Available online at www.sciencedirect.com

ScienceDirect

BBRC

www.elsevier.com/locate/ybbrc

ELSEVIER Biochemical and Biophysical Research Communications 361 (2007) 91-96

Adsorption mechanism of BMP-7 on hydroxyapatite (001) surfaces

Hailong Zhou, Tao Wu, Xiuli Dong, Qi1 Wang *, Jiawei Shen

Department of Chemistry, Zhejiang University, Hangzhou 310027, PR China

Received 16 June 2007
Available online 16 July 2007

Abstract

Many properties and functions of bone-related proteins perform through the interface with the hydroxyapatite. However, the mech-
anism of difference of proteins adsorbing behaviors caused by the variation of calcium and phosphate ions on hydroxyapatite is still
unclear at atomic level. In this work, we investigated the site-selective adhesion and the adsorption mechanism of protein BMP-7 to
the hydroxyapatite surfaces in aqueous media during adsorption and desorption processes. Molecular dynamics (MD) and steered
molecular dynamics (SMD) simulations combined with trajectory analysis were employed to give insight into the underlying behaviors
of BMP-7 binding. The results suggest that the adsorption sites could be divided into two categories: COO™ and NH,/NH,*. For COO,
the adsorption phenomenon is driven by the electrostatic interaction formed between the negative charged carboxylate groups and the
Cal cations on the hydroxyapatite surface. While for NH,/NH, ", the interaction is through the intermolecular H-bonds between the N-
containing groups and the phosphate on the hydroxyapatite surface.

© 2007 Elsevier Inc. All rights reserved.
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Hydroxyapatite [HAP, Ca;y(PO4)s(OH),] is the predom-
inant inorganic component of human bones and teeth. In
the last decade, the HAP crystals have received much atten-
tion in materials science and medical fields because of its
special surface interaction properties and biocompatibility
[1,2]. Currently, it has been widely used in many medical
practices such as bone implant materials [3]. It is found that
when HAP is exposed in the organism matrix in vivo, its
surface is rapidly covered by a proteineous layer [4]. The
organic-inorganic interface plays an important role in the
functions of HAP-related proteins. Moreover, the pro-
tein—-HAP interaction also serves as a useful model to
understand the mechanism of how crystal growth mediated
by proteins in body [5]. So far, there have been many stud-
ies applied to identify the molecular mechanisms underly-
ing protein’s interaction with HAP at the inorganic
mineral interface. The COO™ terminus of amelogenin is
one of the closest groups to the HAP surface [6], and the
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loss of the charged COO™ terminal of amelogenin results
in reduction of the affinity to HAP, as characterized by
Moradian-Oldak [7]. The H-D (hydrogen—deuterium)
exchange experiment suggested that the binding interaction
between lysozyme and the HAP could be attributed to the
positively charged residues of lysozyme [8]. In addition,
many experimental techniques have been developed and
applied to study the important protein—-HAP interaction.
For example, solid-state NMR (ssNMR) and atomic force
microscopy (AFM) are extensively used to explore their
structure features [9,10]. Recently, thermodynamic charac-
terization is also introduced to the research of protein bind-
ing [11]. Although these techniques and methods have
greatly extended our knowledge of the dynamic behavior
of proteins on HAP surface in this field, it is still difficult
to completely understand the adsorption process, especially
the mechanism of protein adsorbing onto HAP on atomic
level.

Molecular dynamics (MD) simulation has been proven
to be a very useful tool to study the adsorption of proteins
at the atomic level [12]. It can provide detailed information
about the structural changes of effective adsorption sites.
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Steered molecular dynamics (SMD) can be used to explic-
itly illustrated adsorption and desorption characteristics
[13-15]. These two techniques are essential to properly
understand the adsorption behavior of protein on the inor-
ganic materials at the atomic level. In this work, we
reported the adsorption mechanism of BMP-7 on the
HAP (001) surface through adsorption and desorption pro-
cesses by MD and SMD simulations. BMP-7, which is one
of the bone morphogenetic proteins (BMPs), contains 112
residues. And it plays a key role in the formation of bones.
As reported, this protein may influence skeletal develop-
ment and growth in children [16]. Therefore, the detailed
investigation of interaction between the protein BMP-7
and HAP is of great biological and medical significance.

