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Abstract

Heparin and heparan sulfate are important glycosaminoglycans that can regulate the

activities of many vital proteins, especially the fibroblast growth factor (FGF) family.

Because FGF7 (KGF) has an important role in tissue repair and maintaining the integ-

rity of the mucosal barrier, recombinant human keratinocyte growth factor (rhKGF,

palifermin) has been approved for the treatment of wound healing and oral cavity.

Due to heparin plays an important role in the KGF signaling pathway, a more detailed

study of the drug–drug interactions (DDIs) between rhKGF and heparin at the atomic

level and investigating their synergistic effect on each other in terms of biology, espe-

cially in silico, is necessary for a better understanding of DDIs. In this study, DDIs

between rhKGF and low-molecular weight heparin types (LMWH) were investigated.

In this regard, scrutiny of the influence of the synergistic heparin types on the struc-

ture and biostability of rhKGF is accomplished using computational methods such as

molecular docking and molecular dynamic simulations (MDs). Subsequently, the

motion behavior of rhKGF in interaction with LMWHs was evaluated based on eigen-

vectors by using principal component analysis (PCA). Also, the binding free energies

of rhKGF-LMWH complexes were calculated by the molecular mechanics/Poisson–

Boltzmann surface area (MM-BPSA) method. The result showed that rhKGF-

idraparinux (�6.9 kcal/mol) and rhKGF-heparin (�6.0 kcal/mol) complexes had signif-

icant binding affinity as well as they had a more stable binding to rhKGF than to other

LMWH during 100 ns simulation. However, in order to confirm the curative effect of

these drugs, clinical trials must be done.

Abbreviations: 2-D structure, two-dimensional structure; AUC, area under the curve; CL, average total body clearance; FGF, fibroblast growth factor; HS, heparin sulfate; KGF, keratinocyte

growth factor; LINCS, linear constraint solver; LMWH, low-molecular weight heparin; MD, molecular dynamics; MM-PBSA, molecular mechanics-PoissonBoltzmann surface area; MW, molecular

weight; NPT, constant number of particles, pressure, and temperature; NVT, constant number of particles, volume, and temperature; OM, oral mucositis; PCA, principal component analysis; PDB,

Protein Data Bank; Rg, radius of gyration; rhKGF, recombinant human keratinocyte growth factor; RMSD, root mean square deviation; RMSF, root mean square fluctuations; UH, unfractionated

heparin; ULMWH, ultra-low molecular weight heparin; Vss, volume of distribution at steady state; ΔEele, electrostatic contribution; ΔEMM, energy of the molecular mechanics; ΔEvdw, Van der
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Received: 16 May 2022 Revised: 5 November 2022 Accepted: 21 November 2022

DOI: 10.1002/prot.26448

542 © 2022 Wiley Periodicals LLC. Proteins. 2023;91:542–554.wileyonlinelibrary.com/journal/prot

https://orcid.org/0000-0001-9425-2353
mailto:rahimi.h1981@gmail.com
http://wileyonlinelibrary.com/journal/prot
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fprot.26448&domain=pdf&date_stamp=2022-12-02


K E YWORD S

heparin, low-molecular weight heparin, molecular docking, molecular dynamic simulations,
palifermin, recombinant human keratinocyte growth factor

1 | INTRODUCTION

Heparin and heparan sulfate (HS) are linear polysaccharides belonging

to the family of glycosaminiglycans which are composed of α 1-4

linked disaccharide repeating units containing a uronic acid and an

amino sugar.1 Owing to the presence of sulfate groups at specific

positions in heparin and HS, they have a high negative charge density,

because they can bind to an extensive range of molecules through

electrostatic interaction.2,3 Recently, studies have announced that

heparin and HS can regulate biological processes such as cell signaling

pathways.4–6 So far, about 300 HS-binding proteins (HSBPs) have

been reported including; growth factors family, cytokines, chemo-

kines, extracellular matrix proteins, enzymes, and cell surface proteins

of pathogens.7 Keratinocyte growth factor (KGF or fibroblast growth

factor [FGF]-7) is a unique member of the FGFs family, and is pro-

duced by mesenchymal cells. It binds only to an isoform of FGFR2;

known as FGFR2IIIb form (KGFR).8 It is well documented that heparin

and HS are obligatory coreceptors that bind KGF to KGFR to regulate

the activity and function of KGF through modulating dynamics as well

as the kinetics of KGF-KGFR interactions.9,10 Due to KGF plays a criti-

cal role in the development and repair of tissue, a recombinant human

KFG (rhKGF or palifermin), is being produced.11,12 Currently, rhKGF

(palifermin) is the only approved pharmacological agent to decrease

the incidence and duration of severe oral mucositis (OM) which is

administered before and after chemotherapy, radiation, and stem cell

therapy.8 However, the therapeutic applications of rhKGF are limited

because of its short half-life and poor stability. Also, this protein

unfolds at body temperature (�37�C), so the unfolded protein aggre-

gates rapidly.13 It is proven that frequent administration of rhKGF

(every day) often results in impaired homeostasis in vivo and may

cause severe side effects like rash, erythema, edema, and pruritus.8

Despite various research efforts, these limiting factors still have

been an interesting challenge to cancer researchers and clinicians. So

far, different strategies have been employed to improve the stability,

activity, and quality of rhKGF including, more effective expression

systems, construct engineering, and protein engineering.14–16 It is

reported that solid-phase PEGylating can significantly improve the

biostability of KGF without affecting its native structure.17,18 There is

evidence that suggests several type of polyanions including heparin,

inositol hexaphosphate (IHP), and sucrose octasulfate (SOS) which

cause to more stability of the KGF through increasing the thermal-

unfolding temperature.19 It is well determined that the main reason

for the instability and aggregation problem of rhKGF is the positive

charge patch. So some of the previous studies have used compounds

with negative charge like citrate and sulfated polysaccharides, espe-

cially heparin and dextran sulfate, as well as low molecular weight

additives such as osmolytes and salts to decrease the rate of rhKGF's

aggregation and increase the rhKGF's half-life.13,20,21 On the other

hand, numerous studies have shown that there is a potential pharma-

cokinetic relationship between different types of heparin and rhKGF.

