
Understanding Adsorption-Desorption Dynamics of BMP-2 on
Hydroxyapatite (001) Surface

Xiuli Dong, Qi Wang, Tao Wu, and Haihua Pan
Department of Chemistry, Zhejiang University, Hangzhou, China

ABSTRACT The interaction between protein molecules and the hydroxyapatite (HAP) crystal is an important research topic in
many fields. However, the nature of their noncovalent bonding is still not clear at the atomic level. In this work, molecular dynamics
simulation, steered molecular dynamics simulation, and quantum chemistry calculations were used to study the adsorption-
desorption dynamics of BMP-2 on HAP (001) surface. The results suggest that there are three types of functional groups through
whichBMP-2 can interact withHAPcrystallite, and they are –OH, –NH2, and –COO�. Basedon the different orientations of protein,
eachmight interactwithHAPcrystallite individually, or, twoor threeof themcanwork cooperatively. Concerning themechanismsof
interaction, it is found that thewater-bridgedH-bond plays an important role, which is themain force for groupswithout net charges.
If there were more than one set of adsorption groups for a certain orientation of protein, the adsorption-desorption process would
likely be stepwise. On the contrary, if there were only one set, there would be only the key-adsorption period. The results of density
functional theory calculations confirm the actual existence of this type of water-bridged H-bond. Furthermore, it is also found that
the CHARMM27 force field could provide correct structural information qualitatively, although the data are slightly different from
those obtained by UB3LYP/6-31G* method.

INTRODUCTION

The phenomenon of protein adsorption on inorganicmaterials

is one of the most interesting topics in a wide variety of fields,

such as biophysics, biochemistry, biomaterials, biomineral-

ization, and clinical medical devices (1–3). It is especially

important to cellular response studies (4,5). Hydroxyapatite

[HAP, Ca10(PO4)6(OH)2] is the major inorganic component

of bones and teeth. In the last decade, it has received much

attention in materials science and medical fields (6,7). In

particular, it has tissue-engineering applications where HAP

scaffolds are often used due to their biocompatibility and in

orthopedic applications where implants are coated with HAP

to ensure better bonding. Furthermore, HAP exhibits large

osteoconductive properties in vivo (8) and is considered as

a model matrix to investigate fundamental mechanisms of

biomineralization and bone formation (9). In brief, all these

applications are related with its special interaction with

biological molecules, which mainly are proteins. In fact it has

already been found that there are many factors influencing the

interaction between proteins and the HAP surface (10,11),

such as protein structures, special texture of HAP surfaces,

surroundings, and so on. With the influence of these factors,

the interaction mechanisms for different proteins might be

various. There have been many theoretical and experimental

studies on this subject. For example, some researchers re-

ported that the strong adsorption of some proteins with HAP

was mediated by the acidic N-terminal (12,13). As to the

interaction mechanism, it was proven that the electrostatic

interaction between HAP and protein molecules was the

dominating factor (14,15). In addition, atomic-force micros-

copy experiments (16,17) illustrated that the difference of

adsorption was probably caused by protein structure charac-

teristics. These studies greatly extended our knowledge of the

dynamic behaviors of proteins on the HAP surface. However,

they could not provide enough microscopic details for the

molecular interactions. Therefore, it is necessary to investi-

gate the interaction between proteins and HAP thoroughly,

and to provide a better understanding at the atomic level.

Molecular dynamics (MD) simulation provides a powerful

semitheoretical tool at the atomic level, and it has been ex-

tensively applied to biomolecular systems (18). Specifically,

it is acceptable to achieve equilibrium conformations (3,19,20).

However, concerning relatively large conformational changes

in molecules on large timescales, such as the adsorption-

desorption process of proteins on the HAP surface, the CPU

time of MD simulation is too long to be computationally

accepted. Here, the steered molecular dynamics (SMD) sim-

ulation would be a good alternative. SMD, developed by

Schulten and co-workers (21,22), is another effective way

to explore biological processes (23,24). It shortens the sim-

ulation time for an interesting process greatly through dis-

turbances. In addition, it reveals the details of molecular

interactions well, thereby providing important informa-

tion about the molecular mechanisms underlying these pro-

cesses. These two methods have been applied in our group

successfully (3).

Bone morphogenetic proteins (BMPs) are one of the three

growth factor systems involved in bone formation. They are

incorporated into mineralized bone matrix and retain activity

when extracted from bones. They regulate a diverse array of

cellular functions during development and adult stages (25)

of the human body. Studies on BMPs would be helpful to the

understanding of bone formation, fracture healing, and bone
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growth around implants. BMPs are also of considerable in-

terest currently as therapeutic agents for healing fractures

and periodontal bone defects. Combinations of BMPs and

HAP are expected to provide potent alternatives for the

autogeneration of bone grafts. However, there are only a few

detailed mechanism studies about HAP-BMPs combinations.

