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Summary. Rat calvaria bone cells isolated by collagenase 
digestion form a bone-like matrix which mineralizes in vitro 
in the presence of [3-glycerophosphate, in less than 2 weeks. 
The purpose of this work was to investigate, in this miner- 
alizing rat osteoblastic cell culture, the synthesis of collagen, 
osteocalcin, and bone alkaline phosphatase (ALP). The re- 
suits obtained indicate (1) After 15 days in culture, the ex- 
tracellular-matrix contains collagen type I, V, and to some 
extent type III. Metabolic labeling at day 14, during the 
phase of nodules mineralization as well as new nodules for- 
mation, shows that collagen types I and type V are synthe- 
sized; (2) During the phase of cell growth, no osteocalcin 
could be detected in the medium, however,  at the point of 
nodule formation, the osteocalcin level reached values of 
3.55 -+ 1.39 ng/ml, followed by a 30-fold increase after nod- 
ules became mineralized. At day 14, after metabolic labeling, 
de novo synthesized osteocalcin was chromatographed on an 
immunoadsorbing column. With urea-SDS PAGE the appar- 
ent molecular weight was determined to be 9,000 daltons. (3) 
Specific activity of ALP was found to be 10 nmol/min/mg of 
proteins at cell confluence. At day 15, when nodules are 
mineralized, this activity was increased by 40-fold. The 
Michaelis constant was 1.58 10 -3 M/L. ALP was inhibited 
by L-homoarginine and levamisole but not by L-phenyl- 
alanine. ALP was shown to be heat sensitive at 56~ with 
two slopes of inhibition. On SDS-PAGE, apparent molecular 
weight of ALP showed one band at 116,000 daltons (d) when 
extracted at cell confluence and two bands at 116,000 and 
140,000 d when extracted at the 15th day of culture. 32p_ 
labeled subunit of the enzyme migrated as one band at 75,000 
d. Sialic acid content was demonstrated by neuraminidase 
treatment either on the dimeric form or on the 32p-labeled 
subunit. These data indicate that ALP expressed in this cul- 
ture is bone specific. The results of the present study show 
that this mineralizing rat osteoblastic cell culture system 
synthesizes collagen type I, V, and traces of type III, osteo- 
calcin, and bone ALP isoenzyme. Medium osteocalcin was 
detected during nodule formation and increased during min- 
eralization. Increase in ALP activity as well as the presence 
of an additional form of ALP occurred in the mineralization 
phase. Therefore, this culture may be a useful model for 
studying the functions of bone-specific proteins during the 
process of mineralization. 
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The mechanisms of bone matrix formation and mineraliza- 
tion are still poorly understood. Many processes have been 

found to occur, among them the synthesis of various matrix 
proteins, enzymes, and proteoglycans. To advance our un- 
derstanding of their role in bone metabolism, many attempts 
have been made to isolate osteoblasts that will retain their 
specific function of bone-forming cells in culture. Thus, in 
vitro models have been developed using bone cells that pro- 
duced abundant fibrous intercellular substances that form a 
dense network and subsequently nodules that undergo min- 
eralization [1-10]. With the culture system currently used in 
our laboratory, we have demonstrated that rat bone cells 
form a bone-like matrix which mineralizes when cells are 
cultured in the presence of [3-glycerophosphate [6]. Electron 
transmission and scanning microscopy observations have 
shown that the tissue formed in vitro is similar to the one 
found in vivo [6]. Autoradiographic and cinematographic 
studies have shown that the kinetic of this matrix formation 
and mineralization follow a time sequence similar to the one 
observed in vivo [11]. Furthermore,  osteoblastic cells under 
these conditions synthesize and release proteoglycans into 
the extracellular-matrix similarly in localization, organiza- 
tion, and morphology, as found in vivo [12]. As the functions 
of bone-specific proteins are as yet  unknown, the present 
work was therefore undertaken to investigate in this miner- 
alizing osteoblastic cell culture (1) the synthesis of collagen, 
osteocalcin, and alkaline phosphatase (ALP); (2) the isoen- 
zyme form of ALP; (3) and the modulation of their expres- 
sion with respect to the different phases of maturation of the 
culture. We demonstrate that collagen type I, V, and trace of 
type III, osteocalcin, and bone ALP are expressed in this 
mineralizing osteoblastic cell culture. Osteocalcin secretion 
and ALP activity are modulated during the four major steps 
of the culture, namely, cell growth/confluence, cluster for- 
mation, nodule formation, and mineralization.  ALP  ex- 
pressed during the mineralization phase exhibits an addi- 
tional structural form not detected at cell confluence. 

