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Abstract

Hydroxyapatite (HAP) is the major mineral phase in bone and teeth. The interaction of
individual amino acids and citrate ions with different crystallographic HAP surfaces has
remained uncertain for decades, creating a knowledge gap to rationally design interactions with
peptides, proteins, and drugs. In this contribution, we quantify the binding mechanisms and
binding free energies of the 20 end-capped natural amino acids and citrate ions on the basal (001)
and prismatic (010)/(020) planes of hydroxyapatite at pH values of 7 and 5 for the first time at
the molecular scale. We utilized over 1500 steered molecular dynamics simulations with highly
accurate potentials that reproduce surface and hydration energies of (hkl) hydroxyapatite
surfaces at different pH values. Charged residues demonstrate a much higher affinity to HAP
than charge-neutral species due to the formation of superficial ion pairs and ease of penetration
into layers of water molecules on the mineral surface. Binding free energies range from 0 to -60
kJ/mol and were determined with ~10% uncertainty. The highest affinity was found for citrate,
followed by Asp(-) and Glu(-), and followed after a gap by Arg(+), Lys(+), as well as by His(+)
at pH 5. The (hkl)-specific area density of calcium ions, the protonation state of phosphate ions,
and subsurface directional order of the ions in HAP lead to surface-specific binding patterns.
Amino acids without ionic side groups exhibit weak binding, between -3 and 0 kJ/mol, due to
difficulties to penetrate the first layer of water molecules on the apatite surfaces. We explain
recognition processes that remained elusive in experiments, in prior simulations, discuss
agreement with available data, and reconcile conflicting interpretations. The findings can serve
as useful input for the design of peptides, proteins, and drug molecules for the modification of

bone and teeth-related materials, as well as control of apatite mineralization.



Introduction

Bone and teeth are hierarchically structured composite materials that form in biomineralization
reactions under physiological conditions. The mineral phase primarily consists of hydroxyapatite
(HAP), Caio(PO4)s(OH)2, a polymorph of calcium phosphate-hydroxide, and is embedded in type
I collagen,[1] as well as various non-collagenous proteins (NCPs) and citrate. Many attempts
have been made to mimic the natural biomineralization process, for example, using peptide
sequences, to varying degrees of success.[2-5] Proteins, peptides, as well as other species such as
citric acid[6, 7] are known to promote, direct, or inhibit hydroxyapatite nucleation and growth

depending on composition and solution conditions.[8-15]

A common method to identify bone mineral-binding peptides is phage display.[2] Several
amino acid sequences with notable binding and mineralization activity have been identified,
however, progress in uncovering new sequences and interpreting functionality is slow. For
example, limiting the peptide length to 15 amino acids, the pool of potential peptide sequences
for binding to HAP is already in the quintillions. To-date, the operating mechanisms at the
molecular scale remain uncertain and it has been impossible to filter out which peptides would
function best. Fundamental understanding of the interactions at the molecular level is required to
move towards rational methods to test and design peptide sequences for bone regeneration and
drug delivery, or to modify proteins such as osteocalcin and statherin for specific functions.[16-
18] The current resolution of microscopy techniques for such interfaces is about 100 times too
low, at ~1 nm, to examine such interfaces. It is extremely challenging to localize organic
molecules on HAP surfaces, and when measurements are feasible, the data are typically averages

over a collection of surface features and large numbers of molecules.



Within these limits, several experimental studies provide valuable insights into the binding
affinities of amino acids to hydroxyapatite.[14, 19-22] The techniques include, for example,
transmission electron microscopy (TEM), scanning electron microscopy (SEM), nuclear
magnetic resonance (NMR),[22] atomic force microscopy (AFM),[23] as well as X-ray
diffraction (XRD), colorimetric methods, X-ray photoelectron spectroscopy, and vibrational
spectroscopy.[19, 23, 24] Charged amino acids were suggested to have the strongest affinity
towards HAP; however, conflicting data exist whether positively or negatively charged amino
acids are preferred, and the order of magnitude is uncertain.[21, 25, 26] Gonzalez-McQuire et al.
suggest that the binding affinity increases in the order of apolar < positively charged < polar <
negatively charged,[27] placing polar amino acids in the vicinity of charged amino acids.
Jahromi et al. reported stronger adsorption of positively charged Arg than negatively charged
Glu.[19] Overall, the significance of electrostatic interactions for binding to hydroxyapatite
surfaces has been pointed out, which is consistent with established amino acid binding
mechanisms to other charged mineral surfaces such as silica and clay minerals.[28, 29] At the
same time, it is difficult to distinguish (hkl) crystal facets and monitor the binding process in-
situ. Essential changes in surface chemistry were often disregarded as they are elusive to
microscopy due to the current resolution limits. Studies with peptides were typically carried out
at pH ~ 7 and have not covered lower pH values of ~5 relevant for bone fracture and healing
sites.[30] As medical treatment is important at low pH sites, acidic environments are critical to
study. In summary, there is a range of observations that needs to be explained while the binding
mechanisms, the order of the binding affinity of various amino acids, the role of (hkl) facets, pH

values, electrolytes, and quantitative free energies are still unknown.



To answer some of the open questions, in silico studies such as molecular dynamics (MD)
simulations have been employed to investigate binding mechanisms and affinities of peptides
and amino acids to HAP facets.[31-35] However, computational studies prior to using the
Interface Force Field (IFF)[36-38] have two very significant problems, namely, unrealistic
simulation conditions and incomplete validation of the force fields. First, unmodified HAP
crystal surfaces such as (010) and (001) have been used prior to IFF, causing misleading
results.[22, 23, 31-34, 39] Unmodified (hkl) surfaces of HAP are only stable at pH values >14
and do not occur in living systems which feature pH values in a typical range between 3 and 10.
Under physiological conditions, the neat HAP surfaces undergo hydration, protonation, and
reconstruction, which involves the dissolution and protonation of superficial hydroxide ions,
changes in the protonation state of superficial phosphate species, and reductions in the area
density of superficial calcium ions between 40% and 70% (Figure 1).[36] Therefore, studies on
surfaces corresponding to pH >14 have little practical value. Second, earlier force field
parameters for HAP[40] have been missing a chemical rationale, assume misleading atomic
charges in excess of 100%, and include no validation of cleavage and hydration energies relative
to experimental data,[24, 36, 41-47] which would be important for reliability and compatibility
with biomolecular force fields. As a result of these drawbacks in prior simulations of apatite and
phosphate-related systems, previously computed binding conformations of amino acids, peptides,
and proteins are misleading. In one study, interaction energies up to -2000 kJ/mol (-500
kcal/mol) per functional group were reported,[48] which are difficult to relate to experiments as
they assume pH >14 and exclude the contribution of solvent and electrolytes.[14, 49] Recent MD
and DFT simulations of the adsorption of phosphorylated Ser and Glu on HAP (001) and (100)

surfaces at pH >14 report binding free energies on the same order of our reported values (0 to -60



kJ/mol), however, interpretations remain difficult due to the chosen pH value and force field.[35]
Quantum methods such as density functional theory (DFT) could be an alternative, however,
DFT calculations do not capture the needed length scale and electrolyte dynamics, and face

challenges to accurately predict surface binding at the nanoscale.[50, 51]