There are many factors contributing to the interaction
between the HAP and BMP-7, such as different protein ori-
entations and different Ca/P ratios. However, it is out of
the capability of current techniques to take all the factors
into account simultaneously. Experimental studies have
suggested that the variation of calcium and phosphate ions
on the crystal surfaces play an important role in the
adsorption of proteins onto HAP [17]. Therefore, we
mainly studied the influence of different Ca/P ratios. Typi-
cally, two extreme HAP modules (Systems I and II) were
obtained through ‘cutting’ the HAP crystal structure per-
pendicular to the [001] direction [18]. System I represents
the surface sliced only including the Cal cations, while Sys-
tem II represents the surface sliced including Ca2 and phos-
phate ions, as shown in Fig. 1.

Simulation details

The initial structure of BMP-7 was taken from the pro-
tein data bank (PDB Accession No. 1M4U). The original
module of HAP (P63;/m) was extracted from the American
Mineralogist Crystal Structure Database [19] and its unit-
cell parameters are ¢« = b = 0.943 nm and ¢ = 0.688 nm.

In order to obtain the optimized geometry of BMP-7, an
energy minimization was firstly performed, and a 1 ns MD
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relaxation in water media (with normal density, SPC model
[20]) was followed. Then two simulation systems, which
were composed of the optimized BMP-7 module, HAP
module and water molecules (by putting the BMP-7 onto
the HAP and then adding water), were built up to study
the interactions between the BMP-7 and HAP. Both of
the two extreme hexagonal HAP modules contain
9x7x6 unitcells (~84.8x66.0x41.3A%. The HAP
module (16,632 atoms) and the BMP-7 molecule (1741
atoms) were immerged in a periodic water box, in which
SPC model water molecules were employed. Two sodium
ions were added to neutralize the system, which is espe-
cially necessary since the BMP-7 protein carries two nega-
tive charges. The volume of each water box was
84.9x 57.2x 115.6 A>. There were 50,736 atoms for System
I and 50,688 atoms for System II (water density is approx-
imately 1.0 g cm ), respectively.

All simulations were performed with NAMD [21] using
Charmm?27 force field [22] with the hydroxyapatite
parameters supplemented. Periodic boundary conditions
were applied in all directions. The Particle-mesh Ewald
summation was employed to calculate the long-ranged
electrostatic interactions, with a cutoff distance of 12 A
for the separation of the direct and reciprocal space.
The van der Waals interactions were truncated at 12 A.
The force field parameters for HAP were taken from
the work of Hauptmann [23]. The simulations were car-
ried out with a time step of 2fs in the NpT ensemble.
A constant temperature of 310 K and constant pressure
of 101.3 kPa were managed in the simulations with the
Langevin method.

SMD is a novel approach to study the dynamics of bind-
ing—unbinding events in the biomolecular systems and of
their elastic properties. The constant velocity pulling
(PCV) is one of the basic techniques of SMD. In PCV sim-
ulation, the SMD atom is attached to a dummy atom via a
virtual spring. This dummy atom moved at a constant
velocity and then the force between them is measured
using:
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Fig. 1. (Left) Systems of the HAP (001) surface investigated. The upper system (denoted as System I) represents the surface sliced to include all the Cal
cations in the outermost layer, and the bottom system (System II) represents the surface sliced to include the Ca2 and phosphate ions in the outermost
layer. (Right) Potential energy of the protein BMP-7 with respect to MD simulation time. A relatively small fluctuation for both surfaces, Systems I and 11,

which suggests the equilibrium was achieved.
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where U is the potential energy, k is the spring constant, v
stands for the pulling velocity, ¢ means the time, 7 is the
direction of pulling, 7 and 7, is the instantaneous position
and the initial position of the SMD atoms, respectively
[24].

