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Abstract Monoclonal antibody HTP IV-#1 specifically recognizes a complexation-dependent neoepitope on
bone acidic glycoprotein-75 (BAG-75) and a Mr 5 50 kDa fragment. Complexes of BAG-75 exist in situ, as shown by
immunofluorescent staining of the primary spongiosa of rat tibial metaphysis and osteosarcoma cell micromass cultures
with monoclonal antibody HTP IV-#1. Incorporation of BAG-75 into complexes by newborn growth plate and calvarial
tissues was confirmedwith a second, anti-BAG-75 peptide antibody (#503). Newly synthesized BAG-75 immunoprecipi-
tated from mineralizing explant cultures of bone was present entirely in large macromolecular complexes, while
immunoprecipitates from monolayer cultures of osteoblastic cells were previously shown to contain only monomeric
Mr 5 75 kDa BAG-75 and a 50 kDa fragment. Purified BAG-75 self-associated in vitro to form large spherical aggregate
structures composed of a meshwork of 10 nm diameter fibrils. These structures have the capacity to sequester large
amounts of phosphate ions as evidenced by X-ray microanalysis and by the fact that purified BAG-75 preparations, even
after extensive dialysis against water, retained phosphate ions in concentrations more than 1,000-fold higher than can be
accounted for by exchange calculations or by electrostatic binding. The ultrastructural distribution of immunogold-
labeled BAG-75 in the primary spongiosa underlying the rat growth plate is distinct from that for other acidic phosphoproteins,
osteopontin and bone sialoprotein. We conclude that BAG-75 self-associates in vitro and in vivo into microfibrillar complexes
which are specifically recognized by monoclonal antibody HTP IV-#1. This propensity to self-associate into macromolecular
complexes is not shared with acidic phosphoproteins osteopontin and bone sialoprotein. We hypothesize that an extracellular
electronegative network of macromolecular BAG-75 complexes could serve an organizational role in forming bone or
as a barrier restricting local diffusion of phosphate ions. J. Cell. Biochem. 64:547–564. r 1997 Wiley-Liss, Inc.
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Cells of bone and teeth share the unique
phenotypic property to produce a mineralized
tissue. During bone formation, osteoblastic cells
secrete a collagenous matrix which is subse-
quently mineralized [Baron, 1993]. Microcrys-

talline carbonated apatite (dahllite) is the pre-
dominant mineral phase of bone [Weiner and
Traub, 1992]. In addition to type I collagen,
bone matrix also contains acidic proteins and
phosphoproteins, including osteopontin (OPN),
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osteonectin, bone sialoprotein (BSP),matrix Gla
protein, osteocalcin, decorin, biglycan, and bone
acidic glycoprotein-75 (BAG-75) [reviewed in
Heinegard and Oldberg, 1989]. The sequences
of OPN [Zhang et al., 1990] and BSP [Oldberg
et al., 1988a; Fisher et al., 1990] contain Arg-
Gly-Asp cell adhesion sites capable of mediat-
ing cell adhesion of osteoblastic and osteoclastic
cells [Gotoh et al., 1990; Oldberg et al., 1986,
1988b; Somerman et al., 1988; Helfrich et al.,
1992; Ross et al., 1993]. Unusual polyacidic
amino acid sequences within OPN, BSP, and
BAG-75 exhibit a strong species conservation
and have been suggested to participate in cal-
cium binding [Gorski, 1992; Boskey et al., 1993;
Hunter et al., 1994;Hunter andGoldberg, 1994].
Given the restricted distribution of BSP and
BAG-75 to calcified tissues, their elevated cal-
cium binding capacities [Chen et al., 1992], and
a strict correlation of acidic macromolecules
with cell-controlled mineralization [Lowen-
stam and Weiner, 1989], it has been suggested
that they singly, or together, participate in the
nucleation and growth of apatite crystals and
in the coupling of formative and resorptive phases
in bone turnover [Pinto et al., 1988; Gorski, 1992;
Hunter and Goldberg, 1994; Boskey, 1995].
We proposed earlier [Gorski, 1992] that the

function of acidic phosphoproteins in bone is
dependent upon the formation of specific pro-
tein-protein complexes within bonematrix. Rit-
ter et al. [1992] have identified complexes of
OPN and osteocalcin using a gel overlay assay.
Among noncollagenous bone proteins, BAG-75
alone has been shown to form large self-associ-
ated aggregates in vitro [Sato et al., 1992].
Specifically, BAG-75 formed fibrillar structures
from monomeric globular subunits ranging in
size from 11–132 nm after platinum shadow-
ing. Moreover, competitive binding studies with
125I-BAG-75 and bone particles demonstrated
that increasing concentrations of unlabeled
BAG-75 brought about a linear increase in bind-
ing of the labeled tracer instead of an expected
diminution in bound counts [Sato et al., 1992].
These latter results were interpreted as caused
by concentration-dependent self-association of
BAG-75 on the surface of bone particles. Inter-
estingly, these surface-bound complexes of
BAG-75 functioned as a potent inhibitor of os-
teoclast-mediated bone resorption, whereas
soluble OPN, BSP, vitronectin, fibronectin, and
thrombospondin were all at least fifty-fold less

effective on osteoclasts [Sato et al., 1992]. Find-
ings described here expand upon this initial
demonstration of BAG-75 self-association in
vitro as well as characterize the specificity of
monoclonal antibody HTP IV-#1, which recog-
nizes a neoepitope on BAG-75 complexes. In
addition, we demonstrate the formation of mac-
romolecular complexes from 3H-leucine–labeled
BAG-75 synthesized by mineralizing explant
cultures of bone and growth plate in vitro.

METHODS
Preparation of BAG-75

Calvariae from frozen young adult rat skulls
were harvested and processed as described by
Gorski et al. [1990]. Contents of pooled frac-
tions containing BAG-75 were dialyzed exten-
sively against 0.5 mM ammonium acetate,
stored frozen, and lyophilized prior to use. Con-
centration of BAG-75 protein was determined
by quantitative amino acid analysis.

Preparation and Characterization of Monoclonal
Antibody Against BAG-75

B10.S mice were immunized intraperitone-
ally with purified rat BAG-75 in saline (1–5 µg/
injection) every 14 days. After three injections,
blood was collected by retroorbital bleeding
and the presence of specific antibody tested by
enzyme linked immunosorbent assay (ELISA).
Mice were boosted with antigen 3 days prior to
harvesting of spleens for cell fusions. The proto-
col used for generation of hybridomas was pre-
viously described by Fazekas de St. Groth and
Scheidegger [1980]. Briefly, lymphocytes and
F/O myeloma cells were mixed at a ratio of 10:1
and centrifuged to form a cell pellet; the cell
pellet was resuspended in 50% (v/v) polyethyl-
ene glycol 1540 and incubated at 37°C for 90 s.
Cells were washed and resuspended in fresh
culturemedium, and 100 µl aliquots were added
to wells of three microtiter plates. Twenty-four
hours later, 100 µl of culture medium supple-
mented with hypoxanthine, aminopterin, and
thymidine was added to each well; every 3–4
days thereafter, 100 µl of culture medium was
replaced with an equal volume of fresh media
containing hypoxanthine, aminopterin, and thy-
midine, or complete medium successively over
a period of about 14 days. When cells reached
75% confluence, culture supernatants were
tested for the presence of anti-BAG-75 antibod-