In this work, we overcome these limitations. We analyze, quantify, and explain the
interactions of amino acids and citrate with hydroxyapatite surfaces at atomic resolution,
including facet-specific differences and physiologically relevant pH values, using cutting-edge
MD simulations (Figure 1). Precise understanding of interactions of single amino acids with
HAP is a necessary first step to quantify molecular driving forces involved in the recognition and
assembly of bone-related materials. We utilize MD simulations with the Interface Force Field
(IFF), which represents the chemical bonding well and includes physically justified atomic
charges,[52] includes an interpretation of all parameters, is consistent with parameters for other
inorganic and organic compounds, and underwent rigorous validation.[36] Thereby, IFF
overcomes the abovementioned limitations of earlier force fields. Specifically, it reproduces the
crystal structure of HAP within £0.5%, the (hkl) surface energies, pH dependence, and hydration
energies known from experiments within approximately +10%, and is compatible with
biomolecular force fields.[36, 37] Recent MD simulations using IFF-CHARMM36 explained the
formation of amorphous calcium phosphate prenucleation clusters and interactions with collagen
in agreement with experiments.[53] Binding energies and free energies of peptides and amino
acids on chemically similar, pH-responsive silica surfaces[54] and other nanostructures have
been computed with less than 10% deviation from experimental reference data.[55-62] Here, we
employed the IFF models for hydroxyapatite surfaces in contact with aqueous solution at pH

values of 7 and 5. Surface chemistry and protonation states are consistent with pK values of



phosphoric acid and data from infrared spectroscopy as documented in the IFF surface model
database (Figure 1).[36] Interestingly, the cation densities and Ca/P ratios on HAP surfaces at pH
=7 are less than half in comparison to pH = 14, and the calcium ions exhibit statistical surface
disorder at all pH value lower than 14.[24, 36] Models for pH 7 and pH 5 environments were
therefore created by modifications of the surface chemistry using specific ratios of H2PO4™ ions
to HPO4* ions, determined by the pK values (acidity constants) of phosphoric acid, available
spectroscopic data from experiments, as well as maintaining the stoichiometry of the associated

reactions and overall charge neutrality (Figure 1b-d).[36]

We then analyzed the binding of 20 natural single amino acids and citrate ions using models
of (010)/(020) and (001) HAP surfaces at pH values of 7 and 5 (Figure 1a). Methods included
steered molecular dynamics (SMD) and unrestrained molecular dynamics (MD) simulation in
all-atom detail using IFF-CHARMM36 parameters, including the CHARMM?36 parameters for
the organic molecules, and extensive sampling of over 1500 adsorption-desorption curves. The
simulation protocol involved slow, reversible pulling of the molecules towards and away from
the surfaces (Figure l1a). Hereby, (010) and (020) surfaces transition into one another under
aqueous conditions and we used the (020) surface of lower energy. Hydroxyapatite surfaces were
represented at different pH values by neutralizing hydroxide ions, adjusting the protonation state
of the surface phosphate layer, and the amount of calcium ions for charge neutrality (Figure 1b-
d).[36] Adjustments in surface chemistry under in vitro and in vivo conditions occur via buffer
solutions, which regulate the area density of ions, protonated phosphate species, and interfacial
assembly. All amino acids were acylated at the N-terminal and amidated at the C-terminal to
identify the role of side groups (Figure 1). Alternative models of the amino acids in the

zwitterionic state were not chosen as they might not accurately reflect the contribution of side



groups to surface adsorption.[33, 63] Citric acid was included due to the known high

concentration in bone tissue and in vivo importance.[64]
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Figure 1. Analysis of amino acid binding to hydroxyapatite (HAP) surfaces, Caio(PO4)s(OH)z,
and important details of the HAP surface chemistry. (a) Schematic to determine the free energy
profile of amino acid binding as a function of distance using steered molecular dynamics
simulations (also called potential of mean force, PMF). The inset in the top left represents the
schematic free energy profile. The main panel shows the amino acid Arg bound to the HAP
surface (1), detachment or association with the surface, respectively (2), and desorption out of
the range of interaction in bulk solution (3). (b-d) Views of the (001) HAP surface at various pH
values. At a pH = 14, neutralization of hydroxide ions (pK ~15.7) occurs and reduces the Ca**
density relative to cleavage planes in vacuum. The side view at pH = 14 with an inset of the top
view shows 100% of phosphate ions (PO4*) on the surface and a high area density of calcium
ions (b). Continued protonation to pH = 7 leads to a mixture of 30% HPO4* ions and 70%
H>POy, resulting in less than half the surface charge compared to pH 14 (c). At pH = 5, the
surface consists of 100% H>POs ions, with 30% less calcium ions present per surface area than
at pH 7 (d). The acid-base reactions on the surface are summarized at the bottom and likewise

occur on other (hkl) surfaces such as (010)/(020) (see ref. [36]).

2. Results and Discussion

In this section, we describe the binding free energies of the capped amino acids, the binding
mechanism and origin of binding differences, the role of the HAP (hkl) surface structure,
interactions at medium range, water layering at the interfaces, as well as the affinity as a function
of the local surface environment. We discuss the influence of pH value, salinity, and

temperature, interpret available experimental data, and explain future opportunities.



2.1. Binding Free Energies. The free energies of adsorption 4G of all 20 amino acids and
citrate (Cit) were obtained on the (001) and (020) surfaces at pH values of 5 and 7 from over
1500 SMD and unrestrained MD simulations (Figure 2). The two surfaces form the common
basal and prismatic planes of hydroxyapatite crystals, respectively. The affinity of the amino
acids decreases in the order negatively charged > positively charged > uncharged in a range from
-40 kJ/mol to 0 kJ/mol, while citrate with up to 3 ionic groups adsorbs with a strength up to -60
kJ/mol. The results are of high precision with <£3 kJ/mol statistical deviation. The accuracy is
expected in a similar range (<£10%) due to prior validation of IFF for HAP-water interfacial
interactions, for which experimental reference data are available,[24, 36, 41-44] and the
demonstrated reliability of IFF for chemically similar inorganic-organic systems.[37, 65-67] Our
study is the first quantitative analysis of the affinity of all amino acids and citrate to HAP to-date,
including specific crystal facets and physiological pH values. Earlier results are only available
for selected amino acids with high uncertainty, including unlikely surface chemistries at pH > 14

in prior simulations.[22, 34, 35]

On the basal (001) plane, the negatively charged amino acids D(-) and E(-) exhibit the largest
adsorption free energies (Figure 2a, b). The values amount to -18 and -27 kJ/mol for D(-) at pH 7
and 5, respectively, and -16 and -25 kJ/mol for E(-) at pH 7 and 5, respectively. The affinities for
D and E are the same within the uncertainty and related to the formation of local ion pairs
between carboxylate groups and calcium ions on the HAP surface. The mechanism is clearly
seen in the analysis of the trajectories and will be discussed further below (Movies S1 and S2,
Figure S1 in the Supporting Material, and Large Dataset of trajectories). Citrate is attracted by -
26 and -24 kJ/mol at pH 7 and 5, respectively, whereby the citrate charge is -3 at pH 7 and

reduced to -2 at pH 5 due to partial protonation (consistent with pK values of 3.1, 4.7, and
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6.4).[68] Significant adsorption was also seen for R(+) at -11 and -8 kJ/mol at pH values of 7 and
5, respectively, and for K(+) at -12 and -10 kJ/mol at pH 7 and 35, respectively. Furthermore,
H(0) adsorbs with -5 kJ/mol at pH 7 and H(+) with -9 kJ/mol at pH 5, respectively (Figure 2a, b).
Hereby, H changes the protonation state from (near-)neutral at pH 7 to positively charged at pH
5 and then adsorbs almost twice as strong compared to pH 7. The remaining amino acids have
comparatively weak adsorption. N displays weak attraction of -4 kJ/mol at pH 5 and at pH 7. T,
W, and Y show some attraction on the order of -3 to -4 kJ/mol at pH 5. The binding strength
tends to be less than -3 kJ/mol for A, C, Q, G, L, M\, F, P, S, T, W, Y, V, and L at pH 7 and at pH
5 (Figure 2a, b). Overall, neutral residues have difficulties to penetrate the closest water layers
atop the ionic HAP surface, cannot form ion pairs, and van-der-Waals interactions lead to
minimal adsorption (Movie S1 in the Supplementary Material). A breakdown of electrostatic and
van-der-Waals contributions to adsorption for the charged molecules shows that changes in
electrostatic interactions, namely, ion pairing, account for the large share of attraction (Figure S2
in the Supporting Material). Hydrogen bonds and van-der-Waals interactions preexist before
adsorption, only rearrange after adsorption, and therefore make a small or negligible contribution
to the binding free energy (Figure S3 in the Supporting Material). These observations are
consistent with earlier findings for peptide and polymer adsorption on similarly charged silica
and calcium silicate hydrate surfaces,[28, 29, 57, 58] and we elaborate on mechanistic details in

later sections below.

