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Abstract

Different aspects of biominerals formed by apatite and DNA have been investigated using computer modeling
tools. Firstly, the structure and stability of biominerals in which DNA molecules are embedded into hydroxyapatite
and fluoroapatite nanopores have been examined by combining different molecular mechanics methods. After this,
the early processes in the nucleation of hydroxyapatite at a DNA template have been investigated using molecular
dynamics simulations. Results indicate that duplexes of DNA adopting a B double helix can be encapsulated inside
nanopores of hydroxyapatite without undergoing significant distortions in the inter-strand hydrogen bonds and the
intra-strand stacking. This ability of hydroxyapatite is practically independent of the DNA sequence, which has been
attributed to the stabilizing role of the interactions between the calcium atoms of the mineral and the phosphate
groups of the biomolecule. In contrast, the fluorine atoms of fluoroapatite induce pronounced structural distortions
in the double helix when embedded in a pore of the same dimensions, resulting in the loss of its most relevant
characteristics. On the other hand, molecular dynamics simulations have allowed us to observe the formation of
calcium phosphate clusters at the surface of the B-DNA template. Electrostatic interactions between the phosphate
groups of DNA and Ca2+ have been found to essential for the formation of stable ion complexes, which were the
starting point of calcium phosphate clusters by incorporating PO3�

4 from the solution.
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Background
Hydroxyapatite (HAp), a mineral with formula Ca10
(PO4)6(OH)2 and hexagonal symmetry, is the most stable
form of calcium phosphate at room temperature and in
the pH range of 4–12 [1]. This mineral, which is the
main component of bones and teeth, is considered as an
important biomaterial since several decades ago [2].
Thus, due to both its outstanding biological responses to
the physiological environment and its very close similar-
ity to natural bone structure, HAp is currently applied in
biomedicine. For example, it is used as a bioactive and
osteoconductive bone substitute material in clinical sur-
gery [3,4], and as a system for the delivery of antitumor
agents and antibodies in the treatment of cancer [5-7].
Furthermore, as HAp also has the advantage of absorb-
ability and high binding affinity with a variety of mole-
cules, it has been also used as a purification platform.
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For example, HAp is applied for the removal of heavy
atoms from waste water [8], and for the separation, ex-
traction and purification of proteins [9] and DNA [10].
DNA/HAp biominerals formed by the combination of

DNA with a HAp matrix can be viewed from different
perspectives. The first refers to the fact that therapeutic
DNA is encapsulated in HAp nanoparticles for its subse-
quent transfection into living cells (e.g. liver cells, fibro-
blasts, osteoblasts and tumor cells) [5-7,11,12].
Specifically, HAp nanoparticles with embedded DNA
chains can be obtained using different approaches, even
though the more popular are those based on the in situ
precipitation of the inorganic salt in presence of DNA
[13,14] and on the use of a HAp core that is coated
using colloidal solutions to give a multi-shell particle [7].
Nanostructured HAp has been shown to be superior for
the transfection to other gene delivery methods in terms
of immunogenicity and toxicity (i.e. safety) [15]. More-
over, the transfection efficiency can be stabilized and en-
hanced by modulating properties such as extent of DNA
binding and encapsulation, particle size, and dissolution
behavior of the HAp phases [15,16]. The interaction
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between the two entities of the biomineral has been pro-
posed to occur because of the affinity between the cal-
cium of HAp and the phosphate backbone of DNA
[17-20]. It should be noted that this proposal makes the
nucleotide sequence of DNA unimportant, whereas its
length takes major importance.
Another perspective is the one reported by Kostetsky

[21], who observed that the period of translation along
the c-axis of the HAp lattice, 3.4 Å, is relatively similar
to the period of the DNA double helix. This feature
combined with the fact that the phosphate groups of
HAp are able to catalyze the abiogenic synthesis of:
D-riboses from ammonia, methane and water [22,23];
nucleotides from nucleosides condensing agents and am-
monium oxalate [24]; and polynucleotides with a 30,50-
phosphodiether bond [24] under conditions similar to
those of primeval Earth, led Kostetsky to propose a
model for the synthesis of DNA through the interaction
of its different elements with the lattice of HAp mineral
[25]. According to this model, the DNA double helix is
embedded into the crystalline network of HAp forming
a biomineral similar to that obtained by encapsulating
therapeutic DNA into HAp nanoparticles.
On the other hand, in a very recent study Gerdon and

co-workers [26] demonstrated the ability of DNA to
template the mineralization of calcium phosphate. These
authors developed a quartz crystal microbalance sensor
for the quantification of HAp formation and the assess-
ment of DNA as a template molecule. The results, which
were also supported by optical density and dynamic light
scattering measures, FTIR spectroscopy and scanning
electron microscopy, suggested that DNA sequesters cal-
cium and phosphate ions, thereby supersaturating the
microenvironment and acting as a scaffold on which
mineral forms [26]. Moreover, small differences in DNA
length, hybridization, and secondary structure were
found to provoke differences in affinity for HAp and ap-
pear to influence mineralization.
In this work we have used molecular modeling tools

