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In this paper we use molecular simulations to explore if non-
specific adsorption of bone proteins onto implant interfaces 
provides a plausible mechanism of implant fouling, by comparing 
protein behavior on a model bone surface to a model implant 
surface. We use enhanced sampling molecular dynamics simulations 
to model adsorption of the most commonly occurring bone protein, 
osteocalcin, and its post-translational carboxylation modification 
onto a crystalline hydroxyapatite and titanium dioxide surface. 
Here we demonstrate through thermodynamic and structural analysis 
that the dynamic relationship between a protein and the surface it 
adsorbs onto is dependent upon differences in solvation, 
ionization, and post-translational modification. We find that 
differences in the dominating driving forces at the 
protein/surface interface give way to changes in adsorption 
mechanisms. Knowledge about the forces that drive these assemblies 
on mineral surfaces, and the mechanisms that change these 
assemblies on titania can be used to augment the design of new 
implant coatings. 
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Abstract 

One proposed mechanism of implant fouling is attributed to the nonspecific adsorption of non-

collagenous bone matrix proteins (NCPs) onto a newly implanted interface. With the goal of 

capturing the fundamental mechanistic and thermodynamic forces that govern changes in these 

NCP recognition domains as a function of γ-carboxyglutamic acid (Gla) post-translational 

modification and surface chemistry, we probe the adsorption process of the most commonly 

occurring NCP, osteocalcin, onto a mineral and metal oxide surface. Here, we apply two enhanced 

sampling methods to independently probe the effects of post-translational modification and peptide 

structure on adsorption. First, well-tempered metadynamics was used to capture the binding of 

acetyl and N-methylamide capped glutamic acid and Gla single amino acids onto crystalline 

hydroxyapatite and titania model surfaces at physiological pH. Following this, parallel tempering 

metadynamics in the well-tempered ensemble (PTMetaD-WTE) was used to study adsorption of 

the -1 domain of osteocalcin onto hydroxyapatite and titania. Simulations were performed for the 

-1 domain of osteocalcin in both its fully decarboxylated (dOC) and fully carboxylated (OC) 

form. Our simulations find that increased charge density due to carboxylation results in increased 

interactions at the interface, and stronger adsorption of the single amino acids to both surfaces. 

Interestingly, the role of Gla in promoting compact and helical structure in the -1 domain resulted 

in disparate binding modes at the two surfaces, which is attributed to differences in interfacial 

water behavior. Overall, this work provides a benchmark for understanding the mechanisms that 

drive adsorption of Gla-containing mineralizing proteins onto different surface chemistries.   
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Introduction  

 

When implants are introduced in the body (e.g. orthopedic or dental), the efficacy of the 

implanted material is hypothesized to be dependent upon its ability to mineralize or fuse properly 

with its surrounding tissue.1–4 This phenomenon, known as osseointegration, takes place at the 

cell-implant or mineral-implant interface and can be promoted by the chemical or structurally 

specific design of the implant interface.5–7 Work in the field of tissue engineering has revealed that 

specific surface properties of the exposed implant material are influential in guiding these initial 

cellular events (e.g., protein adsorption to the implant surface) and thus regulating the environment 

of the extracellular matrix.4,8,9 In spite of these advances, much remains to be discovered regarding 

the specific molecular-level recognition mechanisms between bone extracellular matrix proteins 

(ECM) and both mineral and implant surfaces. This is particularly important for the goal of 

optimizing the molecular scale design of new materials for implant coatings. 

Titanium and its alloys are commonly used as implant materials due to their high 

biocompatibility and mechanical (load bearing) properties. Upon exposure to oxygen, the highly 

reactive surface oxidizes and forms a layer of titania (TiO2) between 2nm and 5nm thick.10 It has 

previously been shown that implant treatment with grit-blasting, acid-etching, anodization, or 

various nanomodification techniques alter the surface roughness and mechanical surface properties 

resulting in improved osseointegration.10–14 To further address implant biocompatibility, many 

groups have looked towards the adhesion of coatings to implanted materials which can improve 

cell recall to the implant surface.2,8,15,16 For example, Baranowski et al. demonstrated a bone 

sialoprotein coating on titania implants first delayed the early stages of osteoblast formation, but 

ultimately positively influenced ECM mineralization when compared to uncoated titania.17 

Modifications of the implant surface have been shown to impact osseointegration in a variety of 
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ways, which have been extensively summarized by Damiati et al.18 and Jemat et al.19 Prior work 

concludes that the adsorption of cells to the implant surface is highly susceptible to both changes 

in morphology and chemistry of the surface. However, the fundamental mechanisms driving cell 

adsorption onto different materials cannot be captured with experiments alone.  

The ECM contains both organic and inorganic components. The inorganic component of 

the ECM is mainly composed of hydroxyapatite (HA) crystals, a calcium phosphate mineral with 

formula Ca5(PO4)3(OH), and a major component of bone. Osteoblasts are responsible for the 

production of organic osteoid, which includes both collagen and non-collagenous proteins (NCPs). 

