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Abstract: For more than four decades, the bisphosphonates family has been applied for osteoporosis
and skeletal metastasis therapy. These drugs decrease the viability of cancer cells that are guided
through the HER group of receptor tyrosine kinases. We discussed that bisphosphonates straightly bind
to and inhibit HER kinases. In this study for docking a nitrogen-containing bisphosphonate with human
FPPS and a few other targets, the IGEMDOCK docking software has been used. Nitrogen-containing
bisphosphonates (NBPs) are mostly applied for bone treatment and also for the loss of skeletal disorders.
The adsorption, retention, diffusion, and release of (NBPSs) in bone are controlled by their affinities to
such mineral compounds. Bisphosphonates have a high affinity for Ca?* and therefore attack bone
minerals, where they are internalized by bone-resorbing osteoclasts and inhibit osteoclast function.
Nitrogen-containing bisphosphonates (NBPs), including Alendronate, Zolendronate, Risedronic,
Ibandronate, and Pamidronate, are functionalized as effective inhibitors of bone resorption diseases. It
targets FPPS (osteoclast farnesyl pyrophosphate synthase) to inhibit protein prenylation. Generally,
the strong interaction sequence is as follows Alendronate > Risedronic > Pamidronate >
Zolendronate > Ibandronate, and this was because of strong electrostatic interactions between

amine groups and phosphate ions.

Keywords: iGEMDOCK docking; alendronate; risedronic; pamidronate; zolendronate; ibandronate;
FPPS; bone cancer.
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1. Introduction

1.1. Osteoclasts, osteoblasts, and osteocyte cells.

In contrast to the simple shape, bone is a complex and dynamic tissue that is rebuilt
time by time. The restructured mechanism consists of two steps: 1- fresh bone is produced; 2-
old bone is destroyed. The human has approximately 220 bones, including several different
tissues: bone, cartilage, connective tissues, various blood tissues, adipose tissue, and nervous
tissue. The bone matrix is a combination of 25% water, 25% collagen fibers, and 50%
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crystallized mineral salts. Minerals salts are the reason bone hardens due to calcification by
osteoblasts for the bone-building cells [1-5]. There are three major types of cells in the bone
microenvironment: osteoclasts, osteoblasts, and osteocytes (Schemel).
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Scheme 1. Osteoclasts, osteoblasts, and osteocytes cells illustration.

Osteoclasts are huge cells extracted from a kind of white blood cell that releases a
special acidic enzyme that digests the mineral components of the bone matrix. This breakdown
of bone matrix, termed resorption, is the usual envelopment, growth, maintenance, and repair
of the bone. Osteoblasts are the bone-building cells where that synthesize collagen fibers and
other organic components needed for building the matrix of bone tissue and are finally
converted to become osteocytes. Osteocytes are mature bone cells responsible for maintaining
daily metabolism and exchanging nutrients and waste products with the blood [5-8]. Although
bone hardness depends on the crystallized inorganic mineral salts, bone flexibility depends on
collagen fibers that provide tensile strength and resistance to being stretched or torn apart. It is
a notable lack of calcium during deregulated thick bumps tissues, making the bones overly
flexible or vulnerable to fracture [1-3] and consequently, the tumor appears, which needs to
develop the capability of creating new blood vessels for getting nutrients and oxygenation
during angiogenesis process [8-12]. The bone microenvironment supports the establishment
and orchestrates the expansion of malignant tumors in the bone. In this work, we are looking
to control the balance between osteoclasts and osteoblasts because cancer therapy to repress
growth has several toxic effects that affect the patient. Bone metastases are the root cause of
cancer-related pain and can result in pathological fractures and paralysis. Now days compared
with other types of cancers, the incidence of bone metastasis has increased extremely. Bone
metastases have generally been divided into osteolytic or osteoblastic. Increased osteoclast
activity causes cause osteolytic lesions in net bone resorption. On the other hand, osteoblastic
lesions are formed via abnormal bone around tumor cell foci. Therefore, both types of
metastasis appear by accelerated bone resorption, and related tumors-induced changes in bone
metabolism can be monitored via the measurement of bone turnover markers. Obviously, under
this condition, metastatic bone lesions, including osteolytic and osteoblastic of the normal bone
remodeling process, become dysfunctional. For instance, breast cancer causes osteolytic
metastases, while prostate cancer presents mostly with osteoblastic lesions. Collagen was radio
graphically lytic; blastic indicates that all types of bone metastases contain an element of
osteoclast activation, which has been confirmed histologically. The role of osteoclasts in