The trends in binding free energies of amino acids are similar for the prismatic (020) surface,
which due to precipitation-dissolution equilibria is a more realistic representation of the (010)
surface (Figure 2c, d).[36] The negatively charged molecules D and E both adsorb strongly with

approximately -40+3 kJ/mol at pH 5 and 7, showing little differentiation with respect to pH and
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side group, which differs only by a methylene unit. Binding of D(-) is characterized by -39+4
and -43+3 kJ/mol at pH 7 and 5, respectively, and E(-) adsorbs with -41+3 and -38+3 kJ/mol at
pH 7 and 5, respectively. Citrate is the strongest binder at -58+4 and -52+5 kJ/mol, respectively,
for a charge of -3 at pH = 7 and a charge of -2 at pH = 5, respectively (Figure 2c, d). Binding is
relatively unaffected by the pH value. The free energy of adsorption of the negatively charged
amino acids D, E, and citrate on the prismatic (020) plane is almost twice as strong as on the
basal (001) plane (Figure 2c, d), which is related to the surface chemistry as explained in the
sections further below. The binding free energy of R(+) is -6 and -5 kJ/mol at pH values of 7 and
5, respectively, and adsorption of K(+) is -4 and 0 kJ/mol at pH values of 7 and 35, respectively.
This attraction is much weaker than on the (001) surface. In particular, K(+) is only marginally
or not at all attracted to the (020) surface (Figure 2c, d). Adsorption of H(0) amounts to -4 kJ/mol
and of H(+) to -6 kJ/mol at pH 7 and 5, respectively, somewhat reduced compared to the basal
(001) plane. The positive charge at pH 5 slightly improves adsorption of H(+). Weak attraction
of -4 kJ/mol is observed for N and T at pH 5. The non-ionic amino acids A, N, C, Q, G, I, M, F,
P,S, T, W, Y, V, and L typically exhibit a binding strength less than -3 kJ/mol at pH 7 and at pH

5 on the (020) surface (Figure 2c, d).

2.2. Binding Mechanism, Origin of Binding Differences, and Role of the HAP Surface
Structure. The calculated free energies of binding illustrate that only charged species exhibit
significant attraction (>>1 kT = 2.4 kJ/mol) to the (001) and (020) surfaces at the two chosen pH
values. The origin of significant binding lies nearly exclusively in ion pairing, which varies
depending on the (hkl) HAP surface and the associated layered structure of ionic groups (Figure
2e-h, Movies S1 and S2). Van-der-Waals interactions only rearrange without significant gains or

losses and contribute marginally to binding (Figure S2 in the Supporting Material). Hydrogen
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bonds, which have an approximate strength of 18-20 kJ/mol in water (= difference of
vaporization energy of water of 40.7 kJ/mol[68] minus van-der-Waals contributions, divided by
two hydrogen bonds per molecule), do not contribute to binding in a significant way as they pre-
exist between amino acids and water, between water molecules, as well as between hydrogen
phosphate surfaces and water, and only rearrange upon binding. In support, we found no change
in the average total number of hydrogen bonds before and after adsorption for two amino acid-
HAP pairs, Glu and Lys on (001) HAP surfaces at pH 7 as examples, monitoring over the entire
simulation time (Figure S3 in the Supporting Material). Small contributions to binding are
possible from changes in the geometry and in the strength of individual hydrogen bonds. All
amino acids display some affinity towards the HAP surface, likely related to ion-dipole
interactions of polar groups, including capping end groups, with the ions on the mineral surface.
The contribution of capping end groups likely increases binding affinities of all amino acids by a
uniform small amount. Since side chains of non-charged amino acids generally showed little to
no attraction to HAP due to competition with surface-bound water, the focus of our remaining

discussion will be on the charged residues.

Examination of the free energy profiles as a function of distance shows differences in short-
range interactions (<0.3 nm) and medium-range (<1.2 nm) interactions with HAP, which are
largely dictated by the surface structure (Figure 2e-h). The high density of calcium ions and
protonated phosphate species on the surface of HAP cause a larger negative binding free energy
of negatively charged and positively charged amino acids versus neutral amino acids at close
distance, i.e., less than 0.3 nm from the nearest surface atom. These short-range interactions are
determined by the local chemical composition of the HAP surface. The charge profile of the

specific (hkl) HAP surface further determines mid-range interactions between 0.3 nm and 1.2 nm
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from the nearest surface atom. Specifically, the (001) surface contains a layered structure of
protonated phosphate ions at the top, followed by a layer of calcium and hydroxide ions beneath
(Figure 2e). Therefore, it features a layer of negative charge of protonated phosphate ions
followed by a layer of positive charge of calcium ions. Incoming charged molecules see the
(001) surface as a negatively charged substrate, leading to favorable interactions with cationic
amino acids and slightly unfavorable interactions with anionic amino acids at medium range of
0.3 to 1.2 nm (Figure 2f). The (020) surfaces (representative of (010) surfaces) feature a more
even charge distribution at the mineral-liquid interface, with rows of protonated phosphate ions
and calcium ions at the HAP-water interfacial plane that alternate and are parallel to each other
(Figure 2g). This charge distribution is less negative than on the (001) surface, resulting in
stronger interactions with anionic amino acids and decreased interactions with cationic amino
acids (Figure 2h). The (020) surface also imposes small energy barriers for cationic amino acids

at medium range.

The free energy curves as a function of distance summarize relative trends between groups of
amino acids semi-quantitatively (Figure 2f, h). The amino acids were grouped together based on

similarity in binding free energy and dynamics of their approach to the surface.
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Figure 2. Binding affinity of amino acids and sodium citrate to the (001) and (020) surfaces of
hydroxyapatite at pH values of 7 and 5 at 298 K in water. No electrolytes were added except for
single Na* and CI ions if needed to compensate the charge on ionic groups (~20 mM per added
ion). (a, b) Free energy of binding to the (001) surface at pH values of 7 and 5. (c, d) Free energy
of binding to the (020) surface at pH values of 7 and 5. Binding affinities much greater than kT
(2.5 kJ/mol) are only observed for charged amino acids. (e, f) Charge distribution on the (001)
surface and representative free energy profiles of amino acid side group binding as a function of
distance. The top atomic layer is dominated by negatively charged protonated phosphate ions,
leading to a repulsive barrier for negatively charged groups at a medium distance and attraction
of positively charged groups. Among neutral, negatively, and positively charged amino acids, a
preference towards negatively charged groups prevails at close distance related to sub-surface
and sparce surface calcium ions, along with significant attraction of positively charged groups.
(g, h) Charge distribution on the (020) surface and representative free energy profiles of amino
acid side group binding as a function of distance. The top atomic layer contains positively
charged calcium ions and protonated phosphate species side-by-side, leading to light repulsion (a
shallow free energy barrier) for positively charged residues and attraction of negatively charged
residues at medium distance of 0.3 to 1.2 nm. Among neutral, negatively charged and positively
charged amino acids, a strong preference for negatively charged groups and a weak preference
for positively charged groups are seen at close distance <0.3 nm. For the free energy profiles in
(f) and (h), a similar curve shape was observed for pH 5 and 7 that is shown as a qualitative