548 Gorski et al.



ies. Initial screening was carried out by ELISA
using plates coated with either BAG-75, carti-
lage proteoglycan, human IgG, or bovine serum
albumin. Hybridoma HTP IV-#11 reacted exclu-
sively with BAG-75 and was cloned in limiting
dilution cultures at 1 cell/microtiter well and
then recloned at 0.3 cells/well. BALB/c spleen
cells served as feeder layer cells in these stud-
ies. To prepare ascites fluid, mice were first
primed with 0.5 ml of pristane 5 days prior to
injection with 1 3 106 hybridoma cells; both
injections were made intraperitoneally. Be-
tween days 14 and 20, ascites fluid was re-
moved daily for several days. Normal ascites
fluid was produced similarly by injection of F/O
myeloma cells.
Characterization of MoAb HTP IV-#1 was

carried out by Western blotting, ELISA, and
immunoprecipitation with crude and purified
antigen preparations. Briefly, rat calvariaewere
extracted with 4M guanidine–HCl/0.5MEDTA
containing protease and phosphatase inhibi-
tors (G/E), and the entire extract was chromato-
graphed on DEAE-Sephacel as described by
Gorski et al. [1990]. A gradient of from 0–2.5 M
sodium acetate was used to elute bone matrix
proteins; separate aliquots of every tenth frac-
tion were processed for gel electrophoresis and
immunoblotting onto cationic nylonmembranes,
for glycosaminoglycan analyses, or for ELISA
[Gorski et al., 1990].After electroblotting, mem-
branes were incubated for 2 h at room tempera-
ture with ascites fluid (1/100) in 50 mM Tris-
HCl buffer (pH 7.4), containing 150 mM sodium
chloride, 5 mM EDTA, 0.25% gelatin, 0.05%
Triton X-100. Next, immunoblots were rinsed
with water and incubated for 2 hwith horserad-
ish peroxidase conjugated rabbit antimouse IgG
(1/200) in 50 mM Tris-HCl buffer (pH 7.4),
containing 150 mM sodium chloride, 5 mM
EDTA, 0.25% gelatin, and 0.05% Triton X-100.
After removal of excess secondary antibody,

bound antibody was detected with 4-chloro-1-
naphthol in methanol. For ELISA, aliquots of
DEAE-column fractions were diluted twofold
across rows of microtiter plates into 0.02 M
Tris-acetate buffer (pH 7.4), containing 0.01 M
EDTA, 0.01 M N-ethyl-maleimide, and 0.005 M
phenylmethylsulfonyl fluoride; BAG-75 (1–2 µg/
well) served as a positive control. Plates were
incubated overnight at 37°C; wells were then
rinsed out with 0.02 M Tris-acetate buffer (pH
7.4), containing 0.01 M EDTA, 0.01 M N-ethyl-
maleimide, and 0.005 M phenylmethylsulfonyl
fluoride, and blocked for 2 h with 1% bovine
serum albumin in 0.01 M sodium phosphate
buffer (pH 7.4). After being rinsed, wells were
incubated for 1 h with ascites fluid (1/3000) in
phosphate buffer containing 1% serum albu-
min. Wells were next rinsed five times with phos-
phate buffer containing 1.5 mMmagnesium chlo-
ride, 0.05% Tween 20, 0.5 mM DTT, and 0.05%
sodium azide and then incubated with beta-
galactosidase–conjugated antimouse IgG anti-
bodies (1/300) for 1 h. Bound enzyme-antibody
conjugates were detected with p-nitrophenyl-
beta-galactoside (1 mg/ml) in phosphate buffer
containing 1.5 mM magnesium chloride and
0.05% sodium azide. Absorbance values were
read at 414 nm after raising the pH of assay
mixtures above 9.5 with 1 M sodium carbonate.

Immunohistological Methods

Sprague-Dawley rats, either from 1–5 days
old or at 6 months of age, were sacrificed by
cervical dislocation. Calvariae and tibiae were
removed immediately and coated with Tissue-
Tek O.C.T. compound (Miles, Inc., Elkhart, IN)
prior to cutting 10 µm frozen sections. For im-
munoperoxidase labeling, frozen sections were
incubated with (1/100) anti-BAG-75 peptide an-
tibody (#505) and processed as described by
Gorski et al. [1995]; slides were photographed
using didynium and neutral density filters. Al-
ternatively, calvarial and tibial tissues were
removed, fixed, and decalcified [Magnuson et
al., submitted] and resultant sections treated
with (1/300) anti-BAG-75 antibody (#504) and
with ABC immunodetection kit using biotinyl-
ated glucose oxidase and colorimetric substrate
(Vector Labs, Inc., Burlingame, CA) before stain-
ing for tartrate-resistant acid phosphatase
(Sigma Chemical Co., St. Louis, MO). Negative
controls consisted of sections treated with pre-
immune serum.

1Definitions: MoAb HTP IV-#1, mouse monoclonal antibody
produced by immunization with BAG-75 protein which
recognizes BAG-75 antigenic forms in ELISA and immuno-
histochemistry; anti-BAG-75 antibody (#504), rabbit poly-
clonal antibody produced by immunization with BAG-75
protein (Mr 5 75 kDa) which recognizes BAG-75 antigenic
forms in immunoblotting, ELISA, and immunocytochemis-
try; anti-BAG-75 peptide antibody (#503 or #505), rabbit
polyclonal antibody produced by immunizationwith peptide-
albumin conjugate representing N-terminal residues 3–13
which recognizes BAG-75 antigenic forms in immunoprecipi-
tation assays and ELISA.
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Micromass cultures of osteoblastic ROS 17/2.8
cells were established following the method of
Solursh and Meier [1972]. Day 7 micromass
cultures in 35 mm dishes were rinsed free of
medium and fixed for 1 h on ice in 2% parafor-
maldehyde. A drop of OCT compound was then
applied to each micromass, the dish immersed
in liquid nitrogen, and the cells popped off the
dish. Ten micron thick frozen sections were
rehydrated in phosphate-buffered saline and
incubated for 30 min in normal goat serum
diluted 1:5 in phosphate-buffered saline. Sec-
tions were rinsed briefly and incubated in (1/80)
anti-BAG-75 antibody (#504) for 30 min, rinsed
in phosphate-buffered saline, and then incu-
bated for 20 min with (1/300) fluorescein-
conjugated IgG fraction of rabbit antimouse
IgG (heavy- and light-chain-specific). After
washing, sections were next incubated with
(1/300) fluorescein-conjugated IgG fraction of
goat antirabbit IgG for 20 min prior to rinsing
well and mounting in glycerol:phosphate-buff-
ered saline (9:1) containing 1 mg/ml p-phenyl-
enediamine.