While collagen makes up approximately 90% of the ECM, NCPs are understood to be key 

regulators in mineralization.20–22 NCPs undergo posttranslational modifications (i.e. carboxylation 

in osteocalcin and matrix Gla protein, or phosphorylation in osteopontin and bone sialoprotein) 

resulting in an increased negative charge density that has been attributed to the strong adsorption 

of these proteins onto mineral surfaces.23 This led to the hypothesis that structurally specific 

adsorption of NCPs to the newly implanted surface is what allows NCPs  to effectively carry out 

their mineralization role and integrate properly; inhibition of these processes are predicted to 

promote implant fouling.5,24,25 Of these NCPs, osteocalcin is the most abundantly occurring and is 

commonly used as a biomarker in bone health. Its structure is composed of three alpha helical 

domains with a single disulfide bond between the α−1 and α−2 domains, and this sequence is 

highly conserved across porcine, mice, and humans.26,27 The calcium-binding affinity of 

osteocalcin is attributed to the presence of 3 vitamin-K dependent post-translationally modified γ-

carboxyglutamic acid (Gla) residues located on the α−1 domain as shown in Figure 1. 
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Figure 1. Representation of osteocalcin in its fully carboxylated form (PDB: 1QH827), and the structure of Glu and 

Gla residues. The -1 helix containing the first 15 residues is shown in cartoon representation and its sequence is 

listed below. Other protein residues are presented transparently in cyan. Residues that undergo a posttranslational 

modification from Glu to Gla are listed in red. Gla residues and residues C23 and C29 between the  and  

helices forming a disulfide bond are pictured in licorice and colored by blue carbon, red oxygen, blue nitrogen, and 

yellow sulfur atoms. 

The structure of osteocalcin and decarboxylated osteocalcin in the presence of calcium ions 

has been studied using circular dichroism, nuclear magnetic resonance (NMR) spectroscopy, and 

X-ray crystallography in solution concluding the important role calcium ions in producing a 

secondary structure of the protein in solution.26–30 Only a handful of studies31–34 have resolved the 

structure of biomineralizing proteins on mineral or implant surfaces, and even fewer for NCPs. 

Notably, in one study Scudeller, et al. used spectroscopy, spectrometry, and isotherm methods to 

reveal the orientation and conformation of the two forms of osteocalcin on phosphate and silica 

scaffolds, showing higher adsorption of all forms of osteocalcin on calcium phosphate when 

compared to silica, and greater helical denaturation on the silica surface.35 This and another study30 

suggest that the mechanism of mineralization is related to the secondary structure of the adsorbed 

protein, and is partially dependent upon the surface chemistry of the substrate. To our knowledge 

there are no experimental studies using these same approaches to probe their structure on titania 
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substrates. Rather, work in this area has focused on macroscopically characterizing osteoblast 

affinity and function.36–38 These results, and lack of detail describing the mechanisms that govern 

these interactions in the literature have inspired additional molecular dynamics (MD) work in this 

area with the goal of gaining a more microscopic understanding of the behavior of NCPs at mineral 

and implant interfaces. The role of sequence and post-translational modifications in the 

biorecognition mechanisms of biomineralizing proteins have previously been studied with success 

using MD simulations. These studies have been limited in scope, generally focused on 

understanding the effects of a common post translational modification phosphorylation39–41, 

collagen protein42, and another NCP43. Surprisingly, while there is a large interest in understanding 

phosphorylation, there are few studies that have looked at the effects of Gla post-translational 

modifications44,45.  

Many prior MD studies on HA have used generalized surface chemistries which 

corresponded to basic pH.30,46–48 Older forcefields were modeled after bulk HA crystals lacking 

parameters for phosphate protonation on the water-exposed surface that occur in biological 

systems. The lack of parameterization of an interface at realistic conditions was resolved by  Lin 

and Heinz who published a pH specific forcefield in 2016, where changes in pH are accounted for 

through protonation of surface exposed phosphate groups and the removal of calcium to maintain 

system charge neutrality.49 Through this, they demonstrated pH to be influential in peptide 

adsorption on HA.49 These limitations in HA simulations have also been discussed extensively by 

Walsh et al.50 and continue to be addressed for this complex surface through more robust forcefield 

development.44,51–53 Fortunately, this advancement has prompted the ability for new studies to 

begin to investigate peptide behavior on biologically relevant surfaces. Recently, an enhanced 

sampling MD study54 quantified the energetic effects of phosphorylation on the mineralizing 
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protein statherin binding onto HA,  and a combined NMR/enhanced sampling MD study55 

uncovered the structure of a statherin mutant on HA, silica, and titania surfaces. These studies 

motivate using enhanced sampling MD to uncover molecular design rules, a protocol that has 

shown success in capturing both thermodynamic and structural fingerprints for large peptide-

surface systems.  

With respect to simulations on titania, there has been a large amount of work in the 

literature that has simulated the behavior of small molecules and unstructured titania-binding 

peptides onto titania surfaces56–59 providing guidance towards understanding the 

sequence/structure/function relationships of NCPs. Defining the surface of a metal oxide in 

classical models has proven challenging due to the inability to dynamically represent water 

dissociation. To tackle this, Předota et al. developed a set of surface models that represent different 

surface charge states and varying levels surface hydroxylation that describe four plausible 

molecular-level scenarios occurring at the titania interface in an aqueous environment.60 With this 

in mind, we investigated the neutral hydroxylated interface, which allows us to directly probe the 

influence of surface composition when compared to the neutral hydroxyapatite hydroxylated 

surface model used in this study. The neutral hydroxylated model provides a model system for the 

case where the surface of titania is neutralized through the dissociation of water at the interface, 

forming terminal and bridging hydroxyl groups with exposed titania and oxygen molecules.   