average.
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2.3. Molecule Interactions with HAP Surfaces from Long to Medium Range. Interactions
of amino acids and citrate with the HAP surface are essentially negligible beyond 2 nm distance
and remain minimal as the distance decreases to 1.2 nm, given overall charge-neutral surfaces
(Figure 2f, h). The presence of hydroxyapatite surfaces begins to be felt at mid-range distances
between 1.2 nm and 0.3 nm when some preferential orientations were observed during the SMD
simulations (Figure 3). The side groups of different amino acids then assumed characteristic
orientations relative to the surface (Figure 3a, b). Thereby, the exact distances that introduce
orientation bias depend on the amino acid and on the HAP surface. The (001) surface of
hydroxyapatite induced positively charged side groups to be oriented towards the surface and
negatively charged side groups to be oriented away (Figure 3a, b). The (020) surface exhibits an
opposite trend, attracting negatively charged side groups, and displaying an overall weaker
orientation bias. The trends in orientation bias of the side groups reflect the free energy
landscape of the amino acids at medium distance from the surface (12 A to 3 A away from the
nearest HAP surface atom) and differ from the binding free energy upon direct contact with the
surface. A prediction of a favorable versus an unfavorable approach of the amino acids can be
made using the charge profile of the solid surface (Figure 3b-d). Hereby, side group orientation
towards the surface indicates favorable association due to opposite charges and vice versa. Most
such orientation interactions are residual at 12 A to 6 A distance and become stronger within a
range of 6 A to 3 A from the surface. At distances closer than 3 A, equilibrium binding between

the amino acid and the HAP surface occurs.

The origin of the mid-range interactions with hydroxyapatite surfaces lies in the layered

arrangement of ions in the solid phase (Figure 2e-h and Figure 3c, d). Density profiles of calcium
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ions and protonated phosphate ions on the (001) and (020) surfaces at pH 7 illustrate the facet-
specific charge profiles (Figure 3c, d and Figure S4 in the Supporting Material for pH 5).
Hereby, z = 0 A corresponds to the mineral surface, characterized by the average position of P
atoms in the top molecular layer of HAP in contact with water (Figure 3c, d). Negative z
coordinates refer to the solid HAP phase and positive z coordinates to the solution phase.
Accordingly, the (001) HAP surface is phosphate-rich as it features more protonated phosphate
(+25%) and less calcium ions (-50%) in the top molecular layer in comparison to the (020)
surface (Figure 3c). Vice versa, the (020) HAP surface is calcium-rich and exposes
comparatively less phosphate species (Figure 3d). These differences in the structure of (001) and
(020) surfaces are also seen in the top view of the outermost molecular layers (Figure 3e, f).
While overall charge-neutral, differences in the specific sequence of layers of ions and associated
charge profiles for each (hkl) hydroxyapatite surface explain specific medium-range interactions
with charged species, as well as related trends in the equilibrium binding free energies at short

range.
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Figure 3. Dynamic orientation of side chains upon approach to the hydroxyapatite surface and
underlying surface geometry controls. (a) Bias in orientation of the amino acid side groups

relative to the surface upon approach from the solution from 12 A to 3 A distance. The
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percentage values are relative to 50% of time, e.g., +20% means that the side chain was 70% of
time oriented towards the surface and 30% of time oriented away from the surface during steered
MD. (b) Example orientations of the arginine (R) side group away from and towards the HAP
(001) surface. (c, d) Density profiles of Ca** ions and P atoms in superficial phosphate species on
the (001) and (020) surfaces. The z coordinate was set to 0 A at the first protonated phosphate
layer. The green arrows indicate much lower Ca?* density on the (001) surface than on the (020)
surface. As a result, more attraction of R(+) and K(+) side chains, which carry a positive charge,
is seen to the (001) surface, and repulsion from the (020) surface. (e, f) Visualization of calcium
ions, hydrogenphosphate and dihydrogenphosphate ions in the first layer of the (001) and (020)
surfaces of HAP. The different balance between negatively charged and positively charged ions
can be visually seen, and results in preferred attraction of side groups with opposite charge as

shown in (a).

2.4. Water Layering at the Interfaces and its Barrier Function. Solvent molecules on the
hydroxyapatite surfaces create an additional barrier in the short-range that the amino acids must
overcome for adsorption to occur. The pattern of water distribution, density profile, and
penetration into the HAP surface shows a strong dependence on the (hkl) surface (Figure 4). The
uniform distribution of protonated phosphate species on the (001) surface creates favorable
conditions for water association, which can be seen in the form of tightly bound pockets of water
approximately 3 A and 2 A above the plane of the first phosphate layer (Figure 4a, b). The (020)
facet, in contrast, contains relatively large areas where phosphate species are desorbed into
solution (Figure 4c, d). Combined with an overall lower density of protonated phosphate ions,

less water densification is observed along with a weak organization into vertical columns. The
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less dense phosphate layer on the (020) facet supports penetration of water deeper into the HAP
surface, seen by internal pockets of water at 1 A and 0 A distance (Figure 4c, d). On the (001)
surface, clearly less water penetration is seen past the first phosphate layer (Figure 4a, b at 1 A
and 0 A distance). Water penetration into the surface, especially on the (020) surface, suggests
that the second layer of phosphate, and further sublayers may also be protonated. A lower pH
value of 5 tends to amplify cavitation of the surface relative to pH 7 (Figure 4b, d), which is
noted especially closer to the surface at 0 A distance and more significant on the (020) surface

(Figure 4d).
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Figure 4. Water density maps parallel to the hydroxyapatite (001) and (020) surfaces. Every
column of panels contains a top panel with side view and the corresponding water density maps
in the 4 images below in top view. The blue dotted lines in the top panel in every column
indicate the distance of lateral cross sections at 3, 2, 1, and O A from the first phosphate layer.
The cross-sectional heights z are given relative to the respective surface plane of phosphorus
atoms. Only the first surface layer of calcium and protonated phosphate ions is shown for visual
clarity. (a, b) Side view of the (001) surface and lateral water density maps at pH values of 7 and

pH 5, respectively. Significant water ordering is seen at 2 and 3 A distance. The water density is
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reduced closer to the surface (1 A), and low water penetration into the first layer of (001)
hydroxyapatite (0 A) is observed. More cavitation is observed at pH 5 compared to pH 7. (c, d)
Side view of the (020) surface and lateral water density maps at pH values of 7 and 5,
respectively. The (020) surface shows relatively little water densification above the first
phosphate layer (2 and 3 A) due to lower area density of phosphate species and uneven
morphology. Solvation of calcium ions in the gap regions of the phosphate species leads to a
relatively high local water concentration at 1 and 0 A and some ordering into vertical columns.

Water cavitation is stronger at pH 5 compared to pH 7.

While the density maps of water highlight differences among the major (001) and (020)
hydroxyapatite surfaces, water layering on both surfaces acts as a barrier and reduces the binding
of uncharged amino acids to the HAP surface (Figure 2). Unrestrained molecular dynamics
simulations reveal an inability of the electroneutral amino acids to remove and replace water
molecules bound to the HAP surfaces for over 95% of the simulation time. For example, a video
of threonine approaching the HAP surface shows repeated repulsion at the water layer above the
surface (Movie S1 in the Supplementary Material). The barriers due to water layering on HAP
surfaces and the lack of charge to overcome them lead to small binding free energies of
uncharged amino acids on the (001) and (020) HAP surfaces (Figure 2). Water layering also
causes an energy penalty for charged species to interact with the surfaces, however, the barrier is

then small compared to the gain in energy upon contact with the HAP surfaces by ion pairing.

2.5. Binding Mechanism, Affinity, and Relation to Local Surface Environment. We have
thus illustrated that the local surface environment determines the mechanism and extent of

binding (Figure 5). Next, we compare the mechanisms and free energies of binding of the
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charged amino acids and citrate side-by-side for the hydroxyapatite (001) and (020) surfaces in
solutions with pH values of 7 and 5 (Figure 6). The discussion is supported by visualizations of

the simulation trajectories (see Movies S1 and S2 and Large Dataset of trajectories).