Gel Electrophoresis of Immunoprecipitates of
Biosynthetically Labeled BAG-75 From Neonatal

Explant Cultures of Calvarial
and Growth Plate Tissues

Tissues were removed aseptically at 12–36 h
after birth fromACI rats. Tibiae from each hind
limb were dissected free of soft tissues, and the
proximal epiphyses (including the growth plate
region and metaphysis) were cut off and sec-
tioned into approximately 2 mm pieces. Tissue
segments were maintained briefly in leucine-
depleted F-12 media until biosynthetic labeling
was begun. Calvariae were removed intact with
associated endosteal and periosteal layers and
each calvaria cut into 2 mm segments. Cal-
varial and growth plate explants were then
cultured separately for 28 h at 37°C and 5%
CO2 in 6 ml of F-12 media containing 3H-
leucine (100 µCi/ml) and 0.1 mM leucine. Cells
were killed by three cycles of freeze/thawing.
Solid guanidine-HCl and3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate were
added to each culture flask to a final concentra-
tion of 4 M and 0.5%, respectively, and radiola-
beled BAG-75 was extracted from explants by
mixing for 1 h at 4°C. Following a short centrifu-
gation step to pellet tissue fragments, extracts
were removed and dialyzed sequentially against
4 M guanidine-HCl containing protease and

phosphatase inhibitors (G) for 24 h and then
against two changes of 6 M urea containing
inhibitors over the next 48 h [Gorski et al.,
1990]. At this stage, SDS, deoxycholate, and
Triton X-100 detergents were added to the ex-
tract fraction to a final concentration of 0.1%
each. Extracts were then dialyzed against 0.1
M Tris-acetate buffer (pH 7.5), containing 10
mM EDTA, 40 mM e-amino-n-caproic acid, 10
mMbenzamidineHCl, 0.25mg/ml phenylmeth-
ylsulfonylflouride, 0.1% SDS, 0.1% deoxycho-
late, 0.1%TritonX-100, and 0.02% sodiumazide,
and then centrifuged at 100,000g for 1 h prior
to setting up immunoprecipitations. This extrac-
tion and processing protocol was adapted from
that of Bumol et al. [1984] and results in solubi-
lization of 90–95% of radiolabeled calvarial and
growth plate proteins [Gorski et al., 1990]; 5–10%
of labeled proteins were recovered upon subse-
quent extraction of tissue residues with G/E. Im-
munoprecipitations followed that described previ-
ously [Gorski et al., 1990]; immunoprecipitates
were subjected to liquid scintillation counting,
gel electrophoresis, and autoradiography.

Phosphate Analysis

Preparations of phosphoproteins were ana-
lyzed directly for inorganic phosphate by both
the colorimetric and electrochemical methods.
Colorimetric analyses followed the method of
Bartlett [1959]. Electrochemical analyses were
run on an AS 410 ion exchange column with a
Dionex ion chromatograph and electrochemical
detector (range 30 µS). Ion separation was ac-
complished with a linear gradient of from 50–
200mM sodium hydroxide; 70 mM sulfuric acid
was pumped continuously through the anion
micromembrane suppressor. Determinations
were made in both methods by reference to a
standard curve constructed with a comnmer-
cial phosphate standard.

Colloidal-Gold Immunocytochemistry
of BAG-75 In Vivo

For in vivo studies, male Wistar rats ranging
from 30–100 g were anesthetized with chloral
hydrate and perfused through the heart and
into the aorta for approximately 20 s with lac-
tated Ringer’s solution. This was followed by
perfusion with 1% glutaraldehyde or 4% para-
formaldehyde plus 0.1% glutaraldehyde in 0.08
M sodium cacodylate buffer (pH 7.3) containing
0.05% calcium chloride for 15 min. Tibiae were
dissected and further fixed by immersion in the
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same fixative overnight at 4°C. Samples were
decalcified in 4.13% disodium EDTA containing
0.1% glutaraldehyde for 21 days followed by
washing with 0.1 M sodium cacodylate buffer
(pH 7.3) containing 5% sucrose. Metaphyseal
segments of the tibia, including the growth
plate, were dehydrated through a graded etha-
nol series and embedded in LR White acrylic
resin that was polymerized at 58°C.
For electron microscopy, thin sections (80–

100 nm) of the metaphysis were cut with a
diamond knife on a Reichert Ultracut E micro-
tome (Leica, Inc., Deerfield, IL) and processed
for immunocytochemistry. The protein A-gold
immunocytochemical technique [reviewed by
Bendayan, 1989] was applied to thin sections of
the samples as described previously [McKee et
al., 1990]. Briefly, grid-mounted tissue sections
were floated for 5 min on a drop of 0.01 M
phosphate-buffered saline (PBS) containing 1%
ovalbumin and then transferred and incubated
for 1 h at room temperature on a drop of rabbit
anti-BAG-75 antibody (#504). Sections were
then rinsed with PBS and placed again on
PBS–1% ovalbumin for 5 min, followed by incu-
bation for 30 min at room temperature with
protein A-gold complex (gold particles of ap-
proximately 14 nm in diameter). Tissue sec-
tions were then washed thoroughly with PBS,
rinsed with distilled water, and conventionally
stained with uranyl acetate and lead citrate
prior to examination by transmission electron
microscopy (TEM) using a JEOL JEM 2000
FX-II instrument (JEOL USA, Inc., Peabody,
MA) operated at 80 kV.

STEM and X-Ray Microanalysis of BAG-75
Aggregates Formed In Vitro

BAG-75 preparations were lyophilized to dry-
ness and rehydrated at a concentration of 96.5
nM in 50 mM Tris-acetate buffer (pH 7.5), con-
taining 150mM sodium chloride, 1 mM calcium
chloride and 0.02% sodium azide. Aggregates
were deposited onto electron microscope grids
as described above, stained briefly with uranyl
acetate, and examined by TEM. Electron probe
X-ray microanalysis was performed on BAG-75
aggregates in the scanning transmission elec-
tron microscopy (STEM) mode of a JEOL 2000
FX-II electron microscope operating at 200 kV
and equipped with an energy-dispersive X-ray
detector system (Link eXL-II; Oxford Instru-
ments, Bucks, UK). X-rays were recorded using
100 s of counting time, and analyzed areas

corresponded approximately to a single macro-
molecular complex.

Light Scattering Measurements

Scattering measurements were performed at
350 nm at a scattering angle of 90° at 25°C
using an Aminco Bowman Series 2 Lumine-
scence spectrophotometer (SML Instruments,
Inc., Urbana, IL). Buffers were filtered through
a 0.2 µmmembrane before use. Preparations of
BAG-75 were lyophilized to dryness and rehy-
drated with 0.05 M Tris-HCl buffer (pH 7.4)
containing 0.15 M sodium chloride and 0.02%
sodiumazide. BAG-75was diluted two- to 4,096-
fold into siliconized tubes with the same buffer;
an equal volume of buffer containing 0, 2, 10, or
20 mM calcium chloride was then added to all
samples. Measurements were made after a
20–24 h incubation period at 37°C.

RESULTS
BAG-75 Is Localized to Areas of New Bone
Formation in Calvaria and Growth Plate

Figure 1A depicts the immunohistochemical
distribution of BAG-75 antigenicity within neo-
natal calvarial bone. A tangential view of an
undecalcified calvarial section demonstrates
that BAG-75 is localized specifically to areas
undergoing osteogenesis and is not found in
surrounding soft, undifferentiated mesenchy-
mal tissue or in the overlying epithelium and
associated hair follicles (Fig. 1A). Use of preim-
mune rabbit serum gave only background stain-
ing (Fig. 1B). The immunologic distribution of
BAG-75 in young adult tibial metaphyseal bone
appears to reflect its specific biosynthesis and
secretion by osteoblasts. In particular, BAG-75
antigen was restricted to spherical matrix do-
mains surrounding individual osteoblasts in
the primary and secondary spongiosa regions
(Fig. 1C). Matrix representing the residual cal-
cified cartilage core was negative. Based on
metaphyseal morphology (Jee, 1983), the limits
of BAG-75 immunostaining appear to coincide
with the interface between new woven bone
and the older calcified cartilage matrix.

