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Abstract The mineral in bone is located primarily within
the collagen fibril, and during mineralization the fibril is
formed first and then water within the fibril is replaced with
mineral. Our goal is to understand the mechanism of fibril
mineralization, and as a first step we recently determined
the size exclusion characteristics of the fibril. This study
indicates that apatite crystals up to 12 unit cells in size can
access the water within the fibril while molecules larger
than a 40-kDa protein are excluded. We proposed a novel
mechanism for fibril mineralization based on these obser-
vations, one that relies exclusively on agents excluded from
the fibril. One agent generates crystals outside the fibril,
some of which diffuse into the fibril and grow, and the
other selectively inhibits crystal growth outside of the
fibril. We have tested this mechanism by examining the
impact of removing the major serum inhibitor of apatite
growth, fetuin, on the serum-induced calcification of col-
lagen. The results of this test show that fetuin determines
the location of serum-driven mineralization: in fetuin’s
presence, mineral forms only within collagen fibrils; in
fetuin’s absence, mineral forms only in solution outside the
fibrils. The X-ray diffraction spectrum of serum-induced
mineral is comparable to the spectrum of bone crystals.
These observations show that serum calcification activity
consists of an as yet unidentified agent that generates
crystal nuclei, some of which diffuse into the fibril, and
fetuin, which favors fibril mineralization by selectively
inhibiting the growth of crystals outside the fibril.
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The type I collagen fibril plays several critical roles in bone
mineralization. The mineral in bone is located primarily
within the fibril [1-6], and during mineralization the fibril is
formed first and then water within the fibril is replaced with
mineral [7, 8]. The collagen fibril therefore provides the
aqueous compartment in which mineral grows. We have
recently shown that the physical structure of the collagen
fibril plays an important additional role in mineralization: the
role of a gatekeeper that allows molecules smaller than a 6-
kDa protein to freely access the water within the fibril while
preventing molecules larger than a 40-kDa protein from
entering the fibril [9]. Molecules smaller than a 6-kDa pro-
tein can therefore enter the fibril and interact directly with
mineral to influence crystal growth. Molecules larger than a
40-kDa protein cannot enter the fibril and so have no ability
to act directly on the apatite crystals growing within the fibril.

Molecules too large to enter the collagen fibril can still
have important effects on mineralization within the fibril.
We have suggested that large inhibitors of apatite growth
can paradoxically favor mineralization within the fibril by
selectively preventing apatite growth outside of the fibril
[9]. We have also proposed that large nucleators of apatite
formation may generate small crystal nuclei outside of the
collagen fibril and that some of these nuclei subsequently
diffuse into the fibril and grow [9]. Because the size
exclusion characteristics of the fibril allow rapid penetra-
tion of molecules the size of a 6-kDa protein, apatite
crystals up to 12 unit cells in size should in principle be
able to freely access all of the water within the fibril [9].
The present study tests these hypotheses for the possible
function of large molecules in mineralization.
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The calcification assay we employed to test the function
of large proteins in collagen mineralization is based on our
discovery that the type I collagen fibrils of tendon and
demineralized bone calcify when incubated in serum (or
plasma) for 6 days at 37°C and pH 7.4 [10, 11]. The cal-
cification activity responsible for collagen mineralization
in serum consists of one or more proteins that are 50—
150 kDa in size [11]. Because these molecules are too
large to penetrate the collagen fibril, they must be able to
act outside the fibril to cause calcification within the fibril.
The serum-driven calcification of a collagen fibril is
therefore an excellent model system to explore the mech-
anisms by which molecules too large to penetrate the
collagen fibril can nonetheless cause the fibril to calcify.

Although serum-driven collagen calcification is an in
vitro, cell-free assay, there are several reasons to believe that
it could be relevant to understanding mechanisms by which
collagen fibrils are mineralized in normal bone formation.
(1) The assay conditions are physiologically relevant: col-
lagen added to serum calcifies when incubated at the
temperature and pH of mammalian blood, without the need
to add anything to serum to promote mineralization, such as
p-glycerophosphate or phosphate [see 10 and references
therein]. (2) Serum is relevant to bone mineralization: oste-
oblasts form bone in a vascular compartment [12], and
proteins in serum have direct access to the site of collagen
fibril formation and mineralization while proteins secreted
by the osteoblast appear rapidly in serum. (3) Serum-driven
calcification is evolutionarily conserved: serum calcification
activity appeared in animals at the time vertebrates acquired
the ability to form calcium phosphate mineral structures,
with no evidence for a similar activity in the serum of
invertebrates [13]. (4) Serum-driven calcification is specific:
calcification is restricted to those structures that were calci-
fied in bone prior to demineralization, with no evidence of
calcification in cartilage at the bone ends or in cell debris [ 10,
11]. (5) Serum-driven calcification can achieve total recal-
cification of demineralized bone: serum-driven calcification
progresses until the recalcified bone is comparable to the
original bone prior to demineralization in mineral content
and composition, radiographic density, and powder X-ray
diffraction spectrum [11].