Moreover, it is well-approved that if rhKGF and heparins are adminis-

trated simultaneously, it can significantly increase the rhKGF's AUC

(actual body exposure, area under the curve) up to fivefold while the

rhKGF's CL (total body clearance) and Vss (volume of distribution at

steady-state) as well as half-life remarkable decrease.22 Also, it is

hypothesized that coadministration rhKGF and heparin may increase

the stability and bioactivity of rhKGF. So far, the drug–drug interac-

tions (DDIs) between rhKGF and heparin have been studied at the

clinical level. However, there is no exact details about the interaction

of rhKGF with heparin on the atomic level and it has still remained a

serious challenge. On the other hand, the studies show that the com-

pounds with negative charge cause the stability of rhKGF. Due to

heparin's narrow therapeutic margin, it is critical to understand these

DDIs; thus, in this study, the interactions between rhKGF and heparin

types were evaluated at the atomic levels by employing a well-

established set of computational methods such as molecular docking

and molecular dynamic (MD) simulations. Also, the principal compo-

nent analysis (PCA), binding free energies, and the influence of syner-

gistic heparin types on structure and biostability of rhKGF were

studied in silico.

2 | MATERIALS AND METHODS

2.1 | Protein selection and preparation

According to a previous study, the high-quality homology model of

rhKGF was prepared using the crystallographic structure of the KGF

protein of Rattus norvegicus (PDB ID: 1QQK), as that described previ-

ously.23 The modeled rhKGF protein structure was then prepared; by

removing water molecules, adjusting atoms to AutoDock atom types,

assigning bond orders, and adding hydrogen atoms and Gasteiger-

Marsili charges to the protein structure using AutoDock Tools 4.2.24

Finally, the prepared protein structure was saved in PDBQT format

for molecular docking.

2.2 | Binding pocket selection and preparation

The three-dimensional (3-D) structure of the KGF-heparin complex

has not yet been experimentally determined, only the crystallographic

structure of the FGF1-FGFR2-heparin complex (PDB ID: 1E0O) has

been solved; therefore, we were applied this crystallographic structure

as template for finding the binding pocket. This crystal structure file

was studied in detail by means of PDBsum web tools and Pymol as

well as LigPlot softwares25–27 and then the most significant residues
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involved in the interaction of FGF1 with heparin were investigated.

Subsequently, in order to find the heparin-binding site of rhKGF, a

sequence and structure alignment between FGF1 and rhKGF were

carried out. According to alignment and superimposition studies, the

residues of rhKGF in the C-terminal region were selected as reference

residues for molecular docking. Likewise, AutoDock tools were

applied to predict a grid box of size X = 20 Å, Y = 20 Å, and Z = 20 Å

grid points in 1.000 Å grid spacing around the selected binding pocket

to provide a search space for the selected compounds during the

molecular docking process.

2.3 | Ligand selection and preparation

There are three forms of heparin: unfractionated heparin (UH), low-

molecular weight heparin (LMWH), and ultra-low molecular weight

heparin (ULMWH) with average molecular weights of 15, 6, and 2 kDa,

respectively.28,29 In this study, an UH which named heparin and some

of its LMWH derivatives such as enoxaparin, bemiparin, fondaparinux,

and idraparinux30 were selected as ligands. Subsequently, all these

ligands were energetically minimized using HyperChem (version 7.0)

with molecular mechanics using MM+ force field31 followed by semi-

empirical quantum mechanics AM1 method, available in HyperChem,32

the Optimized ligands were then converted to SDF format using Open

Babel software33 for docking with the receptor.

2.4 | Molecular docking studies

To evaluate the molecular interaction between rhKGF and ligands,

flexible docking was carried out using the Smina AutoDock program34

under Linux OS. Subsequently, the docking results were visualized

and analyzed using Pymol and LigPlot softwares.26,27

2.5 | Molecular dynamics simulations for protein–
ligand complexes

Molecular dynamics simulations (MDs) have been widely used to

assess the atom's behavior and structural stability of protein–protein

and protein–ligand complexes, which prepared by molecular dock-

ing.35,36 In this step, MDs of the rhKGF-ligand complexes were per-

formed using GROMACS software (version 2020). The topology files

of the ligands were prepared using the PRODRG server.37 In parallel,

the topology file of the receptor was generated with pdb2gmx by

means of the united-atom GROMOS 96 43A1 force field. The MDs

methodology carried out the same as the previous studies23,38; in

summary, equilibration steps were set at 300 K for 100 ps using NVT

(constant number of particles, volume, and temperature) following

100 ps using NPT (constant number of particles, pressure, and tem-

perature). Finally, the equilibrated system was subjected to MDs for

100 ns.