metastatic bone lesions is that anti-resorption therapy reduces skeletal-related lytic or blastic
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metastatic bone disease. Therefore, it cannot be recognized to understand the bone
microenvironment and its manipulation by cancer. The idiom of the bone microenvironment
interprets the complex bio-fundamental system that consists of hematopoietic and mesenchyme
cells from multiple lineages with the sinusoidal blood made by bone marrow stromal. In
marrow metastases, bone serves as the main source of growth factors or is used for the marrow
cavity function for the coherence of the bone-tumors interactions. These cells, including
osteoclasts, osteoblasts, and osteocytes, as well as several other same as myeloid, marrow, and
hematopoietic cells, all interact with the metastatic process to different degrees. Over the past
three decades, it has been confirmed that the bone is hugely rich in growth factors, including
BMPs, IGFs, TGFb, FGFs, and PDGFs, with several kinds of metastases by releasing cytokines
appear tumors cells [13]. Bone components, time by time, are modeled by the actions between
various bone cells [14]. Consequently, the skeleton restructures to achieve its size by synthesis
of bone at other points [15]. As soon as the bone shape appears at mature size, the process
named remodeling commences, resulting in the continuous replacement of 'old’ bone by newly
formed tissue [14-16]. Bone restructuring usually appears at millimeter-scales along the
skeleton, controlled by osteoblasts, osteoclasts, and basic multicellular units (BMU) [14].
Osteoclasts have differences with macrophage/monocyte and potentially result in bone
resorption, either on the bone layers or via tunneling into the bone marrow [16]. By the end
step of bone restructuring, osteoblasts, through calcium complexes, become mineralized [17],
and osteocytes extracted from osteoblasts [18] are placed on the newly formed bone matrix.
Bone structure stops in its situation until the next remodeling cycle begins [17]. During mature
age and adult duration, formal bone restructuring is the main process toward healthy bone
configuration and function. Youth adult cells restructure more than ten million bone units
through the skeleton at any time. Notably, resorbing old bone and replacing it with an equal
amount of new bone are equal to the total amount of bone mass. During aging, bone
restructuring becomes increasingly imbalanced, and bone resorption occurs [16,17]. The bone
restructuring phenomenon obeys osteoblasts that control the input signaling pules via the
RANKL/RANK/OPG [19] by hormones and growth factors of cytokines. Osteoclast
manufacturing occurs via a series of processing, consisting of proliferation, fusion, and
activation [18,19]. The activation receptor ligand (RANKL) belongs to the TNF group that is
translated through various genomes containing osteoblast lineage and T-cells and has been
functionalized as a sensor signal in the regulation of osteoclast genesis or resorption (Scheme
2) [20-23].

M —CF Osteoclast
M-CSE .
. _——
M-CEU %
? RANKL w

MDP

+ M-CSF + CDP
Pro
Pro-mmmq‘te. »—8 DC

TINE 1

= ® — W DC

RANKI ° #; immature

M-CSF

M-CEU Macrophage Osteodlas

IIINON |

_ Fusion
C

Scheme 2. The role function of Receptor activator of NF Kappa or RANKL with TNF, M-CSF, CDP, and M-
CFU component in osteoprotegerin / osteoclastogenesis-inhibitory phenomenon.
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RANKL causes osteoclast activation, and though those mice deficient in either RANK
or RANKL are phenotypically equal, there are differences between osteoporosis and
osteoclasts. These phenotypes completely exhibit the essential role of this receptor-ligand pair
in bone configuration and restructuring [24,25]. The RANK-RANKL system is usually
regulated via osteoprotegerin (OPG) that acts as a decoy receptor to RANKL, preventing
RANKL from binding to RANK. OPG, translated as a secreted soluble protein, can block
osteoclast and their activation, and its main role is counter-regulator of bone metabolism [26].
Several osteotropic and cytokines hormones can influence the genome translation OPG and
RANKL [27,28], such as parathyroid (PTH), interleukins, and tumors necrosis factor-a (TNF-
a) that increase the osteoblastic translation of RANKL to the related OPG.

