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ABSTRACT  The vitamin K-dependent protein of bone has
been detected in human plasma by radicimmunoassay at 4.5
ng per ml. The plasma protein has the same apparent molecular
weight as the pure bone Gla protein (BGP) and other studies
indicate the plasma protein is probably the intact bone protein.
BGP also has been tKatected in bovine serum by radioimmuno-
assay. The bovine serum levels of BGP decrease with develop-
mental age from 200 ng per ml in fetal calves to 26 ng per ml in
adult cows. The implications of the discovery of BGP in plasma
to the function of this unique protein are discussed. This assay
employs rabbit antibody airected against calf BGP and has a
sensitivity of 0.1 ng. The antibody crossreacts with purified
human BGP but not with BGP from rat or rabbit bone. Studies
with peptides of known structure derived from enzymatic di-
gests of BGP indicate that the rabbit antibody recognizes the
COOH-terminal region of the 49-residue calf bone protein.

Bone has an abundant protein of unknown function which
contains the vitamin K-dependent amino acid y-carboxyglu-
tamic acid (Gla) (1, 2). We have named this protein “bone Gla
protein” (BGP) and have determined the complete amino acid
sequence of the 49-residue calf protein and the 47-residue
swordfish protein (3-5). Comparison of these two structures
reveals approximately 50% sequence homology. Both proteins
have three residues of Gla and a single disulfide bond in iden-
tical sequence positions, indicating the importance of these
structures to the biological function of BGP (4).

We have previously proven that BGP is synthesized in calf
cortical and cancellous bone culture (6). This conclusion is based
upon the incorporation of 3H into a protein that was identified
as BGP by comigration with pure calf BGP in acrylamide gel
electrophoresis and isoelectric focusing (6). Trypsin digestion
of the newly synthesized BGP also generated [*H]proline-la-
beled peptides that cochromatographed on DEAE-Sephadex
with the tryptic peptides from pure calf BGP. Other experi-
ments demonstrated that newly synthesized BGP is fully
~-carboxylated in calf bone culture and that it is synthesized
at a rate of about one BGP molecule per molecule of tropocol-
lagen. The cells that synthesize BGP in bone have not been
identified. However, the presence of 4-hydroxyproline at po-
sition 9 in the calf BGP sequence (3) shows that the protein has
been modified by prolyl hydroxylase, an enzymatic marker
used widely to distinguish osteoblasts from osteoclasts in mixed
cell populations. (7).

The abundance of BGP in calf bone suggests that BGP is
located in the extracellular bone matrix (6). This matrix BGP
is probably bound to hydroxyapatite in an interaction that in-
volves y-carboxyglutamate side chains. In vitro studies show
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that BGP binds strongly to hydroxyapatite with a simple loga-
rithmic binding isotherm, whereas protein in which +y-car-
boxyglutamate has been converted to glutamate by a specific
thermal decarboxylation procedure binds to hydroxyapatite
less strongly (4, 8). Further evidence that -y-carboxyglutamate
coordinates native BGP to hydroxyapatite is provided by the
observation that y-carboxyglutamate is completely protected
against thermal decarboxylation when BGP is bound to hy-
droxyapatite (8).

In this paper, we present a specific and sensitive radioim-
munoassay for the detection of BGP and the application of this
procedure in the discovery of the BGP in human and bovine
plasma.

MATERIALS AND METHODS

Preparation of BGPs. BGP was purified from the proteins
released by demineralization of calf, rat, rabbit, human, and
swordfish bone by gel filtration over Sephadex G-100 and
subsequent gradient elution from DEAE-Sephadex A-25 as
described (2-5). An additional affinity chromatography step
with purified rabbit antibody against calf BGP as the specific
adsorbent was used in the purification of the human protein.
Partial sequence analysis of purified human BGP gave tyrosine
and leucine as the first two NHg-terminal amino acids, the same
NHj-terminal amino acids found in calf BGP (3). The
DEAE-Sephadex-purified calf BGP used for immunizations,
jodinations, and standards gave a single band on electrophoresis
in 20% acrylamide gels and a single band on isoelectric focusing
gels by using described methods (6). Thermal decarboxylation
of the three Gla residues to glutamic acid and the reduction and
carboxamidomethylation of the disulfide bond have been de-
scribed elsewhere (8). Tryptic peptides corresponding to resi-
dues 1-19, 20-43, and 45-49 and the carboxypeptidase Y di-
gestion product corresponding to residues 1-40 were prepared
as described (83).

