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The major difference between a thing that might go 
wrong and a thing that cannot possibly go wrong is 

that when a thing that cannot possibly go wrong 
goes wrong it usually turns out to be impossible to 

get at or repair.  
 

Douglas Adams 
 
 
 
 
 
 

The most exciting phrase to hear in science, the one 
that heralds new discoveries, is not 'Eureka!' (I 

found it!) but 'That's funny ...'? 
 

Isaac Asimov 
 
 
 
 
 
 

An expert is a man who has made all the mistakes 
which can be made, in a very narrow field. 

 
Niels Bohr 
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ABSTRACT OF THE DISSERTATION 
 
 
 

Biochemical Characterization of Matrix Gla Protein 
 
 
 

by 
 

Francisco Alfredo Villa 
 

Doctor of Philosophy in Chemistry 
 

University of California, San Diego, 2007 
 

Professor Paul Price, Chair 
 

Professor Gourisankar Ghosh, Co-Chair 
 
 
 

The purpose of this dissertation was: 1) to biochemically characterize how 

purified matrix Gla protein (MGP) functions as a calcification inhibitor using two novel 

in vitro calcification assays; 2) to characterize MGP’s binding to apatite mineral; and 3) 

to characterize MGP purified from bone, cartilage, and serum using mass spectrometry. 

Previous genetic and biochemical studies of MGP have convincingly 

demonstrated that impaired MGP function results in extensive calcification of the elastic 

lamellae in the artery media of mice, rats, and humans.  Very few studies of purified 

MGP have investigated its role as an inhibitor of calcification.  In this dissertation 



 

 xxi

different amounts of purified MGP were added to a serum-initiated calcification assay 

containing devitalized arteries and demineralized tibias incubated in 5% serum.  These 

experiments showed that calcification was abolished at 30 µg/mL MGP, and significantly 

reduced at 10 µg/mL MGP.  Additional experiments demonstrated that MGP inhibited 

the initial formation of crystal nuclei in the elastin or collagen matrix as well as the 

subsequent growth of these nuclei. 

The inhibitory effect of MGP was also investigated on mineral formation in vitro 

in a solution of high ionic calcium and phosphate, higher concentrations than what are 

typically found physiologically, at neutral pH.  Concentrations as low as 10 µg/mL of 

MGP in solutions of 4 mM ionic calcium and phosphate were able to completely inhibit 

the formation of a calcium phosphate mineral phase over a week long incubation.  

Binding studies showed that MGP had a stronger affinity for nascent calcium phosphate 

mineral than for hydroxyapatite.  MGP’s stronger affinity for nascent mineral supports 

the hypothesis that this mineral may more closely resemble the apatite found in vivo.  

Finally, mass spectrometry studies revealed that the degree of phosphorylation in MGP 

depended upon the tissue from which the protein is purified from. 

The data presented in this dissertation provide for the first time evidence of how 

purified MGP acts as an inhibitor of calcification and establishes that MGP accomplishes 

this function through direct interaction with calcium phosphate mineral. 

 



 1

 
 
 
 

 
 
 
 
 
 

Chapter I 
 

Introduction 
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Vitamin K-Dependent Proteins.  The only recognized function for vitamin K in 

higher organisms is as a cofactor for an enzymatic reaction that post-translationally 

converts glutamic acid residues (Glu) to γ-carboxylated glutamic acid residues (Gla) in a 

class of proteins referred to as vitamin K-dependent (VKD) proteins.  These proteins are 

modified by the enzyme γ-carboxylase as they are secreted through the endoplasmic 

reticulum.  VKD proteins presently comprise a family of ~ 12 proteins.  These identified 

proteins are involved in a broad range of biological functions including hemostasis 

(prothrombin, factor IX, factor VII, factor X, protein C, and protein S), growth control 

[(gas)6], signal transduction (proline-rich Gla protein-1 and -2), unknown function 

(protein Z), and carboxylation (γ-carboxylase itself) (1).  In addition to the VKD proteins 

mentioned above, identification of two other proteins has shown that carboxylation also 

occurs with proteins that accumulate in bone: bone Gla protein (Osteocalcin, BGP) and 

matrix Gla protein. 

 

Matrix Gla Protein.  Matrix Gla protein was identified and has extensively been 

studied for over two decades in the laboratory of Dr. Paul Price.  This protein was the 

second VKD protein to be discovered in bone (2).  The first VKD protein to be 

discovered in bone was bone Gla protein (BGP, Osteocalcin) (3,4). 

At the time MGP was discovered it was known that the organic matrix of bone, 

primarily collagen, contained proteins that it still associated with after demineralization.  

MGP was discovered as a Gla containing protein that co-precipitated with bone 

morphogenic protein, a protein purified from demineralized bovine bone matrix by 

extraction with urea (5).  This protein, named matrix Gla protein because of its 
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association with the matrix of demineralized bone, was significantly larger than BGP and 

had an estimated molecular weight of 15,000 Da based on SDS-PAGE.  Amino acid 

analysis showed that MGP had approximately 5 Gla residues and lacked hydroxyproline, 

an amino acid found at position 9 in bovine BGP.  Antibodies for BGP were shown not to 

cross react with MGP which provided additional evidence that MGP was not a BGP 

precursor (2). 

 

Amino Acid Sequence of MGP.  In 1985 the complete amino acid sequence of 

bovine MGP was determined by automatic sequence analysis of the intact protein and of 

peptides isolated from tryptic and BNPS-skatole digests (6).  This study revealed MGP to 

contain a single disulfide bond and 4.8 Gla residues, one each at positions 37, 41, 48, and 

52, and 0.8 Gla and 0.2 Glu at position 2 of the 79-residue protein.  MGP was the first 

example of a vitamin K-dependent protein which had several glutamic acid residues to 

the N-terminal side of its γ-carboxyglutamic acid residues.  In BGP, as well as in the 

serum proteins prothrombin, factors VII, IX, and X, and proteins C, S, and Z, all glutamic 

acid residues in the N-terminal first 30-40 residues are γ-carboxylated (7,8).  In contrast, 

the glutamic acid residues at positions 5, 8, and 11 of MGP are not γ-carboxylated while 

those at 2, 37, 41, 48, and 52 are (6)(Figure 1-1). 
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Figure 1-1.  Amino acid sequence of bovine MGP.  γ-carboxyglutamic acid residues are labeled as “GLA”.  
Cysteine disulfide bond is denoted with a horizontal line linking the involved residues.  Phosphorylated 
residues are denoted with a “P”. 

 

The amino acid sequence of MGP from various animal species including human, 

rat, and shark have been identified (Figure 1-2).  There is considerable sequence 

homology between the various species for MGP including highly conserved residues and 

post-translational modifications.  Among the conserved features are 1) the 

phosphoserine-containing motif ESXESXESXE (residues 2-11) found in the N-terminal 

region of all known MGPs; 2) the presence of the proteolytic cleavage site ANSF motif 

(residues 21-24); and 3) the core of the Gla-containing domain with the 

EXXXEXCXXXXXC motif (residues 48-60) encompassing two cysteines required for 

the formation of the disulfide bridge. 
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Figure 1-2.  Comparison of MGP amino acid sequences from mammals, a bird, fishes, and an amphibian.  
(A) Signal peptide amino acid sequences deduced from corresponding cDNA.  (B) Mature protein amino 
acid sequences obtained by protein sequence and/or cDNA sequence.  The sequences are aligned to give 
maximal homology and identical residues are conserved in all species marked by a dot.  Dashes indicated 
gaps in the sequence, introduced to increase homology.  Residues are numbered according to residue 1 of 
human MGP.  γ-Carboxyglutamatic acid residues are indicated by (E*).  The Gla-containing domain is 
underlined with a non-continuous line and the conserved residues in the EXXXEXCXXXXXC motif are 
boxed.  The conserved proteolytic cleavage site ANSF motif is indicated with bracket.  Phophoserine-
containing motif ESXESXESXE is underlined.  Sequence GenBank accession numbers are as follows: 
BC005272 for human (Homo sapiens); NM008597 for mouse (Mus musculus); NM012862.1 for rat (Rattus 
norvegicus); D21265 for rabbit (Oryctolagus cuniculus); AF210379 for bovine (Bos taurus); AF525316 for 
pig (Sus scrofa); Y13903 for chicken (Gallus gallus); AF334473 for Argyrosomus regius; P56620 for shark 
(G. galeus); and AF055588 for Xenopus (X. laevis), (a) Sequence not available.  Adapted from Simes et al. 
2003. 
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MGP Expression and Accumulation.  MGP is secreted by a wide variety of 

tissues and cell types.  MGP mRNA has been detected in all rat tissues examined.  Lung 

and heart have 10-fold higher levels of MGP mRNA than bone, and kidney has a 5-fold 

higher level.  Despite the high levels of MGP mRNA in heart, lung, and kidney, these 

tissues contain 40-500-fold lower concentrations of MGP protein than bone.  

Immunofluorescence was used to identify cells that contain MGP in kidney, lung, heart, 

and spleen (9).  In each tissue, MGP was found in discrete tissue-specific cell types.  

Cultured rat cardiac myocytes, kidney cells, osteoblasts, and fibroblasts were shown to 

secrete MGP as detected by radioimmunoassay.  The kidney cells were found to secrete 

very high levels of MGP (10 µg/24 h/107 cells) in comparison to osteoblasts (560 ng/24 

h/107 cells).  These studies suggested that it was probable for MGP to function as a 

mineral inhibitor because it was synthesized at a high rate by tissues which are 

susceptible to mineralization. 

MGP is strongly expressed in cultured rat aortic vascular smooth muscle cells 

(VSMC) but not in other types of tissues containing smooth muscle cells, suggesting that 

MGP has a specific function in vascular tissue. The expression of MGP in proliferating 

VSMCs suggested it may be involved in regulating the calcification that commonly 

occurs in vascular lesions (10). 

 MGP was also shown to accumulate in rat cartilage at levels comparable to MGP 

found in bone by radioimmunoassay (11).  Northern blot analysis showed that MGP 

mRNA from cartilage is the same size as the MGP mRNA from bone, however, the level 

of MGP mRNA expression is far higher in cartilage than in bone.  In a later study it was 
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shown that MGP is also found in calcified cartilage (12).  The amount of MGP found per 

gram of calcified cartilage was greater than the amount of MGP found in bone.  The 

fraction of total protein in the acid demineralization extract of calcified cartilage that was 

MGP was in fact far higher than the fraction of the total protein in the acid 

demineralization extract of bovine bone that was BGP, the most abundant 

noncollagenous protein in bone. This observation suggests that the protein may 

accumulate at sites of calcification and that much of the protein secreted by noncalcified 

tissues probably escapes to plasma, where MGP is found at 0.3-1 µg/mL depending on 

the species. 

 

Activity of MGP In Vivo and In Vitro.  To investigate the function of MGP in 

vivo, mice were generated with a disrupted MGP allele by gene targeting in embryonic 

stem cells (13).  These MGP-deficient mice displayed no phenotypic changes within the 

first two weeks of life.  Thereafter, they could easily be distinguished from their 

littermates:  they were shorter, had a noticeably faster heart beat, and died within two 

months.  The cause of death in these mice was a result of arterial calcification which had 

lead to blood vessel rupture.  MGP-deficient mice additionally exhibit inappropriate 

calcification of various cartilages, including the growth plate, which eventually leads to 

short stature, osteopenia and fractures (13).  This was the first study to characterize MGP 

as an inhibitor of artery and cartilage calcification in vivo. 

 In another study it was shown that high doses of warfarin, a vitamin-K antagonist, 

caused focal calcification of the elastic lamellae in the media of major arteries and in 

aortic heart valves in the rat.  The calcification of arteries induced by warfarin was 
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similar to that seen in the MGP-deficient mouse, which suggests that warfarin induces 

artery calcification by inhibiting γ-carboxylation of MGP and thereby inactivating the 

putative calcification-inhibitory activity of the protein (14).  In chick chondrocyte 

cultures warfarin was shown to trigger mineralization in hypertrophic chick cultures (15).  

These warfarin effects on mineralization were highly selective, were accompanied by no 

appreciable changes in MGP expression, alkaline phosphastase activity, or cell number, 

and were counteracted by vitamin K cotreatment.  It was also shown that virally driven 

overexpression of MGP in the developing limb not only inhibited cartilage 

mineralization, but also delayed chondrocyte maturation and blocked endochondral 

ossification and maturation of a diaphyseal intramembranous bone collar (15). 

 In humans there have been several studies that have shown MGP to be a regulator 

of calcification.  A mutational analysis of MGP in Keutel syndrome families revealed 

three mutations that predict a non-functional MGP (16).  These mutations introduce stop 

codons which would lead to premature truncations of MGP.  Keutel syndrome is an 

autosomal recessive disorder characterized by abnormal cartilage calcification, peripheral 

pulmonary stenosis, and midfacial hypoplasia.  Another study discovered that the 

vascular smooth muscle cells in the arteries of individuals with Monckeberg’s Sclerosis, 

a disease characterized by the calcification of arterial media, were found to have a lower 

level of MGP mRNA than what is found in individuals without artery calcification (17).  

Finally, it was also revealed that serum MGP levels are inversely correlated with the 

severity of coronary artery calcification.  As the severity of coronary artery calcification 

increased, there was a significant decrease in serum MGP levels (18).  
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γ-Carboxylation of MGP.  As mentioned previously five of the glutamic acid 

residues on MGP are post-translationally modified to Gla by the enzyme γ-glutamyl 

carboxylase (Figure 1-1).  The carboxylase uses the energy of vitamin K hydroquinone 

(KH2) oxygenation to convert Glu to Gla in VKD proteins (Figure 1-3).  The active site 

catalytic base (B:) is a weak base that deprotonates KH2 to form a strong base which then 

generates a Glu carbanion that reacts with CO2 to form Gla while the strong base K- is 

converted to the vitamin K epoxide product (KO) (19).  An explanation of how 

epoxidation drives carboxylation was indicated by chemical modeling studies in an 

enzyme-free system, which showed that KH2 and O2 react to form a strong vitamin K 

base intermediate that collapses to the vitamin K epoxide product upon protonation (20). 

 



 

 

10

 

Figure 1-3.  The carboxylase uses vitamin K hyrdoquinone (KH2) oxygenation to drive the conversion of 
glutamic acid residues (Glu) to γ-carboxylated glutamic acid residues (Gla).  The active site catalytic base 
(B:) is a weak base that deprotonates KH2 to form a strong base which then generates a Glu carbanion that 
reacts with CO2 to form Gla while the K- is converted to the vitamin K epoxide product (KO).  Berkner 
2005. 
 

The vitamin cofactor required by the carboxylase is the reduced form, KH2, which 

is generated largely by recycling of the vitamin K epoxide product, KO.  Recycling is 

accomplished by the combined actions of vitamin K oxidoreductase and an unidentified 

redox protein that supplies electrons to vitamin K oxidoreductase.  Via this pathway, each 

molecule of vitamin K may be recycled several thousand-fold, which explains its very 

low daily requirement compared with other vitamins and cofactors.  Vitamin K 
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antagonists, such as warfarin, all block vitamin K oxidoreductase, thus inducing an 

artificial vitamin K deficiency in all tissues (Figure 1-4) (21). 

 

 

Figure 1-4.  The vitamin K cycle, with the structures of glutamic acid (Glu) and γ-carboxyglutamic acid 
(Gla).  KO, vitamin K-epoxide.  Warfarin blocks the recycling of vitamin K, thus inducing an artifical 
vitamin K deficiency in all tissues.  Adapted from Vermeer and Braam 2001. 
 

Phosphorylation of MGP.  Phosphorylation of MGP was first identified in shark 

and was subsequently shown to be evolutionary conserved in the MGP from 4 

mammalian species (Figures 1-1 & 1-2) (22).  The pattern of serine phosphorylation 

found in these 5 MGP sequences suggested that the primary requirement for serine 

phosphorylation is a negatively charged glutamate or phosphoserine residue in the n + 2 

position.  All 3 serines phosphorylated in the mammalian MGPs have glutamate residues 

in the n + 2 position in tandemly repeated Ser-X-Glu sequences.  This pattern of serine 
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phosphorylation was first noted in the milk caseins (23), and all 24 sites of 

phosphorylation that have been found in the 4 bovine caseins are in fact found at serines 

in SXE sequences or in sequences that become Ser-X-Ser(P) after the phosphorylation of 

SXE serines (24).  A number of phosphoproteins have been isolated from saliva, each of 

which is also phosphorylated in SXE or Ser-X-Ser(P) sequences (25-28). 

 Other phosphoproteins that are secreted into the extracellular environment of cells 

are partially phosphorylated in cases where the extent of phosphorylation has been 

investigated.  Examples of partial phosphorylation of target serines have been noted for 

rat and human adrenocorticotropin (29,30) and in human fibrinogen (31).  It was also 

observed in human, bovine, lamb, rat, and shark MGP (22). 

A protein kinase isolated from the Golgi fraction of breast tissue from lactating 

guinea pigs (32) and cows (33) proved to be specific for serine residues in Ser-X-

Glu/Ser(P) sequences in studies carried out using peptide substrates (34).  It seems less 

likely, however, that phosphoproteins secreted into the extracellular environment of cells, 

such as phosphorylated regulatory peptides and MGP, are phosphorylated by the same 

enzyme that phosphorylates milk and saliva proteins because the kinase has not been 

detected in liver and kidney, tissues that express MGP (32).  The possible existence of a 

different protein kinase isozyme that phosphorylates proteins secreted into the 

extracellular environment of cells is supported by the observation that such secreted 

proteins are only partially phosphorylated at target serine residues. 