On the other hand, treatment with OPG has been done as inhibit bone resorption in
humans [29,30]. Boucharaba [31] studied controlling metastatic tumor growth in cell bone and
explained the mechanism of osteolytic bone metastases in breast cancer. In principal, the idea
describes how tumor cells communicate with osteoblasts, leading to osteoclast activation and
accelerated bone resorption. This problem not only makes the suitable position for cancer to
grow but also causes the release of growth factors into the destroyed bone cells. These growth
factors then produce further tumor growth, resulting in the signals by cancer (Fig. 1). Agents
secreted from cancer cells have a critical function in bone metastasis. Therefore, it has been
well distinguished that breast or prostate cancer is able to metastasize via the release of
signaling molecules to bone restructuring by parathyroid hormone-related protein (PTHrP) as
well as vascular endothelial growth factor (VEGF) [31-35]. Among these items, the PTHrP,
which was discovered as the causal hormone in hypercalcemia of malignancy (HMM), shares
a common receptor with parathyroid hormone (PTH) [36,37]. Tumors extracted from PTHrP
can activate osteoclastogenesis via osteoblasts via stimulating osteoblasts and stromal cells to
increase RANKL and suppress OPG expression [36-38]. Other agents that stimulated
osteoclast formation and, subsequently, osteolytic activities can be listed as interleukins, TNF-
a, M-CSF, and endothelial growth factor (VEGF) (Scheme 2) [39]. Increasing RANKL in
osteoblasts leads to osteoclast activation and increased bone resorption for two reasons: it
destroys existing bone, and the bone microenvironment is suitable for metastatic tumors in
growth factors and cytokines. Among the factors, TGF-b is particularly important in increasing
the production of PTHrP in breast cancer cells. Clinical approaches exhibit that blocking TGF-
b signaling might have benefits in patients with bone metastases [40—43].
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Figure 1. Mechanism of bone cancer pain.
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Nowadays, two major categories of anti-resorptive treatments are used in medical
clinks: bisphosphonates and the anti-RANKL antibody. Bisphosphonates have widely been
applied to treat malignant hyperkalemia and skeletal metastasis in breast and prostate cancers
[44].

1.2. Bisphosphonates.

Bisphosphonates belong to the family of the natural molecules pyrophosphate (P—O—
P); the O atom in 'P-O-P' has been changed by a C atom, same as 'P-C—P' chemical bounds
[45-47]. Bisphosphonates attach to bone minerals at sites of active bone resorption that keep
up by resorbing osteoclasts. As soon as they insert into the cell, bisphosphonates' nitrogen atom
inhibits farnesyl pyrophosphate synthase and prevents protein prenylation that interferes with
normal cell metabolism and induces a profound decline in osteoclast-mediated bone resorption
[46,48,49]. Some kinds of bisphosphonate molecules, such as ibandronate, have also exhibited
anti-tumors properties in vitro [50,51]. Since separated bisphosphonate can be secreted from
the bone skeleton in the resorption phenomenon, tumors might be exposed to a high density of
BP in vivo. Such as alendronate that, in more than 120 mM concentrations, potentially produces
transient high levels that affect cancer cells adjacent to osteoclasts [52]. Up to now,
bisphosphonates such as Etidronate, Clodronate, Tiludronate, Alendronate, Residronate,
Residronate, Ibandronate, Pamidronate, and Zoledronate have widely been applied by medical
doctors as suitable effective way for the treatment of bone malignancies and stopping the
secondary complications (Table 1) [53].

Etidronate is made up for treating a certain type of bone disease called Paget's that
causes weakens osteoporosis and deforms bones. Clodronic acid or clodronate disodium is a
non-nitrogenous bis-phosphonate that is also used as an anti-osteoporotic drug suitable for the
prevention and treatment of osteoporosis in postmenopausal women and men to reduce
vertebral fractures, hyperparathyroidism, hypercalcemia and myeloma for reducing related
pains. Tiludronic acid or Tiludronate is a bisphosphonate applied to treat Paget's disease of
bone, such as osteitis deforming. Its trade names are Tildren and Equidronate. It is approved
for treating navicular disease and distal tarsal osteoarthritis in Europe [54]. Alendronic acid
(Known as Fosamax ) is a bisphosphonate used to treat osteoporosis and Paget's disease of
bone and is taken by mouth with vitamin D and calcium compounds. General side effects
appear with constipation, stomach pain, nausea, and acid reflux. This drug decreases the
activity of cells that break down bone[55]. Risedronic acid with risedronate salt is a
bisphosphonate that stops the activity of the fast-growing cells that break down bone and is
used for the treatment or prevent osteoporosis, Paget's disease of bone and bone cancer.
Ibandronic acid with Ibandronate salt has a bisphosphonate structure applied to prevent and
treat osteoporosis and metastasis-associated skeletal fractures in people with cancer. It may
also be used to treat hypercalcemia (elevated blood calcium levels). Pamidronic acid,
pamidronate disodium, or APD, is a nitrogen-containing bisphosphonate used to prevent
osteoporosis. Zoledronic acid, also known as zoledronate, is a medication applied to treat
various bone problems, including osteoporosis, high blood calcium, bone breakdown, Paget's
disease of bone, and Duchenne muscular dystrophy (DMD). Some side effects include fever,
high blood pressure, diarrhea, and tiredness; more dangerous side effects include low blood
calcium and osteonecrosis of the jaw. It works by blocking osteoclast cell activity and thus
decreases bone breakdown [3].
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1.3. Anti-RANKL treatments.