2.6 | Principal component analysis

Correlated motions in biomolecules play an essential role in molecular

function. One of the most popular methods for detecting important

motions in proteins is principal component analysis (PCA) method.39

Interestingly, GROMACS software provides PCA tools to analyze pro-

tein trajectories. In this study to calculate PCA, first, a covariance

matrix was made by using gmx-covar from the equilibrated simulated

time of the trajectory. Subsequently, a set of eigenvectors and eigen-

values were identified from the generated matrix by gmx-anaeig of

GROMACS.

2.7 | Binding energy analysis using MM-PBSA
approach

Binding free energy computations are highly dependent on the con-

formation of the ligand interacting with the receptor residues. The

method of molecular mechanics-PoissonBoltzmann surface area

(MM-PBSA) is widely applied to estimate the binding free energy of

biomolecular complexes in the ending phases of the drug discovery

process.38,40,41 In the present study, this method was applied to cal-

culate the interaction energy between the ligand and the residues in

the protein binding pocket. The binding free energy was calculated

by taking different energetic parameters including the Van der Waals

(ΔEvdw), the electrostatic (ΔEele), and the solvation (ΔGsol) contribu-

tions. For each complex, the last 10 000 ps (10 ns) of the MD trajec-

tories were selected to calculate the binding free energies. In order

to determine binding free energies, a set of equations was computed

as follow:

1. ΔGbind = Gcomplex – (Gprotein + Gligand)

2. ΔGbind = ΔEMM – TΔS + ΔGsol

3. ΔEMM = ΔEele + ΔEvdw
4. Gsol = Gpol + Gnonpol

5. Gnonpol = γΔSASA + b

Gcomplex, Gprotein, and Gligand represent the total free energy of the

protein–ligand complex, and the total free energy of the protein and

ligand in the solvent, respectively. Molecular Mechanics (MM) force-

field parameters were applied to calculate complete binding energy

counting the solvation of the ligand and unbound protein. So, ΔEMM is

the average molecular mechanic's potential energy in vacuum, TΔS is

the solute entropic contribution at temperature T (Kelvin), and Gsol

refers to the free energy of solvation. The solvation energy (Gsol) was

computed by summing the electrostatic (Gpol) and nonelectrostatic

(Gnonpol) solvation energies. The polar solvation energies and the non-

polar solvation energies were calculated by solving the linear

Poisson–Boltzmann equation and by calculating solvent accessible

surface area (SASA), respectively. In the last equation γ and b are a

coefficient of surface tension and a fitting parameter,

respectively.23,42,43
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3 | RESULTS

3.1 | Identification of the heparin binding pocket
of rhKGF

In this step to determine the heparin-binding pocket of rhKGF for

molecular docking, the only crystallography file available in the PDB

database with PDB ID: 1E0O (FGF1-FGFR2-heparin complex) was

studied. The more detailed study of the crystallographic structure

shows that a heparin decasaccharide molecule simultaneously binds

to two FGF1 molecules and only one chain of the FGFR2 receptor.

The heparin binding site of FGF1 including; Lys112, Lys113, Asn114,

Lys118, Arg119, Pro121, Arg122, Gln127, and Lys128 residues and

the heparin binding site of FGFR2 including; Lys161, Lys164,

Thr174, Val175, Lysl76, Arg178, Ile217, and Asp247 residues that

were involved in FGF1-heparin and FGFR2-heparin interactions,

respectively. For identifying the heparin-binding site of rhKGF,

sequence and structure alignment between FGF1 and rhKGF were

carried out (Figure 1). According to alignment and superimposition

studies, the Asn106, Met110, Asn115, Glu116, Lys117, Val121,

Arg122, Gly123, Lys124, Lys125, Glu130, and Lys131 residues in

the C-terminal region of rhKGF were chosen as binding pocket. Also,

the evaluation of the electrostatic surface of FGF1 represented that

the heparin binding site of FGF1 is positively charged (data not

shown). Accordingly, the selected residues of rhKGF as binding

pocket were also positively charged so that they might make a

strong electrostatic connection with the negatively charged heparin

and LMWH derivatives.

F IGURE 1 Evaluation of the heparin binding pocket upon FGF1-FGFR2-heparin complex and rhKGF. (A) Structural alignment of the FGFR2
(gold)-FGF1 (firebrick)-heparin (blue) complex (PDB ID: 1EO0) and rhKGF (green). The binding residues of FGF1 and FGFR2 are colored in cyan
and red, respectively, as well as the predicted binding residues of rhKGF are colored yellow. (B) Close-up view of the interacting residues of
FGFR2 (C) and FGF1 (D) as well as rhKGF which these residues are labeled and shown in stick representation. (E) Sequence alignment of FGF1
and rhKGF. Red boxes indicate heparin-interacting residues in both FGF1and rhKGF.
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3.2 | Assessment of binding modes of heparin and
LMWH derivatives interactions with rhKGF

In this step, the rhKGF complex with heparin and LMWH derivatives

was evaluated based on the docking energy, number of hydrogen

bonds and interacting residues. The rhKGF-heparin complex showed a

binding affinity of �6.0 kcal/mol, while the rhKGF-idraparinux com-

plex displayed the highest binding affinity (�6.9 kcal/mol). The com-

plexes of bemiparinand and fondaparinux with rhKGF represented the

same binding affinity (�5.7 kcal/mol); likewise, rhKGF-enoxaparin

complex had the lowest binding affinity (�5.4 kcal/mol). More details

about the binding affinity and interacting residues in the rhKGF-ligand

complexes are given in Table 1.

