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Abstract 

Binding of the proteins human LactoFerrin (LF) and human Bone Morphogenetic 

Protein-2 (BMP2) to hydroxylated TiO2 rutile (110) surface has been modeled using 

Molecular Dynamics (MD) simulations. In order to study the effect of the 

hydrophobicity of the rutile surface on the protein binding process, the rutile surface 

was made more hydrophilic or more hydrophobic by adjusting the rutile atomic 

charges. The binding of LF and BMP2 to the hydrophobic rutile surface occurred 

through direct contact between the protein and rutile via both hydrophobic and 

hydrophilic amino acids. This forced the proteins to undergo structural 

rearrangements, observed primarily in BMP2. Binding to the hydrophilic rutile 

surface was largely indirect via the hydration layer of water on the surface of rutile. 

Both LF and BMP2 had a higher binding strength to the hydrophobic rutile surfaces 

than to the hydrophilic surfaces, as seen in the larger amplitude of the binding 

energies.   

 

Keywords: Adhesion mechanism; BMP (bone morphogenetic protein); Molecular 

modelling; Titanium dioxide 
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Introduction 

Titanium materials are among the most commonly used biomaterials because of their 

good biocompatibility, machinability, corrosion resistance and Osseo integration and 

used in applications such as biomedical implants and biosensors. Titanium dioxide has 

been widely studied and used as a coating material, capable to protect the metal from 

further oxidation or induced apatite layer formation and to improve the capability of 

tissue binding with Ti and thereby better meet the clinical requirements. Direct 

contacts between TiO2 and proteins and cells from body fluids have an important 

effect on the biological response and biocompatibility for implants. Both experimental 

and computational studies in the past have improved the understanding of protein 

adsorption mechanism.[1] These have been helpful in the development of new 

materials for applications, such as biocompatible materials for biomedical devices 

inserted in living bodies, biosensors that can detect the presence of target proteins and 

purifiers that can absorb unwanted biological materials from a solution. 

Computer simulations such as molecular dynamics (MD) have been used to study the 

protein adsorption on various biocompatible materials. MD is a powerful technique to 

elucidate the mechanisms behind protein-material interaction at atomic level giving 

information about specific structural dynamics. Many studies about the interaction of 

biomolecules and titanium dioxide have focused on perfectly smooth titanium surface. 

In these studies, protein/peptide conformational changes, specific binding sites, as 

well as contribution of water molecules in the binding to interface have been 

investigated and compared with other surfaces such as graphite or hydroxylapatite.[2-

6] Previous studies established that protein–material interactions not only depend on 

the protein characteristics, such as size, charge, hydrophobicity, conformation, and 

stability, but also the surface characteristics of the materials (surface chemistry and 

topography), which is currently of great interest.[7, 8] Surface modifications by 

generating micro- or nano-porous structure and attaching functional groups or 

peptides [9-12] have been used to design suitable surfaces. Thus, more work needs to 

be devoted to studies how the different physicochemical nature of the surface 

modification affects the protein adsorption. Roach et al. [13] have compared protein 

adsorption onto model hydrophobic (CH3) and hydrophilic (OH) gold-coated surfaces 

using quartz crystal microbalance and grazing angle infrared spectroscopy. The 
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binding rates, strength and protein bound conformation are influenced by different 

hydrophobicity. Molecular simulation studies on hydroxylated titanium dioxide 

surface suggested that the hydroxylated surface have a closer and stronger interaction 

with protein.[14] For the negatively charged rutile surface, it is indicated that the 

surface hydroxylation, mediated by water and cations, determined RGD peptide (Arg-

Gly-Asp) adsorption where the ions in a micro-environment are also very important in 

protein-surface interactions.[15] These investigations are useful to alter protein/cell 

adhesion for the design of implants and for wound care products, but much more 

understanding is required in order to design biomaterials to meet the needs of 

different applications.  