OPG as Anti-RANKL has potent anti-resorptive effects without direct cytotoxic
actions. The binding of RANKL to its receptor RANK on the top of osteoclast cells is needed
for osteoclast differentiation. With separating RANKL, OPG inhibits osteoclastogenesis and,
thus, bone resorption both in vitro and in vivo [57,58]. In hospital treatment, OPG structure and
anti-RANKL antibodies can be used to reduce bone resorption in patients with multiple
myeloma or bone metastasis from breast cancer [59,60]. In addition, In prostate disease,
treatment denosumab has been reported to delay the appearance of bone metastases [61].

1.4. Bisphosphonates therapy.

Bisphosphonates' majority of therapy extends towards removing osteoporosis and
cancer metastasis in world countries. These kinds of drugs potentially kill cancer cells on
osteoclasts. Absolute evidence indicates breast cancer patients treated with the potent
bisphosphonate zoledronic acid reduce the size of cancer tumors [62,63]. Patients who use
bisphosphonates for osteoporosis have a lower colon and breast cancer incidence. Up to now,
the mechanism interpretation concerning this anticancer potential is not been well understood
[64-66].

Table 1. Specific information on some bone disease drugs.

Bisphosphonates | Formula Molar mass Relative Code

Compounds

g/mol

Potency

Etidronate

C2HsO7P2

206.0282

1

CAS ID
7414-83-7

Clodronate

CH4Cl206P2

244.892

10

ChemSpider ID: 23731
ChEMBL Id: 12318
ATC code: MO5BAO02
(WHO)

Tiludronate

C7HoClIO6P2S

318.60

10

CAS Number 89987-06-4
ChEMBL Id: 1350

ATC code: MO5BAO05
(WHO)

Alendronate

CsH13NO7P;

249.096

100-500

CAS Number 66376-36-1
ChEMBL Id: 870

ATC code: MO5BA04
(WHO)

Risedronate

C7H11NO7P2

283.112

1000

CAS Number 105462-24-6
ChEMBL Id: 923

ATC code: MO5BA07
(WHO)

Ibandronate

CoH23NO7P2

319.231

500-1000

CAS Number 114084-78-5
ChEMBL Id: 997

Pamidronate

C3sH11NO7P2

235.069

100

CAS Number 40391-99-9
ChEMBL Id: 834

Zoledronate

CsH10N207P2

272.090

5000

CAS Number 118072-93-8
ChEMBL Id: 924

ATC code: MO5BA08
(WHO)

N-containing bisphosphonates exhibit the most inhibiting farnesyl pyrophosphate
synthase (FPPS) [65,67]. They can easily block cancer tumors because of T-cell receptor
activation, NF inhibition, F, and hypoxia-inducible factor-1a suppression. Although there is no
scientific ranking of antitumor or anti-FPPS properties among various bisphosphonates,
suggesting that yet undiscovered phenomenon mediate their action on cancer cells [68-71].
About 35% of lung cancers are driven by activating mutations in the HER1 kinase domain,
such as HER1E746-A750 and HER1L868R (18). Additionally, up to 95% of colon cancers
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arise from the HER1 gene (22). Fortunately, bisphosphonates attach to the HER1/2, inhibit
cancer signaling, and consequently kill bone, lung, breast, and colon cancer cells [72-74].
Although it is obvious that bisphosphonates inhibit FPPS's cancer potential to reduce bone
resorption, there are several points of FPPS behavior that remain without any clear
interpretation. Therefore drawing a map of connections among genes, diseases, and drugs
might help us for resolving this unknown mechanism [72-78]. Yuen and coworkers [79]
investigated osteoclasts from peripheral blood mononuclear cells extracted from three donors,
exposed these cells to alendronate or risedronate, two of which are the most application of
bisphosphonates, and performed microarrays on the isolated mRNA. The microarray dataset
was used to develop a combined bisphosphonate gene signature by identifying genes that
displayed statistical behavior across both alendronate- and risedronate-treated samples. This
discovery was important because it exhibited that around half of the bisphosphonate-associated
pathways contained HER family signaling molecules, including HER1, HER2/neu, EGF,
phosphoinositide 3- kinase, and protein kinase B (AKT).