The analysis of heparin binding to rhKGF demonstrated that seven

hydrogen bonds formed between the amine group of heparin and Asn115

(angle O---H N = 160.13�, distance = 2.61 Å), Gln116 (angle O---

H N = 152.54�, distance = 2.22 Å), Arg122 (angle O---H N = 140.92�,

distance = 2.73 Å), Lys124 (angle O---H N = 114.53�,

distance = 2.30 Å), Lys125 (angle O---H N = 134.56�, dis-

tance = 2.14 Å), Lys125 (angle O---H N = 108.35�, distance = 1.98 Å),

Lys127 (angle O---H N = 163.41�, distance = 1.05 Å) residues in the

binding pocket of rhKGF. In addition, heparin was embedded in a hydro-

phobic pocket formed by, Leu114, Ile119, Pro120, Gly123, Thr126,

Gln130, and Thr132 amino acids (Figure 2).

Analysis of rhKGF-bemiparin complex showed that five hydrogen

bonds formed between amine group of bemiparin and Asn115 (angle

O---H—N = 154.78�, distance = 2.19 Å), Asn115 (angle O---H—

N = 76.12�, distance = 2.99 Å), Lys127 (angle O---H—N = 147.19�,

distance = 3.10 Å), Lys127 (angle O---H—N = 114.04�,

distance = 2.18 Å), Gln130 (angle O---H—N = 97.49�,

distance = 2.68 Å), residues in the binding pocket of rhKGF. In addi-

tion, bemiparin was embedded in a hydrophobic pocket formed by,

Ile119, Pro120, Val121, Arg122, Thr126, and Thr132 amino acids

(Figure 3).

Based on the docking results, three hydrogen bonds formed

between the amine group of fondaparinux and Asn115 (angle O---H—

TABLE 1 Evaluation of the binding affinity (kcal/mol) and interacting residues in the rhKGF-ligand complexes.

Names

compound

Binding affinity

(kcal/mol) HB-AAsa NH-AAsb

Heparin �6.0 Asn115, Gln116, Arg122, Lys124,

Lys125

Leu114, Ile119, Pro120, Gly123, Thr126, Gln130,

Thr1321

Bemiparin �5.7 Asn115 Lys127, Gln130 Ile119, Pro120, Val121, Arg122, Thr126, Thr132

Fondaparinux �5.7 Asn115, Lys125, Lys127 Leu114, Gln116, Gln130, Thr132

Enoxaparin �5.4 Asn115, Gln116, Lys125, Gln130 Leu114, Val121, Arg122, Gly123, Thr126, Glu129,

Thr132

Idraparinux �6.9 Asn115, Lys124, Lys125, Lys127,

Gln130

Ile119, Val121, Arg122, Gly123, Thr126

aHydrogen bonds forming amino acids.
bNonbonded contacts forming amino acids.

F IGURE 2 Two-dimensional (2-D) structure of heparin and three-dimensional illustration of its interaction with the heparin binding pocket of
rhKGF. (A) Presents the 2-D structure of heparin. (B) Shows residues involved in hydrogen and hydrophobic interactions in protein–ligand
complex, hydrogen bonds represented as yellow dotted lines. (C) Represents eparin in the binding pocket of rhKGF. Heparin is shown as blue
sticks; all pictures were prepared with Pymol.
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N = 143.56�, distance = 2.42 Å), Lys125 (angle O---H—N = 146.95�,

distance = 2.86 Å), Lys127 (angle O---H—N = 166.74�, dis-

tance = 2.89 Å), Gln130 (angle O---H—N = 113.40�, distance =

2.41 Å) residues in the binding pocket of rhKGF. In addition, fonda-

parinux was embedded in a hydrophobic pocket formed by, Leu114,

Gln116, Gln130, and Thr132 amino acids (Figure 4).

Detailed study of the docking results of enoxaparin revealed that

eight hydrogen bonds formed between the oxygens (C O) of enoxa-

parin and Asn115 (angle O---H—N = 127.31�, distance = 2.46 Å),

Asn115 (angle O---H—N = 90.11�, distance = 2.95 Å), Gln116 (angle

O---H—N = 152.10�, distance = 2.28 Å), Lys125 (angle O---H—

N = 154.38�, distance = 2.12 Å), Lys127 (angle O---H—N = 174.38�,

distance = 2.00 Å), Lys127 (angle O---H—N = 101.70�, dis-

tance = 2.54 Å), Gln130 (angle O---H—N = 113.40�,

distance = 2.57 Å), Gln130 (angle O---H—N = 136.57� , dis-

tance = 2.56 Å), residues in the binding pocket of rhKGF. In addition,

enoxaparin was embedded in a hydrophobic pocket formed by,

Leu114, Val121, Arg122, Gly123, Thr126, Glu129, and Thr132 amino

acids (Figure 5).

Analysis of the docking results of the rhKF-idraparinux complex

displayed that six hydrogen bonds formed between various oxygens

( O and C O) of idraparinux and Asn115 (angle O---

H N = 145.63�, distance = 2.22 Å), Asn115 (angle O---H N

= 96.57�, distance = 2.71 Å), Lys124 (angle O---H N = 168.15�, dis-

tance = 2.34 Å), Lys125 (angle O---H N = 130.69�, dis-

tance = 2.24 Å), Lys127 (angle O---H N = 161.88�, distance

= 1.88 Å), Gln130 (angle O---H N = 164.86�, distance = 1.90 Å) res-

idues in the binding pocket of rhKGF. In addition, idraparinux was

F IGURE 3 Two-dimensional (2-D) structure of bemiparin and three-dimensional illustration of its interaction with the heparin binding pocket
of rhKGF. (A) Presents the 2-D structure of bemiparin. (B) Shows residues involved in hydrogen and hydrophobic interactions in protein–ligand
complex, hydrogen bonds represented as yellow dotted lines. (C) Represents bemiparin in the binding pocket of rhKGF. Bemiparin is shown as
magenta sticks; all pictures were prepared with Pymol.