The initial goal of the present experiments was to
examine the possible function of the 48-kDa protein fetuin
in the serum-driven calcification of collagen matrices. Our
working hypothesis was that fetuin promotes calcification
within the collagen fibril by selectively inhibiting apatite
growth outside of the fibril. This hypothesis is supported by
the observation that fetuin is the most abundant serum
inhibitor of apatite crystal growth [14, 15] and by the
observation that fetuin is too large to penetrate the interior
of the collagen fibril [9], where serum-induced collagen
calcification occurs [11]. The present study tests this

hypothesis by examining the impact of removing fetuin
from serum on the ability of serum to mineralize the col-
lagen fibril. The results of this test show that the presence
of fetuin in serum determines the location of serum-driven
mineralization: in the presence of fetuin, mineral forms
only within the collagen fibril; in the absence of fetuin,
mineral forms only in the solution outside the fibril.

Because fetuin is the subject of this study, it is useful to
review briefly its structure, occurrence, and calcification-
inhibitory activity. Fetuin is a 48-kDa glycoprotein that
consists of two N-terminal cystatin domains and a smaller
C-terminal domain. The five oligosaccharide moieties of the
protein account for ~25% of fetuin’s mass and, because of
their disordered structures, give fetuin an apparent size in
sodium dodecyl sulfate (SDS) gel electrophoresis and
Sephacryl gel filtration of about 59 kDa. Fetuin is synthe-
sized in the liver and found at high concentrations in
mammalian serum [16, 17] and bone [18-23]. The serum
fetuin concentration in adult mammals ranges 0.5-1.5 mg/
mL, while that in the fetus and neonate is typically far
higher [17]. Fetuin is also one of the most abundant non-
collagenous proteins found in bone [18-23], with a
concentration of about 1 mg/g bone in rat [22], bovine [18],
and human [20, 24] bone. In spite of the abundance of fetuin
in bone, however, it has not been possible to demonstrate
the synthesis of fetuin in calcified tissues; it is therefore
presently thought that the fetuin found in bone arises from
hepatic synthesis via serum [21, 23]. This view is supported
by the observation that fetuin binds strongly to apatite, the
mineral phase of bone, and is selectively concentrated from
serum onto apatite in vitro [19].

In vitro studies have demonstrated that fetuin is an
important inhibitor of apatite growth and precipitation in
serum containing increased levels of calcium and phos-
phate [15] and that targeted deletion of the fetuin gene
reduces the ability of serum to arrest apatite formation by
over 70% [14]. More recent studies have shown that a
fetuin—mineral complex is formed in the course of the
fetuin-mediated inhibition of apatite growth and precipi-
tation in serum containing increased calcium and
phosphate [25]. Purified bovine fetuin has also been shown
to be a potent inhibitor of the growth and precipitation of a
calcium phosphate mineral phase from supersaturated
solutions of calcium phosphate [15], and recent studies
have shown that a fetuin—mineral complex is formed in the
course of this inhibition [25].

Experimental Procedures
Materials

Forty-day-old and newborn albino rats (Sprague-Dawley)
were purchased from Harlan Labs (Indianapolis, IN). Adult

@ Springer



118 D. Toroian and P. A. Price: Collagen Calcification in Serum Needs Fetuin

bovine serum was purchased from Invitrogen (Carlsbad,
CA). Each 500 mL volume of Dulbecco’s modified eagle
medium (DMEM; GIBCO, Grand Island, NY) was sup-
plemented with 5 mL of penicillin-streptomycin (GIBCO)
and 1 mL of 10% sodium azide to prevent bacterial
growth. Unless otherwise stated, the concentration of
phosphate in DMEM was increased from the basal 0.9 mM
to a final 2 mM by addition of 0.5 M sodium phosphate
buffer (pH 7.4). When prepared as described [26], DMEM
containing 2 mM phosphate is stable for at least 3 weeks at
37°C, with no evidence for loss of calcium or phosphate
from the medium or formation of a mineral phase. Bovine
fetuin, purified type I collagen from bovine Achilles ten-
don, and alizarin red S were purchased from Sigma (St.
Louis, MO).

Rats were killed by exsanguination while under isoflu-
rane anesthetic; the UCSD Animal Subjects Committee
approved all animal experiments. Tail tendons were dis-
sected from 40-day-old rats, and tibias were dissected from
newborn rats. Both tissues were extracted with a 1,000-fold
excess (v/w) of 0.5 M ethylenediaminetetraacetic acid
(EDTA, pH 7.5) for 72 hours at room temperature, to kill
cells and remove any mineral that might be present; the
tissues were then washed exhaustively with ultrapure water
to remove all traces of EDTA and stored at —20°C until
use.

Calcification Procedures

Experiments to examine the calcification of collagen
matrices were carried out using 24-well cell culture clusters
(Costar 3524; Corning, Corning, NY) in a humidified
incubator at 37°C and 5% CO,. Each well contained a
1 mL volume of DMEM alone or of DMEM containing
10% bovine serum or fetuin-depleted bovine serum. The
amount of matrix added to each 1 ml volume was as fol-
lows: a single hydrated, demineralized newborn rat tibia, a
portion of tail tendon (3 mg dry weight, hydrated before
use), or a portion of type I collagen (3 mg dry weight,
hydrated before use). Each tissue was then incubated for 6
days.

