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ABSTRACT. Bone and dentin biomineralization are well-regulated processes mediated by extracellular matrix
proteins. It is widely believed that specific matrix proteins in these tissues modulate nucleation of apatite
nanoparticles and their growth into micrometer-sized crystals via molecular recognition at the-protein
mineral interface. However, this assumption has been supported only circumstantially, and the exact
mechanism remains unknown. Dentin matrix protein 1 (DMP1) is an acidic matrix protein, present in the
mineralized matrix of bone and dentin. In this study, we have demonstrated using synchrotron small-
angle X-ray scattering that DMP1 in solution can undergo oligomerization and temporarily stabilize the
newly formed calcium phosphate nanopatrticle precursors by sequestering them and preventing their further
aggregation and precipitation. The solution structure represents the first low-resolution structural information
for DMP1. Atomic force microscopy and transmission electron microscopy studies further confirmed that
the nascent calcium phosphate nuclei formed in solution were assembled into ordered-pnaienal
complexes with the aid of oligomerized DMP1, recombinant and native. This study reveals a novel
mechanism by which DMP1 might facilitate initiation of mineral nucleation at specific sites during bone
and dentin mineralization and prevent spontaneous calcium phosphate precipitation in areas in which
mineralization is not desirable.

Mineralized tissues such as bone and dentin are unique(6—8). Although the exact mechanism remains unknown, it
biocomposites of a structured organic matrix impregnated is postulated that kinetic control of biomineral crystallization
with matrix-oriented carbonated apatite crystal3. (The is achieved by interactions between mineral nuclei and
rigidity and compressive strength of bone and dentin are soluble or immobilized acidic proteins. Atomic force mi-
directly dependent upon temporally and spatially controlled croscopy indicates that proteins extracted from calcite or
mineral nucleation and hierarchically assembled magjx ( aragonite-containing layers of the abalone shell bind to
3). It is well-known that biological fluids are metastable or growth sides on well-defined calcium carbonate crystal
supersaturated with respect to calcium salts; i.e., they aresurfaces and influence the kinetics of crystal growth from
below the level of saturation needed for spontaneous solution Q). This protein-mineral interaction might be an
precipitation but are well above the level of saturation to essential strategy used by organisms for precipitation of the
support crystal growth after the initial nucleus has formed desired polymorph, controlling the structure and composition
(4, 5). Therefore, a driving force is required to lower the of the nuclei, particle size, texture, habit, and stability of
activation energy of nucleation and formation of thermody- intermediate phases. However, our knowledge of the protein-
namically stable hydroxyapatite nanocrystals. Compelling in mediated mineralization process at the early stages of crystal
vitro and in vivo data provide evidence that bone and dentin nucleation and growth is limited, and the molecular interac-
specific noncollagenous proteins play a critical role in the tions at the proteirmineral interface remain poorly under-
initiation and growth of the calcium phosphate mineral phase stood.