F IGURE 4 Two-dimensional (2-D) structure of fondaparinux and three-dimensional illustration of its interaction with the heparin binding
pocket of rhKGF. (A) Presents the 2-D structure of fondaparinux. (B) Shows residues involved in hydrogen and hydrophobic interactions in
protein–ligand complex, hydrogen bonds represented as yellow dotted lines. (C) represents fondaparinux in the binding pocket of rhKGF.
Fondaparinux is shown as yellow sticks, all pictures were prepared with Pymol.
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embedded in a hydrophobic pocket formed by Ile119, Val121,

Arg122, Gly123, and Thr126 amino acids (Figure 6).

3.3 | Molecular dynamic simulations

Molecular dynamics were performed to evaluate the stability of

rhKGF-ligand complexes during 100 ns simulations. Root mean square

deviation (RMSD) is the significant property to evaluate the confor-

mational changes and dynamic behavior of the protein structure. The

RMSD plots for rhKGF-ligand complexes during the simulation period

are illustrated in Figure 7A. The result of the RMSD value showed that

the most deviation belongs to the rhKGF-enoxaparin complex; how-

ever, it displayed slight fluctuation from 10 000 to 50 000 ps. The

RMSD value of the rhKGF-fondaparinux complex was approximately

stable (around 0.25–0.28 nm) during 10 000–50 000 ps, but it

increased around 0.3–0.33 nm and 0.35–38 nm during 51 000–

81 000 ps and 84 000–100 000 ps, respectively. The RMSD value for

the rhKGF-heparin complex was in the range of 0.15–0. 30 nm during

the simulations, while this value for the rhKGF-bemiparin complex

was fluctuated from 0.15 to 0.25 nm then increased slightly and per-

sisted at 0.30 nm from 90 000 ps till the end of the simulation. Also,

the RMSD value for the rhKGF-idraparinu complex was fluctuated

from 0.15 to 0.30 nm and then reached its steady state at 0.25 nm

from 45 000 ps till the end of the simulation. The results demon-

strated the pattern of changes in RMSD was almost similar for three

complexes; rhKGF-heparin, rhKGF-bemiparin and rhKGF-idraparinux

which displayed the least fluctuation of RMSD plot during MDs;

F IGURE 5 Two-dimensional (2-D) structure of enoxaparin and three-dimensional illustration of its interaction with the heparin binding
pocket of rhKGF. (A) Presents the 2-D structure of enoxaparin. (B) Shows residues involved in hydrogen and hydrophobic interactions in protein–
ligand complex, hydrogen bonds represented as yellow dotted lines. (C) Represents enoxaparin in the binding pocket of rhKGF. Enoxaparin is
shown as orange sticks; all pictures were prepared with Pymol.

F IGURE 6 Two-dimensional (2-D) structure of idraparinux and three-dimensional illustration of its interaction with the heparin binding
pocket of rhKGF. (A) Presents the 2-D structure of idraparinux. (B) Shows residues involved in hydrogen and hydrophobic interactions in protein–
ligand complex, hydrogen bonds represented as yellow dotted lines. (C) Represents idraparinux in the binding pocket of rhKGF. Idraparinux is
shown as green sticks; all pictures were prepared with Pymol.
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although rhKGF-bemiparin had lower RMSD values, rhKGF-heparin

had higher stability than other complexes at the last 10 000 ps. In

order to evaluate protein structure compactness during the simula-

tion, radius of gyration (Rg) value of the complexes was calculated. As

depicted in Figure 7B, rhKGF-enoxaparin and rhKGF-fondaparinux

complexes had the highest fluctuation, but the Rg value of both

decreased during the last 30 000 ps. The pattern of changes in Rg is

almost similar for rhKGF-heparin, rhKGF-bemiparin, and rhKGF-

idraparinux complexes; however, the rhKGF-bemiparin complex dis-

played the least Rg value throughout the simulation periods.

To study the flexibility of individual residues, root mean square

fluctuation (RMSF) value was calculated from the trajectories of each

complex (Figure 7C). The RMSF value of the rhKGF-heparin complex

uncovered that all residues fluctuated between 0.04 and 0.85 nm and

this value in the rhKGF-bemiparin complex was in the range of 0.05–

0. 75 nm during simulations. Also, the RMSF value for the rhKGF-idra-

parinu, rhKGF-enoxaparin, and rhKGF-fondaparinux complexes was

fluctuated from 0.04 to 0.42 nm, 0.04 to 0.63 nm, and 0.05 to

0.55 nm, respectively. The RMSF plot of the complexes showed that

all residues played in the binding pocket of rhKGF were fluctuated

between 0.05 and 0.45 nm, indicating that these residues can have

high interaction with selected heparin and LMWH derivatives

throughout MDs.

