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Abstract
Studies on various compounds of inorganic phosphate, as well as on organic phosphate added by
post-translational phosphorylation of proteins, all demonstrate a central role for phosphate in
biomineralization processes. Inorganic polyphosphates are chains of orthophosphates linked by
phosphoanhydride bonds that can be up to hundreds of orthophosphates in length. The role of
polyphosphates in mammalian systems, where they are ubiquitous in cells, tissues and bodily
fluids, and are at particularly high levels in osteoblasts, is not well understood. In cell-free
systems, polyphosphates inhibit hydroxyapatite nucleation, crystal formation and growth, and
solubility. In animal studies, polyphosphate injections inhibit induced ectopic calcification. While
recent work has proposed an integrated view of polyphosphate function in bone, little
experimental data for bone are available. Here we show in osteoblast cultures producing an
abundant collagenous matrix that normally shows robust mineralization, that two polyphosphates
(PolyP5 and PolyP65, polyphosphates of 5 and 65 phosphate residues in length) are potent
mineralization inhibitors. Twelve-day MC3T3-E1 osteoblast cultures with added ascorbic acid (for
collagen matrix assembly) and β-glycerophosphate (a source of phosphate for mineralization)
were treated with either PolyP5 or PolyP65. Von Kossa staining and calcium quantification
revealed that mineralization was inhibited in a dose-dependent manner by both polyphosphates,
with complete mineralization inhibition at 10 μM PolyP. Cell proliferation and collagen assembly
were unaffected by polyphosphate treatment, indicating that polyphosphate inhibition of
mineralization results not from cell and matrix effects but from direct inhibition of mineralization.
This was confirmed by showing that PolyP5 and PolyP65 bound to synthetic hydroxyapatite in a
concentration-dependent manner. Tissue-nonspecific alkaline phosphatase (TNAP, ALPL)
efficiently hydrolyzed the two PolyPs as measured by Pi release. Importantly, at the concentrations
of polyphosphates used in this study which inhibited bone cell culture mineralization, the
polyphosphates competitively saturated TNAP, thus potentially interfering with its ability to
hydrolyze mineralization-inhibiting pyrophosphate (PPi) and mineralizing-promoting β-
glycerophosphate (in cell culture). In the biological setting, TNAP may regulate mineralization by
shielding the essential inhibitory substrate pyrophosphate from TNAP degradation, and in the
same process, delay the release of phosphate from this source. In conclusion, the inhibition of
mineralization by polyphosphates is shown to occur via direct binding to apatitic mineral and by
mixed inhibition of TNAP.
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Introduction
Amongst many other biological functions, phosphate (Pi) has long been known to be
important in skeletal and dental mineralization, where orthophosphate (PO4

3−) and calcium
mineral ions combine to form the apatitic mineral phase – a carbonate-substituted form of
hydroxyapatite – found in bones and teeth. Also important in bone is phosphate's cell
signaling function during osteoblast differentiation [1, 2], and its ability to modulate gene
expression relevant to mineralization processes [3]. Furthermore, other phosphorylated
small-molecule and protein species such as pyrophosphate [4], inositol hexakisphosphate
[5], and some phosphoproteins (and fragments/peptides derived from them) [4, 6, 7] act to
regulate mineralization by directly interacting with hydroxyapatite crystal surfaces, as well
as by indirectly modulating levels or activities of other mineralization inhibitors. Phosphate
can also be found as inorganic linear polyphosphates – long polymers of three to several
hundred orthophosphates bound by energy-rich phosphoanhydride bonds [8–10].
Polyphosphates have been extensively studied in prokaryotic and lower eukaryotic
organisms [10], however, only more recently have they been found in a variety mammalian
cells and tissue fluids [11–16], but their biological roles at these sites have not been
elucidated. Based on the biochemical properties of polyphosphates, and their predominant
localization within nuclei, mitochondria and the plasma membrane, several roles for
polyphosphates including phosphate storage [17], cation sequestration [18], counter-ion
actions for basic amino acids [19], regulation of intracellular adenylate nucleotides [20], and
modulation of cellular responses to stress have been proposed [21].

Although polyphosphates are now known to be ubiquitous in mammalian cells and tissue
fluids, they have been reported to be in particularly high amounts in human osteoblast-like
cells, suggesting a potential role in bone biology [12, 15, 22] – additionally supported by the
fact that these cells also show exopolyphosphatase activity [12, 15]. Recently, electron-
dense, calcium-and phosphate-rich polyphosphate granules have been identified at sites of
bone resorption and in calcified cartilage [22]. These authors propose that where
concentrations of phosphate and calcium ions exceed supersaturation limits for
hydroxyapatite, polyphosphates can act as an ion storage depot to locally decrease the
concentration of mineral ions (with polyphosphates in turn sequestering calcium) to levels
below supersaturation. It is also proposed by these authors that when bone mineralization
proceeds, enzymes such as tissue-nonspecific alkaline phosphatase (TNAP, ALPL) release
the ions from the polyphosphate-calcium complex to be used in apatitic crystal formation
and growth. Despite this possible scenario that would necessarily occur outside the bone
cells, it is not yet known how polyphosphate granules observed intracellularly are exported
or formed in the extracellular matrix where mineralization occurs.

