)acetamides 7a-j were based on 'H, 3*C NMR as well as physicochemical analysis.
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Thus, the 'H NMR spectrum of 1-morpholino-2-(2-undecyl-1H-benzimidazol-1-yl) ethan-1-one
(7i) showed a unique NMR pattern, gave two pairs of triplet and multiplet signals at d 2.66, 2.22, 1.49-
1.56 and 1.72-1.80 ppm corresponding to two diastereotropic protons of two CHz groups (C1, C2) of
the long chain lauric acid residue attached to the benzimidazole ring system. The 'H NMR spectrum
of 7i also shows two multiplet signals at 0.78-0.82 and 1.16-1.21 ppm corresponding to CHs and 8 CH:
groups, respectively of lauric acid residue. The 'H NMR pattern of lauric acid residue attached to
benzimiodazole was repeated in all 'H NMR of the prepared compounds 7a-j. Finally, the 'H NMR
spectrum of 7i showed signals at 7.02-7.85 and 4.78 corresponding to four aromatic CH and NCH2CO
groups, respectively. The *C NMR spectrum of 7i showed signals at 0 41.8, 46.0, 66.7, 67.0 and 164.4
ppm corresponding to 2 NCHz, NCH2CO, OCHz, OCH: and C=O groups, respectively.

2.3. Antiproliferative Assay

Ten synthesized chemical compounds were assayed for their cytotoxicity against the four
human cancer cell lines (A549, MDA-MB 231, MCF-7, U87) and HEK 293.

MTT assay evaluated the effect of ten synthesized chemical compounds at different
concentrations (1000 -1.0 pg/ml) on the cell viability of the four human tumour cell lines (A549, MDA-
MB 231, MCEF-7, U87) and on the non-tumor cell line (HEK 293), which was used as control. Cytotoxic
activity of compounds 7a-7j are shown in Figure 4. The results demonstrated that the cytotoxic
activity of compounds on the tumor cell lines increased in dose-dependent manner, observed as
reduced survival percentages. The highest compound concentration evaluated (1000 pg/ml) resulted
in a survival of 7.0-17.0 % for different cells. When testing the 1.0 ug/ml concentration of each
compound, the lowest concentration evaluated, the survival of most tumor cells achieved 100% for
different cells. Similarly, when testing the 10.0 pg/ml concentration of each compound, the survival
of tumor cells achieved 100% for different cells. Moreover, when testing the 100.0
pg/ml concentration of compound 7i, the survival of tumor cells achieved 7-11% for different tumor
cells while achieved 91% for normal cells. At the same concentration, (100.0 pg/ml) of compounds 7e
and 7b, the survival of all tested cells achieved 80-100%. The survival of all tested cells achieved more
than 50% in case of 100.0 pg/ml after treatment with compounds 7¢ and 7d. In case of 7a, 7f, 7h, 7j,
more reduction of survival of most cells was observed at the same concentration (100.0 pg/ml).
Interestingly, results showed that MDA-MB 231 was the most affected cells by several compounds 7i
(7%), 7c (49%), 7g (50%), 7d (60%), 7a, 7f, 7h, 7j (10-27%).

Cells were treated with different concentrations (10-fold descending concentration; 1000 -1.0
pg/ml) of each compound. In terms of their IC50 values, it should be noted that compound 7i showed
the best inhibition profile on all four cancer cell lines (A549, MDA-MB 231, MCF-7, U87); IC50; 30, 27,
14 and 17 pg/ml respectively, with high IC50 on HEK cells (499 pg/ml). Similarly, compound 7h
showed low IC50 on all tested cell lines (A549, MDA-MB 231, MCF-7, U87 and HEK); 37, 17, 37, 80
and 68 pg/ml, respectively. However, the other eight compounds did not show promising IC50 on
all tested cells except compound 7a showed IC50; 38 pig/ml on MDA-MB 231 cell line (Table 1).

It is noteworthy that most of the tested compounds, 7a, 7¢, 7d, 7g, 7h, and 7j, showed the best
inhibition on the more invasive MDA-MB231 compared to other cell lines. Compounds 7h, 7i, 7a, and
7j showed the highest inhibition with IC50s of 17, 27, 38, and 67 pg/ml respectively. While regarding
cancer type selectivity, compounds 7a, and 7j showed the highest selectivity to MDA-MD231 in terms
of degree of inhibition. It is therefore depicted that the activity of these compounds could be mediated
through cathepsin inhibition which are highly expressed in the more invasive cancer types.

Table 1. IC50 values obtained for the synthesized chemical compounds.