To obtain the reasonable parameters of PCV in this
work, a series of simulations with varied parameters were
performed and the results were checked carefully in order
to get a converged one. Once Systems I and II were built
up, we followed a three-step strategy: (i) first, we carried
out direct PCV simulation (k =2 kcal mol~! Afz, v
=0.25 A ps™') of the BMP-7 module close to the HAP sur-
face for each system. The external force was applied along
the c-axis of HAP and towards the HAP surface. This PCV
process accelerated the adsorption process of BMP-7 onto
the HAP surfaces; (ii) then, in both of the two systems, we
conducted an equilibrium MD simulation of 1 ns in search
of the most stable state of BMP-7 adsorbed without any
external force; (iii) third, based on the equilibrium struc-
ture, we conducted desorption PCV simulations to study
the desorption details. For System I, the spring constant
was set to be 100 kcal mol~' A~2 and the pulling velocity
was  0.65 A ps'!.  For System II, they were
100 kcal mol ™' A= and 0.25/0%ps*1, respectively. The
snapshots of PCV could be intercepted from the trajecto-
ries by the molecular graphics package VMD [25].

Results and discussion
Equilibrium adsorption

The MD simulation is essential to achieve an equilib-
rium state, and generally the potential energy of biomole-
cule was used to judge whether the system achieves
equilibrium or not. To describe the adsorption states, the
potential energy of biomolecule was extracted individually
from the simulation systems [12,26]. It was defined as Eq
= Eiot — Exin, Where E, is the potential energy, Ei is the
total energy, and Ey;, is the kinetic energy of the protein.
Fig. 1 illustrates the potential energy of BMP-7 with
respect to MD simulation time for both systems (Systems
I and II). One could notice that the energy curves of both
systems fluctuate slightly after 700 ps. It indicates that only
minor local change may occur for the protein during the
last 300 ps. The results of MD simulation show that the
systems have reached steady adsorption states, and the
time of 1 ns is long enough for BMP-7 to relax and adsorb
onto the HAP surface. There is a difference in potential
energy for Systems I and II, this phenomenon provides a
strong basis for future BMP-7 potential energy-adsorption
studies. The z-coordinates of adsorption groups also show

that these two systems have reached equilibration (Fig. 2).
The distance between these adsorption groups and the
HAP surface keeps less than 5 A, which means the protein
BMP-7 adsorbed on the HAP surface steadily (convention-
ally, 5 A is taken as the upper limit being adsorbed for the
contact distance to the surface [12]). During 1 ns MD sim-
ulation, the adsorption groups in both systems grasp the
HAP surface like claws, while the remaining parts are
dynamic in aqueous media.

Desorption from two category interfaces (Systems I and II)

After 1 ns MD simulation, without any disturbances
applied to the BMP-7 and HAP, an equilibrium state was
relegated to the PCV (SMD) simulation as the starting
state. A PCV simulation was conducted to make the pro-
tein BMP-7 apart from the HAP surface along the c-axis
of HAP. During PCV simulation, all the atoms of HAP
crystal were fixed and an external force was applied uni-
formly to every atom in the backbone of BMP-7 to keep
BMP-7 moving at a constant velocity. As to the water mol-
ecules, they all moved freely under periodic boundary con-
ditions. The force changes with respect to time were
recorded through the PCV simulation.