Early studies performed in vivo over 40 years ago to determine the effects of polyphosphate
treatment on mineralization in animals showed that subcutaneous injection of
polyphosphates (then called Graham's salt, a heterogeneous mixture of long-chain linear and
cyclic polyphosphates) could inhibit induced models of aortic calcification [23–25]. The
mechanism underlying this inhibition was proposed at that time to be the same as that of
pyrophosphate inhibition of mineralization – another inhibitory phosphate derivative –
occurring by direct binding of these molecules to hydroxyapatite crystal surfaces to prevent
crystal growth. Other studies performed in vitro were consistent with this mineralization-
inhibiting function, where polyphosphates varying in length from having 2–27 phosphates
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were shown to act as strong stabilizers of amorphous calcium phosphate and strong
inhibitors hydroxyapatite crystal growth with equal or better potency than pyrophosphate
(PPi) [26, 27]. The key role that PPi plays in regulating physiologic and pathologic
mineralization has now been well studied both in animal models and in humans, where the
Pi/PPi ratio is known to be a critical determinant in allowing for the progression of
mineralization [28, 29]. Despite abundant data showing mineralization inhibition in various
systems, it is surprising that previous suggestions stating that longer phosphate polymers
might act in much the same manner as PPi [26] has not lead to further bone studies and a
determination of a potential role for polyphosphates in inhibiting bone mineralization. Given
that polyphosphates are found at relatively high concentrations in osteoblast-like cells [12],
and that they potently inhibit hydroxyapatite formation in cell-free crystal growth assays
[26, 30], we aimed to determine whether polyphosphates could inhibit extracellular matrix
mineralization in a well-established osteoblast cell culture model.

Materials and methods
Reagents

Sodium phosphate glass type 5 (PolyP5) and type 65 (PolyP65) were obtained from Sigma-
Aldrich (St. Louis, MO, USA), and have been certified to be 5 and 65 phosphates in chain
length. All other reagents were obtained from Invitrogen (Carlsbad, CA, USA) unless
otherwise specified.

Cell culture
MC3T3-E1 (clone 14) pre-osteoblast cells – a generous gift from Dr. Renny T. Franceschi
(University of Michigan) – were maintained in complete media (minimum essential medium
supplemented with 10% fetal bovine serum (Hyclone, Waltham, MA, USA), 0.225 mM L-
aspartic acid, 2 mM L-glutamine, and 1X penicillin/streptomycin). To induce cell
differentiation, cells were plated at 50,000 cells/cm2 in tissue culture plates and allowed to
adhere for 24 h at 37°C/5% CO2 in a humidified incubator before treatment with osteogenic
media (complete media supplemented with 50 μg/ml ascorbic acid and 10 mM β-
glycerophosphate) containing either PolyP5 or PolyP65. Media was changed every 48 h and
assayed as described below.

Mineralization quantification
After 12 days of culture in differentiation media, mineralization in osteoblast cultures was
visualized by von Kossa staining using a 5% silver nitrate (w/v) incubation followed by
exposure of the culture dishes to bright light. Quantification of mineral was determined by
measuring the insoluble calcium content in each culture as follows. Mineralized osteoblast
cultures were rinsed with phosphate-buffered saline (PBS), decalcified using 0.5 N
hydrochloric acid (HCl), and the supernatant was assayed for calcium using a calcium assay
kit (Sekisui Diagnostics, Charlottetown, PEI, Canada). Calcium content was normalized to
protein content, as measured by the bicinchoninic acid protein assay kit (Pierce, Rockford,
IL, USA).

Histology
Mineralizing MC3T3-E1 cultures were treated with 10 μM PolyP5 or PolyP65 at the
indicated days. After 12 days of culture, cells were washed twice in PBS and fixed in 1%
glutaraldehyde for 15 min at room temperature. The cell layer was then scraped into a glass
vial and washed three times in PBS, before dehydration in a graded ethanol series followed
by embedding in LR White acrylic resin (London Resin Company, Berkshire, UK) which
was polymerized at 55°C for 2 days. The embedded cell layer was sectioned at 0.5 μm using
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a Leica EM UC6 ultramicrotome (Leica, Wetzlar, Germany) and stained for mineral by von
Kossa staining (5% silver nitrate) followed by counterstaining with toluidine blue. The
sections were mounted on glass slides, coverslipped, and viewed and photographed using a
Leitz DMRBE (Leica, Wetzlar, Germany) optical microscope equipped with a 3-CCD Sony
DXC-950 camera (Sony, Tokyo, Japan).