Compound ICso (ug/ml)
A549  MDA-MB231  MCF7 U87
7a 661 38 120 95

7b 603 465 464 450

d0i:10.20944/preprints202502.1264.v1
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7c 300 106 115 160
7d 841 121 371 150
7e 555 421 484 300
7f 94 107 71 95
7g 117 97 370 250
7h 37 17 37 80
7i 30 27 14 17
7j 187 67 368 250
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Figure 4. Cell viability analysis using the MTT assay. Viability of a panel of four cancer cell lines (A549, MDA-
MB231, MCF-7& U87) and a normal human embryo kidney cell line (HEK293) after treatment with compounds
7a-j at different concentrations (1000-1.0 pg/ml) for 24 h. Cell viability was shown as the percentage of DMSO

control. Data were obtained from three replicates and were represented as means + SEM (mean + SEM).

2.4. Ligand Lipophilic Efficiency (LLE)

The ligand lipophilic efficiency (LLE) investigation regarding the highly potent hits 7a, 7h, 7i,
and 7j displayed a clear relationship between lipophilicity as represented by clogP and the associated
biological activity represented by pIC50 values. The LLE is calculated by subtracting the clogP from
the pIC50, which reflects the balance between potency and lipophilicity. The clogP ranges from
4.77 to 5.63, thus giving a ligand lipophilic efficiency of 0.40 up to 2.69. For the A549 cell line, 7a has
a logP of 5.41 and an pIC50 of 6.75, resulting in an LLE of 1.34, which is somewhat highly lipophilic
and thus may have limited biological activity. On the contrary, compound 7i with a clogP = 4.77
showed pIC50 = 7.12 with an LLE of 2.35, indicating good lipophilicity with high potency and
resulting in a more balanced profile. Compound 7j, with a clogP value of 5.63, showed a lower LLE
of 0.70, which points toward lower lipophilicity and thus may reduce its overall drug-likeness. In
addition, compound 7h, which has a clogP value of 5.54, displays an LLE of 1.48, signifying reduced
biological action and effectiveness. Comparable patterns were noted on the other cell lines, such as
MDA-MB 231, MCF7, and U87 (Table 2).

LLE is a useful metric for balancing drug-like molecules with respect to their potency and
lipophilicity. Potency is usually represented as IC50 or Ki value, a way to express the activity of a
compound inhibiting any target. Similarly, lipophilicity can be given as clogP or logP, relating to the
property profile in ADMET. These features are combined in LLE by subtracting clogs from pIC50 to
give a holistic view of the potency of a compound. High values of LLE indicate a highly biologically
active compound with moderate lipophilicity value associated with higher oral bioavailability,
superior metabolic stability, and reduced off-target effects, which makes LLE an indispensable tool
in active compound identification during the preclinical and clinical development stages [55,56]. LLE
values for the most active compounds revealed that optimal potency often correlated with moderate
lipophilicity, as observed in compound 7i.

Table 2. Ligand Lipophilic Efficiency (LLE) of the compounds 7a, 7h, 7i, and 7j in the four cancer cell lines (A549,
MDA-MB231, MCF-7& U87).

pICso ClogP LLE1 pICso ClogP LLE?
Compound/ A549 Compound/ MCEF7
Cell line Cell line
7a 6.75 5.41 1.34 7a 6.49 5.41 1.08
7h 7.02 5.54 1.48 7h 7.02 5.54 1.48
7i 7.12 4.77 2.35 7i 7.46 4.77 2.69
7 6.33 5.63 0.70 7j 6.03 5.63 0.40
MDA-MB 231 0:74

7a 6.99 5.41 1.58 7a 6.59 5.41 1.18
7h 7.36 5.54 1.82 7h 6.68 5.54 1.14
7i 7.17 4.77 2.40 7i 7.37 4.77 2.60
7j 6.77 5.63 1.14 7j 6.20 5.63 0.57

1LLE= pIC50 - clogP or D.
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2.5. In-Silico Analysis

2.5.1. Docking Studies Analysis

The cognate ligand was redocked back into its target cathepsin K using the same procedure and
protocol applied for the ten hits to validate docking. After that, rigid-body superposition was done
using Maestro’s structure superposition tool by aligning the predicted lowest energy conformation
of the target with its corresponding co-crystalline ligand. The root mean standard deviation (RMSD)
of the predicted binding poses from the co-crystalline pose was calculated using classical RMSD,
considering RMSD <2 A as an adequate threshold for validating correctly posed molecules, according
to references [57,58]. As shown in Figure 5, the results obtained indicated good superimposition of
the binding mode, represented by a value of 0.1019 A for 110 300, exhibiting the accuracy of Glide’s
pose prediction.

