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Abstract: Cementum protein 1 (CEMP1) has been reported to be cementum specific 

and it plays a role in the properties and structure of cementum mineralization. This study was 

carried out to test the hypothesis that, CEMP1 had the capacity to guide ordered HA 

formation as it accumulated at targeting site. Crystals induced by protein were prepared by 

biomimetic method. The effects of CEMP1 concentrations (0~100 たg/ml) on the rate of 

calcium phosphate precipitation was monitored during 48 hours, while the formed mineral 

phases were assessed utilizing transmission electron microscope (TEM), selected area 

electron diffraction (SAED), X-ray diffraction (XRD), and Fourier transform infrared 

spectroscopy (FTIR). The results showed that rhCEMP1 affected the crystal nucleation and 

growth. At lower rhCEMP1 concentrations (0~50 たg/ml), limited mineral formation 

occurred and only small bundles of HA crystals were found. However, with 100 たg/ml of 

rhCEMP1, a predominance of organized linear needle-like HA crystals were observed. FTIR 

revealed the characteristic bands of HA appearing at 1106 cm−1, 557cm−1, and 598 cm−1. 

Therefore, increasing the concentration of rhCEMP1 can lead to the formation of ordered 

bundles of HA crystals in vitro. 
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1. Introduction 

Periodontitis is a major cause for tooth loss in adults. Periodontia reconstruction 

based on infection control is the key solution to periodontal treatment. 

However, studies on Periodontia reconstruction have been hampered by the 

difficulties of cementum regeneration. Cementum represents a unique avascular mineralized 

connective tissue that covers the root surfaces of the teeth. It provides the interface through 

which the root surface is anchored to the collagen Sharpey’s fibers of the periodontal 

ligament.  Nevertheless, the complex processes that regulate cementogenesis and normal 

cementum metabolism remain unclear to date. Cementum is supposed to possesses unique 

molecules which induce it to form a calcified tissue that differs from bone. Cementum 

protein 1 (CEMP1) is a cementum-specific marker. In vitro experiments showed that 

CEMP1 promoted cell attachment, differentiation, deposition rate, and affected the 

composition, and morphology of hydroxyapatite (HA) crystals formed by human 

cementoblast cells [1][2][3]. Since CEMP1 is synthesized by cementoblast cells and a 

restricted periodontal ligament cell subpopulation (cementoblast precursors), which suggests 

that this molecule is a cementum-specific biological marker and it may play a role as 

regulator of cell differentiation into a mineralizing cell phenotype [4]. Although the 

physiological function of CEMP1 is not completely understood, it is believed that this 

molecule plays an important role during the cementogenesis process and also as an inducer 

of the formation of mineralizing nodules and calcium deposition during the HA formation[5]. 

The process of mineralization in cementum is regulated and controlled spatially and 

temporarily by the  extra-cellular macro-molecules synthesis by cementoblasts to form bio-

composite structures [6]. These observations suggest that CEMP1 may play a regulatory role 

during the cementum formation and the bio-mineralization process. 



The adsorption rate of protein is correlated oppositely with the HA crystallinity, that 

is, release kinetics of protein from HA depends on the crystallinity of HA. Amorphous 

calcium phosphate (ACP) had the highest release rate at 74%, whereas only 15% of proteins 

were released from the highly crystalline HA over 14-day [7]. ACP phases are one of the 

most frequent forms of CaP minerals in biological organisms [8]. In addition, ACP is found 

in several composite materials used in odontology as a remineralising phase for enamel and 

dentine, and its inclusion in toothpaste formulations as a remineralising agent for early 

carious lesions has been proposed. In the present study, we confirm that this protein 

promotes HA crystal nucleation in vitro through a concentration dependent manner. We 

anticipate that these studies will improve the knowledge of the relationship between 

recombinant protein and the crystalline of calcium phosphate and lead to the development of 

novel protein loading calcium phosphate material for dental tissue repair and regeneration. 

