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ABSTRACT: Mineralization of bone matrix may be influenced by the presence of specific, noncollagenous
bone proteins. The quantitative influence of two bone-specific proteins—bone y-carboxyglutamic acid (Gla)
protein and osteonectin—and other proteins that decreased the rate of crystal growth was measured by adding
seed crystals of hydroxyapatite to a solution of CaCl, and KH,PO,, pH 7.4 at 37 °C. The molar con-
centrations of proteins needed to inhibit the rate of crystal growth by 50% were as follows: osteonectin,
0.15 uM; bone Gla protein, 0.8 uM; prothrombin, 0.9 uM; prothrombin fragment 1, 1.0 uM; soybean trypsin
inhibitor, 3 uM; prethrombin 1, 9 uM; cytochrome ¢, 30 uM. Calmodulin and parvalbumin were found
to be less active than prothrombin fragment 1 and had no activity in the micromolar range. The combination
of two inhibitors resulted in a mixture with an inhibitory activity that was the sum of the two inhibitors.
Decarboxylation of bone Gla protein significantly reduced its inhibitory activity. These results indicate
that the inhibitory activity of a protein does not correlate with Ca?*-binding affinity under these conditions,
that the mixture of inhibitors has an additive effect, and that y-carboxyglutamic acid residues enhance the

ability of a protein to inhibit hydroxyapatite-seeded crystal growth.

Bone mineralization occurs in two stages: primary miner-
alization, which is a rapid increase in mineral to about 70%
of its final density due to nucleation and crystal multiplication,
and secondary mineralization, which is a more gradual com-
pletion of mineralization due to crystal growth (Glimcher,
1981). The regulation of bone mineralization is a complicated
process controlled by many factors including serum calcium
and phosphate concentrations, hormones, enzymes, and the
structure of the organic matrix (Vaughan, 1981; Boskey &
Posner, 1984). The macromolecular organization of type I
collagen is a factor facilitating bone mineralization. Initially,
calcium phosphate is deposited in the holes of the collagen
fibrils and later fills in the pores and the rest of the space within
the collagen fibrils (Glimcher, 1981). Although collagen
comprises 90% of the organic constituents of bone (Triffit,
1980), type I collagen is present in many connective tissues
that do not mineralize. This suggests that the remaining
non-collagenous bone proteins may regulate bone minerali-
zation.

One of the most abundant non-collagenous bone proteins,
bone Gla protein (BGP),' also called osteocalcin, has generated
considerable interest (Haushka et al., 1975; Price et al., 1976;
Poser et al., 1980; Haushka & Carr, 1982; Delmas et al.,, 1984;
Menanteau et al., 1982). Bone Gla protein contains three
residues of y-carboxyglutamic acid (Gla), which are formed
by a posttranslational carboxylation of three glutamic acid
residues in the protein. Prior to the discovery of BGP, only
one class of proteins, the blood coagulation factors, were known
to contain Gla (Fernlund et al., 1975; Stenflo & Suttie, 1977).
Six coagulation proteins are known to contain Gla: pro-
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thrombin, factor IX, factor X, factor VII, protein C, and
protein S. In experiments where the Gla was not incorporated
or thermally decarboxylated to Glu, the blood coagulation
factors lost their coagulation activity and their ability to bind
calcium and lipid (Esmon et al., 1975; Tuhy et al., 1979). In
addition, another Gla-containing bone matrix protein has been
recently described (Price et al., 1983); its function is not as
yet known,

Gla has been found to be responsible for the binding of BGP
to hydroxyapatite and for its affinity for Ca?* (Ky = 1.75 X
1073 M) (Poser & Price, 1979; Price et al., 1977; Poser et al.,
1980; Delmas, 1984). Since Gla affects the physical properties
of BGP, it is possible that the presence of Gla in non-
collagenous bone proteins may be essential for some aspect
of bone metabolism. Studies in rats treated long term with
warfarin (an inhibitor of Gla formation) suggest that BGP may
be responsible for preventing excessive mineralization of the
bone growth plate (Price et al., 1982). Also, the rate of re-
sorption of BGP and Gla-depleted rat bone was found to be
reduced when implanted into normal rats (Lian et al., 1984).