1.5. Aetiology and bone loss.

Women lose about 0.5% of their bone density during menopause per year. In addition,
about 30% of women lose bone during the late period. Biochemical testing and medical
analysis can distinguish women who are rapid losers, which means those who lose 4% to 6%
of bone annually [80]. The dangerous problems for osteoporosis can be mentioned as; women
more than men, age > 65, race, climate, early onset of menopause, longer periods, menopausal
interval, and inactivity. Risk factors that may potentiate osteoporosis include: Smoking, alcohol
abuse, excessive caffeine consumption, lack of dietary calcium and lack of sunlight exposure,
and lack of vitamin D. The detect of osteoporosis is made in 3 ways: first; DXA method that
bone mineral density measure through dual X-ray absorptiometry, second; biochemical testing
and third bone biopsy with the pathological assessment that is certain method is radio graphical
bone mineral density measurement (BMD). Several techniques are applied: single-photon
absorptiometry, dual-photon absorptiometry, quantitative computed tomography, dual-energy
x-ray absorptiometry, and ultrasonography for the most general section of bodies with the most
risk for fracture: hip, wrist, and vertebrae. Evaluation of certain biochemical indexes of bone
deformation, such as wurinary N-telopeptide crosslinks, free pyridinoline, total
deoxypyridinoline, hydroxyproline, serum osteocalcin, and also bone-specific ALP, are
harmonized with longitudinal bone loss in old women (>60 years). These indexes might be
helped same women who are at the most dangerous for bone loss [81, 82]. To evaluate bone
deformation in women at menopause with vertebral osteoporosis, serum osteocalcin, urinary
PYD, and DPD seem to be suitable indexes that have been applied so far [83,84].

2. Materials and Methods

2.1. Docking tools.

In this study for docking a nitrogen-containing bisphosphonate with human FPPS and
a few other targets, the IGEMDOCK has been used. This software predicts how the small
molecules bind to a target protein of known 3D structure, and the acceptable ligand can be
distinguished as a suitable compound for the binding site in whole protein structures. This
software can also help to define a suitable binding site based on the following steps of docking
simulation: (a) definition of the binding site, (b) selecting the PDB files of the protein data
https://biointerfaceresearch.com/ 7 of 21



https://doi.org/10.33263/BRIAC134.396
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC134.396

bank, (c) definition of the binding site type for new bounded ligand, (d) definition the center of
the binding site by selected ligand, (e) definition the size of the binding site through the
extended radius from the selected ligand. IGEMDOCK gives us an analysis with an image that
can be visualized the docked states and categories through the protein-ligand interactions. So,
the calculating steps can be saved in the output path, and each ligand's minimum energies will
be distinguished for saving the data. The information on subsets might be considered a common
trait. In addition, extracted data from the protein-ligand interactions and atomic composition
can be accounted for by atomic types in different functional groups. Interaction aspects are
extracted from the protein-ligand couples, and atomic combinations are calculated atomic types
in various functional groups [85-89].

Advanced research algorithms, energy functions, and computational docking methods
can add considerably to understanding the structural and energy basis of enzyme-substrate
interactions.

Several ligands studied in this work contain Alendronate, Zolendronate, Risedronic,
Ibandronate, and Pamidronate (Figure 2). The structure of these compounds is shown in
Figure2 and Table 2. Various structures of human farnesyl pyrophosphate synthase were
extracted from Protein Data Bank (PDB). In order to carry out the docking simulation,
IGEMDOCK has been used as a molecular-docking package. It is suitable for accomplished
docking of ligands binding to macromolecular receptors.

Zoledronic
Acid

Figure 2. Optimization of Zolendronate, Risedronic with B3Lyp/cc-pvdz method.

Table 2. Atom type and atom name of Zolendronate, Risedronic for MD calculation.
Zoledronic Acid

Name | type | name | type | name | type name | type name | type name | type | name type
Cc@) c3 P(5) P5 0(9) oh N(13) | na H(17) | ho H(21) | ho H(25) h1l
N(2) na 0o(6) oh O(10) | oh C(14) |cc H(18) | ho H(22) | h5 H(26) hl
0(3) oh o) oh o1y |o C(15) | cc H(19) | ho H(23) | h4 *H(27) | hn
P(4) P5 0(8) 0 C(12) |cc C(16) | c3 H(20) | ho H(24) | h4

Risedronic Acid
C(D) c3 P(5) P5 0(9) oh C(13) |ca C(7) |ca H(21) | ho H(25) ha
C(2) nb 0O(6) oh 0O(10) | oh C(14) | ca H(18) | ho H(22) | ho H(26) ha
0(3) oh o) oh O(11) | oh C(15) | ca H(19) | ho H(23) | hl H(27) h4
P(4) P5 0(8) 0 C(12) | c3 N(16) | c3 H(20) | ho H(24) | hl H(28)

2.2. Preparation of ligand and target molecule.

By docking tool, the ligand and receptor were run, and the result of the simulation was
analyzed. Besides starting, united atom charges, solvation parameters, and polar hydrogen were
added into the receptor PDB file for protein preparation. The FPPS enzyme structure does not
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have a ligand molecule, but it has water and phosphate molecule, which has been removed
from its PDB file and make a free receptor. The rigid roots of each molecule were defined, and
due to amide bonds being made non-rotatable, all rotatable dihedrals in the ligands were also
assigned to allow them to rotate freely. Pre-calculated grid sheets are needed for any further
Docking method for each ligand atom being docked, and it stores the potential energy arising
from the interaction with the macromolecule. In docking situation of ligands in binding to
protein is unknown because there is no pre-experimental information. One can only suppose
that the minimum energy indicates the best ligand-protein complex. Information on docking
for each ligand atom and potential energy arising from the interaction with related
macromolecules has been saved. The grid box size was set at 50, 50, and 50 A° (x, Yy, and z),
though it was changed depending on the ligand size.