2. Materials and methods 

2.1. Expression and purification of CEMP1 

The open reading frame of CEMP1 was obtained from PubMed (GenBank Accession 

No. NP_001041677), the protein coding sequence was optimized by Codon Adaptation Tool 

(http://www.jcat.de/). The optimized coding sequence was synthesized (Invitrogen) and then 

subcloned into the pENTR/SD/D vector (Invitrogen) and the resultant pENTR/SD/D-

CEMP1 cDNA construct ligated into a pET-28a (+) vector pET-28a-CEMP1. Then the 

plasmid was sequenced ligated into a pET-28a (+) vector pET-28a-CEMP1. Then the 

plasmid was sequenced to confirm the insertion of CEMP1. The plasmid was introduced into 

BL21 (DE3) expression host Escherichia coli strain (Invitrogen). E. coli BL21 (DE3) 

containing pET-28a-CEMP1 construction was grown at 37 °C in Luria-Bertani medium 

containing 100 たg/ml kanamycin to an O.D. of 0.4 at 600 nm. Then IPTG (isopropyl く-D-

thiogalactoside) was added to a final concentration of 1mM and continued to be grown at 



28 °C for 3 h. Recombinant human CEMP1 protein collected from conditioned media was 

purified by Ni-NTA His•Bind® Resin (Novagen). Determination of protein purity was 

performed by 12% SDS-PAGE and Western blotting. 

2.2. Western blot analysis 

Recombinant human CEMP1 (10 たg) was separated by 12% SDS–PAGE and 

electroblotted onto Inmobilon-P (PVDF) nitrocellulose membrane (Millipore). Anti-

rhCEMP1 polyclonal antibody was used to specifically identify the CEMP1 gene product. 

Peroxidase-conjugated goat anti-rabbit IgG was used and secondary antibody and detection 

was performed.  

2.3. Cell culture 

Human periodontal ligament cells (PDLC) were retrieved using a previously 

described method with some modifications [9]. PDLCs were isolated from normal premolar 

extracted for orthodontic reasons from 5 individuals aged 16~18 years. All procedures 

followed the approved ethical guidelines set by the Ethics Committee of Nanjing 

Stomatological Hospital. Briefly, intact teeth were collected from individuals undergoing 

orthodontic treatment. Teeth were rinsed three times with phosphate-buffered saline (PBS) 

supplemented with antibiotics (streptomycin 100 たg/ml, penicillin 100 units/ml). Periodontal 

ligament tissue in the middle-third of the root was scraped from the root surface with a 

surgical scalpel. Cell cultures were maintained in an atmosphere of 95% air/5% CO2 at 37 °C 

with 100% humidity. Cells were expanded and grown in DMEM (Dulbecco’s modified 

Eagle’s medium) supplemented with 10% FBS (fetal bovine serum), and antibiotics 

(streptomycin 100 mg/ml, penicillin 100 units/ml). Cells at the third passage were used for 

the experiments. 



To evaluate whether CEMP1 produced in E. coli had same effect as cementum 

extract, human PDLCs were suspended to 5×105/ml and planted into 12 wells plate for 24 h 

at 37 °C. Then they were maintained in either experimental (0.25 たg/ml of rhCEMP1) or 

control media (0 たg/ml of rhCEMP1) for 48 h. 

2.4. Real-time polymerase chain reaction (PCR) analysis 

Total RNA was prepared from cells using the RNAeasy Mini Kit according to the 

manufacturer instructions (Qiagen). One microgram of total RNA was used for 

complementary DNA (cDNA) synthesis using a PrimeScript™ II 1st Strand cDNA Synthesis 

Kit for RT-PCR (Takara). Quantitative real-time PCR was carried out using Universal SYBR 

Green Supermix (Bio-Rad). Primer sequences or human く-actin and CEMP1 were as follows: 

く-actin, Forward 5’-GATGAGATTGGCATGGCTT-3’ and Reverse 5’-

CACCTTCACCGTTCCAGTTTT-3’; CEMP1, Forward 5’-

GGCGATGCTCAACCTCTAAC-3’ and Reverse 5’-GATACCCACCTCTGCCTTGA-3’. 

Amplification conditions were 95 °C for 10 min for denaturation, then 40 cycles of 95 °C for 

15 s, 60 °C for 1 min and 95 °C for 15 s followed by a melting curve from 58 to 98 °C. 