The results of calculation of the number of hydrogen bonds (H-

bonds) between the rhKGF and ligands during MDs showed that the

complexes of rhKGF with heparin and idraparinux possessed 0–7 and

0–5 H-bonds, respectively, while rhKGF-bemiparin, rhKGF-enoxa-

parin, and rhKGF-fondaparinux complexes had 0–6 H-bonds. In all of

the complexes, 2–3 H-bonds were averagely seen which were

strongly stable during MDs (Figure 8A).

However, the SASA was investigated to define the surface area

of the protein interacting with its solvent molecules. Average SASA

values for rhKGF-heparin, rhKGF-bemiparin, rhKGF-fondaparinux,

rhKGF-enoxaparin, and rhKGF-idraparinux complexes were found to

be 85, 83, 81, 84, and 86 nm2, respectively during 100 ns MD simula-

tions (Figure 8B). Also, standard deviation of the area over the trajec-

tory were calculated per atom. The standard deviation' atoms values

for rhKGF-heparin, rhKGF-bemiparin, rhKGF-fondaparinux, rhKGF-

enoxaparin, and rhKGF-idraparinux complexes were 0.55, 0.48, 0.48,

0.5, and 0.47 nm2, respectively during 100 ns. The results of SASA

showed that there was no major change in the SASA values owing to

ligands binding.

In this study, the correlated motions for ligands binding to rhKGF

were anticipated by PCA. The first 20 eigenvectors were selected for

the investigation. The results showed that the eigenvalue Plot is

diminishing against the corresponding eigenvector for all complexes.

It can be seen that the rhKGF-enoxaparin complex had the highest

motions as compared to the other complexes while the complexes of

heparin and idraparinux with rhKGF showed lower motions, all these

computations were carried up at the last 50 ns MD trajectories. From

the overall analysis, it is predicted that the ligands of heparin and idra-

parinux could form a more stable complex with rhKGF (Figure 9A).

In order to study the essential dynamics of the complexes and to

display different and detailed conformation waves, a 2-D projection

plot was evaluated. In this regard, the first two eigenvectors (PC1 and

PC2) were chosen and plotted against each other. The 2-D projection

plot of the conformational changes of the complexes was plotted

from the last 50 ns MD trajectories (Figure 9B).

In general, proteins perform their specific functions via collective

atomic motions; therefore, the 2-D projection plot clearly describes

F IGURE 7 Evaluation of molecular dynamic (MD) simulations results. (A) Root mean square deviation (RMSD) plots of the rhKGF-ligand
complexes during 100 ns of simulations. (B) Radius of gyration (Rg ) plots of the rhKGF-ligand complexes during MD simulations. (C) Root mean
square fluctuation (RMSF) plots of the rhKGF-ligand complexes. In all plots, rhKGF-heparin, rhKGF-bemiparin, rhKGF-fondaparinux, rhKGF-
enoxaparin, and rhKGF-idraparinux complexes are indicated as blue, magenta, yellow, orange, and green, respectively.
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the motions in the protein in a phase space to understand the stability

of the protein.44 In this regard, the first two eigenvectors (PC1 and

PC2) were chosen and plotted against each other (Figure 9B). The 2-D

plot results of the complexes clearly represent that the rhKGF-heparin

and rhKGF-idraparinux complexes covered an almost smaller region

of the phase space, while rhKGF-enoxaparin, rhKGF-bemiparin, and

rhKGF-fondaparinux complexes occupied a larger region of the phase

space. Therefore, the PCA results suggest that rhKGF-heparin and

rhKGF-idraparinux complexes are more stable than other complexes,

in other words, rhKGF-enoxaparin, rhKGF-bemiparin, and rhKGF-

fondaparinux complexes have more structure flexibility and dynamics

at the last 50 MD.

To study the correlated motions in more detail, eigenvalue Plots

were calculated for shorter time periods (for the at last 10 ns MD tra-

jectories) which were then this plot compared with the eigenvalue

Plots at the last 50 ns. The results showed that the rhKGF-enoxaparin

and heparin and idraparinux had the highest and lower motions,

respectively (Figure 9C). Also, the 2-D plot results of the complexes

during at the last 50 and 10 ns MD trajectories were approximately

the same (Figure 9D). From the results of this study, it can be con-

cluded that the rhKGF-heparin and rhKGF-idraparinux complexes

showed the least fluctuations during the MD simulations.

Detailed analysis of binding free energies (ΔGbind) and energy

components, including van der Waals (ΔEvdw), electrostatic (ΔEele),

polar solvation energy (ΔGpol), and nonpolar interactions (ΔGnonpol)

were computed to assay the most important interaction term which

impacts the computed binding energy by using MM-BPSA method

throughout the last 10 000 ps MD trajectories. The results of the

energy components of the complexes are tabulated in Table 2.

The calculated average value of ΔGbind for rhKGF-idraparinux,

rhKGF-heparin, rhKGF-fondaparinux, rhKGF-enoxaparin, and rhKGF-

bemiparin complexes have �265.709, �261.478, �230.448,

�214.183, and � 163.598 kJ/mol, respectively. The ΔGbind results

suggested that idraparinux and heparin have the highest affinity for

rhKGF. In general, the nonpolar interaction energies and polar interac-

tion energies were calculated by (ΔEvdw + ΔGnonpolar) and

(ΔEele + ΔGpolar), respectively.
45–47 The nonpolar interaction energies

(ΔEvdw + ΔGnonpolar) of the rhKGF-idraparinux, rhKGF-heparin,

rhKGF-fondaparinux, rhKGF-enoxaparin, and rhKGF-bemiparin sys-

tems were found to be �384.778, �316.43, �375.328, �282.18, and

�213.351 kJ/mol, respectively, indicating that hydrophobic interac-

tions contribute to the binding process. The polar interaction energies

(ΔEele + ΔGpolar) of the rhKGF-idraparinux (119.069 kJ/mol), rhKGF-

heparin (54.952 kJ/mol), rhKGF-fondaparinux (144.88 kJ/mol),

rhKGF-enoxaparin (67.997 kJ/mol), and rhKGF-bemiparin (49.753 kJ/

mol) systems unfavorable for protein–protein complex formation.