Many of the studies performed so far are in vivo experiments

(26–28), and lack atomic-level detail. This is an essential

problem, and very important to these specific applications.

Therefore, in this work, we selected BMP-2 as an example

and employed atomistic simulation methods to investigate

the dynamic behaviors of BMPs on the HAP surface. As to

the HAP crystallite, the (001) face is one of the extensively

studied surfaces both experimentally and computationally

(29,30). As suggested by many experiments, HAP is prone to

elongate in the direction of the c axis during its growth (31).

Thus, both MD and SMD simulations were conducted on the

HAP (001) surface in the c axis (the z axis in the Cartesian

coordinates) direction.

MATERIALS AND METHODS

The starting structure of BMP-2 was downloaded from the Brookhaven Pro-

tein DataBank (http://www.rcsb.org/pdb/explore/explore.do?structureId¼3BMP).

HAP is in the space group of P63/m and its unit cell parameters are a ¼
b ¼ 0.943 nm and c ¼ 0.688 nm (32).

Firstly, the BMP-2 downloaded was solvated in a water box. Considering

that the BMP-2 carries two negative charges, two Na1 ions were added as

counterions to neutralize the solvated system. These two Na1 ions also made

the system a more typical biological environment. A standard MD procedure

of 1 ns was run to equilibrate the geometry structure of BMP-2. Then, a

system including the equilibrated BMP-2 molecule (1641 atoms), HAP

crystallite (16,940 atoms), and two Na1 counterions was built. To resemble

the aqueous environment more closely, the whole system was completely

solvated in a periodic water box of 66.0 3 40.8 3 170.0 Å3 (7836 water

molecules). Then, a 2-ns MD run was carried out to equilibrate this new

system using NAMD (33) software with CHARMM27 force field (34). The

parameters for HAP were taken from the work of Hauptmann et al. (35),

an accepted description of the structure and the nature of HAP at different

temperatures. The parameters for the cross interactions came from the

Lorentz-Berthelot mixing rule (36),

sij ¼ ðsii 1sjjÞ
2

; (1)

eij ¼ ffiffiffiffiffiffiffiffi

eiiejj
p

: (2)

This rule was extensively used to calculate the intermolecular potential

between pairs of nonidentical atoms in biomaterial fields (37–39). Here, we

used SPC water model (40) to explicitly simulate the solvent. The particle-

mesh Ewald method (41) was employed to calculate the long-range elec-

trostatic interactions, with a value of 13.5 Å for the separation of the direct

and reciprocal space summations. The van der Waals interactions were

truncated at 12 Å (cutoff). All atoms in this system, including all hydrogen

atoms and water molecules, were modeled explicitly. A time step of 2 fs was

used with atom coordinates saved every 1 ps. During the MD equilibration

simulation, the Langevin thermostat method was applied to control the con-

stant temperature of 310 K and the constant pressure of 101.3 kPa.

Based on the equilibration structure after 2-ns MD simulation and the

parameters, SMD simulations of constant velocity pulling were carried out.

Here, the HAP crystallite was fixed and the external forces were applied

uniformly on BMP-2 to pull its backbone atoms along the c axis. In the

constant velocity pulling simulation, the SMD atom is attached to a dummy

atom via a virtual spring. This dummy atom is moved at a constant velocity

and then the force between them is measured (33).

Through the MD and SMD simulations, it is found that the water-bridged

H-bond is the main attractive force contributing to the interaction between

HAP and the residues with no net charges. Considering that the structure

parameters obtained through molecular mechanics methods are not very

precise, a series of density functional theory (DFT) calculations were per-

formed in the LDA and UB3LYP/ 6-31G* level of theory, with Materials

Studio (42,43) and Gaussian 03 (44) packages, respectively. These two

methods have been extensively used in similar systems (45–48). To facilitate

these calculations and to maintain the structure of the HAP crystallite, only

the structures involved in the water-bridged H-bond were optimized. The

other portion of BMP-2, which does not belong to the given interactive

residues, was replaced by a �CH3 group. Since the aqueous environment

of proteins is very important for their physical and chemical properties,

the Onsager reaction field approach was used, and the solvent employed

was water with a dielectric constant of 78.39.