System 1

For System I, we observed that the adsorption occurs at
the COO™ group. The driving force comes mainly from the
electrostatic attraction presented between the adsorption
groups and the Cal cations on the HAP surface. When
an external force exists, the adsorption groups will be
mainly influenced by two types of forces: the electrostatic
force mentioned above and the external force we applied.
If the external force exceeds the other one, the residue
would begin to be desorbed from the HAP surface, as
shown in Fig. 3A. At the beginning of PCV simulation,
the protein BMP-7 distorts in order to maintain its struc-
tural integrity and to resist against the external force. With
the disturbance, the BMP-7 was compelled to deform and
many weak intramolecular interactions were broken down.
This is why there is a sharp climbing peak 8638 pN at
7.2 ps, as shown in Fig. 3C. With the time passing by,
the external force applied to BMP-7 makes the COO™
group of Glu42 (a;) break away from the HAP surface.
This is corresponding to the second peak in Fig. 3C. The
time is 14.2 ps, and the force is 5517 pN. The z-coordinate
(distance to the HAP surface) of the C atom of COO™
[Glu42 (a;)] apparently illustrates this desorption process.
At the beginning, this group keeps less than 5 A from the
HAP surface. While, from 14.2 ps, the distance increases
sharply, this indicates that the COO™ [Glu42 (a;)] begins
to be desorbed from the HAP surface. At 19.2 ps, there is
a peak 3523 pN in Fig. 3C, which is because of the desorp-
tion of the COO™ [Aspl19 (a,)], also as shown in Fig. 3A.
Similarly, the desorption of the COO™ [Glu60 (a3)] results
in the peak of 4859 pN at 262ps. The COO
[Asp54 (a4)] escapes from the surface of HAP, thus a
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Fig. 2. (Left) BMP-7 adsorbed on the HAP (001) surfaces after 1 ns MD runs, the labeled residues are the adsorption sites of BMP-7. (A) on System I, the
charged carboxylate groups of Glu42 (a;), Aspl19 (a;), Glu60 (a3) and Asp54 (a4), and (B;) on System II, the amido functional groups of Argl34 (b,),
Argl29 (by) and Lys127 (bs). (Right) Distances (z-coordinates) between the adsorbed atoms of protein BMP-7 to the HAP (001) surface in the c-axis with

respect to MD run time. (A;) on System I, and (B,) on System II.

corresponding peak of 3495 pN is observed at 33.6 ps.
Fig. 3B illustrates the interaction energy between BMP-7
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Fig. 3. (A) Distances (z-coordinates) between the adsorbed carboxylate
atoms of protein BMP-7 to the HAP (001) surface in the c-axis with
respect to PCV time. (B) Interaction energy between BMP-7 and the HAP
surface with respect to PCV simulation time. (C) Pulling forces with
respect to PCV time, starting from the MD equilibrium configuration of
the System I. The virtual spring between the dummy atoms and the SMD
atoms has a spring constant of 100 kcal mol ™! A2, and the protein BMP-
7 was pulled at 0.65 A ps~! using a time step of 2 fs.

and the HAP surface during the PCV simulation. These
groups are able to resist the disturbance during the whole
simulation, which indicates a strong interaction between
them. It should be pointed out that the carboxylate groups
could be adsorbed on HAP firmly, but it does not mean
that every carboxylate group could be adsorbed effectively
[15], and the desorption sequence does not only depend on
the distance of the adsorption groups to the HAP surface.
In other words, the location of the carboxylate groups is an
important factor. It is easy to notice that there are many
small peaks in the force-time curve. They may be caused
by the disturbance of water molecules during the moving
of BMP-7.

System 11

Comparing with the System I, the adsorption group in
this system is NH,/NH,*. Fig. 4C shows the plots of the
external force as a function of PCV time for System II.
There is a sharp force peak 6374 pN presented at 7.4 ps.
This peak is caused by not only the deformation of
BMP-7, but also the breaking down of the intermolecular
H-bonds, which formed between NH, group in Argl34
(by) and the oxygen atom of PO,*~ on the HAP surface
(Fig. 4A). Generally, the H-bond should be in the form
of X—H-Y, and the following three conditions should be
simultaneously fulfilled [27,28]. (1) The distance between
H-Y is less than 2.45 A; (2) The distance between XY
is shorter than 3.6 A; and (3) The bond angle between



H. Zhou et al. | Biochemical and Biophysical Research Communications 361 (2007) 91-96 95

- MM
@« o o

z-coodinate
(Angstrom)

o o o

N
o
=]

400 [

@
o
=1

Interaction energy
(kcal/mol)
g

-1000

© ; ]
5§z 3 ]
= 2 3 A -
[=% AN N M A\ ~ N

D5 0 Yo J\"\f VARV VLY W \ Vil \'\.V," WM ]
% = -2 4
-4 -

= C
0 1 1 . I 1 L 17
30 40 50 60 70

Time (ps)

Fig. 4. (A) Distances (z-coordinates) between the adsorbed amido atoms
of protein BMP-7 to the HAP (001) surface in the c-axis with respect to
PCV time. (B) Interaction energy between BMP-7 and the HAP surface
with respect to PCV simulation time. (C) Pulling forces with respect to
PCV time, starting from the MD equilibrium configuration of the System
II. The virtual spring between the dummy atoms and the SMD atoms has
a spring constant of 100 kcal mol ™! A2 and the protein BMP-7 was
pulled at 0.25 A ps~! using a time step of 2 fs.