Hydroxyapatite binding assay
A 20 mg/ml stock hydroxyapatite bead (5 μm average diameter, Berkeley Advanced
Biomaterials, Berkeley, CA, USA) slurry was generated by washing the beads as received
from the supplier three times in Tris-buffered saline, pH 7.0 (TBS), and then reconstituting
in TBS. The indicated amount of hydroxyapatite (HAP) was aliquoted into tubes, and spun
down at 2100 × g. The supernatant was removed and 0.5 mM PolyP5 or PolyP65 in TBS
was added to each tube. The slurry was incubated with end-over-end rotation for 2 h, spun
down, and supernatants were removed. This was performed twice before hydrolyzing the
supernatants with HCl (final concentration 1 N HCl) at 90°C for 10 min. Hydrolyzed
supernatants were assayed for phosphate by mixing 25 μl supernatant with 200 μl 50%
acetone/25% 10 M H2SO4/25% 10 mM ammonium molybdate and 20 μl 1 M citric acid.
The reaction was mixed for 2–3 min and the absorbance was read spectrophotometrically at
405 nm.

HAP-bound polyphosphate enzymatic assay
In 50 mM Tris (pH 7.2), 20 μg of either PolyP5 or PolyP65 were adsorbed onto 2 mg
synthetic HAP beads for 2 h at room temperature. Adsorbed polyphosphate was then
incubated with 0.5 units of bovine kidney alkaline phosphatase (Sigma Aldrich, St. Louis,
MO, USA) for 1 h at 37°C; phosphate release was measured colorimetrically with a
spectrophotometer using the ammonium molybdate method, and compared to polyphosphate
alone (without HAP beads). Polyphosphate bound to HAP was verified using the method
outlined above.

Ionized calcium measurements
Osteogenic media was combined with PolyP5 or PolyP65 at the indicated concentrations
and allowed to stand for 1 h at room temperature. The media was then mixed in a 1:1 ratio
with a constant complexation buffer (0.23 M ammonia/0.01 M ammonium chloride/ 0.4 M
potassium chloride/ 0.2 M iminodiacetic acid), as adapted from Morais et al [31]. Free
calcium ions were measured using a calcium ion-sensing electrode (Fisher Scientific,
Waltham, MA, USA). Calcium measurements were compared to calcium chloride standards.

Cell viability
MC3T3-E1 osteoblast cells were cultured in complete media containing either 10 μM
PolyP5 or PolyP65. On days 0, 1, 3, 6, 9 and 12 of culture, the media was removed, replaced
with 0.25 mg/ml thiazolyl blue tetrazolium bromide, and incubated at 37°C/5% CO2 for 3 h.
The cells were then lysed by the addition of dimethyl sulfoxide, and the absorbance in each
well was read spectrophotometrically at 565 nm.

Collagen quantification
Mineralizing MC3T3-E1 osteoblast cultures were washed three times with PBS, and stained
with Bouin's fluid (70% v/v saturated aqueous picric acid/9.25% v/v formaldehyde/5% v/v
glacial acetic acid) for 1 h at room temperature. Excess Bouin's fluid was removed and the
cultures were rinsed with water before staining with Picrosirius Red solution (1 mg/mL
Direct Red (Sigma Aldrich, St. Louis, MO, USA) in saturated aqueous picric acid) for 1 h at
room temperature. Excess stain was removed by washing twice with 0.01 N HCl, before
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drying and imaging using a flatbed scanner. The stain was then removed using 0.1 N sodium
hydroxide and quantified colorimetrically by reading absorbance at 562 nm in a
spectrophotometer. Collagen type I from calf skin (Sigma Aldrich, St. Louis, MO, USA)
was used as a standard.

Alkaline phosphatase activity assay
Alkaline phosphatase activity was measured by washing MC3T3-E1 osteoblast cultures
twice with PBS, and harvesting the cells in 10 mM Tris, pH 7.4/0.2% IGEPAL. Cell lysates
were obtained by sonication, and alkaline phosphatase activity was measured using
SIGMAFAST™ p-nitrophenyl phosphate tablets (Sigma Aldrich, St. Louis, MO, USA), as
per the manufacturer's instructions. Alkaline phosphatase from bovine intestinal mucosa
(Sigma Aldrich, St. Louis, MO, USA) was used as a standard. Alkaline phosphatase activity
was normalized to protein content.

Semi-quantitative polymerase chain reaction (PCR)
RNA from 12-day mineralizing osteoblast cultures was extracted using Trizol®, according
to the manufacturer's instructions. RNA was treated with DNaseI (New England Biolabs,
Ipswich, MA, USA), and then analyzed for gene expression of bone sialoprotein (Bsp),
collagen type I (Colla1), osteocalcin (Ocn), tissue-nonspecific alkaline phosphatase (Alpl),
ectonucleotide pyrophosphatase/phosphodiesterase 1 (Enpp1), progressive ankylosis protein
(Ank), and glyceraldehyde 3-phosphate dehydrogenase (Gapdh) using the SuperScript™III
One-Step RT-PCR System with Platinum® Taq DNA Polymerase and the primers listed in
Table 1.