While Gla may be important for the functional role of BGP,
most of the proteins found in bone do not contain Gla. One
of these proteins, osteonectin, isolated from guanidine hy-
drochloride extracts of fetal bone by Termine et al. (1981) and
isolated under nondenaturing conditions from adult bone by
this laboratory (Romberg et al., 1985), was found to have a
molecular weight of 29 000 by sedimentation equilibrium, a
pl of 5.5, and a high affinity for hydroxyapatite (Ky = 8 X
10® M) and collagen. It has been suggested that osteonectin
may provide the link between collagen and the apatite mineral
phase (Termine et al., 1981).

We have evaluated the mineralization-inhibiting properties
of bone Gla protein and osteonectin by measuring their effect
on hydroxyapatite-seeded crystal growth. To put these findings

! Abbreviations: EDTA, ethylenediaminetetraacetic acid; Gla, vy-
carboxyglutamic acid; NaDodSO,, sodium dodecy! sulfate; BGP, bone
Gla protein; IU, inhibitory unit.
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in perspective, we have made similar measurements on several
Gla-containing coagulation proteins and on other non-bone
proteins with Ca?*-binding properties.

EXPERIMENTAL PROCEDURES

Materials

Bone Gla protein and osteonectin were isolated as previously
described (Price et al., 1976; Romberg et al., 1985). Pro-
thrombin was isolated from bovine plasma (Bajaj & Mann,
1973). Prothrombin fragment 1 and prethrombin 1 were
obtained by thrombin cleavage of prothrombin and isolated
by ion exchange and gel filtration (Heldebrandt et al., 1973).
Calmodulin, soybean trypsin inhibitor, parvalbumin, and cy-
tochrome ¢ were purchased from Sigma Chemical Co. Ad-
ditional calmodulin was a gift from Dr. John Penniston (Mayo
Clinic). All protein solutions were dialyzed vs. 0.15 M NaCl,
pH 7.4, prior to use. Seeded crystal growth experiments were
performed in carbonate-free water. Seed crystals of hydrox-
yapatite were prepared by previously described methods
(Meyer & Nancollas, 1972).

Methods

The effect of proteins on hydroxyapatite-seeded crystal
growth was measured by the method of Werness et al. (1981).
A beaker containing 75 mL of 1.67 mM CacCl, and 1.00 mM
KH,PO, was equilibrated at 37 °C and adjusted to pH 7.4
by the addition of 0.086 M NaOH with a pH stat (Metrohm,
Combitrator-3D). For control experiments, 0.100 mL of a
hydroxyapatite seed crystal slurry (20 mg/mL) was added to
the reaction mixture, and the volume of NaOH added to keep
the pH constant for 60 min was recorded. For experiments
in the presence of proteins, the proteins were added to the
reaction mixture prior to the addition of the seed crystals.

For every mole of hydroxyapatite grown, 8.3 mol of protons
is released in converting the protonated forms of phosphate
to PO,* as shown in eq la. In addition, 2 mol of OH" is

3.7HPO> + 2.3H,PO,” = 6PO + 8.3H* (pH 7.4)
(la)

incorporated per mole of hydroxyapatite as shown by the
stoichiometry of the precipitation reaction as shown in eq 1b.

20H" + 10Ca** + 6PO*" = Ca,o(PO,)s(OH), (1b)

Thus, from the volume of NaOH added to the reaction mix-
ture, the moles of hydroxyapatite can be determined. The
concentration of inhibitor needed to reduce the rate of crys-
tallization by 50% was defined as 1 inhibitor unit (IU) and
calculated with the Langmuir adsorption isotherm (Davies &
Nancollas, 1955):

K " 1 - ky
- (-b)  (1-bk[A]

where « is the rate of crystallization without inhibitors, &, is
the rate of crystallization with a particular inhibitor, [A] is
the concentration of the inhibitor, k, is the rate constant for
inhibitor adsorption, k, is the rate constant for inhibitor de-
sorption, and b is a limiting rate constant. Once the con-
centration of protein needed for 1 inhibitor unit was experi-
mentally determined, experiments with mixtures of proteins
were designed where each inhibitor contributed an equal
amount of inhibition.

The amino acid composition of the isolated proteins were
determined by 24-h acid hydrolysis of the protein. Gla content
was determined by alkaline hydrolysis (Hauschka, 1977).