Dentin matrix protein 1 (DMPZ2)is an acidic noncollag-
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Circular dichroism analysis has shown that recombinant resulted in identical SAXS results, and therefore, DMP1 at
DMP1 exists as a random coil with no distinct fold6]. a concentration of ag/mL was used for further experiments.
However, once calcium binds, the C-terminal domain adopts BSA (bovine serum albumin) was used as a control.
a f-sheet secondary structure and gradually self-assembles Calcium binding experiments were performed in situ in
into oligomers and microfibrils7). Self-assembly motifs  time-lapse mode. To check for radiation damage, the data
were also identified in DMP1, and these peptides were shownwere collected in 15 successive frames (1 min), and only
to promote the preferred orientation of the nucleated hy- the time frames in which the data remained unchanged (i.e.,
droxyapatite 7). protein was stable against beam radiation) were used for
In biomineralization systems, uninhibited mineral precipi- further analysis. The data were normalized and processed,
tation would override the well-regulated nucleating function and the scattering of the corresponding buffer was subtracted.
of anionic proteins and impair the complex textures and The relative scattering intensity was examined from the aged
morphologies of bone and dentin crystals. Therefore, in this solution containing 10 mM HEPES, 165 mM NaCl, 2.5 mM
study, small-angle X-ray scattering (SAXS) has been used CaCb, 1 mM KH,PQ,, and 0.5ug/uL DMP1 which was
to characterize the process of nascent calcium phosphaténcubated at 37C for 1 month. Buffers without DMP1 were
nucleus formation in solution and spatially controlled mineral examined simultaneously and served as a control.
deposition mediated by DMP1. SAXS data were also used Data Evaluation. The experimental SAXS data for all
to generate low-resolution models of DMP1 in the presence samples were linear in a Guinier plot in the lauregion.
and absence of calcium. Atomic force microscopy (AFM) The forward scattering(0) and the radius of gyratioRy
and transmission electron microscopy (TEM) studies further were calculated by the Guinier approximatioh8) and
confirmed that the nascent calcium phosphate nuclei formedindirect Fourier transform generated by GNOWBY. This
in solution were assembled into ordered protaimineral program was also used to compute the pair-distance distribu-
complexes with the aid of oligomerized DMP1, both tion functionsp(r) of the particles. The molecular masses of
recombinant and native. AFM could be used to image the the solutes were calculated using a BSA solution as a
nanometer-sized assembly of DMP1 in the presence ofstandard Z0).
calcium. Understanding the early stages of mineral nucleation ~Ab Initio Modeling Low-resolution models were generated
from a supersaturated calcium phosphate solution in theby the ab initio program GASBOR. GASBOR searches a
presence of DMP1 should shed light on calcification mech- chain-compatible spatial resolution of an exact number of

anisms. dummy residues (DRs), which correspond to thee @&oms
of protein amino acids, and uses simulated annealing to build
MATERIALS AND METHODS a locally “chain-compatible” DR model inside the same

o ) search volume 21). The DR modeling is able to better
Purification of Recombinant DMPDMP1 was expressed  5006unt for the internal structure and generally provide
recombinantly and purified as described previoudiy)( models more detailed than those given by the shape deter-
Preparation of Protein Samples for SAXBurified re-  mination algorithms. For each protein with and without
combinant DMP1 solutions were prepared at concentrationsca|cjum, results from at least 10 separate runs were averaged
of 2 and 5 mg/mL in 10 mM HEPES and 165 mM NaCl py DAMAVER (22) to construct the average model repre-
(pH 7.4). To evaluate the calcium binding properties of senting the general structural features of all the reconstruc-