The aim of this work was to understand how structure, function, and chemistry of both the 

surface and peptide manifest in these unique peptide-surface interactions, and ultimately in 

different biorecognition mechanisms. A deeper understanding of these mechanisms, and the 

variables that influence them will guide the rational design of new implant coatings. Our approach 

applied MD simulations and the enhanced sampling method Parallel Tempering Metadynamics in 
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the Well-Tempered Ensemble (PTMetaD-WTE) to extract energetic and structural information of 

the -1 domain of carboxylated osteocalcin (OC) and the fully decarboxylated -1 domain (dOC) 

adsorbed onto model basal HA (001) and neutral hydroxylated rutile (110) TiO2 surfaces at 

physiologically relevant pH. Lastly, we comment on how the results from these simulations can 

be generalized in the design of new implant coatings.  

 

Methods 

The PTMetaD-WTE enhanced sampling method was used for all simulations which has 

previously been shown to exhaustively sample peptides on surfaces.61,62 All simulations were 

performed using GROMACS 2018.363 and enhanced sampling simulations were carried out using 

the Plumed 2.4.2 plugin.64  The peptides were modeled using the CHARMM36 force field65 and 

SPC/E water66, which are compatible with both of the surface models we implemented. While the 

CHARMM36 forcefield was designed to be used with TIP3P water model, we chose to use the 

SPC/E water model which was used in development of the titania model parameters.60 Previous 

work understanding the reliability of SPC in combination with CHARMM for biomolecular 

simulations on titania has shown this is a reasonable choice.67 Additionally, The INTERFACE 

forcefield which was parameterized with CHARMM36 in mind, has been shown to capture 

biomolecular and polymer binding energies within 2-4% using both SPC/E and TIP3P forcefield 

water models supporting this choice for the HA simulations as well.68 The Gla forcefield was built 

by using existing CHARMM36 parameters for glutamic acid, and additional details and parameters 

used for Gla have been included in the SI. The INTERFACE forcefield68 was used to model the 

HA (001) surface, and neutral hydroxylated Rutile (110) TiO2 surface was modeled using 

parameters from Předota et al.60, all near pH 7. The pH 10 HA surface given in the INTERFACE 
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forcefield was modified to approximate pH 7 surface by adjusting the ratio of dihydrogen 

phosphate (H2PO4
-) and monohydrogen phosphate (HPO4

-2) surface groups to be to be 69%, and 

31% respectively (converting 16 dihydrogen phosphate groups to monohydrogen phosphate per 

face of the surface, 32 total), and adding 8 additional INTERFACE calcium ions per face (16 total). 

This ratio of phosphate groups is a close approximation of the chemistry at pH 7 (70%/30%). 

Calcium and chloride counterions were added to neutralize system charge. In recognition of the 

modified partial charges in the HA model, Ca1.5+ ions were used in the HA/INTERFACE system 

whereas we used the standard Ca2+ from the CHARMM36 model for the TiO2 system to maximize 

consistency within each model system. Sultan et al. previously verified that the addition of 2+ 

charge calcium ions can be appropriately used with the negative non-hydroxylated titania surface 

model, making this an appropriate choice.69 Table S1 includes information about the system charge 

and total ions added for each unique simulation.  

Each surface was built by replicating the unit cell in the x/y dimension and given a z-

dimension of at least 10.5 nm in length to prevent self-interaction across the periodic boundaries. 

A peptide structure for the -1 domain sequence shown in Figure 1 was generated in Avogadro 

1.2.070 and placed near the surface.  Following this, the HA surface (7.6 nm × 6.6 nm × 11.0 nm) 

was solvated with an average of 12,100 water molecules and the TiO2 surface (5.4 nm × 5.2 nm 

× 10.7 nm) was solvated with 8,200 water molecules. All systems were first minimized using a 

steepest descent algorithm to remove any unfavorable contacts over 10,000 steps. A timestep of 2 

femtoseconds was used in all simulations, and hydrogen bonds were constrained using the 

LINCS71 algorithm. The systems were then equilibrated to standard temperature and pressure, over 

1 ns total, using a stochastic global thermostat72 to couple temperature (tau=0.1 ps) and semi-

isotropic pressure scaling using the Parrinello-Rahman barostat73 (tau=10 ps) with x/y and z 
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compressibility set to 4.5x10-15 bar-1, and 4.5x10-5 bar-1. Van der Waals interactions were 

calculated below a cutoff of 1.1 nm, and electrostatic interactions were calculated with particle-

mesh Ewald74 summations using a 1.2 nm cutoff. A 1 ns NVT simulation was then used to generate 

starting configurations for the enhanced sampling production runs, which were also carried out in 

the NVT ensemble. During production simulations all phosphate atoms, and all bulk calcium ions 

in the HA system were held frozen. Similarly, all titanium and all bulk oxygen atoms were held 

frozen in the TiO2 system. The bulk atoms are defined to be all the atoms in the surface excluding 

the first two layers on both the top and bottom interfaces. This was done to preserve surface 

integrity over the course of the long simulations, while simultaneously allowing interactions with 

the fluctuating surface atoms. 