RESULTS AND DISCUSSION

Equilibrium conformation by MD simulation

A MD simulation is essential to achieve equilibrium states

for biological molecular systems. In this work, two criterions

have been adopted to judge whether the system achieved

equilibrium or not, namely, the potential energy of protein

(41,42) and the root mean-square deviation (RMSD) (25) of

the backbone atoms (without hydrogen) of BMP-2. To de-

scribe the system more exactly, the potential energy of

BMP-2 was extracted separately (see Fig. 1). Since too much

information has been obtained through the 2-ns MD equili-

bration simulation, for clarity only the curves of the last 0.5 ns

were illustrated. During the 2-ns MD simulation at 310 K,

the whole structure remained basically stable. As shown in

Fig. 1, the potential energy of BMP-2 keeps fluctuating

slightly around the energy of 550 kcal mol�1 during the last

0.5 ns, indicating that the system has achieved the equilib-

rium state. As to the curve of RMSD, it also suggests that the

system is stable, because the curve changes mildly and fluc-

tuates in a narrow range (;0.5 Å) during the last 0.5 ns of

MD simulation. Fig. 2 a illustrates the equilibrium structure

of BMP-2 and HAP system.

Adsorption-desorption mechanism by
SMD simulation

Based on the equilibrium structure, a SMD simulation of 1 ns

was conducted. The virtual spring between the dummy

atoms and the SMD atoms had a spring constant of 20 kcal

mol�1 Å�2 and the constant velocity was 0.042 Å ps�1. All

the analysis below is based on this simulation.

The snapshots of this system during the whole 1 ns SMD

simulation are presented in Fig. 2. Analyzing the trajectories

obtained, it can be observed how the process from adsorption

to desorption is stepwise. At the initial stage (0 ps), there was

no adsorbed residue on the interface of BMP-2 (Fig. 2 a), so
when an external force is applied, the protein began to leave
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the HAP surface immediately (Fig. 2 b). This is the non-

adsorption period. Although there were some residues closer

to HAP (001) surface, they were not adsorbed. We defined

these residues as nonadsorption residues. As the simulation

proceeded, the residues of BMP-2 kept vibrating to reach the

best interaction with HAP under the influence of external

force and thousands of surrounding water molecules. Slowly,

some residues were exposed to the HAP (001) surface from

the main body of BMP-2, and became adsorbed on the sur-

face (Fig. 2 c). Considering that these first adsorbed residues

are located in the middle part of the BMP-2 (at the equi-

librium position) and that there were already residues that

interacted strongly with the HAP (001) surface in the right-

hand part of BMP-2, we consider that these adsorbed resi-

dues played the role of the fulcrum in a lever. These were

thus labeled as the fulcrum-adsorption residues and the time

gap is called fulcrum adsorption period, hereinafter. Under

the external force, which was applied equally to the back-

bone atoms of BMP-2, the left-hand part of BMP-2 began to

turn up. According to the lever principle, the right-hand part

was much closer to the HAP surface (Fig. 2, c–e). This
change again promoted the interaction between the right

adsorption residues and HAP. This is the key-adsorption

period. Our further analysis proved that the adsorption of

these key residues was much stronger and lasted for a longer

time than the fulcrum-adsorption (Figs. 4 and 6). Thus, the

adsorption of these residues was a main interaction force and

we defined them as key-adsorption residues (Fig. 2, d–f). At
600 ps, the interaction between the key-adsorption residues

and the HAP surface was broken under the external force and

BMP-2 began to be desorbed form HAP crystallite. From

then on, no other adsorption phenomenon occurred. At

700 ps, the desorption process was completely finished and

the orientation of BMP-2 did not change any more (Fig. 2 f).
It maintained a perpendicular orientation with respect to the

HAP (001) surface and moved away from HAP until the end

of SMD simulation (1000 ps). Therefore, it seems that the

right-hand part would be the most prone to be adsorbed on

the HAP (001) surface. In addition, it is worthwhile to note

that the positions of the fulcrum-adsorption and key-ad-

sorption functional groups are on different parts of BMP-2,

which is different from the theoretical and experimental

results found for the other proteins (3,13). This indicates that

the type of interaction varies for different structure charac-

teristics of proteins, as experimental results suggested by

Wallwork et al. (16).