Preparation of Radioiodinated Calf BGP. Purified calf
BGP was labeled with 125 (4 X 10'8 cpm per mol of I, Amer-
sham) by the solid state lactoperoxidase method by incubating
10 ug of BGP with 1 mCi of 125] (9) (1 Ci = 8.7 X 10'° bec-
querels). The labeled BGP was separated from unincorporated
125] by gel filtration on a Sephadex G-25 column equilibrated
with assay diluent (0.14 M NaCl/0.01 M phosphate/25 mM
EDTA/0.1% gelatin/0.1% Tween-20 at pH 7.4).

Preparation of Antibodies. Ten rabbits were immunized
by monthly multiple site intradermal injection of purified calf
BGP adsorbed to polyvinyl pyrrolidone (PVP-40) (10). Each
injection was made with 0.5-1.0 mg of purified BGP emulsifed

Abbreviations: Gla, y-carboxyglutamic acid; BGP, bone Gla pro-
tein.
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in either complete (initial challenge) or incomplete Freund’s
adjuvant. Serum samples were withdrawn at regular intervals
and tested for the titer of antibody to BGP by radioimmuno-
assay.

Radioimmunoassay. All assays contained (in order of ad-
dition) 0.2 ml of assay diluent, either a known amount of un-
labeled BGP in 0.1 ml of assay diluent or 0.1 ml of heparinized
plasma sample, 0.125 ul of antiserum R397 (final 1:4000 dilu-
tion) and 2.5 ul of normal rabbit serum in 0.1 ml of assay dilu-
ent, and 15,000 cpm of 125I-labeled BGP in 0.1 ml of assay
diluent. For the equilibrium radicimmunoassay all components
were combined and incubated for 20 hr at 25°C. For the non-
equilibrium assay all components except 125I-labeled BGP were
combined and incubated for 24 hr at 4°C followed by addition
of 125]-labeled BGP and a second 24-hr incubation at 4°C. As-
says were terminated by precipitation of rabbit antibody with
the addition of 1.9 units of goat antiserum to rabbit y-globulin
(Calbiochem, lot 860217) in 0.1 ml of assay diluent. After 1.5
hr at 25°C reaction mixtures were centrifuged to sediment
125].]abeled BGP bound to rabbit antibody and the supernatant
was discarded. Background !%1 label that nonspecifically
adhered to the precipitate or to the glass reaction tube was
measured by incubating 1251-labeled BGP and normal rabbit
serum without specific antiserum followed by the usual
second antibody precipitation. Total .and antibody-bound
125]_]abeled BGP were determined by assay in a Nuclear Chi-
cago gamma counter for times sufficient to achieve a 2%
counting accuracy. The fraction of 125I-labeled BGP bound to
antiserum, B, is defined as cpm in precipitate minus cpm in
background divided by total cpm in assay; By is the value of B
when no unlabeled BGP is present. The By values for each ra-
dioimmunoassay reported here are the average of nine inde-
pendent determinations and the B values for all standards and
unknowns are the average of three independent measure-
ments.

Preparations of purified BGP from human, rat, rabbit, and
swordfish bone were tested for radioimmunoassay crossreac-
tivity by measuring the effect of different amounts of the pu-
rified BGP preparations on binding of 125I-labeled calf BGP
to antibody. Serum samples from rat, rabbit, and calf and
human plasma samples were also tested for crossreactivity in
this way, and the nonspecific effect of plasma or serum samples
on the radioimmunoassay was tested by adding known quan-
tities of calf BGP to the samples. The apparent molecular
weight of BGP in circulation was investigated by comparing
the Sephadex G-100 elution position of heparinized human
plasma and calf serum BGP as determined by radicimmuno-
assay with the elution position of purified calf or human BGP.
In order to test the stability of plasma BGP, heparinized human
plasma samples were assayed after incubation at 25°C for 24
hr or at 4°C for 72 hr, after repeated freeze-thawing, and after
lyophilization. Human plasma and serum samples from the
same subjects were also compared.

RESULTS

Preparation of Radioiodinated Calf BGP. Iodination of
pure calf BGP by the lactoperoxidase method gives an 125]-
labeled protein with a specific radioactivity of 40-50 mCi per
mg. Over 90% of this labeled protein binds to an excess (1:100
dilution) of antibody raised to purified calf BGP. Labeled BGP
is stable when stored in assay diluent, retaining over 90% of its
initial immunologic activity after 8 weeks at —20°C. Repeated
freezing and thawing has no effect on the immunologic activity
of iodinated BGP.