We first equilibrated 24, and 25 replicas for titania, and HA respectively over 100 ps to 

temperatures ranging from 300-450K in the NVT ensemble. An ensemble of initial peptide 

configurations was generated from a 500K NVT simulation of the peptide in water. Different 

peptide configurations from this trajectory were used as starting structures for each replica. This 

temperature range has been previously used for biasing large peptides with hidden free energy 

barriers that are otherwise difficult to sample in the MetaD scheme alone75. The specific 

temperature values for each replica in each system are provided in Table S3. The potential energy 

was then biased with metadynamics for 10ns, to establish the well-tempered ensemble76,77 The 

potential energy was biased using an initial hill height of 2 kJ/mol, a bias factor of 10, and 1hill/1ps 

hill deposition rate, attempting replica exchange at the same pace.  A sigma values of 290 and 400 

kJ/mol were used for titania and HA, respectively. These values were calculated by using the half 

the standard deviation of the smallest equilibrium fluctuations in potential energy from the initial 

PT simulations, which were all calculated from the lowest temperature replica. The well-tempered 
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ensemble was achieved by observing a constant replica exchange probability near 30% while 

remaining computationally feasible.78 In the case of our systems we found 24 replicas were needed 

with the titania system for 37% exchange probability, and 25 replicas were needed with the HA 

system for 25% exchange probability. Once WTE was achieved, an additional 2D WTMetaD bias 

potential was introduced. The WTE deposition rate was reduced by a factor of 5 (1hill/5ps) which 

has been previously shown to maintain constant exchange, smoothing out any effects from the 

additional MetaD bias applied to the CVs.79 This was done to enhance the fluctuations of those 

slow degrees of freedom to sampling peptide conformation and adsorption on and off the surface. 

The 2 CVs chosen for this study were; CV1 - peptide radius of gyration using the alpha carbons, 

and CV2 - the z-distance between the all atom center of mass (COM) of the peptide and a reference 

surface atom. These CVs were biased using sigma values of 0.2nm, and 0.1nm, respectively, an 

initial hill height of 2 kJ/mol, a bias factor of 10, and 1hill/1ps hill deposition rate in the 2D MetaD 

biasing scheme. In this step a harmonic restraint (𝑘 = 50,000 kJ/mol/nm2) was introduced on the 

z-component of CV2 keeping the peptide within 4.5nm of the surface. This was done to limit 

sampling to one face of the surface and accelerate convergence. Production runs were extended up 

until convergence, which is further described in the SI. This window ranged from between 300ns 

and 500ns per replica for each subsystem. Considering that the total simulation time as the product 

of simulation time per replica and the number of replicas, this resulted in a total of 6-10 

microseconds of computational time needed for each system to reach convergence.  

Simulations of acetyl and N-methylamide capped Glu and Gla amino acids were done to 

characterize the impact of modification alone on adsorption to the surface. Each amino acid was 

simulated on both surfaces using 4 walkers in the multiple-walker well-tempered MetaD scheme. 

In the HA system, Ca+1.5 INTERFACE ions were used as counterions, in the titania system sodium 
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ions were used as to not introduce any competitive interactions with surface binding as to probe 

the impact of modification on surface binding energetics alone. Additional system setup details 

are included in Table S2. Systems were equilibrated using the same criteria as described above. A 

single 1D bias was added on the z-distance between the COM of all atoms in the peptide 

analogues.51 All single amino acid simulations used a sigma value of 0.1nm, initial hill height of 

2 kJ/mol, a bias factor of 10, and 1hill/1ps deposition rate. A harmonic restraint (𝑘 = 50,000 

kJ/mol/nm2) was introduced on the z-distance to the surface, at 4.5 nm to limit sampling to one 

face of the surface. These simulations were carried out until convergence, following the same 

criteria for the other enhanced sampling simulations.  

Standard reweighting procedures were used to obtain equilibrium probability distributions 

for unbiased CVs and is further described in the SI. All corresponding PLUMED input files 

required to reproduce the results reported in this paper are available on PLUMED-NEST 

(www.plumed-nest.org), the public repository of the PLUMED consortium (plumID: 19.079).80 

 

Results and Discussion 

 

To assess simulation convergence of all enhanced sampling simulations, free energy as a 

function of the biased CV was monitored over time. Binding free energies were calculated using 

a Boltzmann averaged difference of the Helmholtz free energy between the surface adsorbed and 

solution states. All systems were considered converged when the fluctuations in energy were less 

than kBT at 300K (~2.5 kJ/mol) for the final 30% of simulation time, during which the system 

continued to explore CV phase space. The binding free energy time series are included in Figure 

S1 and discussed in greater depth in the SI. 

Influence of Surface Composition 
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To date and to our knowledge, there are no experimental studies that have reported binding 

energies of dOC and OC on HA or titania to use as benchmarks for the thermodynamic quantities 

calculated from simulation. Furthermore, HA and TiO2 were parameterized with different 

methods, thus it is important to stress extreme caution should be used in making direct quantitative 

comparisons between the binding free energies calculated from binding on HA and TiO2. 

However, we recently showed in a combined NMR/MD study of statherin adsorption and folding 

on HA, titania, and silica (using the same forcefields) strong structural agreement between 

experimental and simulation results, indicating that the surface models are able to sufficiently 

capture the necessary physics to model these biomolecular-surface interactions.55  

This study is motivated in estimating the structure of the surface adsorbed peptides and 

probing the thermodynamic and structural implications of the Gla mutation as a function of 

changing surface chemistry and charge. We began our investigation profiling the water density for 

the two surfaces (Figure 2), which match prior reported water densities.49,60 These water densities 

are calculated from the nearest frozen heavy atom layer, for each surface respectively. The 

behavior of water on titania differs fundamentally from that of the hydroxyapatite surface. Most 

notably, there is a substantial heterogeneous charge distribution in titania resulting in highly 

ordered water behavior at the interface.60. The 001 face of HA, has been characterized as having 

the least affinity towards water, which is described by a water density profile that contains a peak 

at a slight distance from the surface.49 
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Figure 2. Water density profile on HA (red squares) and titania (orange circles) surfaces. 