Materials and Methods 

Cell Isolation and Culture Procedure 

Calvariae bone cells from 21-day-old fetal Sprague Dawley rats were 
isolated according to the modified procedure outlined elsewhere [6]. 
Briefly, central parts of the parietal and frontal bone with their en- 
dosteum and periosteum were incubated for 2 hours at 37~ in phos- 
phate-buffered saline (PBS) containing 0.25% collagenase (Sigma 
type 1). Cells released from the bone fragments were washed several 
times in PBS, counted, seeded (2.104 cells/cm2), and cultured in 
Dulbecco's modified eagle medium (DMEM) (Gibco, Grand Island, 
NY) supplemented with 10 mM [3-glycerophosphate (Sigma, St. 
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Louis, MO), 50 mg/ml ascorbic acid (Sigma), 10% fetal calf serum 
(FCS) (Boehringer-Mannheim), 50 U/ml streptomycin (Gibco), and 
50 mg/ml penicillin (Gibco). Cells were cultured for 2 weeks in a 
humidified atmosphere of 5% CO2 in air at 37~ The medium was 
changed every 48 hours. Observations of cell cultures were per- 
formed using an inverted phase-contrast microscope (Leitz Dia- 
vert). 

Isolation and Biochemical Analysis of Labeled Collagen 

Metabolic labeling of collagen was performed from days 14-15 by 
the addition of fresh medium containing 10 ixCi of 2,3 3H proline/ml 
(Ci/mmol). Labeling was terminated by adding acetic acid to a final 
concentration of 0.5 M. Cells were then homogenized and dialyzed 
against 0.5 M acetic acid for 24 hours. To extract and purify newly 
synthesized collagen, samples were treated with 1% (w/w) pepsin. 
Collagen was then analyzed by 7.5% SDS PAGE [13]. The same 
procedure was used to analyze nonlabeled collagen. Fluorography 
was carried out after electrophoresis. To assess for the presence of 
reducible cd (III) chains, samples were submitted to the interrupted 
SDS-PAGE [14]. 

Osteocalcin in Culture Medium 

The presence of osteocalcin in the culture medium was detected by 
an enzyme-linked immunosorbent assay (ELISA) in an inhibition 
assay under nonequilibrium condition as described by Stronsky et 
al. [15]. Briefly, equal amounts of sample or standard and antios- 
teocalcin rabbit antiserum (diluted 1:4000) were preincubated over- 
night at 4~ They were then transferred to a microtiter plate (Im- 
munoplates I, Nunc, Roskilde, Denmark) coated with 5 ng/ml of 
purified rat osteocalcin. Bound antiosteocalcin antibodies were de- 
tected with peroxidase-labeled sheep antirabbit Ig antibodies (New 
England Nuclear, Boston, MA, USA). The detection limit of the 
assay was 0.3 ng osteocalcin/ml and the interassay variation was 
8.5%. 

Metabolic labeling of newly synthesized osteocalcin was per- 
formed from days 14 to 15 by adding fresh medium containing 10 ixCi 
of 2-3 3H proline/ml (Ci/mmol) and 2% FCS. Aliquots of the culture 
medium were then chromatographed on an immunosorbant column 
prepared with rabbit anti-rat osteocalcin antibodies coupled to seph- 
arose. Unbound material was removed with PBS. Osteocalcin was 
eluted with gly-HC1, pH 2.5 (0.1 M), neutralized with 1 M Tris- 
buffer, pH 8.5, and subjected to ELISA. Fractions containing os- 
teocalcin were pooled, dialyzed, lyophilized, dissolved in sample 
buffer containing 9 M urea, and subsequently subjected to urea- 
SDS-PAGE as described by Swank and Munkres [16]. Labeled mo- 
lecular weight standard proteins (Boehringer-Mannheim) were run 
on the same gel. 

Characterization of Alkaline Phosphatase 

ALP was extracted by sonication with 20 times 0.5 sec/35 w pulses 
in a solution containing 0.1% NP4o, 1 mM MgC12. Cell debris was 
removed by centrifugation at 3,000 g for 10 minutes. ALPase activ- 
ity was assayed by the method of Bessey et al. [17] in which one unit 
of enzyme activity is defined as 1 nmol of p-nitrophenyl-phosphate 
hydrolyzed/minute at 37~ pH 10.2. Protein concentrations were 
determined by the method of Lowry et al. [18] using bovine albumin 
as standard. The km value was determined using the Lineweaver- 
burk, (Hanes and Eadie-Hofstee, unpublished data) representations. 
Thermal inactivation experiments were conducted at 56~ and inhi- 
bition studies were performed with L-homoarginine (HAR), L-phe- 
nylalanine (PHE), and levamisole (LEV). The time and concentra- 
tion of each inhibitor required to produce 50% inhibition were de- 
termined. 