Positively charged species (R, K) are attracted via ion pairing of the guanidinium or
ammonium groups with surface phosphate species (Figure 5a, b, g, h). Protonated H(+) binds in
a similar fashion at pH 5 (not shown). The positive charge in R and K side groups is distributed
over 5 or 3 hydrogen atoms, respectively, and the negative charge is distributed over 2 or 3
oxygen atoms on the protonated phosphate ions, creating delocalized ion pairs, which limit the
binding free energy (Figure 6a). Guanidinium and ammonium groups therefore bind in-between
phosphate species and form weak ions pairs with multiple phosphate species. In addition,
hydrogen bonds are formed between the nitrogen-bound hydrogen atoms and oxygen atoms in
phosphate species on the surface. Their contribution to the binding free energy, however, is small
as such H bonds form in exchange for pre-existing hydrogen bonds in solution before adsorption

(Figure S5 in the Supplementary Material).

Negatively charged amino acids and citrate bind via carboxylate groups to exposed calcium
ions on the HAP surface (Figure 5d-f, j-1, Movie S2 in the Supplementary Material). This form
of ion pairing involves strong, targeted ion pairs between -COO- groups and Ca** ions on the
HAP surface. The ion pairs involve localization of the negative charge on 2 oxygen atoms and of
the positive charge on single, divalent calcium ions, which leads to enhanced binding of
negatively charged amino acids and citrate in comparison to the scenario of binding of positively
charged amino acids to phosphate species with more distributed charge density. This difference

amounts to between -7 and -33 kJ/mol on the (001) and (020) surfaces, respectively (Figure 6a).
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Binding configurations of negatively charged amino acids also include hydrogen bonding to

protonated phosphates, however, without a significant net contribution to binding free energies.

A distinctive pattern of binding strength is also seen for the (001) and (020) surfaces (Figure
6a-e). The charge on the (001) surface is more negative compared to the (020) surface and more
randomly distributed (Figure 6b and Figure 3c, e). The abundance of negatively charged
phosphate species and less calcium ions on the (001) surface allows notable adsorption of
positively charged amino acids R, K, and H(+) (Figure 6a). The adsorption of negatively charged
amino acids remains more favorable overall due to stronger ion pairs, even though less sites are
available, and the attraction is clearly less than on the (020) surface (see also Figure 2e, f, Figure
Sa-f). On the (020) surface, an alternating distribution of calcium ions and protonated phosphate
ions creates rows of positive charge and negative charge (Figure 6¢ and Figure 3d, f). The
presence of positive surface charge every 3 rows results in favorable binding conditions for
negatively charged amino acids and citrate (see also Figure 2g, h). The anionic molecules prefer
binding to the rows of calcium ions in between rows of phosphate ions, which optimizes
interactions with calcium ions and minimizes interactions with negatively charged H,PO43*"
groups (Figure 6d, Figure 5j-1). In contrast, positively charged amino acids bind weakly to the
rows with phosphate species (Figure 6e, Figure 5g-i). The higher fraction of area with positive
charge on the (020) surface and decreased density of phosphate species of ~75% compared to the
(001) surface (Figure 6¢c-e) explain a ~60% decrease in binding free energy of K(+) and a ~40%
decrease for R(+) relative to the (001) surface (Figure 6a). The (020) surface thus has a relatively
higher capacity for binding negatively charged amino acids and the (001) surface is more likely

to facilitate a combined association with positively charged and negatively charged amino acids.
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The free energy of binding AG is expected to be close to the enthalpy of binding AH due to
moderate, or small entropy contributions —TAS (AG = AH — TAS). A quantitative analysis is
challenging since the dynamic surface structure of HAP complicates precise computations of
binding enthalpies. We know, however, from closely related studies of peptide binding to static,
chemically similar silica and calcium silicate surfaces (Si is the next neighbor of P in the periodic
table) that it is common to observe 80% to 100% similarity of binding free energies and binding
enthalpies.[57, 58, 69] The entropy contribution involves an entropy loss of the molecule upon
surface binding and an entropy gain of displaced surface-bound water, which on balance is often
close to zero or involves a small net entropy gain from release of water.[70, 71] A typical
scenario is therefore a slightly larger negative free energy of binding in comparison to the

negative energy of binding (= enthalpy of binding in the absence of significant volume change).
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Figure 5. Representative snapshots of binding conformations of charged amino acids and citrate
ions on the hydroxyapatite surfaces at pH 7. The conformations were chosen from steered MD
simulations at a distance closely corresponding to the minimum free energy. Counter ions for
charge neutrality were Na* or CI, respectively. (a-f) Charged molecules in contact with (001)

surfaces. (g-1) Charged molecules in contact with (020) surfaces. Positively charged amino acids
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(R, K, H) bind through ion pairing of medium strength and exhibit hydrogen bonding to
protonated phosphate species on the surface. Negatively charged amino acids (D, E) and citrate
bind through the carboxylate groups to calcium ions exposed on the hydroxyapatite surface via

more localized, stronger ion pairing.

28



Analysis of specific binding
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Figure 6. Analysis of specific binding of charged amino acids and citrate to HAP (001) and
(020) surfaces as a function of pH and the role of subsurface structure. Effects of added salt and

temperature changes on the binding free energy are also shown. (a) Free energy of binding of
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charged amino acids and citrate at 298 K. Large differences are seen between (001) and (020)
facets, as well as between positively and negatively charged amino acids. Error bars were
determined using the bootstrap method. (b) Top view of the (001) HAP surface at pH 7. Areas of
high phosphate density carry a negative charge and are shown with an orange background. Areas
with high calcium density are shown with a blue background. A random distribution of calcium
and protonated phosphate ions is seen, and an overall lower density of calcium ions than on the
(020) surface results in more negative surface charge. (c) Top view of the (020) HAP surfaces at
pH 7. The (020) surface exhibits rows of positive and negative potential. (d) A perspective view
of aspartic acid D(-) binding to a calcium row in between phosphate rows on the (020) surface at
pH 7. The inset shows how the binding position maximizes interactions of aspartic acid with
areas of positive charge and reduces interactions with negative charge. (e) A perspective view of
arginine R(+) on the (020) surface and interactions with phosphate species at pH 7. The inset
shows R interactions with the negative potential area and some destabilization by nearby positive
potential. (f) Free energies of binding of D and R on the (001) surface at pH 7 in water and in a
154 mM NaCl solution. The presence of salt has only minor effects on binding as the free energy
of binding remains the same within the uncertainty (+3 kJ/mol). (g) Binding free energies of
citrate and lysine on the (020) and (001) surfaces of HAP at pH 7 at 298 K and 313 K. The
influence of temperature changes is within the uncertainty, potentially indicating a minor

increase towards zero upon heating.

2.6. Influence of pH Value, Salinity, and Temperature. The influence of pH value in
solution on the binding affinity is less significant than the influence of specific (hkl) facets.

Nevertheless, a change in pH value from 7 to 5 modifies the surface chemistry, lowers the area
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density of calcium ions, and removes potential binding sites in a notable way (Figure Ic, d).
Dissolution and precipitation equilibria of phosphate species on the surface are accelerated
towards pH 5. Positively charged amino acids R and K had a lower affinity to both (001) and
(020) HAP surfaces at pH = 5 relative to pH = 7 as the phosphate species are then more
extensively protonated and the negative surface charge is reduced (Figure 6a). In contrast, the
binding affinity of histidine increased on (001) and (020) surfaces as the pH value decreased
from 7 to 5, nearly doubling on the (001) surface (Figure 6a). The imidazolium side group then
transitions from neutral to a positive charge (pKa ~ 6), and pH changes from 7 to 5 could be used

as a reversible switch to tune the binding affinity of His and His-containing proteins.