As shown in Fig. 2, BMP-2 is actually interacting end-on

rather than face-on. It is interesting to explore the reasons

behind this phenomenon. The SMD details reveal that it

is the lever principle that results in the dramatic rotation

phenomenon. As mentioned above, there is no interaction

between the left-hand part of BMP-2 and HAP, but there is

for the middle and right-hand part. Apparently, the force

applied on BMP-2 is not balanced. According to the lever

principle, the BMP-2 will rotate and the attractive force on

the middle part of BMP-2 acts as the fulcrum. Along with the

FIGURE 2 Snapshots of 1-ns SMD simulation with key residues or atoms

marked (all the water molecules are omitted for clarity, and O, N and H

atoms are marked light shaded, dark shaded, and open, respectively). (a)

0 ps; (b) 100 ps; (c) 200 ps; (d) 400 ps; (e) 600 ps; and (f) 700 ps. The marked

residues (from left to right) are: (a,b) Lys15, Pro18, His39, Tyr20, and Pro36;

(c) Ser24, Asn29, and Asp30; and (d–f) Glu96, Asn95, and Glu94.

FIGURE 1 (a) Potential energy, and (b) RMSD of BMP-2 versus simula-

tion time.
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rotation, the key-adsorption groups at right part are pulled

much closer to the HAP surface. Correspondingly, the strong

interaction accelerates the rotation process until the BMP-2

ends up completely.

The nonadsorption period

As shown in Fig. 2 a, there were five nonadsorption residues
at the initial configuration (at 0 ps), which were Lys15, Pro18,

His39, Tyr20, and Pro36. The relative displacements between

these residues and HAP surface along the z axis (the c axis of
HAP crystallite) are shown in Fig. 3. From observation of the

figure, it is found that the displacements are almost linear

with the SMD time, implying that this process is velocity-

invariable for these residues. This is consistent with the

prearranged SMD simulation condition. If there were any

interaction between these residues and HAP crystallite, it

would resist the external force applied and would make these

residues stay for a relatively long time. This phenomenon

was not observed and one could thus conclude that there is

hardly any interaction between these residues and HAP (001)

surface. If one scrutinizes the structures of these five res-

idues, it is evident that none of them have strongly electron-

attracting groups except for the –COOH group, which forms

a peptide bond with another residue. Therefore, no signif-

icant adsorption phenomenon is to be expected even if they

were close to the HAP crystallite in the initial state. Of

course, there should be hydrogen bonds (H-bonds) between

the strongly electronegative O or N atoms and the sur-

rounding H2O molecules, but this type of H-bond is present

everywhere and does not contribute to the interaction or

adsorption between these nonadsorption residues and HAP

crystallite.

The fulcrum-adsorption period

As the SMD simulation proceeded, the fulcrum-adsorption

residues, Ser24, Asn29, and Asp30 in the middle part of BMP-2,

began to stick out and the first adsorption phenomenon was

detected (Fig. 2 c). The displacement changes of these three

residues versus the SMD simulation time are shown in Fig.

4. In the figure, one can see how the displacement of Asp30

decreases dramatically from 16.3 Å (0 ps) to 4.6 Å (165 ps),

and then it remains ;5 Å for ;200 ps. This is the direct

evidence that Asp30 forms a relatively strong interaction with

the HAP (001) surface and then it is adsorbed. From 384 ps

onwards, the displacement increased rapidly and these res-

idues began to be desorbed until the end of SMD simulation

(1000 ps) with a displacement of 39.3 Å. This whole curve

suggested that the time of 1 ns was long enough to simulate

FIGURE 3 (a) Displacement between the nonadsorption residues (from
top to bottom, Lys15, Pro18, His39, Tyr20, and Pro36) and the HAP (001) sur-

face in the z axis versus SMD time, and (b) the structures of the nonadsor-

ption residues.

FIGURE 4 (a) Displacements between the fulcrum-adsorption residues

and the HAP (001) surface in the z axis versus SMD time, and (b) the struc-

tures of the adsorption residues.
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the integrated adsorption-desorption process of BMP-2 on

HAP (001) surface. This behavior was also observed for the

other two fulcrum-adsorption residues and the two key-ad-

sorption residues (Figs. 4 and 6). As to Asn29 and Ser24, their

adsorptions spent ;270 ps and 220 ps, respectively.

The question is how these three residues interact with the

HAP (001) surface. After a careful analysis of the movement

of BMP-2 step by step for 1 ns, it was found that the key

point is the formation of water-bridged H-bonds (Fig. 5).