 

Similarly, ion affinity varies between the two surfaces. HA contains strong ordered layers 

of calcium ions within its crystal structure, and a driving force for calcium ions to bind directly to 

the surface.49 The behavior of ions on titania has previously been explored by Walsh et. al.  on a 

negative titania surface model where two binding modes were reported; 1) direct surface binding 

and, 2) water-mediated ion binding.69 In the case of neutral titania only water-mediated ion binding 

occurs, and there is no direct affinity observed for the ions to adsorb to the surface, as expected.  

Impact of -Carboxylation on Glutamate Binding to Surfaces 

 Binding free energies of capped Glu and Gla amino acids onto each surface were calculated 

to probe the influence of the modification alone on binding. In Figure 3, Glu and Gla binding 

profiles on HA were reweighted along the distance between the carboxylate COM and the surface, 

to gain insight into the minimum energy conformations at the surface. The free energy profiles 

(FEP) from the biased CVs are included in Figure S2. Gla binds approximately 2kBT stronger than 

Glu to HA, a direct result of increased electrostatic interactions with the surface, based on the 
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COM distance to the surface in Figure S2. Interestingly, Glu is able to bind closer than Gla 

attributed to steric restrictions in the case of Gla, which has a larger sidechain.  

 
Figure 3. FEP for Glu (blue), and Gla (red) binding onto HA, reweighted along the distance between the carboxylate 

centers of mass and the surface. Representative structures corresponding to free energy minima are shown for A) Glu 

and B) Gla, respectively. Surface atoms are colored by orange phosphorous, red oxygen, white hydrogen, and cyan 

calcium. Amino acids are shown in licorice representation, corresponding to the same color scheme as Figure 1.  

 

The TiO2 binding profile in Figure 4 contains many more features than HA, indicating 

adsorption behavior on the two surfaces is influenced by fundamental differences in the surface 

chemistry. Similar to HA, both Glu and Gla were found to bind to TiO2 through direct sidechain 

interactions with surface atoms. In HA, this was largely attributed to interactions with calcium, in 

TiO2 binding is achieved with surface hydroxyl groups. Gla binds approximately 5kBT stronger 

than Glu to the surface, based on COM binding energies reported in Figure S1 which is also 

directly attributed to increased surface interactions. Similar to HA, Glu was able to bind much 

closer to the surface than Gla, likely due to steric reasons exemplified in Figures 4A and 4D, which 

represent then minimum energy structures bound closest to the surface. Interestingly, the strongly 

adsorbed water layer formed on titania was able to support water-mediated binding poses (Figure 

4C and 4F) with a considerable binding affinity in the case of both Glu and Gla.  
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Figure 4. FEP for Glu (blue) and Gla (red) binding to TiO2 reweighted along the distance between the carboxylate 

centers of mass and the surface. Representative structures for free energy minima associated with Glu binding are 

shown in (A), (B) and (C). Minima structures for Gla binding are shown in (D), (E), and (F), and labeled on the FEP. 

Surface atoms are shown in pink for titania, red for oxygen, and white for hydrogen.  

 

 The single amino acid binding profiles reveal site-specific adsorption to HA and TiO2 for 

both wild type glutamate as well its carboxylated version. The presence of positively charged sites 

on both surfaces, with a favorable register against the spacing of negative charges on the amino 

acid sidechains leads to increased binding for the Gla residue in approximately the same amount 

on both surfaces. However, the contributing factors to binding are not solely due to the increased 

Coulombic interactions from the side chain owing to the fact that both HA and TiO2 show roughly 

a 1/3 increase in binding energy upon carboxylation. Thus, other factors such as van der Waals 

interactions or Coulombic interactions from the backbone may also substantially contribute to 

binding.  

Glutamate Carboxylation Influences Peptide Binding Affinity through Interfacial Structure  

To explore the impact of modification on the magnitude of binding to HA and TiO2 binding 

affinities for both systems were calculated for the fully unmodified (dOC – containing all Glu 

residues) and fully modified (OC – containing all Gla residues) forms of the -1 helix and shown 

in Figure 5 (n.b., here we follow consistent nomenclature from the literature adopting dOC and 

OC in discussing osteocalcin posttranslational modifications). In the case of HA, OC binds with 

over twice the affinity, and slightly closer to the surface than dOC. The OC sequence is more 
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negatively charged than dOC, indicating adsorption to HA is driven by electrostatic interactions, 

and subsequently the overall charge density of the system agreeing with what was predicted from 

the single amino acid binding profiles. Electrostatic driven binding has also been reported for 

phosphorylated peptides to metal oxide surfaces81, LK peptides on negative self-assembled 

monolayers79, and large globular proteins lysozyme and α-lactalbumin at charged interfaces82. In 

contrast, on the titania surface there was almost a tenfold decrease in the binding affinity with 

increasing charge density; dOC bound much stronger to the surface than OC, and OC was also 

bound much further to the surface than dOC. These non-linear binding trends prompted further 

exploration into the role of peptide structure on the impact of binding.  

 

Figure 5. FEP for dOC (blue) and OC (red) for the all-atom peptide COM distance to HA (top) and TiO2 (bottom). 