Expression and preparation of test enzymes
Expression plasmids containing a secreted epitope-tagged TNAP were transfected into
COS-1 cells for transient expression [32]. The medium was replaced to Opti-MEM® media
24 h later, and the serum-free media containing secreted proteins was collected 60 h after
electroporation. In order to keep the TNAP metalized and active during dialysis (to remove
phosphate), and for subsequent assays, the conditioned medium was dialyzed against TBS
containing 1 mM MgCl2 and 20 μM ZnCl2 and filtrated through a 2 μm cellulose acetate
filter.

Polyphosphate assay and enzymatic measurements
All kinetic measurements were performed in triplicate at 25°C. For the measurement of
relative catalytic activity, 3 μl (0.7 μg/ml) of a secreted epitope-tagged TNAP was used
[32]. Recombinant TNAP was incubated with different concentration of polyphosphates in
50 mM Tris-HCl buffer, pH 7.2 for 1 h with and without the addition of 0.5 mM of MgCl2.
For determination of the kinetic parameters, the Pi released was measured
spectrophotometrically at 650 nm using the PiColorLock Gold (Innova Biosciences,
Cambridge, UK). Competition studies were carried out in the presence of 0.5 mM of p-
nitrophenyl phosphate (pNPP) in 50 mM Tris-HCl buffer, pH 7.2. p-nitrophenol, the product
of the reaction, was read at 405 nm in the presence of different polyphosphate
concentrations. In addition, double-reciprocal plots were constructed for the competition at
pH 9.8 (1 M diethanolamine buffer, containing 20 μM and 1 mM MgCl2) upon assessment
of pNPP (0.2–3.0 mM) hydrolysis for each PolyP5 and PolyP65 concentration (0–2.0 mM).
The presence of PPi contamination in PolyP5 and PolyP65 (15 μM) was measured in
comparison to a standard PPi solution (15 μM). The concentration of PPi was determined by
adsorption on activated charcoal of UDP-D-[6-3H] glucose (Amersham Pharmacia,
Piscataway, NJ, USA) from the reaction product 6-phospho [6-3H] gluconate, as described
previously [33].
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Results
Polyphosphates inhibit osteoblast culture mineralization

In this study, we sought to determine if polyphosphates had an effect on osteoblast culture
mineralization. MC3T3-E1 osteoblast cells were cultured with osteogenic media in the
presence of PolyP5 or Poly65 for 12 days. Figure 1 shows that both PolyP5 (Fig. 1A) and
PolyP65 (Fig. 1B) dose-dependently decrease the amount of mineralization in 12-day
mineralizing osteoblast cultures. Polyphosphate preparations were found to have some PPi
contamination; in order to ensure that the observed inhibition of mineralization was caused
by PolyP5 and PolyP65, and not the contaminating PPi, the calculated concentration of PPi
in each case were added to mineralizing osteoblast cultures alone for 12 days, and
mineralization was not inhibited (data not shown).

Osteoblast culture mineralization is inhibited by direct binding of PolyPs to hydroxyapatite
Previous studies in our lab have shown that days 0–6 of culture are involved with osteoblast
differentiation and extracellular matrix production, while days 6–12 are predominantly
involved with extracellular matrix mineralization. To identify at which stage of osteoblast
differentiation and mineralization polyphosphates affect most strongly, mineralizing
osteoblast cells were treated with 10 μM PolyP5 or PolyP65 at 2-day intervals over the 12-
day course of mineralization. Cultures were allowed to progress to day 12, where
mineralization was analyzed using von Kossa staining. Figure 2A shows that mineralization
was mostly affected when polyphosphates were added in the 6–12 day interval. Smaller
mineralization foci can be seen in histological sections of these cultures (Fig. 2B),
suggesting that the mode of inhibition is direct binding to apatite mineral. To determine if
this was possible, synthetic hydroxyapatite beads were incubated with a solution of 0.5 mM
PolyP5 or PolyP65, the beads were then spun down in a centrifuge, and the supernatant was
measured for PolyP. With increasing amounts of HAP, Figure 2C shows that the solutions of
PolyP5 and PolyP65 were being depleted, indicating that they were bound to the HAP. Since
the addition of polyphosphates inhibited osteoblast culture mineralization even when given
only in the 4–6-day interval, we sought to determine if polyphosphates once bound to HAP
could still be hydrolyzed by TNAP. In Figure 2D, both PolyP5 and PolyP65 bound to HAP
and exposed to TNAP showed significantly less release of Pi than from the unbound
polyphosphates.