The distance between grid points was fixed at around 0.4 A°. The Lamarckian Genetic
Algorithm (LGA) was chosen to search for the best conformers. For each ligand, a maximum
of 4 conformers was considered during docking. The size of the population was set to one
hundred. The program LGA and pseudo-Solis and wets method were applied for minimization
using default parameters [90-115] (Table 3, Figure 3).

Human FPPS
complex with

and zoledronic &
acid/MG2+

N

Figure 3. Human FPPS complex with zoledronate by docking simulation.

Table 3. Docking parameter for all five ligands into protein farnesyl pyrophosphate synthase.
Docking Statistics

Molecules Number Cluster Number of the | Low binding | Nunumber
of clusters | rank cluster in | energy (Kcal/mol) | of run
conformation

Risedronate | 3 1 4 -7.65 6

2 2 -6.55 4

3 2 -7.25 2
Pamidronte | 2 1 4 -6.50 4

2 2 -7.25 4
Zoledronate | 3 1 2 -6.25 5

2 4 -6.75 5

3 2 -5.75 4
Alendronate | 2 1 2 -7.75 6

2 4 -8.05 5
Ibandronate | 3 1 2 -3.25 4

2 4 -3.75 3

3. Results and Discussion

3.1. Docking results.

Bisphosphonates have a high affinity for Ca* and therefore attack bone minerals, where
they are internalized by bone-resorbing osteoclasts and inhibit osteoclast function. Nitrogen-
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containing bisphosphonates (NBPs), including Alendronate, Zolendronate, Risedronic,
Ibandronate, and Pamidronate, are functionalized as effective inhibitors of bone resorption
diseases. It targets FPPS (osteoclast farnesyl pyrophosphate synthase) to inhibit protein
prenylation, and it is a key branchpoint of the mevalonate pathway and catalyzes the successive
condensation of isopentenyl pyrophosphate with dimethylallyl pyrophosphate and geranyl
pyrophosphate [116,117]. In this study, the docking accuracy and scoring reliability for
docking a nitrogen-containing bisphosphonate with human FPPS using docking software has
been presented as the most potent drug for treating osteoporosis. FPPS (Figure 3) in mammals
provides important lipid molecules, such as cholesterol and isoprenoids, which isoprenoids are
needed for the prenylation of small GTPase signaling proteins for normal cellular activities
[118,119]. The stopping of activity of this enzyme in this pathway is dangerous for various
diseases, like inhibition of hydroxymethylglutaryl-CoA that reduces cholesterol biosynthesis,
and inhibition of FPPS with the drug nitrogen-containing bisphosphonates (N-BPs) inhibit
protein prenylation in osteoclast. Because of the special mechanism, N-BPs inhibit FPPS and
prevent destroying of osteoclasts. Zoledronate (ZOL) is currently used to treat postmenopausal
& steroid-induced osteoporosis. It is clear that FPPS is the major enzyme target of N-BPs, such
as hypercalcemia, and osteolysis is associated with multiple myeloma and metastatic cancers
[116-120]. Docking simulation of Alendronate, Zolendronate, Risedronic, Ibandronate, and
Pamidronate linked to the active site of the FPPS make several conformers. The lowest binding
energy of the docked complex was -8.05 kcal/mole for alendronate, and the highest energy was
-3.25 for Ibandronate. In these complexes, the NH group of several amino acids of FPPS and
the OH group of N-BPs acts as hydrogen bond donor. The bond distance between donors and
acceptors atoms of hydrogen bonds varied between 1.8-2.05 A with zoledronate, pamidronate,
alendronate, and FPPS showed in Figure 4.

-~

GLN96 TYR104
TYR104

...’\\HR201
ARG112 \

ARG112
PHE99

ASP103 ASP103

Figure 4. Docking of (a) Zoledronate; (b) pamidronate; (c) alendronate into FPPS.

Molecular docking simulation of Alendronate, Zolendronate, Risedronic, Ibandronate,
and Pamidronate with receptor exhibits that the numbers of clusters with each ligand vary in
several ranges of FPPS. Based on the minimum energy concept, it can be concluded that
alendronate and risedronic acid is the two most suitable inhibitors for FPPS, amongst others
considered in the study.