4 | DISCUSSION

Since the KGF could operate as a hemostatic agent to maintain the

accretion and stability of epithelial cells and also have a main role in

tissue repair and preservation of the mucosal barrier, it is distinct from

other FGFs and provides a significant field for therapeutic

F IGURE 8 Evaluation of H-bonds and solvent accessible surface area (SASA) values for rhKGF-ligand complexes. (A) The number of H-bonds
between the rhKGF and ligands as a function of time. (B) SASA of rhKGF-ligand complexes as a function of time. (C) Standard deviation of the
area over the trajectory for per atom. In all plots, rhKGF-heparin, rhKGF-bemiparin, rhKGF-fondaparinux, rhKGF-enoxaparin, and rhKGF-
idraparinux complexes are indicated as blue, magenta, yellow, orange, and green, respectively.
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applications. Based on these unique properties, recombinant human

KGF protein (rhKGF) has been used for several therapeutic targets. It

is well documented that rhKGF has been successful in the decrease of

chemotherapy and radiotherapy toxicities in cancer patients. Several

factors such as instability, aggregation and short half-life, limited the

clinical applications of rhKGF. Yang et al. evaluated DDIs using an

in vitro model, they assessed rhKGF–heparin interactions in terms of

pharmacokinetics and pharmacodynamics characteristics. They

reported that the coadministration of rhKGF and UH may result in a

4 to 5-fold increase in some rhKGF's pharmacokinetic characteristics

whereas the pharmacodynamic characteristics are unaffected.22 How-

ever, in the previous studies, there has not been a focus on evaluating

the synergistic effect of heparin types in improving stability and bioac-

tivity of rhKGF on atomic level. Since heparin's narrow therapeutic

F IGURE 9 Evaluation of principal component analysis (PCA) results. (A) Eigenvalue plot versus the eigenvector index, considering only the
first 20 eigenvectors and (B) Projection plot of the motion of the rhKGF in phase space along the first two principal component vectors, PC1 and
PC2 at the last 50 ns. (C) Eigenvalue plot versus the eigenvector index, considering only the first 20 eigenvectors and (D) Projection plot of the
motion of the rhKGF in phase space along the first two principal component vectors, PC1 and PC2 at the last 10 ns. In all plots, rhKGF-heparin,
rhKGF-bemiparin, rhKGF-fondaparinux, rhKGF-enoxaparin, and rhKGF-idraparinux complexes are indicated as blue, magenta, yellow, orange, and
green, respectively.

TABLE 2 Analysis of the binding free energies (kJ/mol) and energy components (kJ/mol) in the rhKGF-ligand complexes.

Names compound ΔEvdwa ΔEeleb ΔGpol
c ΔGnonpolar

d ΔGbind
e ΔEvdw + ΔGnonpolar ΔEele + ΔGpolar

Heparin �293.901 �62.365 117.317 �22.529 �261.478 �316.43 54.952

Bemiparin �197.964 �20.841 70.594 �15.387 �163.598 �213.351 49.753

Fondaparinux �348.211 �54.986 199.866 �27.117 �230.448 �375.328 144.88

Enoxaparin �261.581 �83.960 151.957 �20.599 �214.183 �282.18 67.997

Idraparinux �354.937 �72.173 191.242 �29.841 �265.709 �384.778 119.069

Note: ΔGbind = ΔEvdw + ΔEele + ΔGpol + ΔGnonpol.
aEvdw, van der Waals contribution.
bΔEele, electrostatic contribution.
cΔGpol, polar solvation energy.
dΔGnonpol, nonpolar solvation energy.
eΔGbind, binding energy.
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margin, scrutiny of the effect of heparin types on rhKGF is critical;

therefore, in this study, for the first-time evaluated the atomic interac-

tions of heparin types with rhKGF. Because of the experimental

methods for investigating these interactions are expensive and time-

consuming, we applied computational approaches to investigate the

effect of heparin and LMWH derivatives on rhKGF and also, deeply

assess their features, differences, and interaction. Molecular docking

was performed by using AutoDock Vina tools; between flexible resi-

dues of the selected binding pocket of rhKGF (Asn106, Met110,

Asn115, Glu116, Lys117, Val121, Arg122, Gly123, Lys124, Lys125,

Glu130, and Lys131 residues) and selected ligands (heparin and

LMWH derivatives). The results of molecular docking showed a favor-

able binding affinity for the rhKGF-heparin complex. As for the

LMWH derivatives, it was found that the binding affinity of heparin

(�6.0) and idraparinux (�6.9) was better compared to other selected

LMWH derivatives.

Interaction analysis of the ligands with rhKGF, revealed that hep-

arin and idraparinux had interacted with maximum numbers of target

residues; heparin interacted whit Asn115, Gln116, Arg122, Lys124,

Lys125, Leu114, Ile119, Pro120, Gly123, Thr126, Gln130, and

Thr1321 residues and idraparinux interacted with Asn115, Lys124,

Lys125, Lys127, Gln130, Ile119, Val121, Arg122, Gly123, and Thr126

residues as compared to other ligands (Table 1).