Calcium chelation by polyphosphate does not affect mineralization inhibition
As polyphosphate is a known chelator of calcium ions, we investigated if this effect was
enough to inhibit mineralization in osteoblast cultures. Firstly, the amount of free, ionized
calcium was measured in osteogenic media after the addition of PolyPs. Figure 3A shows
that increasing levels of both PolyP5 and PolyP65 were able to chelate small amounts of
ionized calcium (calcium chelation ranged from 100–300 μM). To determine if this
depletion of calcium was sufficient to inhibit mineralization, additional calcium – in the
form of calcium chloride – was added to mineralizing osteoblast cultures treated with 10 μM
PolyP5 or PolyP65. Figure 3B shows that the addition of calcium in PolyP-treated osteoblast
cultures did not allow mineralization to occur, indicating that this does not contribute to the
inhibition. Furthermore, we examined whether adding calcium to PolyPs prior to addition to
the cultures – to generate calcium-polyphosphate salt – would have any effect on
mineralization, and we found that unlike a previous study using SaOS-2 cells [34], calcium-
polyphosphate salt was also able to inhibit mineralization (data not shown). The disparity in
these observations is likely attributable to the different cell lines used, as SaOS-2 cells have
been known to show high alkaline phosphatase activity [35], but a less developed (if any)
assembled extracellular matrix.
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Polyphosphates do not affect osteoblast differentiation or proliferation
A lack of mineralization can be due to several factors including cell toxicity or altered
expression of genes critical to osteoblast differentiation and mineralization. To investigate if
PolyPs could affect osteoblast cell proliferation, MC3T3-E1 cells were assayed for cell
viability using thiazolyl blue tetrazolium bromide over the course of 12 days. As shown in
Figure 4A, cell viability in the presence of 10 μM PolyP5 or PolyP65 was not significantly
different from that seen in cultures not treated with polyphosphate. Furthermore, collagen
production (Fig. 4B) and alkaline phosphatase activity (Fig. 4C), two markers of osteoblast
differentiation, were unaltered in polyphosphate-treated MC3T3-E1 cultures. Gene
expression analysis, as shown in Fig. 4D, also show that osteogenic markers were
unchanged; however, there was a marked decrease in Enpp1 expression, and an increase in
Alpl expression when treated with PolyP65.

Kinetic analysis of polyphosphate hydrolysis catalyzed by recombinant TNAP
To understand the role of TNAP in PolyP-mediated mineralization inhibition, we
investigated the kinetic properties of PolyP5 and PolyP65 as a function of chain length and
at physiological pH (pH 7.2). TNAP was able to individually and linearly hydrolyze PolyP5,
PolyP65 and the contaminant PPi over a time interval of 3 h (data not shown) although at 1 h
of incubation very little hydrolysis of PPi was detected (data not shown). To assure a correct
kinetic measurement of PolyP5 and PolyP65 degradation, all the kinetic experiments were
performed with a 1 h incubation. Analysis of the reactions showed that recombinant TNAP
hydrolyzed both PolyPs under physiologic conditions (Fig. 5). In the absence of added
divalent metals, a plateau was easily reached between 10–100 μM of PolyP65, but
saturation was not fully achieved for PolyP5 in this concentration range. A better catalytic
efficiency was suggested for the long-chain PolyP, as indicated by the lower Km of 0.8 μM
and 3.7 μM for PolyP65 and PolyP5, respectively (Fig. 5). Since TNAP activity is positively
modulated by Mg2+, we also performed the same analysis in the presence of 0.5 mM MgCl2.
This treatment enhanced the maximal activity for hydrolysis of PolyP65, whereas it also
decreased affinity as observed by a 3–4 fold increase in Km values (8.6 and 2.8 μM for
PolyP5 and PolyP65, respectively) (insets in Fig. 5). Given that hydrolysis of PolyPs by
TNAP generates more Pi as TNAP levels are increased, Pi levels in the cultures should be
increased with the addition of PolyP, yet inhibition of mineralization still occurs,
underscoring the potency of the PolyP inhibition.