DMP1, the protein solution was mixed Wwi2 M CaC} at a tions.
final concentration of 5 mM Ca using a stopped-flow Atomic Force Microscopy AnalyseAFM imaging was
apparatus. Immediately prior to measurement, the proteinyged to analyze the self-assembly process of DMP1 in the
samples were filtered through a Millipore membrane (0.2 presence of calcium. The AFM imaging technique was used.
um pore size). DMP1 [5ug/mL in 10 mM HEPES, 165 mM NacCl, and 2.5
SAXS ExperimentSynchrotron SAXS experiments were  mM CaCb (pH 7.4)] was incubated at room temperature
performed at the Synchroton Radiation Facility, Advanced overnight. DMP1 solution (1@L) was then deposited onto
Photon System, Argonne National Laboratory (Argonne, IL), a freshly cleaved muscovite form of mica surface (grade V).
on beamline in sector 15-ID-D at ChemMatCARS. The After the sample was adsorbed (10 min), the surface was
wavelength used for this experiment was 8.00 keV, from a washed with Nanopure water and air-dried. The sample
tunable source that produces tunable radiation3®keV). adsorbed on the mica surface was scanned using AFM
The X-ray beam was monochromated with a double-crystal, (Nanoscope lll, Digital Instruments) in the tapping mode,
diamond monochromator with a resolution of 1@&g/E and the instrument equipped with a D-scanner (scan range of 12
from the monochromator passed through a double-bounceym x 12 um). Silicon cantilevers (model RTESP from
mirror system with 1:1 focusing with an approximate X-ray Veeco Instruments) were used for all measurements.
source-to-sample distance €60 m. The focusing distance Samples were also prepared in pseudophysiological buffer
was ~30 m. The distance from the camera to the sample [10 mM HEPES, 165 mM NaCl, 2.5 mM Cagll mM
was 1870 mm, and the X-ray beam size in the vertical KH,PQ,, and 0.5ug/mL DMP1 (pH 7.4)], incubated at 37
direction was~150 um (focused), and~400 um in the °C overnight, and subjected to AFM analysis as described
horizontal. The instrument was equipped with a Bruker 6000 above. Data were collected as topographic and phase images,
CCD detector (130 mm diameter, 8fn pixel size, 1024x where the latter is a convolution of topography and-tip
1024 pixels), and samples were mounted in quartz capillariessample interactions.
(1.5 mm). Transmission Electron Microscopy Analysisor TEM
DMP1 solution was placed in a capillary tube for analysis. analysis, DMP1 (sg/mL) was incubated overnight with the
Variations in DMP1 concentration (from 2 to &g/mL) same buffer used for AFM [10 mM HEPES, 165 mM NaCl,
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5 mM CaC}, and 2 mM KHPO; (pH 7.4)] at 37°C. Carbon a 012 T omr o
formavar-coated nickel grids were floated on a drop of this o ~ - -DMP1 (sCa)
solution (10 min) and washed (three times) with Nanopure ‘ T PMPT (reaydimer
water. The grids were air-dried and imaged by high-
resolution TEM (JEOL 3010). To increase image contrast,
the grids were negatively stained with 1% uranyl acid (1
min) and examined by TEM (JEM 1220). The identical
experimental setup with the same concentration of BSA or
solutions without protein served as controls.

Precipitation of DMP1 by CalciuniThe precipitation assay
(23) was conducted by preparing a buffer solution [10 mM M 5 10 15 20
HEPES, 165 mM NaG] 5 mM CaC}, 2 mM KH.PO, (pH R (nm)

7.4), and 1 mCi/L*CaCl] and adding DMP1 to a final
concentration of 5 or kg/mL. Identical solutions of BSA

were prepared in parallel as controls along with solutions w

that did not contain DMP1. The solutions were incubated at

37°C, and at each time point, aliquots (D) were removed

and centrifuged at 160@Gor 5 min and the radioactivity in
the supernatant was quantified using a liquid scintillation
counter. Measurements were performed in triplicate samples

and the radioactivities averaged and converted to calcium M1 (rCadimer

concentration. Ficure 1: Structural analysis of DMP1 as deduced from small-
angle X-ray scattering experiments. Changes in distance distribution
functionp(r) plots of DMP1 in the presence and absence of calcium
ions as computed from time-resolved X-ray scattering patterns (a)

. . and the corresponding low-resolution models determined using
Solution Structure of DMP1 in the Absence and Presence gasgor (b). Calcium binding increased tBgayand led to DMP1

of Calcium.Guinier curves provide the radius of gyration dimerization after calcium treatment for 3 min. The) function
(Ry), defined as the root-mean-square distance (rmsd) of allintensity is reported in arbitrary units.
atoms from their common center of mass. TRgcan be

used to evaluate the overall shape of a scattering moleculepe 11.6, 13.8, and 20 nm, respectively (Figure 1a), implying
On the basis of Guinier plot analyses and indirect Fourier that the process of dimer formation may be divided into
transformation analysislg), the radius of gyrationRg) of substates. Thus, the apparent molecular mass and radius of
DMP1 in solution was found to be 3.3 0.01 nm. Onthe  gyration values obtained from SAXS data suggest that DMP1

basis of the intensity at the origin(D)] calculations, the  could undergo oligomerization in solution and form elongated
apparent molecular mass of the DMP1 backbone was dimers within 3 min of calcium binding.