The MD simulations analyses of the rhKGF and ligand complexes

discovered that all ligands formed stable complexes with rhKGF dur-

ing the simulation periods. However, the rhKGF-heparin, rhKGF-bemi-

parin, and rhKGF-idraparinux complexes maintained less fluctuations

than the rhKGF-fondaparinux, rhKGF-enoxaparin complexes

(Figures 7 and 8).

It has been documented in the drug bank that coadministration of

rhKGF with bemiparin lead to an increase in the serum concentration

of rhKGF. Accordingly, the RMSD and Rg results presented that bemi-

parin formed a stable complex with rhKGF during the 100 ns of simu-

lations. Interestingly, the rhKGF-heparin and rhKGF-idraparinux

complexes disclosed less fluctuations compared to rhKGF-bemiparin

complex throughout MD simulations. Thus, it can be suggested that

heparin and idraparinux might dramatically increase the serum con-

centration of rhKGF.

It is well documented that the RMSD is a feature that calculates

the distance between protein atoms. The average distance between

atoms in a protein permits us to evaluate the comparative conforma-

tion and stability of the protein.48 The results showed that the sys-

tems include rhKGF-heparin, rhKGF-bemiparin, and rhKGF-

idraparinux complexes presented the least fluctuation in the RMSD

plot, suggesting that these systems were more stable than the rhKGF-

fondaparinux, rhKGF-enoxaparin complexes during the 100 ns MDs

(Figure 7A). Also, Rg is an important parameter for evaluating protein

folding. The Rg plot also displayed that rhKGF-heparin, rhKGF-bemi-

parin, and rhKGF-idraparinux complex had the least fluctuation

(Figure 7B). The RMSF parameter assess the fluctuation of protein

atoms through the time duration from a reference situations.49 In this

study, the binding of heparin and LMWH derivatives showed the

stabilization of the 106–131 amino acid residues (binding pocket) dur-

ing the simulation time (Figure 7B).

To obtain further information about the system and structural

stability, hydrogen bonds and the SASA value were analyzed in study

(Figure 8). Hydrogen bonds play an important role instabilizing ligand-

protein complexes so more stable complexes have more hydrogen

bonds.49 The analysis of H-bonds of heparin and LMWH derivatives

during the simulation period indicated the potential stability of the

protein complex; of course, idraparinux had more H-bonds with

rhKGF (Figure 8A). The average and standard deviation of the results

from SASA showed that the pattern of changes at SASA was almost

similar for all complexes (Figure 8A,B). Also, from the PCA studies, it

was observed that the interaction of heparin and idraparinux ligands

with rhKGF was more stable and stronger compared to other LMWH

derivatives (Figure 9). Interestingly, the MM-PBSA results of the com-

plexes disclosed that heparin and idraparinux had stronger binding

affinity with rhKGF than other LMWH derivatives. Enoxaparin and

fondaparinux are a possible alternative because they show a more sta-

ble interaction with rhKGF so that they can have a better binding free

energy than bemiparin. A more detailed study of the energies involved

in the binding free energy revealed that Van der Waals interactions

and nonpolar solvation energies provide the plentiful driving force for

the binding of a ligand to the complexes (Table 2).

Considering all parameters, idraparinux represented better fea-

tures compared with heparin and the other LMWH derivatives. Simi-

larly, the rhKGF-idraparinux revealed the highest binding affinity

(�6.9 kcal/mol) and the best conformation with rhKGF. Additionally,

binding free energy analysis showed that idraparinux had the highest

free energy of binding (�265.709 kJ/mol) Also, MDs results indicate

that idraparinux have negligible conformational changes upon binding

to rhKGF and interacts efficiently with the protein. Moreover, it was

interesting that the assessment of physicochemical properties of hep-

arin and LMWH disclosed that idraparinux had the highest molecular

weight, highest number of H-bond acceptor, polar surface area, and

rotatable bonds compared to other derivatives (Table 3). According to

the results obtained in this study, it can be suggested that, unlike UH,

idraparinux may have a significant effect on the pharmacokinetics

(such as, AUC, CL, Vss, and half-life) and physicochemical properties

(especially, bioactivity, and biostability) of rhKGF. It can even be

recommended that idraparinux may have a significant synergistic

effect on rhKGF in cancer patients; likewise, clinical trials need to be

performed to confirm the curative effect of this LMWH.

5 | CONCLUSION

Although rhKGF plays an important role in the OM treatment after

chemotherapy and radiotherapy in many cancer patients, the clini-

cal applications of rhKGF are reduced due to its instability and pro-

duction challenges. Since heparin is a crucial factor in KGF signaling

pathway, not only the interaction of heparin with rhKGF needs to

be investigated, but also the effect of heparin on the stability of
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rhKGF. The results of docking pose analysis and molecular interac-

tions between rhKGF and heparin derivatives demonstrated that

heparin and idraparinux had better binding affinity and conforma-

tion than bemiparin, fondaparinux, and enoxaparin. Moreover, the

obtained results of MDs showed that all ligands formed stable com-

plexes with rhKGF during the simulation periods. Of course, the

rhKGF-heparin and rhKGF-idraparinux complexes had more stable

than those of the other LMWH derivatives. The results of this

study can be utilized to survey DDIs in vitro and in vivo, and can

also provide data for next studies.
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