Biochemical Analyses

The procedures used for alizarin red staining have been
described [27]. For histological analyses, tibias were fixed
in 100% ethanol for at least 1 day at room temperature; San
Diego Pathology (San Diego, CA) sectioned and von
Kossa—stained the tibias. For quantitative assessment of the
extent of calcification, alizarin red—stained matrices and
precipitates formed outside the matrix were extracted for
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24 hours at room temperature with 1 mL of 0.15 M HCI, as
described [27]. Calcium levels in culture media and in the
acid extracts of tissues and precipitates were determined
colorimetrically using cresolphthalein complexone (JAS
Diagnostics, Miami FL), and phosphate levels were
determined colorimetrically as described [28].

Powder X-ray diffraction was used to compare the
mineral phase formed in fetuin-depleted serum with the
crystals isolated from rat bone [29]. The mineral was
generated by incubating 2 mL. DMEM containing 10%
fetuin-depleted bovine serum for 48 hours at 37°C. The
mineral suspension was diluted to 20 mL with fresh
DMEM and incubated for another 48 hours, and the
resulting 20 mL of mineral suspension was subsequently
diluted to 200 mL with fresh DMEM and incubated for a
final 48 hours. The mineral was collected by centrifugation,
washed with ethanol, and dried to give 23 mg of mineral.
The X-ray diffraction spectrum of this mineral was mea-
sured with Cu Ko X-rays (4 = 1.54 A) using a Rigaku
(Tokyo, Japan) Miniflex diffractometer.

Immunological Procedures

Rabbits were immunized against purified bovine fetuin.
The procedures employed for the bovine fetuin radioim-
munoassay used this antiserum at a final 1:2,000 dilution.
The radioimmunoassay diluent, sample volumes, and pro-
cedures are identical to those used in the rat fetuin
radioimmunoassay [30]. For affinity purification of anti-
fetuin antibody, 16 mg of purified bovine fetuin were
covalently attached to 5 mL of cyanogen bromide (CNBr)—
activated Sepharose 4B (Amersham Biosciences, Chalfont
St. Giles, UK) and packed into a column. Antifetuin anti-
serum (10 mL) was then passed over this fetuin affinity
column, and the bound antibody was eluted with 100 mM
glycine (pH 2.5). An antifetuin antibody column was
subsequently prepared by covalently attaching 7 mg of
purified antifetuin antibody to 5 mL of CNBr-activated
Sepharose 4B. The antifetuin antibody column was then
equilibrated with the DMEM calcification buffer, and
bovine serum was dialyzed against the same buffer. Adult
bovine serum was freed of fetuin by passing 0.85-mL ali-
quots of dialyzed serum over the column at room
temperature. The absorbance at 280 nm of each 0.8-mL
fraction was then determined, and the fetuin content of the
fractions was measured by radioimmunoassay. The four
fractions with the highest absorbance were pooled and then
diluted with DMEM until the absorbance at 280 nm
equaled that of 10% bovine serum. Protein bound to the
column was removed by washing the column with 100 mM
glycine (pH 2.5) and collecting 1-mL fractions in tubes that
contained 0.1 mL of 0.1 M Tris (pH 8). The desorbed
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protein was dialyzed against 5 mM ammonium bicarbonate
and dried; a portion of the desorbed protein was electro-
phoresed using a 4-12% polyacrylamide gel, as described
[30].

The 10% control serum used in these studies was pre-
pared by the same procedures, with the sole exception
being that the control column was prepared by covalently
attaching 7 mg of purified rabbit immunoglobulin G (IgG,
Sigma) to 5 mL of CNBr-activated Sepharose 4B rather
than 7 mg of rabbit anti-bovine fetuin antibody. Aliquots
(0.85 mL) of dialyzed adult bovine serum were passed over
the control column at room temperature, and the four
fractions with the highest absorbance were pooled and
diluted with DMEM until the absorbance at 280 nm
equaled that of 10% bovine serum.

Results

Removal of Fetuin from Bovine Serum by Antibody
Affinity Chromatography

We developed procedures to remove fetuin from bovine
serum by antibody affinity chromatography in order to
evaluate the possible role of the protein in serum-induced
calcification. Rabbits were immunized with purified bovine
fetuin, and the resulting antisera were used to construct a
radioimmunoassay for bovine fetuin that could be used to
monitor the effectiveness of fetuin depletion procedures
(Fig. 1). Polyclonal antifetuin antibodies were purified
from rabbit antiserum using Sepharose 4B with covalently
attached bovine fetuin, and the resulting purified antifetuin
antibodies were then attached covalently to Sepharose 4B
and packed into a column.