The SXE-specific protein kinase which phosphorylates proteins secreted into the 

extracellular environment appears to be distributed widely in vertebrate tissues.  The 

evolutionary conservation of serine phosphorylation in MGP indicates that 
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phosphorylation is probably critical to MGP function, and that SXE-specific 

phosphorylation is therefore likely to be found in MGP expressed by other tissues in 

addition to bone, cartilage, and kidney (22).  The phosphorylation of regulatory peptides 

and fibrinogen at Ser-X-Glu/Ser(P) sequences indicates that the protein kinase must also 

be in the pituitary, gastric mucosa, adrenal medulla, and liver, in addition to other cells 

and tissues.  Many and possibly most vertebrate tissues must have a secretory pathway 

protein kinase that can phosphorylate secreted proteins at serines in Ser-X-Glu/Ser(P) 

sequences. 

It was proposed that the extent of serine phosphorylation regulates the activity of 

proteins secreted into the extracellular environment of cells, and that partial 

phosphorylation could therefore be explained by the need to ensure that the 

phosphoprotein be posed to gain or lose activity with changes in phosphorylation status 

(22).  Kinases or phosphatases that could act on the phosphoprotein either prior to or after 

secretion may be possible ways in which the extent of serine phosphorylation could be 

regulated. 

 

Carboxyl-Terminus Processing of MGP.  By 1990 it was shown that the cDNA 

structures of bovine, rat, and human MGP predicted a 19-residue transmembrane signal 

peptide and an 84-residue mature MGP (35-37).  This mature protein differs in sequence 

from the 79-residue MGP structure determined by sequencing the protein isolated from 

bovine bone (6) in that it has an additional 5 residues at the carboxyl-terminus, Arg-Arg-

Gly-Ala-Lys.  Other studies had shown that the MGP in bovine cartilage and bone 

extracts could be resolved by SDS-gel electrophoresis into a closely spaced doublet 
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which could indicate the presence of both the 79- and 84-residue forms of the protein in 

these tissues (11). 

In 1991 two forms of MGP were isolated by acid demineralization, followed by 

urea extraction of cortical bone, one 79 residues in length with the carboxyl-terminus 

Phe-Arg-Gln and the other 83 residues in length with the carboxyl-terminus Phe-Arg-

Gln-Arg-Arg-Gly-Ala (38).  The 84-residue form of bovine MGP predicted from the 

message structure could not be detected in the bone extracts, and it therefore seems 

probable that the lysine at position 84 was removed by the action of a carboxypeptidase 

B-like enzyme prior to secretion.  A plausible sequence of proteolytic cleavages that 

could generate the 79-residue form of MGP would be a trypsin-like cleavage at Arg80-

Arg81 or Arg81-Gly82 followed by carboxypetidase B-like cleavage to remove carboxyl-

terminus arginine(s). 

It was also shown that only one form of MGP was detected in human bone 

extracts, a 77-residue protein that lacks the carboxyl-terminus residues Arg-Lys-Arg-Arg-

Gly-Thr-Lys.  This shortened version of human MGP is consistent with the proposed 

model for carboxyl-terminus processing, since the amino acid substitution in the 

carboxyl-terminus of the human protein, Lys79 for Gln79, would allow removal of the 

additional basic residues from the human MGP carboxyl-terminus by the action of the 

carboxypeptidase B-like enzymic activity (38).  It seems reasonable to speculate that the 

carboxyl-terminus proteolytic processing of MGP may regulate the activity of this 

protein. 

 

Dissertation.  The goal of my dissertation work was to biochemically 
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characterize the inhibitory activity of MGP for mineralization through the use of the in 

vitro serum-initiated calcification of type I collagen and elastin (Chapter II) and the in 

vitro development of an apatite-like calcium and phosphate mineral phase in buffered 

solutions containing high ionic calcium and phosphate (Chapter III).  Kinetic 

experiments were utilized to investigate the affinity of MGP for hydroxyapatite and 

nascent calcium phosphate mineral (Chapter IV).  Finally, MALDI-TOF mass 

spectrometry studies of MGP from bone, cartilage, and serum were used to determine 

whether the degree of phosphorylation and carboxyl-terminus processing varied 

depending upon the tissue the protein is purified from (Chapter V). 

 



 

 

16

ACKNOWLEDGEMENTS 

 

Figure 1-2 is adapted from Figure 10 in : 

Simes, D.C., Williamson, M.K., Ortiz-Delgado, J.B., Viegas, C.S.B., Price, P.A., and 
Cancela, M.L. (2003) J Bone Miner Res 18(2), 244-259. 
 
Figure 1-3 is reproduced from Figure 1 in: 

Berkner, K. L. (2005) Annu Rev Nutr 25, 127-149 

Figure 1-4 is adapted from Figure 2 in: 

Vermeer, C., and Braam, L. (2001) J Bone Miner Metab 19(4), 201-206 

 

 

 



 

 

17

REFERENCES 

 

1. Berkner, K. L. (2000) J Nutr 130(8), 1877-1880 
 
2. Price, P. A., Urist, M. R., and Otawara, Y. (1983) Biochem Biophys Res Commun 

117(3), 765-771 
 
3. Price, P. A., Otsuka, A. A., Poser, J. W., Kristaponis, J., and Raman, N. (1976) 

Proc Natl Acad Sci U S A 73(5), 1447-1451 
 
4. Hauschka, P. V., Lian, J. B., and Gallop, P. M. (1975) Proc Natl Acad Sci U S A 

72(10), 3925-3929 
 
5. Urist, M. R., Huo, Y. K., Brownell, A. G., Hohl, W. M., Buyske, J., Lietze, A., 

Tempst, P., Hunkapiller, M., and DeLange, R. J. (1984) Proc Natl Acad Sci U S A 
81(2), 371-375 

 
6. Price, P. A., and Williamson, M. K. (1985) J Biol Chem 260(28), 14971-14975 
 
7. Hojrup, P., Roepstorff, P., and Petersen, T. E. (1982) Eur J Biochem 126(2), 343-

348 
 
8. Price, P. A., Poser, J. W., and Raman, N. (1976) Proc Natl Acad Sci U S A 73(10), 

3374-3375 
 
9. Fraser, J. D., and Price, P. A. (1988) J Biol Chem 263(23), 11033-11036 
 
10. Shanahan, C. M., Weissberg, P. L., and Metcalfe, J. C. (1993) Circ Res 73(1), 

193-204 
 
11. Hale, J. E., Fraser, J. D., and Price, P. A. (1988) J Biol Chem 263(12), 5820-5824 
 
12. Rice, J. S., Williamson, M. K., and Price, P. A. (1994) J Bone Miner Res 9(4), 

567-576 
 
13. Luo, G., Ducy, P., McKee, M. D., Pinero, G. J., Loyer, E., Behringer, R. R., and 

Karsenty, G. (1997) Nature 386(6620), 78-81 
 
14. Price, P. A., Faus, S. A., and Williamson, M. K. (1998) Arterioscler Thromb Vasc 

Biol 18(9), 1400-1407 
 



 

 

18

15. Yagami, K., Suh, J. Y., Enomoto-Iwamoto, M., Koyama, E., Abrams, W. R., 
Shapiro, I. M., Pacifici, M., and Iwamoto, M. (1999) J Cell Biol 147(5), 1097-
1108 

 
16. Munroe, P. B., Olgunturk, R. O., Fryns, J. P., Van Maldergem, L., Ziereisen, F., 

Yuksel, B., Gardiner, R. M., and Chung, E. (1999) Nat Genet 21(1), 142-144 
 
17. Shanahan, C. M., Proudfoot, D., Tyson, K. L., Cary, N. R., Edmonds, M., and 

Weissberg, P. L. (2000) Z Kardiol 89 Suppl 2, 63-68 
 
18. Jono, S., Ikari, Y., Vermeer, C., Dissel, P., Hasegawa, K., Shioi, A., Taniwaki, H., 

Kizu, A., Nishizawa, Y., and Saito, S. (2004) Thromb Haemost 91(4), 790-794 
 
19. Berkner, K. L. (2005) Annu Rev Nutr 25, 127-149 
 
20. Dowd, P., Hershline, R., Ham, S. W., and Naganathan, S. (1995) Science 

269(5231), 1684-1691 
 
21. Vermeer, C., and Braam, L. (2001) J Bone Miner Metab 19(4), 201-206 
 
22. Price, P. A., Rice, J. S., and Williamson, M. K. (1994) Protein Sci 3(5), 822-830 
 
23. Mercier, J. C. (1981) Biochimie 63(1), 1-17 
 
24. Fiat, A. M., and Jolles, P. (1989) Mol Cell Biochem 87(1), 5-30 
 
25. Isemura, S., Saitoh, E., Sanada, K., and Minakata, K. (1991) J Biochem (Tokyo) 

110(4), 648-654 
 
26. Oppenheim, F. G., Yang, Y. C., Diamond, R. D., Hyslop, D., Offner, G. D., and 

Troxler, R. F. (1986) J Biol Chem 261(3), 1177-1182 
 
27. Wong, R. S., and Bennick, A. (1980) J Biol Chem 255(12), 5943-5948 
 
28. Schlesinger, D. H., and Hay, D. I. (1977) J Biol Chem 252(5), 1689-1695 
 
29. Bennett, H. P., Brubaker, P. L., Seger, M. A., and Solomon, S. (1983) J Biol 

Chem 258(13), 8108-8112 
 
30. Eipper, B. A., and Mains, R. E. (1982) J Biol Chem 257(9), 4907-4915 
 
31. Seydewitz HH, K. C., Witt I. (1985) The location of a second in vivo 

phosphorylation site in the A alpha-chain of human fibrinogen. In: A, H. (ed). 
Fibrinogen—Structural variants and interactions, Walter de Gruyter & Co, Berlin 

 



 

 

19

32. Moore, A., Boulton, A. P., Heid, H. W., Jarasch, E. D., and Craig, R. K. (1985) 
Eur J Biochem 152(3), 729-737 

 
33. Mackinlay, A. G., West, D. W., and Manson, W. (1977) Eur J Biochem 76(1), 

233-243 
 
34. Meggio, F., Boulton, A. P., Marchiori, F., Borin, G., Lennon, D. P., Calderan, A., 

and Pinna, L. A. (1988) Eur J Biochem 177(2), 281-284 
 
35. Cancela, L., Hsieh, C. L., Francke, U., and Price, P. A. (1990) J Biol Chem 

265(25), 15040-15048 
 
36. Kiefer, M. C., Bauer, D. M., Young, D., Hermsen, K. M., Masiarz, F. R., and 

Barr, P. J. (1988) Nucleic Acids Res 16(11), 5213 
 
37. Price, P. A., Fraser, J. D., and Metz-Virca, G. (1987) Proc Natl Acad Sci U S A 

84(23), 8335-8339 
 
38. Hale, J. E., Williamson, M. K., and Price, P. A. (1991) J Biol Chem 266(31), 

21145-21149 
 
 



 20

 
 
 

 
 
 
 
 
 

Chapter II 
 

Matrix Gla Protein Inhibits 
the In Vitro Calcification of 

Devitalized Arteries and 
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ABSTRACT 

 

The purpose of the present study was to determine whether purified matrix Gla 

protein (MGP) inhibits the calcification of arteries or decalcified bone in a cell-free in 

vitro system.  Previous genetic and biochemical studies of MGP have convincingly 

demonstrated that impaired MGP function results in extensive calcification of the elastic 

lamellae in the artery media of mice, rats, and humans. 

In the present study we employed a serum-dependent in vitro calcification assay 

to test the ability of purified bovine MGP to inhibit serum-initiated calcification of 

devitalized rat carotid arteries and demineralized newborn rat tibias.  Both tissues were 

incubated for 6 days at 37 oC in DMEM containing 5% rat serum and different amounts 

of MGP.  Calcification was assessed by Alizarin red staining of whole tissues, by von 

Kossa staining of tissue sections, and by the quantitative determination of calcium and 

phosphate in acid extracts of tissues.  These experiments showed that calcification was 

abolished at 30 µg/mL MGP, and significantly reduced at 10 µg/mL MGP.  Additional 

experiments demonstrated that MGP inhibits the initial formation of crystal nuclei in the 

elastin or collagen matrix as well as the subsequent growth of these nuclei. 

These experiments provide the first evidence that purified MGP inhibits 

calcification of devitalized arteries and decalcified bone in an in vitro calcification 

system.  In addition they show that physiological concentrations of MGP can inhibit 

mineralization in this system. 
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INTRODUCTION 

 

MGP is a 10 kDa, vitamin K-dependent protein that is expressed in a variety of 

tissues, including heart, kidney, lung, bone, and cartilage (1-3).  Osteoblasts, 

chondrocytes, vascular smooth muscle cells, pneumocytes, kidney cells, and fibroblasts 

are cell types known to produce MGP (1,3-6).  In addition, MGP has been shown to be 

involved in the regulation of mineral growth.  Constitutive expression of MGP by a viral 

vector in chondrocytes showed that MGP prevented mineralization in culture and in chick 

embryo limb buds (7).  In contrast, MGP-deficient mice have extensive arterial 

calcification that ruptures their blood vessels and leads to death within two months of 

birth (8).  In humans, Keutel’s syndrome, a genetic disease characterized by abnormal 

cartilage calcification, is caused by mutations in the MGP gene that subsequently produce 

a non-functional protein (9).  Furthermore, the vascular smooth muscle cells in the 

arteries of individuals with Monckeberg’s Sclerosis, a disease characterized by the 

calcification of arterial media, were found to have a lower level of MGP mRNA than 

what is found in individuals without artery calcification (10).  Rats treated with warfarin, 

a vitamin K antagonist, produce proteins lacking the post-translationally modified, 

calcium-binding γ-carboxyglutamic acid residues and quickly develop focal medial 

calcification of arteries and aortic heart valves (11).  Previous studies established that 

MGP is post-translationally modified with 5 γ-carboxyglutamic acid (Gla) residues and 

with 3 phosphoserines near its N-terminus (12,13). 
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Recent in vitro studies showed that demineralized bone re-calcifies when 

incubated in rat or bovine serum for 3 days at 37 oC (14,15).  The incorporation of 

calcium and phosphate into demineralized rat tibias ceases after several weeks of 

incubation in successive volumes of serum, and the amount of calcium and phosphate 

introduced into the demineralized tibias at this point is comparable to that present in the 

same bone segment prior to demineralization (15).  Radiographs of these fully re-

calcified tibias are indistinguishable from radiographs of tibias prior to demineralization 

and the re-calcified bone mineral is comparable to the original bone mineral in calcium to 

phosphate ratio and in FTIR and XRD spectra (15).  Additional studies showed that the 

re-calcification of demineralized bone during incubation in serum is attributable to the 

presence of a potent serum calcification factor (or factors) capable of initiating the re-

calcification of demineralized bone in solutions of only 1.5% serum (15).  Biochemical 

studies showed that this putative serum calcification factor (or factors) has an apparent 

gel filtration molecular weight of 50 to 150 kDa and is inactivated by trypsin or 

chymotrypsin (15).  These observations show that the putative serum calcification factor 

that initiates the calcification within the collagen matrices of tendon and demineralized 

bone consists of one or more serum proteins with apparent molecular weights of 50 to 

150 kDa.  A newborn rat tibia calcifies rapidly and in a pattern comparable to a normal 

non-demineralized tibia.  In addition, serum-initiated calcification also occurs in 

devitalized arteries incubated under the same conditions as the bone remineralization 

study (16).  

The goal of the study presented here was to characterize the in vitro activity of 

MGP as an inhibitor of the serum-initiated calcification of devitalized arteries and 
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demineralized tibias.  We found that MGP prevented the calcification of both tissues in a 

serum-initiated calcification system.  Additional experiments were therefore carried out 

to determine if MGP inhibited the nucleation of crystal nuclei or the subsequent growth 

of nuclei in arteries and bone. 
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EXPERIMENTAL PROCEDURES 

 

Materials.  Thirty-three to fifty-two-day-old male rats and newborn rats (Sprague-

Dawley derived) were generously provided by Dr. Morton Printz and Dr. Kenneth Chien 

respectively (UCSD).  Dulbecco’s Modified Eagle Medium (DMEM) and penicillin-

streptomycin were purchased from Gibco.  Alizarin red S was purchased from Sigma.  

The DMEM used for the calcification experiments was supplemented with 5 mL of 

penicillin-streptomycin, 1 mL of 10% sodium azide (EM Science), and 1.1 mL of 0.5 M 

sodium phosphate buffer, pH 7.4 (final concentration = 2 mM) for every 500 mL of 

media. 

 Bovine MGP was purified as described (3).  Rats were killed by exsanguination 

while under isoflurane anesthetic (33 - 52-day old rats) or by decapitation (newborn rats).  

Serum was acquired by allowing the blood to clot for 30 minutes at room temperature, 

and centrifugation at 1,400 × g for 10 minutes.  The serum was subsequently quick-

frozen on dry ice and stored at -70 oC in 1 mL aliquots until use.  Tibias were dissected 

from newborn rats, demineralized in 0.5 M EDTA for 3 days, washed extensively in ultra 

pure water, and stored at -20 oC in water containing 0.02% sodium azide.  Carotid arteries 

were dissected from 33- to 52-day old rats and devitalized in 0.5 M EDTA for 3 days, 

washed extensively in ultra pure water, and stored at -20 oC.  The UCSD Animal Subjects 

Committee approved all animal experiments. 
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Inhibition of Calcification by MGP.  The calcification of devitalized carotid 

arteries and demineralized tibias was carried out in 24-well cell culture dishes (Corning 

3524) in a humidified incubator at 37 oC and 5% CO2.  A carotid artery or tibia was 

incubated for 6 days in an individual well with 2 mL of DMEM containing 5% rat serum.  