determined to be 51 kDa, which is in good agreement with  Ap |nitio Models of DMP1 in SolutioriTo gain further

the value predicted from its primary sequence (51 kDa).  insight into the molecular shape and self-assembly of DMP1
To determine the structural changes induced in DMP1 by in the presence of calcium, low-resolution protein structures
calcium (5 mM), time-resolved X-ray data were collected were generated by the ab initio program GASBOR, which
since SAXS is particularly sensitive to the formation of depicts protein models through the assembly of dummy
dimers and higher-order oligomers of biomolecules. After residues (DRs) and uses simulated annealing to build a
the introduction of calcium (1 min), no significant change locally chain-compatible DR model inside the same search
in the molecular mass implied that DMP1 maintained a volume @1). DR models are able to depict the internal
monomeric state in solution. However, the radius of gyration structure better and in more detail than those determined by
increased from 3.3% 0.01 to 3.73+ 0.01 nm. Dimerization the shape determination algorithm20). Typical ab initio
of the protein was observed 3 min following the introduction models of the partial constructs after repetitive ab initio runs
of calcium as the apparent molecular mass was twice thatfor each protein scattering file are displayed in Figure 1b.
calculated from the amino acid sequence. Correspondingly,From the low-resolution models, it appears that DMP1 adopts
the radius of gyration increased to 4.8%.01 nm, implying an elongated structure, but once calcium binds (within 1 min),
a higher-order organization of DMP1 with the addition of both theRy and Dmax increased. This first low-resolution
calcium and suggesting that the dimer is highly elongated. model depicts the molecular shape of DMP1 as an extended
These changes associated with the parameters describestructure at one end of the molecule with a compact globular
above were further supported by changes in the distancedomain at the other (Figure 1b). We have previously
distribution p(r) function computed from the experimental demonstrated that the C-terminus of DMP1 exhibits profound
data (Figure 1a). The(r) function plotted against interatomic  conformational changes upon calcium binding; i.e., the
distances within the DMP1 molecule yielded visual informa- conformation shifts from random coil f&-sheet 7). On the
tion about its shape2(). These results demonstrate that the basis of these data, the extended structure has been assigned
DMP1 molecule assumed an elongated shape based on thas the C-terminus and the globular structure as the N-
extended slope at longer distances, characteristic of elongatederminus of DMP1. Judging from the molecular mass derived
particles. The maximal particle dimensior3,) deduced from 1(0), we found DMP1 undergoes extensive dimerization
from a Guinier plot for DMP1 in the absence of Tand upon calcium binding after incubation for 3 min. This result
following calcium introduction (1 and 3 min) were found to is in good agreement with the generated low-resolution

DMP1 (-Ca) DMP1 (+Ca)

RESULTS
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Ficure 2: Self-assembly of DMP1 as tracked by AFM imaging in tapping mode. (A) Topographic image of the monomeric state of
recombinant DMP1. (A Line analysis of panel A (particle size;28.2+ 1.9 nm;n = 15). Images of oligomerized dentin in the presence

of 2.5 mM C&T after overnight incubation. (B) Topography (particle size varied from 66.63 to 113.6 nm). (C) Corresponding phase image.
(C) Line analysis of panel B. (D) Topographic image of the monomeric state of the 57 kDa COOH-terminal region of native DMP1

(particle size~15 nm). (E) Topographic image of oligomerization of the 57 kDa COOH-terminal region of native DMP1 in the presence

of 2.5 mM C&" after overnight incubation (particle size38 nm). All images were collected at a resolution of 54%12. Scale bars are
75 nm.

model, which appeared as elongated symmetric DRs, evenrepresents the first low-resolution structural information for
though no symmetry restriction®1) were set during the  DMP1 in the presence and absence of calcium.