Because the goal of fetuin removal from serum was to
test its role in serum-induced calcification, we used a
suitable buffer for study of serum-induced calcification [10,
11], DMEM culture medium, to equilibrate the antifetuin
antibody column. Adult bovine serum was then dialyzed
against DMEM and passed over this column to remove
fetuin. The results of a typical experiment are shown in
Figure 2. As can be seen, there is a massive peak of
unbound serum protein absorbance that elutes at the col-
umn volume; this unbound protein peak accounts for about
98% of the A280 applied to the column and is devoid of
fetuin. The four fractions with the highest absorbance were
pooled; calcification solutions containing fetuin-depleted
bovine serum were then prepared by diluting these pooled
fractions with DMEM to yield a final serum concentration
of 10% by absorbance. The 10% control bovine serum used
in these studies was prepared by a similar procedure, with
the sole difference being that the control column was
prepared by covalently attaching purified normal rabbit
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Fig. 1 Radioimmunoassay of bovine fetuin and detection of bovine
fetuin antigen in adult bovine serum. Relative fraction of 1251 labeled
bovine fetuin bound to antibody (B/B,) at increasing amounts of
purified bovine fetuin and at increasing volumes of adult bovine
serum
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Fig. 2 Removal of fetuin from bovine serum by antibody affinity
chromatography. In order to prepare fetuin-depleted bovine serum for
tests of the role of fetuin in serum-induced mineralization, adult
bovine serum was dialyzed against a buffer suitable for calcification
(DMEM) and then passed over a column that contained 7 mg of
affinity-purified rabbit anti-bovine fetuin antibody attached covalently
to 5 mL of Sepharose 4B (see “Experimental Procedures”). Elution
buffer, DMEM; fraction volume, ~0.8 mL; fetuin concentration was
determined by radioimmunoassay (Fig. 1). Inset: Fractions 19-24
were pooled, and 10 pg protein from this pool were electrophoresed
on a 4-12% SDS polyacrylamide gel and stained with Coomassie
brilliant blue. Note that the major band is in the 59 kDa position
expected for bovine fetuin [30]

IgG to Sepharose rather than rabbit anti-bovine fetuin
antibody. Table 1 shows that the fetuin content of the
resulting fetuin-depleted 10% bovine serum is over 1,000-
fold lower than that of the 10% control bovine serum.
After elution of those proteins that did not bind to the
column, the antifetuin antibody column was washed with
DMEM until the absorbance at 280 nm was less than 0.01,
and bound fetuin was then eluted from the column by
washing with acid (Fig. 2). The resulting small peak of
A280nm absorbance (not evident in the scale used for
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Table 1 Concentration of fetuin in the experimental calcification
solutions used in these studies

Additions to DMEM Fetuin
(pug/mL)

10% Control bovine serum 126.0 £ 3.2

10% Fetuin-depleted serum <0.1

10% Fetuin-depleted serum, supplemented with 139.8 £ 9.9

purified fetuin

Concentrations of bovine fetuin were determined by radioimmuno-
assay in each of the experimental solutions employed in this study:
10% control bovine serum in DMEM culture medium, 10% fetuin-
depleted bovine serum in DMEM, and 10% fetuin-depleted bovine
serum in DMEM containing 130 pg/mL of purified bovine fetuin.
Each sample was assayed in triplicate

Fig. 2) accounted for about 1% of the initial serum
absorbance. The amount of fetuin immunoreactivity in this
peak corresponded to the fetuin content of the serum
applied to the column, and the SDS gel of the bound pro-
tein fraction revealed a single major component in the 59-
kDa position expected for fetuin [30].

Evidence that Fetuin Is Required for the Serum-Induced
Recalcification of Demineralized Bone

In the initial study, the impact of fetuin depletion on serum-
induced calcification was evaluated by incubating demin-
eralized newborn rat tibias for 6 days at 37°C in DMEM
alone, in DMEM containing 10% control bovine serum, or
in DMEM containing 10% fetuin-depleted bovine serum.
In agreement with earlier studies [10, 11], demineralized
tibias calcified after incubation in DMEM containing 10%
serum but did not calcify after incubation in DMEM alone
(Figs. 3 and 4). The pattern of alizarin red staining in the
tibias incubated in DMEM containing 10% control serum
matched that seen in the original tibia prior to demineral-
ization (not shown; see [10, 11] for examples).

In contrast to tibias incubated in 10% control serum,
tibias incubated in 10% fetuin-depleted serum did not have
significant incorporation of calcium and phosphate (Fig. 3)
and did not stain for calcification by alizarin red (Fig. 4);
histological sections of these tibias also revealed no von
Kossa staining for calcification (Fig. 4). Removal of fetuin
from serum therefore eliminates the serum-induced recal-
cification of demineralized bone.

To confirm the essential role of fetuin in serum-induced
calcification, we added sufficient purified bovine fetuin to the
fetuin-depleted bovine serum in order to attain a final fetuin
concentration comparable to that found in the original serum
prior to fetuin depletion and in the 10% bovine serum control
(see Table 1). The calcification of tibias incubated in this
fetuin-repleted serum was indistinguishable from the
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Fig. 3 Evidence that fetuin is required for the serum-induced
recalcification of demineralized bone: analysis for Ca and P. In order
to evaluate the possible role of fetuin in the serum-induced
recalcification of bone, demineralized newborn rat tibias were
separately incubated for 6 days at 37°C in 1 mL DMEM containing
2 mM Pi and no serum, 10% control bovine serum, 10% fetuin-
depleted bovine serum, or 10% fetuin depleted bovine serum plus
130 pg/mL of purified bovine fetuin. Tibias were removed, stained
with alizarin red, photographed, and then analyzed for calcium and
phosphate. The medium and any precipitate were removed from the
well and centrifuged to pellet any precipitate, and the pellet fraction
was analyzed for calcium and phosphate (see “Experimental Proce-
dures”). This experiment was performed in triplicate. The data show
the average calcium and phosphate in the tibia and the pellet fraction
from each well; error bars show standard deviations. *Ca or Pi in the
extract is < 0.01 pmol

calcification of tibias incubated in the 10% bovine serum
control: the pattern of alizarin red staining was identical
(Fig. 4), the amount of calcium and phosphate incorporated
was comparable (Fig. 3), and the von Kossa staining was
restricted to the collagen matrix (Fig. 4). Comparable results
were obtained when fetuin purified during the course of the
preparation of fetuin-depleted serum (see Fig. 2 inset) was
substituted for commercial fetuin (data not shown). The
addition of purified fetuin therefore fully restores the ability
of fetuin-depleted serum to induce the recalcification of a
demineralized tibia.

