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Abstract: Originally created for biological systems, molecular docking has pro-
ven to be useful to predict metal ion binding locations and affinities in materials.
By using this novel approach, it was possible to estimate the binding energies of
Ca?*, Sr2*, Mn?*, Cu?" and Pr3* for two different calcium sites in fluorapatite.
The data obtained from the crystal structures of doped fluorapatites showed a
good agreement with the docking research. The interpretation of docking results
was made easier by combining results from DFT calculations with geometrical
analysis of crystal structures of small molecules. Notably, this strategy is more
favourable than previously used theoretical approaches due to the computational
efficiency and the demonstrated reliability.
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INTRODUCTION

Fluorapatite (FAp, Cas(PO4)3F) represents the prevailing form of calcium
phosphate following hydroxyapatite (HAp) in biological matrices. Due to its pre-
sence in natural systems, synthetic fluorapatite is frequently employed as a bio-
compatible material for applications such as bone replacement and the coating of
bone prostheses.! The integration of materials incorporating both HAp and FAp
holds significant promise in advancing dental surgery and conservative dentistry.

Fluorapatite comprises three ions (F-, Ca2t and PO43"), classified under the
space group P63/m. The compositions of fluorapatite minerals found in nature
differ from these ideal compositions because the crystal lattice of FAp is tolerant
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900 PETKOVIC-BENAZZOUZ et al.

of various isomorphic substitutions. Fluorapatite’s structure and numerous ionic
bonds make it an excellent host for various substitutes. Four distinct types of
substitution can be defined based on earlier research. The primary and universally
acknowledged substitution within the context of fluorapatite is the F- substitution.
The singular substitution causing changes to the crystal structure involves Ca2*
substitution, which can manifest at two distinct sites, Ca(1) and Ca(2). In a general
sense, the substitution process is contingent upon the relative size and charge of
metal ion substituent. Specifically, for the Ca2" sites, the substituent radius may
vary within the range of 0.95 to 1.35 A.# Small cations in the M2" category occupy
the Ca(1) site, as larger substituents exhibit a preference for the Ca(2) site.34
Monovalent ions (K*, Na*) frequently engage in substitution at the Ca(l) site,
resulting in the creation of vacancies within the F~ sites and occasionally within
the Ca(1) site.3 The greater affinity of Ag™ for the Ca(1) site has been confirmed.>
In cases where the substituent is divalent, such as Sr2*, Pb2" or Mg2*, the Ca(2)
the site is preferentially targeted for substitution.®7 Furthermore, the substitution
by a trivalent substituent is strategically employed in the fabrication of fluorescent
materials tailored for diverse applications.®-8-10 Rare earth ions exhibit the cap-
ability to undergo substitutions in both cation positions.%!1

Various theoretical methodologies have been developed for the precise eva-
luation of material properties and the prediction of thermodynamic data. The
present research is oriented towards exploring the potential application of mole-
cular docking to predict the site-preferences of particular metal ions to fluorapatite,
as well as towards the changes in stability of the crystal structure induced by the
doping of these metal ions were quantified. As a validation of applicability, the
theoretically predicted parameters were compared with the experimentally deter-
mined values.

METHODOLOGY
CSD analysis

From the Cambridge Structural Database (CSD),!? all structures containing the M—-O
fragment were extracted (M = Ca?', Sr2*, Mn2", Cu2" or Pr3"). For the purposes of under-
standing the binding geometry of the mentioned ions to fluorapatite, two geometrical parameters
were analysed: the lengths of the M—O bonds and the number of bonded X atoms to the metal
ion (or the number of M—X bonds). To achieve the most reliable analysis of geometric data,
only structures from the CSD that fulfil the following criteria were analysed: error-free coor-
dinates according to the criteria used in the CSD; not disordered structures; no powder struc-
tures; no polymer structures; determined 3D coordinates; the crystallographic R factor is less
than 10 %.

Density functional theory (DFT) calculations

Given that the interactions between metal ions and phosphate groups exert the most
significant influence on metal ion binding, the chosen model system for the assessment of inter-
action strength comprises solely these two molecular species. Calculations at the wb97xd/x2c-
-TZVPall level of theory, which proved to be the most relevant (described in more detail in
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Supplementary material to this paper, SM1), were conducted to assess the interaction strength
of the phosphate group with other metal ions.
Molecular docking study