annealing procedure. Such an elongated molecule accom- Characterization of Calcium-Induced DMP1 Self-
panying DMP1 dimerization can only be attained by C- AssemblyWe had demonstrated earlier that acidic peptides
terminally mediated interactions. Overall, the data processedlocated at the C-terminus of DMP1 could oligomerize and
by ab initio methods confirm that DMP1 forms a dimer in gradually form well-aligned microfibrils in the presence of
solution, yielding a symmetric two-domain structure. This calcium ). To further explore the mechanism involved
model is in good agreement with our earlier studifsand during the formation of this precursor phase, AFM was used



16144 Biochemistry, Vol. 44, No. 49, 2005 He et al.

Ficure 3: Assembly of calcium phosphate clusters in the presence of DMP1 tracked by AFM imaging. The formation of calcium phosphate
nuclei in pseudophysiological buffer and their aggregation resulted in large agglomerate formation and precipitation (a and b). Addition of
0.5ug/mL DMP1 promotes the assembly of a protemineral complex that is shaped as a nanored@0 nmx 20 nm) (c and d).

to monitor the self-assembly process of both recombinant clusters of all sizes were formed in solution under these
DMP1 and the 57 kDa fragment from the carboxyl terminus conditions with a high proportion of large aggregates (Figure
of native DMPL1 in the presence of calcium. Figure 2B shows 3a,b). These results confirm the assumption that physiological
that DMP1 can self-assemble into nanometer-sized clustersbuffer is supersaturated with respect to calcium phosphate
in the presence of calcium, while it remained monomeric in and can readily precipitate as calcium phosphate micro-
its absence (Figure 2A). The line scan in Figure’' 2A clusters 25). However, when DMP1 (M) was introduced
demonstrates that the heights of the particles ard Am into the physiological buffer and incubated (37 overnight),
and the diameter is’20 nm. These dimensions are in good the number of aggregates was reduced. In contrast, nanorods
agreement with the elongated monomer structure determinedwith dimensions of approximately 20 nm in diameter and
by SAXS in the absence of calcium. The aggregation of approximately 56-150 nm in length were observed under
DMP1 in the presence of calcium is shown in the line this particular condition. These nanorods are likely composed
analysis in Figure 2C Similar results were obtained with  of a protein-mineral complex (Figure 3c,d). TEM imaging
the 57 kDa proteolytic fragment from native DMP1 (Figure was used to confirm the structure of the nanoclusters. In this
2D,E). Phosphate analysis indicated that the 57 kDa fragmentexperiment, DMP1 (%g/mL) was introduced into a buffer
contained 41 phosphate24j, suggesting that both recom- [10 mM HEPES, 165 mM NaCl, 5 mM Cagland 2 mM
binant DMP1 and the native protein could undergo self- KH,PQ, (pH 7.4)] and incubated (37C overnight). We
assembly in the presence of calcium prior to the induction anticipated that with higher concentrations of DMP1 and
of biomineralization. The discrepancy observed in the size calcium and phosphate ions in solution, larger self-assembled
of the native protein and the recombinant protein is due to structures would form. TEM analysis with enhanced contrast
the folding pattern as recombinant proteins are folded by negative staining demonstrated the presence of protein
differently when compared with the native protein. Overall, microfibrils in solution (Figure 4a). Further examination
the AFM images support the SAXS data analysis and revealed that most of these protein fibrils were localized on
Interpretation. the surface and sequestered with calcium phosphate particles
To further understand the interaction between DMP1 and (Figure 4b,c). These particles were identified as hydroxy-
de novo calcium phosphate nanoclusters in solution, AFM apatite nanocrystals by the characteristic (002) electron
imaging was conducted in pseudophysiological buffer [10 diffraction pattern obtained from high-resolution TEM
mM HEPES, 165 mM NaCl, 2.5 mM Cagland 1 mM analysis, and selected area electron diffraction (SAED)
KH,PO, (pH 7.4)] in the presence and absence of DMP1. pattern depicted the preferredaxis growth (Figure 4d).
Results from an overnight incubation (3T) and in the Control experiments were also performed without DMP1
absence of DMP1 demonstrate that calcium phosphateunder identical conditions or with the same concentration
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FiGure 4: Characterization of formation of the DMPineral complex. TEM analysis demonstrates the presenceuaffaL DMP1