In the course of these experiments, we noticed the
presence of a fine precipitate coating the entire bottom of
each culture well that contained a tibia incubated in
DMEM plus 10% fetuin-depleted serum (not shown); no
precipitate could be detected in wells that contained a tibia
incubated in DMEM alone, in wells that contained a tibia
incubated in DMEM plus 10% control bovine serum, or in
wells that contained a tibia incubated in DMEM plus 10%
fetuin-depleted serum supplemented with purified bovine
fetuin. To assess the nature of this precipitate, the precip-
itate was collected, stained with alizarin red, and analyzed
for calcium and phosphate. This analysis showed that the
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Fig. 4 Evidence that fetuin is required for the serum-induced
calcification of demineralized bone: alizarin red and von Kossa
staining. Demineralized newborn rat tibias were separately incubated
for 6 days at 37°C in 1 mL DMEM containing 2 mM Pi and 10%
control bovine serum, 10% fetuin-depleted bovine serum, or 10%
fetuin-depleted bovine serum containing 130 pg/mL of purified
bovine fetuin. After incubation, the tibias were either stained for
calcification with alizarin red or fixed in ethanol, cut in 5-um-thick
sections, stained for calcification with von Kossa (stains calcification
black), and counterstained with nuclear-fast red

precipitate isolated from the wells containing 10% fetuin-
depleted serum stained intensely with alizarin red and that
the amounts of calcium and phosphate recovered from the
precipitate were comparable to the amounts incorporated
into tibias that had been incubated in DMEM containing
10% serum or 10% fetuin-repleted serum (Fig. 3). This
result suggests that the role of fetuin in the serum-induced
recalcification of demineralized bone is to direct mineral
formation into the collagen matrix of bone.

In order to determine the dependence of collagen cal-
cification on fetuin dose, we repeated the above
experiments using fetuin-depleted serum containing dif-
ferent added fetuin concentrations (data not shown). The
results of this experiment showed that tibias incubated with
130 and 100 pug/mL fetuin stained with alizarin red and

contained amounts of calcium and phosphate comparable
to the values shown in Figure 3, while there was no
detectable mineral precipitate outside the tibia. In contrast,
tibias incubated with 0, 10, and 40 pg/mL fetuin did not
stain with alizarin red and did not contain detectable cal-
cium or phosphate, and there was a mineral precipitate
outside the tibia that contained calcium and phosphate
comparable to the values shown in Figure 3. The tibia
incubated with 70 ug/mL fetuin was stained with alizarin
red, and there was also a detectable mineral precipitate
outside the tibia; chemical analysis of the tibia and pre-
cipitate showed that 73% of the mineral was in the tibia
and 27% of the mineral was in the precipitate.

A final experiment was carried out to evaluate the effect
of reducing the phosphate concentration of the DMEM
from 2 to 0.9 mM [10]. This experiment showed that tibias
do not calcify when incubated in DMEM (0.9 mM Pi)
containing 10% control bovine serum, 10% fetuin-depleted
bovine serum, or 10% fetuin-depleted serum plus added
fetuin (not shown). There was also no evidence for a
mineral precipitate in any condition. These results dem-
onstrate that the serum-induced formation of a mineral
phase in DMEM will not occur unless the phosphate con-
tent of the DMEM is at the 2 mM concentration found in
bovine serum.

Evidence that Fetuin Is Required for the Serum-Induced
Calcification of Tendons and Purified Collagen

Additional experiments were carried out to further explore
the role of fetuin in the serum-induced calcification of
collagenous matrices. One test examined the role of fetuin
in the serum-induced calcification of rat tail tendon, a type
I collagen matrix that is chemically identical to the type I
collagen matrix of bone but does not normally calcify in
rats. Tendons incubated in 10% control bovine serum
calcified, tendons incubated in 10% fetuin-depleted serum
did not calcify, and tendons incubated in 10% fetuin-
depleted serum containing purified fetuin calcified (Fig. 5).
There was again a fine precipitate coating the bottom of all
wells containing fetuin-depleted serum, and the amount of
calcium and phosphate in this precipitate was comparable
to that found in tendons incubated in 10% serum that
contained fetuin (Fig. 5).