Firstly, the adsorption residues form H-bonds with the closest

water molecules around them. Then this bonded H2O in-

teracts with another water molecule through intermolecular

H-bond. Finally, the second H2O molecule forms an H-bond

with the O atom of the first layer PO3�
4 in HAP. During the

entire SMD process, this type of water-bridged H-bond kept

on forming and breaking. It was also found that the number

of bridged water molecules was two at most. This number is

in agreement with the distance of ;5 Å between the marked

atoms and HAP surface. At 0 ps, the displacement of Ser24

was the smallest (;8 Å) among these three residues, so it

interacted with HAP surface firstly through the water-bridged

H-bond (Fig. 5 a). Then was Asn29, which was ;10 Å away

from HAP surface at the initial state. Through the strong

proton donor (H atom), it was feasible to form H-bond and

thus to interact with HAP surface (Fig. 5 b). While for Asp30,

the displacement at 0 ps was much farther than Ser24 and

Asn29, so it took another ;150 ps to be adsorbed onto HAP

(Fig. 4). Correspondingly, it began desorbing slowly until

400 ps. It is worthwhile noting that –COO� is the active part

of Asp30 and it is negative-charged. Considering that the

outmost layer of HAP (001) surface is Ca21 (see Fig. 2,

where the large open sphere represents Ca21 and the small
shaded sphere represents the O atom of PO3�

4 ), the exis-

tence of a Coulombic force is obvious, as reported by our

simulation (3) and NMR experiments (14,15). At the same

time, the –COO� has two electronegative O atoms, so there

are water-bridged H-bonds as well. Under the cooperation of

Coulombic force and water-bridged H-bonds, the Asp30

residue is the one with a closest distance to HAP. At 248 ps,

the displacement was only 2.9 Å (Fig. 4). The VMD ani-

mation of this SMD process also showed that the water-

bridged H-bonds are present not only between adsorption

groups and HAP (Fig. 5, a–c), but also between one ad-

sorption group and another (Fig. 5, d–f). Thus the adsorption
and desorption curves for different residues mingled within

a definite SMD time (Fig. 4). At the beginning, the –NH2

of Asn29 and –OH of Ser24 interacted, which resulted in the

superposition of the two curves for 50–200 ps. Then the

Ser24 was pulled away, while Asp30 moved closer to HAP.

Thus, Asn29 formed water-bridged H-bonds with Asp30 for

the later time of 200–300 ps. In brief, the adsorption of

fulcrum-adsorption residues on the HAP (001) surface is the

result of the cooperative interaction of Coulombic force and

water-bridged H-bonds, and the latter was the main adsorp-

tion mechanism for the residues without net charges.

However, the reason why the –NH2 and –OH in the non-

adsorption residues did not form this type of water-bridged

H-bond remains unknown. The reason might come from the

different structures of their neighboring part (Figs. 3 and 4).

If the –NH2 or –OHwere bound to strongly electron-attracting

groups directly, they would probably form water-bridged

H-bonds. Otherwise, as in the case of the –NH2 or –OH in the

nonadsorption residues, which are bound to saturated alkyl

chains or stable five- or six-numbered cycles, the relatively

stable electron surroundings result in the considerable sta-

bility of –NH2 or –OH in Lys15, Pro18, His39, Tyr20, and

Pro36. On the contrary, when they are present in the fulcrum-

adsorption residues, the strongly electron-attracting effect

of –C¼O group changes their electron distribution and

makes the electron cloud of O or N and H atoms overlapped

much less. Therefore, it is more favorable to form H-bond

with water molecules. Although the –OH in Ser24 does not

bond with –C¼O directly, it is very close to the peptide

bond, and the effect is similar, therefore, the –OH in Ser24

also formed water-bridged H-bond with PO43�.

FIGURE 5 Snapshots of water-bridged H-bonds for the fulcrum-

adsorption residues. (a) Ser24-HAP; (b) Asn29-HAP; (c) Asp30-HAP; (d)

Asn29-Ser24; (e) Asn29-Ser24; and (f) Asp30-Asn29. (Atoms: O, light shaded;

N, dark shaded; H, open.)
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It should also be considered that there is a syntonic

equilibrium as Eq. 3 (see below) for the structure mentioned

above.

(3)

There are charged groups of –O� and¼NH2
1 in the right-

hand structure, so there should be Coulombic force between

Asn29 and HAP (001) surface. Namely, the Coulombic force

should attribute to the adsorption between Asn29 and HAP to

some extent. However, in general, the probability of the

right-hand syntonic structure is small. Therefore, its influ-

ence on the adsorption would be little. That is to say, it is the

water-bridged H-bond that plays the critical functional role

for the adsorption between Asn29 and HAP (001) surface.