X-H and H+Y directions, 0, must be larger than 150°. For
the H-bond between the NH, [Argl34 (b;)] and the PO,*,
the distance ofo H-O is 1.665 A, and the distance between
N0 is 2.603 A. The bond angle 0 is about 156°. Similarly,
at 15.6 ps, the intermolecular H-bond between NH,
[Argl29 (by)] and the O atom of PO,*~ is broken down
(Fig. 4A), which corresponds to the force peak 2637 pN
(Fig. 4C). And at 24.8 ps, with a force peak 1944 pN
(Fig. 4C), the intermolecular H-bond of NH,* in Lys127
(bs) is broken down (Fig. 4A). We noticed that this group
(NH,™) is the last one to be desorbed from the HAP sur-
face. This is because there are three H atoms connected
to the N atom with different orientations, and these three
H atoms could form H-bond alternately. Therefore, the
adsorption time of Lys127 (bsz) is much longer than that
of NH, group discussed above. And it prolongs the desorp-
tion time of this group. Similarly, Fig. 4B illustrates the
interaction energy between BMP-7 and the HAP surface
during the PCV simulation. There is a sharp declining force
peak before 3.2 ps in Fig. 4C. The reasons for this abnor-
mal peak are not yet clarified.

Comparison of carboxylate and amido adsorption sites

On the basis of this comparative study, it was suggested
that the adsorption mechanism of BMP-7 onto the HAP
surface is largely related to the Ca/P molar ratios of the
surface. System I is rich in positive charged Cal cations.
The adsorption originates from the electrostatic attractive
force between the binding groups of charged carboxylate
in BMP-7 and these Cal cations. System II is lack of

Cal cations on the HAP surface. The adsorption is caused
by the intermolecular H-bonds between the adsorption
groups and the phosphate on the HAP surface. Figs. 3
and 4C illustrate that the adsorptive force of System I is
generally larger than that of System II, because the electro-
static force is strong interaction while H-bond is relatively
weak one. So it is feasible to design and modify the adsorp-
tion materials according to the special configurations of the
proteins, and it is expected that the proteins will be selec-
tively adsorbed and separated based on the corresponding
adsorption mechanism.

We would like to point out that during the process of
protein adsorbing/desorbing on the HAP surface, the pH
value might be one of the sensitive factors. The surface
charge of protein could be adjusted with the pH value of
aqueous solution, which leads to the transformation
between COO /COOH or NH,/NH;" in proteins.

Conclusion

The adsorption sites and the adsorption mechanism of
BMP-7 (one of the bone morphogenetic proteins, BMPs)
onto the hydroxyapatite (HAP) surfaces were investigated
from atomic level. It is reported that the Ca/P ratios on
the HAP surface have great contribution to the adsorption
of proteins onto the HAP. In this work, two extreme HAP
surfaces were discussed. System I represents the surface
sliced only including the Cal cations, while System II rep-
resents the surface sliced including Ca2 and phosphate
ions. It is found that the adsorption sites might be divided
into two categories: COO™ and NH,/NH,". Both of them
play an important role in the adsorption of BMP-7 on the
HAP surfaces. However, their adsorption mechanisms are
greatly different. For COO™, the adsorptive interaction is
the electrostatic attractive force presented between the car-
boxylate group and Cal cations on the HAP surface. But
for NH,/NH,*, the major adsorptive interaction is the
intermolecular H-bonds between the N-containing group
and the phosphate on the HAP surface. These adsorption
details may provide helpful insights to biomaterials science
and medical fields, such as biomineralization, bone forma-
tion and growth, separation and purification of proteins,
and implant drug device.
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