Molecular docking was performed to investigate the binding characters of the ten hits with
cathepsin K active site and their correlation with their antiproliferative activity on A549, MDA-
MB231, MCF-7 and U87 cancer cell lines (Table 1). The most potent compound was 7i, with a docking
score of -7.126. The interaction of 7i with the cathepsin K displayed that the compound is anchored
in the binding pocket, with its strong interaction mainly stabilized by hydrogen bonds between the
indole of 7i and LEU-160. The oxygen atom in the morpholine ring acts as a hydrogen bond acceptor
and interacts with GLY-66 to increase the selectivity of binding (Figures 6 and 7). Other weaker
interactions, such as van der Waals (VDW) contribute to the overall stability of 7i. Molecular docking
is a computational method to predict how exactly the ligand interacts with the receptor by predicting
the preferred orientation of a molecule in the binding site of a target protein [59].

HOH 334

Figure 5. Comparison of binding poses of the co-crystal ligand (green sticks, atom color) and the redocked ligand

(magenta sticks, atom color) within the cathepsin K binding site, with an RMSD of 0.1019A.

In this study, molecular docking was used to assess the binding of the synthesized compounds
to the active site of cathepsin K and their binding affinities ranked based on their glide scores.
Interestingly, compound 7i was the most potent, showing a high docking score of -7.126. It was
further stabilized by hydrogen bonding contributions and favorable van der Waals interactions,
maintaining stability in its binding conformation. The structural pose of 7i inside the cathepsin K
binding pocket with a low RMSD to the co-crystallized ligand further supported the accuracy of the
docking simulations.
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Figure 6. Two-dimensional ligand-protein binding interactions of cathepsin K bounded to 7i.

Figure 7. Ligand-protein binding interactions. Three-dimensional cartoon and surface representation of

cathepsin K bounded to 7i (sticks, blue color).

2.5.2. Molecular Dynamics (MD) Analysis

In the molecular dynamics (MD) analysis of cathepsin K-7i complex, both the ligand and
receptor stayed equilibrated throughout the simulation (Figure 8). Nevertheless, there was a short
occurrence of rapid fluctuations of 7i at about 85-90 ns followed by the restored equilibration. The
RMSD of cathepsin K during this assessment was maintained below 2.0 while that of 7i was ~3.0.
These low RMSDs suggested a highly stable complex between cathepsin K and 7i [59].
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Figure 8. The overlaid RMSDs of cathepsin K and 7i during the MD simulation.

In the MD calculations of cathepsin K-7i complex (Figure 9), the morpholine ring of 7i was
involved in hydrophobic interactions with ALA-134. In addition, the direct hydrogen bonding
through GLY-66 and that mediated through the water bridge to LEU-160 were established. These
positioned the 7i’s indole ring, made of the benzene and pyrrole rings, closer to the critical aromatic
residues such as TYR-67 for conformational stabilization. Thus, the major aromatic hydrophobic
interaction of TYR-67 to the benzene ring as well as the water bridge-assisted hydrogen bonds
between GLY-64 and ASP-61 to the pyrrole ring of 7i were essential to stabilize the final pose.
Specifically, this maintained the long alkyl side chain in a stabilized position towards the TRP-184;
TRP-184 provided constant hydrophobic interactions with the side chain.

TRP
184/

Q) Charged (negative) Hydrophobic e Pi-Pi stacking
Glycine Water Solvent exposure

0.8 . % H-bonds ©* Hydrophobic M lonic ™ Water bridges |

0.6 4

0.4
021 .
Y O ——— - . 0 TN

RSN K BIC I % SN IR SFCRICILSN R R - SR R R
S i A e R R

Interactions Fraction

Figure 9. The interaction dynamics. Bonds and amino acid residues that contributed significantly (>10%) to the
final conformation (top) and a list of amino acid residues and their interaction frequencies with the ligand
(below).

To assess whether the flexible hydrophobic side chain of 7i experienced rapid fluctuations
during the MD calculations that would in turn reduce the stability of the ligand on the binding site,
we assessed the ligand’s root mean square fluctuations (RMSF) (Figure 10). The RMSF with respect
to the cathepsin K backbone (ligand fit on protein), showed that the most distant portion of the alkyl
side chain (atom numbers 15-21; Figure 10) experienced some fluctuations with the terminal C15
achieving the RMSF ~4.0. Generally, 7i remained stable at the binding pocket with minimal
fluctuations [59]. The orientation of the alkyl side chain was maintained by 1) the dominant TYR-67
pi-pi interaction with the benzene ring of the 7i’s indole ring, 2) the water bridge-assisted hydrogen
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bonding between the pyrrole ring of 7i and ASP-61/GLY-64 (Figure 9 above), and 3) the hydrophobic
interaction of TRP-184 and the side chain.

Atom Number Designations
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Figure 10. The comprehensive analysis of the stability of individual atoms of 7i during the MD simulation.