Apparent Molecular Weight. ALP was extracted from the cell- 
matrix layer after the 3rd and 15th day of culture by sonication in 5 
mM tris-HC1 buffer, pH 7.5, containing 140 mM NaCI, 14 mM KC1, 
1 mM MgC12, 0.2% NP4o, followed by centrifugation at 3,000 g for 10 
minutes. After SDS-PAGE, ALP was detected by staining the gel, 
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first in 0.1% 5-bromo-3-indolyl phosphate and then with coomassie 
blue. Molecular weight standard proteins (Sigma) were run on the 
same gel. 

32P-Labeling of ALP Subunit. To facilitate the detection of the 
ALP subunit in SDS-PAGE, enzyme preparation was labeled with 
32p-orthophosphate according to Milstein [19]. Two hundred micro- 
liters of enzyme (0.2 U) was incubated for 10 minutes at 0~ with 100 
M of 1 M sodium acetate (pH 5.0), 10 txl of 1 mM potassium phos- 
phate (pH 7.4), and 100 ~Ci of carrier-free 32p-phosphoric acid in 
0.02 M HC1 (New England Nuclear, Boston, MA). The same pro- 
cedure was applied to the intestinal ALP (Sigma). The incubation 
was terminated by the addition of 25 p,1 of 3 M HC1 and 2 ml of cold 
acetone. Precipitated proteins were washed twice by suspension in 
acid acetone (2 vol 0.2 M HCI: 8 vol acetone) and subsequent cen- 
trifugation. The pellet was then dried by an acetone wash, followed 
by gassing with a gentle stream of dry nitrogen gas. 

Desialylation. This procedure was performed by mixing 1 vol of 
enzyme solution (0.5 ml) with an equal vol of 10 mM NaHPO4/ci- 
trate buffer, pH 5.0, containing 2 U of neuraminidase, and the re- 
suiting solution was then incubated for 60 minutes at 37~ Desia- 
lylation was monitored by electrophoresis on a 5% disc polyacryl- 
amide gel at 130 V for 15 hours. ALP was located after specific 
staining using 0.1% 5-bromo-3-indolyl phosphate. Desialylation was 
also monitored after 32p labeling of ALP subunit by electrophoresis 
on a 7.5% SDS-PAGE, followed by autoradiography. 

Results 

Bone Cell Culture 

Under  these culture condit ions,  bone cells form a matr ix that 
mineralizes in less than 2 weeks.  The process  leading to this 
matrix formation and mineralization can be separated into 
four major steps, illustrated by Figure 1. The  first phase (a) 
starting from day 1 to days 4/5 corresponds  to a proliferat ive 
phase. During this period,  cell proliferat ion occurs  with the 
formation of  several  cell layers.  The  second phase (b), (days 
5-7) is determined by the observat ion of  a cell shape modi- 
fication; cells are more refringent and round than the back- 
ground cell layer,  forming some clusters of  functional  osteo- 
blastic cells. The third phase (c) (days 7-9), is associated 
with an act ive secret ion of  proteins by the osteoblast ic  cells 
forming a matrix that appeared as refr ingent  mater ial  in 
phase contrast  (nodule formation).  The  last phase (d) (days 
%15) corresponds to matrix mineralization as well  as forma- 
tion of  new cell clusters.  

Collagen Expression 

As shown in Figure 2 (a), the major type of  collagen present  
in the extracellular  matrix layer of  a 15-day-old mineralizing 
osteoblast ic cell culture is type I, with some type V collagen. 
Type III  collagen is not detected after late reduct ion  (b +) ,  
compared  with the nonreduced  sample (b - ). H o w e v e r ,  type 
III  is faintly detected if a higher amount  of  col lagenous ex- 
tract  is applied with the same procedure ,  al though this does 
not appear clearly on the photograph (c + versus  c - ) .  Un-  
der these condit ions,  etl (III) chains migrated be tween  a l  (I) 
and 13 chains. 