Preparation of Antisera to Calf BGP. All ten rabbits pro-
duced antibody to BGP within 4 weeks after the initial injection,

Proc. Natl. Acad. Sci. USA 77 (1980) 2235

0 1 1 L
ol 03 | 3 10
BGP, ng
FIG. 1. Radioimmunoassay for calf BGP. Relative fraction of
125]_labeled BGP bound to antibody (B/By) at increasing levels of
BGP. A, Equilibrium radioimmunoassay; O, nonequilibrium radio-
immunoassay.

whereas no anﬁ[)ody could be detected in sera from 10 control
rabbits. The antiserum (batch R397) that bound 20% of the
iodinated BGP at the highest dilution was used for all radio-
immunoassays reported here.

Radioimmunoassay for BGP. Rabbit antiserum to calf BGP
was used in both equilibrium and nonequilibrium radioim-
munoassays. As can be seen in Fig. 1, standard curves can be
constructed for both assays by plotting the relative fraction of
labeled BGP bound to antibody (B/Bo) against increasing
amounts of unlabeled calf BGP. The nonequilibrium assay is
somewhat mote sensitive than the equilibrium assay, with a
detection limit of 0.1 ng compared with 0.3 ng. However, the
more rapid equilibrium assay has an adequate sensitivity and
was used in all further experiments. The intraassay variation
of the equilibrium radioimmunoassay is typically less than 10%.
Interassay variation was evaluated by repeated measurement
of calf and human serum standards and was less than 15% in
20 assays performed over a 6-month period.

The radicimmunoassay for calf BGP was tested for cross-
reactivity with BGP purified from human, rat, rabbit, and
swordfish bone. As can be seen in Fig. 2, human BGP com-
pletely displaced labeled calf BGP from antibody and the
standard curve generated by dilutions of human BGP parallels
the calf BGP standard curve. One nanogram of human BGP
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FIG. 2. Radioimmunoassay crossreactivity. Relative fraction of
125 -labeled calf BGP bound to antibody (B/By) at increasing levels
of purified BGP from calf (0), human (@), rat (a), rabbit (0O), and
swordfish (a).
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is equivalent to 1 ng of calf BGP in the radioimmunoassay and
so dilutions of purified calf BGP were used as standards in ra-
dioimmunoassay for the calf and human proteins. BGPs from
rat, rabbit, and swordfish bone did not displace labeled calf BGP
from antibody, even at 1 ug of added protein. Thus, in the ra-
dioimmunoassay, -calf BGP crossreacts with the human BGP
but not with BGP of other species tested. BGPs from rat, rabbit,
and swordfish bone did not displace labeled calf BGP from
antibody even at 1 ug of added protein: Thus, the radioim-
munoassay for the calf BGP crossreacts with the human BGP
but not with BGP of other species tested.

Location of the Antigenic Site. The location of the region
of calf BGP recognized by the rabbit antibody was determined
with peptides derived from enzymic digests of BGP and with
chemically modified forms of BGP. As can be seen in Fig. 3,
specific thermal decarboxylation of y-carboxyglutamate to
glutamate (8) has no effect on antigenicity. Thus, the unique
vitamin K-dependent region of BGP is not part of the antigenic
determinant. This result also shows that the radioimmunoassay
detects non-y-carboxylated BGP such as might be present in
coumadin-treated animals. Reduction and carboxami-
domethylation of the single disulfide bond had no effect on
antigenicity (Fig. 3), which suggests that antigenicity is not
dependent on the native conformation of BGP. Because the
three vy-carboxyglutamate residues are at positions 17, 21, and
24 and the disulfide bond joins half-cystine residues at positions
23 and 28, the region between 17 and 28 in the 49-residue se-
quence is probably not involved in antibody recognition of
BGP. Specific enzymatic cleavage of BGP with trypsin (3)
produces three peptides (1-19, 20-43, and 45-49), none of
which is antigenic (Fig. 3). Thus, the antigenic site may involve
either of the pairs of basic residues at sequence positions 19 and
20 or 43 and 44. Because the 1-40 peptide derived from a car-
boxypeptidase Y digestion of BGP is not antigenic (Fig. 3), the
COOH-terminal region of BGP is required for antigenicity.