3. Materials and Methods
3.1. Chemical Synthesis

3.1.1. General Procedures

All chemicals and solvents were purchased from Sigma-Aldrich and used without further
purification. The boiling range of the petroleum ether used was 40-60 °C. Thin layer chromatography
(TLC): silica gel 60 F254 plastic plates (E. Merck, layer thickness 0.2 mm) detected by UV absorption.
Elemental analyses were performed on a Flash EA-1112 instrument. Melting points were determined
on a Buchi 510 melting-point apparatus and the values are uncorrected. The mass spectra were
measured with a KRATOS Analytical Kompact. MALDI 1: spectrometer using 2,5 di-hydroxy benzoic
acid (DHB) as matrix. 'H and 1¥*C NMR spectra were recorded at 400 MHz and 100 MHz, respectively
(Bruker AC 400) in CDCls and DMSO solution with tetramethylsilane as an internal standard. 2-
Undecyl-1H-benzimidazole (1), methyl 2-(2-undecyl-1H-benzimidazol-1-yl) acetate (4) and 2-(2-
undecyl-1H-benzimidazol-1-yl)ethanhydrazide (5) were prepared according to reported literature
[54,61].

j\ 7a
(0]

3.1.2. N-Propyl-2-(2-undecyl-1H-benzimidazol-1-yl)acetamide (7a)

Colorless crystals, yield 62 %. mp 89-90 °C. 'H NMR spectrum, (400 MHz, CDCls), d, ppm (J,
Hz): 0.72-0.85 (m, 6 H, 2 CHs), 1.13-1.21 (m, 16 H, 8 CH>), 1.34-1.47 (m, 2 H, CH>), 2.06-2.74 (m, 2 H,
CHz), 3.04-3.14 (m, 2 H, NCH>), 4.71 (s, 2 H, NCH>), 6.18 (bs, 1 H, NH), 7.15-7.61 (m, 4 H, Ar-H). 13C-
NMR (100.0 MHz, CDCls), d, ppm: 11.4, 14.1 (2 CH3), 22.7, 22.8, 22.9, 23.1, 25.9, 29.3, 29.6, 29.7, 29.9,
31.8,31.9 (11 CH-z), 36.8, 41.4 (2 NCH>), 109.3, 118.7, 122.9,123.1, 134.2, 141.2, 155.5 (Ar-C), 166.4 (CO).
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MS (MALD], positive mode, matrix DHB) m/z: (M + Found: Na)+ 394.2. Anal. Calcd. For C23Hs7NsO
(371.57) C, 74.35; H, 10.04; N, 11.31. C, 74.62; H, 10.40; N, 10.98.

3.1.3. N-Butyl-2-(2-undecyl-1H-benzimidazol-1-yl)acetamide (7b).

Colorless crystals, yield 56 %. 83-84 °C. 'TH NMR spectrum, (400 MHz, CDCl), 9, ppm (J, Hz):
0.81-0.88 (m, 6 H, 2 CHs), 1.15-1.28 (m, 20 H, 10 CH>), 1.35-1.42 (m, 4 H, 2 CH>), 3.08-3.18 (m, 2 H,
NCH>), 4.75 (s, 2 H, NCH>), 6.41 (bs, 1 H, NH), 7.15-7.27 (m, 4 H, Ar-H). 3C-NMR (100.0 MHz, CDCls),
o, ppm: 13.7 (CHs), 14.1 (CHs), 20.0, 22.6, 23.1, 29.3, 29.4, 29.6, 31.5 (13 CH-z), 39.3, 39.4 (2 NCH>), 1094,
118.5, 122.9, 123.1, 134.6, 140.9, 155.5 (Ar-C), 166.3 (CO). MS (MALDI, positive mode, matrix DHB)
m/z: (M + Na)+408.3 Anal. Calcd. For C2sH3NsO (385.59) C, 74.76; H, 10.20; N, 10.90. Found: C, 74.80;
H, 9.87; N, 11.06.

Ni 7c
oA L
H

3.1.4. N-Isopropyl-2-(2-undecyl-1H-benzimidazol-1-yl)acetamide (7c).

Colorless crystals, yield 71 %. mp 92-93 °C. 'TH NMR spectrum, (400 MHz, CDCI3), 6, ppm (J,
Hz): 0.76-0.80 (m, 3 H, CHs), 0.97 (d, ]=8.4, 3 H, CHs),1.05(d,J=8.8, 3H,CHs),1.15-1.19 (m, 16 H,
8 CH), 1.49-1.54 (m, 1 H, CH), 1.70-1.75 (m, 1 H, CH2), 2.01-2.06 (m, 1 H, CH>), 2.70-2.75 (m, 1 H,
CH>), 3.92-4.04 (m, 1 H, NCH), 4.67 (s, 2 H, NCH?>), 5.98 (bs, 1 H, NH), 7.15-7.19 (m, 3 H, Ar-H), 7.61-
7.64 (m, 1 H, Ar-H). *C-NMR (100.0 MHz, CDCL), d, ppm: 14.1 (CHz), 22.4, 22.6 (2 CHs), 22.7, 22.8,
25.8,27.6,29.2,29.3,29.4,29.5,29.6, 31.9 (10 CH>), 37.0 (NCH), 41.9 (NCH?2), 109.3, 118.9, 123.1, 123.3,
134.5,141.2, 155.4 (Ar-C), 165.4 (CO). MS (MALD], positive mode, matrix DHB) m/z: (M + Na)+ 394.5.
Anal. Calcd. For C2sHsNsO (371.57) C, 74.35; H, 10.04; N, 11.31; Found: C, 74.62; H, 9.99; N, 11.52.