In order  to detect  osteoblast ic  activity during nodule min- 
eralization as well as new nodule format ion,  metabol ic  la- 
beling was performed.  The  f luorograph in Figure  3 shows 
that (1) collagenous proteins are synthesized at this t ime 
period and (2) the bulk of  the radiolabeled collagen is type I, 
with some collagen type V. 
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Fig. 1. Phase-contrast microscope study of the different phases of mineralizing rat osteoblastic cell culture. (a) First phase: cell growth until 
the cells have reached confluency (x320). (b) Second phase: appearance of cell clusters where cells have a different morphology compared 
with the background cell layers (small star) (x320). (e) Third phase: nodule formation as determined by the formation of a matrix seen as 
refringent material in phase contrast (large star) (• 320). (d) Fourth phase: nodules mineralization (open arrowhead) as well as formation of 
new cell clusters followed by matrix formation (black arrowhead) (x 320). 

Osteocalcin Synthesis 

The amounts of osteocalcin (bone Gla-protein, BGP) se- 
creted into the medium during the four steps of cell culture 
maturation are illustrated in Figure 4. During cell growth 
(phase 1) and cluster formation (phase 2), no osteocalcin was 
found in the medium. However ,  at the onset and during nod- 
ule formation phase 3, osteocalcin was detected in the me- 
dium at a concentration of 3.55 + 1.39 ng/ml. During the next 
step (phase 4), corresponding to the mineralization of the 
nodules as well as new nodule formation, osteocalcin level 
reached maximal values of 107.9 + 24.7 ng/ml. Thereafter, 
osteocalcin concentration appeared to decline. This pattern 
of osteocalcin synthesis was highly reproducible (Fig. 4, cul- 
tures A and B). However ,  the level of osteocalcin concen- 
tration in the medium during the last phase is subject to 
variations. 

To further examine the synthesis of osteocalcin, meta- 
bolic labeling was performed during the mineralization pro- 

cess (phase 4). Figure 5 illustrates the results obtained after 
electrophoresis of the culture medium before (a) and after (b) 
purification by immunochromatography.  The fluorograph 
shows that at this time point osteocalcin is synthesized, se- 
creted, and released in the medium within 24 hours. The 
radiolabeled osteocalcin was found to migrate as one band, 
with an apparent molecular weight of 9,000 d. 

Characterization of ALP 

The specific activity of ALP determined in a crude extract 
prepared from a 3-day and 15-day-old mineralized culture 
was found to be 10 and 400 nmol/minute/mg of proteins, 
respectively. These values represent a 40-fold increase of 
enzyme activity between phase 1 and phase 4. During phase 
4, the km of ALP, using p-nitrophenylphosphate,  was deter- 
mined to be 1.58 raM/liter (Fig. 6). Hanes and Eadie-Hofstee 
plots were linear in the region of km, which is in agreement 
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Fig. 2. SDS-polyacrylamide gel 
analysis of collagen obtained 
from a 15-day-old culture (phase 
4) when nodules are formed and 
mineralized. (a) Coomassie blue 
staining of pepsin-solubilized 
collagen after 7.5% SDS-PAGE 
in nonreduced condition. 
Collagen was prepared from a 90 
mm Petri dish, as described in 
Materials and Methods, and 
dissolved (4 mg/ml) in sample 
buffer. (b) Coomassie blue 
staining of pepsin-solubilized 
collagen (20 ~1) after interrupted 
electrophoresis on a 7.5% 
polyacrylamide gel in the 
absence ( - )  or the presence (+) 
of 2-mercaptoethanol. (e) As in 
b, with 50 p.1 of collagen 
solution. Black arrowhead 
indicates the position of cd (IlI) 
chains. 

Fig. 3. Fluorograph of 
radiolabeled collagen. At day 14, 
culture was labeled with 10 ~Ci 
of 2,33H proline/ml for 24 hours. 
After extraction, 6 l 0  4 cpm were 
applied on a 7.5% SDS gel. 
Fluorography was carried out 
after electrophoresis. Gel was 
exposed for 72 hours at -70~ 
to Kodak X-Omat AR film. 