to investigate the structure of DNA/HAp biominerals, in
which single stranded (ss) and double stranded (ds)
DNA are embedded into HAp nanopores. We have fo-
cused our analyses on the following aspects: (i) the
smallest nanopore size required for the accommodation
of ds DNA arranged in the typical B structure [27] (ds
B-DNA) during the encapsulation process; (ii) the strain
induced by the HAp crystalline field into the B-DNA
structure; (iii) the importance of the chemical nature of
the inorganic part of the biomineral in the DNA, which
has been investigated by comparing DNA/HAp with the
biomineral constructed by combining DNA with
fluoroapatite [Ca10(PO4)6F2, abbreviated FAp], hereafter
denoted DNA/FAp; (iv) the encapsulation of ss DNA in
terms of molecular strain and relative stability with
respect to ds DNA; and (v) the stability of HAp crystals
formed around the ds B-DNA core. Furthermore, in
order to contribute to a better understanding of the
interaction of B-DNA with HAp at the atomic level, we
have performed a simulation study of the nucleation and
crystal growth of HAp at the ds B-DNA matrix. More
specifically, we have used Molecular Dynamic (MD) sim-
ulations to provide detailed atomistic models for the ini-
tial stages of nucleation and cluster formation of calcium
phosphate at a B-DNA molecule. The rest of the paper
has been organized as follows. In the next section, we
briefly summarize the main characteristics of the crystal
structures of natural HAp and FAp, and the chemical
structures of the three B-DNA duplexes studied in this
work. After this, the strategy and computational details
used for both the encapsulation of DNA in apatites and
the early processes in the nucleation of HAp at a B-
DNA template are described. The results have been or-
ganized in several sub-sections, which are devoted to the
encapsulation of ds and ss DNA in both HAp and FAp,
the validation of the force-field to reproduce
organic···inorganic interactions in biominerals, and both
the modeling and dynamics of HAp crystals growth
around the ds B-DNA template. Finally, conclusions are
summarized in the last section of the article.

Structures of apatites and DNA
Natural HAp has a hexagonal crystal structure with
space group P63/m and periods a=b= 9.42 Å, and
c= 6.87 Å. The total number of atoms in the unit cell is
44, even though it only contains seven symmetrically in-
dependent atoms: two calcium ions, one forming single
atomic columns parallel to the c axis (CaI) and the other
surrounding the hexagonal channel of hydroxyl in
groups of the three calcium atoms at different heights
(CaII); one phosphor and three oxygen atoms (P, OI, OII

and OIII) forming PO4 tetrahedral units; and the O(H)
ions disordered along c about the mirror plane at z= ¼.
The occupancy of the OH- sites was 50%, as necessary
in a P63/m. FAp shows a very similar crystal structure
with 42 atoms in the P63/m hexagonal cell (a= b= 9.40
Å, c = 6.88 Å) [28]. In this case, the OH- ions of HAp
are replaced by F-, which are located on the c-axis. The
Additional file 1: provides the positions of the non-
equivalent atoms used to construct HAp and FAp for
the modeling of the biominerals, and the projections of
the HAp unit cells.
Three different ds dodecamers, which adopt a B-DNA

double helix, have been examined. The chemical struc-
tures of the three duplexes, hereafter denoted I, II and III,
are 50-CGCGAATTCGCG-30, 50-GCGAGATCTGCG-30

and 50-CGCGAATTC*GCG-30, respectively. Sequence I is
known as the Dickerson’s dodecamer [29] and consists in
a well-known sequence with three primary characteristic
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tracts: CG, AA and TT. Sequence II is a conventional se-
quence that becomes involved in different cellular pro-
cesses, including carcinogenic ones [30]. Finally, III
involves methylation of the C5 position of cytidine base,
identified as C* [31]. This methylation is known to sup-
press hydrolysis by EcoRI restriction enzyme. The 3D
structure of the three dodecamers was studied in solution
and/or solid state [29-32], a B-DNA arrangement being
observed in all cases. Details of the ds B-DNA structure
are given in the The Additional file 1: On the other hand,
ss DNAs were constructed by removing one of the strands
from the three selected duplexes.