Dashed lines indicate location of free energy minima on each FEP.   
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 Structure, configurational entropy, and the behavior of water on the two surfaces are 

discussed as dominating driving forces causing differences in adsorption behavior. Free energy 

surfaces (FES) describing the peptide distance to the surface, and radius of gyration were used to 

characterize surface-bound and solution peptide structure of each system. The radius of gyration 

was reweighted based on solution (distance > 3.0 nm) and surface (distance <= 3.0) distance from 

the surface, to clearly understand the impact of modification on structure. The 2D FES are provided 

in Figure S9 for reference. Clustering techniques were then used to describe the peptide structure 

at minimum energy regions on the FES and to further quantify entropic driving forces. And lastly, 

reweighted FES were used to quantify contacts between the peptide modification sites and the 

surface which are further discussed in detail in the SI. 

 Figure 6 shows the structural analysis for the surface bound states of dOC and OC 

adsorbed to HA (i.e. a COM distance <= 3.0 nm). The free-energy profile for the peptide radius of 

gyration shows that dOC adopts an extended conformation at the interface, given by the free energy 

minima at a radius of gyration value of 1.2 nm. This extended conformation persisted in all 3 of 

the top structures from clustering the structures at the surface, representing over 50% of the surface 

bound conformations (Figure S3). A similar analysis for configurational energy was done for the 

peptide in solution (i.e. at COM distances > 3.0 nm from the surface) and is given in Figure S5, 

with the top structures from clustering given in S7. In solution, dOC adopts a slightly extended 

conformation, but the energetic differences between collapsed and extended states are significantly 

smaller than the adsorbed state, indicating the unmodified peptide has no conformational 

preference in solution.  

In contrast, the carboxylated peptide OC shows a stabilized collapsed or compact structure 

on the surface. Additionally, OC demonstrated helical adsorption onto HA, which persists in the 
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top clusters (Figure S4). This helical structure captured in Figure 6B and C, is slightly different 

from the helical structure proposed by the solution studies in Figure 1 where helices are presumed 

to be stabilized due to strong Gla/divalent interactions in solution. In the surface adsorbed structure 

of OC, a kinked tight helix with two turns appears in two of the top clusters, representing 79% of 

all adsorbed conformations. This kinked helix was found to be due to strong stabilized amino 

acid/ion interactions between Asp-3 and Gla-6 and the surface, and a proline residue (Pro-5) 

induced kink in the backbone. Two different hydrogen-bonding modes forming an irregular helix 

were found to occur in the backbone and have been characterized further in Figure S12. No helical 

structure is observed past residue Arg-9, in the second half of the peptide. In the full osteocalcin 

sequence, a disulfide bond at position 12 acts as a stabilizing bridge between the -1 and -2 

domains, suggesting the presence of the second helical domain might be critical in stabilizing 

structure in the second half of the -1 domain. Scudeller et. al. proposed that the -2 domain also 

adsorbed onto HA, prompting future investigation in the role of this second domain and its 

stabilizing disulfide bond.35 Unlike dOC, OC takes on a distinctly more compact form in solution 

(Figure S5 and S8). This indicates that the combination of calcium and carboxylation lead to a 

distinct solution structure. This agrees with previous experimental work which has reported OC to 

be unstructured in solution without the presence of Ca2+ ions, and supports the importance of the 

Gla modification in promoting structure of the full protein.83  
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Figure 6. Reweighted 1D FEP for dOC (blue) and OC (red) adsorbed on HA along the radius of gyration calculated 

from c-alpha atoms. (A) Representative snapshot of the lowest free energy minima found for dOC, representing 38% 

of the surface adsorbed structures. Representative snapshots of the free energy minima for OC at positions B) and C) 

on the FES. OC structures represent the ensemble of configurations described by cluster 1 and 2 (Figure S4) which in 

total accounts for 79% of the surface adsorbed structures. Amino acids are labeled and represented in licorice, not 

including hydrogens, carbons are shown in white. Nonpolar non-interacting amino acids were omitted from the 

representation for clarity. The structure of the peptide is represented by the new cartoon drawing scheme colored by 

structure, where a 1-4 helix is shown in purple, irregular helices are given in royal blue, turns are represented by cyan, 

and coils are shown in white. 

 

To further characterize increased binding due to increased interactions at the surface, the 

simulations were reweighted to quantify the number of interactions between Glu or Gla residues 

and the surface. The reweighted FES for dOC on HA shows that the adsorbed peptide has an 

average of 1 O-H interaction, and 2 O-Ca1+5 interactions with Glu (Figure S10) indicating the 

extended surface adsorption is a function of many residues on dOC interacting with the surface. 

As shown in Figure S10, OC adopts a number of energetic minima at the surface. The deepest free 

energy minima accounts for an average of 6 O-H interactions, and 13 O-Ca1+5 interactions with 

Gla. In this case, carboxylate side groups are stabilized by both protein/surface and protein/ion 

interactions. The modification resulted in a larger binding free energy, which can directly be 

Page 20 of 31Molecular Systems Design & Engineering



 20 

described through increased surface contacts, and closer binding to the surface. This indicates 

enthalpic contributions act as a dominant driving force in HA-adsorption.  