To test the effect of MGP on artery calcification or bone re-calcification, different 

amounts of MGP in 50 mM HCl were added to the bottom of 15 mL conical tubes.  All 

samples were supplemented with additional 50 mM HCl to deliver a consistent amount of 

acid that matched the highest dose of MGP used.  DMEM was rapidly expelled into each 

conical tube to achieve final concentrations of 30, 10, 3, and 1 µg/mL MGP.  Next, the 

media was aliquoted to the wells of the cell culture dish and either a devitalized carotid 

artery or a demineralized newborn rat tibia was added to each well and equilibrated for 1 

hour at 37 oC and 5% CO2.  The media was then subsequently supplemented with 0.1 mL 

of rat serum to give a 5% serum concentration and returned to the incubator.  A 50 µL 

aliquot was removed at the beginning and end of an experiment, added to 450 µL of 

assay diluent buffer (0.14 M NaCl, 0.01 M phosphate, 25 mM EDTA, 0.1% gelatin, 0.1% 

Tween-20, pH 7.4), and stored at -20 oC for MGP radioimmunoassay analysis.  After the 

designated incubation time the artery or tibia samples were either added directly to 

Alizarin red, or fixed in absolute ethanol, embedded in paraffin, sectioned, and stained 

with von Kossa, a stain for phosphate mineral. 

 

Inhibition of Mineral Nucleation and Growth by MGP.  The effect of MGP on the 

nucleation and/or growth of mineral in the artery or bone was examined by serum-

induced mineral nucleation followed by a serum-free mineral growth phase (15).  A 
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carotid artery segment or tibia was added to 1 mL of serum for 24 hours at 37 oC and 

7.5% CO2 in a 24-well cell culture plate, after which the carotid arteries or tibias were 

washed for 15 minutes each in two 1 mL aliquots of DMEM and were finally placed in 1 

mL of DMEM and incubated for 5 days at 37 oC and 5% CO2 in a new 24-well cell 

culture dish.  A 30 µg/mL dose of MGP was added to the initial serum or to the 5-day 

DMEM incubations to investigate whether MGP would inhibit mineral nucleation or 

mineral growth respectively.  A 50 µL aliquot was removed and added to 450 µL of 

assay diluent and stored at -20 oC for MGP radioimmunoassay analysis at the beginning 

and end of both the 24 hour serum and the 5-day DMEM incubations.  At the end of the 

experiment the carotid arteries or tibias were added directly to Alizarin red stain in order 

to visualize calcification. 

 

Biochemical Analyses.  The procedures used for Alizarin red and for von Kossa 

staining have been previously described (17).  Alizarin red stained arteries and tibias 

were photographed and stored at 4 oC in 0.05% KOH.  For the quantitative assessment of 

calcification, Alizarin red stained carotid arteries or tibias were extracted with 1 mL of 

0.15 M HCl for 24 hours in 1.5 mL screw-cap eppendorf tubes.  Calcium levels in media, 

serum, or extracts were determined colorimetrically using cresolphtalein complexone 

(JAS, Miami, FL), and phosphate levels were determined as described (17). 

 To determine the amount of MGP that was present in these incubation 

experiments, aliquots were analyzed by radioimmunoassay (RIA) for bovine MGP.  The 

assay diluent, sample volumes, and procedures were identical to those used previously in 

the MGP RIA (18), with purified bovine MGP used for the standard curve. 
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Statistical Analyses.  All mineral extract and Ca:PO4 ratio data are presented as 

the mean +/- SD.  Statistical significance between groups was determined using the 

Student’s t-test.  A P-value < 0.05 was considered significant.  All treatment groups were 

N = 3. 
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RESULTS 

 

MGP Inhibits the Calcification of Devitalized Carotid Arteries in DMEM 

Containing 5% Rat Serum.  The first experiment was designed to test the ability of MGP 

to inhibit the serum-driven calcification of devitalized arteries in vitro.  In agreement with 

earlier studies (16), rat carotid arteries incubated with 5% rat serum in DMEM for 6 days 

at 37 oC stained intensely with Alizarin red, while carotid arteries incubated in DMEM 

alone showed no staining (Figure 2-1).  MGP was added at concentrations of 1 to 30 

µg/mL (0.1 to 2.9 µM) to 5% serum in DMEM to test for its effect on artery calcification.  

The intensity of Alizarin red staining in the carotid arteries decreased in a dose dependent 

manner as the concentration of MGP was increased; no staining was seen in arteries 

incubated in 30 µg/mL MGP. 

The quantity of calcium and phosphate that was incorporated into these carotid 

arteries, shown in Figure 2-1, correlates with the Alizarin red staining intensities.  The 

mineral content of the carotid arteries incubated with 1 µg/mL MGP was not significantly 

different from the mineral content of the carotid arteries incubated without MGP.  Carotid 

arteries incubated with 3 and 10 µg/mL MGP showed a significant reduction in the 

amount of mineral deposited, and arteries incubated with 30 µg/mL MGP were free of 

mineral. 
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Figure 2-1.  MGP inhibits calcification of devitalized rat carotid arteries incubated in 5% rat serum 
(Alizarin red staining and calcium & phosphate analysis).  EDTA devitalized 1 cm rat carotid artery 
segments were incubated in 2 mL of DMEM containing 0, 1, 3, 10, or 30 µg/mL MGP and 5% rat serum 
for 6 days at 37 oC and 5% CO2.  As a negative control for calcification, a set of carotid arteries were 
incubated in DMEM without added serum or MGP.  After the 6-day incubation the carotid arteries were 
stained with Alizarin red, photographed, and then extracted with acid and analyzed for calcium and 
phosphate.  This figure shows the Alizarin red staining of a representative carotid artery from each 
treatment group (top) as well as the mean and standard deviation of calcium and phosphate recovered from 
the acid extracts of all the arteries from each group;  N = 3 (bottom). 
* P < 0.01 compared to 5% serum only sample 
** P < 0.001 compared to 5% serum only sample 
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Von Kossa staining (Figure 2-2) showed uniform large black deposits along the 

elastic lamellae of the medial layer of the carotid arteries incubated in DMEM with 5% 

serum but not in arteries incubated in DMEM alone.  When 3 µg/mL of MGP was added, 

the mineral deposits appeared smaller with the majority of the deposits uniformly sized 

and localized to the portion of the artery closest to the lumen.  The localization of mineral 

crystals to the lamellae of the artery closest to the lumen suggests that the MGP in 

solution can more easily access the outer portion of the artery and inhibit mineralization 

at the elastin lamellae closest to the adventitia.  At the 10 µg/mL MGP dose, the mineral 

deposits are universally smaller than those seen at the 3 µg/mL dose.  Finally, the carotid 

artery incubated with 30 µg/mL MGP did not contain any mineral deposits that could be 

detected by von Kossa staining. 
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Figure 2-2.  MGP inhibits calcification of devitalized rat carotid arteries incubated in 5% rat serum 
(von Kossa staining).  Devitalized rat carotid arteries were incubated as described in Figure 2-1, fixed in 
absolute ethanol, embedded in paraffin, sectioned (4 µm thickness), and stained with von Kossa (stains 
phosphate mineral brown/black).  This figure shows a representative carotid artery from each treatment 
group. 
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In order to determine whether MGP was stable under the conditions employed in 

this experiment, the incubation media was analyzed by radioimmunoassay for MGP.  The 

results in Table 2-1 demonstrate that we were able to attain a concentration of 30 µg/mL 

MGP, which is higher than the 10 µg/mL MGP solubility estimated in earlier studies 

(19).  We believe this result was achieved by our technique of rapidly mixing MGP into 

the media (see Experimental Procedures).  In DMEM alone, MGP remained stable over 

the course of 6 days at 37 oC with all of the MGP recovered in the 30 µg/mL dose, and 

with good recoveries in the 10, 3 and 1 µg/mL MGP doses.  When MGP was incubated in 

DMEM containing 5% serum, however, only about half of the MGP was recovered at all 

the doses tested, suggesting that something present in the serum had contributed to a loss 

of half the amount of MGP initially present in these experiments.  The addition of carotid 

arteries to the media did not affect the recovery of MGP in DMEM containing 5% serum. 
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Table 2-1.  Effect of Incubation in 5% Serum or DMEM alone on the Recovery of MGP.  Purified 
bovine MGP was added to the indicated incubation solution using a rapid mixing procedure that suppresses 
MGP precipitation (see Experimental Procedures).  The solutions for MGP in DMEM with or without 5% 
serum were prepared for this experiment; the solutions for MGP in DMEM with 5% serum containing a 
carotid artery or demineralized tibia are from the experiments described in Figures 2-1 & 2-4. Fifty µL 
aliquots of each solution were removed at t = 0 and 6 days and assayed in triplicate for MGP by 
radioimmunoassay (RIA).  The mean values are shown; the average SD was +/- 3 % of the mean. 
 

MGP Detected by RIA, µg/mL MGP 
Recovery 

Incubation Solution 0 days 6 days % 
30.9 30.9 100 
28.3 15.3 54 
30.7 15.0 49 

30 µg/mL MGP in DMEM 
+ 5% Serum 
+ 5% Serum & Carotid Artery 
+ 5% Serum & Tibia 30.1 11.4 38 

10.3 9.2 89 
8.9 4.9 55 
9.2 4.3 47 

10 µg/mL MGP in DMEM 
+ 5% Serum 
+ 5% Serum & Carotid Artery 
+ 5% Serum & Tibia 11.5 2.7 24 

3.2 2.7 85 
2.5 1.4 55 
2.8 1.3 45 

3 µg/mL MGP in DMEM 
+ 5% Serum 
+ 5% Serum & Carotid Artery 
+ 5% Serum & Tibia 3.5 0.9 25 

0.9 0.7 85 
0.9 0.6 67 
0.9 0.4 52 

1 µg/mL MGP in DMEM 
+ 5% Serum 
+ 5% Serum & Carotid Artery 
+ 5% Serum & Tibia 1.4 0.5 37 
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Evidence that MGP Inhibits both the Initiation and Growth of Mineral in 

Devitalized Arteries.  An additional experiment was carried out in order to determine 

whether MGP prevents the initiation of artery calcification, the subsequent growth of the 

initial mineral nuclei, or both.  The assay method used is based on the observation that 

the formation of mineral nuclei in devitalized bone occurs during the first 24-hour 

incubation in serum (15).  These mineral nuclei are too small to be detected by Alizarin 

red staining or calcium and phosphate incorporation.  They are, however, sufficient to 

initiate the rapid calcification of the matrix during a subsequent incubation in DMEM 

without serum. 

The first experiment was carried out to see if the same methods can be used to 

separately study the initiation and growth of mineral in the artery.  As can be seen in 

Figure 2-3, arteries incubated in serum for just 24 hours did not stain with Alizarin red or 

incorporate calcium and phosphate.  In contrast, if these arteries were subsequently 

incubated for 5 days in DMEM, they stained intensely with Alizarin red and incorporated 

large amounts of calcium and phosphate.  These findings show for the first time that a 24-

hour incubation in serum deposits nascent mineral nuclei in the artery that will 

subsequently grow during a 5-day incubation in DMEM. 
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Figure 2-3.  MGP inhibits the formation of nascent mineral crystal seeds in serum and the growth of 
nascent mineral in DMEM in devitalized rat carotid arteries.  EDTA devitalized 1 cm rat carotid artery 
segments were incubated in 1 mL of rat serum for 24 hours at 37 oC and 7.5% CO2, washed in 1 mL of 
DMEM two times to remove any serum still wetting the artery, and subsequently incubated for 5 days at 37 
oC and 5% CO2 in a new 1 mL volume of DMEM.  In some samples MGP was added either to the 24-hour 
serum incubation or to the 5-day DMEM incubation at a concentration of 30 µg/mL.  As negative controls 
for calcification carotid artery segments were incubated for 24 hours in serum with no DMEM incubation 
or were incubated only in DMEM for 6 days without a serum pre-incubation.  All the samples were stained 
with Alizarin red, photographed, and then extracted with acid and analyzed for calcium and phosphate.  
This figure shows the Alizarin red staining of a representative carotid artery from each treatment group 
(top), as well as the mean and standard deviation of calcium and phosphate recovered from the carotid 
arteries in each group;  N = 3 (bottom).  
* P ≤ 0.05 compared to the group treated for 24 hours in neat serum followed by 5 days in DMEM 
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We next tested the effect of MGP on the initiation of crystal nuclei formation 

during the first 24-hour incubation in serum and its effect on the subsequent growth of 

these nuclei in DMEM during the second 5-day incubation.  MGP was added at a 

concentration of 30 µg/mL to either the 24-hour serum crystal initiation step or to the 5-

day DMEM crystal growth step.  Figure 2-3 shows that when MGP was added to the 24-

hour serum incubation, but not to the DMEM incubation, carotid arteries did not stain 

with Alizarin red and had minimal calcium and virtually no phosphate incorporation.  

These results show that MGP inhibits the deposition of nascent crystal nuclei in elastin.  

Arteries incubated in serum alone for 24 hours and then transferred to DMEM with 30 

µg/mL MGP for 5 days also did not stain with Alizarin red and had minimal calcium and 

phosphate incorporation (Figure 2-3).  This result demonstrates that the growth of crystal 

nuclei was inhibited by the addition of MGP to the DMEM.  As a whole, these findings 

show that MGP is a versatile inhibitor of calcification in arteries because it can inhibit 

both mineral nucleation and the growth of mineral nuclei. 

Table 2-2 shows the recovery of the added MGP in the serum and DMEM 

incubation steps.  About 25% of the added MGP is lost during the 24-hour serum 

incubation step, but essentially all the added MGP is recovered from the DMEM 

incubation.  These results are in agreement with the Table 2-1 data and show that 

incubations with serum lowers the recovery of MGP. 
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Table 2-2.  Effect of Incubation in Neat Serum or DMEM alone on the Recovery of MGP.  Purified 
bovine MGP was added to the indicated incubation solution using a rapid mixing procedure that suppresses 
MGP precipitation (see Experimental Procedures).  The solutions for MGP in DMEM or serum were 
prepared for this experiment; the solutions for MGP in DMEM or serum containing a carotid artery or 
demineralized tibia are from the experiments described in Figures 2-3 & 2-6.  Fifty µL aliquots of each 
solution were removed at t = 0 and 24 hours for samples incubated in serum, at t = 1 and 6 days for samples 
subsequently incubated in DMEM, and assayed in triplicate for MGP by radioimmunoassay (RIA).  The 
mean values are shown; the average SD was +/- 3% of the mean. 
 

MGP Detected by RIA, µg/mL 
MGP 

Recovery 

Incubation Solution 0 hours 24 hours % 
31 23 75 
30 21 69 
30 20 66 

Serum 
+ Carotid Artery 
+ Tibia 

1 day 6 days % 
29 28 96 
30 29 97 

DMEM 
+ Carotid Artery 
+ Tibia 31 26 85 

 
 

MGP Inhibits the Calcification of Demineralized Tibias in DMEM Containing 5% 

Rat Serum.  We next investigated MGP’s ability to inhibit the serum-driven calcification 

in the Type I collagen matrix of bone in vitro.  To test the hypothesis that MGP will 

inhibit the recalcification of bone, EDTA demineralized tibias of newborn rats were 

incubated for 6 days at 37 oC in DMEM containing 5% rat serum with MGP added at 

concentrations of 0, 1, 3, 10, and 30 µg/mL.  In agreement with earlier results (15), tibias 

incubated with 5% serum in DMEM stained in a pattern that matched that of the newborn 

rat tibia prior to demineralization, with intense staining for calcification in the bone of the 

midshaft region and absence of staining in the cartilaginous tissue at either end of the 

tibia (Figure 2-4).  Tibias incubated in DMEM alone did not stain with Alizarin red.  

There was a dose dependent inhibition of calcification of the tibias by MGP, as evidenced 
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by the decrease in the intensity of Alizarin red staining as the amount of exogenous MGP 

was increased; no staining was seen in tibias incubated with 30 µg/mL MGP. 

 The quantity of the calcium and phosphate that was incorporated into these tibias, 

shown in Figure 2-4, correlates with the Alizarin red staining intensities.  Tibias 

incubated with 1 and 3 µg/mL MGP contained similar amounts of mineral as the tibias 

incubated without MGP.  The tibias incubated with 10 µg/mL MGP contained only a 

tenth of the mineral content found in the tibias incubated without MGP, and tibias 

incubated with 30 µg/mL MGP were free of mineral (p < 0.001). 

In agreement with the previous results, von Kossa staining (Figure 2-5) showed 

no mineral deposits in tibias incubated with 30 µg/mL MGP.  There were only a small 

number of mineral deposits in the tibias that were incubated with 10 µg/mL MGP and the 

mineral deposits were similar in size to those found in the tibias incubated without MGP.  