The rigid structures of the receptors corresponding to calcium binding sites 1 and 2 (Ca(1)
and Ca(2)) were extracted from the crystal structure of hexagonal (P63/m) fluorapatite with the
formula Cas(POg4);F and refined to R = 0.025.!3 The preparation of targets and ligands (metal
ions) for the docking study was conducted using the AutoDockTools program, and the docking
calculations were executed with the AutoDock program.!4 A grid box of dimensions 12 Ax12
Ax12 A, encompassing the entire target structure was employed to accommodate the inves-
tigated metal ions. Throughout the docking calculations, the structures of the targets were kept
rigid, while the ligand (metal ion) had freedom of movement within the box. The Lamarckian
genetic algorithm served as the search method, using 100 runs for each virtual screening. Ana-
lysis of the docking study results and visualization of outcomes, graphically representing the
conclusions, were performed using the Discovery Studio software (BIOVIA Software pro-
duct).’> There are two commonly used sets of charges (Gasteiger and Kollman) in Autodock.
In contrast to the classical docking calculation in the AutoDock program (Gasteiger or Kollman
charges are used), this research employed an electrostatic model. Specifically, in the pdbqt files
of targets, the calcium ions’ charge was set to +2, and the fluoride ion's charge was set to —1.
The total charge of the phosphate group is —3, and the partial charges of the oxygen atoms and
phosphorus were determined through quantum-mechanical calculations. The phosphate group
structure was optimized at the wb97xd/x2¢c-TZVPall level of theory, and the natural population
analysis (NPA) charges were calculated. The calculated partial charges (+2.488 for P and —1.372
for O) were then entered into the pdbqt files of the targets. The charges of metal ions as ligands
were set to +2 (for calcium, strontium, manganese and copper) or +3 (for praseodymium).

RESULTS AND DISCUSSION
CSD analysis

Molecular docking is a fast and useful computational technique widely used
in drug discovery for identifying the binding affinity and the binding mechanism
of small molecules (ligands) to biomolecules (receptors). While originally devised
for applications in biological systems, this investigation departs from the custom-
ary usage of molecular docking methodologies by employing them to assess the
binding affinities of specific metal ions (CaZ", Sr2*, Mn2", Cu2* and Pr3") for two
distinct calcium binding sites within fluorapatite, which is a material of interest. In
addition, the further goal of this research is to determine whether the molecular
docking is a suitable tool for materials and an adequate technique to explain the
experimental results, based on X-ray diffraction, for doped fluorapatite. In the con-
text of this investigation, the structural attributes of sites 1 and 2 are delineated as
comprising Ca(1) and Ca(2) coordination polyhedra (Fig. 1).

Calcium binding site 1 manifests as a nine-coordinated Ca(1) polyhedron,
characterized by six abbreviated Ca—O bonds (shorter than 2.5 A), defining an
approximate trigonal prism, and three elongated Ca—O bonds (bond lengths of
2.764 A) extending through the prism faces. From the supramolecular point of
view, six phosphate groups are coordinated to the Ca(l) ion in site 1 (Fig. 1).
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902 PETKOVIC-BENAZZOUZ et al.

Among these, three phosphate groups exhibit bidentate coordination to Ca (Ca—O
bond lengths of approximately 2.434 and 2.763 A), while the remaining three
groups demonstrate monodentate coordination (Ca—O bond lengths of 2.376 A).
The average length of Ca—O bonds at Ca(1) is around 2.524 A. The Ca(2) poly-
hedron can be conceptualized as a CaOsF octahedron, with Ca—O bond lengths of
2.348,2.349, 2.375, 2.501 and 2.502 A, and Ca—F bond of 2.310 A. Nonetheless,
the octahedral geometry experiences distortion owing to the presence of an addit-
ional (seventh) Ca—O bond (Fig. 1b), which is comparatively weaker than the
aforementioned bonds, evidenced by a bond length of 2.700 A. At Ca(2), five
phosphate groups coordinate with the calcium ion, with only one group engaging
in bidentate coordination (Ca—O bond lengths of 2.501 and 2.502 A), while the
remaining groups exhibit monodentate coordination. The average length of Ca—O
bonds at site 2 is notably shorter at 2.441 A compared to Ca(1) (2.524 A), sig-
nifying heightened sensitivity to doped ion size in the binding of metal ions at Ca(2).

(a) (b)
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Fig. 1. Supramolecular profile of binding site 1 Ca(1) (a) and site 2 Ca(s) (b) in the crystal
structure of fluorapatite.!3

In order to determine whether the doping of fluorapatite with Sr2*, Mn2™,
Cu?* or Pr3* lead to their coordination with phosphate groups, or the binding of
metal ions has an electrostatically attractive character, the analysis of the crystal
structures from the CSD was performed. The structures featuring M—O bonds
(where M is Ca2", Sr2*, Mn2*, Cu2* or Pr3*) were extracted from the CSD, and
the lengths of these M—O bonds, along with the metal ion environment, were sys-
tematically examined (Figs. 2 and S-1 of the Supplementary material). The envi-
ronment was assessed by considering the number of M—X bonds (where X is any
atom) achieved by the metal ion possessing at least one M—O bond. As previously
explained, the binding of calcium ions to Ca(1) or Ca(2) site results in the form-
ation of Ca—O and Ca-F bonds within the range of 2.3 to 2.8 A (Fig. 1).