Reaction products were quantified using StepOne Software Version 2.1. Expression level 

values were normalized to that of an internal control, く-actin.  

Statistical analysis. Data were analyzed using Student’s t test. Data were collected 

from at least three independent experiments. P<0.05 was considered statistically significant. 

Statistical analyses were performed with SPSS Version. 19.0. 

2.5. Mineralization experiments 

Preparation of samples. Lyophilized rhCEMP1 were dissolved in distilled deionized 

water (DDW) to give a concentration of 2 mg/ml. Dynamic light scattering was utilized to 

ensure complete dissolution of protein samples [10]. Protein stock solutions were centrifuged 



(11 340×g, Eppendorf Centrifuge 5403) at 4 °C for 20 min, just prior to use to remove dust 

and any particulate matter. Aliquots of 100 mM stock solutions of CaCl2 (Sigma, >99.0% 

pure) and ˄  NH4 ˅  2HPO4 (Sigma, >99.0% pure) were then added to the samples to yield 

final concentrations of 2.5 mM Ca2+ , 1.5 mM P and 25~100 たg/ml protein, with a final 

volume of 100 ml. All solutions (except protein solutions) were filtered (0.22-たm Isopore 

filters, Millipore) before use. The solutions were adjusted to pH 8.0 with 2N NH4OH at 4 °C. 

The sample was then transferred into a 37 °C incubator for 48 h. To minimize evaporation, 

the reaction tube was tightly sealed Parafilm (America National Can). After 2 days of 

reaction, the precipitates were washed three times with deionized water. The precipitates 

were finally dried using a VirTis freeze drier. Control experiments were performed similarly 

without the addition of rhCEMP1. Experiments were repeated 3 times. 

TEM analyses of mineral products. 30 たl aliquots were placed on carbon-coated Ni 

grids for 1min, and then quickly rinsed with distilled water, blotted against filter paper, and 

air dried. The samples were examined by transmission electron microscope (TEM) in bright 

field and selected area diffraction (SAED) modes. The images and diffraction patterns were 

captured using CCD˄ AMT˅and/or still cameras. The average diameter of mineralization 

deposit was measured by counting 200 crystals form 5 TEM micrographs with Nano 

Measurer Version. 1.2. [11].  

XRD examinations were made with freeze-dried samples with Philips diffractometer 

((X’Pert Pro, Philips, Almelo, The Nehterlands) using CuKg in the wide range of Bragg’s 

angles 20˚ < 2し < 60˚ at room temperature. Scan rate was 2˚/min [12].  

Fourier Transform-Infrared Spectroscopic Analyses. Samples were placed on a KBr 

IR Card (International Crystal Labs, Garfield, N.J., USA), and air-dried. The Fourier 



transform-infrared (FTIR) spectra (4,000-450 cm–1) of samples were recorded using a 

Multiscope FTIR microscope (Perkin-Elmer) as reported [13]. 

3. Results and Discussions 

3.1. Characterization of the rhCEMP1 protein. 

pET-28a-CEMP1 was confirmed by restriction enzymes digestion and sequencing 

(Fig.1). A band of about 750 bp representing CEMP1 was evident (Fig.1A). Analysis of the 

sequencing indicated CEMP1 was rightly inserted into the plasmid (Fig.1B). In order to 

characterize the protein and produce an anti-CEMP1 antibody, the protein was expressed in 

E.coli and analyzed using SDS-PAGE (Fig. 2 lane 1-3). When the protein was purified using 

Ni2+ affinity chromatography, a major band of approximately 36 kDa was seen (Fig. 2, lane 

2). The molecular weight of the predicted size is 25.9 kDa. The difference in molecular 

weight of the predicted size and this band is due to the presence of the polyhistidine tag 

which adds 10 kDa to the molecular weight showed in SDS-PAGE [14]. Antibody specific 

for anti-CEMP1 recognized a 36 kDa band, confirming the identity of this protein as 

rhCEMP1˄ Fig. 2, lane 3˅ . These results were in accordance with those researches 

expressing rhCEMP1 in a prokaryotic expression system [15]. Westerns blots using protein 

extracts obtained from cementoblastoma and periodontal ligament cells with the CEMP1 

antibody showed a main protein band with Mr 44,000 and an additional cementoblastoma 

protein species of Mr 56000 and Mr 26,000 [16]. The relationship of these three species is 

not clear. It is still unknown whether the variation is caused by posttranslational 

modifications of removal of peptides or modification of amino acids. There is no sufficient 

evidence to show the difference of their effects on cell differentiation and mineralization. 