NW/
&

3.1.5. N-Isobutyl-2-(2-undecyl-1H-benzimidazol-1-yl)acetamide (7d).

Colorless crystals, yield 66 %.mp 87-88 °C. 1H NMR spectrum, (400 MHz, CDCI3), d, ppm (J,
Hz): 0.69-0.71 (d, 6 H, J= 8.8, 2CHz), 0.77-0.80 (m, 3 H, CHs), 0.77-0.80 (m, 3 H, CHs), 1.15-1.23 (m, 16
H, 8 CH2), 1.50-1.58 (m, 1 H, CH), 1.60-1.69 (m, 1 H, CH), 1.70-1.76 (m, 1 H, CH), 2.06-2.11 (m, 1 H,
CH), 2.71-2.99 (m, 5 H, NCH, 2 CH2), 4.73 (s, 2 H, NCH>), 5.97 (bs, 1 H, NH), 7.16-7.22 (m, 3 H, Ar-H),
7.59-7.63 (m, 1 H, Ar-H). *C-NMR (100.0 MHz, CDCI3), o, ppm: 14.1 (CHs), 20.1 (2 CHs), 22.7, 23.2,
25.9, 28.3, 28.4 (5 CHz), 28.5 (CH), 29.0, 29.3, 29.4, 29.5, 31.9 (5 CH-2), 36.9 (NCH>), 47.0 (NCH), 109.7,
118.1, 123.4, 123.5, 134.2, 155.3 (Ar-C), 166.1 (CO). MS (MALD], positive mode, matrix DHB) m/z: (M
+Na)+408.5 Anal. Calcd. For C22HaNsO (385.59) C, 74.76; H, 10.20; N, 10.90; Found: C, 75.03; H, 10.09;
N, 11.14.
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3.1.6. N-Allyl-2-(2-undecyl-1H-benzimidazol-1-yl)acetamide (7e).

Colorless crystals, yield 59 %. mp 78-80 °C. 'TH NMR spectrum, (400 MHz, CDCl), o, ppm (J,
Hz): 0.77-0.82 (m, 3 H, CHs), 1.17-1.19 (m, 16 H, 8 CH2), 1.51-1.54 (m, 1 H, CH), 1.71-1.74 (m, 1 H, CH),
2.09-2.14 (m, 1 H, CH), 2.67-2.72 (m, 1 H, CH), 3.75-3.78 (m, 2 H, NCH>), 4.73 (s, 2 H, NCH>), 4.96-
5.12 (m, 2 H, CH>), 5.66-5.80 (m, 1 H, CH), 6.47 (bs, 1 H, NH), 7.11-7.23 (m, 3 H, Ar-H), 7.57-7.60 (m, 1
H, Ar-H). 3C-NMR (100.0 MHz, CDCls), d, ppm: 14.1 (CHs), 22.6, 23.0, 25.8, 29.3, 29.6, 31.9, 36.6 (10
CHy), 41.7, 42.0 (2 NCH2), 109.1, 116.0, 116.1, 116.5, 142.2, 155.6 (Ar-C, CH=CH>), 166.7 (CO MS
(MALDI, positive mode, matrix DHB) m/z: (M + Na)+ 392.5. Anal. Calcd. For C2sH3sN3sO (369.55) C,
74.75; H, 9.55; N, 11.37. Found: C, 74.80; H, 9.33; N, 10.96.