with one isoenzyme form (data not shown). The inhibition of 
ALP activity by different inhibitors is shown in Figure 7. 
L-homoarginine (ARG) caused a strong inhibition (Fig. 7a), 
and the concentration of ARG required to produced a 50% 
inhibition was 9 mM. With L-phenylalanine, only a weak 
inhibition was obtained whereas a 50% inhibition was never 
reached even with 15 mM (Fig. 7a). As shown in Fig. 7b, 
levamisole produced a marked inhibition on ALP activity. 
ALP was very thermolabile at 56~ and 50% inactivation 
occurred after 90 seconds (Fig. 8). Semi-log representation 
of this inactivation pattern showed two slopes of inhibition 
(Fig. 8, insert) compared with the intestinal ALP which 
showed only one slope of inhibition. The enzymatic activity 
of ALP, extracted from a 3-day-old culture, migrated on 
SDS-PAGE as a single band either in the absence (Fig. 9a, 
lane 1) or the presence of p-hydroxymercuriphenylsulfonic 
acid, a phospholipase C inhibitor (Fig. 9a lane 2). Two sin- 
gle bands were detected (Fig. 9b, lane 1) when ALP was 
extracted at day 15 when nodules have become mineralized. 
No ALP enzymatic activity could be detected on the gels 
when samples were treated with 1% 2-mercaptoethanol (Fig. 
9b, lane 2) or after heat treatment at 100~ (Fig. 9b, lane 3). 
The apparent molecular weight of ALP at day 3 (phase 1) 
was found to be 116,000 d either in absence (Fig. 9c, lane 1) 
or in presence of phospholipase C inhibitor (Fig. 9c, lane 2). 
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Fig. 4. Osteocalcin (BGP) concentration in the medium of mineral- 
izing rat osteoblastic cell culture. Osteoblastic cells were cultured 
on a 6 x 9.62 cm a multiwell plate. Medium was removed every 24 
hours for osteocalcin measurement and subsequently replaced by 
fresh medium. Osteocalcin concentration was determined by 
ELISA as described in Materials and Methods. Each point repre- 
sents the mean of six culture dishes which were run together for 
culture A (&). For culture B (11), osteocalcin concentration was 
determined in a 35 mm culture dish. Each data is the average of 
duplicate determinations. Results are expressed as mean +- SD. 1, 2, 
3, 4 represent the four major steps of maturation of culture A as 
shown in Figure 1. 

ALP extracted at day 15 expressed two bands at 116,000 and 
140,000 d for the lower and higher band, respectively (Fig. 
9d). To further examine the structure of the enzyme, 32p_ 
labeled ALP was submitted to electrophoresis. Figure 10 
shows that ALP monomer migrated in one band with an 
apparent molecular weight of 75,000 d (lane 2), compared 
with the intestinal ALP which migrated at 68,000 d (lane 1). 
These results indicate that ALP contains a 75 kD monomer. 
To established whether ALP, at day 15, contains sialic acid 
as does bone ALP in vivo, desialylation was performed by 
neuraminidase treatment. Figure 1 la shows that neuramini- 
dase altered the electrophoretic mobility of ALP on native 
polyacrylamide gel (lane 1) compared with the control (lane 
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Fig. 5. Urea-SDS 
polyacrylamide gel 
electrophoresis fluorograph of 
labeled osteocalcin. Osteoblastic 
cells were cultured in 90 mm 
culture dishes. At day 14 (phase 
4), when nodules are 
mineralized, culture was labeled 
with 10 FxCi of 3H proline/ml in 
2% FCS. After 24 hours, 
medium was chromatographed 
on an immunoadsorbant column 
as described in Materials and 
Methods. Lane (a) represents an 

aliquot of labeled proteins before immunoadsorption; (b) 
corresponds to the eluated osteocalcin from the column. As 
molecular weight standards, ~4C methylated carbonic anhydrase 
30 kD, soybean trypsin inhibitor 21 kD, cytochrome C 12.5 kD, 
aprotinin 6.5 kD (Amersham) were used. 
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Fig. 6. Effects of substrate concentration on ALP activity from a 
15-day-old culture (phase 4). Experiments were conducted on 90 
U/ml enzyme activity. Activity was measured at pH 10.5 at 37~ 
with p-nitrophenylphosphate as substrate. Substrate concentrations 
were between 0.5 and 15 raM. Each point represents the mean of 
triplicate samples. Upper graph: substrate concentration curve of 
ALP. Note that the enzyme exhibited hyperbolic substrate kinetics 
with a km of 1.25 10 -3  M/liter. Lower graph: Lineweaver-Burk's 
plot. The calculated km was 1.72 10 -3  M/liter. Using the Eadie- 
Hofstee's and Hanes representation, the calculated km was 1.6 10-3 
M/liter and 1.78 10 -3 M/liter, respectively. The mean km value 
given in the text represents the average of these four determinations. 