The surface area of the hydroxyapatite crystals was mea-
sured on a dynamic flow surface area analyzer (Monsorb,
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FIGURE 1: Polyacrylamide-NaDodSO, slab gel of hydroxyapatite
growth inhibitory proteins. Electrophoresis was performed on an
8-18% gradient sodium dodecyl sulfate (NaDodSO,)-polyacrylamide
slab gel. The molecular weight in thousands is listed on the far left
as determined by the molecular weight standards in lane 2. Lane
1 contains EDTA extracts of bovine bone; lane 3 contains bovine bone
Gla protein (BGP); lanes 4 and 5 are bovine osteonectin; lane 6 is
bovine prothrombin fragment 1; lane 7 is bovine prothrombin.

Quantachrome Corp.), with the modified Brunauer Emmett
Teller equation for single-point determinations (Brunauer et
al., 1938; Gregg & Sing, 1967).

It should be pointed out that these experiments do not
distinguish between crystal growth and nucleation. However,
comparison of the hydroxyapatite crystal size by scanning
electron microscopy has shown that the crystals have increased
in size over the duration of the experiment. Also, uptake of
hydroxide ions is not observed without the addition of seed
crystals, indicating that the proteins by themselves do not
induce nucleation.

RESULTS

Initial experiments showed tht EDTA extracts of bovine
bone (1 IU = 4.3 ug/mL) and EDTA extracts of human bone
(1 IU = 6.2 pg/mL) had significant inhibitory effects on
hydroxyapatite-seeded crystal growth. Two proteins, osteo-
nectin and BGP, were isolated from the EDTA extract of
bovine bone and were tested for their inhibitory activity in a
hydroxyapatite-seeded crystal growth system along with the
blood coagulation factors prothrombin and prothrombin
fragment 1 and several other proteins. Figure 1 shows an
8-18% polyacrylamide-SDS gel of osteonectin, BGP, the total
EDTA extract of bovine bone, prothrombin, and prothrombin
fragment 1.

The rate of hydroxyapatite crystallization was determined
by measuring the uptake of NaOH over a 1-h period after the
addition of hydroxyapatite seed crystals with a surface area
of 36 m?/g. Figure 2 shows the growth curve of hydroxy-
apatite crystals with no added inhibitors and in the presence
of the most potent inhibitor, osteonectin. The rate of crys-
tallization k, was calculated for each of the inhibitors at three
different concentrations of protein or protein mixtures. The
inhibitory activity of each protein was then determined by
plotting x/(x — &,) vs. concentration”' according to the
Langmiur adsorption isotherm (eq 2) (Davies & Nancollas,
1955). For comparison, Figure 3 shows the linear plots of x/(x
- k,) vs. concentration™ for the four most potent inhibitors;
the point at which each line crosses k/(x = x,) = 2 represents
the inverse of the concentration needed for 1 IU for each of
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FIGURE 2: Micromoles of hydroxyapatite grown in the presence and
absence of osteonectin. Seed crystals of hydroxyapatite were added
to a solution of 1.67 mM CaCl,, 1.00 mM KH,PO,, and 0.15 M NaCl,
at 37 °C, pH 7.4. The micromoles of hydroxyapatite grown was
calculated from the amount of NaOH required to maintain the pH
at 7.4. The upper curve represents a control experiment (a), and
the lower curve represents the rate of crystal growth in the presence
of 1 X 1078 M osteonectin (®).
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FIGURE 3: Quantitation. of inhibitory activity of proteins on hy-
droxyapatite-seeded crystal growth. Seed crystals of hydroxyapatite
were added to 70 mL of 1.67 mM CaCl,, | mM Na,HPO,, and 0.15
M NaCl at 37 °C, pH 7.4, with varying concentrations of proteins.
The results are plotted according to the Langmuir adsorption isotherm
(Davies & Nancollas, 1955) (eq 2): (O) prothrombin; (a) pro-
thrombin fragment 1; (O) bone Gla protein; (®) osteonectin.

the respective proteins. Table I lists the inhibitory activity in
pg/mL and in molarity for the bone matrix proteins, the blood
coagulations factors, selected calcium-binding proteins, and
other proteins and inhibitors. In addition, Table I lists the
dissociation constant for calcium for the calcium-binding
proteins.