3.2. Molecular dynamic (MD) investigation.

The molecular structures of the NBPs were using B3Lyp/cc-pvdz level of method and
basis sets. The optimized structures were used for atomic charge assignments through this
method with the restrained electrostatic potential (RESP) method. The details of the atom types
and atomic charges of the NBPs are presented in Tables4&5. The force fields such as amber,
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charmm, and opls can only evaluate various conformational structures during MD simulations.
Those force fields were parameterized using many protein-inhibitor complexes for which both
structure and inhibition constants. The force fields evaluate binding in two steps; the first step,
the intermolecular energy, should be calculated for the transition from those unbound states of
the ligand and protein. The second step then calculates the intermolecular energy of binding
the ligand and protein in suitable bound conformation. Theoretical Force fields are based on
various interactions that are explained via spherically truncated Lennard—Jones potentials as

follows: V,;(r;;) = 451-]-{[(%)12 — (?)6]}1* < Rc , R.is a cutoff distance around 12 A for
ij ij

VE. In addition, the Lorentz—Berthelot rules via arithmetic middle have been applied for the
interactions among VE and h-BN atoms as follows "g;; = 0.5(0; + 0;)"and &;; = [ &; * [ &;.
The non-bonded and bonded parameters, including van der Waals of related force fields, are
listed in Tables 4 and 5, for bisphosphonates. The total energy of the model system is a total of
several partial energies as follows: E(system) = E(bond) + E(angle) + E(torsion) +E(over)
+E(vdW) + E(Coulomb) + E(Specific), where E(bond) is the energy associated with the bond
formation and (E(angle) + E(torsion)) are the energies associated with valence angle strain and
torsional angle strain, respectively E(over) energies associated with valence angle strain and
torsional angle strain, respectively, is an energy penalty term that prevents the over-
coordination of the atoms. EvdW +E(Coulomb) is the dispersive, and electrostatic energy
contribution between all atoms, respectively, and E(Specific) is a system-specific energy term
that may include lone-pair, conjugation, and hydrogen binding (Table 4&5 ).

Table 4. Lennard—Jones potentials for MD simulation of Non-bonded parameters in terms of E (van der Waals)
+ E (Coulomb) V,(r;) = 45%[(?)12 - (?)6]}1‘ <R¢.
ij ij

Atom name @/t;)gn Mass(g/mol) o(nm) . (’::Z,l)
cQ) c3 12.01 1.99 -0.101
N(2) na 14.02 1.98 -0.093
0(3) oh 16.03 1.95 -0.112
P(4) P5 31.02 2.12 -0.061
P(5) P5 31.02 2.13 -0.055
0(6) oh 16.03 1.89 -0.084
o(7) oh 16.03 1.92 -0.103
0(8) 0 16.03 1.99 -0.013
09 oh 16.03 2.02 -0.018
0(10) oh 16.03 2.04 -0.019
0(11) 0 16.03 2.00 -0.011
C(12) cc 12.01 1.85 -0.019
N(13) nc 14.02 1.96 -0.019
C(14) cc 12.01 2.04 -0.011
C(15) cc 12.01 1.92 -0.103
C(16) c3 12.01 1.96 -0.029
H(17) ho 1.01 1.32 -0.023
H(18) ho 1.01 1.30 -0.021
H(19) ho 1.01 1.34 -0.022
H(20) ho 1.01 1.36 -0.019
H(21) ho 1.01 1.28 -0.020
H(22) h5 1.01 1.34 -0.021
H(23) h4 1.01 1.38 -0.025
H(24) h4 1.01 1.28 -0.022
H(25) hl 1.01 1.32 -0.024
H(26) hl 101 1.34 -0.022

The force field of charmm was developed by Karplus (Nobel prize [121]. The force
field was not only parameterized for bulk properties but also interfacial thermodynamic
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properties such as cleavage energy, solid-liquid interface energy, and immersion energy.
Alendronate had larger binding free energies than the other and confirmed the docking result.
Zolendronate was much more hydrophilic than the pyridine and bulky aliphatic groups of
Risedronic and Ibandronate.

Computed binding free energies of Zolendronate to receptor matched the weak binding
values in our measurements. Ibandronate showed the weakest binding free energies compared
with the Risedronic in this work, which correlated with docking studies qualitatively.
Generally, the strong interaction sequence is as follows Alendronate>Risedronic>
Pamidronate>Zolendronate> Ibandronate, and this was because of strong electrostatic

interactions between amine groups and phosphate ions [122-155].