As noted above, the adsorption thermodynamics on neutral TiO2 were found to be 

dramatically different compared to HA for both peptides. The unmodified peptide (dOC) was 

shown to have a much larger binding affinity towards the surface than the carboxylated form (OC), 

opposite the single amino acid predictions. This indicates the role of structure is a critical 

consideration in these systems. Interestingly, although demonstrating different binding affinities, 

the both HA and TiO2 showed similar structural behavior at the interface and in solution. As shown 

in Figure 7 dOC is extended at the surface, and this persists in all of the top clusters, as shown in 

Figure S3. This mechanism of interaction is similar to a recent study showing that extended 

phosphorylated R5 peptides derived from silaffin strongly bind quartz surfaces compared to 

collapsed and more globular peptides.39 Similarly, OC adopts a compact form at the surface, with 

some structure in the top clusters shown in Figure S8. A similar kinked helix as described in Figure 

S12, is seen in the top structures for TiO2, but less prominently than upon adsorption to HA. This 

is attributed to differences in the crystalline structure of the two surfaces, which do not contain 

bound calcium ions, and the alternate modes by which the peptide interacts with the surface. 

It is important to note that while we can predict that the Ca1.5+ interactions could be 

underestimating the energetic impact on structure especially in solution, we see the same 

conformational trends in solution (albeit to a lesser degree in the case of the Ca1.5+  containing 

system) independent of the charge on calcium used; dOC shows little structural preference in 

solution whereas OC adopts a significantly compact conformation in solution (Figure S6). Future 

work should look to investigate the impact of the HA force field’s use of Ca1.5+ and the energetic 
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impacts on GLU and GLA binding, perhaps with the use of DFT simulations to accurately capture 

solvation free-energies and enthalpic contributions to the binding free-energy. 

 
Figure 7. Reweighted 1D FEP for dOC (blue) and OC (red) on TiO2 along the radius of gyration calculated from c-

alpha atoms. (A) Representative snapshot of the lowest free energy minima found for dOC, representing 41% of the 

surface adsorbed structures. Representative snapshots of the free energy minima for OC at positions B) representing 

21% of the surface adsorbed structures. Follows coloring scheme from Figures 4 and 6. 

 

The FES for dOC shown in Figure S11, demonstrates that the Glu residues are highly 

coordinated with hydroxyl groups on the titania surface with an average of 7 O-H interactions, and 

3 O-Ca2+ interactions. In contrast, the minimum energy OC adsorbed structure has no O-H Gla 

interactions (no interactions with the surface), and highly interacts with calcium over an average 

of 8.5 O-Ca2+ Gla interactions. This indicates that the negative modified Gla residues strongly 

prefer to coordinate with calcium over the surface hydroxyls. In the neutral surface, there is no 

electrostatic driving force for positive calcium ions to adsorb directly to the neutral surface. The 
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surface bound structure is instead stabilized by few water-mediated interactions of both the ions 

and arginine residues, giving rise to weakly bound interactions. This minimum energy binding 

pose, and high affinity to interact with calcium, explains the over tenfold reduction in binding 

energy that was reported in Figure 5. Similar solvent-mediate contact has been reported in titania 

binding peptides, when calcium ions were introduced to the system.69 Peptide/calcium affinities 

compete with direct peptide/surface binding in the case where there are no ion/surface driven 

interactions.  

Configurational Entropy 

To further understand the trends in binding across the different surface chemistries we used 

a configurational entropy analysis on the peptide structures. A clustering analysis on surface and 

solution phase structures was used to assess the probability of each of the microstates (𝑝𝑖). The 

change in conformational entropy upon adsorption (∆𝑆𝑎𝑑𝑠,𝑐𝑜𝑛𝑓𝑖𝑔) was obtained by difference 

between the solution (𝑆𝑠𝑜𝑙,𝑐𝑜𝑛𝑓𝑖𝑔 ) and absorbed  states (𝑆𝑠𝑢𝑟𝑓,𝑐𝑜𝑛𝑓𝑖𝑔) using  Equations 4-5.  

𝑇𝑆𝑐𝑜𝑛𝑓𝑖𝑔 =  −𝑘𝐵𝑇 ∑ 𝑝𝑖 ln(𝑝𝑖)

𝑖

0

 (4) 

𝑇∆𝑆𝑎𝑑𝑠,𝑐𝑜𝑛𝑓𝑖𝑔 = 𝑇𝑆𝑠𝑢𝑟𝑓,𝑐𝑜𝑛𝑓𝑖𝑔 − 𝑇𝑆𝑠𝑜𝑙,𝑐𝑜𝑛𝑓𝑖𝑔 (5)  

Convergence of this analysis is demonstrated in Figure S13. This method has previously been used 

to estimate LK-peptides adsorbed onto SAMs79 and does not include translational or rotational 

degrees of freedom, which are assumed to be less significant in this case. The entropy calculations 

are given in Table 1. All systems, except the adsorption of OC onto neutral titania demonstrate an 

entropic penalty upon adsorption with the solution phase showing more conformational flexibility. 

As noted in Table S2, each system contains a unique number of ions due to the protocol of charge 

neutralization that was used for setting up each simulation. Therefore, great care should be taken 
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in comparison between the different solution phase entropy values only, although the S values 

should be comparable across all systems.  