Taking this interval into consideration, it is deduced that all selected metal
ions, with the exception of Mn2*, can effectively substitute calcium ions in both
sites. This substitution involves the establishment of covalent-coordination bonds
with phosphate groups and fluoride ions in the respective sites (Fig. 2). Notably,
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THEORETICAL SITE-PREFERENCE IN FLUORAPATITE 903

there is a lack of crystal structures in the CSD featuring Mn—O bonds longer than
2.6 A, setting Mn2" apart. This finding aligns with the analysis of the number of
M-X bonds for individual metal ions (Fig. 2).
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Fig. 2. Geometrical parameters for structures with M—O bonds (M: Ca2", Sr2*, Mn2*, Cu?" or
Pr3*) extracted from crystal structures of small molecules, archived in the CSD.

Considering that Ca(1) site corresponds to a nine-coordinated polyhedron,
while Ca(2) site corresponds to a seven-coordinated polyhedron, it is evident that
all metal ions, excluding Mn2", can maintain the coordination geometry akin to the
calcium ion following substitution. Specifically, there is an absence of crystal
structures in the CSD depicting Mn2* compounds concurrently featuring Mn—O
bonds and Mn2* with nine M—X bonds, a characteristic geometry associated with
Ca(1) site.

DFT calculations

In a benchmark study, the model system comprised solely of Mn2" and a
phosphate group (Fig. S-2 of the Supplementary material) underwent examination
using the wb97xd method with four distinct basis sets (def2-TZVP, jorge-TZP,
x2¢-TZVPall and dgauss-DZVP basis set). The investigation revealed that the x2c-
-TZVPall basis set exclusively produced a curve corresponding to the Lennard-
-Jones potential. This potential represents a mathematical framework elucidating
interactions between two chemical entities at specific distances (Fig. S-2). Con-
sequently, the x2c-TZVPall basis set was selected for assessing the strength of
interactions between other metal ions (M”") and the phosphate group (Fig. 3).

Results derived from calculations at the wb97xd/x2¢c-TZVPall level of theory
disclosed that the Ca2* makes interactions with a strength ranging from —2550 to
—2650 kJ mol~!, within the distance range characteristic of Ca(1) and Ca(2) sites
(2.3t0 2.8 A). On the other hand, within the given distance range, the Sr2* display
slightly weaker interactions (from —2420 to —2550 kJ mol!). Interestingly, the
MnZ2* exhibits interaction energies ranging from —3180 to 3390 kJ mol-!, forming
significantly stronger bonds with the phosphate ion. Cu?* exhibits the strongest
interactions of all the divalent ions, with interaction energies ranging from —3550
to —3770 kJ mol~!. Pr3* establishes the strongest interactions with phosphate group
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904 PETKOVIC-BENAZZOUZ et al.

(ranging from —4680 to —4940 kJ mol 1), attributable to its elevated positive charge
relative to other metal ions.
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Fig. 3. Results of DFT calculations for evaluation of the interaction energies between the
phosphate group and the metal M"" (M"": CaZt, Sr2t, Mn?*, Cu2" or Pr3*). Parameter d
represents the MO distance, with the linear geometry of the interacting atoms and
phosphorus atom (M:-O—P angle is equal to 180°).

Molecular docking study

The molecular entities constituting Ca(1) and Ca(2) targets (Fig. 4), represent
the phosphate groups and fluorides, with a cavity at the site of the central calcium
ion. The incorporation of eight additional calcium ions on the surface of mentioned
target structures (Fig. 4), resulted in the binding of metal ions only in the cavity.
Calculated binding energies served as direct indicators of the investigated metal
ions' affinities for specific sites, offering a refined focus on the interaction within
the designated cavity. The results of docking studies on the mentioned targets are
shown in Table I and Fig. S-3 (Supplementary material).

. @
Ca(1) site % 4 @ Ca(2) site
® cavity
° o © \
a ©
° °
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Fig. 4. The structures of targets, Ca(1) site and Ca(2) site, used for the docking study.