The key-adsorption period

As the SMD simulation time reaches 400 ps, the key-

adsorption residues played critical functional roles. Actually,

at ;230 ps, some adsorptions can be observed between

Asn95, Glu96, and HAP (001) surface, i.e., both the fulcrum-

adsorption residues and the key-adsorption ones contributed

to the adsorption of BMP-2 onto HAP during the time gap

between 200 and 400 ps. The difference is that the key-

adsorption phase lasts for a much longer adsorption time, up

to 350 ps (Fig. 6). Concerning the displacement of the

different functional groups from HAP, Glu96 changed from

;17 Å in the initial state to;3 Å in the adsorption state, and

for Asn95, the change was from ;23 Å to ;3 Å. Once both

residues are at this distance, they remain there until the SMD

time reaches ;600 ps. Both the dramatic displacement

changes and the long time during which both residues stay at

;3 Å during the SMD implied the strong interaction

between these two key-adsorption residues and the HAP

(001) surface. Considering that the external force kept

pulling BMP-2 away from the HAP crystallite, Asn95 and

Glu96 began to be desorbed along with the motion of the

whole protein from 600 ps. Once the strong interaction was

broken, the displacement increased quickly and kept at al-

most a constant velocity just as we pre-set. This issue

indicated that the desorption phenomenon has occurred. No

other adsorption sites occurred for later simulation times.

The orientation of BMP-2 changed very little within the pre-

arranged periodic boundary conditions.

We thus found it is necessary to explore the interaction

mechanism resulting in the adsorption and desorption phe-

nomena between BMP-2 and HAP (001) surface in this

period. The SMD simulation results suggested that the water-

bridged H-bond plays the key role, just as the mechanism in

the period of fulcrum-adsorption. The Asn95 residue is the

same type of residue as Asn29, which was active in the

fulcrum adsorption period. So the mechanism of interaction

can be assumed to be the same as in that case. That is to say,

the main force is the water-bridged H-bond between the

–NH2 in Asn95 and the O atom in PO3�
4 . The corresponding

FIGURE 6 (a) Displacements between the

key-adsorption residues and the HAP (001)

surface in the z axis versus SMD time, and

the snapshots of water-bridged H-bonds for

different residues, (b) Asn95-HAP, (c) Glu96-

HAP, and (d) Glu96-Asn95. (Atoms: O, light
shaded; N, dark shaded; H, open.)
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snapshot is shown in Fig. 6 b. Similarly, there might be Cou-

lombic force considering the syntonic equilibrium (Eq. 3),

although its contribution should be minor. As to the residue

of Glu96, its structure is very alike to that of Asp, as shown in

Fig. 4, except that there is another –CH2– group. Therefore,

the interaction mechanism of Glu and Asp is the same; that

is, the Coulombic force (between –COO� and the Ca21) and

the water-bridged H-bond (Fig. 6 c) cooperated simulta-

neously. The additional –CH2– lengthens the carbon chain of

Glu96 and makes it much more flexible, so the endmost –

COO� could be pulled much closer to the HAP surface. This

extent will be checked by comparing the displacement of

Glu96 (Fig. 6) andAsp30 (Fig. 4), where the minimal displace-

ments are ;3 Å and ;5 Å, respectively. Correspondingly,

the number of water molecules needed to form water-bridged

H-bonds was one (Fig. 6 c) and two (Fig. 5 c). This also

proves that the key-adsorption is much stronger than the

fulcrum-adsorption. Similarly to the fulcrum-adsorption

period, there is water-bridged H-bond existing between

Asn95 and Glu96, too (Fig. 6 d). This inter-residue water-

bridged H-bond stabilizes the protein simultaneously.

In Fig. 6, the displacement between Glu94 and the HAP

(001) surface was also shown. Although the displacement

remains constant at a value of ;10 Å for a long time (also

;350 ps), there was no water-bridged H-bond between this

residue and HAP during this time. Moreover, this displace-

ment of ;10 Å is much larger than what is generally

considered to form adsorption (;5 Å) (19). Noting that

Glu94 is adjacent to Glu96 and Asn95 directly and that the

time period is just the same as the adsorption time of Glu96

and Asn95, one could judge that the Glu94 residue is

passively pulled close to the HAP surface but it is actually

not adsorbed. Now, the question is why Glu94 could not form

adsorption with HAP while Glu96 could. The key factor is

the orientation of –COO�. Generally, the interaction is ideal

if the functional groups point to the HAP (001) surface

directly. At 200 ps (Fig. 2 c), the –COO� of Glu94 was

perpendicular to the HAP (001) surface and deviated from it,

while the –COO� of Glu96 was just pointing to it. The

�COO� of Glu96 began to interact involuntarily with HAP,

whereas the –COO� of Glu94 could not. Along with the

dynamics evolution, the interaction between the Glu96 and

HAP becomes stronger, and the displacement correspond-

ingly smaller (Fig. 6). At ;250 ps, it has been easy for the

adsorption phenomenon to be observed. During this period,

the –COO� of Glu94 keeps vibrating, and tries to find the

best site and orientation to stabilize itself. However, the

thermal vibration of self-adjusting is small for each step and

the orientation change needed to form interaction is large

(;180�). In fact, until 400 ps, as shown in Fig. 2 d, the
orientation of –COO� of Glu94 only adjusted to be parallel to

the HAP (001) surface, which was still not enough to form a

stable interaction. After another 200 ps self-adjusting, its

orientation was pointing to the HAP (001) surface (Fig. 2 e);
however, the key-interaction with HAP had already been

broken. The whole BMP-2 began to leave the HAP surface

with a relatively fast velocity. At this time, the displacement

between –COO� of Glu94 and HAP (001) surface is still as

far as 10 Å, which is too far to interact and form adsorption.