3.1.7. N-Benzyl-2-(2-undecyl-1H-benzimidazol-1-yl)acetamide (7f).

Colorless crystals, yield 71 %. mp 101-102 °C. 'H NMR spectrum, (400 MHz, CDCls), o, ppm (J,
Hz): 0.77-0.81 (m, 3 H, CHs), 1.16-1.21 (m, 16 H, 8 CH2), 1.14-1.54 (m, 2 H, CH2), 4.25-4.31 (m, 2 H,
NCHy), 4.66 (s, 2 H, NCH>), 6.41 (bs, 1 H, NH), 7.11-7.13 (m, 3 H, Ar-H), 7.18-7.24 (m, 5 H, Ar-H), 7.37-
741 (m, 1 H, Ar-H). *C-NMR (100.0 MHz, CDCls), d, ppm: 12.5, 12.7 (2 CHs), 14.2 (CHs), 22.5, 22.7,
25.6,29.3, 29.5, 29.6, 31.9, 33.1 (10 CH2), 36.7, 43.5 (2 NCH-), 127.3, 127.7, 128.1, 128.5, 128.8, 129.1,
130.0, 130.8, 135.7, 137.6, 138.2, 138.4, 155.5 (Ar-C), 162.3 (CO). MS (MALDI, positive mode, matrix
DHB) m/z: (M + Found: Na)+ 442.5. Anal. Calcd. For C”Ha7N:O (419.61) C, 77.28; H, 8.89; N, 10.01. C,
76.95; H, 9.02; N, 10.34.

oA L)
H

3.1.8. N-Cyclohexyl-2-(2-undecyl-1H-benzimidazol-1-yl)acetamide (7g).

Colorless crystals, yield 63 %. mp 97-98 °C. 'H NMR spectrum, (400 MHz, CDCL), 6, ppm (J,
Hz): 0.77-0.82 (m, 3 H, CHs), 0.81-1.22 (m, 20 H, 10 CH2), 1.28-1.85 (m, 8 H, 4 CH>), 2.05-2.08 (m, 1 H,
CH), 2.71-2.77 (m, 1 H, CH), 3.62-3.72 (m, 1 H, NHCH), 4.68 (s, 2 H, NCHz), 5.76 (bs, 1 H, NH), 7.17-
7.19 (m, 3 H, Ar-H), 7.63-7.66 (m, 1 H, Ar-H). 3C-NMR (100.0 MHz, CDCl), 6, ppm: 14.1 (CHzs), 22.7,
24.9,254,255,25.9,29.3, 29.6, 31.9, 33.1, 33.2 (10 CHz), 37.0 (NCH>), 48.3 (NCH), 109.2, 119.0, 122.9,
123.1,131.2, 134.6, 155.5 (Ar-C), 165.4 (CO). MS (MALD], positive mode, matrix DHB) m/z: (M + Na)+
434.5 Anal. Calcd. For C26HaiNsO (411.63) C, 75.86; H, 10.04; N, 10.21; Found: C, 75.53; H, 10.11; N,
10.34.

N\\,/\/\/\/\/\/
O
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3.1.9. N,N-Diethyl-2-(2-undecyl-1H-benzimidazol-1-yl)acetamide (7h).

Colorless crystals, yield 57 %. mp 84-86 °C. 'TH NMR spectrum, (400 MHz, CDCl), o, ppm (J,
Hz): 0.77-0.81 (m, 3 H, CHs), 1.00-1.11 (m, 6 H, 2 CHs), 1.16-1.17 (m, 16 H, 8 CH2), 1.52-1.55 (m, 1 H,
CH), 170-1.77 (m, 1H, CH), 2.18-2.25 (m, 1 H, CH), 2.67-2.76 (m, 1 H, CH), 3.18-3.36 (m, 4 H, 2 NCH>),
4.76 (s, 2 H, NCH>), 7.05-7.18 (m, 3 H, Ar-H), 7.60-7.64 (m, 1 H, Ar-H). BC-NMR (100.0 MHz, CDCls),
o, ppm: 12.5,12.7 (2 CHs), 14.1 (CHs), 22.5,22.7, 25.6, 29.3, 29.5, 29.6, 31.9, 33.1 (10 CH2), 40.1, 42.0, 42.1
(3NCHz), 117.5,118.6, 134.6, 135.0, 135.7, 155.4 (Ar-C), 164.6 (CO). MS (MALD], positive mode, matrix
DHB) m/z: (M + Found: Na)+408.5. Anal. Calcd. For C2sH3oNsO (385.59) C, 74.76; H, 10.20; N, 10.90.
C,74.45; H, 10.08; N, 11.21.

o

3.1.10. 1-Morpholino-2-(2-undecyl-1H-benzimidazol-1-yl)ethan-1-one (7i).