3.2. The effect of rhCEMP1 on periodontal ligament cell CEMP1 mRNA expression. 

To examine whether rhCEMP1 expressed in a prokaryotic expression system had the 

same cell interaction with that of a eukaryotic one, we measured the expression of cemp1 

mRNA after rhCEMP1 induction. The result showed in Fig. 3 indicated that cemp1 mRNA 

was expressed in both control and experimental PDLCs at 48 h of culture. The expression of 

cemp1 was observed in the experimental culture (0.25 たg/ml rhCEMP1) was about 3 folds as 

much as the control culture (0 たg/ml rhCEMP1). PDLCs have been reported to have the 

potential to differentiate into cementoblasts [17]. The overexpression of cemp1 induces a 

cementoblastic phenotype and reduces osteoblastic differentiation in PDLCs. CEMP1 is not 

only a marker protein for cementoblasts-related cells, but also regulates cementoblast 

commitment in PDLCs [18]. Polymerase chain reaction analysis of ALP, bone sialoprotein, 

osteocalcin and cementum attachment protein show that overexpression of CEMP1 enhances 

these cementogenic potential relative genes’ expression [19][20][21]. 

3.3. rhCEMP1 effect on apatite formation. 

The morphology of apatite crystals grown in different situations were characterized 

by TEM as shown in Fig. 4. All of the obtained crystals had a ribbon-like shape. Based on 

the electron diffraction analysis, the mineral phase was either HA or octacalcium phosphate 

(OCP). The morphological disposition of the HA crystals formed in the presence of various 

concentration of rhCEMP1 had same trend. Randomly arranged HA crystals (Fig.4A) show 

an average size of 85 nm (E). Well-aligned Bundles of HA crystals were formed with the 

participation of rhCEMP1 (Fig.4B-C). (Fig.4D) indicates the presence of bundles of well-

oriented HA crystals with an average size of 207 nm (Fig.4F). The morphologies and aspect 

ratios of HA particles under different reaction conditions were shown in Fig. 4. As revealed 

in Fig. 4, controlling the concentration of rhCEMP1 could give rise to varied morphologies 

and aspect ratios of the HA particles. The aspect ratios of the HA particles were 2.68±0.72 



(Fig. 4A), 4.40±0.75 (Fig. 4B), 4.76±1.39 (Fig. 4C) and 5.50±1.23 (Fig. 4D) when the 

concentration of rhCEMP1 varied from 0, 25, 50 to 100 たg/ml, respectively. The crystal was 

ribbon-like without the presence of rhCEMP1 (Fig. 4A) and then it obtain a needle-like 

shape under the induction of rhCEMP1 with an increase in aspect ratio (Fig. 4B-C). The 

TEM results suggested that rhCEMP1 assembly played a role in organizing calcium 

phosphate crystals into parallel arrays, whereas its hydrophobic core was responsible for the 

regulation of crystal growth. It was feasible that this C-terminal domain was involved in the 

regulation of rhCEMP1 assembly, which in turn affected the organization and shape of the 

growing crystals, through protein-protein and protein-crystal interactions [22]. 

Selected area electron diffraction (SAED) analyses of the mineral phases formed in 

the presence of various concentration of rhCEMP1 were shown in Fig. 5. SAED pattern of 

HA formed without rhCEMP1 shows concentric ring-like pattern suggesting polycrystalline 

nature (Fig. 5A). The discrete diffraction spots and the rings seen in Fig. 5B are consistent 

with randomly arranged HA crystals. The presence of higher number of electron diffraction 

spots and absence of well-separated concentric rings at its background in (Fig. 5C) indicates 

the presence of bundles of well-oriented HA crystals. From this data, we can assume that 

rhCEMP1 regulate an oriented HA growth.  