Results of docking studies with Ca®*

The docking study showed that the Ca2* has a slightly higher binding energy
for Ca(2) site (AG, = —70.7 k] mol~!) than for Ca(1) site (AG; =—70.0 kJ mol-!).
The disparity in affinity towards specific sites is quantified by the AAG|_; para-
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meter (AAG1_» = AG| — AG»), where a positive value denotes a heightened affinity
for Ca(2) site. For the Ca2™, the AAG;_ value is merely 0.7 kJ mol~!, indicating a
subtle predilection for binding to Ca(2) site. This outcome aligns with expectations
derived from the analysis of parameters acquired through the CSD search. The
distribution of Ca—O bond lengths (Fig. 2) reveals a peak in the range of 2.3 to 2.5
A, supporting the notion of calcium ions favouring binding to Ca(2) site. The
average Ca—O bond length in Ca(2) site (2.441 A) is shorter than that in Ca(1) site
(2.524 A). The analysis of the number of atoms bound to calcium in crystal struc-
tures (Fig. 2) further reinforces the preference for binding to Ca(2) site. The
structures with seven atoms bound to calcium (a geometric feature of Ca(2) site)
are five times more prevalent than those with nine atoms bound to calcium (a
geometric feature of Ca(1) site). DFT calculations indicate that the electrostatic
interactions between the Ca2* and the phosphate group at distances of 2.4 A are
stronger than interactions at approximately 2.6 A (Fig. 3). This suggests that bind-
ing with shorter Ca—O distances, characteristic of Ca(2) site, is energetically fav-
oured. Overall, the combination of docking studies, structural analysis, and DFT
calculations provides comprehensive insights into the preferential binding
behaviour of Ca2* at distinct sites. The results of conventional molecular docking
simulations are not consistent with the electrostatic model (Table I).

TABLE 1. Gibbs energies changes (kJ mol!) for binding of investigated metal ions (ligands) to
Ca(1) and Ca(2) sites, obtained by molecular docking with electrostatic model and conventional
model

Ligand AGI AGQ AAGl_z AAGH AAGZZ
Molecular docking with electrostatic model
Ca?* —70.0 -70.7 +0.7 0 0
Sr2* -51.0 —54.5 +3.5 -19.0 -16.2
Mn?* -80.5 ~78.9 -1.6 +9.5 +8.2
Cu?* —61.9 —68.8 +6.9 -8.1 -1.9
Pr3* -93.3 —100.4 +7.1 +23.3 +29.7
Conventional molecular docking model

Ca® —61.3 -53.1 -8.2 0 0
Srz* —44.2 —-14.1 -30.1 -17.1 -39.0
Mn?* —66.5 -59.0 -7.5 +5.2 +5.9
Cu?* —52.1 —44.9 7.2 9.2 -8.2
pri* —78.5 —66.5 -12.0 +17.2 +13.5

Results of docking studies with Sr?*+

To investigate the impact of an increase in ionic radius on the binding affinity,
without altering the charge or nature of the ion, docking study was conducted with
Sr2*. Strontium is a metal of s-block elements, like calcium. Sr2* is significantly
larger (1.31 A for nine-coordinated and 1.21 A for seven-coordinated strontium)
than Ca2* (1.18 A for nine-coordinated and 1.06 A for seven-coordinated cal-
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cium).16 In this case, there is no agreement in the prediction of binding affinity
between the analysis of crystal structures from CSD and the results of DFT cal-
culations. The distribution of Sr—O bond lengths (Fig. 2) peaks in the range of 2.5
to 2.7 A, suggesting higher affinity of Sr2* for binding to Ca(1) site. A threefold
higher occurrence of crystal structures with nine bound atoms to Sr (Fig. 2) sup-
ports this prediction. Conversely, DFT calculations indicate the most stable orient-
ation of the phosphate group and Sr2* at 2.4 A, indicating a higher binding affinity
for Sr2* to Ca(2) site, characterized by shorter M—O bonds than Ca(l) site.
Docking study results further confirm a slightly higher binding energy for Sr2* at
Ca(2) site (AG, =—54.5 k] mol~!) compared to Ca(1) site (AG; =—51.0 kJ mol 1),
with a AAG_, of 3.5 k] mol-!, signifying a slight affinity for Ca(2) site. The
disparity in Sr—O bond lengths in crystal structures (ranging from 1.9 to 3.0 A) is
attributed to structural diversity and varying charges of oxygen species bound to
strontium. The prevalence of neutral oxygen species leads to longer Sr—O bonds,
affecting the reliability of Sr—O bond length distribution in crystal structures for
predicting binding affinity in the molecular docking system. The AAG_; para-
meter alone is insufficient for prediction of structural changes of materials due to
doping. The additional parameters, AAG1; and AAGy, (Table 1), represent the
differences between AG values for calcium and doped ions in each site. The posi-
tive values indicate fluorapatite structure stabilization due to doping. Sr2* doping
induces slight destabilization, more pronounced for Ca(1) site. Lower binding free
energies for Sr2* in both sites (AAGy1 and AAGyy) align with weaker interactions
observed in DFT calculations, where Sr2* form fewer coordination bonds than
CaZ*. Considering AAG|1, AAGyy and AAGy_, parameters, Sr2* exhibits a higher
affinity for binding to Ca(2) site, but binding in both sites is possible. The results
of the docking study have shown excellent agreement with the data obtained from
the crystal structures of natural Sr-substituted fluorapatites, archived in the Amer-
ican Mineralogist Crystal Structure Database (AMCSD).!7 Namely, 38 fluorapa0-
tite structures were found in the database, of which two structures have doped
strontium ions.® In these structures, the Sr2* prefers binding in Ca(2) site, although
a small number of ions are doped in Ca(1) site as well. In the first structure (data-
base code amcsd 0001421), the site-occupancy of Sr2* is 0.016 for Ca(1) site and
0.094 for Ca(2) site, while in the second structure (database code amcsd 0001422),
the site occupancy for Ca(1) site is 0.002 and for Ca(2) site is 0.048. The results of
conventional molecular docking simulations are not consistent with the experi-
mental results, indicating a higher affinity of Sr2* to the Ca(1) site (Table I).