2). These data indicate a difference of charge between the 
treated and the nontreated ALP. Figure 1 lb shows that the 
neuraminidase- t reated 32p-labeled monomer  (lane 2) mi- 
grates at a lower position than the nontreated enzyme (lane 
1) on 7.5% SDS-PAGE. These results suggest that bone ALP 
expressed in this culture contains sialic acid. 
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Discussion 

Type I collagen is the predominant collagen isoform found in 
the cell matrix-layer during phase 4 of this mineralizing rat 
osteoblastic cell culture, thus confirming the previous results 
obtained by Nefussi et al. [6] using the immunofluorescence 
technique. This observation is consistent with Epstein and 
Munderloh [20] and Miller [21] who have shown that in vivo, 
bone matrix contains type I collagen. Similar results have 
also been reported by other laboratories using osteoblastic 
cell cultures [3, 5, 7, 8, 22-27]. The presence of type V 
collagen has been described in intact calvaria [28] as well as 
in osteoblastic cell cultures [3, 5, 23, 25]. Type V collagen is 
also found in the composition of the extracellular matrix. 
The detection of a small amount of type III  collagen on col- 
lagen typing gel is in accordance with previous studies [3, 5, 
7, 23]. This low level of type III  collagen in our cultures may 
have been due either to a small number of contaminating 
fibroblastic cells or to bone cells that have been shown to 
synthesize type III  collagen [24--26]. In some studies, how- 
ever, collagen type III  mRNA but not collagenous protein 
were detected [27, 29]. In addition, synthesis of types I and 
V collagen at day 14 indicates that this osteoblastic cell cul- 
ture is still producing collagenous proteins at this time point. 
Whether this occurs within new nodules or in the nodules 
already formed during phase 4 [12] remains to be evaluated. 

Earlier studies with bone organ culture derived from 
chick embryo [30] and calf [31], as well as primary cultures 
of osteoblastic cells derived from fetal rat calvariae [27, 32] 
or from human trabecular bone [33], have demonstrated de 
novo formation of osteocalcin. In addition, osteocalcin has 
been shown to be a specific extracellular matrix product of 
osteoblasts derived either from clonal osteosarcoma cell line 
[34, 35] or from human bone cells [36, 37]. Presently, the 
precise function of osteocalcin is still unknown. In this 
study, high osteocalcin concentrations were found in the me- 
dium from mineralizing rat osteoblastic cell culture at the 
phase of nodule mineralization, as recently described with 
chicken osteoblastic cells [8]. Therefore, this culture pro- 
vides an experimental system for studying the role of osteo- 
calcin during mineralization. The osteocalcin secretion was 
obtained without any prior t reatment  with 1,25(OH)2D3 
which has been shown to increase the synthesis of osteocal- 
cin [38]. Thus, it seems that osteocalcin secretion is not only 
regulated by 1,25(OH)2D3, but also by other factors, as re- 
cently suggested by Lian et al. [39]. Therefore, such factors 
should be present in mineralizing osteoblastic cell cultures. 

The experiments presented here were also directed at 
determining whether a temporal program of osteocalcin ex- 
pression might be associated with osteoblastic differentia- 
tion, matrix formation, and nodule mineralization. As it was 
found that osteocalcin is absent in the medium during cell 
growth/confluence or cluster formation and is present in the 
medium during nodule formation, our data would support 
the idea that induction of osteocalcin synthesis is related to 
osteoblastic differentiation. 

Osteocalcin is a potent inhibitor of hydroxyapati te  for- 
mation in vitro [40]. However,  we found that osteocalcin is 
released in large amounts into the medium, when nodules 
start to mineralize, which could be interpreted that osteocal- 
cin might favor nodule mineralization in vitro. The correla- 
tion between osteocalcin synthesis and mineralization seems 
to be in agreement with previous investigations on the ap- 
pearance of osteocalcin in the developing rat [41, 42]. 

To assess whether osteocalcin was continuously synthe- 
sized at the end of phase 4, metabolic labeling experiments 
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Fig. 7. Effect of L-phenylalanine, L-homoarginine, and levamisole on ALP activity. ALP was extracted from a 15-day-old culture (phase 4) 
and assayed immediately for p-nitrophenyl phosphatase activity in the presence of inhibitors at various concentrations. Assays were carried 
out either on 25 or 50 I~1 aliquots of 90 U/ml enzymatic activity for either 5 or 10 minutes at 37~ in carbonate buffer. (a) Effect of 
L-phenylalanine (0)  and L-homoarginine ((>) on ALP activity. (b) Effect of tevamisole (0)  on ALP activity. Data are expressed as mean 
percentage of basal activity. 
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Fig. 8, Heat inactivation of ALP. ALP was extracted from a 15- 
day-old culture (phase 4). (&). Aliquots (25 or 50 txl) of 90 U/ml 
enzymatic activity were incubated at 56~ for the indicated time 
periods expressed in minutes, followed by rapid cooling. ALP ac- 
tivity was measured in carbonate buffer as described in Materials 
and Methods. The same procedure was applied to intestinal ALP 
(~). Data are expressed as mean percentage of basal activity. Semi- 
log representation of these data is shown within the dotted lines. 
Note the presence of two slopes for bone ALP. The linear regression 
analysis of these two slopes gives two distinct values: a l  = +0.02 
and e~2 = -0.377. Only one slope is detected with the intestinal 
ALP. 