Monoclonal HTP IV-#1 Recognizes
Macromolecular Complexes of BAG-75 In Vitro

and In Vivo

Monoclonal antibody HTP IV-#1 was pro-
duced by injection of aggregated BAG-75 and
exhibits a specificity for complexes of BAG-75.
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This specificity was demonstrated in several
ways. First, MoAb HTP IV-#1 recognizes puri-
fied BAG-75 adsorbed to microtiter wells as
indicated by the titration in Table IA. Immuno-
reactivity was detected out to a dilution of
greater than 62,500, while the normal ascites
fluid control was largely without effect, which
supports a requirement for immunoglobulin.
Control studies with rat osteopontin, bone sia-
loprotein, decorin, biglycan, and bovine carti-

lage proteoglycan were also negative (not
shown). The specificity of MoAb HTP IV-#1 for
complexes of BAG-75 is demonstrated by re-
sults of the competition experiment shown in
Table IB. MoAb HTP IV-#1 (1:1000) was prein-
cubatedwith different concentrations of BAG-75
in the presence of serum albumin for 1.5 h at
37°C. Antibody-antigen mixtures were then
added separately to microtiter wells which had
been previously coated with 5 µg BAG-75,
washed, and blocked with albumin to cover up
excess binding sites.After 30min, free antibody
was washed out, and bound antibody was deter-
mined colorimetrically. Instead of an expected
.90% reduction consistent with a twenty-fold
excess of soluble vs. adsorbed BAG-75, preincu-
bation with 1.2–10 µg of BAG-75 increased
binding of MoAb HTP IV-#1 by up to 44% com-
pared to controls (Table IB). Other testing has
shown that MoAb HTP IV-#1 also does not
recognize soluble BAG-75 antigenic forms in
radioimmunoassays (not shown). These find-
ings indicate BAG-75 in solution self-associates
with BAG-75 adsorbed microtiter wells, result-
ing in greater reactivity with MoAb HTP IV-#1
compared to controls. Second, a specificity of
MoAbHTP IV-#1 for surface-bound ormacromo-
lecular complexes of BAG-75 is supported by
immunoblotting studies with fractions from an
ion-exchange separation of a total G/E extract
of calvariae. In thisway, immunoreactivity could
be correlated with known elution profiles of

Fig. 1. Immunohistological localization of bone acidic glyco-
protein-75 in neonatal calvarial and young adult growth plate
tissues. A: Tangential view of 5-day-old undecalcified rat cal-
varial tissue demonstrates that BAG-75 is restricted to areas of
new bone formation. BAG-75 antigenwas visualized in undecal-
cified section with anti-BAG-75 antipeptide antibody (#505) via
immunoperoxidase detection system and diaminobenzidine stain
as described in Methods; slides were counterstained with hema-
toxylin. Mineralized neonatal calvarial bone matrix and osteo-
blasts (arrows) stain positively for BAG-75, whereas hair fol-
licles (HF) and undifferentiated mesenchyme (UM) away from
the mineralized matrix are negative. Bar 5 100 µm. B:Negative
neonatal calvarial control. Preimmune rabbit serum was substi-
tuted for the primary antibody and processed as described
above. Mineralized neonatal calvarial bone matrix and osteo-
blasts are indicated (arrows). Bar 5 100 µm. C: In young adult
rat growth plate, BAG-75 is restricted to areas of matrix depos-
ited by osteoblasts within the primary and secondary spongiosa.
BAG-75 antigenicity was localized in this decalcified section to
spherical matrix domains surrounding individual or pairs of
osteoblasts (small arrows) with anti-BAG-75 antibody (#504)
and glucose oxidase detection system (see Methods). Osteo-
clasts were identified by staining for tartrate-resistant acid phos-
phatase (large arrows). c, residual calcified cartilage core; m,
unstained bone marrow cells. Bar 5 50 µm.
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individual bone matrix proteins. Based on gel
electrophoretic banding patterns (Fig. 2A, in-
set) and glycosaminoglycan contents of frac-
tions (Fig. 2A), OPN, BAG-75 Mr 5 50 kDa
fragment2, BSP, BAG-75, and decorin/biglycan
were detected in fractions 100–110, 120, 120–
150, 150–180, and 170–180, respectively. ELISA
analysis with MoAb HTP IV-#1 demonstrated
two peaks of immunoreactivity in fractions 120
and 170 (Fig. 2A), regions enrichedwithBAG-75
Mr 5 50 kDa fragment and BAG-75 [Gorski et
al., 1990], respectively. Background levels of
immunoreactivity were observed with fractions
enriched in other bone matrix components. Im-
munoreactivity on Western blots corresponded
to the same peak fractions (Fig. 2B). The immu-

noblots documented specific recognition of high
molecular weight complexes of BAG-75; im-
mune staining in lanes 120 and 170 appeared
as a smear extending from the top of the run-
ning gel down to the 100,000 kDa molecular
weight range (Fig. 2B). This pattern is very
similar to that for aggregate forms produced
from purified monomeric BAG-75 which mi-
grated both at the top of the running gel and
as a broad band between Mr 5 120,000 and

2N-terminal sequencing of Mr 5 50 kDa fragment purified
from bone yielded the same N-terminus as BAG-75 [J.P.
Gorski and C. Fullenkamp, unpublished results].

TABLE I. Immunodetection of Complexes of
BAG-75 with MoAb HTP IV-#1

A: Titration of MoAb HTP IV-#1 with surface-bound
BAG-75a

Dilution
MoAb HTP IV-#1
(O.D. 400 nm)

Normal ascites fluid
(O.D. 400 nm)

1/100 1.247 0.091
1/500 0.802 0.037
1/2500 0.450 0.019
1/12,500 0.165 0.020
1/62,500 0.049 0.014
1/312,500 0.028 0.016

B: Soluble BAG-75 does not compete with but rather
increases binding of MoAb HTP IV-#1 to adsorbed
BAG-75 in competitive ELISAb

Concentration of
soluble competitor
BAG-75 (µg/ml)

O.D. 400 nm
(percent of control)

10 144
5 119
2.5 109
1.2 115
0.6 102
aAll microtiter wells were incubated with an input concen-
tration of 5 µg/ml BAG-75 and then washed, resulting in
retention of approximately 0.5 µg antigen/well.
bSoluble BAG-75 was incubated with MoAb HTP IV-#1
(1/1,000) for 1.5 h at 37°C prior to addition of the mixture to
microtiter wells containing adsorbed BAG-75 and develop-
ment of colorimetric reaction. All microtiter wells were
initially incubated with an input concentration of 5 µg/ml
BAG-75 and then washed, resulting in retention of approxi-
mately 0.5 µg antigen/well; wells were blocked with an
excess of serum albumin before exposure to MoAb HTP
IV-#1 with or without soluble BAG-75.