Results of docking studies with Mn?*

In order to investigate the impact of reducing the ionic radius, while keeping
the charge constant, on binding the affinity, a docking study was conducted using
Mn2". Manganese, belonging to the d-block elements, is situated in period 4 of the

Available online at https://www.shd.org.rs/JSCS/

(CC) 2025 Serbian Chemical Society.



THEORETICAL SITE-PREFERENCE IN FLUORAPATITE 907

Periodic Table, analogous to calcium. Analysis of data retrieved from the Crystal
Structure Database (CSD) reveals that Mn2" forms notably shorter M—O bonds,
with a peak in the range of 2.1 to 2.3 A (Fig. 2), compared to calcium ion in both
binding sites. Manganese exhibits a propensity to form compounds with six
bonded atoms, adopting an octahedral geometry (Fig. 2). Nevertheless, there exists
the possibility of forming complexes with seven bonded atoms, corresponding to
the geometry observed in Ca(2) site. In addition, there are no structures with nine
bonded atoms for manganese (corresponding to Ca(1) site-geometry). Results of
DFT calculations (Fig. 3) have shown that Mn2" forms significantly stronger
interactions with the phosphate group (interaction energy of —3350 kJ mol-!) than
CaZ" (interaction energy of —2500 kJ mol1). This analysis suggests that Mn2" is
likely to exhibit a greater binding free energy than calcium, although specific
predictions regarding its affinity to a particular binding site remain indeterminate.
The results from the docking study (Table I) reveal a slightly elevated binding free
energy for the Mn2" at Ca(1) site (AG; = —-80.5 kJ mol~1) compared to Ca(2) site
(AG, = —78.9 k] mol-1). The AAG/_; value of —1.6 kJ mol~! indicates a marginal
preference for binding to Ca(1) site, with the possibility of binding to Ca(2) site.
However, this site-specific affinity is less pronounced when compared to Sr2*
(AAG_p value of +3.5 kJ mol™!). Positive values of AAG|| and AAG5, parameters
(9.5 and 8.2 kJ mol~1, respectively) indicate stabilization of the fluorapatite struc-
ture due to doping of Mn2*, which is slightly pronounced for site 1. Stabilization
of fluorapatite structure upon doping with Mn2* can be explained by stronger
interactions with phosphate groups, compared to Ca2* (Fig. 3). In Ca(1) site, the
Mn2* forms a tetrahedral complex (four bound atoms), with Mn—O bond lengths
of 1.566, 1.908, 2.015 and 2.758 A (mean value of 2.062 A). In Ca(2) site, the
Mn2" forms a square-pyramidal complex (five bound atoms), with Mn—O bond
lengths of 2.311, 2.507, 2.593 and 2.647 A (mean value of 2.514 A), as well as the
Mn-F bond with length of 1.549 A. Mn2" is significantly smaller (0.66 A for four-
-coordinated and 0.75 A for five-coordinated manganese) than Ca2* (1.18 A for
nine-coordinated and 1.06 A for seven-coordinated calcium).!® Even though Ca(2)
site has more bound atoms, the significantly longer bond lengths likely account for
the diminished binding strength of Mn2* to this site. The outcomes of the docking
study exhibit the remarkable congruence with data derived from crystal structures
of naturally occurring Mn-substituted fluorapatites within the American Mineral-
ogical Crystal Structure Database (AMCSD). Two distinct structures featuring
doped manganese ions are identified.® In both structures, Mn2* displays a prefer-
ence for binding at Ca(1) site, with a minor presence at Ca(2) site. In the first
structure (database code: 0001423), the site occupancy of Mn2* is 0.205 for Ca(1)
site and 0.065 for Ca(2) site. Similarly, in the second structure (database code:
0001424), the site-occupancy for Ca(1) site is 0.083, while that for Ca(2) site is
0.015. Although the results of conventional molecular docking simulations showed
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908 PETKOVIC-BENAZZOUZ et al.

that Mn2* is bound stronger to both sites than Ca2*, it is not consistent with the
experimental results, because it refers to the tendency of Mn2* to bound only to
Ca(1) sites (Table I).