The XRD patterns of the mineralization deposits are shown in Fig. 6. The diffraction 

patterns are similar with those of standard HA sample (JCPDS No. 09-0432). The peaks at 

31.76˚, and 32.12˚ corresponded to the expected HA peaks at the 211 and 112 planes, 

respectively, thereby confirming that the precipitates were HA crystals. The peaks ascribed 

to the 211, 122 planes were not completely separated, suggesting that the HA precipitates 

were low in crystallinity.. The crystallinity of 211 and 300 plane of HA prepared with more 

rhCEMP1 addition increased. Particularly, the diffraction peak of 211 was the greatest. 



Fig. 7 represents the FTIR spectra of the samples generated in the solutions with 

concentration of rhCEMP1 ranging from 0 to 100 たg/ml for 48 h. The broadband at 3464 

cm−1 was assigned to the stretching vibration of lattice hydroxyl (-OH) groups [23]. The 

characteristic sharp bands of HA, which appeared in the regions of 1106 cm−1, cm−1, 598 and 

557 cm−1 in spectra of HA, were assigned to the regular tetrahedral (PO43-), P-O stretching, 

and O-P-O bending vibrations, respectively (please see Fig. 7A) [24]. These bands are 

present at their characteristic positions in the spectra of rhCEMP1 50 and 100 たg/ml. The 

bands observed in HA at 1384 cm−1 are due to the stretching vibration of carbonate [25][26]. 

The appearance of absorption bands at 1463 and 865 cm−1 indicated the occupation of CO3 2- 

ions onto and/or OH- ions [27]. When rhCEMP1 was added to reaction system, chemical 

changes were observed in the IR spectra at 1624 and 1668 cm−1. This can be ascribed to the 

amide I band that represents the stretching vibrations of C=O bonds in the backbone of the 

protein (Fig. 7B and C). Protein structure has been examined with bands denoted as amide I 

(centered at 1650 cm−1), amide II (centered at 1550 cm−1) and amide III (centered at 1250 

cm−1). In the amide I region, IR bands in the 695~1660 cm−1 are assigned to beta sheet, 

1660~1650 cm−1 to the alpha-helix structure, 1650~1640 cm−1 to random structure, and 

1640~1620 to beta-sheet and turn structure [28].  

Characteristics of the protein, such as phosphorylated variant, polar and charged 

amino acids and self-assembly, seem to be mainly responsible for its inhibitory or 

stimulative effect in mineralization. The N-terminus of the phosphorylated variant is found 

to be consistently closer to the HA surface than the non-phosphorylated variant [29]. 

Researchers find that the negatively charged ones, such as glutamic acid (Glu) and 

phosphoserine (P-Ser) seem to be mainly responsible for the inhibitory effect in 

mineralization. There is a strong inhibitory effect of arginine (Arg) on HA nucleation [30]. 

rhCEMP1 contained both positively and negatively charged residues with a proportion of 



26/247 and 14/247 respectively. The arrangement of these charges on the protein, as well as 

the complementarities between the charged groups on the protein and the growing apatite 

surfaces, may influence the crystal growth behavior and also lead to more cohesive cements 

for higher rhCEMP1 contents. In this study, rhCEMP1 aggregates may adopt a functional 

role which facilitates the nucleation, growth and direction of HA crystals. Protein self-

assembles into nanospheres which then form aggregates resembling nanostrings [31]. By this 

way, the self-assembly of this protein suggests the formation of functional building blocks 

that can facilitate oriented HA crystal formation by providing the ultrastructural framework. 