In this work, we have explored the effect of surface hydrophobicity of hydroxylated 

rutile (110) surface on the protein adsorption by MD simulations. Many proteins have 

been found to be able to interact with TiO2, which is of great importance in the 

biological applications of this material. Herein, human LactoFerrin (LF) and human 

Bone Morphogenetic Protein-2 (BMP2) were chosen to describe the adsorption 

characteristics. LF is an iron-binding protein with 691 residues. It shows antibacterial 

activity in clinical studies.[16] BMP-2 is a disulfide-connected dimer in bioactive 

form, including 114 residues in each monomer. It has been proven to induce 

differentiation and proliferation of osteoblasts, which makes it indispensable for bone 

formation and regeneration. BMP-2, receiving approval of the US Food and Drug 

Administration (FDA) and the European Medicines Agency (EMEA) for clinical use, 

is of great interests to improve its applications by understanding the mechanism of 

BMP-2-surface interaction. We have compared the adsorption patterns of these two 

model proteins with significantly different sizes and structures on surfaces with 

different hydrophobicity. 

 

Methodology 

The Rutile surface 

A planar surface consisting of 5 layers of (110) rutile was built. This surface 

originates from dissociative adsorption of water onto the rutile structure, resulting in a 

complete coverage of the surface with hydroxyl groups. The hydroxyl group (Oth-

Hth) of a water molecule binds to a surface Ti atom and the other hydrogen in water 
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(Hbp) binds to a bridging oxygen atom (Obp) of the rutile surface (see Figure.1). The 

Bandura and Kubicki potential [17] was used to describe the interactions for both 

molecular and dissociated water to surfaces of TiO2. The atomic charges and force 

field parameters were taken from the refinement work by Predota et al.[18] The 

neutral hydroxylated rutile (110) surface was built as described in ref.[18]. This rutile 

surface is denoted hereafter as “original” and the atomic charges are shown in Table 

1. To study how the rutile surface hydrophobicity affects the binding of protein, two 

modified versions of the rutile surface were generated in addition to the original 

surface. The charges of all atoms of rutile, including the hydroxyl groups, were 

homogeneously scaled by a factor of 0.5 or 1.4 in order to produce one surface that 

was more hydrophobic and another surface that was more hydrophilic than the 

original surface, respectively. The surface was charge-neutral as a whole in all 

simulations. We denote these in this way modified rutile surfaces as “low” and “high”, 

respectively, where low is the most hydrophobic surface and high is the most 

hydrophilic surface.  

 

Protein Structures 

The protein structure of lactoferrin (LF) was obtained from Protein Data Bank (ID: 

1CB6). LF is an iron transfer protein consisting of two homologous globular domains 

named N-and C-lobes. Each lobe contains one iron binding site and one glycosylation 

site that are located on the opposite ends of the protein. Apo-LF without bound ions 

was simulated in this work with an opened N-lobe and a closed C-lobe. 

 

The initial coordinates of BMP2, taken from Protein Data Bank (ID: 3BMP), were 

used to derive a homo-dimer with a covalent bond between the Cys78 residues of 

each monomer at http://pqs.ebi.ac.uk. However, residues 1 to 8 in the monomer are 

missing. They were therefore added as a linear structure to the protein where after that 

part of the protein was extensively equilibrated first in vacuum and thereafter in water. 

The equilibration resulted in folding of residues 1 to 8 of both monomers closer to the 

main part of the protein but they still lack direct contact.  

 

Computational details 

All simulations were performed with the Gromacs 4.0.5 and Amber 03 all-atom force 

field supplemented by TiO2 parameters.[18, 19] The proteins were solvated in TIP3P 
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water [20] in periodic boundary conditions. Chloride ions were added in order to 

compensate for the charges of the proteins. The rutile structure was kept frozen during 

the simulation, except the surface hydroxyl groups so that the Ti-O-H angle and the 

Ti-O and O-H bond lengths were constrained to their equilibrium values while the 

hydroxyl groups themselves were allowed rotate around the Ti-O bond. The rotational 

degrees of freedom can be seen dramatically influence on the binding modes and 

properties having a better possibility to direct interactions with the protein surface.[21, 

22] Van der Waals interactions were handled by a twin-range cut-off method with the 

rlist and rvdw parameters set at 1.2 nm and 1.4 nm respectively. Long range 

electrostatic interactions were handled by particle mesh Ewald (PME) summation [23] 

with a cutoff of 1.2 nm for the separation of the direct and reciprocal space. Proteins 

were first equilibrated in aqueous solution without the rutile surface for an initial 

solution structure. Then the equilibrated protein – water boxes were placed on top of 

the rutile surface to form a rectangular box of 116.94 × 106.49 × 99.000 Å3 for LF 

systems and 103.95 × 76.908 × 99.000 Å3 for BMP-2 systems, respectively. 