Another test examined the role of fetuin in the serum-
induced calcification of purified type I collagen fibers from
bovine Achilles tendon. Purified collagen fibers incubated
in 10% control bovine serum calcified, fibers incubated in
10% fetuin-depleted serum did not calcify, and fibers
incubated in 10% fetuin-depleted serum containing purified
fetuin calcified (Fig. 6). There was a fine precipitate coat-
ing the entire bottom of all wells containing fetuin-depleted

@ Springer



122 D. Toroian and P. A. Price: Collagen Calcification in Serum Needs Fetuin

DMEM PLUS:
Incubation DMEM only | 10% Control 10% Fetuin-Depleted 10% Fetuin-Depleted
Medium: Setum Sorum Serin
+ 130 ug fetuin
0.8 1
Calcium

g

B 06 Phosphate

£

=

[

g 0.4

5

€

-

= 021

[&]

0 A=

Tendon  Solution Tendon Solution Tendon  Solution Tendon Solution

Location of Mineral

Fig. 5 Evidence that fetuin is required for the serum-induced
calcification of rat tail tendon. To test the role of fetuin in the
serum-induced calcification of tendon, a type I collagen matrix that
does not normally calcify, rat tail tendons (dry weight 3 mg) were
separately incubated for 6 days at 37°C in 1 mL DMEM containing 2
mM Pi and no serum, 10% control bovine serum, 10% fetuin-depleted
bovine serum, or 10% fetuin-depleted bovine serum plus 130 ug/mL
of purified bovine fetuin. Tendons were removed, stained with
alizarin red, photographed, and then analyzed for calcium and
phosphate. The medium and any precipitate were removed from the
well and centrifuged to pellet any precipitate, and the pellet fraction
was analyzed for calcium and phosphate (see “Experimental Proce-
dures”). This experiment was performed in triplicate. The data show
average calcium and phosphate in the tendons and the pellet fraction
from each well; error bars show standard deviations. *Ca or Pi in the
extract is < 0.01 pmol

serum, and the amount of calcium and phosphate in this
precipitate was comparable to that found in collagen fibers
incubated in 10% serum containing fetuin (Fig. 6).

The Ca/Pi ratio was calculated for the mineral phase
formed in each of the above experiments. The Ca/Pi ratio
of the mineral phase formed within a collagen matrix after
incubation in 10% serum was 1.59 + 0.15 (mean 4 SD,
n = 9; combined data for Figs. 3, 5, and 6), the Ca/Pi ratio
for the mineral phase precipitated outside of a matrix after
incubation in 10% fetuin-depleted serum was 1.56 + 0.09
(n = 9), and the Ca/Pi ratio for the mineral phase formed
within collagen after incubation in 10% fetuin-depleted
serum with added fetuin was 1.58 £ 0.10 (n = 9). These
Ca/Pi ratios are not significantly different from one another
and are comparable to the Ca/Pi ratio previously found for
the mineral phase deposited in collagen after incubation in
serum [10, 13, 31] and the ratio found in bone [32, 33].

Taken together, these results show that fetuin plays a
similar essential role in the serum-induced calcification of
the type I collagen fibers in a tissue that was once calcified
(demineralized bone), a tissue that does not normally cal-
cify (tendon), and purified collagen. In each case, the
essential role of fetuin in the serum-induced calcification is
to direct mineral formation into the collagen matrix, and it
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Fig. 6 Evidence that fetuin is required for the serum-induced
calcification of purified bovine type I collagen. To assess the role
of fetuin in the serum-induced calcification of collagen fibers, 3 mg of
purified bovine type I collagen were separately incubated for 6 days at
37°Cin 1 mL DMEM containing 2 mM Pi and no serum, 10% control
bovine serum, 10% fetuin-depleted bovine serum, or 10% fetuin-
depleted bovine serum plus 130 pug/mL of purified bovine fetuin.
Collagen fibers were removed, stained with alizarin red, photo-
graphed, and then analyzed for calcium and phosphate. The medium
and any precipitate were removed from the well and centrifuged to
pellet any precipitate, and the pellet fraction was analyzed for calcium
and phosphate (see “Experimental Procedures”). This experiment
was performed in triplicate. The data show average calcium and
phosphate in purified collagen and the pellet fraction from each well;
error bars show standard deviations. *Ca or Pi in the extract is
<0.01 pmol

appears to do this by preventing mineral precipitation
outside of this matrix.

Evidence that Removal of Fetuin from Serum Unmasks
a Potent Serum Nucleator of Mineral Formation

In each of the above experiments, removal of fetuin from
serum prevented calcification of the collagen matrix but led
to the formation of a fine precipitate of calcium phosphate
mineral on the bottom of the well. In order to see if the
formation of this precipitate is dependent on the presence
of a matrix, this experiment was repeated using the same
calcification solutions but no matrix. A fine precipitate
coated the entire bottom of all wells that contained DMEM
plus 10% fetuin-depleted serum, while no precipitate could
be detected in wells that contained DMEM alone, DMEM
plus 10% control bovine serum, or DMEM with 10% fet-
uin-depleted serum plus added purified fetuin. This
precipitate stained intensely with alizarin red, and chemical
analysis showed that it contained calcium and phosphate
(Fig. 7) in amounts comparable to those previously seen in
wells that contained fetuin-depleted serum and a collagen
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Fig. 7 Evidence that fetuin depletion unmasks a potent serum
initiator of mineral formation. To determine whether a calcium
phosphate mineral phase forms spontaneously in fetuin-depleted
serum even in the absence of a collagen matrix, the following
solutions were prepared that contained | mL DMEM with 2 mM Pi
and no serum, 10% control bovine serum, 10% fetuin-depleted bovine
serum, or 10% fetuin-depleted bovine serum containing 130 ug/mL
of purified bovine fetuin. The solutions were incubated for 6 days at
37°C in the absence of a collagen matrix. The medium and any
precipitate were removed from the well and centrifuged to pellet any
precipitate, and the pellet fraction was analyzed for calcium and
phosphate (see “Experimental Procedures” for details). This exper-
iment was performed in triplicate. The data show average calcium and
phosphate in the pellet fraction from each well; error bars show
standard deviations. *Ca or Pi in the extract is <0.01 pmol