Although the critical protein concentration needed may be depended on other 

solution factors (e.g. Mineral ion levels, pH, ionic, temperature), present results clearly show 

that an increase in the concentration of rhCEMP1 can result in appropriate kinetic conditions 

that lead to the formation of ordered bundles of HA crystals in vitro. However, concentration 

less than 200 たg/ml was too low for other proteins such as amelogenins that the influence of 

hydrophilic C-terminus was lost [32]. The HA with variable chemical substitutions has been 

considered as the major component in the mineralized tissues. Various metastable crystalline 

phases have been suggested as transitory precursors of HA, there seems to be a rule for the 

nature of these phases and their temporal evolution [33]. Dicalcium phosphate dihydrate- 

(DCPD) and OCP like phases are likely to occur on the course of osteoblast mineralization, 

and the mineral-associated proteins might be involved in modulating the mineral phase 

transformation. The time depended phase shift was not included in the study while our data 

(not shown) suggested that 48 hours was the minimum time to discover crystallinity variance 

between distinct concentrations. In the future, we will further characterize this protein and 

confirm whether self-assembly, phosphorylation and pH value of the solution play a role in 

the mineralization.  



5. Conclusions 

Studies on periodontal regeneration have been hampered by the failure of cementum 

induction. CEMP1 may be the most important molecule in cementogenesis that makes 

cementum differ from other hard tissues. Our data confirm that rhCEMP1 produced in a 

prokaryotic system has the similar functions with CEMP1 from a eukaryotic system. The 

rhCEMP1 in this study can regulate cementum specific gene expression in PDLC. It also 

proved that rhCEMP1-mediated mineralization process was concentration dependent. 

Moreover, this kind of recombinant protein-loading HA with different crystallinity lead to 

the development of new protein loading calcium phosphate material for dental tissue repair 

and regeneration. 
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Figure Caption 

 

Fig. 1 Affirmation of pET-28a-CEMP1. (A) Affirmation of the pET-28a-CEMP1with 

restriction enzymes digestion. (B) Affirmation of CEMP1 insertion into pET-28a vector by 

sequencing. 

Fig. 2 SDS-PAGE and Western bot of rhCEMP1. Protein Marker ranges from 26 to 

172 kDa (lane M). Coomassie blue-stained gel of 1.0 mM IPTG induced cultures grown for 

3 h (lane 1). Ni2+ affinity chromatograph of rhCEMP1. The purified protein band represents 

a 36 kDa species (lane 2). Western blots of the rhCEMP1 gene product with anti-CEMP1 

antibody (lane 3). Arrow indicates the 36 kDa band of rhCEMP1. 

Fig. 3 Quantitative real-time PCR analysis for rhCEMP1 on PDLCs CEMP1 mRNA 

expression.. Cells were treated without (0 たg/ml) or with (0.25 たg/ml) rhCEMP1 for 48 h. 

Asterisk indicated statistical significance *P<0.05. 



Fig. 4 TEM analyses of morphological disposition of the hydroxyapatite crystals 

formed in the presence of various concentration of rhCEMP1˗˄A˅in the absence of 

protein (control), (B) 25 たg/ml, (C) 50 たg/ml, and (D) 100 たg/ml. Randomly arranged 

hydroxyapatite (HA) crystals (A) show an average size of 85 nm (E). Well-aligned Bundles 

of HA crystals were formed with the participation of rhCEMP1 (B, C, D) indicates the 

presence of bundles of well-oriented HA crystals. There structures show an average size of 

207 nm (F). 

Fig. 5 Selected area electron diffraction (SAED) analyses of mineral phases formed 

in the presence of various concentration of rhCEMP1˗˄A˅in the absence of protein 

(control), (B) 25たg/ml, (C) 50たg/ml, and (D) 100たg/ml. The discrete diffraction spots and 

sharp rings seen in (A) and (B) are consistent with randomly arranged hydroxyapatite (HA) 

crystals while the presence of narrow diffraction arcs in (C) indicates the presence of bundles 

of well-oriented HA crystals. 

Fig. 6 Effect of rhCEMP1 concentration on X-ray diffraction (XRD) patterns of 

mineral products formed in different concentrations of rhCEMP1 (0, 50, 100たg/ml). The 

vertical lines are the reference pattern of HA (PDF #26-1056). 

Fig. 7 Fourier transform infrared spectroscopy (FTIR) of mineral products formed in 

different concentrations of rhCEMP1 (0~100 たg/ml). 
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