Thereafter, the protein – Rutile systems did undergo a long equilibration. All the 

simulations were carried out in the NVT ensemble by using the Nosé-Hoover 

algorithm with a time constant of 0.1 ps and a reference temperature of 310 K. 

The simulation systems consisted of one of the two proteins, the rutile surface, water 

and ions. For each combination of protein (LF, BMP2) and rutile atom charges (low, 

original, high) two simulations were performed: a reference simulation and a binding 

simulation. (both positions are shown in Figure S1 in Supporting Information) The 

proteins in the reference simulations were placed at a distance of 1.5 nm between the 

rutile surface and the most extended part of the protein surface. The start 

configurations of the binding simulations were created by moving the proteins closer 

to the rutile surface (see Figure 2Figure Captions 

Figure 1. Rutile (110) surface. See the text for details. 

Figure ). The minimum distance between protein atoms and the rutile surface is 

initially set to about 0.4 nm, which is an effective range within the  protein atoms 

and atoms in rutile have relatively large intermolecular interactions. [24-26] This is a 

compromise to obtain a binding state within a feasible computing time but still allows 

the protein relocate on the surface and freely undergo conformational changes. Table 

2 shows a summary of all the MD simulations in this work.  
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After a proper equilibration of each system, the binding energies were calculated by 

subtracting the mean potential energy of the bound system from the mean potential 

energy of the reference system:  

 ∆E���� � 〈E�	
��〉 � 〈E
���
����〉 (1)  
 

The orientation of the protein with respect to the rutile surface was the same in all 

simulations. It was chosen visually based on the criteria that it would yield a large 

contact area between the protein and rutile. The sampling of the potential energy of 

the reference simulations was accelerated by placing positional restraints on the 

protein backbone atoms. The protein side chains were kept flexible in order for the 

protein to properly interact with water molecules. The protein movement was not 

restricted in any way in the binding simulations. A complete sampling of the binding 

of neither LF nor BMP2 to rutile by using atomistic MD simulations is currently not 

feasible due to the very slow protein dynamics and the long time scale of the binding 

processes. Coarse-graining or other types of simplifications would be necessary to 

follow the binding of a big protein to a surface. In this study, our primary aim is to 

estimate the relative binding energies depending on the surface character of the rutile 

(mimicked with changing the surface atom charges), rather than the absolute binding 

energies. From the binding energies we calculate the effect of the charges of the rutile 

atoms as the difference between the binding energies for different types of rutile 

surfaces: 

 ∆∆E����,��� � ∆E����,� � ∆E����,� (2)  
 

where the indices m,n represent low, original or high rutile charges (See Table1).    

Results 

Structural Characterization 

Visualizations of the simulations of the bound proteins show that both proteins 

interact favorably with the rutile surface. The proteins did not show any tendencies to 

depart from rutile, but rather moved even closer forming new contacts with the 

surface. These interactions between the proteins and rutile appeared to be stable 

throughout the simulations. Based upon this observation, we could assure both LF and 
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BMP2 as bound to rutile in all the binding simulations, i.e. both proteins bind to a 

rutile surface with low, original or high atomic charges. The variation in time of the 

distance between the center of mass of LF and BMP2 and the outermost atoms of the 

rutile surface are displayed in Figure 3 

 (A, B).  

Figure 3A shows that LF stays close to the start distance in the simulation LFhigh but 

moves closer to rutile by ~0.1 and ~0.2 nm in the simulations LForig and LFlow, 

respectively. It seems that the type of the rutile surface affects the protein - rutile 

distance, with the shortest distance for the most hydrophobic surface and the longest 

distance for the most hydrophilic surface. BMP2 moves quickly closer to rutile in all 

simulations (see Figure 3B). However, the type of rutile surface seems to affect the 

protein - rutile distance for BMP2 as it did for LF. The distance is the longest in the 

simulation BMP2high and shortest in the simulation BMP2low.  

The effect of the rutile hydrophobicity on the protein - rutile distance can also be seen 

in the number of water and protein atoms within a thin layer of 0.4 nm from the rutile 

surface. Closer analysis shows that the protein atoms replace water in the layer 

immediately above rutile in the simulations of the hydrophobic rutile surface (see 

Figure S2 in Supporting Information). The breakdown of water layer is similar to 

what has been observed in previous studies about the water molecules in protein-

nonhydroxylated rutile interface.[22] On the other hand, when the rutile atomic 

charges are high, water can favorably compete with LF and BMP2 for the interaction 

with rutile. The rutile surface is then almost completely covered with water and the 

major part of the protein interacts with this hydration layer instead of interacting 

directly with rutile. The protein – rutile distance is therefore longer, as noted from 

Figure 3A and B. This effect can be seen in snapshots of the simulations, as in Figure 

4. 