Detection of BGP in Blood Plasma. Both calf and human
plasma displace labeled calf BGP from antibody (Fig. 4). The
results of several experiments demonstrate that this effect is due
to the presence of the BGP in plasma. First, dose dilution curves
for human and calf plasma paralleled the radioimmunoassay
standard curve (Fig. 4). Second, up to 0.1 ml of rat and rabbit
plasma failed to displace any labeled calf BGP from antibody,
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FIG. 3. Location of antigenic determinant in calf BGP. Relative
fraction of 125I-labeled calf BGP bound to antibody (B/B,) at in-
creasing levels of the following forms of calf BGP: O, native; @, with
~-carboxyglutamate thermally decarboxylated; A, with disulfide bond
reduced and carboxamidomethylated; ®, tryptic peptides corre-
sponding to residues 1-19, 20-43, and 45-49, chymotryptic peptide
6-38, and carboxypeptidase Y digestion product corresponding to
1-40.
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FIG. 4. Dose dilution radioimmunoassay of plasma. Relative
fraction of 125]-labeled calf BGP bound to antibody (B/Bo) at in-
creasing amounts of calf BGP (@), human plasma from patient with
Paget disease (O), two normal human plasmas (DO and A), calf serum
(a), and rat and rabbit serum (X).

a result that is consistent with the absence of antibody cross-
reactivity with purified BGP from these species. Finally, ex-
periments in which purified calf or human BGP was added to
the respective plasma samples demonstrated that plasma does
not interfere with the quantitative detection of the added BGP
by radioimmunoassay.

The form of BGP found in plasma is probably the same as
the intact 49-residue protein found in bone. The gel filtration
of fetal calf and human plasma on Sephadex G-100 demon-
strates that over 90% of the antigenic material elutes in the exact
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FiG. 5. Gel filtration of fetal calf serum (A) and human plasma
(B) samples (10 ml) on Sephadex G-100. Column, 2 X 150 cm; eluent,
5 mM NH,HCOj3; 4°C. O, Aggo; ®, BGP determined by radioimmu-
noassay on 0.1 ml of effluent.
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Table 1. BGP level in normal plasma

Number BGP,
Type of sample of samples ng per ml
Human plasma 30 45+ 2
- Fetal calf serum 5 200 +20
Calf serum 5 50 +6
Adult cow serum . 5 26 +3

BGP levels were determined by radioimmunoassay of plasma from
normal humans and of sera from fetal calves, 6-month-old calves, and
5-year-old cows. The level of BGP in human plasma is given in
nanograms of calf BGP. Values are means + SD.

position found for pure calf or human BGP on the same filtra-
tion column (Fig. 5). The small amount of higher molecular
weight immunogen was completely dissociated into BGP by
incubation with 6 M guanidine-HCI for 1 hr at 25°C prior to
a second filtration. Thus, plasma BGP is not a proteolytic deg-
radation product of bone BGP. Further indication that plasma
BGP is not degraded is the fact that it is antigenic at all, because
tryptic, chymotryptic, or carboxypeptidase digestion destroys
antigenicity (Fig. 3). Lastly, because BaSO4 removes immu-
noreactive BGP from plasma (data not shown), the plasma
protein probably contains the region of BGP with the three
v-carboxyglutamate residues that are involved in mineral
binding (8, 11).

Stability of Plasma BGP. The stability of BGP in plasma was
investigated in order to facilitate clinical studies of BGP levels
in human plasma samples. In a study of 30 human plasma
samples, BGP levels were not affected by four freeze-thaw
cycles or by lyophilization followed by reconstitution with ei-
ther water or radioimmunoassay diluent. The level of BGP in
five human plasma samples stored at —20°C remained constant
over a period of 14 months, and BGP levels in 10 human plasma
samples were unchanged after 24 hr at 25°C and after 72 hr at
4°C. No differences in BGP levels could be detected between
heparinized plasma and serum samples obtained at the same
time from 30 normal individuals. However, serum BGP levels
fell 19% after 8 hr at 25°C, indicating that BGP may be less
stable in serum than in plasma.

BGP Levels in Human and Bovine Plasma. The human
plasma levels of BGP were determined by radiocimmunoassay
of heparinized plasma from 30 normal individuals ranging in
age from 18 to 82 years. The average BGP level found in plasma
is 4.5 + (SD) 2 ng per ml (Table 1). The BGP level was also
determined in fetal calf serum and in serum obtained from
5-year-old cows. As can be seen in Table 1, the BGP level is high
in fetal calf serum and is lower in calf and adult cow sera. The
elevated BGP level in plasma from immature animals may be
due to the increased level of bone metabolism in animals with
net bone growth.