The sample containing 3 µg/mL MGP displayed a similar pattern of mineral in the bone 

matrix as that found in the tibia incubated without MGP.   
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Figure 2-4.  MGP inhibits calcification of demineralized newborn rat tibias incubated in 5% rat 
serum (Alizarin red staining and calcium & phosphate analysis).  EDTA demineralized newborn rat 
tibias were incubated in 2 mL of DMEM containing 0, 1, 3, 10, or 30 µg/mL MGP and 5% rat serum for 6 
days at 37 oC and 5% CO2.  As a negative control for calcification, a set of tibias were incubated in DMEM 
without added serum or MGP.  After the 6-day incubation the tibias were stained with Alizarin red, 
photographed, and then extracted with acid and analyzed for calcium and phosphate.  This figure shows the 
Alizarin red staining of a representative tibia from each treatment group (top) as well as the mean and 
standard deviation of calcium and phosphate recovered from the acid extracts of all the tibias in each group;  
N = 3 (bottom). 
* P < 0.05 compared to 5% serum only sample 
** P < 0.001 compared to 5% serum only sample 
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Figure 2-5.  MGP inhibits calcification of demineralized newborn rat tibias incubated in 5% rat 
serum (von Kossa staining).  Demineralized newborn rat tibias were incubated as described in Figure 2-4, 
fixed in absolute ethanol, embedded in paraffin, sectioned to give longitudinal sections, and stained with 
von Kossa (stains phosphate mineral brown/black).  This figure shows a representative section from each 
treatment group. 



 42

The recovery of MGP in these experiments was determined by radioimmunoassay 

of the media at the end of the experiment (Table 2-1).  MGP recoveries ranged from 24 

to 38% of the added amount which is lower than the 50% recovery seen in incubation 

solutions containing carotid arteries or no added tissue (Table 2-1).  We speculate that in 

addition to the loss of MGP caused by serum, that a small amount of MGP was lost due 

to adsorption to the tibia.  

 

Evidence that MGP Inhibits both the Initiation and Growth of Mineral in 

Decalcified Tibias.  An additional experiment was carried out in order to determine 

whether MGP prevents the initiation of tibia recalcification, the subsequent growth of the 

initial mineral nuclei, or both.  The assay method used is based on the observation that 

the formation of mineral nuclei in devitalized bone occurs during the first 24-hour 

incubation in serum (15).  These mineral nuclei are too small to be detected by Alizarin 

red staining or calcium and phosphate incorporation.  They are, however, sufficient to 

initiate the rapid calcification of the matrix during a subsequent incubation in DMEM 

without serum. 

Figure 2-6 shows that tibias incubated in serum for just 24 hours did not stain 

with Alizarin red or incorporate calcium and phosphate.  In contrast, if these tibias were 

subsequently incubated for 5 days in DMEM, they stained intensely with Alizarin red and 

incorporated large amounts of calcium and phosphate.  These findings are in agreement 

with the carotid artery studies from Figure 2-3 and show that a 24-hour incubation in 

serum deposits nascent mineral nuclei in the tibia that will subsequently grow during a 5-

day incubation in DMEM. 
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Figure 2-6.  MGP inhibits the formation of nascent mineral crystal seeds in serum and the growth of 
nascent mineral in DMEM of demineralized newborn rat tibias.  EDTA demineralized newborn rat 
tibias were incubated in 1 mL of rat serum for 24 hours at 37 oC and 7.5% CO2, washed in 1 mL of DMEM 
two times to remove any serum still wetting the tibia, and subsequently incubated for 5 days at 37 oC and 
5% CO2 in a new 1 mL volume of DMEM.  In some samples MGP was added either to the serum 
incubation or to the DMEM incubation at a concentration of 30 µg/mL.  As negative controls for 
calcification, tibias were incubated for 24 hours in serum with no DMEM incubation or were incubated in 
DMEM for 6 days without a serum pre-incubation.  All the samples were stained with Alizarin red, 
photographed, and then extracted with acid and analyzed for calcium and phosphate.  This figure shows the 
Alizarin red staining of a representative tibia from each treatment group (top), as well as the mean and 
standard deviation of calcium and phosphate recovered from the tibias in each group;  N = 3 (bottom).  
* P < 0.05 compared to the group treated for 24 hours in neat serum followed by 5 days in DMEM 
 

We next tested the effect of MGP on the initiation of crystal nuclei formation 

during the first 24-hour incubation in serum and its effect on the subsequent growth of 

these nuclei in DMEM during the second 5-day incubation.  MGP was added at a 

concentration of 30 µg/mL to either the 24-hour serum crystal initiation step or to the 5-
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day DMEM crystal growth step.  Figure 2-6 shows that when MGP was added to the 24-

hour serum incubation, but not to the DMEM incubation, tibias did not stain with 

Alizarin red and had minimal calcium and virtually no phosphate incorporation.  These 

results show that MGP inhibits the deposition of nascent crystal nuclei in type I collagen.  

Tibias incubated in serum alone for 24 hours and then transferred to DMEM with 30 

µg/mL MGP for 5 days also did not stain with Alizarin red and had minimal calcium and 

phosphate incorporation (Figure 2-6).  This result demonstrates that the growth of crystal 

nuclei was inhibited by the addition of MGP to the DMEM.  As a whole, these findings 

show that MGP is a versatile inhibitor of calcification because it can inhibit both mineral 

nucleation and the growth of mineral nuclei in the type I collagen of bone as well as in 

the media elastin of arteries. 

The recovery of MGP in the serum and DMEM incubations with the newborn rat 

tibias is shown in Table 2-2.  Only about two thirds of the MGP was recovered in the 24-

hour serum incubation and most of the MGP was recovered after the 5-day DMEM 

incubation with a tibia.  These results are in agreement with the earlier findings which 

show that MGP is more stable in an incubation solution in the absence of serum. 
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DISCUSSION 

 

MGP is an Inhibitor of Calcification in Devitalized Arteries and Demineralized 

Bone.  Previous in vivo studies of MGP have demonstrated it is involved in the inhibition 

and/or regulation of calcification.  Unfortunately those studies were not able to show 

whether MGP acted directly or indirectly on calcification.  An in vitro system for serum-

induced calcification in bone or arteries, however, has made it possible to learn more 

about inhibitors of mineralization.  The goals for this investigation were: 1) to see if MGP 

would inhibit mineralization, and 2) to investigate what part of the mineralization process 

(nucleation or mineral growth) MGP inhibits. 

The first goal of this study was to test the hypothesis that the addition of MGP 

would inhibit the serum-induced calcification of devitalized arteries and demineralized 

bone in vitro.  We found that 30 µg/mL of MGP in the incubation media completely 

inhibited the calcification of rat carotid arteries and the re-calcification of newborn rat 

tibias.  In the absence of MGP these tissues would normally calcify when incubated for 6 

days in 5% rat serum.  Alizarin red and von Kossa staining, along with the chemical 

analysis for calcium and phosphate also showed that the inhibition of calcification by 

MGP occurred in a dose-dependent manner where the amount of calcification decreased 

as the amount of MGP added to the media increased.  Overall, the data presented here 

provides strong evidence that MGP will function as an inhibitor of calcification in a 

calcifying matrix. 
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Physiologically, the concentration of MGP in rat serum is approximately 450 

ng/mL, which is much lower than the 30 or 10 µg/mL of MGP that was found to inhibit 

or reduce calcification in this study (20).  Therefore how can 450 ng/mL of MGP inhibit 

the mineralization of arteries in vivo?  We believe that the local concentration of MGP 

immediately near a surface of a cell it is secreted from would have a much higher local 

MGP concentration than that found in serum.  Also, the amount of MGP secreted from a 

given surface area may vary from tissue to tissue.  Conversely tissues that normally 

calcify in vivo (i.e. bone) could have other factors that may be involved which could limit 

or reduce the efficiency of MGP to inhibit calcification. 

Future studies are being pursued that will look into whether there exist any 

physical differences in the primary structure or in the post-translational modifications 

between MGP found in calcified tissue versus MGP found in soft tissue or in circulation.  

It may be possible that the activity of MGP may be affected by these components in the 

various tissues in which it is found.  MGP purified from bone is C-terminally processed 

to 79 amino acids from 84, but it is not known when or where this truncation occurs (21).  

In addition there are three serine residues on the protein that are phosphorylated and the 

degree of phosphorylation of these residues may differ depending on the where the 

protein accumulates in vivo (13). 

 

MGP will Inhibit Mineral Nucleation and Growth in Devitalized Arteries and De-

mineralized Bone.  In this study we found that MGP was capable of inhibiting 

mineralization in bone and arteries in media containing serum.  Fortunately, the process 

of mineralization using serum can be separated into two phases:  1) mineral nucleation 
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and 2) mineral growth.  It was previously reported that a 24-hour incubation in serum 

alone acts to induce mineralization and a subsequent incubation for 5 days in DMEM 

alone promotes mineral growth (15). 

Utilizing this system with the addition of exogenous MGP revealed two important 

properties of MGP:  1) MGP will prevent mineral nuclei from forming and 2) MGP will 

arrest the growth and development of nascent mineral in the presence of only DMEM; 

suggesting that MGP will indeed directly inhibit calcification.  The activity of MGP in 

the artery and tibia calcification systems has also shed light on the mechanism of the 

calcification process itself by suggesting that mineral nuclei form before coming in 

contact with the matrix.  If MGP only inhibited calcification by binding to sites of 

mineralization in the matrix itself, then it would not be possible to inhibit the growth of 

mineral nuclei that had deposited in the tissue beforehand.  It appears that MGP was 

interacting more with the mineral component or precursors that cause the calcification in 

arteries or bone. 

 

Stability of MGP in Serum.  One major concern we had with MGP was whether 

the concentration of MGP used in these experiments would be so high that it would cause 

the protein to self-aggregate and come out of solution based on its known insolubility at 

concentrations greater than 10 µg/mL.  RIA studies presented here have revealed that 

~50% of the initial MGP added to the media in 5% serum is recovered over the course of 

6 days (Table 2-1).  It was also observed that approximately 75% of the MGP added to 

neat serum was recovered over a 24-hour time period (Table 2-2).  The loss of MGP in 

these two studies, however, was not caused by self-aggregation, but instead caused by the 
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presence of serum in the incubation media.  When MGP was incubated in DMEM alone 

for 5 or 6 days there was minimal loss of the protein.  A concentration of 30 µg/mL had a 

recovery of almost all of the starting material.  The MGP that was not recovered in 

DMEM was likely due to non-specific binding to the walls of the incubation wells.  In 

addition it was evident that a factor in serum interacts with MGP in the incubation media 

and subsequently degraded or bound a significant portion of the protein over time.  These 

experiments also show that an additional small amount of MGP was lost when incubated 

with a tibia in the media in addition to the amount that was lost from the serum and can 

be attributed to non-specific binding of MGP to the surface of the tissue itself. 

In summary, the study presented in this paper provides strong support that MGP 

functions as an inhibitor of calcification and establishes that this protein will inhibit tissue 

mineralization in a serum-induced calcification system.  We have provided strong 

evidence that MGP may inhibit calcification by interacting directly with the nascent 

mineral crystals and not necessarily by direct interactions with the artery or bone. 
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ABSTRACT 

 

 Matrix Gla protein (MGP) is a vitamin-K dependent extracellular matrix protein.  

It is found and expressed in a variety of cells and tissues.  Moreover it has been shown to 

negatively regulate and inhibit calcification in vivo.  MGP-deficient mice have extensive 

arterial calcification, while an MGP deficiency in humans is characterized by abnormal 

cartilage calcification. 

In this study we investigated the inhibitory effect of MGP on mineral formation in 

a solution of 4 mM ionic calcium and phosphate at a neutral pH.  In addition we also 

studied whether MGP in this same calcium and phosphate buffer system could work 

synergistically with the serum protein fetuin, another protein known to inhibit mineral 

precipitation.  MGP concentrations as low as 10 µg/mL were able to completely inhibit 

the formation of a calcium phosphate mineral phase over a week-long incubation.  MGP 

at a concentration of 2 µg/mL in a solution of 1.35 mg/mL fetuin with 4 mM ionic 

calcium and phosphate was able to delay mineral precipitation for a period up to 10 days 

while a fetuin containing solution without any MGP only delayed mineral precipitation 

for 3 days.  Powder X-ray diffraction and Fourier Transform Infrared spectra of the 

calcium phosphate mineral generated from the calcium and phosphate buffer system 

described in this study were similar to hydroxyapatite, which is generally thought to 

closely resemble the mineral component of bone and calcified tissues. 
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These findings support the conclusion that MGP is an inhibitor of calcification 

and they also establish that it will inhibit mineralization by direct interactions with the 

mineral or its precursors. 
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INTRODUCTION 

 

 The studies presented here are aimed to give a better understanding of how matrix 

γ-carboxyglutamic acid protein (MGP) acts as an inhibitor of calcification in vitro.  A 

number of studies thus far have shown MGP to be involved in the regulation of mineral 

growth.  MGP deficient mice were shown to have extensive arterial calcification which in 

turn lead to the rupturing of their blood vessels and ultimately death within a couple of 

months of birth (1).  Constitutive expression of MGP by a viral vector in chondrocytes 

revealed that MGP prevented mineralization in culture and in chick embryo limb buds 

(2).  In humans a genetic disease characterized by abnormal cartilage calcification, 

Keutel’s Syndrome, is caused by mutations to the MGP gene which produces a non-

functional protein (3).  Vascular smooth muscle cells in the arteries of individuals with 

Monkeberg’s Sclerosis, a disease characterized by the calcification of arterial media, 

were found to have a lower level of MGP mRNA than what is found in individuals 

without artery calcification (4). 

MGP is a 10 kD vitamin K-dependent protein that is 83 amino acids in length.  It 

has five γ-carboxylated glutamic acid residues (Gla) and three phosphoserines which are 

located in a conserved N-terminal sequence in human, rat, bovine, and mouse tissues (5).  

It is expressed in a large variety of tissues including heart, kidney, lung, bone, and 

cartilage (5-7).  Moreover, osteoblasts, chondrocytes, vascular smooth muscle cells, 

pneumocytes, kidney cells, and fibroblasts are cell types known to produce MGP (5,6,8-

10). 
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MGP has also been found to be one of the protein components that make up the 

fetuin mineral complex.  This complex is found in the serum of rats treated with high 

doses of the bone-active bisphosphonate etidronate, an inhibitor of bone mineralization 

(11,12) and in the serum of vitamin D treated rats (13).  These studies offer support for 

the hypothesis that artery calcification is linked to bone resorption.  In addition to MGP 

the complex contains fetuin (called α2-HS glycoprotein in humans), amyloid P, secreted 

phosphoprotein-24, platelet factor 4, and a calcium phosphate mineral.  It was previously 

shown that a fetuin mineral complex could form in vitro in a physiological buffer with 

fetuin and high ionic calcium and phosphate (14).  A solution of fetuin with calcium and 

phosphate incubated for 24 hours will become opalescent, and it was determined that this 

opalescence coincided with the formation of the fetuin mineral complex.  In contrast, 

solutions of high ionic calcium and phosphate precipitate within an hour after being 

mixed in the absence of fetuin.  This in vitro system of high ionic calcium and phosphate 

is an ideal environment to study inhibitors of calcification. 

MGP was shown to be involved in the regulation of mineral growth in a variety of 

cells and tissues (1-4,15,16).  Those studies were not able to show if MGP acted directly 

on mineral formation and growth or by some other means to inhibit calcification.  We 

believe the addition of MGP to a 4 mM calcium and phosphate buffered system would be 

an excellent tool to test the hypothesis that MGP directly inhibits calcium phosphate 

mineral formation.  Also, since MGP is found in the fetuin mineral complex in vivo of 

rats treated with etidronate we hypothesize that the inhibitor activity of either protein may 

be enhanced when the other is present.  We present here the findings from these studies 
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and show that MGP can inhibit the formation of a calcium and phosphate mineral in 

vitro. 
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EXPERIMENTAL PROCEDURES 

 

Materials.  Calcium chloride dihydrate, sodium phosphate dibasic heptahydrate, 

sodium phosphate monobasic monohydrate, and HEPES free acid were purchased from 

EM Science.  125I was purchased from Amersham Biosciences.  Calcium hydroxyapatite 

was purchased from Clarkson.  Fetal calf serum fetuin was purchased from Sigma-

Aldrich.  Bovine MGP was purified as described (5). 

 

Inhibition of calcium phosphate mineral formation by MGP.  The formation of 

calcium phosphate mineral was investigated in solutions of 0.2 M HEPES buffer, 0.02% 

azide, at pH 7.4 and room temperature.  A typical experiment involved the preparation of 

equal volumes of either 8 mM calcium or 8 mM phosphate buffer, pH 7.4.  With a 

Pasteur pipette 1 mL of 8 mM phosphate buffer, pH 7.4 was rapidly added to 1 mL of 8 

mM calcium in a 10 x 75 mm glass test tube to achieve a homogeneous solution 

containing 4 mM each of ionic calcium and phosphate.  The tube was sealed with 

parafilm and then placed in a test tube rack on the bench top.  Samples at designated 

times were taken by removing 100 µL aliquots from the solution, pulse centrifuging for 

10 seconds in an Eppendorf centrifuge at 14,000 rpm, and then diluting the supernatant 

by carefully transferring 80 µL of the supernatant to a 1.5 mL eppendorf tube containing 

80 µL of 0.2 M HEPES buffer, 0.02% sodium azide, pH 7.4 to arrest any further mineral 

growth.  Each time point was quickly frozen on dry ice and stored at -20 oC until 

analysis. 