Results of docking studies with Cu?*

Despite their comparable sizes, Cu2" exhibits a distinct binding affinity com-
pared to Mn2*. Specifically, the Rietveld analysis of the hexagonal crystal struc-
ture of synthesized Cu2*-doped fluorapatite indicates a preference for Cu2* to
selectively substitute for Ca2t at Ca(2) site.!8 An examination of data obtained
from the CSD reveals that Cu2" establishes considerably shorter M—O bonds than
calcium ions in both binding sites. The distribution of M—O bond lengths exhibits
a conspicuous peak within the range of 1.9 to 2.0 A, accompanied by a secondary,
less pronounced peak spanning from 2.3 to 2.4 A (Fig. 2). Analogous to mangan-
ese, copper compounds predominantly feature six atoms bound to copper, while
those with five bonded atoms are notably prevalent (Fig. 3). There exists a potential
for forming complexes with seven and nine bound atoms, corresponding to geo-
metries at Ca(2) site and Ca(1) site, respectively (Fig. 2). Geometrical analysis of
data from the CSD base suggests a resemblance in the binding patterns of Cu2"
with Mn2" to fluorapatite. The results derived from the docking study (Table I)
reveal that Cu2* manifests a significantly lower binding free energy at Ca(1) site
(AG| = —61.9 kJ mol~!) in comparison to Ca(2) site (AG, = —68.8 kJ mol-!). The
positive value of AAG;_; parameter (6.9 kJ mol!) indicates affinity for binding to
Ca(2) site; however, as this value is greater than 5 kJ mol 1, it should be expected
that Cu2* is bound only to Ca(2) site. The findings from the docking study align
with the outcomes of Rietveld analysis,!8 confirming the exclusive binding of
Cu2* to Ca(2) site. The negative values for AAG|| and AAG,, parameters (—8.1
and —1.9 kJ mol~!, respectively) signify a destabilization effect on the fluorapatite
structure resulting from the incorporation of Cu2*. This destabilization pheno-
menon was observed in a crystal structure where the substitution of Ca2* by Cu2*
occurred.!? Although the interaction energy of Mn2" with the phosphate group (of
—3350 kJ mol~!, Fig. 3) is lower than the energy of the interaction involving the
Cu?* (of -3770 kJ mol-1, Fig. 3), the binding free energy change of the Mn2* is
still higher. This disparity can be attributed to the geometric characteristics of the
resulting complexes at both binding sites. In Ca(1) site, Cu?* forms a tetrahedral
complex characterized by four bound atoms, with Cu—O bond lengths measuring
2.225,2.389, 2.561 and 2.606 A (mean value of 2.445 A). The average length of
the Cu—O bond is notably longer than that observed for Mn2" (mean value of 2.062
A), which likely contributes to the higher binding free energy of Mn2* at Ca(1)
site. At Ca(2) site, Cu2* adopts a square-pyramidal configuration involving five
bound atoms, with Cu—O bond lengths of 1.940, 2.336, 2.489 and 2.643 A (mean
value of 2.352 A). However, a significantly elongated Cu—F bond (length of 2.716
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A) is observed in comparison to Mn2* (Mn-F bond with a length of 1.549 A).
Based on the findings from the docking study, it can be inferred that the binding
of Mn2" and Cu?" induces a reduction in the M—O bond length compared to
undoped fluorapatite. Notably, in nanocrystals of Cu?*-doped fluorapatite, M—O
distances were observed to be shorter with an increasing concentration of doped
Cu2*.19 The ionic radius of the Cu?" in both binding sites (0.57 A for four-coor-
dinated and 0.65 A for five-coordinated manganese) is marginally smaller than that
of Mn2" and significantly diminutive compared to the radius of the Ca2*.16 Con-
sequently, the substitution of Ca2™ by Cu2* in Ca(2) site induces a reduction in the
stability of the fluorapatite structure, leading to structural distortions. These alter-
ations are discernible through a decrease in the height of the apatite peaks!® and
an enhanced thermal stability observed in the fluorapatite sample in contrast to
Cu?*-doped fluorapatite.!8 The destabilization of the fluorapatite structure, as evi-
denced by DTA-TGA studies, has also been observed in structures doped with Ag,
Cd and Zn ions.20-22 The results of conventional molecular docking are not con-
sistent with the experimental results, because it refers to the tendency of Cu?* to
bound only to Ca(1) sites (Table I).