Inhibition of degradation of pNPP phosphate by polyphosphates
To further investigate the interaction of PolyP5 and PolyP65 with the TNAP catalytic site,
competition studies were done with pNPP as a substrate, both at pH 7.2 and 9.8. Figure 6
shows the dose-dependent inhibition at pH 7.2 of pNPP hydrolysis by PolyP5 and PolyP65,
with a calculated Ki of 2.9 μM and 0.9 μM respectively, in the absence of added Mg2+.
These values were very similar to the Kms determined in the absence of added Mg2+ as
reported above, i.e. they confirm that PolyP5 and PolyP65 are substrates for TNAP and that
they can competitively interfere with known TNAP substrates. Competitive substrate
inhibition was further illustrated at pH 9.8 (data not shown), where both PolyP5 and
PolyP65 could dose-dependently compete with 0.25 mM pNPP. However, double reciprocal
plots of enzyme activity versus the PolyP concentration at this pH revealed a more complex
type of inhibition, i.e. a mixed type, illustrating that PolyP5 and PolyP65, in addition to
being able to bind to the active site of TNAP, also bind in a noncompetitive manner to the
enzyme-substrate complex. These findings, not surprisingly, illustrate that long
polyphosphate substrates can interact with binding sites outside the catalytic pocket, a
finding which was not investigated in greater detail in the present study.
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Discussion
Pyrophosphate has already been well-established as an inorganic mineralization inhibitor in
bone [4, 26]; however, it is surprising that longer-chain inorganic phosphates – such as
polyphosphates – have not been studied in greater detail given their reported abundant
presence in bone cells [12, 15, 22]. Here, we show that short-chain (PolyP5) and long-chain
(PolyP65) polyphosphates are potent inhibitors of osteoblast culture mineralization, and that
this inhibition is caused in part by direct binding of the polyphosphates to the apatitic
mineral with no changes occurring in osteoblast differentiation and proliferation. This
observation is consistent with previous cell-free studies [26, 27, 36], and animal studies [23–
25], which show polyphosphates to be inhibitors of hydroxyapatite growth. However, these
results differ from more recent work showing polyphosphates and calcium-polyphosphate
complexes as inducers of osteoblast differentiation and mineralization [34, 37, 38]. These
recent studies revealed that the addition of polyphosphates to bone cell cultures acted as a
phosphate source [37, 38] and increased gene expression of osteoblast differentiation
markers. Furthermore, as part of that work, it was proposed that polyphosphates could
physically stabilize fibroblast growth factor 2, and activate a fibroblast growth factor
pathway, thus stimulating osteoblastic differentiation [39, 40]. However, unlike the current
study, a very high concentration of polyphosphate (100-fold higher) was used which
suggests different effects for different concentrations of this extracellular phosphate species.
Indeed, it has previously been reported that polyphosphate concentrations in osteoblast-
lineage cells are higher in undifferentiated cells than in mature osteoblasts, an observation
which may indicate a regulatory role for polyphosphates throughout the differentiation
process [15].

In prokaryotes, polyphosphate catalysis occurs via endopolyphosphatases which cleave
long-chain polyphosphates into shorter-chain polyphosphates, or by exopolyphosphatases
which remove terminal phosphates from long-chain polyphosphates [10, 15]. In mammalian
cells, only exopolyphosphatase activity has been detected in osteoblast cell lysates [12],
although there are some reports of endopolyphosphatase activity in brain [41] and synovial
fluid [15]. In the current literature, the only exopolyphosphatase activity reported for bone
has been that attributed to tissue-nonspecific alkaline phosphatase [22]; however, this is the
first time that the kinetics of polyphosphate hydrolysis by TNAP have been defined. In the
present study, we observed that the addition of Mg2+ enhanced the activity of TNAP on
PolyP65, but not on PolyP5, which could be explained by the chelating properties of
polyphosphates. In the absence of added MgCl2, PolyP65 more potently chelates traces of
divalent ions in solution, reducing the maximal enzymatic reaction rate. In the presence of
excess (0.5 mM) Mg2+, TNAP is allosterically activated and the substrate is chelated,
leading to a higher enzyme activity (most pronounced with PolyP65) and a slightly
compromised active site positioning, as reflected by a mildly elevated Km. In addition, we
have also investigated the effects of divalent ions on enzyme function in greater detail for
the TNAP-mediated hydrolysis of the two PolyPs in a dose-dependent manner (data not
shown). Collectively, these results are aligned with a previous study involving mammalian
intestinal alkaline phosphatase [42], which demonstrated that MgCl2, CaCl2 and Zn-acetate
all interfere with polyphosphate catalysis, further illustrating the importance of metal ion
chelation during hydrolysis of polyphosphates by TNAP. In osteoblast culture
mineralization studies, which commonly add as a supplement an organic phosphate source
such as β-glycerophosphate, TNAP expression and activity are critical for its hydrolysis and
for the removal of inhibitory pyrophosphate [4]. However, in the present study we show that
osteoblast culture mineralization is fully inhibited by addition of 10 μM PolyP5 or PolyP65,
and that importantly, at this concentration, both PolyPs competitively saturated TNAP,
therefore potentially interfering with its ability to hydrolyze mineralization-inhibiting
pyrophosphate and mineralizing-promoting β-glycerophosphate. Thus, polyphosphates in
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the biological setting may regulate mineralization by shielding the essential inhibitory
substrate pyrophosphate from TNAP degradation, and in the same process, delay the release
of phosphate from this source. In addition, the competitive inhibition of TNAP by
polyphosphates could cause an increase in extracellular PPi, which has been shown to
modulate the expression of Enpp1, Ank, Alpl and Opn seemingly to compensate for
increased levels of this mineralization inhibitor [4, 43]. For Enpp1, this is consistent with the
present study which demonstrates that polyphosphate treatment of MC3T3-E1 cultures
increases Alpl expression and decreases Enpp1 expression.