 60

 To determine whether MGP would inhibit the formation of calcium phosphate 

mineral in a buffer solution containing 4 mM calcium and phosphate, a 1 mL volume of 8 

mM phosphate buffer, pH 7.4 was rapidly added to a 10 x 75 mm glass test tube 

containing 200 µg of bovine MGP (based on absorbance and the assumption that 1 A280nm 

unit = 1 mg).  The MGP/phosphate solution was rapidly added to 1 mL of 8 mM calcium 

in a 10 x 75 mm glass test tube to achieve a homogeneous mixture of 100 µg/mL of MGP 

with 4 mM each of calcium and phosphate.  Samples containing MGP with calcium and 

phosphate were in triplicate.  At designated times samples were centrifuged and diluted 

as described above.  A 100-fold dilution was made by mixing 20 µL of the 1:2 sample 

with 980 µL of radioimmunoassay diluent buffer (0.14 M NaCl, 0.01 M phosphate, 25 

mM EDTA, 0.1% gelatin, 0.1% Tween-20, pH 7.4) and stored at -20 oC.   

To determine whether the soluble amount of MGP from Figures 3-1 & 3-2 was 

sufficient for its activity in vitro, a 1 mL volume of 8 mM calcium in 0.2 M HEPES, pH 

7.4 was quickly expelled into a 10 x 75 mm glass test tube containing 200 µg of MGP.  

The test tube was sealed with parafilm and allowed to equilibrate for 24 hours at room 

temperature to allow for any MGP that was unstable in this buffer at this concentration to 

precipitate.  Next, the solution was transferred to a 1.5 mL epi-tube and centrifuged for 

10 minutes in an Eppendorf centrifuge at 16,000 × g.  The supernatant was then 

transferred to a new 10 x 75 glass tube.  One mL of 8 mM phosphate buffer in 0.2 M 

HEPES, pH 7.4 was expelled into this tube to yield a 4 mM calcium phosphate buffer 

solution with MGP.  All samples containing MGP with calcium and phosphate were in 
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triplicate. Time points and dilutions for all samples were prepared and stored as already 

described. 

To determine the effective concentration of MGP needed to inhibit the 

precipitation of a calcium phosphate mineral in solutions of calcium and phosphate, 

samples with 10, 3, and 1 µg/mL of MGP were prepared in 4 mM calcium and phosphate.  

Samples were prepared by adding a 1 mL volume of 8 mM phosphate in 0.2 M HEPES, 

pH 7.4 to 20, 6, or 2 µg/mL MGP.  Next, they were rapidly expelled into an equal volume 

of 8 mM calcium which thereby diluted the MGP, calcium, and phosphate in half and 

yielded the desired concentration of each.  Each tube was then sealed with parafilm and 

incubated at room temperature.  All samples containing MGP with calcium and 

phosphate were in triplicate. Time points and dilutions were made and stored as already 

described. 

 

Effect of MGP and fetuin on the formation of a calcium phosphate mineral.  The 

formation of calcium phosphate mineral was investigated in solutions of 0.2 M HEPES 

buffer, 0.02% azide, at pH 7.4 and room temperature.  In a typical experiment 1 mL 

solutions of 2.7 mg/mL fetuin in 8 mM phosphate buffer, pH 7.4 were rapidly dispersed 

into 10 x 75 mm glass test tubes containing 20, 4, and 0 µg MGP.  These samples were 

then quickly expelled with a Pasteur pipet into a test tube that contained 8 mM calcium to 

yield concentrations of 10, 2, and 0 µg/mL MGP with 1.35 mg/mL fetuin and 4 mM each 

of ionic calcium and phosphate.  A phosphate-free control was prepared as described 

above with MGP at 10 µg/mL where the 8 mM phosphate buffer was replaced with 0.2 M 

HEPES buffer, pH 7.4.  At indicated time points the absorbance of each solution was 
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measured at 400 nm in order to detect the onset of opalescence with a Hitachi U-2000 

spectrophotometer.  After 21 days 500 µL from each solution was removed and 

centrifuged for 30 minutes in an Eppendorf centrifuge at 16,000 × g to pellet the fetuin-

mineral complex.  The pellet and supernatant were stored at -20oC. 

 

Biochemical Analyses.  For the assessment of mineral content, the pelleted fetuin-

mineral complexes from the above experiments were dissolved in 0.5 mL of 0.15 M HCl 

and incubated for 24 hours in 1.5 mL screw-cap eppendorf tubes.  The quantification of 

calcium from the supernatant of each time point or from the pellets was determined 

colorimetrically using cresolphtalein complexone (JAS), and phosphate levels were 

determined as described (17). 

 To determine the amount of MGP that was present in these experiments, aliquots 

were analyzed by radioimmunoassay (RIA) for bovine MGP.  The assay diluent, sample 

volumes, and procedures were identical to those used in the MGP RIA (18), with purified 

bovine MGP used for the standard curve. 

 

Powder X-ray diffraction and Fourier Transform Infrared (FTIR) spectroscopy 

analysis of calcium phosphate mineral.  Solutions of 100 mL of 8 mM each of calcium 

and phosphate buffer were prepared in 0.2 M HEPES, pH 7.4 at room temperature.  The 8 

mM phosphate buffer solution was quickly poured into the 8 mM calcium solution while 

it was being stirred vigorously.  The 200 mL solution of 4 mM calcium and phosphate 

was mixed for 5 minutes, thereafter the stirring was stopped, the vessel sealed, and the 

mixture sat undisturbed for 2 days.  The solution was then transferred into four 50 mL 
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conical tubes and centrifuged in a Centra CL-2 centrifuge for 5 minutes at maximum 

speed to pellet the mineral.  The pellets were washed with 200 mL total volume of 

ethanol and centrifuged again.  Afterwards the supernatant was discarded and the pellets 

were lyophilized to dryness. 

The calcium phosphate mineral generated here and hydroxyapatite (Clarkson) 

were analyzed on a Scintag SDF 2000 X-ray diffractometer.  Samples were scanned from 

1-70 degrees (2θ) at a normal, continuous scan rate of 2.0 degrees/minute and a step size 

of 0.02 degrees.  In addition FTIR was employed to analyze these samples.  KBr pellets 

were prepared with 3% sample (w/w) and were scanned 256 times from 2000 to 400 cm-1 

at 4-cm-1 resolution on a Nicolet Series II Magna-IR 550 spectrophotometer.   

 

Statistical Analyses.  All mineral extract and Ca:PO4 ratio data are presented as 

the mean +/- SD.  Statistical significance between groups was determined using the 

Student’s t-test.  A P-value < 0.05 was considered significant.  All treatment groups were 

N = 3 unless noted otherwise. 
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RESULTS 

 

Inhibition of calcium phosphate mineral formation by MGP.  The first experiment 

was designed to determine whether MGP could inhibit the precipitation of a calcium 

phosphate mineral in a solution of high ionic calcium and phosphate.  MGP was added to 

a solution of 4 mM calcium and phosphate at a concentration of 100 µg/mL (~ 10 µM) 

and was allowed to incubate at room temperature over the course of 12 days.  Because 

the solubility of cartilage MGP had not been thoroughly investigated, we decided to test a 

higher concentration of MGP in this system than what was traditionally achieved with 

bone MGP in order to be assured that an inhibitory effect, if any, could be seen.  In the 

solution without MGP the calcium concentration fell dramatically from 4 mM to 1.4 mM 

by 6 hours and finally to 0.5 mM by 24 hours as shown in Figure 3-1.  This corresponded 

with the appearance of a small fine white precipitate in the test tube.  Thereafter the 

supernatant calcium fell at a slower rate to yield a final concentration of 0.24 mM by day 

12.  At that time the bottom of the test tube was blanketed with a calcium phosphate 

mineral precipitate.  In contrast, there was no detectable drop in supernatant calcium in 

the tubes that contained MGP with 4 mM calcium and phosphate over the 12-day time 

course indicating a lack of calcium phosphate mineral formation.  The solution in the 

tube, however, did develop a very small amount of a white delicate precipitate after 24 

hours.  A control solution without any added phosphate had also developed a precipitate 

with the same physical attributes during that same time period (data not shown).  Again, 
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the supernatant calcium remained stable at 4 mM which suggests that the white 

precipitate was a portion of MGP that had come out of solution. 

 

Figure 3-1.  The precipitation of mineral in solutions containing 4 mM calcium and phosphate is 
inhibited by MGP.  The 4 mM calcium and phosphate system studies were conducted at room temperature 
in solutions with 0.2 M HEPES buffer at pH 7.4.  A 1 mL volume of 8 mM phosphate buffer, pH 7.4 was 
quickly expelled into an equal volume of 8 mM calcium solution to give a solution with a final 
concentration of 4 mM of calcium and phosphate.  At the indicated time points 100 µL aliquots of this 
solution were removed and pulse centrifuged at maximum speed in an Epifuge to sediment the mineral.  
The supernatants were diluted 1 to 2 in 0.2 M HEPES buffer at pH 7.4 to halt the formation of new mineral.  
MGP studies were carried out by combining 1 mL of 200 µg/mL MGP in 8 mM phosphate buffer, pH 7.4 
with an equal volume of 8 mM calcium to yield a final concentration of 100 µg/mL MGP with 4 mM 
calcium and phosphate.  This figure shows the calcium concentration of the supernatant from the time 
points acquired over a 12-day period.  The average supernatant calcium from three replicates is reported in 
this figure for samples containing MGP with calcium and phosphate. 
 

The two different solutions containing MGP (4 mM calcium or 4 mM calcium 

and phosphate) revealed that the amount of MGP in solution at t = 0 was approximately 

33 µg/mL (see Figure 3-2).  After 48 hours the amount of MGP in the supernatant had 

dropped 3-fold to 11 µg/mL.  Thereafter there was minimal loss of MGP in the ten days 
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following this time point. 

 

Figure 3-2.  Recovery of MGP in solutions containing 4 mM calcium and phosphate.  Selected time 
points from Figure 3-1 were diluted into diluent buffer and assayed by radioimmunoassay.  This figure 
shows the amount of MGP present in solution at these time points.  The average supernatant MGP 
concentration from three replicates is reported in this figure for samples containing MGP with calcium and 
phosphate. 
 

Because MGP precipitation occurs at the concentration of protein used in the 

experiments above, we decided to allow MGP to precipitate and then to test the portion of 

MGP that remained in solution.  To accomplish this, a solution of 200 µg/mL of MGP in 

8 mM calcium was allowed to sit at room temperature on a bench top for 24 hours in 

order to allow the soluble and precipitated MGP to achieve equilibrium.  Afterwards the 

solution was centrifuged to pellet the MGP precipitate and the supernatant was carefully 

transferred to a new tube where it was combined with an equal volume of 8 mM 

phosphate buffer to make a solution of 4 mM calcium and phosphate containing soluble 
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MGP.   This solution was allowed to incubate at room temperature for 12 days.  Figure 

3-3 shows that the supernatant calcium of this solution remained steady at 4 mM 

throughout the course of the experiment.  In addition there was no obvious precipitation 

of protein or mineral based on visual observation. 

 

Figure 3-3.  The precipitation of mineral containing 4 mM calcium and phosphate is inhibited by a 
quantity of calcium soluble MGP.  MGP at a concentration of 200 µg/mL was prepared in 1 mL of a 8 
mM calcium solution and was allowed to equilibrate for 24 hours at room temperature to allow for any 
amount of MGP to precipitate.  The soluble MGP portion was obtained upon centrifugation for 10 minutes 
of the 1 mL solution in an Epifuge.  Thereafter 1 mL of 8 mM phosphate buffer, pH 7.4 solution was 
rapidly expelled into the supernatant MGP solution, thus yielding a 4 mM calcium phosphate buffer 
solution with MGP.  Time points were collected as described in Experimental Procedures.  This figure 
shows the calcium concentration of the supernatant from the data acquired over an 11-day period.  The 
average supernatant calcium from three replicates is reported in this figure for samples containing MGP 
with calcium and phosphate. 
 

The concentration of MGP after the solution was diluted to 4 mM calcium and 

phosphate was about 9 µg/mL (t = 0) and had decreased to 5 µg/mL after 12 days as seen 

in Figure 3-4.  A sample with only MGP and calcium had a MGP concentration just 

under 10 µg/mL at t = 0 and had dropped to 7.5 µg/mL by the end of the experiment. 
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Figure 3-4.  Recovery of calcium soluble MGP in solutions containing 4 mM calcium and phosphate.  
The time points from t = 0 and 12 days of the experiment shown in Figure 3-3 were diluted into diluent 
buffer and assayed by radioimmunoassay.  This figure shows the amount of MGP present in solution at 
these time points.  The average supernatant MGP concentration from three replicates is reported in this 
figure for the sample containing MGP with calcium and phosphate. 
 

The previous two experiments (Figures 3-1 to 3-4) showed that concentrations of 

5 to 11 µg/mL MGP in the supernatant were effective enough to completely inhibit the 

spontaneous precipitation of a calcium phosphate mineral.  Given this information it 

would be important to know the minimal effective concentration of MGP needed to 

inhibit the nascent calcium phosphate mineral from forming in order to determine the 

efficiency and/or effectiveness of MGP.  A dose response study, as described in 

Experimental Procedures, was carried out over the course of 9 days in the 4 mM calcium 

and phosphate system.  As seen in Figure 3-5, 10 µg/mL of MGP added to a 4 mM ionic 

calcium and phosphate solution proved to be powerful enough to prevent mineral 
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formation because the supernatant calcium concentration was stable at 4 mM over the 

course of the experiment.  There was no noticeable precipitation of any material in the 

solution upon visual inspection at each time point.  For the 3 µg/mL dose of MGP the 

supernatant calcium concentration had fallen but not as dramatically as the 1 and 0 

µg/mL MGP samples which had dropped in supernatant calcium concentration virtually 

at the same time.  There was no obvious precipitation in the 3 µg/mL dose of MGP until 

day 3 whereupon a small white flaky precipitate was noted to have formed.  The 1 and 0 

µg/mL MGP samples had signs of precipitation by the first day. 
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Figure 3-5.  Effective concentration of MGP needed to inhibit the formation of mineral in solutions 
containing 4 mM calcium and phosphate.  MGP studies were carried out by rapidly combining 1 mL of 
20, 6, and 2 µg/mL MGP in 8 mM phosphate buffer, pH 7.4 with an equal volume of 8 mM calcium to 
yield final concentrations of 10, 3, and 1 µg/mL MGP with 4 mM calcium and phosphate.  The time points 
collected in this experiment were prepared as described in Experimental Procedures.  This figure shows the 
calcium concentration of the supernatant from the data acquired over a 9-day period from each MGP dose 
tested.  The average supernatant calcium from three replicates is reported in this figure for samples 
containing MGP with calcium and phosphate. 
 

The amount of MGP in the solutions from this experiment revealed that the 

calcium plus phosphate and the calcium only samples contained 10 µg/mL of MGP 

immediately after the phosphate or Hepes buffer were mixed with the calcium (Figure 3-

6).  After 1 day the MGP concentration for both samples fell to 6 µg/mL and remained at 

this concentration for the remainder of the experiment.  The 3 µg/mL MGP sample dose 

had 3 µg/mL of MGP in the supernatant immediately after the mixing of the calcium and 
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phosphate solutions together and eventually fell to approximately 1.5 µg/mL with 

minimal loss thereafter over the course of the experiment.  The lowest dose of MGP 

tested, 1 µg/mL, had its original amount in the supernatant immediately after the ionic 

calcium and phosphate were mixed together, but the detection of MGP in later time 

points was not possible because the amount of MGP in these samples was below the 

detection limits of the radioimmunoassay. 

 

Figure 3-6.  Recovery of the effective concentration of MGP needed to inhibit the formation of 
mineral in solutions containing 4 mM calcium and phosphate buffer.  Selected time points from the 
experiment shown in Figure 3-5 were diluted into diluent buffer and assayed by radioimmunoassay.  This 
figure shows the amount of MGP present in solution at these time points.  The average supernatant MGP 
concentration from three replicates is reported in this figure for samples containing MGP with calcium and 
phosphate. 
† Sample MGP concentrations fell below detection limits of the RIA 

 

MGP and fetuin work synergistically to inhibit calcium phosphate mineral 

formation.  Another protein that has been shown to exhibit inhibitory effects similar to 

MGP on mineral precipitation is the protein fetuin.  In a previous study fetuin inhibited 
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the precipitation of mineral in a high ionic calcium and phosphate solution.  The solution 

would eventually become opalescent which coincided with mineral formation (14).  To 

determine whether fetuin and MGP would exhibit a synergistic effect on the inhibition of 

a mineral precipitate, a solution of 1.35 mg/mL (28.1 µM) of fetuin, a concentration 

comparable to that seen in rat serum, was prepared in Hepes buffer as described in 

Experimental Procedures with 0, 2, and 10 µg/mL of MGP in 4 mM calcium and 

phosphate.  Fetuin alone with calcium and phosphate was able to delay the onset of 

mineral formation for 3 days after which the test solution became opalescent based on 

visual observation and absorbance at 400 nm (Figure 3-7).  The addition of 2 µg/mL (0.2 

µM) of MGP delayed the onset of opalescence to the 10th day (± 1 d) of the experiment.  

The 10 µg/mL dose of MGP did not show any signs of mineral formation.  In this sample 

the solution remained clear with no measurable absorbance at 400 nm over the course of 

the experiment. 
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Figure 3-7.  The synergistic effect of MGP & Fetuin on the precipitation of mineral in solutions 
containing 4 mM calcium and phosphate (time course).  This system was created by quickly expelling a 
1 mL solution of 2.7 mg/mL fetuin in 8 mM phosphate buffer, pH 7.4 into an equal volume of 8 mM 
calcium giving a final concentration of 1.35 mg/mL of fetuin and 4 mM calcium and phosphate.  At the 
indicated time points the absorbance at 400 nm of the solution was recorded using a Hitachi 
spectrophotometer to detect the onset of opalescence in the sample.  Solutions of 20 and 4 µg/mL MGP 
were prepared in a 2.7 mg/mL solution of fetuin in 8 mM phosphate buffer, pH 7.4 and were each 
combined with an equal volume of 8 mM calcium as described above to yield final concentrations of 10 
and 2 µg/mL MGP, 1.35 mg/mL fetuin, and 4 mM calcium & phosphate.  This figure shows the absorbance 
at 400 nm of these solutions over a 21-day period.  The average value (N = 3) for all samples are reported 
in this figure. 
 