The bone matrix proteins bone Gla protein and osteonectin
were the most potent inhibitors of hydroxyapatite-seeded
crystal growth of any of the proteins measured. On a molar
basis, osteonectin was more than 5 times as potent as bone Gla
protein. Prothrombin and prothrombin fragment 1, both of
which contain 10 Gla residues, were potent inhibitors in this
system. On a molar basis, prothrombin, prothrombin fragment
1, and bone Gla protein had approximately equal inhibitory
activity (1 X 107 M). Since all of these inhibitory proteins
bind Ca?*, two other Ca?*-binding proteins, with high affinity
for this metal ions, were tested. Both calmodulin and par-
valbumin showed no inhibitory activity in this hydroxy-
apatite-seeded growth system at concentrations in the mi-
cromolar range.

Both acidic and basic groups on proteins have been found
to be responsible for the binding of proteins to hydroxyapatite.
Soybean trypsin inhibitor, a protein that binds to hydroxy-
apatite by virtue of its acidic properties (Gorbunoff, 1984),
was found to inhibit hydroxyapatite-seeded crystal growth but

ROMBERG ET AL.

Table I: Hydroxyapatite Crystal Growth Inhibitors

U Ky(Cath)
inhibitor (ug/mL)  TU/L (M) (M)
bone Gla protein 5 9 %107 1.8 X 1073
decarboxylated bone Gla 32 6 % 107
protein

osteonectin 5 1.5 % 107 ~3 % 107¢
prothrombin 70 1x10°% 2 X 107%¢
prothrombin fragment 1 20 9 %107 2 X 1074¢
prethrombin 1 4004 9 %10
soybean trypsin inhibitor 75 3 %10
cytochrome ¢ 4007 3 x 1078
calmodulin >100°  >5%x 10 1 %107/
parvalbumin >100° >8 x 10 ~1x 108
pyrophosphate 0.18  1.04 X 107°¢
citrate 0.65 1.23x107%¢
magnesium 4,08 1.7 X 10748

“Delmas et al., 1984. ®Romberg et al., 1985. Bajaj et al., 1974.
¢Extrapolated to 1 IU. ¢No inhibition observed at 25 ug/mL. /Levine
& Dalgarno, 1983. #Werness et al., 1981.

Table II: Effect of Inhibitor Mixtures on Crystal Growth

obsd IU theoretical IU

inhibitor (ug/mL) (ug/mL)
prothrombin fragment 1 20
bone Gla protein 51 £06 (n=4)
osteonectin 48 £0.5 (n=3)
osteonectin + bone Gla protein 5.1 495
osteonectin + fragment 1 12 12.4
bone Gla protein + fragment 1 11 12.5

was less than one-third as potent as any of the Gla-containing
proteins. Cytochrome ¢, which is known to bind to hydroxy-
apatite because of its basic properties (Gorbunoff, 1984), was
a very weak inhibitor of hydroxyapatite-seeded crystal growth.

When the y-carboxyglutamic acid residues of BGP were
thermally decarboxylated by the method of Bajaj et al. (1981),
the inhibitory activity of BGP decreased. BGP that was 48%
carboxylated had an inhibitory activity of 1 IU = 12 ug/mL,
while BGP that was 4% carboxylated had an inhibitory activity
of 32 ug/mL.

Prethrombin 1, the non-Gla-containing fragment of pro-
thrombin, was found to be a very weak inhibitor when com-
pared to its Gla-containing counterpart prothrombin fragment
1. These data are summarized in Table I. For comparison,
Table I also lists the inhibitory activities of other types of
hydroxyapatite crystallization inhibitors; citrate, pyro-
phosphate, and Mg?*.

The effect of more than one inhibitor on crystal growth was
investigated by preparing mixtures in which each inhibitor
component might contribute an equal amount of inhibition on
the basis of single inhibition runs. The predicted, additive,
theoretical inhibitory capacity was determined by the addition
of 0.5 inhibitor unit of the first inhibitor to 0.5 inhibitor unit
of the second inhibitor. The measured inhibitory activity of
the mixtures was found to be additive in each mixture tested
as shown in Table II. This indicates that osteonectin and BGP
do not undergo any synergestic interaction nor is there any
preferential, competitive, binding to hydroxyapatite.