were performed. Our data have shown that osteocalcin is 
synthesized and found in the medium at day 15. This indi- 
cates that active osteoblasts are present at day 15 in this 
culture, and osteocalcin is synthesized, secreted, and re- 
leased in the medium within 24 hours. Radiolabeled osteo- 
calcin, on urea-SDS PAGE,  migrated at a position of 9,000 d. 
As it was shown in a previous report  [43], electrophoretic 
mobility of  osteocalcin did not fit with its molecular weight, 
determined from amino-acid sequence (6,000 d). Thus, we 
cannot conclude whether the osteocalcin represents the os- 
teocalcin precursor (9,000 d from amino-acid sequence) or 
the mature form. This, however,  does not preclude the pos- 
sibility that osteocalcin has been modified by glycation [44] 
or decarboxylation [45] which could also modify the electro- 
phoretic mobility. 

Bone ALP is known to be related to the bone-liver- 
kidney group and clearly distinct from the intestinal and pla- 
cental form [46--50]. Partial amino-acid sequence [51] and 
eDNA sequences have been recently reported [52, 53]. To 
assess whether ALP expressed in this mineralizing rat os- 
teoblastic cell culture was a bone isoenzyme, enzymatic and 
structural studies were performed on day 15, when nodules 
are mineralized. The present data show that ALP  activity' 
was very high, comparable to values reported previously 
[54, 55]. Furthermore,  the value for the Michaelis constant is 
similar to that reported for bone ALP [56, 57], Inhibition 
profile obtained by specific inhibitors and the rapid heat in- 
activation are in agreement with previous reports on bone 
ALP either extracted in vivo [56, 58, 59] or in vitro [57, 60, 
61]. In this study we also demonstrated that ALP  monomer 
migrate as one band with an apparent molecular weight sim- 
ilar to that reported in previous studies [58, 591. Further- 
more, the dimeric form of the enzyme is disrupted by 2- 
mercaptoethanol treatment which could indicate that ALP is 
composed of two subunits linked by disulfide bridges. Fi- 
nally, we have shown that ALP was modified by neuramin- 
idase treatment indicating that sialic acid is linked to ALP. 
This result is consistent with previous studies showing that 
ALP expressed by human os teosarcoma cells contained 
sialic acid [59] whereas placental and intestinal ALP lack it 
[47]. Therefore, these results suggest that ALP expressed in 
this culture is a bone-isoenzyme. Studies performed on ALP 
expressed during phase 4 have shown linearity in the region 
of km and only one 32p-radiolabeled monomer. Therefore, it 
is reasonable to suggest that only one isoenzyme form is 
expressed in this culture during the last phase of this culture. 

Although the function of skeletal ALP in vivo is un- 
known, the enzyme is thought to be involved in bone for- 
mation and calcification [62-64]; the latter might be due to 
the pyrophosphatase activity of  the enzyme [65]. ALP ac- 
tivity has been shown to coincide with the onset and subse- 
quent development of skeletal elements in the fetal limb [66]. 
However,  induction of ALP by extraskeletal  implants of 
bone matrix has been shown not to correlate with the mech- 
anism of calcification [67, 68]. In the present experiment,  we 
demonstrated a 40-fold increase of ALP activity between cell 
growth (phase 1) and mineralization (phase 4); it therefore 
seems possible that ALP is involved in the maturation pro- 
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Fig. 10. SDS-polyacrylamide gel 
electrophoresis autoradiograph of 
32P-labeled alkaline phosphatase 
subunit. Lyophilized 32p-labeled 
subunit of ALP from the culture (lane 
2) as well as 32p-labeled intestinal 
ALP (Sigma) (lane 1) were mixed in 
sample buffer and electrophoresed on 
a 7.5% SDS polyacrylamide. 
Molecular weight standard proteins 
were run on the same gel. Gel was 
stained with coomassie blue, followed 
by autoradiography for 72 hours at 
-70~ (Kodak X-Omat AR film), 