Fig. 2. Monoclonal antibody HTP IV-#1 exhibits a specificity
for complexed forms of BAG-75. A: Fractions resulting from
chromatography of total G/E extract of rat calvariae on DEAE-
Sephacel were analyzed by ELISA and for glycosoaminoglycan
chain content as described in Methods. Inset: Gel pattern after
Stains-All staining of selected fractions. d, O.D. 620 nm; s,
BAG-75 antigen titer. A salt gradient from 0 to 2.5 M sodium
acetate is depicted by a plot of conductivity measurements (m).
B: Western blot of fractions from ion-exchange separation of
total G/E extract. Individual fractions depicted in Fig. 2A were
subjected to gel electrophoresis and transfer onto cationic nylon
membrane as described in Methods. Binding of MoAb HTP
IV-#1 to the resultant blot was detected colorimetrically with
horseradish peroxidase–conjugated secondary antibodies. Two
regions of immunoreactivity appear as smears in fractions 120
and 170 extending from the top of the running gel to the 100
kDa molecular weight range. Migration positions of standards
are shown on the figure. S, prestained globular protein stan-
dards.
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180,000 [Gorski et al., in press]. Relative reac-
tivities of the two peaks of immunogenicity
were somewhat different in ELISA and immu-
noblotting assays; these differences may be due
to competition of distinct populations of con-
taminating proteins with BAG-75 forms for ad-
sorption to microtiter wells. Efforts to increase
the intensity of the staining reaction on West-
ern blots were restricted by the low transfer
efficiency of the large complexes. MoAb HTP
IV-#1 displayed only minor reactivity with the
monomeric 50 kDa fragment or BAG-75 which
are present in fractions 110–130 and 150–180,
respectively (Fig. 2B); these latter forms are
readily detected with either anti-BAG-75 pep-
tide (#503 or #505) or anti-BAG-75 (#504) anti-
bodies [Gorski et al., 1990]. Taken together,
results in Table I and Figure 2 indicate the
MoAb HTP IV-#1 preferentially binds to a
neoepitope on macromolecular complexes of
BAG-75.
It was of interest to determine whetherMoAb

HTP IV-#1 would detect BAG-75 in rat tissues
or micromass cultures of osteoblastic ROS 17/
2.8 cells. As illustrated in Figure 3A, discrete,
punctate patches of intense immunoreactivity
were observed in the primary spongiosa under-
lying the tibial growth plate. Mineralized re-
gions of the primary spongiosa appear as irregu-
lar bleached areas under phase contrast due to
their differential refractive properties. No stain-
ing for BAG-75 was observed in cartilagenous
zones of the growth plate with either MoAb
HTP IV-#1 (Fig. 3A) or anti-BAG-75 protein
antibodies (#504) (not shown). Micromass cul-
tures of osteoblastic cells, which establish an
extracellular matrix compartment, also reacted
positively with MoAb HTP IV-#1 (Fig. 3B). Im-
munofluorescent staining was predominantly
focal and punctate in appearance and seemed
to represent antigen near cell membranes or
within a territorial matrix. Diffuse, low level
staining was also observed throughout the cell
mass. Cultures treatedwith normal ascites fluid
were negative (Fig. 3C). These results show
that MoAb HTP IV-#1 detects a focal distribu-
tion of BAG-75 complexes in bone which are
restricted to mineralized areas in the primary
spongiosa.

BAG-75 Synthesized by Neonatal Bone Explants
Is Incorporated Into Large
Macromolecular Complexes

Immunoprecipitation of biosynthetically la-
beled BAG-75 from monolayer cultures of rat

calvarial cells and from ROS 17/2.8 cells with
antipeptide antibody (#503) yields two anti-
genic forms, monomeric BAG-75 and a frag-
ment at Mr 5 50 kDa [Gorski et al., 1990]. In
contrast, similar immunoprecipitates from 28 h
cultures of neonatal calvarial and growth plate
tissues were composed of complexed BAG-75
forms greater than Mr 5 200 kDa (Fig. 4)
Confirming results with MoAb HTP IV-#1, a
band at the top of the running gel and a doublet
band near Mr 5 200 kDa were specifically im-
munoprecipitated from calvarial explants (Fig.
4, lane 1 vs. lane 3) using a second anti-BAG-75
antibody (#505). In controls, calvarial immuno-
precipitates contained an expected OPN band
at Mr 5 50 kDA, along with a fragment band
observed previously [Zhang et al., 1990] (Fig. 4,
lane 2); similar bandswere observable in growth
plate sampleswith longer exposure of autoradio-

Fig. 3. Immunohistochemical identification of complexed
BAG-75 antigen antigen in rat growth plate and micromass
cultures of osteosarcoma cells with MoAb HTP IV-#1. A: Day 3
neonatal growth plate. Frozen sections were processed for
immunofluorescence microscopy as described in Methods. Se-
lected areas of immunoreactivity which correspond with miner-
alized areas visualized under phase contrast are marked (ar-
rows). Phase contrast (left) and fluorescence (right) images of
the same section are shown. HZ, hypertrophic zone; PS, pri-
mary spongiosa. Bar 5 100 µm. B: Day 7 micromass culture of
ROS 17/2.8 cells. See Methods for protocol. Phase contrast (left)
and fluorescence (right) images of the same section incubated
with MoAb HTP IV-#1 are shown (staining seen in the center of
the micromass appears to be stronger than at its edges). Bar 5

100 µm. C: Negative control. Micromass culture treated with
spent F/O myeloma culture media. Phase contrast (left) and
fluorescence (right) images of the same section are shown.
Bar 5 10 µm.
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graphs (data not shown). It should be empha-
sized that our protocol routinely extracts .90–
95% of radiolabeled proteins from explants into
a 100,000g supernatant fraction. All newly syn-
thesized (and labeled) BAG-75 extracted from
these explants was present within aggregates.
We hypothesize that this may reflect the func-
tional state of cells on the surface of explants
accessible to the 3H-leucine precursor. Mono-
meric BAG-75 Mr 5 50 kDa fragment and
BAG-75 (Mr 5 75 kDa), as well as similar sized
aggregated forms, were detected in immuno-
blots of G/E extracts of calvaria and growth
plate tissues with this same antibody [Gorski et
al., 1990].

Macromolecular Complexes of Purified BAG-75
Sequester Phosphate Ions

To examine the effect of calcium ion concentra-
tion on self-association, BAG-75 was incubated
over a range of concentrations (1028 to 10212 M)
in 0.05 M Tris-acetate buffer (pH 7.5), contain-
ing 0.15 M sodium chloride, and 0, 1, 5 or 10
mM calcium chloride.As shown by light scatter-
ing results in Figure 5, particulate complexes

were formed in the presence of 5 and 10 mM
calcium. Visual inspection confirmed the pres-
ence of particulate complexes in these samples.
In contrast, no particulate matter was evident
in BAG-75 samples with 1 mM calcium or with-
out added calcium since light-scattering values
for these two conditions were comparable and
near background levels (Fig. 5).
Although the results in Figure 5 were ini-

tially interpreted as being due to calcium-
induced formation of BAG-75 protein-protein
complexes, electron microscopic analyses, X-
ray microanalyses, and X-ray diffraction re-
sults demonstrated that the majority of the
observed light-scattering signal was due to the
formation of inorganic crystals of calcium phos-
phate. Specifically, particles formed with
BAG-75 (5.7 3 1027 M) in the presence of 10
mM calcium chloride were composed of loose

Fig. 4. Gel electrophoresis of immunoprecipitates of biosyn-
thetically labeled BAG-75 and OPN from explant cultures of
neonatal calvaria and growth plate. Extracts of 3H-leucine–
labeled calvarial and tibial growth plate explant cultures were
immunoprecipitated with anti-BAG-75 peptide antibody (#503),
monoclonal anti-OPN antibodies, or preimmune serum as de-
scribed in Methods. Immunoprecipitates were solubilized and
electrophoresed on 7.5% denaturing gels under reducing condi-
tions. Calvarial samples were run in lanes 1–3 and growth plate
samples in lanes 4–6. Lanes 1, 4: Anti-BAG-75 peptide antibody
(#503). Lanes 2, 5: Anti-OPN antibodies. Lanes 3, 6: Preim-
mune rabbit serum.