Results of docking studies with Pr3+

Pr3* was chosen to determine the effect of increasing charge on binding affin-
ity to a specific site in fluorapatite. In light of the distribution of Pr—O bond lengths,
characterized by a peak within the range of 2.4 to 2.6 A (Fig. 2), a preference for
the binding of Pr3* to any specific site cannot be established. This is due to the fact
that the mean values of Ca—O bond lengths in Ca(1) site and Ca(2) site falls within
this range, measuring 2.524 and 2.441 A, respectively. Pr3* forms slightly longer
M-O bonds, compared to Ca2*, whose distribution of M—O bonds has a maximum
in the range from 2.3 to 2.5 A (Fig. 2). Within crystal structures, praseodymium
compounds featuring eight bonded atoms are predominant, as illustrated in Fig. 2.
Notably, the incidence of structures with seven atoms bound to praseodymium,
corresponding to the coordination geometry observed at Ca(2) site, significantly
surpasses the occurrence of structures with nine atoms bound to praseodymium,
corresponding to the coordination geometry observed at Ca(1) site. Based on this
parameter, it can be assumed that Pr3* has a higher binding affinity to Ca(2) site.
The results of molecular docking have confirmed this assumption. Namely, the
Pr3* has a significantly smaller binding free energy to Ca(1) site (AG =-93.3 kJ
mol~!) than to Ca(2) site (AG, = —100.4 kJ mol!). Positive value of AAG_»
parameter (7.1 kJ mol-!) indicates the affinity for binding to Ca(2) site; however,
as its value is greater than 5 kJ mol~!, it should be expected that Pr3* is bound only
to Ca(2) site. The positive values recorded for the AAG|1 and AAGy, parameters
(23.3 and 29.7 kJ mol-1, respectively) signify the stabilization of the fluorapatite
structure resulting from the incorporation of Pr3*. The prior assessments of site-
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-occupancy ratios for rare earth elements in natural fluorapatites have been con-
ducted, and the determined ratio for Pr3* underscores a predominant preference
for the Ca(2) site.?-23 Observationally, the binding free energy changes of Pr3*, as
documented in Table I, exhibit a notable increase compared to those of Ca2*. This
marked difference can likely be attributed to the more robust interactions of the
Pr3* with the phosphate group, denoted by an interaction energy of —5000 kJ mol~!
(Fig. 3), in contrast to the interactions of this group with Ca2", characterized by an
interaction energy of —2500 kJ mol-!. The possible reason can be also found in the
geometry of the resulting complexes in both sites. In Ca(1) site, Pr3* forms a seven-
-coordinated polyhedron, with Pr—O bond lengths of 2.225, 2.251, 2.477, 2.511,
2.561,2.606 and 2.772 A (mean value of 2.486 A). The mean Pr-O bond length is
comparatively shorter than the mean Ca—O bond length observed at Ca(1) site,
with a recorded mean value of 2.524 A. Pr3* adopts a six-coordinated polyhedron
at Ca(2) site, forming Pr-O bond lengths of 1.940, 2.163, 2.336 and 2.843 A,
resulting in a mean bond length 0f 2.354 A. Additionally, a Pr—F bond with a length
of 2.716 A is present. Notably, at Ca(2) site, the mean value of the Pr—O bond
length is smaller than the corresponding value observed for Ca2*, which is rec-
orded at a mean value of 2.441 A. The outcomes of DFT calculations reveal that
the energetic strength of interactions between Pr3* and the phosphate group is
greater at a distance of 2.3 A, compared to interactions at a distance of 2.4 A. This
observation potentially elucidates the elevated binding free energy change of Pr3*
at Ca(2) site. The reduced mean M—O bond lengths for Pr3*, as compared to cor-
responding values for Ca2", arise from the higher positive charge of the praseo-
dymium ion, leading to intensified electrostatic interactions between metal ions
and negatively charged species (phosphate groups and fluoride ions) within both
sites. This phenomenon may provide a plausible explanation for alterations in lat-
tice parameters and reductions in crystallite size observed in Pr3™-doped fluor-
apatite samples relative to pure fluorapatite.24 Although the results of conventional
molecular docking simulations showed that Pr3* is bound stronger to both sites
than Ca2*, it is not consistent with the experimental results, because it refers to the
tendency of Pr3* to bound only to Ca(1) sites (Table I).