Negatively charged amino acids are relatively inert with respect to the phosphate-rich (001)
surface at medium distances at both pH values (Figure 3a, c), or slightly repelled, and experience
stronger binding as the pH value decreases from 7 to 5 (Figure 6a). The shift towards stronger
binding to the (001) surface at pH 5 is a result of the lower negative surface charge upon
conversion of HPO4? ions into HoPOu4 ions (Figure 2e). The absolute binding affinity of citric
acid remains about the same at pH 7 and pH 5, and herewith shifts from stronger than the
negatively charged amino acids at pH = 7 to about equal affinity at pH = 5 (Figure 6a).
Accordingly, competition of the amino acids D and E with citric acid increases in low pH

environments on the (001) surface.

The attraction of negatively charged amino acids to the Ca-rich (020) HAP surface remains
about the same at pH 7 and 5 (Figure 6a). The decrease in area density of superficial calcium
ions upon transition from pH 7 to pH 5 is accompanied by a stoichiometric loss in superficial
phosphate charge (Figure 3a, d and Figure 2g). Citrate clearly adsorbs stronger than the amino

acids D and E on the (020) surface at pH 7 and at pH 5 (Figure 6a).
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Our analysis this far assumes adsorption in aqueous solution without significant electrolytes.
Cations or anions were added only as needed to maintain overall charge neutrality. Therefore, we
tested the effect of sodium chloride solutions at a near-physiological concentration of 154 mM
on the adsorption of D and R on the HAP (001) surface at pH 7 as examples (7 Cl- and 7 Na*
ions added to ~2600 TIP3P water molecules) (Figure 6f). The saline solution had a minor
influence on the binding free energies. The phosphate-rich (001) HAP surface showed some
binding of sodium ions, which can slightly increase the attraction of D(-) and reduce the
attraction of R(+). The more charge-balanced Ca-rich (020) surface did not attract Na* ions nor
CI ions, suggesting no effects of sodium chloride addition on binding (see details in Section S2

in the Supplementary Material).

To examine the effect of temperature upon binding affinity, we computed the free energies of
binding again at 313 K using citrate on (020) HAP surfaces and lysine on (001) HAP surfaces at
pH 7 as examples (Figure 6g). Cit and R represent the strongest negatively charged and
positively charged binding species, respectively (Figure 6a). The results indicate no major
changes within the uncertainty (Figure 6g) and similar trends are expected for other temperatures

near physiological conditions.

2.7. Discussion of Experimental Data. Previous experimental data on amino acid and citrate
affinity to HAP agree with the mechanisms identified by simulations, even though available at a
rather simplistic level (rarely better than 1 nm resolution). The overall charge of a molecule was
suggested as a principal factor in the strength of HAP surface interactions.[72] In experiment, a
reduction in binding to HAP was observed when negatively charged poly-glutamic acid peptides
were modified by changing Glu residues to non-charged Leu residues.[8] According to the

simulation, a lower number of charged groups decreases the binding affinity to the surface
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(Figure 2). Overall, there is consensus that negatively charged amino acids are the strongest
binders to HAP, followed by either positively charged or polar amino acids.[25-27, 73] Some
studies, alternatively, mention that positively charged amino acids have higher affinity than
negatively charged amino acids, since the latter experience repulsion from negatively charged
HAP surfaces.[21] For example, lysine(+) bound stronger to carbonate-containing
hydroxyapatite, which was attributed to a higher negative charge of the hydroxyapatite
surface.[21] Both observations can be supported by our results (Figures 2, 5, 6) since quantitative
data, (hkl) specificity, and the influence of pH are not known in these experiments and leave
uncertainty. According to the simulation, negatively charged amino acids are the strongest
binders, followed by positively charged amino acids, and uncharged amino acids have little
affinity. At the same time, positively charged amino acids can make significant binding
contributions on (001) surfaces (Figure 2), including differences as a function of distance from
the surface (Figure 3). Charge is the key factor to regulate binding of amino acids, combined

with the structure and distribution of ions on the HAP surface.

The strong binding affinity of aspartic and glutamic acid in the simulation agrees with the
known efficiency of acidic oligopeptides as bone binding sequences (Figure 2).[74, 75] The
formation of extended rod-like HAP crystals, reported experimentally in the presence of
Asp,[27] can be explained. Hereby, strong binding to the prismatic (020) facets inhibits growth
along the a and b axes of hydroxyapatite, enabling faster growth along the ¢ axis supporting the
formation of rod-like crystals. Calcium ions must be accessible on the surface to enable strong
binding of negatively charged ligands, and specific patterns of calcium ions on distinct (hkl)
facets of HAP can be exploited to direct synthesis and assembly (Figure 6). Peptides and

synthetic ligands could be designed for high binding affinity by matching the average distance
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between calcium ions in near-linear patterns on the (020) surface at pH 7 (Figure 6b, c). Vice
versa, low area density and less regular spacing of calcium ions on the (001) surface can limit the
amount of bound acidic (negatively charged) residues and favor positively charged residues

(Figure 6a).

The competition of acidic amino acids with citric acid for binding to HAP in vivo is also well
known.[76] Citrate is abundantly found on apatite surfaces at concentrations of about 1 molecule
per 2 nm?. According to the simulation, citrate has the highest attraction to HAP among all tested
species, -7 kJ/mol and -17 kJ/mol more favorable than D and E on the (001) and (020) surfaces
at pH 7, respectively (Figure 6a). The high affinity originates from the interaction with single or
multiple calcium ions on the surface through multiple carboxylate groups and folding in between
multiple protonated phosphate groups (Figure 5f, 1 and Figure Sla, b in the Supplementary
Material). More favorable binding to HAP surfaces than individual citrate molecules can be
achieved through synergistic effects of several acidic ionic amino acids linked together in

peptides and proteins.

Peptides derived from known HAP-binding proteins such as statherin and bone sialoprotein
are known to control HAP growth.[10] The peptide sequences largely consist of acidic amino
acid residues,[11, 77] and previous experiments have shown that Glues peptides bind strongly to
HAP while GlusLeu and GlusLeuz have increasingly weaker binding affinity.[8, 78] These
findings add evidence for the importance of acidic amino acids in HAP binding peptides.
Stronger binding of more acidic amino acid sequences to HAP concurs with the simulation
results, especially to the abundant prismatic (010)/(020) facets with a higher positive surface

charge than (001) facets (Figure 2g, 3d, 6¢).
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Yet it is too simplistic to assume that negative residues alone are the key to HAP peptide
binding as many unique HAP binding peptides sequences identified by phage display do not
carry a large negative charge.[2, 14] Recent studies discovered HAP binding peptides specific
for (001) facets, including a strong binder (NNHYLPR), a medium(weak) binder (GQAGERK),
and a weakest (WGNYAYK) binder. The peptides contain positively charged amino acids (R, K,
H), and only the medium binder contains an additional negatively charged amino acid (E).[15]
The higher affinity of sequences containing positive charges to (001) surfaces is consistent with
the specific charge profile at medium range and the reduced amount of Ca* ions on the (001)
surface (Figure 2e, f, Figure 3a, c, e, Figure 6b). The lack of significantly acidic peptides from
several phage display studies also demonstrates that peptide binding to HAP, or HAP nucleation
from precursors, might not require the highest binding strength. Instead, mineralization processes

may benefit from reversibility and are more complex than binding of individual amino acids.

2.8. Future Opportunities. Amino acid binding is a fundamental molecular descriptor for
rational design of peptides and proteins as part of more complex biomineral assembly processes.
We revealed the role of the dynamic organization of phosphate species and Ca®* ions on the HAP
surface during dissolution-precipitation equilibria, leading to specific binding of amino acids as a
function of (hkl) facet and pH value. The phosphate-based surfaces display much richer
dynamics than silicates, clay, or titania, which is essential for the creation and dissolution of

hierarchical skeletal structures.