The contacts between the proteins and rutile surface are described by the atom 

number fraction of total number contacted atoms as shown in Figure 5. The contacted 

atoms were divided into two groups: hydrophilic and hydrophobic by the residue 

properties they belong to. Gly, Ala, Val, Leu, Ile, Phe and Pro are defined as 

hydrophobic residues, while the others are hydrophilic. With the increasing of rutile 

hydrophilicity (rutile high charge amplitudes), the percentage of contacted 
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hydrophobic amino acids decreased. It can be seen that some of the peripheral 

hydrophobic amino acids interact with the hydrophobic surface rather than water, this 

way lowering the free energy. However, a number of hydrophilic amino acids, mainly 

arginine and glutamic acid for LF and BMP2 as well as lysine for BMP2, always have 

direct contact with rutile even at low rutile atomic charges.  

We can observe from the graphs in Figure 4 that the distance between the center of 

mass of LF and rutile quickly settles to stable values while this process takes a longer 

time for BMP2 and does not seem to be quite finished at the end of the simulations. In 

the simulation BMP2low the distance between the protein center of mass and rutile is 

only ~1.4 nm after 50 ns, which corresponds to a decrease of 0.6 nm from the start 

distance of 2.0 nm. However, since the start distance between the protein surface and 

rutile was smaller than the decreasing center of mass distance, it is clear that the 

BMP2 have deformed, which is confirmed in backbone RMSD graphs. Figure 6 

shows that LF maintains a structure close to its start structure in all simulations, 

giving RMSD values of 1.5 to 2.5 Å. BMP2 has low RMSD values in the simulations 

BMP2orig and BMP2high but deforms to a greater extent in the simulation 

BMP2low, where it reaches an RMSD value close to 5 Å, see Figure 6. 

 The sudden increase in the RMSD value of BMP2low after 25 ns can be traced to 

structural re-arrangements of residues 18 to 40 as well as 86 to 104 in the BMP2 

monomer that was positioned closer to the rutile surface. Figure 7 displays the 

structure of BMP2 before and after the deformation. The deformation of the protein 

can be clearly seen when comparing these figures with the structure of the BMP2 

monomer colored white. The crystal structure of the BMP2 monomer has a slight 

curvature that inhibits full contact with the flat rutile surface. The deformation of the 

monomer resulted in a more flat protein structure and the protein - rutile contact area 

was thereby increased.  

Due to the long time scale required to follow the complete binding process, it is not 

possible to say if LF would go through a similar deformation in the simulation LFlow 

and if BMP2 would lose more of its native structure in the simulation BMP2low. 

However, such deformations seemed to be more likely when the rutile surface was 

hydrophobic rather than hydrophilic based upon the greater number of protein – rutile 

contacts in LFlow and BMP2low.   

Page 9 of 31 Biomaterials Science



Protein Binding Energies 

The internal energy of binding was calculated for both LF and BMP2 in combination 

with all three types of rutile surfaces. The potential energies were sampled every ps in 

all simulations.  Based on visual observations of the simulations and the initial trends 

found in the data, the first 9 ns were taken as equilibration for both the reference 

simulations and the binding simulations and the data therefore represents times t > 9 

ns. Distribution functions of the system potentials of the LF simulations are displayed 

in Figure 8.  

The system potential energy is shifted towards lower values when LF binds to the 

rutile surface, indicating that the protein binding is energetically favored for all three 

types of rutile surface. The binding energies for the three LF systems are displayed in 

Table 3. It should be remembered that the absolute values of the binding energies are 

not necessarily correct due to the use of positional restraints on the proteins in the 

reference simulations and only corresponds to binding of one side of the protein. Still, 

a clear and consistent trend can be seen in the all three systems. The absolute value of 

the binding energy decreases with higher atomic charge amplitudes of rutile, i.e. the 

binding is stronger to a more hydrophobic surface. However, note that the standard 

deviations of the binding energies are relatively large. In the third column of Table 3, 

the LFlow system has been used as a reference to which the other two systems are 

compared. It can be seen that the binding of LF to rutile is less exothermic by 70 and 

240 kJ/mol in LForig and LFhigh, respectively, than in the LFlow system.  