CONCLUSION

The presented findings unequivocally demonstrate the successful attainment
of the primary research objective. Notably, this study establishes, for the first time,
the efficacy of molecular docking with electrostatic model in making material-rel-
ated predictions, extending its utility beyond the conventional realm of assessing
small molecule (ligand) binding to biomolecules (targets). Although the conven-
tional molecular docking simulations are commonly used for predicting the bind-
ing of small molecules to materials, such as metal-organic frameworks
(MOFs),25-27 in our case, they proved to be ineffective. However, the application
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of the molecular docking with an electrostatic model yielded results that exhibited
excellent agreement with experimental data. This not only lends an innovative
character to our approach but also demonstrates its scientific potential in predicting
binding to materials representing ionic compounds, such as fluorapatite. The
investigation focused on evaluating the binding strength of fluorapatite with five
metal ions (Ca2*, Sr2*, Mn2*, Cu2* and Pr3") for the purpose of predicting site-
-preference and discerning alterations in the stability of crystal structures resulting
from fluorapatite doping with these ions. The selected metal ions exhibit varying
ionic radii — smaller in the case of Mn2* and Cu2™, larger for Sr2*, and comparable
but with a higher charge for Pr3*, when contrasted with Ca2*. These differences in
ionic radii and charges significantly influence the site-preference of metal ion bind-
ing, as determined through site-occupancy, and contribute to changes in the stabil-
ity of doped fluorapatite crystal structures, as indicated by alterations in the height
of the apatite X-ray diffraction (XRD) peaks. The molecular docking was here
employed to predict site-preferences and quantitatively characterize the stability
of structures, demonstrating a surprising concordance with experimentally mea-
sured values in doped fluorapatites. This remarkable agreement strongly supports
the applicability of molecular docking in materials research. Utilizing molecular
docking in the biomaterials domain can facilitate the discovery of novel structures
with multifunctional attributes for biomedical uses. Moving forward, the team
plans to expand the repertoire of metal ions for theoretical binding predictions to
fluorapatite and explore the applicability of molecular docking in other material
systems.
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HU3BO[NO

[TMOHHPCKA YJIOTA MOJIEKYJICKOI' IOKHMHI'A Y HAYIIU O MATEPUJAJTMMA.
MMPE®EPEHTHA BE3UBHA MECTA JOHA METAJIA'Y ®JIYOPAITATUTY

MAPUJA M. TIETKOBHWR-BEHA3Y3!, UTOP PAIOBHWR?, IYILIAH B. MUJIOJKOB? u TOPAH JABUR!
"Ynueesuineini y Beoipagy—®usuuxu paxyniiew, Citygeniicku wpi 12, Beoipag, *Kawiegpa 3a geHinianmy
tatmonoiujy, Meguyuncku paxyniteii, Ynugep3uitiein y Hciounom Capajesy, Ciiygenticka 5, @oua, bocha u
Xepuyetosuna, *HHCTIUTY T 3a THEXHONIOTU]Y HYKIEAPHUX U gPYTUX MUHepantux cuposund, @panwe g'Enepea
86, Beoipag u *Ynusesuime y Beoipagy—HMHCIUTRY T 30 XeMUjy, TEXHOLOTU]Y U MeAnypiujy, HHcinuiiym
0g HauuoxanHol 3nauaja 3a Peitydnuxy Cpoujy, Fbetowesa 12, Beoipag

[TpBOOUTHO HaMEWEH 3a OHMOJIOIIKE CUCTEME, MOJIEKYJICKH JOKUHI Ce Ce€ M0Ka3ao Kao
BHIIIEHAMEHCKH, jep ce MO)Xe KOPHUCTHTH U 3a NpefBUi)ame MecTa Be3WBama joHAa MeTala u
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BUXOBUX aUHUTETa ¥ MarepHjanuma. Kopuurhemem oBor HOBOT MpHUCTyNa, Moryhe je mpo-
LIEHUTH eHepruje Besusama Ca’t, Sr’*, Mn?*, Cu®* u Pr3* 3a nBa pasjMyuMTa MECTa BE3UBara
joHa Metana y dmayopanatuTy. [lomauu JOOMjeHM W3 KPHCTaIHUX CTPYKTypa [ONMHUPaHUX
(ryopanaTuTa mokasanu cy nodpy CariacHOCT ca JOKHMHT CTyAWjoM. MHTeprnpeTauuja pesyin-
TaTa MOJIEKYJICKOT JOKHMHIA je ynoTylkeHa KOMOHHOBaweM ca pe3yntatuma DFT npopauyHa, u
Ca FeOMETPHjCKOM aHaJIM30M KPUCTAIHUX CTPYKTypa MaJIUX Mojekya. OuurienHo je na je osa
HOBa CTpaTerdja MOTONHUjA Of IPYTHUX TEOPHjCKUX MPUCTYIIA, 300T CBOje padyyHapCKe CBPCUC-
XOJIHOCTH, Op3MHE U N0Y3JaHOCTH.

(ITpummeno 2. ¢pedpyapa, pesuaupano 11. mapra, npuxsaheno 11. anpuna 2025)
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