To summarize, the initial relative position is important, while

the initial orientation is a more effective factor to determine

whether adsorption can take place or not.

Comparing the three sets of residues marked, one could

find that there are three conditions for residues of proteins to

be adsorbed on the HAP (001) surface. Firstly, there should

be strong adsorption functional groups; for example, the

–COO�, which is free and not forming the peptide bond, or

the –OH and –NH2 groups with neighboring strongly

electron-attracting groups. Secondly, the displacement should

be appropriate. If the displacement were too far, the Cou-

lombic force would decrease markedly because the force is

in inverse proportion to the square of the displacement.

Based on the literature (19), the protein is considered to be

adsorbed if the displacement is ,;5 Å. Otherwise, the

number of water molecules to form a water-bridged H-bond

would be no less than three, which would make the H-bond

much weaker and easier to be broken. Last but not the least,

the orientation of interaction residues should be appropriate.

It is optimal if they point to the HAP crystallite directly,

because the self-adjusting of residues via thermal vibration is

random and time-consuming. The change of orientation

would not be obvious for most cases. For example, it took as

long as 300–400 ps for Glu94 to turn 90� in this system.

Concerning the interaction mechanism of adsorption

between BMP-2 and HAP (001) surface, it is found that

there are three types of active groups, –OH, –NH2, and

–COO�, while only –COO�was found in many experiments

for other proteins (12,13). In the case of the –COO�

functional group, the forces involved in the adsorption

include the Coulombic force and the water-bridged H-bond.

In the case of –OH and –NH2, the adsorption onto HAP

surface both is through the water-bridged H-bond. To sum-

marize, there is the Coulombic force, as stated in most

literature (12,13). However, it is found that the water-bridged

H-bond also plays a very important role in forming adsorp-

tion between BMP-2 and HAP crystallite. Because most

residues in BMP-2 are electron-neutral, there is no Coulom-

bic force with HAP crystallite. However, they have strong

proton donor (H atom) and/or acceptor atoms (N or O

atoms). Under the influence of strongly electron-attracting

adjacent groups, some residues could form a water-bridged

H-bond easily with HAP (001) surface through one or two

water molecules. Moreover, as shown above, this type of

water-bridged H-bond is strong enough to resist the external

force for a relatively long time. It is the nature of interactions

between residues with no net charges and HAP crystallite.

It is expected that this mechanism will be helpful for the

better understanding of biomineralization and for the spe-

cific applications of BMPs and HAP in tissue engineering,

orthopedics, and other biological fields.
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Water-bridged H-bond by quantum
chemistry calculation

To obtain more accurate structural parameters for this type of

water-bridged H-bond, DFT calculations were performed.

The optimized structures of these water-bridged H-bonds

(Figs. 5 and 6) are illustrated in Fig. 7. The data of bond

lengths and angles are listed in Table 1. Here, we define the

bond length of H-bond between BMP-2 and H2O as R1

(R19) and the angle as A1 (A19). Correspondingly, the R2

(R29) and A2 (A29) mean the distance and angle of H-bond

between H2O and H2O; for the H-bond between H2O and

HAP, they are R3 and A3.

Generally, for an H-bond of X–H–Y, the distance of

H�Y is ,2.45 Å, and the bond angle of X–H–Y should be

.150� (i.e., ,30�) (49,50). As shown in Table 1, the bond

lengths optimized at the UB3LYP/6-31G* level are #1.952

Å, and most bond angles are .150�. As to the LDA and

CHARMM27 force-field methods, the maximum R and the

minimum A are 1.758 Å and 141.3�, 2.117 Å and 161.2�,
respectively. All these results show that the water-bridged

H-bonds do exist during the adsorption-desorption process

of BMP-2 on the HAP (001) surface. Although the angles

for Key-Glu96 are ,150� (A1 is 144.4� and A3 is 147.7�),
the deviations are small enough to be ignored, and one could

still consider this system as H-bonded. Because the Glu96

residue is at the end part of BMP-2, the loop conformation is

more readily influenced by the surrounding water molecules,

whichmight result in this deviation from the normal criterionof

H-bond. Comparing the results of the threemethodswe used, it

is found that theCHARMM27 force field could provide correct

structural information qualitatively, although the data are

slightly different from those obtained by DFT method.