An important factor are the chemical changes on the surface of hydroxyapatite. In this work,
we considered acid-base reactions in the top molecular layer of hydroxyapatite. Further details of
the interfacial structure will be worth exploring, for example, the influence of hydration and

protonation of multiple molecular layers beneath the HAP surface. Layer-by-layer dissolution
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and precipitation may convert hydrated (001)/(002) surfaces into hydrated (004) surfaces, and
hydrated (010)/(020) surfaces into hydrated (040) surfaces. At the same time, differences in
directional patterns between (00n) and (OmO) surfaces, binding mechanisms, and trends in

binding free energies would stay the same (Figure 6).

Apatite models can be further extended to fluorapatite, chlorapatite, carbonate-containing
HAP, and cation substitution commonly found in bone and teeth (e.g. Mg>*, Zn%*, Sr**).[79] In
addition, the role of defects, step edges, and amorphous layers of calcium phosphate at mineral-
solution interfaces would be interesting to explore in follow-on work, along with a broader range
of concentration of amino acids and proteins (here we consider low concentrations of amino
acids as a first step). Binding of bone-forming proteins such as osteocalcin, bone sialoprotein,
collagen, and statherin could be accurately explored to combat bone-related disorders and

diseases.

In such efforts, the MD methods using IFF have only a nominal computational cost, about
ten million times lower than ab-initio methods. They can be applied for realistic computational
and machine-learned design of biomolecules and phosphate surfaces for specific binding and
assembly outcomes. The accuracy is several times higher than feasible before with prior models,
and even large nanostructures of ~100 nm and time scales up to microseconds can be explored.
Precise knowledge of the binding of building blocks such as amino acids is necessary towards
rational understanding of observed binding patterns of peptides and proteins, to predict the effect
of mutations for facet-specific binding and inform the synthesis of new functional molecules.
Applications may include targeting specific HAP crystal facets to inhibit or promote growth,
deliver drugs to specific sites in bone and dentin, and utilize the dependence on pH value to

target infectious mineral sites.
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3. Conclusion

We examined the binding mechanism and adsorption free energies of all 20 natural, end-capped
amino acids and citric acid on common hydroxyapatite surfaces as a function of pH value. We
utilized an extensive series of over 1500 unrestrained and steered molecular dynamics
simulations for pH-resolved surface models and diverse molecular start conformations with
thoroughly validated force fields (IFF-CHARMM236). The simulation-based methods reveal
quantitative details in all-atom, dynamic resolution which have remained elusive for decades,
uncovering the design rules for specific recognition and new perspectives for the assembly of

skeletal structures from the molecular scale.

Citrate ions, negatively charged amino acids (D, E), and positively charged amino acids (K,
R, as well as H at pH 5) are the most significant binders to hydroxyapatite surfaces, up to -60
kJ/mol, while non-charged amino acids display marginal binding free energies around -2.5
kJ/mol. Thereby, the specific sequence of layers of ions and associated charge profiles for each
(hkl) hydroxyapatite surface has a significant effect on the interaction with ionic amino acids at
distances less than 1.2 nm. The affinity of the molecules to the HAP surface is determined by the
ability to replace surface-bound water and to form ion pairs with calcium ions or protonated
phosphate ions at close distances of <0.3 nm from the top atomic layer. On the (010) and (020)
surfaces, which constitute the prismatic plane of HAP crystals, citric acid binds significantly
stronger than all amino acids, followed by the negatively charged amino acids, and positively
charged amino acids exhibit less significant binding. A specific row-like pattern of phosphate
species and calcium ions on the (010)/(020) surface can direct the assembly of adsorbed

negatively charged molecules. The (001) surface, which constitutes the basal plane of HAP
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crystals, is less attractive to citrate ions and negatively charged amino acids related to a higher
concentration of negative charge in the top atomic layer compared to the (010)/(020) surface.
Positively charged amino acids thus exhibit increased binding to the (001) surface while binding

by negatively charged amino acids and citrate ions still remains stronger.

The arrangement of calcium ions and protonated phosphate species at and below the (hkl)
surface of hydroxyapatite affects the relative orientation and attraction of charged species. Small
energy barriers between bound states and conformation in solution at distances <1.2 nm were
observed. Negatively charged molecules form stronger, more localized ion pairs with the HAP
surface than positively charged amino acids, and effective binding is limited by the availability
of calcium ions. Peptides with a mixture of positive and negative residues with an overall
positive or zero charge may be more likely to target (001) surfaces due to a synergistic effect
between the amino acids of various charge in comparison to highly anionic peptides, which
would target (010)/(020) surfaces. A decrease in pH values from 7 to 5 augments binding of
negatively charged amino acids and histidine on (001) surfaces and decreases the binding of
other positively charged amino acids. Differences in binding free energies as a function of pH
value are smaller on (020) surfaces due to a more balanced distribution of positive and negative
charges, however, changes in the surface chemistry remain significant and reduce the overall

availability of calcium ions from pH 7 to pH 5.

The results provide first quantitative guidance for sequence design, HAP shape control, and
explain prior experimental findings on amino acid and peptide binding to HAP in a new light and
in an unprecedented level of detail. Most notably, the resolution in the simulation (1-5 pm) is
about 100 times higher than that of current imaging techniques (0.1-2 nm), which typically

cannot provide specific binding information, facet-specific and pH-specific detail. Therefore, the
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IFF-MD based methods fill a major gap in current instrumentation by capturing critical
recognition mechanisms and interfacial dynamics, consistent with available data from
spectroscopy, acid-base chemistry, hydration measurements, and biomolecular interactions.[36]
Beyond the specific results for amino acids and citrate ions, the models and simulation methods
facilitate the examination of specific binding of other molecules and mineralization of phosphate
minerals, of the role of proteins, electrolyte composition, and assembly mechanisms in

combination with laboratory studies.

4. Computational Methods

4.1. Simulation Setup. Models for hydroxyapatite (001) and (020) surfaces were constructed
using X-ray data and surface chemistry according to the pH values as described in the IFF
surface model database (Figure 1b-d).[36, 37] We employed the Graphical User Interface of the
Materials Studio program.[80] As the pH value decreases, hydroxyapatite surfaces undergo a
series of chemical reactions, which change the area density and protonation state of the charged
species in the first molecular layers of the surface. These reactions include hydroxide
neutralization at pH < 15, successive protonation of phosphate ions, and dissolution of calcium
ions for pH values from 13 to 1 according to known pK values. The area density of calcium ions
and negative surface charge change drastically as a function of the chosen conditions (Figure 1b-
d). The hydroxyapatite (001) surfaces had dimensions of roughly 37.668 X 32.621 X 28 A3 and
the (020) surfaces dimensions of roughly 37.668 X 34.375 X 34 A3. A slab of ~2600 TIP3P
water molecules of approximately 60 A height was added above the HAP surface. These
dimensions ensure the absence of interactions between amino acids in periodic neighbor cells,

corresponding to dilute concentration. The protonation state of the HAP surface at pH 7 was
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represented by a mixture of 70% H,PO4 ions and 30% HPO4> ions in the top molecular layer,
and at pH 5 by 100% H,POy4 ions in the top molecular layer.’% 371 Accordingly, the first
molecular layer of phosphate species on every surface was protonated in the correct
stoichiometric ratio of HoPOy4 ions and HPO4? ions according to pH value (no PO4* ions and no

H3PO4 molecules present).

Models of amino acids and citrate ions were also prepared using the Materials Studio
Visualizer.[80] Amino acids were end-capped with an acylated N-terminal and an amidated C-
terminal to represent amino acid chemistry within a peptide or protein. The inclusion of
approximately 2600 water molecules using the TIP3P water model leads to a nominal
concentration of ~20 mM. The effective concentration can be considered many times lower as

the 3D periodic simulation box allows no aggregation.