Encapsulation of DNA in apatites and nucleation of HAp
Giving the hexagonal symmetry of the two investigated
apatites and the molecular dimensions of the B-DNA
dodecamers, HAp and FAp models (super-cells) were
constructed considering 6×6×7 unit cells. After this, a
hole was generated in the center of each super-cell, the
dimensions of such hole being defined by the ds B-DNA
(i.e. steric conflicts between the apatite atoms and the B-
DNA were not allowed). After several trials, we found
Figure 1 (a) Simplified scheme of the HAp and FAp super-cells and th
the FAp super-cell projected onto the (001) plane showing the atoms (blue
the border regions of the super-cell. (c) Graphical representation of the sys
at a B-DNA in aqueous solution: Dickerson’s dodecamer double helix in the
molecules and Ca2 +, PO3�

4 and OH– ions.
that a hole of 2×2×7 units cells (Figure 1a) was the mini-
mum required to accommodate the double helix without
severe steric contacts. In order to completely avoid un-
favorable steric interactions between the apatite and the
biomolecule, some additional atoms and groups of
atoms were translated at their border regions (Figure 1b)
allowing us to maintain the electroneutrality of the
super-cells. The side length of this hole is 19 Å and its
angle γ is 120°. The resulting models (i.e. super-cells with
a hole of appropriated dimensions at the center) consist of
9856 and 9408 atoms for HAp and FAp, respectively.
The atomic coordinates for the ds DNAs were gener-

ated using the NAB (Nucleic Acid Builder) program of
the AMBER software [33], which constructed the double
helix in the canonical B form. In order to maintain the
electrical neutrality of the system, Ca2+ ions were put at
the minor groove of the double helix, as is frequently
observed by X-ray diffraction [34-36]. The positions of
these ions were optimized by energy minimization while
the coordinates of the rest of the atoms of the system
were kept fixed. Models for encapsulated ss DNAs were
constructed by removing one of the two strands from
e hole used to encapsulate ds B-DNA. (b) Atomistic depiction of
arrows) and groups of atoms (blue arrows and circles) translated to

tem used to investigate the initial stages HAp nucleation and growth
center of the simulation box, which also contains water solvent
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the ds B-DNAs embedded in HAp or FAp. In these
cases, Ca2+ ions were put at random positions around
the backbone phosphate groups and subsequently opti-
mized by energy minimization.
The simulation system used to investigate the initial

stages of nucleation and cluster formation of calcium
phosphate at a B-DNA double helix consisted of the
Dickerson’s dodecamer duplex (I), which was located at
the center of the simulation box, 945 Ca2+ ions, 567
PO3�

4 ions, 189 OH– ions, and 29560 water molecules
(Figure 1c). In order to provide a comprehensive view of
the templating role of the double helix, additional simu-
lations of the same system but without B-DNA were car-
ried out. Several factors are expected to affect the
nucleation and growth of the HAp at the B-DNA, ionic
concentration being among them. We are aware that the
concentration of ions in the simulation systems is higher
than in biological conditions. However, modeling much
lower concentrations would require computationally
prohibitively large simulation boxes. Furthermore, in-
creasing the ion concentration is a practical way to ac-
celerate the simulation of HAp nucleation and growth
[37,38].
Methods
Encapsulation of DNA
In order to relax and investigate the stability of the
models constructed in the previous section, mole-
cular mechanics calculations based on both energy
minimization and MD simulations were applied using
the NAMD 2.6 program [39]. Initially, all the models
were minimized by applying 5×103 steps of steepest des-
cent to relax the more important conformational and
structural tensions. Then, a MD run of 3.0 ns in the
NVT ensemble (constant number of particles, volume
and temperature) at 298 K was carried out to equilibrate
the systems and eliminate small structural tensions.
After such thermal relaxation, the saved coordinates
were submitted to a new energy minimization by apply-
ing 5×103 steps of steepest descent. In both energy mini-
mizations and MD simulation, atoms contained in ds
and ss DNAs were the only ones allowed to move from
their positions, the coordinates of the mineral being kept
fixed at their crystallographic positions in all cases. It
should be emphasized that all the systems were calcu-
lated in triplicate considering starting points that differ
in the orientation of the DNA with respect to the
apatite.
The potential energy was computed using the Amber

force-field [40,41]. All force-field parameters for DNA as
well as the phosphate and hydroxyl groups of apatites
were extracted from Amber ff03 [42]. This is a variant of
Amber ff99 [43] in which charges and main chain
torsion potentials have been re-derived from quantum
mechanical calculations in solution. It should be noted
that the ff03 parameters are identical to the ff99-SB [44]
ones for nucleic acids, phosphate and hydroxyl groups.
Force-field parameters of Ca2+ and F- were extracted
from the works reported by Bradbrook et al. [45] and
Dang [46], respectively (see The Additional file 1).
The geometric distortion induced by the apatite in the

secondary structure of DNA (Δτ) has been measured as
an energy penalty in the bonding contributions using
Eqn 1:

Δτ ¼ ΔEstr þ ΔEbnd þ ΔEtor ð1Þ

where ΔEstr, ΔEbnd and ΔEtor refer to the differences in
the stretching, bending and torsional energies, respect-
ively. It should be remarked that Δτ exclusively refers
to the geometric stress of the double helix, the omission
of non-bonding contributions in Eqn 1 allowing us to
avoid masking effects associated with strong electro-
static interactions. These differences were calculated
by subtracting the energy values associated with the
relaxed structure (i.e. the structure obtained for the
DNA embedded in apatite after relaxation by energy
minimization and MD simulations) and canonical B-
form of DNA (i.e. the structure directly provided by the
NAB module). It should be noted that Δτ accounts for
the structural stress induced by the apatite atoms in
DNA.
Validation of the force-field
The reliability of the force-field parameters used in
this work to reproduce apatite···DNA interactions in
biominerals has been evaluated by comparing the
interaction energies derived from molecular mechanics
and quantum mechanics calculations. A total of 22
small model complexes containing a fragment of DNA
and a fragment of apatite were taken from the mod-
eled biominerals. These complexes, which involved a
number of atoms ranging from 53 to 98, were selected
to cover the modeling of both attractive and repulsive
interactions. The interaction energies, which were esti-
mated as the difference between the total energy of
the complex and the energies of the isolated frag-
ments, were calculated using both the AMBER force-
field and the B3LYP/6-31G(d) [46-48] quantum mech-
anical method. The basis set superposition error
(BSSE) of the interaction energies calculated at the
B3LYP/6-31G(d) level was corrected using the counter-
poise (CP) method [49]. All quantum mechanical
calculations were performed using the Gaussian 09
computer program [50].
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Nucleation of HAp
MD simulations in NPT conditions (constant number of
particles, temperature of 298 K and pressure of 1 atm)
were performed using the NAMD 2.6 [39] code to inves-
tigate the process of formation and growth of HAp
around ds B-DNA molecule in a bath of water mole-
cules. Before the incorporation of DNA, the density of
the water in the simulation box was 1.00 g/cm3 at a
temperature of 298 K. The force-field parameters for
DNA, phosphate and hydroxyl groups, and Ca2+ were
identical to those for the encapsulation study. The water
molecules were represented using the TIP3P model [51].
The initial simulation box (92.0×91.5×108.0 Å3) was
equilibrated using the following strategy. Before any MD
trajectory was run, 5×103 steps of energy minimization
were performed in order to relax conformational and
structural tensions. Next, different consecutive rounds of
short MD runs were performed in order to equilibrate
the density, temperature, and pressure. First, solvent
and ions were thermally relaxed by three consecutives
runs, while the B-DNA was kept frozen: 0.5 ns of
NVT-MD at 500 K were used to homogeneously dis-
tribute the solvent and ions in the box. After this, 0.5
ns of isothermal (298 K) and 0.5 ns isobaric (1 atm
and 298 K) relaxation were run. Finally, all the atoms
of the system were submitted to 0.15 ns of steady
heating until the target temperature was reached (298
K), 0.25 ns of NVT-MD at 298 K (thermal equili-
bration) followed by 0.5 ns of density relaxation
(NPT-MD).
Atom pair distance cut-offs were applied at 16.0 Å to

compute the van der Waals interactions. In order to avoid
discontinuities in the Lennard-Jones potential, a switch
function was applied to allow a continuous decay of the
energy when the atom pair distances are larger than 14.0
Å. For electrostatic interactions, we computed the non-
truncated electrostatic potential throughout Ewald Sum-
mations [52]. The real space term was determined by the
van der Waals cut-off (16 Å), while the reciprocal term
was estimated by interpolation of the effective charge into
a charge mesh with a grid thickness of 5 points per vol-
ume unit, i.e. Particle-Mesh Ewald (PME) method [52].
Both temperature and pressure were controlled by the
weak coupling method, the Berendsen thermobarostat
[53]. The relaxation times used for the coupling were 1 and
10 ps for temperature and pressure, respectively. Bond
lengths were constrained using the SHAKE algorithm [54]
with a numerical integration step of 1 fs. Periodic boundary
conditions were applied using the nearest image conven-
tion, and the nonbonded pair list was updated every 1000
steps (1 ps). The end of the density relaxation simulation
was the starting point of the 10 ns production simulations
presented in this work. The coordinates of all the produc-
tion runs were saved every 500 steps (1 ps intervals).
Results and discussion
Embedding double stranded B-DNA in hydroxyapatite
Figure 2a represents the structure of Dickerson’s
dodecamer (sequence I) embedded in HAp before relax-
ation. As it can be seen, the B-DNA occupies practically
the whole pore, indicating that its dimensions are appro-
priated to accommodate the double helix. Figure 2b de-
picts the double helix after complete relaxation through
energy minimizations and MD. Although interactions
with HAp atoms induce some distortions in the back-
bone of B-DNA, both the intra-strand stacking and the
inter-strand hydrogen bonds are clearly preserved. The
influence of the sequence on the B-DNA distortion in-
duced by the mineral was examined by considering the
double helices of II and III embedded in the same pore
of HAp. Inspection of the relaxed structures, which are
also included in Figure 2b, indicates that, as observed
for I, apparently the initial double helices do not
undergo significant distortions. This result is fully con-
sistent with previous suggestions, which attributed the
binding between HAp and ds DNA to the attractive
interaction between the Ca2+ ions of the former and the
PO4