DISCUSSION

We have developed a radioimmunoassay for quantitative
measurement of the low molecular weight, vitamin K-depen-
dent protein from calf and human bone. This radioimmuno-
assay should be useful in biochemical studies on BGP biosyn-
thesis and function. The availability of an antibody directed
against a specific region of BGP should also permit the immu-
nohistological localization of BGP in bone and the identification
of the cells that synthesize it. Because the radioimmunoassay
crossreacts with human BGP, it can be used in clinical studies
to determine BGP levels in bone from patients with bone dis-
ease. To facilitate such studies, we have recently developed a
rapid method to solubilize all BGP from human bone and have

Proc. Natl. Acad. Sci. USA 77 (1980) 2237

found that we can accurately estimate its level in bone samples
as small as 10 mg, an amount easily obtained during routine
bone biopsy.

We have used the radioimmunoassay to discover that bovine
and human plasma displace iodinated BGP from antisera.
Several experiments indicate that this effect is due to the
presence of BGP in plasma. The results of dose dilution, addi-
tion, and crossreactivity studies rule out a nonspecific effect of
bovine or human plasma on the radioimmunoassay, and gel
filtration studies indicate that the plasma antigen is probably
the intact 49-residue protein found in bone. Further evidence
that BGP is in plasma is provided by preliminary observations
with another radioimmunoassay we have developed recently
for measurement of rat BGP (12). This assay detects BGP levels
of 75-150 ng per ml in rat sera but does not detect BGP in
human and calf sera, the purified bone proteins of which do not
crossreact. In addition, gel filtration studies demonstrate that
rat serum BGP has the same molecular weight as BGP purified
from rat bone. The presence of high BGP levels in calf, human,
and rat plasma suggests that a high level of BGP may be a
general characteristic of mammalian plasma.

The exact origin of plasma BGP is not known. One possible
source of plasma BGP could be bone matrix BGP, which is re-
leased during bone resorption. We have previously shown that
BGP is an abundant bone matrix protein (2) and that it is rapidly
released during neutral or acid demineralization of bone (2).
Another possible source of plasma BGP could be the direct re-
lease of newly synthesized BGP into plasma. Because bone is
a site of BGP biosynthesis (6), bone cells could release BGP di-
rectly into plasma. The assignment of bone itself as the tissue
responsible for plasma BGP is strengthened by separate clinical
studies in which we find that the plasma BGP levels are
markedly elevated in metabolic bone diseases such as Paget
disease of bone, renal osteodystrophy, primary hyperpara-
thyroidism, and metastatic bone cancer.

The presence of high BGP levels in plasma raises the prospect
that some bone matrix BGP comes from plasma. BGP does bind
strongly to hydroxyapatite (4), and a simple calculationt shows
that the quantity of BGP actually present in bone is remarkably
close to the amount calculated on the basis of hydroxyapatite
affinity and plasma concentration. Plasma BGP could also
contribute to the high levels of Gla found in pathological apa-
titic calcifications, such as atheromatous lesions (13) and ectopic
calcifications. In preliminary experiments with the radioim-
munoassay described here, we find BGP in the calcified regions
of atheromatous plaques.

The function of the vitamin K-dependent BGP is presently
unknown. Our studies with vitamin K-deficient animals,
however, would appear to preclude a function for BGP in bone
matrix structure (ref. 3, unpublished results). The BGP content
of the bones of these animals is 5% of normal, yet the bone is
normally mineralized and has normal growth morphology and
normal strength (ref. 3; unpublished results). The present dis-
covery that BGP circulates in plasma suggests that BGP may
play some role in the regulation of skeletal mass and calcium

* Price, P. A, Nishimoto, S. K., Parthmore, ]. G. & Deftos, L. J. (1979)
Proceedings of the First Annual Meetings of the American Society
for f?one and Mineral Research, 14A (abstr.). Also, unpublished
results.

t The affinity of BGP for apatite is about 0.1 uM in protein binding
sites on the crystal surface (4). Because the binding of BGP to apatite
shows single-class binding behavior, at 10 nM BGP in plasma, about
9% of the apatite surface binding sites should have the protein bound.
Because each 100 g of apatite binds 5.8 g of BGP at saturation, the
amount bound to 100 g of apatite at 10 nM BGP should be 0.09 X 5.8
or about 0.5 g. The actual bone level of BGP is 0.4-0.5 g per 100 g
of apatite.
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homeostasis. An informational function for BGP is supported
by structural features such as the pro-lys unit, which is present
in many informational proteins (14), and the two pairs of basic
residues, which are proteolytic cleavage sites in the activation
of prohormones such as proinsulin (15).
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