The different HAP surfaces were solvated in TIP3P water at 298.15 K and at 1 atm and
initially simulated for at least 30 ns in the NPT ensemble to ensure thorough equilibration
including the water slab of ~60 A thickness in contact with the mineral surface. Then, the HAP
surfaces were combined with the capped amino acids and counter ions, including chloride and
sodium, as necessary to maintain charge neutrality (1 Cl ion for K (+), R(+), H(+), 1 Na* ion for
D(-), E(-), and 2 or 3 Na* ions for Cit (-2, -3)). The protonation states of citrate and histidine
were adjusted according to the pH value, including Cit(-3) and His(0) at pH = 7, and Cit(-2) and
His(+) at pH = 5. In the combined systems of hydroxyapatite, water, and organic molecules, two
phosphate atoms in the middle of the HAP slab were restrained during all steered molecular

dynamics simulations.

We utilized the IFF-CHARMM36 force field for hydroxyapatite, the amino acids, citrate, and

water. The energy expression utilizes bonded terms, atomic charges, and a 12-6 Lennard-Jones
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potential for nonbonded interactions.[37, 69] Molecular dynamics simulations were carried out
using the NAMD program[81] in the NPT ensemble at 298.15 K with the Langevin thermostat
and piston to maintain a constant pressure at 1 atm. The time step was 1 fs in all simulations. A
12 A cutoff was applied to nonbonded interactions including a force switching function at 10 A.
(The results are equal to using a straight 12 A cutoff for LJ interactions with less than 1%
difference in computed energies). Electrostatic interactions beyond 12 A distance were

calculated using the particle-mesh Ewald method in high accuracy using a tolerance of 10°.

4.2. Steered Molecular Dynamics Simulation. Steered molecular dynamics (SMD)
simulations from bulk solution to the surface were conducted for all 20 amino acids and citrate
ions on the (001) and (020) surfaces at pH values and 5 and 7 (Figure 1a). Each run began with
the amino acid’s center of mass (COM) at least 15 A away from the average protonated
phosphate position on the top layer of the respective equilibrated hydroxyapatite surface. The
capped amino acids were constrained at their respective COM position in the z direction to a
harmonic spring with a spring constant of 60 kcal/(mol-A2) to ensure that a stiff spring
approximation could be applied (Figure S6 in the Supplementary Material).[#”) The COM was
pulled using a constant velocity of 1 A/ns towards the surface in the z direction in the NPT
ensemble. SMD simulations were repeated a minimum of four times for each amino acid. The
force required to restrain the amino acid at a given time step was recorded and the resulting
change in work from state 3 in solution to state 1 on the HAP surface (Figure 1a) was used to
determine the relative order of affinity towards the surfaces and stable conformations on the

HAP surfaces.

4.3. Unrestrained Molecular Dynamics. Unrestrained MD simulations were used to

increase the sampling of conformations of the amino acids on the surface and allow them to
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settle into favorable conformations. In particular, charged, capped amino acids were studied in
unrestrained molecular dynamics simulations in the NPT ensemble with a duration of >>6 ns at
298.15 K and 1 atm pressure. A minimum of four configurations of Asp, Glu, Arg, and Lys were
subjected to unrestrained MD simulations starting from the most favorable minimum free energy
configurations taken from the previous SMD simulations. Additional simulations with individual
Asp, Glu, Arg, Lys, His, and citrate molecules placed in solution and near the surface were
performed to allow the molecules to find stable conformations on the surface separate from the

previous SMD runs.

4.4. Free Energy Calculations. Stable binding conformations from unrestrained MD
simulations as well as solution-to-surface SMD simulations were selected as starting
configurations for surface-to-solution SMD simulations. These SMD simulations in the reverse
direction were carried out with the same specifications as the previous SMD simulations. A
minimum of 4 different start structures were selected, and the free energy of binding for each of
the 20 amino acids was calculated using the Jarzynski Equality exponential method (Equation 1)

over a series of 12 to 28 runs, with three runs per start structure:[83, 84]
<e-ﬂWAB> = o A0 (1)

Hereby, Wag is the total work of desorption (or adsorption), from minimum to steady values at
large distance, f is equal to 1/RT, and 4G is the free energy resulting as a thermodynamic
statistical average. The set of work profiles for arginine on the (001) surface at pH 7, and
isoleucine on the (020) surface at pH 7 are shown as examples (Figures S7 and S8 in the
Supplementary Material). The purpose of carrying out at least three simulations per

conformation was to determine whether the initial starting conformation for the SMD runs was in
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equilibrium or a higher energy minimum. Over a single SMD run it would not be possible to
determine whether the starting conformation was in equilibrium, out of equilibrium (not the most
favorable conformation), or if the amino acid has an inherently low binding affinity towards the

HAP surface.

To further validate the precision of the free energy calculations, the Forward/Reverse
method[85] was used to calculate the free energy for Arg, and Lys at the (001) and (020)
surfaces at both pH 5 and 7, as well as for Asp on the (001) surface at pH 7. We combined the
previous solution-to-surface SMD simulations with the surface-to-solution SMD simulations
when the amino acid had the same binding conformations. The results led to the same qualitative
trends in amino acid binding affinity and values within error to those reported from the
exponential method. An exception was Arg on the (001) surface at pH = 7, which had a slightly
larger deviation, yet still <3 kJ/mol (Figure S9 in the Supplementary Material). Specific care
was taken to ensure that, for trajectories used in the analysis, structures were at equilibrium on
the HAP surfaces at the beginning of SMD simulations, similar binding conformations and
pathways were used, and sufficient sampling was allowed. Prior to surface-to-solution SMD
runs, the sampling of representative, low-energy conformations of amino acids was critical to
obtain low errors using a limited number of simulations (12 to 28). In total, more than 1500
SMD simulations were carried out for all systems. These include combinations of 4 types of
surfaces, 20 amino acids, citrate, added NaCl electrolyte and different temperatures, forward and
reverse simulations, and 12 to 28 repeats for each system to compute accurate free energies of

binding.

4.5. Uncertainties. The error bars of computed free energies were obtained using bootstrap

sampling on the SMD work profiles in the Jarzynski and Forward/Reverse methods (see Section
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S1.3 in the Supplementary Material), which is similar in reliability to comparing differences in
block averages.[70, 71] The uncertainties are generally on the order of k7, or in the low percent
range. Further indicators are the fluctuations in binding free energies for neutral (non-binding)
amino acids (Figure 2a-d), as well as the sensitivity to changes in salinity and temperature

(Figure 6f, g).

The reliability of SMD for calculating interfacial energies was recently compared to umbrella
sampling and well-tempered metadynamics.[86] Hereby, it was shown that SMD can
overestimate the negative binding free energy of molecules (e.g. water) on highly ionic surfaces
when typical pulling velocities (1 A/ns) are applied. Uncertainties with SMD can be lowered by
decreasing SMD pulling velocities until free energies become independent of the pulling velocity
(e.g. 0.1 A/ns or 0.01 A/ns),[87] and if not possible, by switching to umbrella sampling or well-
tempered metadynamics. Specifically, Wei et al. [86] employed SMD to study water adsorption
on a “hypothetical” hydroxyapatite surface with overestimated atomic charges g of Ca of +2.0e
(recommended value: +1.50.1¢e), P of +2.6e (recommended value: +0.8e to +1.0e), O, and a
high area density of ions at pH >14 (typical values: 3 to 10).[36, 52] Free energies of binding
from SMD were then too large relative to more accurate values by umbrella sampling and well-
tempered metadynamics.[86] In this scenario, the high atomic charges cause excessive attraction
of water to superficial calcium and phosphate ions (which scales with ¢?), magnify energy
barriers, and make sampling by SMD very challenging. These situations do not apply in the
present work, which involved shallower energy barriers for adsorption on the HAP surfaces due

to realistic atomic charges and lower ion densities at pH 7 and 5.
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