3- groups of the latter [17-20]. According to this fea-
ture, the role of the nucleotide sequence is relatively un-
important and the stability of the B-DNA inside the
pore is essentially due to the dimensions of the latter.
The distortion induced by the mineral in the double

helix of each of the three investigated sequences was
quantified using the parameters displayed in Table 1,
which correspond to: (i) Δτ, which measures energy dif-
ferences of the bonding contributions (Eqn 1); (ii) the
root mean square deviation (RMSD) between the canon-
ical double helix (i.e. the starting structure) and the re-
laxed double helix; and (iii) the inter-chain distance (IC)
measured with respect to the centers of mass of each
strand. Interestingly, the Δτ obtained for I was one order
of magnitude higher than for II and III, even though the
difference between the bonding contributions was at-
tractive in all cases. Thus, distortion of the backbone
produces an energy penalty in the torsional energy but
favorable stretching and, especially, bending contribu-
tions, resulting in an attractive Δτ value. However, the
unfavorable torsional energy contributions, which reflect
the conformational distortions induced by the mineral in
the canonical B-DNA, are relatively small. The RMSDs
ranged from 1.7 to 4.2 Å, which are relatively low con-
sidering that they were derived using all the atoms of ds
DNA. Finally, the IC showed very small distortions (i.e.
ranging from −0.5 to +2.8 Å) since the IC of the starting
structures varied from 19.0 to 20.3 Å, depending on the
sequence.
The overall of these results indicates that the cavity

displayed in Figure 1b allows encapsulate B-DNA double
helices without produce mineral-induced stress.



Figure 2 (a) Equatorial perspective of the B-DNA double helix (I) embedded in HAp before relaxation. (b) Axial perspective of the double
helix of I, II and III after relaxation.

Table 1 Stress induced by the minerals in the DNA
molecules (Δτ; in kcal/mol), stretching, bending and
torsional contributions to the stress (ΔEstr, ΔEbnd and
ΔEtor, respectively), inter-chain distance (IC; in Å) and
root mean square deviations (RMSD; in Å) between the
initial and the relaxed conformations of the biomolecule
for different systems encapsulated in HAp and FAp

Δτ a ΔEstr ΔEbnd ΔEtor IC b RMSD c

HAp···ds B-DNA

I −277 −32 −291 +46 22.8 3.5

II −2460 −311 −2160 +11 19.8 1.7

III −1975 −228 −1903 +156 18.7 4.2

FAp···ds B-DNA

I +698 +961 −385 +122 17.6 9.7

HAp···ss DNA

I −239 −22 −236 +19.2 - 10.3

FAp···ss DNA

I −204 −18 −234 +48 - 11.1
a Eqn (1). b Calculated with respect to the center of masses of each strand. c

The RMSD was calculated considering all the atoms of the duplexes.
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Moreover, the dimensions of the pore combined with
the crucial role played by the Ca2+ are appropriated to
avoid any dependence on the nucleotide sequence. Ac-
curate definition of the cavity is provided by the max-
imum distances between pairs of atoms of the
mineral at the internal diagonals of the pore, which
are 30.5 and 21.1 Å.

Embedding double stranded B-DNA in fluoroapatite
Relaxation of ds Dickerson’s dodecamer embedded in FAp
led to the structure displayed in Figure 3a. Although the
general shape of the double helix is retained after energy
minimizations and MD, it underwent geometric distortions
that affected significantly both the inter-strand hydrogen
bonds and the intra-strand π-stacking. Thus, the RMSD
calculated with respect to the canonical B-DNA used as
starting point was 9.7 Å (Table 1), this value being signifi-
cantly higher than those obtained for complexes with HAp.
Moreover, the energy penalty is repulsive, Δτ= 698 kcal/
mol, evidencing the significant geometric stress induced by



Figure 3 Axial perspectives of (a) the double helix of I before and after relaxation in FAp and of (b) a single strand of I before and
after relaxation in FAp (top) and HAp (down).
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FAp in the double helix. This stress is essentially con-
centrated in the bond lengths, the ΔEstr being not only
repulsive but also significantly higher than the ΔEbnd
and ΔEtor contributions. Finally, it should be noted that
the repulsive interactions between the FAp and the
double helix produces a significant reduction in the IC
with respect to the initial value. Thus, the distance be-
tween the centers of masses of the two strands in the
canonical B-DNA form of I was 20.0 Å, decreasing to
17.6 Å after relaxation inside of the FAp pore. This
contraction is in opposition with the expansion of 2.8
Å observed when I was embedded in HAp, reflecting
the repulsive force exerted by fluorine atoms of FAp
in the double helix.