Colorless crystals, yield 63 %. mp 99-101 °C. "H NMR spectrum, (400 MHz, CDCl), 6, ppm (J,
Hz): 0.78-0.82 (m, 3 H, CHs), 1.16-1.21 (m, 16 H, 8 CHz), 1.49-1.56 (m, 1 H, CH>), 1.72-1.80 (m, 1 H,
CHz), 2.22 (t, ]=8.0 Hz, 1 H, CHz), 2.64-4.72 (m, 1 H, CH2), 3.53-3.67 (m, 8 H, 4 CH2 morph.), 4.78 (s,
2 H, NCH.), 7.02-7.19 (m, 3 H, Ar-H), 7.61-7.66 (m, 1 H, Ar-H). 3C-NMR (100.0 MHz, CDCl), d, ppm:
14.1 (CHs), 22.7,25.3,29.2,29.3, 29.4, 29.5, 29.6, 29.7, 31.9, 33.2 (10 CHz), 41.8 (2NCH>), 46.0 (NCH:CO),
66.7,67.0 (OCH-z), 108.7,119.0, 122.4, 122.6, 135.1, 135.5, 155.6 (Ar-C), 164.4 (CO). MS (MALD], positive
mode, matrix DHB) m/z: (M + Na)+ 422.5 Anal. Calcd. For C2sHs7NsO (399.58) C, 72.14; H, 9.33; N,
10.52; Found: C, 71.80; H, 9.53; N, 10.26.

QL

O]

3.1.11. 1-(Piperidin-1-yl)-2-(2-undecyl-1H-benzimidazol-1-yl)ethan-1-one (7j).

Colorless crystals, yield 59 %. mp 107-108 °C. 'H NMR spectrum, (400 MHz, CDCls), d, ppm (J,
Hz): 0.78-0.82 (m, 3 H, CHs), 1.17-1.22 (m, 16 H, 8 CH), 1.45-1.50 (m, 2 H, CH>), 1.53-1.60 (m, 2 H,
CH>), 1.63-1.73 (m, 4 H, 2 CH>), 2.21-2.26 (m, 1 H, CH), 2.69-2.76 (m, 1 H, CH), 3.39-3.52 (m, 4 H, 2
CHy), 4.79 (s, 2 H, NCH>), 7.07-7.16 (m, 3 H, Ar-H), 7.61-7.66 (m, 1 H, Ar-H). 3C-NMR (100.0 MHz,
CDCls), o, ppm: 14.1 (CHs), 20.3, 22.7, 24.1, 24.4, 24.7, 25.4, 25.5, 25.6, 26.4, 26.6, 27.4, 29.6, 31.9 (13
CH>), 39.8, 44.3, 46.8 (3 NCH), 118.7, 119.0, 122.1, 122.4, 135.2, 141.8, 155.7 (Ar-C), 164.0 (CO). MS
(MALDI, positive mode, matrix DHB) m/z: (M + Found: Na)+ 420.6 Anal. Calcd. For CsH39NsO
(397.61) C, 75.52; H, 9.89; N, 10.57; C, 75.81; H, 10.11; N, 10.26.
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3.2. Biological Experimentation

3.2.1. Cell Culture

Four human cancer cell lines (A549, MDA-MB 231, MCF-7, U87) and HEK293 were purchased
from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM; Wako, Japan) supplemented with 100 IU/mL
penicillin (Invitrogen), 100 ug/mL streptomycin (Invitrogen), non-essential amino acids (Invitrogen,
USA), and 10% fetal bovine serum (FBS; Gibco). The cells were maintained at 37°C in a 5% CO2
incubator.

3.2.2. MTT Assay

The tetrazolium-based MTT assay was performed for cytotoxicity check as described with
modification [62]. In brief, cells seeded in a 96-well plate were treated with serial dilutions (1000 to
1.0 ug/mL) of each compound or complete medium as a control for 24 h at 37°C. MTT reagent
(Thermo Fisher Scientific, Wilmington, DE, USA) was added to the cells (0.5 mg/ml) and incubated
for 4 h. The medium containing MTT reagent was removed, and the formed purple crystals of
formazan were solubilized in DMSO. The number of living cells in each well was determined using
a microplate reader. The absorbance was measured at 570 nm and was run in triplicates. Percent cell
viability compared to the control was calculated for each dilution of the tested compounds and the
cytotoxic concentration 50% (CC50) values were determined by SPSS probit analysis in SPSS software
(SPSS Inc., Chicago, IL). Experimental results are expressed as mean + SEM.

3.2.3. Ligand Lipophilic Efficiency (LLE)

LLE is an assessment tool that evaluates the balance between a compound’s in vitro potency and
lipophilic nature [63]. LLE was calculated using the following formula:

LLE= pIC50 - clogP or D
The pIC50 values were determined using the following formula:
pIC50=-log10 (IC50 in M)

The values of clogP were estimated via SwissADME (http://www.swissadme.ch/); “URL
(accessed on 29 November 2024),”, and the calculation of LLE was executed using Excel spreadsheet.
A promising hit should have a positive LLE value above 3 with clogP values in the range of 2-3 [64—
66].

3.3. In-Silico Studies
3.3.1. Docking Studies

3D Crystal Structure

The X-ray coordinates of Human cathepsin K (PDBID:1BGO, Resolution: 2.30 A) in complex with
a covalent peptidomimetic inhibitor (I10 300) was extracted from the PDB database
(https://www.rcsb.org/, accessed on 07 July 2024).