fibrils in buffer [10 mM HEPES, 165 mM NaCl, 5 mM Cagland 2 mM KHPO, (pH 7.4)] (a). Most of the fibrils were decorated with

mineral particles (b). At a higher magnification, mineral nuclei were observed to be trapped in the protein fibrils (c). The same sample was
analyzed by high-resolution TEM. The corresponding selected area diffraction pattern showed that the embedded minerals are hydroxyapatite
nanocrystals (d). No fibrils were observed in controls containing BS#Ag(EL) (or without protein). Only microscale hydroxyapatite was
precipitated in the control solutions (e). Insets (d and e) are the corresponding selected area diffraction patterns.

of bovine serum albumin. Under these conditions, no protein (2.5 mM) (Figure 5a). The addition of DMP1 significantly
fibril —apatite nanocrystal composites were apparent and theretarded the mineral precipitation process in solution,
morphology of apatite formed in BSA solution was similar especially noticeable during the first 3 h, when the calcium
to that of calcium phosphate crystals formed in its absence concentration of the supernatant was significantly higher than
which indicates that there is no specific surface recognition that of the control solution. This trend was found to be
between BSA and the mineral surface (Figure 4e). The concentration-dependent, with a higher retention capacity
buffering action of serum albumin might be due to its weak observed at 5 mg/mL DMP1 than at 1 mg/mL. Equilibrium
calcium binding property 26). These data are in good was reached withi 4 h at asupernatant concentration of
agreement with the previous report which shows serum approximately 2.5+ 0.1 mM for both. In this study, BSA
albumin as an apatite nucleation inhibit@if. Overall, these  that was used as a control also slowed the mineral deposition
results demonstrate that DMP1 can sequester high concentraprocess, but not as efficiently as DMP1. On the basis of these
tions of calcium phosphate nanoclusters with a high degreeresults, we postulate that DMP1 bound newly formed calcium
of specificity and molecular recognition mechanisms. We phosphate nuclei in solution with high avidity and thus
hypothesize that during mineralized matrix formation these inhibited the instantaneous precipitation of calcium phos-
preassembled nanophase precursors, containing organighate. To quantitate the amount of calcium phosphate
molecules, might be necessary for ordered mineral deposi-stabilized by DMP1 in solution, pseudophysiological buffers
tion. This observation correlates well with a recent report (165 mM NaCl, 10 mM HEPES, 2.5 mM CaChnd 1 mM
that states “nanoparticle precursors offer a rich and control- KH,PQ,) were incubated (37C) in the presence or absence
lable source material for biomineralizatioriza). of DMP1 (O_Slug/mL) for 1 month. The supernatant was
DMP1 Regulates Calcium Phosphate Precipitation from analyzed by SAXS. The scattering intensity of the DMP1-
a Supersaturated Solutiomitial stages in the formation of ~ containing calcium phosphate solution is significantly higher
a biomineral require the presence of an organized template than that of the solution without DMP1 (Figure 5b). By
To characterize this early event, the mineral precipitation subtracting the scattering contribution of the DMP1 from
assay was conducted as previously describ2g). (A the background, we could determine the scattering intensity
supersaturated solution (10 mM HEPES, 165 mM NacCl, 5 from the total calcium phosphate clusters. The results from
mM CaCb, 2 mM KH,PQ,, and 1 mCi/L*CaCl) in the the time-resolved calcium phosphate precipitation assay
presence of varying DMP1 concentrations or BSA, or without showed that the addition of DMP1 could significantly lower
additives, was monitored until the solution reached equilib- the rate of calcium phosphate precipitation from a super-
rium. In the absence of additives, mineral deposition was saturated solution when compared to the control. SAXS
spontaneous when calcium and phosphate solutions wereexperiments were also conducted in the lo@grange
mixed together. Equilibrium was attained with8 h with a (0.0013-0.068 A1), Supersaturated calcium phosphate
final calcium concentration (2.2 0.1 mM) in the super-  buffer was prepared instantaneously with or without DMP1
natant, a concentration lower than that found in body fluids (5 xg/mL) and monitored in a time-lapse manner. Results
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Ficure 5: DMP1 can inhibit spontaneous mineral precipitation by tethering calcium phosphate nuclei. The calcium phosphate precipitation
assay showed that DMP1 can temporarily inhibit spontaneous calcium phosphate precipitation from a supersaturated calcium phosphate