At the end of the 21-day incubation an aliquot from each sample was centrifuged 

and the resulting pellet, if any, was analyzed for calcium and phosphate content (Figure 

3-8).  All the samples were in agreement with the data from Figure 3-7.  The 10 µg/mL 

dose of MGP with phosphate and the control without phosphate had virtually no calcium 

and phosphate detected in the pellets.  The 2 µg/mL MGP sample had a slightly smaller 

amount of calcium and phosphate than the 0 µg/mL MGP sample indicating that a small 
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degree of inhibition on the formation of mineral did occur due to the presence of MGP in 

the solution with fetuin with this sample. 

 

Figure 3-8.  The synergistic effect of MGP & Fetuin on the precipitation of mineral in solutions 
containing 4 mM calcium and phosphate (chemical analysis of mineral at 21 days).  After 21 days 0.5 
mL from each sample in Figure 3-7 were transferred to a 1.5 mL eppendorf and centrifuged for 30 minutes 
at 16,000 × g to pellet any fetuin-mineral complex that may have formed.  Each pellet was dissolved in 
0.15 M HCl and analyzed for calcium and phosphate.  The calcium and phosphate mean and standard 
deviation from these pellets are reported here.  N = 3 for all samples in this figure except for the control 
without phosphate where only 1 replicate was tested. 
* P < 0.05 when compared with 4 mM calcium and phosphate and fetuin control 
** P < 0.01 when compared with 4 mM calcium and phosphate and fetuin control 
 

Structural characteristics of calcium phosphate mineral.  The calcium and 

phosphate mineral that forms from solutions containing 4 mM calcium and phosphate 

was compared to hydroxyapatite which is similar to the mineral found in calcified tissue 

such as bone.  Powder X-ray diffraction (XRD) and Fourier Transform Infrared (FTIR) 

spectroscopy were two methods that were utilized to compare the structural similarities 
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between these two mineral samples.  Figure 3-9 shows the powder XRD pattern of the 

mineral collected from a solution of 4 mM calcium and phosphate 2 days after mixing 

and that of hydroxyapatite that was purchased from Clarkson.  The 4 mM calcium and 

phosphate mineral shared the same signature peak areas and relative intensities as that of 

the hydroxyapatite sample.  These data would suggest that the structure of the 4 mM 

calcium and phosphate mineral and that of hydroxyapatite are very similar.  The FTIR 

spectra of these samples provide additional evidence to this observation (inset, Figure 3-

9). The same stretching and bending frequencies of the phosphorous to oxygen bonds that 

are indicative of phosphate in hydroxyapatite are also present in the 4 mM calcium and 

phosphate mineral.  The 4 mM calcium and phosphate mineral, however, does contain a 

C-O (carbonate) signal which was not seen in hydroxyapatite.  This was in agreement 

with a previous study from our laboratory that showed carbonate in the FTIR spectrum of 

bone-derived apatite from deproteinized newborn rat tibias (19).  We believe that 

carbonate was introduced during mineral formation because the solution may had 

absorbed carbon dioxide from the air and would have incorporated carbonate into the 

mineral. 
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Figure 3-9.  Powder X-ray diffraction pattern and FTIR spectroscopy of mineral from solutions 
containing 4 mM calcium and phosphate.  The calcium phosphate mineral precipitate from a 4 mM 
calcium and phosphate buffer system was prepared as described in Experimental Procedures.  Reported in 
this figure is the powder X-ray diffraction pattern of the mineral collected from the 4 mM calcium and 
phosphate buffer solution (Top) and that of hydroxyapatite (Bottom).  Mineral samples were also analyzed 
with KBr pellets by FTIR spectroscopy (insets). 
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DISCUSSION 

 

Evidence that MGP inhibits calcium phosphate mineral formation in vitro.  

Solutions of 4 mM calcium and phosphate will not spontaneously precipitate mineral 

with the addition of 100 µg/mL of purified bovine MGP (Figure 3-1).  In our initial 

studies with MGP at 100 µg/mL it was noted that a small white fluffy-like precipitate had 

blanketed the bottom of the solution in the test tubes.  Based on calcium and 

radioimmunoassay analysis of these solutions, however, it was revealed that a large 

portion of MGP had come out of solution and that this would account for the appearance 

of a visible precipitant (Figures 3-1 & 3-2).  The soluble portion of MGP (10 µg/mL), 

when separated from its precipitate and tested in a solution of 4 mM calcium and 

phosphate, was shown to efficiently inhibit mineral formation (Figure 3-3). 

Findings from the dose response study of MGP showed that a minimum 

concentration of purified MGP of 10 µg/mL (~ 1 µM) was sufficient to prevent any 

nascent mineral growth for a time period of over a week as seen in Figure 3-5.  This was 

in stark contrast to solutions of 4 mM calcium and phosphate without any added MGP 

which would show signs of mineral formation within hours of being made. 

 Even though it was not noted visually, radioimmunoassay analysis of the dose 

response study revealed that a portion of MGP was not recovered in later time points.  

Figure 3-6 showed that the 10 µg/mL concentration of MGP in the dose response study 

was maintained at 6 µg/mL throughout the course of the experiment.  The loss of MGP 

could be attributed to precipitation of the protein and/or loss due to non-specific binding 
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to the walls of the test tube.  It was observed that purified MGP, in the presence of higher 

amounts of calcium (4 – 8 mM), will tend to precipitate considerably more than in a 

similar solution without calcium (personal observation).  This suggests that the presence 

of a high calcium concentration could contribute to a loss of the protein. 

 MGP has been shown to be important for the inhibition of calcification in tissues 

including arteries.  The concentration of MGP in serum, however, is about 200 to 1000 

ng/mL depending on the species, an amount of MGP that is lower than the concentrations 

used in this study.  If this is true then how could MGP prevent arterial calcification if the 

concentration we found to be effective for the inhibition of mineral formation was an 

order of magnitude greater than that of MGP found in serum?  We believe that this may 

not be an issue, because the local concentration of MGP near the cell surface where it is 

secreted will be much greater than it would be in blood.  Thus the 10 µg/mL 

concentration of MGP that was found to completely inhibit mineral formation in a 

solution of 4 mM calcium and phosphate may be close to the amount of MGP needed 

near the artery surface to inhibit calcification.  The calcium and phosphate concentration 

used in these experiments is two to three times higher than what is found in blood.  

Therefore it could be estimated that two to three times lower amounts of MGP would be 

needed to inhibit mineral formation in vivo. It would follow that the amount of MGP 

needed to inhibit mineralization near the cell surface would be 3 to 5 µg/mL.  The 

findings presented here support the previous studies that MGP is an inhibitor of 

calcification, but it also showed that MGP was capable of directly inhibiting mineral 

formation. 
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The synergistic effect of MGP and fetuin.  In addition to MGP, fetuin, also known 

as α2-HS glycoprotein in humans, has been shown to have an inhibitory effect on mineral 

precipitation in a solution of high ionic calcium and phosphate (14).  MGP incubated 

together with fetuin in a solution of 4 mM ionic calcium and phosphate worked 

synergistically to stop mineral precipitation as seen in Figures 3-7 & 3-8.  Without any 

added MGP a fetuin solution of 1.35 mg/mL, a concentration seen physiologically in 

serum, will delay mineral precipitation or opalescence of the solution for approximately 3 

days.  However, as little as 2 µg/mL of MGP added to this system will extend the 

inhibitory effect to about 10 days before the solution becomes opalescent (Figure 3-7).    

By comparison a 3 µg/mL concentration of MGP without any fetuin in 4 mM calcium 

and phosphate was shown to have a weak inhibitory effect on mineral precipitation 

(Figure 3-5).  The mineral data from Figure 3-8, which showed the calcium and 

phosphate analysis of the resulting pellet after MGP and fetuin were incubated with 4 

mM ionic calcium and phosphate after 21 days, was in agreement with the results from 

Figure 3-7.  The 10 µg/mL dose of MGP virtually eliminated any mineral precipitation 

while the lower dose of MGP had only a slight effect on the formation of mineral after 

21.  We speculate that the synergistic effect of fetuin reduces the amount of MGP needed 

to inhibit precipitation by a factor of five which would lower the effective concentration 

of MGP as a calcification inhibitor to 0.7 to 1 µg/mL in vivo. 

Physically MGP is a small protein of approximately 10 kDa with 5 Gla residues 

and 3 phosphoserines.  Fetuin, a much larger protein, is glycosylated, has an estimated 

molecular mass of 48 kDa, and when purified is found to contain between 1and 4 

phosphoserines, depending upon the source of the protein.  As a whole, the study 
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presented here has demonstrated that the calcification inhibitors MGP and fetuin can 

work synergistically even though they vary significantly in their sequence, size, and post-

translational modifications. 

 

Four mM Calcium and phosphate mineral.  The mineral precipitate generated in a 

solution of 4 mM calcium and phosphate shares many of the same chemical bonding 

properties and structural features as hydroxyapatite (Figure 3-9).  This suggests the 

reaction that occurs with the 4 mM calcium and phosphate ions interacting in solution to 

form a mineral precipitate may be similar to the one for apatite in vivo.  Concentrations of 

≤ 2 mM calcium and phosphate, however, will not spontaneously precipitate to form 

mineral.  To form a mineral precipitate under physiological conditions it was shown that 

a factor in serum is necessary to initiate calcification (19,20).  This factor may act as a 

catalyst for mineral formation. 

Because apatite is the mineral component found in bone this study demonstrated 

that MGP indeed inhibited the formation of a mineral most likely encountered in vivo.  

Thus the results from this study build on the hypothesis that MGP is a direct and potent 

inhibitor of calcification. 
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ABSTRACT 

 

 The purpose of the present study was to determine the binding properties of MGP 

for nascent calcium phosphate mineral.  Previous genetic and biochemical studies of 

MGP have convincingly demonstrated that impaired MGP function results in extensive 

calcification of the elastic lamellae in the artery media of mice, rats, and humans. 

In the present study I investigated the affinity of MGP for hydroxyapatite and 

nascent calcium phosphate mineral.  It was revealed that MGP had a greater affinity for 

nascent mineral than for hydroxyapatite.  Additional experiments measured the rate of 

binding of MGP to nascent mineral and determined the optimal time required to achieve 

maximal binding of MGP with nascent mineral. 
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INTRODUCTION 

 

 MGP is a 10 kDa, vitamin K-dependent protein that is expressed in a variety of 

tissues, including heart, kidney, lung, bone, and cartilage (1-3).  MGP-deficient mice 

have extensive arterial calcification that ruptures their blood vessels and leads to death 

within two months of birth (4).  In humans, Keutel’s syndrome, a genetic disease 

characterized by abnormal cartilage calcification, is caused by mutations in the MGP 

gene that subsequently produce a non-functional protein (5).   

The affinity of a protein for hydroxyapatite offers insight into the strength of the 

protein-mineral interaction, and the role of the protein in normal and pathological 

calcification.  The affinities of bone Gla protein (BGP, osteocalcin), osteonectin, dentin 

phosphophoryn, and osteopontin have been examined for hydroxyapatite (6-10).  It was 

recently revealed that the affinity of MGP for hydroxyapatite was dependent on the ionic 

environment (11). 

The goal of the study presented here was to determine whether MGP has the same 

affinity for nascent mineral as it does for hydroxyapatite.  Experiments were also 

developed to investigate the rate of MGP binding to nascent mineral. 
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EXPERIMENTAL PROCEDURES 

 

Materials.  Calcium chloride dihydrate, sodium phosphate dibasic heptahydrate, 

sodium phosphate monobasic monohydrate, and HEPES free acid were purchased from 

EM Science.  Calcium hydroxyapatite was purchased from Clarkson. 

Nascent mineral was made by mixing equal volumes of 200 mM Hepes, pH 7.4 

containing 10 mM CaCl2 and 10 mM phosphate buffer, pH 7.4 at room temperature for 

10 minutes for total volume of 125 mL.  The solution was then poured into four 50 mL 

conical tubes and centrifuged in a Centra CL-2 centrifuge for 5 minutes at maximum 

speed to pellet the mineral.  The pelleted mineral from each conical tube was washed 

with 37.5 mL of ethanol and centrifuged again.  The supernatant was discarded and the 

pelleted mineral was lyophilized to dryness. 

MGP was purified as described (1).  All other reagents used were reagent grade or 

better. 

 

Binding studies.  All binding studies were done at 25 oC in a solution of Hepes 

buffer (20 mM Hepes buffer, pH 7.4, 0.13 M NaCl, and 1 mM CaCl2), which had been 

equilibrated with hydroxyapatite for at least 24 hours prior to use.  Prior to use in assays, 

hydroxyapatite-saturated Hepes buffer was centrifuged and filtered through a 0.22 µm 

filter (Steriflip; Millipore, Bedford, MA).  To determine the effect of MGP on the binding 

to mineral, 450 µL (“blanks”) or 400 µL of Hepes buffer were rapidly added to 100 µL of 

5.75 µg/mL MGP (Hepes buffer and 1.9 mg/mL bovine serum albumin) in a 1.5 mL 
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screw-top microfuge tube (in duplicate).  Each tube, except the blanks, received 50 µL of 

Hepes buffer containing between 0.3 - 33 mg/mL of hydroxyapatite or 0.03 - 0.99 mg/mL 

of nascent mineral.  The resulting solutions contained 1 µg/mL MGP (0.1 µM) and 

between 0.03 – 3 mg/mL of hydroxyapatite or 0.003 – 0.09 mg/mL of nascent mineral.  

The tubes were incubated for 4 hours with constant rotation and were then centrifuged for 

2 minutes at 16,000 × g to pellet the mineral and bound MGP ([B]).  Free MGP ([F]) in 

100 µL of supernatant was determined in triplicate by radioimmunoassay as described 

previously; [Fo] = initial free MGP (12). 

To determine MGPs rate of mineral binding, 450 µL (“blanks”) or 400 µL of 

Hepes buffer were rapidly added to 100 µL of 5.75 µg/mL MGP (Hepes buffer and 1.9 

mg/mL bovine serum albumin) in a 1.5 mL screw-top microfuge tube (in duplicate).  

Each tube, except the blanks, received 50 µL of 1 mg/mL nascent mineral in Hepes 

buffer.  The resulting solution contained 1 µg/mL MGP and 0.09 mg/mL nascent mineral.  

The tubes were incubated over a series of time points from 1 minute to 4 hours.  At the 

indicated time points the tubes were centrifuged for 2 minutes at 16,000 × g and the free 

MGP was assayed by radioimmunoassay. 

 

Powder X-ray diffraction and Fourier Transform Infrared spectroscopy analysis of 

mineral.  The nascent and hydroxyapatite mineral crystals were analyzed on a Scintag 

SDF 2000 X-ray diffractometer.  Samples were scanned from 1 – 70 degrees (2θ) at a 

normal, continuous scan rate of 2.0 degrees/minute and a step size of 0.02 degrees.  In 

addition, FTIR was employed to analyze these samples.  KBr pellets were prepared with 
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3% sample (w/w) and were scanned 256 times from 2000 to 400 cm-1 at 4-cm-1 resolution 

on a Nicolet Series II Magna-IR 550 spectrophotometer. 
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RESULTS 

 
 

 The apatitic calcium phosphate mineral found in vivo is not pure hydroxyapatite.  

The hydroxide ions in apatite mineral are substituted with other constituents, like 

carbonate, in the crystal.  Chapter III showed that carbonate could be introduced into a 

calcium phosphate mineral in vitro.  Therefore, the first experiment was designed to 

demonstrate if MGP has a greater affinity for nascent calcium phosphate mineral, a 

mineral that spontaneously precipitates in a rapidly mixed solution of 5 mM calcium and 

phosphate at room temperature and neutral pH, than for hydroxyapatite.  This experiment 

showed that MGP bound more efficiently to the nascent mineral than to hydroxyapatite 

(Figures 4-1 & 4-2).  In the samples containing nascent mineral, 0.017 mg/mL of 

mineral was needed to bind 50% of the MGP.   This is in stark contrast to the 1.1 mg/mL 

of hydroxyapatite that was needed to bind half the MGP.  The data from this experiment 

shows for the first time an apatitic mineral that spontaneously forms in a neutral pH 

buffer is a more suitable target for MGP binding than hydroxyapatite. 
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Figure 4-1.  Binding of MGP to hydroxyapatite and nascent calcium phosphate mineral.  All binding 
studies were performed as described under Experimental Procedures with a protein concentration of 1 
µg/mL in 0.55 mL of 20 mM Hepes, pH 7.4, 0.13 M NaCl, and 1 mM CaCl2.  Total bound fraction 
([B]/[Fo]) vs. [hydroxyapatite] or [nascent mineral] is plotted from duplicate samples for each mineral 
concentration.  Inset is an expanded view of the lower mineral concentrations of the same data. 
 



 93

 

Figure 4-2.  Binding of MGP to hydroxyapatite and nascent calcium phosphate mineral (semi-
logarithmic).  Semi-log plot of the data from Figure 4-1 showing the total bound fraction ([B]/[Fo]) vs. 
[hydroxyapatite] or [nascent mineral] plotted from duplicate samples for each mineral concentration. 
 