Embedding single stranded DNA in apatites
As expected, ss DNA molecules encapsulated in HAp
and FAp underwent drastic conformational changes
upon relaxation. Obviously, this should be attributed to
the lack of inter-strand hydrogen bonding, which facili-
tates the distortions induced by the interactions with the
mineral. Figure 3b reflects such important variations for
ss-I. The RMSD obtained for the strand encapsulated in
HAp and FAp after relaxation is 10.3 and 11.1 Å, re-
spectively, suggesting that distortions are similar in both
cases. The latter is corroborated by Δτ values (Table 1).
Thus, the pore is large enough to minimize repul-
sive interactions, independently of the composition of
the mineral, through the complete conformational re-
organization of the biomolecule. The relaxed conform-
ation displayed in Figure 3b should be simply considered
as one of the many possible disordered conformational
states of the ss DNA molecules (i.e. the pore allows mul-
tiple disordered conformational states for the DNA strand,
as was observed during the MD simulation). Similar re-
sults were obtained for ss-II and ss-III (not shown).



Figure 4 Representation of the interaction energies calculated
for inorganic···organic model complexes using quantum
mechanical calculations at the B3LYP/6-31G(d) level (ΔEQM,i)
and the AMBER force-field (ΔEFF,i).

Figure 5 Isomorphic planes identified in (a) the double helix of B-DN
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Validation of the force-field
We are aware that the molecular mechanics calculations
presented in the above sub-sections were carried out
using force-field parameters that were not explicitly
designed to investigate the inorganic···organic interac-
tions found in biominerals. Specifically, the parameters
used to simulate the phosphate and hydroxyl groups of
apatites were extracted from Amber ff03 [41], which was
explicitly developed to study the dynamics of proteins
and nucleic acid in condensed phases, while those used
for Ca2+ and F- were set to study the crystallographic
structure of monosaccharides [44] and the solvation of
LiF in polarizable water [45], respectively. Before to in-
vestigate the nucleation of HAp at a B-DNA double
helix, we performed quantum mechanical calculations
on model systems to demonstrate that such force-field
parameters satisfactorily reproduce inorganic···organic
interactions. A total of 22 model complexes, each
containing a fragment of HAp and a fragment of B-DNA,
A and (b) HAp.
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were taken from the model obtained for I embedded in
the mineral. These model complexes were selected to
cover a wide range of interactions, both attractive and re-
pulsive. The interaction between the HAp and B-DNA
fragments was calculated for all the complexes using both
the force-field potential (ΔEFF,i) and the B3LYP/6-31G(d)
quantum mechanical method (ΔEQM,i), the CP procedure
being applied in the latter to correct the BSSE.
The ΔEQM,i against ΔEFF,i values range from 11.7 to

−17.1 kcal/mol and from 11.3 to −14.8 kcal/mol, re-
spectively. Figure 4, which represents ΔEQM,i against
ΔEFF,i, evidences a close agreement between the force-
field and quantum mechanical estimates. Thus, the root
mean square deviation between the interaction energies
provided by the two methodologies only amounts 1.6
kcal/mol, while the ratio ΔEFF,i/ΔEQM,i and the regres-
sion coefficient R2 are 0.93 and 0.950, respectively. These
results demonstrate the ability of the force-field parameters
used in this work to reproduce inorganic···organic interac-
tions in biominerals with an accuracy better than expected.
Figure 6 (a) Growing process of HAp using the double helix of B-DNA
mechanism.
Nucleation of apatites using B-DNA
Detailed comparison of B-DNA and apatites structures
allowed us to identify a plane defined by four phosphate
groups that are located at similar distances in the two
systems (Figure 5). Specifically, for HAp / FAp such
plane is defined by u= 6.87 / 6.88 Å (i.e. the crystallo-
graphic parameter c) and v= 11.66 / 11.62 Å, with an
angle γ of 120º; while some variability is observed for B-
DNA depending on the sequence. Thus, the average
values of the sides are u= 6.72 Å and v= 13.75 Å, the lar-
gest variability being shown by the angle with values
ranging from 108° to 141°.
Starting from the plane identified in sequence I, HAp

and FAp models were generated from the phosphate
groups located at such plane and growing the crystal
through the positional parameters displayed in The
Additional file 1: Table S1. Accordingly, the four phos-
phate of the plane identified in B-DNA, as displayed in
Figure 5a, were embedded into the apatite crystal. The lat-
ter growing process is schematized in Figure 6a for HAp,
as a nucleating agent and (b) biomineral obtained such growing
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while Figure 6b displays the resulting structure viewed
from a perspective in front of the B-DNA. In order to
make understandable the procedure used to build the
models, Figure 6 illustrates the procedure considering a
single plane of phosphates. The same procedure was ap-
plied to build the crystal FAp model (not shown). As sug-
gested from the comparison displayed in Figure 5, we
corroborated that the geometric position of the phosphate
groups of ds B-DNA is suitable to grow both HAp and
FAp crystals. This feature allowed us to conclude that,
from a geometric point of view, such biomolecule may act
as nucleating agent of the mineral. However, an energy
analysis is also required to provide a complete evaluation
of this nucleation in the biomineral.
Figure 7 compares the variation of the total energy,