3.3.2. Protein Preparation and Docking Validation

The PDB structure was prepared for docking using the Protein Preparation Workflow from
Schrodinger Release 2021-3: Protein Preparation Wizard, Schrodinger, LLC, New York, NY, 2021 [60].
During the process of preparation and minimization, the pH value was adjusted to 7.4. When
necessary, adjustments were made to the ionization state. Polar hydrogen atoms were added, and
redundant water molecules were removed in the structures. The receptors were refined in the OPLS3
force field to prepare them for docking. The final step was the optimization and minimization of the
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ligand-protein complexes using an OPLS3 force field and an RMSD threshold of 0.30 A for atoms that
did not contain hydrogen. Receptor grid generation was determined by taking the three-dimensional
coordinates of the active site of cathepsin K, at (36.85, 14.99, -9.46) for the x, y, and z dimensions,
respectively, and within a constrained length of 20 A, a centroid in the workspace in the active site of
the receptor was created and a grid box was defined. Next, a receptor grid was prepared with a van
der Waals radius set to 1.00. The binding site was enclosed in the grid box with a size of 20 A each
axis with no constraints. Lastly, the docking process was iterated and validated using three different
parameters that were introduced while screening. Subsequently, the lowest binding energy
conformation was determined while the pose was aligned to the conformation appearing in the
crystallographic structure by using the structure superimposition feature of Maestro. The RMSD of
the alignments were subsequently calculated, and the docking procedure was repeated and validated
using three distinct screening configurations.

3.3.3. Ligand Library Preparation

The 10 compounds were prepared using the LigPrep tool in Maestro to add missing hydrogen
\ their respective 3D chemical structures and ionize stereoisomers at a neutral pH of 7.0 + 2.0 using
Epik. Generation of tautomer and desalt were checked, and the stereoisomers were left to contain
specific chirality and to produce at most 32 isomers per ligand were subsequently used for docking
[59,60].

3.3.4. Molecular Docking Using Induced-Fit Docking (IFD)

The Induced-fit docking tool in Maestro first docks each ligand using a softened potential, van
der Waals radii scaling, and flexible conformational sampling. Side-chain prediction for a specified
distance around every ligand pose is performed next [59,60]. In this process, residues and the ligand
in every protein/ligand complex pose are minimized. It finally predicts a favorable binding pose
based on the IFD score.

3.3.5. Molecular Dynamics Calculation

The top hit compound identified by the biological and IFD assessments was subsequently
presented to the molecular dynamics (MD) Desmond workflow in Maestro 13.6 software
(Schrodinger Release 2023-2) [60]. Utilizing the Desmond System Builder, a simulation system
generated in the TIP3P solvent model made of a buffer system comprising 0.15M sodium chloride.
The receptor-ligand complex was immersed in this solvent and the system was duly minimized
through the OPLS4 force field. This resulted in the final system made of about 25,000 atoms. The
whole system was then retrieved and relaxed through the default protocol and heated at 310K while
kept under the constant pressure of 1.103 bar. Other parameters including the Coulombic cutoff
distance were kept at default settings followed by MD simulation for 100 ns. The Desmond
Simulation Interaction Diagram tool was then used to load and analyze the results following the MD
calculations.

4. Conclusions

A series of ten novel N-alkyl-2-(2-undecyl-1H-benzimidazol-1-yl) acetamides were synthesized
from 2-(2-undecyl-1H-benzimidazol-1-yl)ethanhydrazide using the azide coupling process with a
variety of amines. The novel chemicals were developed to prevent breast cancer cell proliferation by
inhibiting cathepsin K. The compounds were examined for antiproliferative activity on four cancer
cell lines: A549, MDA-MB231, MCF-7, U87, and HEK293 to determine their relative degree of
inhibition. The results showed that most compounds had higher activity against MDA-MD231 than
against other cell lines. Compounds 7h, 7i, 7a, and 7j demonstrated the strongest inhibition, with
IC50s of 17, 27, 38, and 67 pg/ml, respectively. In terms of degree of inhibition, compounds 7a and 7j
demonstrated the highest selectivity to MDA-MD231. Molecular docking supported cathepsin K-
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mediated activity, with compound 7i having highest affinity to the target and submitted to the MD
interrogation. Compound 7i showed a well equilibrated and stable complex with cathepsin K, largely
maintained by aromatic stabilization between its indole ring and TYR-67 of cathepsin K.
Furthermore, lipophilicity’s impact on activity was assessed using LLE calculations, which revealed
that 7i displayed optimal potency with moderate lipophilicity. Based on these findings, the
developed compounds are promising antiproliferative agents for invasive breast cancer where a
cathepsin inhibition pathway could be postulated.

Supplementary Materials: The following supporting information can be downloaded at:
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