 The previous experiment showed that MGP bound more efficiently to nascent 

mineral than to hydroxyapatite.  A time course for the rate of binding was performed to 

determine whether a 4-hour incubation was ample time to allow for maximal binding of 

MGP to mineral.  In this experiment samples containing 0.09 mg/mL of nascent mineral 

with 1 µg/mL MGP were incubated for various times.  MGP achieved maximal binding 

in about 1 hour and with 50% of the protein bound in approximately 5 minutes (Figure 4-

3).  This experiment showed that the 4-hour incubation time was sufficiently long enough 

to achieve maximal binding of nascent mineral to MGP from the data shown in Figures 

4-1 & 4-2. 
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Figure 4-3.  Rate of MGP binding to nascent calcium phosphate mineral.  All binding studies were 
performed as described under Experimental Procedures with a protein concentration of 1 µg/mL in 0.55 
mL of 20 mM Hepes, pH 7.4, 0.13 M NaCl, and 1 mM CaCl2.  Total bound fraction ([B]/[Fo]) vs. time is 
plotted from duplicate samples for each time point.  Inset is a semi-log plot of the same data. 
 

 MGP was shown to have a greater affinity for the nascent mineral used in these 

experiments than for hydroxyapatite.  X-ray diffractometry and FTIR were employed in 

order to investigate the differences and similarities between these two minerals.  The 

powder x-ray diffraction pattern of nascent mineral was very similar to the pattern of 

hydroxyapatite (Figure 4-4).  The hydroxyapatite sample had sharper peaks than the 

nascent mineral, which would be an indication of a more crystalline structure.  The 

nascent mineral diffraction pattern had broad peaks and a lower signal to noise ratio.  

FTIR of the nascent mineral indicated that carbonate was present which was in contrast to 

hydroxyapatite which was free of carbonate (inset Figure 4-4).  In contrast, the 
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hydroxyapatite FTIR spectra indicated that this material was free of carbonate.  As 

expected, both the nascent mineral and the hydroxyapatite showed absorbance for 

phosphate.  Overall, the powder x-ray diffraction patterns and FTIR spectra showed that 

the nascent mineral shared many features as hydroxyapatite. 
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Figure 4-4.  Powder X-ray diffraction and FTIR spectroscopy of the nascent calcium phosphate 
mineral and hydroxyapatite.  The nascent calcium phosphate mineral was prepared as described in 
Experimental Procedures.  Reported in this figure is the powder X-ray diffraction pattern of the nascent 
mineral collected from a 5 mM calcium and phosphate buffer solution (Top) and that of hydroxyapatite 
(bottom).  Mineral samples were also analyzed with KBr pellets by FTIR spectroscopy (insets). 
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DISCUSSION 

 

The present studies show for the first time that MGP bound almost two orders of 

magnitude more efficiently to a nascent calcium phosphate mineral than it did to 

hydroxyapatite.  Only 0.017 mg/mL of nascent mineral was required to bind 50% of the 

MGP.  In contrast, 1.1 mg/mL of hydroxyapatite was needed to bind the same quantity of 

MGP.  We speculate that the nascent mineral, formed in physiological pH buffered 

solutions of high ionic calcium and phosphate, may more closely resemble the mineral 

found in vivo than hydroxyapatite.  The rate of MGP binding to nascent mineral showed 

that maximal binding was achieved by 1 hour.  The kinetic techniques used in this study 

would be excellent tools to determine whether the post-translational modifications of 

MGP are important for its ability to bind mineral.  Bone apatite was not investigated in 

these binding studies because the mineral could not be easily ground into a material fine 

enough to be readily suspended and pipetted. 

Structural studies using powder X-ray diffraction and FTIR of the nascent mineral 

showed that it was very similar to hydroxyapatite, however, they also point out that the 

mineral contained carbonate, a common component of biological apatite.  The X-ray 

diffraction pattern and FTIR spectrum of bone apatite, while not as sharp and definitive, 

are similar to the nascent mineral (13).  The crystal structure of hydroxyapatite (Figure 

4-5) shows how the hydroxide ions and phosphates are positioned with respect to calcium.  

The substitution of carbonate for phosphate in a few locations in the mineral may not 

alter the positioning of molecules in the crystal because they have similar electron 
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densities.  The replacement of hydroxide ions for carbonate, however, could potentially 

change the arrangement of molecules within the unit cell which may alter its symmetry 

and lead to a less compact and crystalline structure because of the significant differences 

in their electron densities.  The powder x-ray diffraction pattern of the nascent mineral 

supports this hypothesis because the spectrum was not as defined as hydroxyapatite; 

however, it still maintained the same general shape and features. 

 

Figure 4-5.  Crystal structure of fluoroapatite or hexagonal hydroxyapatite projected down the c-axis.  
The corners of the unit cell (marked by shaded circles) are occupied by F- and fluoroapatite and by OH- in 
hydroxyapatite.  An alternate choice of unit cell is identified as a’ and b’.  Chow and Eanes, 2001. 
 

 In summary, these studies demonstrated that MGP bound more efficiently to a 

more biological apatite-like mineral than to hydroxyapatite.  They also showed that the 
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amount of time required to achieve maximal binding was at approximately 1 hour.  The 

techniques utilized in this study could be used as additional tools to characterize how 

changes to the post-translational modifications of MGP may affect its activity. 
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ABSTRACT 

 

 The purpose of the present study was to determine whether the degree of post-

translational modification of matrix Gla protein (MGP) differed depending on where the 

protein is found and how phosphorylation of MGP might be regulated.  Previous genetic 

and biochemical studies of MGP have convincingly demonstrated that impaired MGP 

function results in extensive calcification of the elastic lamellae in the artery media of 

mice, rats, and humans. 

In the present study we employed MALDI-TOF mass spectrometry to 

characterize the phosphorylation and carboxyl-terminus processing of purified bovine 

MGP from bone and cartilage, and rat MGP from the fetuin-mineral complex in serum of 

rats treated with the bisphosphonate etidronate.  The mass spectra revealed that: 1) bone 

MGP consisted primarily of dephosphorylated 83- and 79-residue forms; 2) cartilage 

MGP had a more even distribution of phosphorylation states with the 83-residue form as 

the dominant species; and 3) MGP from the fetuin-mineral complex consisted primarily 

of the fully phosphorylated 83- and 79-residue forms.  Additional experiments also 

demonstrated that tissue non-specific alkaline phosphatase, a serum protein with a wide 

tissue distribution including bone, could dephosphorylate MGP under physiological 

conditions. 

These experiments support earlier findings that MGP is partially phosphorylated 

and the carboxyl-terminus is processed in bone and cartilage.  This study, however, 

showed that the amount of phosphorylation and the presence of the 83- and 79-residue 
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forms of MGP varies depending on where the protein is found.  In addition, this study 

suggests that tissue non-specific alkaline phosphatase may regulate the phosphorylation 

of MGP in vivo. 
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INTRODUCTION 

 

MGP is a 10 kDa, vitamin K-dependent protein that is expressed in a variety of 

tissues, including heart, kidney, lung, bone, and cartilage (1-3).  Previous genetic and 

biochemical studies of MGP have convincingly demonstrated that impaired MGP 

function results in extensive calcification of the elastic lamellae in the artery media of 

mice, rats, and humans (4-6). 

Earlier investigations established that MGP is post-translationally modified with 5 

γ-carboxyglutamic acid (Gla) residues, 3 phosphoserines near its N-terminus, and is 

carboxyl-terminus processed to 79- and 83-residues.  The cDNA structures of bovine, rat, 

and human MGP predict an 84-residue mature MGP (7-9), however, the 84-residue form 

has not been detected in bone and cartilage extracellular matrix extracts.  It is 

hypothesized that MGP is subject to the action of a carboxypeptidase B-like enzyme prior 

to secretion to generate the 83-residue form.  Subsequently, the 79-residue form is 

cleaved in a trypsin-like cleavage at Arg80-Arg81 or Arg81-Gly82 followed by 

carboxypeptidase B-like cleavage to remove COOH-terminal arginine(s) (10). 

For phosphorylation, all 3 modified serines are in tandemly repeated Ser-X-Glu 

sequences that are highly conserved in bovine, human, lamb, rat, and fish MGPs (11,12).  

It is thought that the extent of serine phosphorylation regulates the activity of proteins 

secreted into the extracellular environment of cells, and that partial phosphorylation can 

therefore be explained by the need to ensure that the phosphoprotein be poised to gain or 

lose activity with regulated changes in phosphorylation status. 
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 The goal of the study presented here was to determine whether:  1) matrix-

assisted laser desorption ionization time of flight (MALDI-TOF) mass spectrometry 

could be utilized as a simple and direct way to investigate post-translational 

modifications of MGP and 2) the degree of post-translational modifications of MGP 

differ depending on where the protein is found.  The results of these experiments show 

that the level of phosphorylation and carboxyl-terminus processing are different in MGP 

from bone, cartilage, and serum.  These studies also demonstrated that an alkaline 

phosphatase isozyme could regulate the phosphorylation of MGP. 
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EXPERIMENTAL PROCEDURES 

 

Materials.  Forty-day old albino male rats (Sprague-Dawley-derived) were 

purchased from Simonsen labs (Gilroy, CA).  Etidronate was a gift from Proctor & 

Gamble (Cincinnati, OH).  Warfarin, sinapic acid, methyl α-D-mannopyranoside, and 

bovine intestinal alkaline phosphatase (IAP) were purchased from Sigma.  Concanavalin 

A (Con A) Sepharose was purchased from Amersham Biosciences.  NuPAGE Bis-Tris 4-

12% polyacrylamide gradient gels were purchased from Invitrogen.  Bovine kidney 

alkaline phosphatase (tissue-nonspecific alkaline phosphatase, TNAP) with a specific 

activity of 1,000 U/mg was obtained from Calzyme Laboratories (San Luis Obispo, CA).  

Bovine MGP was purified as described (1,10).  All other reagents used were reagent 

grade or better. 

 

Maintenance of animals.  To cause the formation of the fetuin-mineral complex 

which contains MGP, etidronate was dissolved in water, titrated to pH 7.4 with NaOH, 

and administered subcutaneously to ten 40-day-old male rates at a dose of 32 mg/100 g of 

body weight (13).  To determine the effect of warfarin on the accumulation of MGP in 

the serum protein-mineral complex, five rats received subcutaneous injections of 15.4 mg 

of warfarin/100 g of body weight 2 hours prior to etidronate injection.  For serum, the 

blood was allowed to clot for 30 minutes at room temperature, and the serum was 

collected by centrifugation at 1,400 × g for 10 minutes in a clinical centrifuge.  The 
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University of California, San Diego Animal Subjects Committee approved all animal 

experiments. 

 

Biochemical characterization of MGP from the fetuin-mineral complex.  To 

determine the phosphorylation of MGP from the fetuin-mineral complex at the 32 

mg/100 g of body weight dose of etidronate, the rats were exsanguinated 6 hours after 

etidronate injection.  For the samples, 1 mL aliquots of pooled serum were centrifuged at 

16,000 × g for 2 hours to sediment the fetuin-mineral complex.  After removal of the 

supernatant, the pellets were washed briefly with 0.5 mL of ice-cold 0.15 M NaCl and 

resuspended in 0.5 mL of HEPES buffer (20 mM HEPES buffer, pH 7.4, containing 1 

mM CaCl2, 2 mM Na2PO4, 0.02% azide, and 0.15 M NaCl).  The aliquots were again 

centrifuged for 30 minutes at 16,000 × g, and the supernatants were removed.  Some of 

the final pellets were dissolved in SDS gel loading buffer containing 60 mM EDTA, pH 

7.4, electrophoresed on 4-12% polyacrylamide gels, and were stained with Coomassie. 

 

Dephosphorylation of MGP.  Pellets from four 1 mL aliquots of the serum from 

rats treated with etidronate were prepared as described above.  The final pellets were 

dissolved in 150 mM HCl and dialyzed in 2 L of 150 mM HCl with changes to water and 

100 mM ammonium bicarbonate respectively over 36 hours at 4 oC.  After dialysis half of 

the material was supplemented with 10 U/mL of IAP while the other half was 

supplemented with water as a control; both samples were incubated for 24 hours at 37 oC.  

Dephosphorylation was monitored by MALDI-TOF mass spectrometry.  Tissue non-

specific alkaline phosphatase was also used to dephosphorylate purified bovine MGP in 
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some experiments at a concentration of 10 U/mL alkaline phosphatase activity in either 

100 mM ammonium bicarbonate or 50 mM HEPES, pH 7.4, 0.1 M NaCl, 1 mM CaCl2, 1 

mM MgCl2, and 20 µM ZnCl2. 

 

Lectin-affinity chromatography.  To remove protease contaminants, bovine 

kidney alkaline phosphatase (tissue non-specific alkaline phosphatase, TNAP) was 

subjected to serial lectin affinity chromatography (14,15). 

 Con A-Sepharose was equilibrated in a 5 cm x 1.0 cm column with equilibration 

buffer (10 mM Tris, pH 8.0, 0.5 M NaCl, 1 mM MgCl2, 10 µM ZnCl2, 1 mM CaCl2, and 

1 mM MnCl2).  One mg of lyophilized TNAP was dissolved in 1 mL of equilibration 

buffer and was applied to the column, which was then left to stand for 3 hours at room 

temperature.  After the column was washed with 2 column volumes of equilibration 

buffer, it was eluted with 0.5 M methyl α-D-mannopyranoside (αMM).  Fractions of 1 

mL were collected, and the absorbance at 220 nm was determined; alkaline phosphatase 

activity was measured at pH 10.4 using p-nitrophenol phosphate as substrate (JAS 

Diagnostics, Inc., Miami). 

 

Mass spectrometry.  Matrix-assisted laser desorption ionization time-of-flight 

(MALDI-TOF) mass spectra were acquired on a PE Biosystems Voyager-DE STR 

MALDI-TOF mass spectrometer.  Data were acquired with a 25,000-V accelerating 

voltage, 95% grid voltage, and 0.12% guide wire voltage in positive linear mode.  Mass 

spectra were externally calibrated.  Samples were dried and dissolved in 0.1% TFA and 

50% ACN and unless otherwise noted were mixed 1:1 with 10 mg/mL sinapic acid in 
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30% ACN/1.4% TFA.  A thin layer of small, homogeneous matrix crystals was prepared 

on the target by placing 1 µL of sinapic acid on the target and allowing the droplet to 

spread and dry.  Thereafter 1 µL of sample/matrix was deposited on the matrix layer and 

the solvent was allowed to evaporate.  Typically, 256 scans were averaged in 

approximately 3 minutes.  All reported masses are monoisotopic MH+ masses unless 

otherwise noted. 
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RESULTS 

 

Phosphorylation and carboxyl-terminus processing of purified bovine MGP from 

bone and cartilage.  The first experiment in this study was designed to compare the 

phosphorylation and carboxyl-terminus processing of bovine MGP purified from 

cartilage and bone.  MALDI-TOF mass spectrometry of MGP purified from cartilage 

confirmed that the protein was partially phosphorylated (Figure 5-1 and Table 5-1).  It 

was revealed, however, that the protein was a heterogeneous mixture of fully, partial, and 

non-phosphorylated isoforms: 3 phosphoserines, 10432 kDa; 2 phosphoserines, 10352 

kDa; 1 phosphoserine, 10272 kDa; and 0 phosphoserines, 10192 kDa respectively.  

Cartilage-derived MGP was primarily the carboxyl-terminus processed 83-residue form.  

In contrast, the mass spectra of MGP purified from bone indicated that both the 83- and 

79-amino acid carboxyl-terminus processed MGPs were present in roughly equal 

proportions.  The protein also contained a mixture of the phosphorylated isoforms, 

however, the non-phosphorylated form appeared to be the most dominant of the forms.  