matrix. This result demonstrates that the formation of a
precipitate in DMEM containing 10% fetuin-depleted
serum is not dependent on the presence of a collagen
matrix. The removal of fetuin from serum therefore appears
to unmask a potent serum initiator of calcium phosphate
mineral formation.

Powder X-ray diffraction was used to characterize the
mineral that forms during incubation of DMEM containing
fetuin-depleted serum. As can be seen in Figure 8, the
diffraction spectrum of this mineral is comparable to the
spectrum of the apatite-like crystals isolated from rat bone.
Both diffraction spectra are also comparable to the spec-
trum previously found for the mineral phase formed in a
type I collagen matrix during incubation in DMEM con-
taining fetuin-replete serum [10, 31]. The diffraction peaks
seen in these spectra are in the positions expected for
synthetic hydroxyapatite crystals, with no evidence for the
presence of other calcium phosphate mineral phases [33].
The diffraction peaks are far broader than observed for
synthetic hydroxyapatite crystals. For bone, this peak
broadening has been attributed to smaller crystal size and/
or reduced crystallinity [34, 35]. Because the diffraction
peaks for the crystals generated in fetuin-depleted serum
appear to be slightly broader than the peaks for bone
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Fig. 8 The powder X-ray diffraction spectrum of the mineral formed
in fetuin-depleted serum is comparable to the spectrum of bone
mineral. Serum-induced mineral was generated by incubating DMEM
containing 10% fetuin-depleted serum at 37°C (see “Experimental
Procedures”), and bone crystals were prepared as described [29]. The
X-ray diffraction spectrum of both powders was determined with a
Rigaku Miniflex diffractometer

crystals, it is possible that the crystals generated in serum
may be smaller or less ordered than those found in bone.

Discussion

The present investigation and our recently published study
were both carried out with the goal of understanding the
biochemical basis for the ability of serum to induce the
calcification of a type I collagen fibril. The published study
demonstrates that the physical structure of the collagen
fibril is such that molecules smaller than a 6-kDa protein
can freely access all of the water within the fibril, while
molecules larger than a 40-kDa protein cannot enter the
fibril. This study therefore shows that molecules smaller
than a 6-kDa protein can enter the fibril and interact
directly with mineral to influence crystal growth, while
molecules larger than a 40-kDa protein cannot enter the
fibril and so have no ability to act directly on the apatite
crystals growing within the fibril.
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The serum calcification activity that induces calcifica-
tion of the collagen fibril consists of one or more proteins
that are 50-150 kDa in molecular weight. Since these
molecules are too large to penetrate the collagen fibril,
there must be mechanisms by which proteins that act only
outside the fibril can cause calcification to occur specifi-
cally within the fibril. One possibility is that large
inhibitors of apatite growth favor mineralization within the
fibril by selectively preventing apatite growth outside of
the fibril. In addition, large nucleators of apatite formation
may generate small crystal nuclei outside of the collagen
fibril that subsequently diffuse into the fibril and grow. The
present study tests these hypotheses for the possible func-
tion of large molecules in mineralization.

Our working hypothesis was that the serum protein fetuin
promotes calcification within the collagen fibril by selec-
tively inhibiting apatite growth outside of the fibril, and we
tested this hypothesis by examining the impact of removing
fetuin from serum on the ability of serum to mineralize the
collagen fibril. The results of this study reveal that removing
fetuin from serum completely prevents the serum-driven
calcification of a type I collagen matrix. Removing fetuin
from serum does not prevent the serum-driven formation of
mineral, however, because a comparable amount of apatite-
like mineral consistently forms on the bottom of all wells that
contain fetuin-depleted serum (Fig. 8). The results of these
experiments therefore support our working hypothesis, that
large protein inhibitors of apatite growth such as fetuin can
favor mineralization of the collagen fibril by selectively
preventing apatite growth outside of the fibril. The net effect
of this fetuin activity is extraordinary: all of the calcium and
phosphate ions that, in the absence of fetuin, are incorporated
into a mineral that forms throughout the ~ 1-mLvolume that
lies outside the fibril are, in the presence of fetuin, incorpo-
rated into a mineral that forms within the ~5-pL volume of
water that lies within the 3 mg collagen in the well.