Table 5. Parameters of bonded interactions of the atomistic force field.
Bonded & angle interaction

Vi(rg) = D 1 (ry = b+ (Vg (Oyi) = 0.5 > k& @i — 0301} + {[V (i) Ky (1+ Cos(np = 8)

bonds angle
bond b(A) Kb angle 0% Kfy Dihedral Pijki k, n| &
kcal/mol”A2 Kkeal kcal/m
mol2 ol
* Rad*®)
Zoledronic Acid
R1 R(1,3), 142 [2205 Al A(314), 50.8 D1 D(4,1317) - 0.00 1 [0.00
R2 R(14), 186 |[2350 108.2 455 1354 0.05 1 [ 0.00
R3 R(1,5), 1.86 2405 A2 A(3,15), 60.5 D2 D(5,1,3,17) -19.8 | 0.00 1 | 0.00
R4 R(1,16), 153 300.0 105.2 53.0 D3 D(16,1,3,17) 0.05 1 | 0.00
R5 R(2,12), 1.26 3205 A3  A(3.1,16), 46.9 1014 0.00 1 | 0.00
R6 R(2,15), 1.26 2805 106.6 51.0 D4 D(3,1,4,6) 0.06 2 | 180.0
R7 R(2,16), 146 [5900 A4 A(4,15), 8.9 435 0.08 1 10,00
R0 Rae. 160 P20 | Slauie, s 7ot o s 1 lo0o
:0), : 385,0 4,16), 395 - 0.05 1 [ 0.00

R10 R(47), 160 114.0 D6 D(3,14,8)
R11 R(48), 1.49 312‘8 A6  A(5,1,16), ig'g 162.8 8'23 é 8'88
R12 R(59), 160 |25~ 1138 116 D7 D(5146) - 0eE T 1800
R13 R(5,10), 1.60 ' A7 A(12,2,15), ' 70.1 ' '
R14 R(511), 149 |-3007 111.1 515 D8 D(5.147) 0.45 1 10.00
R15 R(6,18), 094 | 2400 A8 A(12,2,16), 48.0 168.3 0.44 1 |0.00
R16 R(7,19), 094 | 2205 1247 46.0 D9 D(514.8) 0.06 2 | 0.00
R17 R(9,20), 094 | 2300 A9 A(1572,16), 50.0 49.2 0.00 3 | 180.0
R18 R(10,21), 0.94 2405 1241 49.0 D10 D(16,1,4,6) 0.00 1 10.00
R19 R(12,13), 1.26 2205 A10 A(1,3,17), 475 162.0 0.33 1 |0.00
R20 R(12,22), 1.09 | 230.0 109.3 51.0 D11 D(16,14,7) 0.23 1 |180.0
R21 R(13,14), 1.26 | 2405 All A(1,46), 458 405 0.67 3 | 0.00
R22 R(14,15), 1.34 | 255.0 1105 47.0 D12 D(16,148) - 0.00 2 | 0.00
R23 R(14,23), 1.09 | 2380 Al2 A(14,7), 44.0 78.6 0.00 1 | 180.0
R24 R(15,24), 1.09 110.0 D13 D3159) -
R25 R(16,25), 1.11 Al13 A(14.8), 179.2
R26 R(16,26), 1.11 1115 D14 D(3,1,5,10)

Ald A64,7), 57.8

109.4 D15 D(3,1511) -

Al5 A(6,4,8), 59.5

1073 D16 D(4,159) -

Al6 A(7.4,8), 63.6

1075 D17 D(4,15,10)

Al7 A(15)9), 1734

1113 D18 D(4,15,11)

A18 A(1,5,10), 56.0

109.4 D19 D(16,15,9)

A19 A(15,11), 64.2

110.2 D20 D(16,15,10) -

A20 A(9,5,10), 58.6

111.9 D21 D(16,15,11) -

A21 A(9,5,11), 176.0

107.2 D22 D(3,1,162) -

A22 A(105,11), 174.0

1065
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Bonded & angle interaction

{[Vp(ry) = Z kﬁ} (rij — bi))?1} + {[Vp(8yjx) = 0.5 Z kiejk(eijk - O?jk)z]} + {[V(@iji1) k(1 + Cos(ng — 8)

bonds angle
bond b(A) kP angle 0% kS Dihedral Pijki k, n| &
kcal/mol*A? kcal kcal/m
mol ol
* Rad?)
Zoledronic Acid
A23 A(4,6,18), D23 D(3,1,16,25)
107.6 62.0
A24 A(4,7,19), D24 D(3,1,16,26)
107.7 51.6
A25 A(5,9,20), D25 D(4,1,16,2)
108.2 66.4
A26 A(5,10,21), D26 D(4,1,16,25)
108.3 57.4

4. Conclusions

This study examined how nitrogen-containing functional groups and surface
protonation influenced the binding affinities of Alendronate, Zolendronate, Risedronic,
Ibandronate, and Pamidronate through molecular simulation. Hydrophilic and hydrophobic
behaviors of their nitrogen-containing functional groups differentiated their binding affinities
to FPPS. Alendronate had larger binding free energies than the other and confirmed the docking
result.
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