The corresponding distribution functions of the system potential energies for the 

BMP2 systems are displayed in Figure 9. The smaller size of the BMP2 protein gave 

the possibility for longer simulations and better sampling compared to that for 

lactoferrin. This resulted in smoother distribution functions for BMP2 but the trend in 

the binding energies, as shown in Table 4, is the same as for LF.  The trend is 

consistent between the simulations with the low original and high rutile surfaces as 

BMP2. The relative binding energies, ∆∆Ebind,m-n,  in Table 3 and Table 4 were 

compared among the BMP2 and LF systems. We can see that both proteins exhibit the 

most exothermic binding to the hydrophobic rutile surface “low”. The relative binding 

energies are also similar in amplitude – roughly +100 -150 kJ/mol when changing the 

rutile surface from low →orig. → high.  
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Discussion  

Binding of human LactoFerrin and human Bone Morphogenetic Protein-2 to 

hydroxylated TiO2 rutile surfaces has been studied using MD simulations. The main 

purpose was to observe if the hydrophobicity of the rutile surface affects the protein 

binding process. The hydrophobicity of rutile was changed simply by down-scaling or 

up-scaling the charges of the rutile atoms, while making sure to keep the charge 

neutrality of the surface as a whole. Both the hydrophobic and hydrophilic amino 

acids interact with the rutile surface. Some hydrophilic charged residues including 

arginine, glutamic acid and lysine, were found to have strong interactions in all of the 

studied surfaces. It proves that strong electrostatic interactions with titanium dioxide 

surface are responsible for the binding, which has also been reported in literature.[14, 

27, 28] Moreover, clear protein deformation was observed when proteins bind to the 

most hydrophobic surface, which is in agreement with both computational and 

experimental studies.[3, 13] BMP-2 has a higher degree of deformation and stronger 

binding compared with LF when it is bound to the more hydrophobic rutile surface. 

For BMP-2, one of its monomers underwent large structural rearrangements in order 

to increase its contact area with rutile, which has also been found when its monomer 

was bound to graphite.[29] In contrast, LF shows a less deformed structure when 

bonded, which may be attributed to its inherent less flexibility due to its large 

molecular weight and more compact structure compared with the BMP-2 dimer. 

Protein binding to the more hydrophilic surfaces was markedly different. Water 

competes with the proteins for the interaction with the hydrophilic rutile surface, 

which results in rutile being almost completely covered with water molecules. The 

proteins are pushed further away from rutile and most contacts with rutile must occur 

indirectly via interactions with the water layer on top of rutile surface. However, some 

direct contacts also occur but these are dominated by charged amino acids.   

The longer protein – rutile distance and the fewer contacts between the protein and the 

rutile surface for a hydrophilic rutile surface affected the binding energies. Binding to 

the hydrophobic “low” rutile surface resulted in the largest decrease in the system 

potential, while binding to the more hydrophilic “original” and “high” surfaces 

resulted in successively smaller decreases in the system potential energy. This trend 

was the same between both proteins. We therefore conclude that, from a purely 
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energetic perspective, both LF and BMP2 have a stronger binding to a more 

hydrophobic rutile surface. However the Gibbs free energy of binding should have 

been calculated rather than binding energies but such an analysis was simply not 

possible for these large systems, containing on the order of 100 000 atoms. Obviously 

it is difficult to conclude if the entropic effect to the binding is favorable or 

unfavorable.[30-32] The entropy gain caused by water mobility and displacement will 

become compensated by a considerable loss of entropy due to reduced protein 

mobility when it is restricted on a two-dimensional surface.[33] However, we can 

argue that the entropic term would in fact “favor” the protein binding to hydrophobic 

rutile surfaces rather than to hydrophilic involving a larger entropy gain. Both LF and 

BMP2 replace water molecules at the rutile surface to a much higher degree for the 

hydrophobic surface. These water molecules, first removed from the relatively 

immobile hydration layer on the rutile surface, will successively regain the mobility 

of bulk water and to a smaller extent even while hydrating the protein. This gives a 

net entropic gain to the hydrophobic surface over hydrophilic surface. At the same 

time, the hydrophobic amino acids can also more freely move towards the 

hydrophobic interface. This overall entropy increase for both water and protein with a 

simultaneous minor change in enthalpy should in turn lower the free energy. Although 

we cannot at the moment prove this with calculations, we hope when the free energy 

calculations for protein adsorbed on metal surface becomes reality they would give us 

right.  