solution (a). Note that BSA also promotes calcium homeostasis

but not as efficiently as DMP1. (b) SAXS analysis indicated that the

scattering intensity is higher in a buffer [10 mM HEPES, 165 mM NaCl, 5 mM ga®@d 2 mM KHPO, (pH 7.4)] containing 0.5«g/mL
DMP1 than in the absence of DMP1 after incubation for 1 month, which suggests that a greater number of calcium phosphate nanoclusters

were present in the DMP1-containing solution than in the control.

demonstrate that calcium phosphate nanoparticles formed The initial step in the fabrication of biominerals is the
rapidly within 1 min and stabilized within 20 min. However, formation of an organized reaction milieu suitable for
in the presence of DMP1, we observed a marked retardationmineralization. Since soluble macromolecules can influence
of calcium phosphate precipitation as nanoparticles, and thecrystal habit, we first determined the molecular shape of
kinetics was slower as indicated by the scattering intensity DMP1 in solution and in the presence of calcium using
(Figure 7). Thus, SAXS data confirmed that DMP1 could SAXS. SAXS in conjunction with data analysis software is
sequester and stabilize calcium phosphate clusters formedan excellent tool for characterizing the conformational states
de novo and that these proteimineral complexes were of macromolecules and the growth of nanoparticles in
suspended as nanoclusters in solution. solution @Q). This technique can be further exploited to
characterize the protein folding process and generate low-
DISCUSSION resolution protein structures in ambient solutio26)(

In biomineralization systems such as bone and dentin, In this study, DMP1 was shown to undergo conformational
uninhibited mineral precipitation from a supersaturated changes and extensive dimerization upon calcium binding
solution would override the well-regulated nucleating func- as revealed by the increase R values. The dimerization
tion of anionic proteins and impair the fine texture of bone may be initiated by conformational changes from a random
crystals. Such a scenario would literally drain the extra- coil to g-sheet structures and are likely formed by the
cellular fluid of its calcium and phosphate content. Therefore, intermolecular assembly of two C-terminal domains. Pre-
a mechanism for preventing the spontaneous formation of sumably, binding of calcium to phosphate and carboxyl
calcium phosphate nuclei and subsequent precipitation isgroups on DMP1 weakens the mutual repulsion of negatively
required. Currently, the mechanism of harnessing spontane-charged domains and permits formatiorfesheets. Similar
ous mineral precipitation has been largely ignored. calcium-induced oligomers were formed when specific acidic



Self-Assembly of Dentin Matrix Protein 1 Biochemistry, Vol. 44, No. 49, 20096147

Dual functional roles of DMP1:
Prevent spontaneous mineral precipitation and promote controlled mineral nucleation

CaP binding sites

r_H [y l
! S CaP dusters are stabilized
ollagen binding sites by self-assembled DMP1
in solution and possess
5 spedfic affinity toward
the gap region of the
collagen matrix