Fig. 9. SDS-polyacrylamide gel electrophoresis of ALP from a min- 
eralizing rat osteoblastic cell culture. ALP was extracted either from 
a 3-day-old culture, at cell confluence (phase 1), in the absence or 
presence of p-hydroxymercuriphenylsulfonic acid 2.5 mM (a, e: lane 
1 and lane 2, respectively) or from a 15-day-old culture (b, d) when 
nodules are mineralized (phase 4). Samples of enzyme solution were 
mixed in sample buffer and electrophoresed on a 7.5% SDS poly- 
acrylamide gel. In b, ALP was either not treated before electropho- 
resis (b, lane 1) or treated either with 2-mercaptoethanol (b, lane 2) 
or by heating at 100~ for 60 seconds (b, lane 3). Gels were stained 
with 5-bromo-3-indolyl phosphate (a, b) and then with coomassie 
blue (e, d). Black arrowheads indicate the "higher" form and white 
arrowheads the "lower" form for ALP. Molecular weight standard 
proteins were run on the same gel in e and d: myosin (205 kD); 
13-galactosidase (116 kD); phosphorylase b (97 kD); bovine albumin 
(66 kD), and ovalbumin (45 kD). 

Fig, 11. Effect of neuraminidase 
treatment on ALP of a 
15-day-old mineralizing rat 
osteoblastic cell culture. (a) 5% 
disc PAGE of ALP after (lane 1) 
and before (lane 2) treatment 
with 2 U of neuraminidase. After 
electrophoresis, gels were 
stained with 5-bromo-3-indolyl 
phosphate, Arrowheads indicate 
the position of ALP in the gel. 
(b) 7,5% SDS-PAGE of 
32p-labeled ALP subunit before 
(lane 1) and after (lane 2) 
treatment with 2 U of 
neuraminidase. After 
electrophoresis, the gel was 
exposed to Kodak X-Omat AR 
film for 72 hours at - 70~ 

cess. However ,  whether this induction of  ALP activity oc- 
curred during cluster/nodule formation or at the onset of 
mineralization remains to be evaluated. 

ALP is a membrane-glycoprotein [64] and is known to be 
covalent ly  l inked to the membrane  by a phosphat idyl-  
inositol-glycan structure [69, 70]. Because we found that 
bone ALP enzymatic activity extracted during phase 4 of the 
mineralizing osteoblastic cell culture exhibits two bands with 
two different apparent molecular weights and that biochem- 
ical studies have shown the presence of  only one isoenzyme 
form, our data suggest that ( l )  the two bands with ALP 
activity observed on SDS gel are the same bone isoenzyme 
(2) and the band in the higher position corresponds to the 
bone ALP (lower band), with an additional structure that is 
not removed by nonionic detergent. Such a structure modi- 
fies the electrophoretic mobility of  ALP  on SDS polyacryl- 
amide gel. The presence of  these two forms was suggested 
by heat inactivation study at 56~ which shows two different 
heat sensitivities. We have previously reported [71] that non- 
specific phospholipase C and endoglycosidase F treatment 
transformed the "h igher"  band of ALP into a " lower"  band. 
Such covalent membranous linkage of bone ALP has been 

demonstrated using specific PI-PhLC, either on rat [72] or on 
human osteosarcoma cells [73, 74]. Therefore, we suggest 
that the higher form of ALP,  expressed at day 15, is co- 
valently linked to a phospholipid-glycan structure on the cell 
membrane. 

During cell growth/confluence (phase 1), only the band in 
the lower position has been detected in the cell-matrix layer. 
This is the first demonstration that shows a difference be- 
tween the structure of bone ALP expressed at cell conflu- 
ence and during in vitro mineralization. I t  is presently un- 
clear why the band in the higher position is not detected 
during this step. This is not due to the release of  the higher 
form into the lower form by phosphatidylinositol phospholi- 
pases C during the extraction because the same profile was 
obtained in the presence of inhibitors, which have been 
shown to block the PhLC activity [75]. However ,  this cotfld 
have been due to the presence of another pathway- of  secre- 
tion that does not involve covalent linkage to the membrane.  
A similar feature has been reported for the intestinal ALP  
[76]. Therefore, this culture provides an experimental sys- 
tem that can be used to study the role of  these bone- 
associated proteins in the mineralization process.  
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