The current paradigm of phosphate regulation of bone mineralization is based on the ratio of
phosphate-to-pyrophosphate (Pi:PPi) as being critical to either inhibiting or promoting
hydroxyapatite crystal growth in the extracellular matrix. Indeed, long ago it was proposed
that not only could pyrophosphate be a physiologic determinant of mineralization regulator,
but that other longer-chain phosphate species might also act as inhibitors [15, 25, 26].
Considering the model in which the Pi:PPi ratio is a key determinant regulating
mineralization, it now seems that these longer-chain species may also play a regulatory role,
and that the importance of a Pi:PPi:PolyP composite ratio needs to be considered. In this
scenario, Pi would act as a signaling molecule and a source of Pi for hydroxyapatite
formation, PPi as an inhibitor that can be quickly and efficiently removed (by TNAP) and to
also produce Pi, and PolyPs as longer-lasting inhibitors that act by direct binding to mineral
and also by shielding PPi from TNAP but which then can also serve as a rich Pi source as
they are completely cleaved to lose their inhibitory activity. These activities may be
modulated by decreasing available polyphosphate for TNAP cleavage through (protective)
polyphosphate binding to mineral – an observation also seen with PPi [7]. Since long-chain
polyphosphates are abundantly produced early in osteoblast differentiation, inhibition of
mineralization can be sustained over time (despite high TNAP levels in this cell type) until
an appropriate threshold is reached coincident with the required organic matrix maturation
necessary for physiologic mineralization. Understanding such an interplay between these
determinants might be advantageously harnessed for tissue engineering strategies where
mineralization fronts are required to create robust implantable constructs for orthopedic
applications, as has been recently reported [44].

Although mammalian cells have only been reported to accumulate polyphosphates
intracellularly in nuclei, mitochondria, plasma membrane and dense-granule organelles [11,
14] – subcellular locations that suggest a role in energy storage or transport [45] – a number
of recent studies suggest a role for extracellular polyphosphates, particularly in bone biology
[22, 34, 37–39]. The present study, performed with a commonly used osteoblast culture
model that produces an abundant extracellular matrix and that has a temporo-spatial
mineralization pattern similar to bone, provides new data for polyphosphates in the
inhibition of extracellular matrix mineralization. Prokaryotic polyphosphate anabolism has
been well-characterized, and several enzymes have been identified that synthesize
polyphosphate including the polyphosphate kinases (PPKs) – the principal enzymes
responsible for their synthesis in bacteria [10], however a homologue has yet to be identified
in higher eukaryotes [46]. Evidence for extracellular polyphosphate production in bacteria
has been shown by PPK localization and activity on the outer plasma membrane of N.
meningitidis [47]. Although an enzyme for polyphosphate biosynthesis has not been
identified in higher eukaryotes, it is clear that polyphosphates are an abundant molecular
species in mammalian cells [12] and in the extracellular matrix of bone [22]. One possibility
for the latter localization may be via a dietary route as is seen for another phosphate species
– inositol hexakisphosphate (IP6, phytate) – also commonly found in mammalian cells and
fluids [48–51]. While IP6 likewise can be synthesized intracellularly de novo by mammalian
cells as part of several metabolic pathways [52], in plants where it is in very high
concentrations, it serves as a major phosphate storage molecule [53]. In animal studies,
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increasing the consumption of IP6-rich foods modulates IP6 levels in tissues and body fluids
[51], which in turn inhibited vascular calcification and urolithiasis in animal models of
pathologic calcification [54]. Consistent with this, in humans, increased dietary IP6
associates with reduced incidence of kidney stones [55]. Related to bone physiology, IP6 has
recently been shown to be an inhibitor of osteoblast culture mineralization [5]. Given that
subcutaneous injections of polyphosphates can reduce ectopic calcification [23–25], it seems
possible that excessive consumption of polyphosphate-rich foods might have an effect on
extracellular polyphosphate levels and subsequently on physiologic mineralization.