DISCUSSION

Substances that promote or inhibit hydroxyapatite seeded
crystal growth have the potential for being regulators of bone
mineralization. The study of the mechanism of crystal growth
inhibition is important in identifying drugs and regulating
factors that may effect bone growth such as disphosphonates
(Fleisch et al., 1969; Francis et al., 1969). Thus, the effect
of bone proteins, such as BGP and osteonectin, on in vitro



HYDROXYAPATITE CRYSTAL INHIBITION

hydroxyapatite crystal growth may shed light on the in vivo
effect of these proteins.

The Gla containing protein BGP has been shown to be the
seventh most abundant protein in vertebrae (Hauschka et al.,
1975; Price et al., 1976) and appears in newly developing bone
about the same time as the initial mineral phase matures into
hydroxyapatite (Price et al., 1981). Cultured human bone cells
have been shown to synthesize BGP when exposed to 1,25-
dihydroxyvitamin D, suggesting that BGP may mediate the
direct action of 1,25-dihydroxyvitamin D, on bone metabolism
(Beresford et al., 1984). Studies using radioimmunoassay have
shown that increases in serum BGP levels correlate with in-
creases in alkaline phosphatase (Price et al., 1980; Delmas et
al., 1983), that serum BGP is dramatically increased in many
patients with metabolic bone diseases (Price et al., 1980), and
that BGP may be a specific marker for bone formation (Brown
et al., 1984). The bone matrix protein osteonectin has been
found to bind to hydroxyapatite and to collagen (Termine et
al., 1981; Romberg et al., 1985).

The results presented here indicate that vy-carboxyglutamic
acid is responsible for the potent inhibitory action of BGP,
prothrombin, and prothrombin fragment 1. Both decarbox-
ylated BGP and the non-Gla-containing fragment of pro-
thrombin prethrombin 1 had significantly reduced inhibition
of hydroxyapatite crystal growth compared to that of the
Gla-containing species. The physical interaction between BGP
and hydroxyapatite has previously been interpreted as an in-
teraction between appropriately spaced Gla residues on the
protein with the hydroxyapatite crystal. Hauschka and Carr
(1982) have suggested a predicted structure for BGP that
places all three Gla residues on the same face of one « helix
at 5.4-A intervals. This organization is similar to the spacing
of Ca?* in the hydroxyapatite crystal.

The absence of vy-carboxyglutamic acid does not exclude
a protein from being a potent inhibitor. Osteonectin, which
does not contain Gla, was the most potent of any of the in-
hibitors of hydroxyapatite crystallization that we tested.
Preliminary sequence data indicate that osteonectin has a very
acidic NH, terminus containing glutamic acid and aspartic
acid residues. Thus, it is likely that the inhibitory activity of
osteonectin is due to a binding interaction between appro-
priately spaced clusters of acidic residues on osteonectin and
the hydroxyapatite crystal lattice.

To examine if these effects were general properties of
proteins or were unique to bone matrix proteins, a basic and
an acidic protein were tested. As shown in Table I, the activity
of the acidic protein soybean trypsin inhibitor (pf = 4.5) was
found to be several times more potent than the basic protein
cytochrome ¢ (pI = 10.6), suggesting that carboxyl groups are
more important for inhibiting hydroxyapatite crystal seeded
growth than are basic groups. While osteonectin (p/ = 5.5)
is less acidic than soybean trypsin inhibitor, it was a much
better inhibitor of hydroxyapatite crystal seeded growth,
suggesting that it was not only the charge on osteonectin but
also the orientation of acidic residues that can easily interact
with the hydroxyapatite crystal lattice.