Fig. 5. Light-scattering analysis of BAG-75 preparation in the
presence of 0–10 mM calcium chloride. BAG-75 was lyophi-
lized and rehydrated at a concentration of 2.04 3 1028 M in the
presence of 0.05 M Tris-HCl buffer (pH 7.5) containing 0.15 M
sodium chloride; aliquots of BAG-75 were then diluted in
sequential twofold steps with buffer containing either 2, 10, or
20 mM calcium chloride. After a 20–24 h incubation period at
37°C, samples were analyzed by light-scattering measurements
using a spectrofluorometer with emission and excitation wave-
lengths of 350 nm. Light-scattering values are plotted on a
relative scale vs. the concentration of BAG-75. For clarity,
light-scattering values are also plotted vs. the concentration of
inorganic phosphate in the BAG-75 preparation. Results shown
are representative of that obtained with three separate prepara-
tions. j, 10 mM calcium; m, 5 mM calcium, ., 1 mM calcium;
c, no added calcium.
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composites of very thin inorganic crystallites
with lengths ranging between 50 and 100 nm in
this specimen (Fig. 6A). BAG-75 antigen was
bound to the calcium crystals as evidenced by
immunolabeling with anti-BAG-75 antibody
(#504) and gold particles. Control incubations
with an unrelated antibody or protein A-gold
alone (not shown) confirmed the specificity of
the former immunoreaction (Fig. 6B). Subse-
quently, powder X-ray diffraction analyses [Gor-
ski, Kremer, and Johns, unpublished results]
on crystals formed with BAG-75 and 5 mM cal-
cium chloride identified them as a poorly crystal-
line form of hydroxyapatite, Ca5(PO4)3OH. Forma-
tion of hydroxyapatite upon addition of 5–10
mM calcium chloride to preparations of BAG-75
prompted a search for the source of phosphate
in these preparations. Millimolar concentra-
tions of phosphate were found to be a consistent
component of five separate preparations of
BAG-75 (Table II). Both colorimetric and ion
chromatographic electrochemical detection
methods for inorganic phosphate yielded simi-
lar findings. The concentration of phosphate in
BAG-75 preparations ranged between 0.8 and
2.5 mM (Table II); however, calcium ion concen-
trations were at or below the limit of detection
(25.0 µM) for atomic absorption spectrophotom-
etry. For reference, the concentration of phos-
phate in BAG-75 samples was also plotted vs.

light-scattering values in Figure 5.Hydroxyapa-
tite crystallization was first observed at 2.25
and 1.12 mM phosphate in the presence of 5
and 10 mM calcium, respectively (Fig. 5), con-
centrations of these ions able to form hydroxy-
apatite crystals in the absence of BAG-75. We
reason that themost likely source of contamina-
tion is from the potassium phosphate used to
elute BAG-75 from hydroxyapatite during the
last step of its purification [Gorski and Shimizu,
1988]. However, since purified BAG-75 prepara-
tions are dialyzed extensively before use, the
concentrations of phosphate present are at least

Fig. 6. Immunoelectron microscopic analysis of hydroxyapatite crystals formed by bone acidic glycoprotein-75
preparations in the presence of 10 mM calcium chloride. a: BAG-75 associated with hydroxyapatite crystals formed
in vitro is recognized by anti-BAG-75 (#504) antibodies. Specific antibody-dependent gold-particle labeling for
BAG-75 is associated with thin, plate-like crystallites of hydroxyapatite. Bar 5 0.1 µm. b: Negative immune control.
Hydroxyapatite crystals formed in vitro with BAG-75 were incubated with an unrelated, antiamelogenin antibody
(courtesy of Dr. A. Nanci). Bar 5 0.1 µm.

TABLE II. Phosphate and Calcium Ion
Contents of BAG-75 Preparations

Preparation
Protein
(nM)

Phosphate
(mM)

Calciuma

(µM)

10 7.14 1.44 —
11 8.06 2.49 32.4
12 9.70 1.00 47.4
13 17.8 0.81 —
14 5.08 0.93 —
14 5.08 1.03b —
aDetermined by atomic absorption spectrophotometry;
dashes represent values below the limit of detection (24.7
µM).
bPhosphate analysis for preparation 14 was repeated on ion
chromatograph with electrochemical detection.
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1,000-fold higher than predicted from simple
exchange calculations. Phosphate analyses on
final dialyzate volumes found values near 0.05
mM, an indication that phosphate ions associ-
ated with BAG-75 were not freely exchanging
with those in the larger solution phase. Since
the quantity of phosphate present represents a
45,000–300,000-fold molar excess over that for
BAG-75 (Table II), this amount of phosphate
cannot be due entirely to direct binding to BAG-
75. Microscopic surveys of BAG-75 prepara-
tions found no evidence for a crystalline phase.
Thus, we hypothesize that BAG-75 self-associ-
ates to form complexes on the inner surface of
dialysis membranes early in the exchange pro-
cess; surface-bound, electronegative, BAG-75
complexes would constitute a charged barrier
inhibiting exchange of (potassium) phosphate
ions. According to this rationale, formation of
hydroxyapatite crystals after addition of cal-
cium is an indirect consequence of the propen-
sity of BAG-75 to sequester millimolar concen-
trations of phosphate ion.
Morphological analysis of BAG-75 prepara-

tions reconstituted in 1 mM calcium chloride
confirmed the existence of uniquemacromolecu-
lar, self-associated complexes of BAG-75 (Fig.
7); similar results were obtained with BAG-75
in the absence of calcium (data not shown). As
observed by light microscopy, hydrated BAG-75
complexes are roughly spherical in shape and
range from 20–35 µm in diameter. Complexes
appear to be composed of a collapsed lattice-
work of crisscrossing fibrils. In some cases,
individual complexes (Fig. 7A,B, arrow) exhib-
ited thin ‘‘tails’’ of up to 27 µm in length. Dense
particles were also associated with each macro-
molecular complex of BAG-75 (Fig. 7A–C, arrow-
heads). Buffer controls without BAG-75 (not
shown) were devoid of comparable structures.A
search for inorganic hydroxyapatite crystals
proved negative, as indicated by a lack of diffrac-
tion of polarized light and by an absence of

Fig. 7. Light microscopic identification of macromolecular
complexes of BAG-75. A–C: Representative composite views of
macromolecular complexes formed by purified BAG-75.
BAG-75 was lyophilized to dryness and rehydrated at a concen-
tration of 96.5 nM in 50 mM Tris-acetate buffer (pH 7.5)
containing 150 mM sodium chloride, 1 mM calcium chloride,
and 0.02% sodium azide. Droplets containing BAG-75 com-
plexes were placed on a glass slide, coverslipped, and photo-
graphed with a differential interference contrast objective. Indi-
vidual complexes occasionally exhibited thin ‘‘tails’’ of up to 27
µm in length (arrow, A, B). Dense particles were also associated
withmacromolecular complexes of BAG-75 (arrowheads). Bar5

20 µm.
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crystalline material as assessed by TEM (see
Fig. 8a).
Ultrastructural and elemental analyses were

performed on macromolecular BAG-75 com-
plexes to examine their morphology in greater
detail, to confirm their proteinaceous nature,
and to analyze for associated calcium and phos-
phorus atoms. Dehydrated BAG-75 complexes
viewed by STEM were also spherical in shape,
although smaller in overall dimensions (4–9
µm in diameter) (Fig. 8A, inset) than aqueous
structures observed by light microscopy (Fig.
7). At low magnification, complexes contained
numerous small folds and overlapping regions
which gave the impression of a collapsed struc-
ture that may have been more expanded under
aqueous conditions. Higher magnification TEM
imaging of the periphery of individual BAG-75
complexes, where specimen thickness and over-
lap of organic material were minimal, revealed
an extensive network of fine fibrils (Fig.
8A).Thin fibrils, approximately 10 nm in diam-
eter and capable of up to 70–80° bends, formed
a fringe that often extended away from the
main body of complexes by as much as 500 nm.
Individual fibrils sometimes joined together to
form larger composite strands (Fig. 8A). When
X-ray microanalysis was carried out, calcium
and phosphorus were enriched in all macromo-
lecular BAG-75 complexes examined (Fig. 8B).
These elements were not detected in back-
ground spectra from adjacent areas of support-
ing film alone (data not shown). Peaks for Ni
and U are derived from the electron microscope
grid and the heavy-metal contrasting agent,
respectively (Fig. 8B). The ratio of phosphorus
to calcium signals for individual complexes was
relatively constant (1.25 6 0.11); however, the
size of these peaks differed by fourfold among
BAG-75 complexes sampled.