 

Conclusions 

Interactions of two proteins; human lactoferrin (LF) with antibacterial activity and a 

part of the immune system of our body and human Bone Morphogenetic Protein-2 

(BMP2) which is important in development of bones and cartilage to hydroxylated 

TiO2 rutile (110) surface have been studied using MD simulations to find out the 

effect of the hydrophobicity of the rutile surface on the protein binding process. The 

hydrophobic and hydrophilic characters, respectively, were created by adjusting the 

rutile atomic charges. For the both proteins the binding to the hydrophobic rutile 

surface was through a direct contact between the protein and rutile via both 

hydrophobic and hydrophilic amino acids. While binding this way the both proteins 
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underwent structural rearrangements, observed more strongly in BMP2. In binding to 

the hydrophilic rutile surface there was a hydration layer of water molecules between 

the rutile surface and the proteins. Both LF and BMP2 exhibited a higher binding 

strength to the hydrophobic rutile surfaces than to the hydrophilic surfaces.   
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Figure Captions 

Figure 1. Rutile (110) surface. See the text for details. 

Figure 2. Start configurations of the LF (upper) and BMP2 (lower) binding simulations.  

Figure 3. The distance between the centre of mass of protein and the rutile surface. (A) LF 

(B) BMP2. 

Figure 4. Snapshot from the simulation LFlow (upper) and LFhigh (lower). 

Figure 5. The fraction of LF (left) and BMP2 (right) atoms within 0.4 nm of rutile that can be 

classified as belonging to hydrophobic vs. hydrophilic amino acids.  

Figure 6. Backbone RMSD for LF (left) and BMP2 (right) in the binding simulations.   

Figure 7. BMP2low in simulation before (upper) and after (lower) adsorption. 

Figure 8. System potential distribution functions for the LF system. 

Figure 9. System potential energy distribution functions for the BMP2 system. 
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Table 1. Atomic charges of the three types of rutile surfaces.  

 

Atom low original high 

Ti 1.098 2.196 3.0744 

O -0.549 -1.098 -1.5372 

Obp -0.518 -1.035 -1.4495 

Hbp 0.243 0.486 0.6804 

Oth -0.504 -1.008 -1.4112 

Hth 0.230 0.459 0.6431 
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Table 2. Descriptions of the simulations.  

Simulation 
Name 

Protein Simulation Type Charge of the rutile atoms 
Simulation 

length 

LF low ref Lactoferrin 
Reference 
simulation 

0.5×Original 18 ns 

LF low Lactoferrin 
Binding 

simulation 
0.5×Original 27 ns 

LF orig ref Lactoferrin 
Reference 
simulation 

Original 18 ns 

LF orig Lactoferrin 
Binding 

simulation 
Original 27 ns 

LF high ref Lactoferrin 
Reference 
simulation 

1.4×Original 18 ns 

LF high Lactoferrin 
Binding 

simulation 
1.4×Original 27 ns 

BMP2 low ref BMP-2 
Reference 
simulation 

0.5×Original 40 ns 

BMP2 low BMP-2 
Binding 

simulation 
0.5×Original 50 ns 

BMP2 orig ref BMP-2 
Reference 
simulation 

Original 40 ns 

BMP2 orig BMP-2 
Binding 

simulation 
Original 56 ns 

BMP2 high ref BMP-2 
Reference 
simulation 

1.4×Original 40 ns 

BMP2 high BMP-2 
Binding 

simulation 
1.4×Original 50 ns 
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Table 3. The protein binding energies of the LF systems. 

System ∆Ebind 

[kJ/mol] 

 ∆∆Ebind,m-low 

[kJ/mol] 

LFlow -360 ± 60  0 

LForig -290 ± 40  +70 

LFhigh -120 ± 70  +240 
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Table 4.The protein binding energies of the BMP2 systems. 

System ∆Ebind 

[kJ/mol] 

 ∆∆Ebind,m-low 

[kJ/mol] 

BMP2low -2760 ± 40  0 

BMP2orig -2650 ± 25  +110 

BMP2high -2430 ± 100  +330 
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