It has been suggested that Ca?*-binding proteins may bind
to the Ca?* on the hydroxyapatite surface or that a protein
with a bound Ca?* may bind to hydroxyapatite by presenting
a Ca?"* to a vacant position in the crystal lattice (Hauschka
& Carr, 1982). The results in Table I suggest that the
Ca?*-binding ability of a protein does not correlate well with
its ability to inhibit hydroxyapatite-seeded crystal growth.
However, it is possible that binding sites for Ca?* in proteins
such as calmodulin or parvalbumin do not have a favorable
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conformation to interact with the hydroxyapatite surface. The
exposure of several hydrophobic side chains on calmodulin
induced by Ca?* binding (Dalgarno et al., 1983) would not
favor protein-mineral interaction. Besides proteins, other
organic and inorganic molecules have the ability to affect the
rate of calcium phosphate growth. Both citrate and pyro-
phosphate are endogenous compounds that have been shown
to prevent calcium oxalate and hydroxyapatite crystal growth
and may partially control mineralization in vivo (Werness et
al., 1981). It is not surprising that compounds such as citrate
have an inhibitory activity on crystal growth similar to the
Gla-containing proteins as shown in Table I, since both citrate
and Gla-containing proteins have similarly spaced carboxyl
groups that can interact with the hydroxyapatite lattice.
Pyrophosphate and diphosphonates both have been shown to
inhibit the growth and dissolution of hydroxyapatite crystals
in vitro (Frances et al., 1969; Fleisch et al., 1969). Di-
phosphonates, which have been used in treating bone disorders,
have a P-C-P bond that is resistant to enzymatic hydrolysis.
The similarity of these compounds to phosphate and the
clusters of negatively charged oxygen atoms on the molecules
probably account for their strong interaction with hydroxy-
apatite.

Besides pyrophosphate, organic molecules, and proteins,
several inorganic ions have been found to affect the crystal-
lization rates of hydroxyapatite and octacalcium phosphate
[Cag(PO4)s(OH)], which is a precursor to hydroxyapatite in
mineralizing bone in vivo. Mg?*, Sr?*, Be?*, and F~ have been
found to be inhibitors of nucleation and of hydroxyapatite
crystal growth (Bachra & Fischer, 1966). However, unlike
the proteins studied in this paper, these elemental ions do not
possess carboxyl groups or negatively charged oxygen atoms
that could effectively interact with the hydroxyapatite lattice.
Rather, ions such as Be?*, Mg?*, and Sr?* are capable of
interacting with the lattice by competing with Ca?* for the
phosphate ions on the surface of the crystal lattice. Although
Mg?* has a smaller ionic diameter than Ca?*, magnesium ions
do not effectively penetrate the apatite lattice (Trautz, 1955).
However, Mg?*, reduces the rate of transformation of octa-
calcium phosphate into apatite and inhibits the growth of
hydroxyapatite by interfering with the formation of the ap-
propriate nuclei (Brown et al., 1962). On the other hand, Sr?*
ions easily enter the hydroxyapatite lattice where they compete
with Ca?* and slow down crystal growth because of their larger
size, Uptake of Mg?* and Sr?* in the hydroxyapatite crystal
lattice makes the crystals imperfect and more soluble, while
uptake of the anion F~ makes the mineral crystals larger and
less soluble (Boskey & Posner, 1984). The anion F~ has been
shown to suppress octacalcium phosphate formation and to
facilitate the transformation of octacalcium phosphate into
hydroxyapatite (Brown et al., 1962). Sodium fluoride has been
shown to be a promising therapeutic agent for osteoporosis.
Larger doses, however, may be associated with impaired
mineralization of bone (Riggs, 1984).

The extent of crystal inhibition for any substance depends
upon the mechanism of inhibition, the concentration of the
inhibitor, the pH, the temperature, the ionic strength of the
media, and the individual properties of the inhibitor. Small
inorganic ions that are able to enter the hydroxyapatite lattice
are probably able to inhibit crystal growth by distorting the
crystal lattice, while larger molecules and proteins are inhi-
bitory because they bind to the surface where crystal growth
is taking place. On a mass basis, the most potent inhibitors
are small compounds that bind to the surface of the lattice,
such as pyrophosphate and citrate. Proteins, that have a large
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molecular weight but only a limited number of sites that can
bind to the crystal at one time are less potent inhibitors on
a mass basis than small ions. However, comparison of all of
the inhibitors on a molar basis, as shown in Table I, shows that
the protein osteonectin is significantly more potent than py-
rophosphate, citrate, and magnesium.

Registry No. Mg, 7439-95-4; hydroxyapatite, 1306-06-5; pro-
thrombin fragment 1, 72270-84-9; prethrombin 1, 69866-47-3; soybean
trypsin inhibitor, 9078-38-0; cytochrome ¢, 9007-43-6; pyrophosphate,
14000-31-8; citric acid, 77-92-9.
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