which is clearly dominated by the electrostatic
Figure 7 Variation of the total energy (ET) against the distance from t
(a) HAp and (b) FAp.
contribution, of the two biominerals with those of the
two minerals as the size of the crystal grows (i.e. increas-
ing thickness). It should be noted that biominerals refer
to the apatite crystals grown around a B-DNA molecule,
which is used as a template (i.e. B-DNA/HAp and
B-DNA/FAp) while minerals correspond to pure apatite
crystals (i.e. HAp and FAp without B-DNA). Also, the
size or thickness of the crystal is represented by a cutoff
distance defined with respect to the center of masses of
the phosphate groups belonging to the planes used to
nucleate the crystals. The energy profiles obtained for B-
DNA/HAp and HAp, which are practically identical
(Figure 7a), clearly reflect the lack of influence of the
double helix DNA on the energy of the system from the
first steps of mineralization (i.e. mineral thickness < 10 Å).
The pattern for B-DNA/FAp and FAp is fairly similar but
he center of masses of B-DNA for the biomineral and mineral of
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there is an energetic mismatch between the biomineral
and the mineral (Figure 7b), which suggests a stronger dis-
tortion of the ds DNA. These results are in agreement
with those provided above, which evidenced that FAp dis-
torts more severely the double helix of B-DNA than HAp.

Dynamics of the initial stages of nucleation of apatites at
B-DNA
In order to simulate the early formation and growing
of calcium phosphate clusters in the nucleation of
HAp at B-DNA double helix template, MD simula-
tions of two systems based on stoichiometric aqueous
solutions of Ca2 +, PO3�

4 and OH– ions were carried
out. In the first system, hereafter denoted HAp/DNA,
a double helix B-DNA molecule was immersed in the
stoichiometric solution described in the Methods sec-
tion. The second system, hereafter denoted HAp, no
DNA was incorporated to the water box thus
remaining the Ca2 +, PO3�

4 and OH– ions. The ana-
lysis of the results was performed on the bases of a
10 ns production run (i.e. the trajectory after equili-
bration of the density, temperature, and pressure; see
Figure 8 Radial distribution functions of Ca2 +···OH– and Ca2þ⋅⋅⋅PO3�
4

detailed views are displayed.
Methods section) in the NPT ensemble. It is worth
noting that these simulations are two times larger
than those used to examine the early stages of nucle-
ation of HAp at a collagen template [39] and, there-
fore, the clustering process is expected to occur
within such time scale.
Figure 8 compares the radial distribution functions (RDF)

of Ca2+···OH– and Ca2þ⋅⋅⋅PO3�
4 pairs obtained from HAp

and HAp/DNA simulations. As it can be seen, the B-DNA
template does not have any significant effect in the RDF of
the Ca2+···OH– pair at distances smaller than 4.5 Å, even
though the peaks centered at 5.45 and 6.18 Å are more pro-
nounced in the HAp/DNA system than in the HAp ones.
The latter feature indicates that the clustering is higher in
the former than in the latter. Differences are more pro-
nounced, especially at short distances, in the RDFs calcu-
lated for the Ca2þ⋅⋅⋅PO3�

4 pair in HAp and HAp/DNA.
Thus, for the HAp system the first peak appears at 4.22 Å,
whereas two well-defined sharp peaks centered at 3.14 and
3.82 Å are clearly identified for the HAp/DNA one. This is
consistent with the growing of embryonic clusters in the
latter system. Inspection of atomistic configurations
pairs calculated for HAp and HAp/DNA systems. Both general and
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extracted from the dynamics indicates that peaks identified
for the Ca2þ⋅⋅⋅PO3�

4 pair at distances lower than 4 Å cor-
respond to PO3�

4 groups surrounded by several (frequently
3) Ca2+ atoms.