Previous in vitro studies using pure fetuin in solutions
containing high levels of calcium and phosphate provide
insight into how fetuin may act to direct apatite growth
within the collagen fiber. In these experiments, solutions
were prepared that substantially exceed the calcium phos-
phate ion product required for homogeneous formation of
an apatite-like mineral phase, and in the absence of fetuin a
mineral phase forms in minutes [25]. When fetuin is added
to these solutions, no mineral phase precipitates, no min-
eral phase can be sedimented by high-speed centrifugation,
and the solution remains clear for about 24 hours. At this
time the solution becomes opalescent and a fetuin—mineral
complex can, for the first time, be sedimented from the
solution by centrifugation [25]. Measurement of ionic
calcium and phosphate levels during the first 24 hours
further shows that small amounts of a mineral phase still
form in the presence of fetuin and that the role of fetuin is
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to form a complex with these nascent mineral nuclei that
retards their growth and prevents their precipitation (or
sedimentation in a centrifuge) [25]. Purified fetuin there-
fore does not prevent mineral nuclei from forming in this
homogeneous nucleation system. It traps the nascent min-
eral nuclei and dramatically retards their growth.

We believe that the role of fetuin in serum-driven cal-
cification of a type I collagen matrix is similar to its action
on a homogeneous apatite nucleation system: fetuin traps
mineral nuclei and retards their growth. The major differ-
ence is that mineral nuclei are generated by the serum
nucleator activity, not by a high calcium phosphate ion
product. The serum nucleator elutes from a gel filtration
column in the position expected for proteins 50-150 kDa in
size and is therefore clearly too large to physically penetrate
the collagen fibril. The products of nucleator action outside
the fibril are presumably small crystal nuclei however, and
even apatite crystals up to 12 unit cells in size should in
principle be able to freely access all of the water within the
fibril (see “Introduction”). Since fetuin can only trap those
nuclei that it can access, the crystal nuclei that penetrate the
fibril are free to grow far more rapidly than those nuclei
trapped by fetuin outside of the fibril, and the collagen fibril
therefore selectively calcifies. When fetuin is removed from
serum, the same number of mineral nuclei still form, and
some of these no doubt still penetrate the fibril. All crystal
nuclei are now free to grow however. Because the vast
majority of the nuclei are in the solution outside of the fiber,
the only mineral formed in amounts that can be detected is
the mineral precipitate found on the bottom of the well, not
mineral within the fibril.

The phenotype of the fetuin-deficient mouse is consis-
tent with the effects of fetuin depletion on serum found in
the present study. Fetuin knockout mice have multiple
calcium phosphate mineral deposits in a variety of soft
tissues, particularly those involved in the transport or fil-
tration of blood; these deposits are not within collagen
fibrils [14, 36, 37]. Our results demonstrate that removal of
fetuin from serum results in the formation of calcium
phosphate crystals throughout serum and the absence of
mineral formation within collagen. The close parallel
between the effects of fetuin depletion in vivo and in vitro
suggests that the serum nucleator of mineral formation
unmasked by fetuin depletion in vitro may be responsible
for the formation of the soft tissue mineral deposits seen in
the fetuin knockout mouse.

Summary and Conclusion: A Hypothesis for the
Mechanism of Normal Bone Mineralization

The present study was carried out to understand the
mechanism by which a serum calcification factor activity
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consisting of proteins 50-150 kDa in size is able to drive
the calcification of a collagen fibril. The results of this
study show that serum calcification factor activity consists
of at least two large proteins, neither of which can pene-
trate the collagen fibril. One as yet unidentified protein
generates crystal nuclei outside of the fibril, some of which
then diffuse into the fibril. The other protein, fetuin,
inhibits the growth of crystal nuclei that remain in the
solution outside of the fibril, thereby freeing calcium and
phosphate ions for crystal growth within the fibril. We
propose the term “shotgun mineralization” for this calci-
fication mechanism: Crystals form throughout the solution,
and only those that diffuse into a mineralizable matrix
grow.

It is possible that mineralization of the collagen fibril
occurs by a similar mechanism in vivo. Nucleators too
large to penetrate the fibril may generate small crystals
near the mineralization front, some of which penetrate the
fibril; and large crystal growth inhibitors may bind to
crystals that remain in the solution outside of the fibril,
thereby ensuring that only crystals within the fibril can
grow. As with many other critical processes in biochemical
physiology, there are probably multiple layers of redun-
dancy in the process of normal bone mineralization. Bone
is known to contain a number of large inhibitors of apatite
crystal growth in addition to fetuin, a redundancy in
function that could account for the apparently normal
calcification of the collagen fibril in the fetuin knockout
mouse [14]. In addition to the serum nucleator activity,
nucleators may include large proteins such as bone sialo-
protein [38, 39] as well as large structures such as matrix
vesicles [40].

Future studies will be needed to further assess the
relationship between the mechanism of serum-induced
collagen calcification in vitro and the mechanism of bone
mineralization. The fetuin-depleted serum assay developed
here can be used to search for other bone macromolecules
that, when added to fetuin-deficient serum, restore the
serum-driven calcification of the collagen fibril and prevent
the growth and precipitation of mineral outside of the fibril.
DMEM plus purified fetuin can be used as a test system to
evaluate the ability of different bone macromolecules to
generate crystal nuclei outside of the fibril that are small
enough to penetrate the fibril and grow. Other studies will
be needed to determine whether the initial serum-induced
mineral forms within the hole region of the collagen fibril
(the location of initial crystal formation in vivo), to com-
pare the size and shape of the crystals within the fibril with
the crystals found in normal bone, and to see if the
mechanical properties of demineralized bone that has been
fully recalcified by incubation in serum [31] are
comparable to those of the original bone prior to
demineralization.
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