CaP nanoclusters are spontaneously
formed in supersaturated solution

CaP clusters Temporarily
o OO __DmP1 Stabilize CaP
O ® e O in the solution
Target to the matrix
C@ Collagen matrix
Spontaneous

mineral precipitation  controlled biomineralization

Ficure 6: Proposed model for the dual functional role of DMP1. On the basis of experimental data, the model demonstrates that DMP1
can inhibit spontaneous mineral precipitation and promote controlled mineral nucleation on a collagenous té#plate (
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mineral complex. Therefore, this negatively charged fibril 2w
forms a stable structure by binding with calcium phosphate 100000 F

nanoparticles and protects the nascent mineral nuclei from £

further growth and precipitation. Specific recognition be- 10000}

tween DMP1 and the apatite surface might be necessary for ¥t

the molecular construction of discrete nanoparticle precur- "z
sors. Such a molecular recognition mechanism could aid in

1.000

1) (em)

the controlled growth of the nuclei with crystallographic :
orientation that could play a vital role in controlled bone o0k
and dentin calcification. Similar mechanisms have been
proposed for the sequestration of calcium phosphate by ooet o

casein phosphopeptide29). “owy

The radius of gyration measurement demonstrates thatFGURE 7f3 EXpe”Te”ttaé ti"reﬂapsﬁ Smﬁ”{a%glfef XH%y S&aﬁéﬁné’s
: P : curves of supersaturated calcium phosphate buffer [10 m ,
DMP1 could undergo oligomerization in solution and form 165 mM NaCl, 5 mM CaGl and 2 mM KHPO; (pH 7.4)] with

elongated dimers in the presence of calcium. The low- ang without 5ug/mL DMP1. Experiments were conducted in the
resolution model obtained in the presence of calcium depictsiong Q range (0.00130.068 Al). Note that fewer calcium

a dumbbell-shaped structure with two elongated C-terminal phosphate nanoparticles are formed and the kinetics is retarded as
domains wound together and the globular N-terminus located indicated by the scattering intensity.

at both ends. This extended domain was assignedslzeet

conformation, on the basis of our previous study. (The Further, this study demonstrated that spontaneous precipi-
formation of an elongated molecule could only be brought tation of calcium phosphate particles from a supersaturated
about by the tandem arrangement of the monomers in suchsolution was found to be slower in the presence of DMP1.
a way that dimerization is facilitated by the C-terminal Thus, DMP1 could sequester and stabilize newly formed
domain. The oligomerization property of DMP1 might be calcium phosphate clusters. During biomineralization, osteo-
essential for the formation of ordered templates for binding blasts and odontoblasts, the principal cells in bone and dentin
calcium phosphate nanoparticles. formation, actively transport calcium ions toward the site of
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mineral formation, thereby forming high calcium concentra-
tions at the mineralization fron3Q). On the basis of our
studies, we speculate that after DMP1 is synthesized and

11.

secreted by the osteoblasts or odontoblasts, it sequesters

calcium phosphate nanoparticles and prevents the precipita-

tion of these salts in the serum. Thus, DMP1 could serve
dual roles during bone and dentin formation: crystal growth
inhibition and prevention of further calcium phosphate
nucleus growth by stabilizing these nanoclusters and at the
same time promoting controlled mineral nucleation when
immobilized specifically on a self-assembled collagen tem-
plate (Figure 6).

CONCLUSION

This study suggests that the formation of calcified tissues
is a highly regulated process. To achieve a hierarchically
ordered mineralized texture, at least two regulatory mech-
anisms are required: (1) initiation of apatite nucleation at
specific sites on the collagen fibril (2) prevention of
uninhibited crystal growth and formation in areas in which
mineralization is not desirable. We have demonstrated that
macromolecules such as DMP1 present in the organic matrix
can undergo conformational change and form a pre-organized
template. The initiation of apatite nucleation is highly
dependent upon the formation of a pre-organized template
and molecular recognition functions. Knowledge of such
mechanistic approaches would be useful in studying calci-
fication mechanisms.
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