Ultrastructural Distribution of BAG-75 Within
the Primary Spongiosa Underlying the Tibial

Growth Plate

The distribution of BAG-75 antigenicity in
the tibial metaphysis (including growth plate)
was determined with anti-BAG-75 protein anti-
body (#504) and protein A-gold (Fig. 9). Intense
immunolabeling was observed throughout the
mineralized bone matrix of the primary spon-
giosa. This labeling pattern did not include
regions of unmineralized osteoid and the calci-
fied cartilage of the growth plate, although some
gold particles occasionally were present over
the cement line at the bone-calcified cartilage

interface. MoAb HTP IV-#1 did not recognize
BAG-75 antigen in tissues processed for immu-
noelectron microscopy. Unlike the ‘‘patchy’’ dis-
tribution of labeling routinely observed for non-
collagenous proteins OPN, osteocalcin, a2-HS-
glycoprotein, and BSP [reviewed in McKee and
Nanci, 1993], BAG-75 labeling was distributed
more diffusely throughout themineralized bone
matrix compartment, although gold particles
often gave the impression of being more dis-
cretely and irregularly arranged in somewhat
linear patterns, roughly circumscribing regions
of unlabeled matrix (Fig. 9).

DISCUSSION

Results presented here support the following
new conclusions. First,MoAbHTP IV-#1 specifi-
cally recognizes a neoepitope on complexes of
BAG-75 or a Mr 5 50,000 fragment. Second,
BAG-75 complexes exist in situ as evidenced by
immunofluorescent staining of frozen sections
of neonatal tibial metaphysis and micromass
cultures of osteosarcoma cells with MoAb HTP
IV-#1. Third, radiolabeled BAG-75 was shown
to be incorporated into macromolecular com-
plexes within 28 h after synthesis by newborn
calvaria. BAG-75 complexes were immunopre-
cipitated from bone explant cultures with a
second anti-BAG-75 antibody (#503), while simi-
lar immunoprecipitates from monolayer cul-
tures of osteoblastic cells [Gorski et al., 1990]
contained onlymonomericMr5 75 kDaBAG-75
and a Mr 5 50 kDa fragment. Fourth, purified
BAG-75 self-associates in vitro to form spheri-
cal structures composed of a fine fibrillar mesh-
work. These complexes have the capacity to
sequester large amounts of phosphate ions as
evidenced by x-ray microanalysis of BAG-75
complexes and because purified preparations of
BAG-75 contain millimolar concentrations of
phosphate, even after extensive dialysis. Fifth,
the ultrastructural distribution of immunogold-
labeled BAG-75 in the primary spongiosa of the
tibial metaphysis is distinct from that of acidic
phosphoproteins OPN and BSP. Based upon
these data, we conclude that BAG-75 self-
associates in vitro and in vivo into microfibril-
lar complexes which are recognized bymonoclo-
nal antibody HTP IV-#1. We hypothesize that
macromolecular complexes of BAG-75may func-
tion as extracellular electronegative barriers
restricting local diffusion of phosphorus ions,
thereby facilitating nucleation of apatite in
bone.
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Fig. 8. Electronmicroscopic analyses of macromolecular com-
plexes of BAG-75. a: Transmission electron micrograph illustrat-
ing ultrastructural detail of BAG-75 complexes formed in vitro
as described in Methods. Complexes are visualized as roughly
spherical, collapsedmasses of protein. Each complex consists of
a dense mat of multiple, overlapping fibrils forming the bulk of
the aggregate (BA), and a peripheral fringe in which individual
and composite strands of fibrillar protein can be readily ob-

served (arrows). Extensive bending of individual fibrils is indi-
cated by asterisks. Bar 5 0.1 µm. inset: Low magnification
STEM image of two individual aggregate structures. Bar 5 1 µm.
b: X-ray microanalysis of macromolecular BAG-75 complexes
reveals elevated content of associated calcium and phosphorus
atoms. This representative spectrum was generated from the
uppermost aggregate structure depicted in the inset of panel a.
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Fig. 9. Ultrastructural distribution of BAG-75 in bone but not
cartilage of rat growth plate. Electron micrographs depicting
bone formation in the primary spongiosa underlying the tibial
growth plate after immunocytochemistry for BAG-75 using the
postembedding, protein A-gold technique. a: Specific immuno-
labeling for BAG-75 is visualized as numerous gold particles
primarily distributed over the mineralized bone (Min. Bone)
compartment (here observed in a decalcified section). Rela-
tively little labeling is observed over osteoid (OS) and calcified
cartilage (CC). Ob, osteoblast. Bar 5 1 µm. b: At higher

magnification, immunolabeling for BAG-75 is dispersed among
the collagen fibrils of mineralized bone (Min. Bone), and gold
particles often appear to be somewhat linearly arranged. Reticu-
lated patches (P) of organic matrix, known to be enriched in
other bone phosphorproteins such as OPN and BSP, do not
show an accumulation of BAG-75. Calcified cartilage (CC) is
not labeled, although a few gold particles appear to be associ-
ated with the cement line (CL) found at the bone-calcified
cartilage interface. Bar 5 1 µm.
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Sato et al. [1992] were the first to show by low
angle platinum shadowing and TEM that puri-
fied BAG-75 can self-associate into microfibrils
with an average diameter of 26.7 nm and
lengths up of 1,000 nm. In a functional sense,
osteoclasts appeared to preferentially respond
to these large macromolecular complexes of
BAG-75. Complexes of BAG-75 adsorbed onto
bone surfaces functioned as effective inhibitors
of bone resorption by rat or chicken osteoclasts
[Sato et al., 1992]. Despite the use of several
different methods, no evidence for direct bind-
ing of monomeric BAG-75 to osteoclasts could
be obtained. The present study expands upon
these initial findings in several key ways. First,
monoclonal antibody HTP IV-#1 was produced
by immunization of mice with complexes of
BAG-75. Characterization by Western blotting
and ELISAwith purified BAG-75 and fractions
from an ion exchange chromatogrpahic separa-
tion of a calvarial G/E extract demonstrated
that MoAb HTP IV-#1 recognizes a neoepitope
preferentially expressed on complexes of
BAG-75 as compared with monomeric BAG-75.
Second, using MoAb HTP IV-#1, we document
for the first time the existence of complexes of
BAG-75 in vivo in neonatal rat growth plate.
Interestingly, complexes of BAG-75were distrib-
uted focally and corresponded with areas of
hydroxyapatite deposition; however, this asso-
ciation was not exclusive since BAG-75 com-
plexes were also identified in nonmineralizing
micromasses of osteoblastic ROS 17/2.8 cells.
Independent confirmation for macromolecu-