These results provide, for the first time, evidence for differences in the MGP isoforms 

purified from bone and cartilage tissue. 
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Figure 5-1.  Bovine costal cartilage and bone-derived MGP.  Representative linear positive-mode 
MALDI-TOF mass spectra of MGP from bovine costal cartilage (top) and bone (bottom). 
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Table 5-1.  Phosphorylation of MGP.  This table shows the relative percent of each of the possible 
phosphorylated forms of MGP found in bovine and rat tissues as determined by MALDI-TOF mass 
spectrometry (See Experimental Procedures).  The relative percent phosphorylation was determined for 
each of the masses from the 79- or 83-residue protein.  The height of each peak was measured and the 
relative percent was calculated by dividing the peak height by the sum of the peak heights for the specific 
carboxyl terminus processed form of MGP.  Relative percents shown for native bovine costal cartilage and 
bone MGP are each the mean from three separate purified protein preparations and have an average SD of 
± 2%.  The relative percent phosphorylation of MGP from the rat fetuin mineral complex was determined 
from the spectrum of Figure 5-4.  “-“ denotes that the mass was not observed. 
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 Phosphorylation and carboxyl-terminus processing of MGP from the fetuin-

mineral complex.  The purpose of the next experiment was to determine the 

phosphorylation status of MGP bound to the fetuin-mineral complex in vivo by using 

MALDI-TOF mass spectrometry.  Figure 5-2 shows that the fetuin-mineral complex of 

rats treated with the bisphosphonate etidronate mainly contained fetuin, along with 

amyloid P, secreted phosphoprotein 24 (spp24), MGP, and platelet factor 4 (PF4) as 

reported previously (13).  The fetuin-mineral complex of rats treated with warfarin prior 

to etidronate did not contain MGP, most likely because warfarin has prevented γ-

carboxylation in the molecule.  Mass spectra of the pellets from the etidronate-treated rats 

showed that primarily fully phosphorylated MGP was associated with the complex (data 

not shown).  As predicted from SDS-PAGE (Figure 5-2), the pellets from the warfarin 

treatment group did not contain MGP.  These findings confirm that the γ-carboxylation of 

MGP is important to its binding to the complex and that the bound protein is primarily 

the fully phosphorylated form. 
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Figure 5-2.  SDS-PAGE of the proteins associated with the fetuin-mineral complex from serum of 
warfarin-treated and control rats.  To confirm γ-carboxylation of MGP is important for its ability to bind 
to the fetuin mineral complex, serum was obtained from rats 8 hours after injection with 15.4 mg of 
warfarin and 6 hours after injection with 32 mg of etidronate/100 g of body weight.  Control rats were 
injected with etidronate, but not warfarin.  The fetuin-mineral complex was sedimented by centrifuging 
serum at 16,000 × g for 2 hours.  After removal of the supernatant, the pellets were washed briefly with ice-
cold 0.15 M NaCl and resuspended in HEPES buffer and again centrifuged.  The final pellets were 
dissolved in SDS gel loading buffer containing 60 mM EDTA, pH 7.5, electrophoresed on a 4-12% 
polyacrylamide gel, and stained with Coomassie.  Lane 1, Bio-Rad low molecular mass markers; lane 2, 
purified bovine MGP; lane 3, pellet from the indicated volume of serum from rats treated with etidronate; 
lane 4, pellet from the indicated volume of serum from rats treated with warfarin and etidronate. 
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 To confirm that the mass seen in the mass spectra (data not shown) was indeed 

MGP, the fetuin-mineral complex from the serum of etidronate-treated rats was pelleted, 

dialyzed to remove the mineral, and incubated with 10 U/mL of intestinal alkaline 

phosphatase (IAP).  We hypothesized that treatment with IAP to dephosphorylate MGP 

should shift the mass by 3 phosphates (~ 240 Da).  Figure 5-3 shows that the masses of 

the 83- and 79-amino acid isoforms of MGP were shifted by 240 Da after incubation with 

IAP.  These two carboxyl-terminus processed forms were primarily the fully 

phosphorylated isoforms (Table 5-1). 
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Figure 5-3.  Dephosphorylation of MGP from the serum fetuin-mineral complex.  Linear positive-
mode MALDI-TOF mass spectra of (A) MGP and (B) MGP treated with intestinal alkaline phosphatase 
(IAP) from the fetuin-mineral complex.  Pellets from the serum of rats treated with 32 mg of etidronate/100 
g of body weight were prepared as described in Figure 5-2.  The final pellets were dissolved in 150 mM 
HCl and dialyzed in 150 mM HCl with changes to water and 100 mM ammonium bicarbonate sequentially.  
After dialysis half of the sample was supplemented with 10 U/mL of IAP while the other half was 
supplemented with water as a control; both samples were incubated for 24 hours at 37 oC.  The samples 
were dried and resuspended in 0.1% TFA and 50% ACN, diluted 1:10 with matrix, plated on the MALDI 
target, and allowed to dry.  Each spot was washed 3 times with 10 µL of ice-cold 0.1% TFA for removal of 
any salts. 
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Tissue-nonspecific alkaline phosphatase dephosphorylates MGP.  The goal of the 

next study was to show that the ubiquitous enzyme TNAP, found in bone, blood, liver, 

and kidney, could regulate the phosphorylation of MGP.  Crude TNAP (Calzyme) 

incubated with purified bovine costal cartilage MGP for 24 hours at 37 oC subsequently 

proteolytically cleaved MGP (Figure 5-4).  A test of several different protease inhibitors 

that would prevent the cleavage of MGP showed that AEBSF, a serine protease inhibitor, 

inhibited protease activity.  Unfortunately, AEBSF also inhibited the alkaline 

phosphatase activity of TNAP suggesting TNAP has an active site similar to serine 

proteases that is inhibited by AEBSF (data not shown). 

 

Figure 5-4.  SDS-PAGE of MGP incubated with bovine kidney TNAP.  To demonstrate that tissue non-
specific alkaline phosphatase (TNAP) can act as a potential regulator of MGP activity, MGP with 10 U/mL 
of TNAP was incubated for 24 hours at 37 oC in 100 mM ammonium bicarbonate.  The samples were dried 
from 100 µL volumes and dissolved in SDS gel loading buffer, electrophoresed on a 4-12% polyacrylamide 
gel, and stained with Coomassie.  Lane 1, Bio-Rad low molecular mass markers; lane 2, MGP; lane 3, 
MGP + TNAP incubation. 
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 Lectin-affinity chromatography was used previously to purify TNAP and to 

enrich its alkaline phosphatase activity (14-18).  To purify TNAP from protease 

contaminants, 1 mg of TNAP was applied to a con A-Sepharose column.  The column 

was washed with 2 volumes of equilibration buffer and was subsequently eluted with 0.5 

M αMM in the equilibration buffer (Figure 5-5).  Absorbance at 220 nm revealed that 

most of the protein came out in the wash step, while a smaller peak eluted with the αMM 

elution.  Analysis of the alkaline phosphatase activity of the fractions showed that 

approximately 70% of the activity came out in the wash and 30% in the elution.  The 

TNAP that eluted with the αMM yielded a large enrichment of alkaline phosphatase 

activity per absorbance unit at 220 nm. 

 The peak fractions from the wash and elution steps with the highest alkaline 

phosphatase activity were diluted to 10 U/mL in HEPES buffer and incubated with MGP 

for 24 hours at 37 oC.  SDS-PAGE showed that the TNAP from the con A wash still 

contained protease activity (Figure 5-6).  The TNAP from the αMM elution, however, 

did not contribute to any significant degradation of MGP.  It was observed that the TNAP 

from the con A wash contained a protein band at 45 kDa and another one between 45 and 

66.2 kDa that were not present in the αMM eluted TNAP.  The proteins associated with 

these bands may be either degraded TNAP and/or proteases. 
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Figure 5-6.  SDS-PAGE of MGP incubated with lectin-affinity purified TNAP.  To demonstrate that 
tissue non-specific alkaline phosphatase (TNAP) can act as a potential regulator of MGP activity, MGP 
with 10 U/mL of lectin-affinity purified TNAP was incubated for 24 hours at 37 oC in 50 mM HEPES-
buffered saline, pH 7.4.  The samples were dried from 100 µL volumes and dissolved in SDS gel loading 
buffer, electrophoresed on a 4-12% polyacrylamide gel, and stained with Coomassie.  Lane 1, Bio-Rad low 
molecular mass markers; lane 2, MGP; lane 3, MGP + TNAP (conA wash); lane 4, MGP + TNAP (conA 
αMM elution). 
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 MALDI-TOF mass spectrometry of MGP incubated with the αMM eluted TNAP, 

which was free of protease activity, showed complete dephosphorylation of the protein 

(Figure 5-7).  The signature masses of 3, 2, and 1 phosphoserines (10432, 10352, and 

10272 kDa respectively) were not present in the mass spectra.  The primary mass in the 

MALDI spectra was the non-phosphorylated form of MGP with a mass of 10192 kDa 

(Table 5-1).  These spectra convincingly show that TNAP could regulate the 

phosphorylation of MGP at physiological conditions. 

 

Figure 5-7.  Dephosphorylation of MGP with lectin-affinity purified TNAP.  Linear positive-mode 
MALDI-TOF mass spectra of bovine costal cartilage MGP incubated with lectin-affinity purified TNAP for 
24 hours at 37 oC. 
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DISCUSSION 
 

 One of the objectives of this study was to investigate whether MALDI-TOF mass 

spectrometry could be used as a simple and easy method to analyze post-translational 

modifications of MGP, in particular phosphorylation and carboxyl-terminus processing.  

Previous studies utilizing traditional techniques to determine the extent of protein post-

translational modifications are time-consuming and costly to perform on multiple protein 

isoforms purified from different tissues and animals.  Previous analysis of the carboxyl-

terminus of MGP involved cyanogen bromide treatment of the protein to generate 

peptides, followed by purification by HPLC, and protein sequencing (10).  The earlier 

analysis for phosphorylation involved the sequencing of the phosphorylated protein after 

treatment with ethanethiol which converts the phosphoserines to S-ethylcysteines for 

detection (12).  In this study the analysis of MGP modifications consisted of drying down 

the purified protein from a volatile buffer (50 mM HCl), dissolving it in an acidic organic 

buffer, followed by analysis by MALDI-TOF mass spectrometry.  The masses from 

Figure 5-1 are easily identifiable for a given degree of phosphorylation and carboxyl-

terminus processing.  MALDI-TOF, unfortunately, is not the best technique for the 

analysis of γ-carboxylation of MGP.  The conditions in which the samples are treated (i.e. 

high vacuum, acidic pH, and high energy) during MALDI-TOF are virtually the same 

conditions used to chemically decarboxylate Gla-containing proteins (19).  MALDI-TOF 

mass spectra from other Gla proteins have also demonstrated decarboxylation effects (20-

22). 
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 The MALDI-TOF spectra from Figures 5-1 & 5-3 reveal different degrees of 

post-translation modifications of MGP from different tissues.  Cartilage-derived MGP 

contained primarily the 83-residue protein while the bone-derived MGP contained an 

even distribution of the 83- and 79-residue forms.  The data here suggests that the MGP 

that accumulates in cartilage has not been subject to trypsin-like cleavage at Arg80-Arg81 

or Arg81-Gly82 followed by carboxypeptidase B-like cleavage to remove carboxyl-

terminal arginine(s).  The mass spectra of MGP from cartilage, bone, and the fetuin-

mineral complex also support the hypothesis that the lysine at position 84 is removed 

prior to secretion by the action of a carboxypeptidase B-like enzyme. 

 The mass spectra also revealed differences in the degree of phosphorylation 

between bone, cartilage, and the fetuin-mineral complex MGP.  It was previously shown 

that both bone and cartilage MGP are partially phosphorylated at all three phosphoserine 

residues.  Both the 83- and 79-residue forms of bone MGP are significantly less 

phosphorylated than MGP from cartilage.  In contrast the MGP that accumulated in the 

fetuin-mineral complex of rats treated with etidronate was primarily fully 

phosphorylated, suggesting that most of the phosphoserine residues of MGP in 

circulation are phosphorylated or that phosphorylation is necessary for binding to the 

fetuin-mineral complex.  The data from Figure 5-2 , however, indicates that γ-

carboxylation is the reason for MGP’s affinity for the fetuin-mineral complex because 

MGP from warfarin treated rats was not found in the complex.  This finding is in 

agreement with previous etidronate studies with the fetuin-mineral complex (13,23). 

 The other major objective of our study was to investigate whether TNAP might be 

a good candidate as a regulator of MGP phosphorylation in vivo.  The function of TNAP 
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is relatively unknown and it has a wide distribution in cells and animal phyla.  We 

previously demonstrated that intestinal alkaline phosphatase dephosphorylated purified 

bovine MGP (data not shown) and rat MGP from the fetuin-mineral complex of 

etidronate-treated rats.  MGP from bone, cartilage, or blood will not necessarily be 

exposed to intestinal alkaline phosphatase in vivo.  TNAP, however, is more likely to 

come in contact with MGP because it is found in blood and is expressed in bone, liver, 

and kidney, areas in which MGP is known to accumulate or to be expressed.  In this 

study, we demonstrated that TNAP dephosphorylated MGP in a physiological buffer 

solution which strengthens the hypothesis that TNAP is a regulator for phosphorylation 

of MGP.  Because bone and cartilage MGP are partially phosphorylated we believe the 

MGP that accumulates in these tissues is more accessible to potential regulators of 

phosphorylation, like the ubiquitous enzyme TNAP.  We speculate that the degree of 

phosphorylation in MGP from different tissues will be dependent upon the availability of 

TNAP in a given tissue. 

 In summary MGP is a calcification inhibitory protein that is post-translationally 

modified to various degrees.  In the serum of etidronate-treated rats, the 79- and 83-

residue forms of MGP were shown to be primarily fully phosphorylated.  The 79- and 83-

residue forms in bovine bone, however, were shown to be primarily non-phosphorylated.  

The phosphorylation states of MGP from costal cartilage were evenly distributed.  The 

83-residue protein from costal cartilage was much more dominant than the 79-residue 

form when compared to bone MGP.  The level of phosphorylation and carboxyl-terminus 

processing shown in this study suggests that the level of regulation of MGP is different 

depending on the tissue it is found in. 
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Chapter VI 
 

Conclusion 
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Inhibitory activity of MGP in serum.  The activity of purified MGP as an 

inhibitor of calcification has not been explored.  In Chapters II and III of this 

dissertation, I showed that purified bovine MGP inhibited mineralization when tested 

using two different calcification assays.  In Chapter II mineralization occurred in 

devitalized carotid arteries (elastin) and in demineralized tibias (bone matrix) after 

incubation in physiological media containing rat serum, and MGP inhibited 

mineralization of arteries and tibias in a dose dependent manner.  Additional experiments 

demonstrated that MGP inhibited the initial formation of crystal nuclei in the elastin or 

collagen matrix as well as the subsequent growth of these nuclei.  These studies 

demonstrated for the first time that MGP is a direct inhibitor of calcification. 

 MGP was able to remain soluble at a concentration up to 30 µg/mL in DMEM 

over the course of these experiments because of the use of a rapid dispersal method to 

introduce the protein to sample media.  This is a higher concentration then has previously 

been seen.  The addition of serum to the media, however, actually reduced the recovery 

of the protein in these experiments.  The fact that MGP remained stable in all incubations 

in DMEM alone but not in any incubation containing serum suggests that serum contains 

proteases or some other factor that degrades MGP. 

 

Inhibitory activity of MGP towards the formation of mineral in solutions of 4 

mM ionic calcium and phosphate.  In Chapter III MGP was incubated in a neutral pH 

buffered solution of 4 mM calcium and phosphate.  Without MGP 4 mM calcium and 

phosphate will spontaneously precipitate an apatitic calcium phosphate mineral within 

hours of being mixed.  MGP inhibited the precipitation of mineral in this system in a dose 
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dependent manner.  It was also shown that MGP worked synergistically with fetuin to 

inhibit the precipitation of mineral.  These studies showed that in a system containing 

only MGP (or MGP with fetuin), calcium, and phosphate that MGP interacted directly 

with nascent mineral seeds or precursors and was able to completely inhibit the 

precipitation of mineral. 

 MGP was shown to completely inhibit mineralization at concentrations between 

10 and 30 µg/mL.  These concentrations are significantly higher than those found in 

blood where the concentration of MGP is 300 to 1,000 ng/mL depending on the species.  

The data from Chapters II and III suggest that MGP will inhibit mineralization in areas 

where the local concentration of MGP is at these high levels, such as near the surface of 

cells from which it is secreted from (e.g. vascular smooth muscle cells, pneumocytes, 

kidney cells, chondrocytes, and fibroblasts).  MGP would not be adequately concentrated 

to inhibit mineralization elsewhere as it moves away from the cells and diffuses into 

blood.   

 

MGP mineral binding.  A previous study showed that MGP would bind 

hydroxyapatite and that binding was enhanced in the presence of high ionic calcium (1).  

Experiments were carried out to determine whether MGP had a similar affinity for the 

mineral generated in solutions of high ionic calcium and phosphate (Chapter IV).  These 

studies showed that MGP had a greater affinity for the nascent calcium phosphate 

mineral than it did for hydroxyapatite.  XRD and FTIR studies confirmed that the nascent 

mineral was similar to hydroxyapatite, however, they also showed that it contained 

carbonate, a component of biological apatite (2) and the mineral formed in Chapter III.  
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Because MGP bound more efficiently to the nascent mineral and the XRD and FTIR of 

nascent mineral are very similar to the spectra of biological apatite offers support to the 

hypothesis that this mineral is more like biological apatite than it is to hydroxyapatite.  

The techniques utilized in this binding study will provide needed tools to investigate the 

importance of how post-translational modifications in MGP, such as phosphorylation and 

γ-carboxylation, affect its ability to bind mineral. 

 

Phosphorylation and carboxyl-terminus processing of MGP in vivo.  MALDI-

TOF mass spectrometry was a simple and easy method to use to monitor the 

phosphorylation and carboxyl-terminus processing of MGP purified from different 

tissues.  These studies showed that purified bovine MGP from cartilage had an even 

distribution of phosphorylation states while MGP from bone was primarily non-

phosphorylated.  Bone-derived MGP contained both the 79- and 83-residue forms of the 

protein, while MGP from cartilage was mainly the 83-residue form.  This finding 

suggests that MGP may be subject to more regulation in bone than it is in cartilage.  MGP 

from the fetuin-mineral complex of rat serum was primarily fully phosphorylated, 

suggesting that dephosphorylation may occur at sites of MGP accumulation such as 

cartilage and bone.  These findings have shown for the first time differences in 

phosphorylation and carboxyl-terminus processing of MGP from different tissues and 

further confirm that post-translational processing may be important to its function. 

 

General conclusions.  The data presented in this dissertation provide for the first 

time evidence of how purified MGP acts as an inhibitor of calcification and establishes 
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that MGP accomplishes this function through direct interaction with nascent calcium 

phosphate mineral or its precursors.  These studies have laid the ground work for future 

studies into the actual mechanism of activity and into how post-translational 

modifications may contribute to the secondary and tertiary structure of MGP.  There is 

still much more information to be learned about this 10 kDa vitamin K-dependent 

phosphorylated protein and its function in regulating normal and pathological 

calcification. 
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