The profile of the BMP-2 encountering the HAP should be

random. Both the special texture of HAP and the special

surroundings should have an influence on the adsorption-

desorption behaviors of proteins on HAP. It is noticed that

the interface discussed here is not sufficient for the complete

study of the (BMP-2)-HAP interactions. To know more

details in a systematic way, a series of simulations and

atomic-force microscopy experiments have been carried out

in our group. However, this adsorption-desorption process is

typical and comprehensive. If there were several sets of

adsorption residues on the interface of protein, like the sys-

tem we discussed here, the adsorption-desorption process

with HAP crystallite would most likely be stepwise. On the

contrary, if there were only one set of adsorption residues,

it would be much simpler and only include the last period

of this process, i.e., the key-adsorption period.

FIGURE 7 Structures of water-bridged H-bonds by quantum chemistry

calculations. (a) Key-Glu96, (b) Key-Asn95, (c) Ful-Asp30, (d) Ful-Asn29, and

(e) Ful-Ser24. (Atoms: Ca, larger shaded; P, medium shaded; C, smaller light

shaded; O, smaller shaded; N, smaller dark shaded; H, open.)

TABLE 1 The geometric parameters of bond lengths (R ) and

bond angles (A) for water-bridged H-bonds using different

methods (R in Ångstroms, and A in degrees)

Adsorption residues LDA UB3LYP/6-31G* CHARMM27 force field

Key-Glu96

R1 1.257 1.834 1.849

A1 156.2 144.4 168.3

R3 1.652 1.681 1.611

A3 143.4 147.7 171.2

Key-Asn95

R1 1.799 1.762 1.968

A1 171.9 169.5 169.2

R3 1.539 1.572 1.586

A3 150.4 153.5 171.6

Ful-Ser24

R1 1.366 1.952 1.935

A1 168.6 163.5 166.7

R2 1.317 1.875 1.898

A2 174.3 164.5 169.8

R3 1.689 1.648 1.598

A3 141.3 147.3 176.3

Ful-Asp30

R1 1.488 1.488 1.609

A1 166.7 172.2 167.5

R19 1.377 1.726 1.590

A19 170.5 175.2 164.3

R2 1.154 1.573 2.117

A2 170.8 175.7 162.2

R29 1.370 1.807 1.786

A29 156.7 166.6 169.6

R3 1.780 1.786 1.598

A3 140.5 164.7 164.7

Ful-Asn29

R1 1.758 1.756 1.868

A1 176.7 173.7 161.2

R2 1.663 1.856 1.978

A2 157.4 172.3 161.7

R3 1.713 1.733 1.712

A3 168.7 155.4 163.1
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CONCLUSIONS

MD, SMD simulations, and quantum chemistry calculations

of the interaction between BMP-2 and HAP (001) surface

were performed in an effort to understand the adsorption-

desorption process for the system investigated. The results

indicate that the SMD simulation could provide a good

reflection of the microstructural changes for the interaction

between proteins and inorganic crystals such as HAP. It

could also bring some useful structural information qualita-

tively. The details are summarized as follows:

1. Three types of adsorption functional groups, –OH, –NH2,

and –COO�, are found for protein BMP-2 to interact with

HAP (001) surface, while most experiments for other pro-

teins could find only one of them, i.e., the –COO� group.

As active groups, they are usually neighboringwith strongly

electron-attracting groups directly, such as –C¼O. Ac-

cording to the different interfaces proteins encountered

with HAP crystallite, there might be one or several types of

adsorption groups working simultaneously.

2. The adsorption mechanism was explored in detail. In

addition to the Coulombic force, which has been widely

accepted, the water-bridged H-bond is found to be very

important as well. For many interactive groups, such as

–OH and –NH2, with no net charge, it is the water-bridged

H-bond that results in the adsorption. Generally, the num-

ber of water molecules needed is not more than three. As

to –COO�, both Coulombic force and the water-bridged

H-bond contribute to the interaction with HAP (001) sur-

face. The results of the quantum chemistry calculations

confirm that this type of water-bridged H-bond does exist.

3. The adsorption-desorption process discussed here is typi-

cal and specific. It might be alterable for different profiles

of the protein. If there were several sets of adsorption

groups for a certain profile, the adsorption-desorption

process would most likely be stepwise. Inversely, if there

were only one set, then there would be only the key-

adsorption period.
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