The nucleation of HAp at the DNA molecule is clearly
corroborated in Figure 9, which represents the RDF of
Ca2þ⋅⋅⋅PO2�

4 ; OH–⋅⋅⋅PO2�
4 and PO3�

4 . . . PO2�
4 pairs

(where PO2�
4 corresponds to the phosphate group of

DNA). As it can be seen, the Ca2þ⋅⋅⋅PO2�
4 profile shows

a peak at 2.58 Å, indicating that the PO2�
4 groups of

B-DNA are coordinated with Ca2+ forming stable ion
complexes. Although the role of Ca2+ in this complexes
may be initially reduced to that of a simple counterion,
the peaks observed at 3.14 and 3.84 Å in the
PO3�

4 ⋅⋅⋅PO2�
4 RDF can be only attributed to the nucle-

ation of inorganic crystals at the biomolecule template.
Thus, MD simulations reflect that the phosphate groups
of DNA interact with Ca2+ to form ion complexes,
which subsequently coordinate with PO3�

4 groups of the
solution giving place to the stabilization of calcium
Figure 9 Radial distribution functions of Ca2þ⋅⋅⋅PO2�
4 ; OH–⋅⋅⋅PO2�

4 and
detailed views are displayed.
phosphate clusters at the template. Electrostatic attrac-
tions between Ca2+ and the phosphate groups of both
the DNA and the solution were crucial for the nucle-
ation of the crystals at the template surface. On the
other hand, the OH–⋅⋅⋅PO2�

4 RDF suggests that the role
of the OH–·is much less decisive in the formation of
clusters at the B-DNA surface. Thus, although the profile
shows a very broad peak centered at 3.28 Å, it is very
poorly defined indicating that the OH– anions are incor-
porated only occasionally to the calcium phosphate clus-
ters formed at the surface of the B-DNA. Accordingly, the
combination of the OH–⋅⋅⋅PO2�

4 and Ca2 +···OH– RDFs
(Figures 8 and 9, respectively) evidences that the OH–re-
main essentially at the bulk forming complexes and clus-
ters with Ca2+. It should be remarked that the low
relevance of the OH– anions in the formation of clusters
to nucleate HAp crystal at the B-DNA surface is fully con-
sistent with experimental observations. Thus, Tarasevich
et al. [55] reported that the calcium phosphate clusters act
as precursors of HAp (i.e. typically octacalcium phos-
phate) do not incorporate OH– groups.
PO3�
4 ⋯PO2�

4 pairs calculated for HAp/DNA. Both general and
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Conclusions
In this study, biominerals made of apatite and DNA have
been modeled at the atomistic level. The aims of the work
were to provide understanding of the influence of the min-
eral on the conformation of the biomolecule and to deter-
mine the possible role of the latter as nucleating agent of
the mineral. Encapsulation of the B-DNA double helix in
rhombohedric pores (γ= 120°) of HAp does not induce sig-
nificant structural distortions in the biomolecule. This ob-
servation has been found to be independent of the DNA
sequence, which has been attributed to the strong stabiliz-
ing interactions between the Ca2+ atoms of HAp and the
phosphate groups of DNA. The minimum dimensions of
the pore needed to encapsulate B-DNA are defined by the
maximum distances between atoms of the mineral at the
internal diagonals, which are 30.5 and 21.1 Å. This result is
fully consistent with experimental investigations devoted to
encapsulate DNA into HAp nanoparticles, which show a
relatively high loading capacity through their pores. The
structural stability of the encapsulated double helix is an
important finding that offers new possibilities for the design
of efficient therapeutic biomedical applications. These re-
sults are particularly relevant considering recent findings
like the mechanism used by carcinogenic cells to capture
HAp nanoparticles [56].
On the other hand, the mechanism proposed for

the growing of apatite crystals using the double helix
of B-DNA as nucleating agent represents an alterna-
tive to classical encapsulation processes (i.e. loading
of biomolecules at the nanopores and/or the surface).
Thus, the controlled formation of biominerals (i.e.
porous nanoparticles of mineral growing from bio-
molecules) combined with conventional encapsulation
approaches may be used to design therapies with
higher efficacy and durability. MD simulations have
been used to investigate the initial stages of nucle-
ation and cluster formation of calcium phosphate at a
B-DNA double helix in aqueous solution. At room
temperature, calcium ions interact with DNA phos-
phates to form ion complexes, but attracted by elec-
trostatic forces, they coordinate to PO3�

4 and other
calcium ions starting the formation of clusters. Fi-
nally, it should be mentioned that this growing mech-
anism of the biomineral is compatible with the theory
and models proposed by Kostetsky [21] to explain the
origin of organic matter and life on the Earth.
Additional file

Additional file 1: Table S1. Positional parameters used to construct the
crystal structures of natural HAp and FAp. Table S2. Force-field
parameters for Ca2+ and F-. Figure S1. Schematic depiction of the unit
cell of the investigated apatites (left) projected onto the (001) and (010)
planes (top and down, respectively). The hexagonal symmetry is
evidenced in the picture at the right, which shows four unit cells
projected onto the (001) plane. Figure S2. Structure of B-DNA. The
double helix is right-handed and makes a turn every 3.4 nm, the distance
between two neighboring base pairs being 0.34 nm. Accordingly, there
are about 10 nucleotides per turn. The intertwined strands make two
grooves of different widths, referred as the major groove and minor
groove.
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