Table 1. Change in configurational entropy at 300K 

 

Surface Peptide 
𝑻𝑺𝒔𝒖𝒓𝒇, 𝒄𝒐𝒏𝒇𝒊𝒈 

(kJ/mol) 

𝑻𝑺𝒔𝒐𝒍, 𝒄𝒐𝒏𝒇𝒊𝒈 

(kJ/mol) 

𝑻∆𝑺𝒂𝒅𝒔, 𝒄𝒐𝒏𝒇𝒊𝒈 

(kJ/mol) 

HA dOC 1.48 6.37 -4.88 

HA OC 0.91 3.17 -2.26 

TiO2 dOC 0.69 5.09 -4.41 

TiO2 OC 2.50 1.19 +1.31 

 

A larger entropic penalty was found for dOC adsorption onto HA, and for dOC adsorption 

onto TiO2. As described above, both peptides adsorb in a similar, extended and rigid confirmation. 

OC adsorption experienced less of an entropic penalty, compared to dOC in both systems.  In 

addition to configurational entropy, previous work on peptide adsorption50,56,79 report that the 

entropic gains from tightly bound water layers can often be used to explain the driving forces 

behind peptide binding affinities on metal oxides and strongly hydrophobic surfaces. And 

similarly, large binding affinities have also been reported for extended peptides binding onto other 

surfaces.39 As noted above although care should be taken when comparing energetics across 

different force fields, we expect the entropic gains due to water when the peptide binds on TiO2 to 

be much larger than when binding on HA from the water density profiles given in Figure 2. This 

can partially rationalize the large difference in binding free energetics between two structurally 

similar systems, which experience different driving forces.  

In contrast to dOC, binding of OC shows different entropic trends between the two 

surfaces. While they were structurally similar, binding on HA was mediated by ion interactions at 

the surface, and binding on TiO2 was driven by water-mediated binding of ions and the peptide 

sidechains. Calcium ions have previously been shown to influence the structure of titania binding 
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peptides thereby influencing conformational flexibility when adsorbed on titania.56,69 The increase 

of binding entropy on OC adsorption to TiO2 is consistent with the other energetic and structural 

analyses, namely that this peptide binds the weakest (Figure 5) and furthest from the surface (in a 

water-stabilized binding mode) and shows a wide range of stable Rg values on the surface (Figure 

7).  

Conclusions 

 

This paper presents a comprehensive study of the behavior of the first domain of Osteocalcin 

interacting with different model surfaces. Using single amino acid studies as a starting point, we 

described the effect of a common Gla post-translational modification on binding to the two 

surfaces. In both systems, the modification increased overall binding to the surface, however we 

observe disparities in the binding mechanisms which can be attributed to differences in the 

behavior of water and ions on each surface. A strongly adsorbed water layer on TiO2 promotes 

competitive binding modes that can occur at the surface.  To further explore the impact of 

glutamate carboxylation on structure and energetics, we used enhanced sampling to capture the 

behavior of the -1 helix on both surfaces.  

Simulations showed that the Gla-modification provides stable binding with surface adsorbed 

calcium ions, giving way to helical structure. These peptide/surface interactions result in uniquely 

kinked helix that occurs in the first 7 residues due to strong interactions between aspartic acid, 

Glu, and Gla with surface ions and the presence of prolines in the peptide backbone. We predict 

that a fully helical structure of -1, which was not captured in these simulations, may be partially 

dependent on adsorption and stability of the -2 helix, which was also previously predicted to bind 

to HA experimentally.35 A single disulfide bond between the -1 and -2 helices would provide a 
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significant amount of stability to the N-termini that was seen to be flexible and random coil in all 

simulations, prompting further investigation by simulation into more complex systems.  

dOC was found to behave similarly on HA and TiO2, adsorbing in an extended and 

unstructured conformation. Differences in binding affinities of the similar structures, while not 

definitive, are likely explained by the differences in water behavior on the two surfaces, and 

differences in competing interactions at the interface (i.e. entropic over enthalpic binding 

affinities). Gla induced structure in the case of OC, resulted in further differences in the binding 

modes on the two surfaces. Gla was able to promote both structure and binding on HA, due to 

calcium ions bound to the HA surface. Alternatively, while Gla promoted structure in the case of 

TiO2, a lack of ions bound directly at the titania interface gave rise to enthalpically driven solvent-

mediated binding of structured OC on TiO2.  

Osteocalcin adsorption appears to not only be a function of the specific protein/surface 

interactions as a function of post translational modifications but is highly dependent upon the 

behavior of water and ions surrounding the surface. This environment surrounding titania resulted 

in mechanistically different adsorption when compared to HA. Increased peptide/ion interactions 

appear to be important in eliciting helical structure, which are stabilized by the post translational 

carboxylation modification, and was found to be a dominating driving force, enhancing peptide 

adsorption to HA, and disrupting binding to TiO2.   

Our study helps suggest design principles for surface coatings that could help promote binding 

similar to the natural HA surface. Namely, design of implant coatings should consider two aspects 

found to be critical in replicating adsorption to HA; 1) high enthalpic (electrostatic) driving must 

be designed into the system (i.e. some inherent affinity of the surface for calcium), and 2) surfaces 

should minimize strong ordering of water. Effects like surface etching and modification that 
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disrupt the highly crystalline nature of a titania surface and improve osseointegration may 

indirectly impact the effect of tightly bound waters at the surface, prompting further consideration 

and investigation from both an experimental and simulation standpoint. Similarly, the use of 

negative or non-hydroxylated surface titania surfaces could positively influence more direct 

calcium-surface interactions, prompting further investigation into additional model simulations.   

Nonetheless, the ability to gain some insight into the driving forces of these protein-surface 

interactions using simulations alone is exciting.  These simulations are a first look at understanding 

the mechanisms that govern protein binding interactions at mineral and implant surfaces in the 

ECM and prompt future studies.   
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