lar BAG-75 complexes in cells/tissues was ob-
tained with immunoprecipitates of 3H-leucine–
labeled bone explant cultures using a separate,
anti-BAG-75 peptide antibody (#503). After gel
electrophoresis, immunoprecipitated BAG-75
radioactivity was located mostly at the top of
the running gel, with a lesser amount migrat-
ing as a singlet (growth plate) or doublet (cal-
varia) band of approximately Mr 5 200 kDa.
The fact that similar sized complexes can be
generated with purified BAG-75 in vitro [Gor-
ski et al., in press] further supports the identity
of immunoreactive bands .75 kDa as homolo-
gous or heterologous complexes of monomeric
BAG-75. That biosynthetically labeled BAG-75
complexes are immunoprecipitated from ex-
plant cultures but not monolayer cultures [Gor-
ski et al., 1990] and moreover are resistant to
further dissociation suggests that the former
complexes could be stabilized by intermolecu-

lar crosslinking catalyzed by tissue transglu-
taminase. Transglutaminase was shown by
Aeschlimann et al. [1993] to be localized extra-
cellularly in the lower hypertropic zone of the
growth plate and in the calcified cartilage cores
of the primary spongiosa. OPN [Prince et al.,
1991; Beninati et al., 1994] and osteonectin
[Aeschlimann et al., 1993] serve as substrates
for tissue transglutaminase, and immunoblot-
ting of bone extracts revealed high molecular
weight complexes whichwere suggested to arise
from transglutaminase-mediated crosslinking
[Sorensen et al., 1994]. According to this ratio-
nale, polarized matrix deposition of BAG-75 by
osteoblasts in explant cultures, as opposed to
release into the media in monolayer cultures,
would facilitate its concentration-dependent
complexation and crosslinking by transglutam-
inase. Although the exact composition of
BAG-75 complexes from bone is unknown, the
fact thatmacromolecular complexes were found
to copurify with monomeric BAG-75 or its Mr 5
50 kDa fragment during ion-exchange chroma-
tography indicates that the net charge proper-
ties of these forms are similar. Several addi-
tional controls suggest that formation of
macromolecular complexes is a property of
BAG-75 related to bone formation in situ. First,
immunoprecipitates with anti-OPN antibodies
from the same tissue extracts contained only an
expected Mr 5 50 kDa species and a character-
istic fragment [Zhang et al., 1990]. Second,
initial G/E extracts of explants were exchanged
into radioimmunoassay buffer containing non-
ionic detergents and SDS [Gorski et al., 1990]
which led to recovery of .90–95% of macromo-
lecular radioactivity in the 100,000g 3 1 h
supernatants used for immunoprecipitations.
This protocol greatly reduces nonspecific inter-
actions. Finally, immunoblotting studies with
neonatal calvarial and growth plate G/E ex-
tracts and anti-BAG-75 antibody (#504) de-
tected monomeric BAG-75 and/or a Mr 5 50
kDa fragment as well as complex bands near
Mr 5 200 kDa and at the top of the gel. This
result demonstrates operationally that these
BAG-75 forms and complexes are presentwithin
mineralized matrix. Since only biosynthetically
labeled BAG-75 complexes were recovered from
explant cultures, the presence of monomeric
unlabeled BAG-75 in extracts may reflect the
effect of local matrix factors and environment
on self-association of BAG-75. For example, a
low rate of osteoblastic synthesis or a looser
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matrix with increased diffusion at earlier stages
in development would be expected to yield more
monomeric forms than that with a higher syn-
thetic rate and/or reduced diffusion.
All preparations of BAG-75 analyzed thus far

containmillimolar concentrations of phosphate.
While it is likely that phosphate originates
with the 0.35 M phosphate solution used to
elute BAG-75 from hydroxyapatite during the
last step of its purification, retention of phos-
phate ions by BAG-75may reflect its physiologi-
cal function in bone. Reproducible mineraliza-
tion of osteoblastic cell cultures frequently
requires inclusion of 5–10 mM beta-glycerol
phosphate or another phosphate source in the
culture media [Hunter et al., 1993]. Even in the
presence of beta-glycerol phosphate, only inte-
rior regions of multilayer cultures are found to
mineralize [Gerstenfeld et al., 1990; Lee et al.,
1992]. The mechanism of action appears to re-
quire alkaline phosphatase–mediated release
of inorganic phosphate [Hunter et al., 1993],
which then participates directly in apatite for-
mation. Such a mechanism implies that addi-
tion of beta-glycerol phosphate allows osteo-
blasts in in vitro culture systems to increase
the local concentration of inorganic phosphate.
Alternatively, normal mechanisms to concen-
trate phosphate operative in vivo may not func-
tion in in vitro culture systems.
Noncollagenous and plasma proteins in bone

have been suggested to act as nucleators or as
regulators of the growth of the apatitic crystals
[Glimcher, 1989; Gorski, 1992;Hunter andGold-
berg, 1994; Boskey, 1995]. A requisite corollary
for such a role is presumed to be a close physical
association with the earliest sites of mineraliza-
tion. Using histochemicalmethods, Bonucci and
others [Bonucci, 1967; Groot, 1982; Takagi, et
al., 1983; Bonucci et al., 1988] demonstrated
previously the existence of an acidic, filamen-
tous, glycoproteinaceous phase (e.g., crystal
ghost) in early ‘‘mineralization nodules’’ which
shares the same shape, arrangement, and orien-
tation as the inorganic crystallites. Recent im-
munocytochemical studies have documented in
detail the precise distribution of a number of
noncollagenous extracellularmatrix and plasma
proteins in relation to the mineral phase and
collagen of bone [Bianco et al., 1993; Ingram et
al., 1993; McKee et al., 1993; McKee and Nanci,
1995]. During embryonic development of bone,
OPN, osteocalcin, BSP and a2HS-glycoprotein
colocalize with small mineralization foci within

the osteoid and then later with irregular, dense
‘‘patches’’ ofmineralized organicmaterial appar-
ently analogous to crystal ghosts. Serum compo-
nents albumin and fibronectin do not follow
this pattern and, at the ultrastructural level,
seem to be more diffusely distributed through-
out the mineralized bone matrix [reviewed in
McKee and Nanci, 1993]. In vivo and in vitro
data presented here place BAG-75 in the latter
category. Although it is well known that OPN,
BSP, and BAG-75 all bind strongly to the min-
eral phase in bone and thus should colocalize at
similar sites of mineralization, the unique as-
sembly of BAG-75 into fibrillar aggregates in
vitro, independent of other proteins and min-
eral, implies a hierarchical order for matrix
assembly and mineralization in vivo that may
include creation of a supramolecular structure
capable of spanning relatively large distances
in bone. Consistent with its spherical matrix
distribution surrounding osteoblasts in the pri-
mary spongiosa, an electronegative, three-
dimensional BAG-75 network physically envel-
oping other noncollagenous proteins and
collagen could serve an organizational role in
forming bone or as a barrier restricting local
diffusion of phosphate ions, thus facilitating
establishment of regional ion concentration gra-
dients. In an analogous way, type X collagen
was proposed to form a barrier to limit mineral-
ization of eggshell membranes [Arias et al.,
1991], and tenascin appears to delineate the
boundaries of individual barrel fields during
formation of the rodent somatosensory cortex
[Mitrovic et al., 1994].
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