Conclusions
Polyphosphates are shown here to be potent inhibitors of MC3T3-E1 osteoblast culture
extracellular matrix mineralization. This inhibition of mineralization by polyphosphates is
shown to occur via direct binding to apatitic mineral and by mixed inhibition of TNAP – the
enzyme that cleaves inhibitory pyrophosphate and generates free phosphate for
hydroxyapatite crystal growth.
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Figure 1. Effect of polyphosphates on MC3T3-E1 osteoblast culture mineralization
MC3T3-E1 osteoblast cells cultured in 50 μg/ml ascorbic acid, 10 mM β-glycerophosphate,
and (A) PolyP5 or (B) PolyP65 for 12 days. Mineralization in the culture plates was
visualized by von Kossa staining (black) and mineralization was quantified using ImageJ.
Both PolyPs dose-dependently inhibit mineralization. Data are presented as mean values ±
SE. ***p<0.001, Student's t-test relative to the 0 μM PolyP treatment.
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Figure 2. Direct inhibition action of polyphosphate by binding to hydroxyapatite mineral
MC3T3-E1 osteoblasts were cultured in osteogenic media and treated with either 10 μM
PolyP5 or PolyP65 for the indicated 2-day intervals. After 12 days of culture, mineral was
stained in the plates (A) by the von Kossa method (black), or (B) the cell/matrix layer was
embedded in LR White acrylic resin, sectioned perpendicular to the culture dish plane, and
sections were stained with the von Kossa method followed by counterstaining with toluidine
blue. By both methods, less mineral is seen after PolyP treatment starting at days 4–6 when
the matrix starts to mineralize; earlier treatments when matrix is being first secreted and
assembled had little effect. (C) Direct binding of PolyPs to hydroxyapatite (HAP) was
determined by incubating the indicated concentrations of synthetic HAP beads in either 0.5
mM PolyP5 or PolyP65 solutions, and quantifying the remaining concentration of PolyP in
the supernatant (by acid hydrolysis and phosphate quantification). Increasing amounts of
HAP clearly leads to increasing depletion of PolyPs from solution. Data are presented as
mean values ± SE. *p<0.05, **p<0.01, ***p<0.001 Student's t-test relative to 0 mg/ml HAP.
(D) When 20 μg PolyP are bound to 2 mg HAP, hydrolysis of the polyphosphates by TNAP
is less than that of polyphosphate alone. Adsorption of polyphosphate onto HAP was
verified by supernatant acid hydrolysis followed by phosphate quantification. Data are
presented as mean values ± SE. **p<0.01, ***p<0.001 Student's t-test relative to free PolyP.
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Figure 3. Effect of polyphosphates on calcium chelation
(A) Various concentrations of PolyP5 and PolyP65 were added to osteogenic media and
ionized calcium content was measured using an ion-sensing calcium electrode. Minimal
amounts of calcium are chelated by the polyphosphates. Data are presented as mean values ±
SE. (B) MC3T3-E1 osteoblast cultures were treated with 10 μM PolyP5 or PolyP65 with the
addition of the indicated concentrations of calcium chloride. After 12 days of treatment,
culture plates were analyzed for mineralization by von Kossa staining (black). No effect
from the additional calcium is seen for the inhibition of mineralization by the two
polyphosphates.

Hoac et al. Page 16

Bone. Author manuscript; available in PMC 2013 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Effect of polyphosphates on osteoblast proliferation and differentiation
MC3T3-E1 cultures with added 50 μg/ml ascorbic acid and 10 mM β-glycerophosphate (Δ)
were treated with either 10 μM PolyP5 (●) or PolyP65 (■) for 12 days. (A) Cell
proliferation was measured by the thiazolyl blue tetrazolium bromide assay, and (B)
collagen deposition was visualized and quantified using picrosirius red staining (red), and
compared to control MC3T3-E1 cultures without osteogenic media (▲). (C) Alkaline
phosphatase activity was measured spectrophotometrically using p-nitrophenyl phosphate as
a colorimetric substrate. Data are presented as mean values ± SE, and show essentially no
change in extracellular matrix production and alkaline phosphatase activity after PolyP
treatment. (D) MC3T3-E1 cultures were treated as indicated with PolyP for 12 days, and
RNA was extracted for RT-PCR analysis of the osteoblast differentiation markers bone
sialoprotein (Bsp), collagen I (Col1a1), osteocalcin (Ocn), and osteopontin (Opn), as well as
for the phosphate/pyrophosphate-regulating genes alkaline phosphatase (Alpl),
ectonucleotide pyrophosphatase/phosphodiesterase 1 (Enpp1), and ankylosis progressive
homolog (Ankh). Expression of all marker genes was relative to Gapdh expression. Again,
except for a reduction in the expression of Enpp1, these marker genes related to matrix
production and mineralization remain essentially unchanged after PolyP treatment.
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Figure 5. Kinetic analysis of polyphosphate hydrolysis catalyzed by recombinant TNAP
Kinetic activity of TNAP on (A) PolyP5 and (B) PolyP65 was measured based on released
Pi as described in Material and Methods. Shown are the reaction velocities (activity) as a
function of the log of substrate concentration. Insets show kinetic analysis in the presence of
0.5 mM of MgCl2 for (A) PolyP5 and (B) PolyP65. Data are presented as means ± SE.

Hoac et al. Page 18

Bone. Author manuscript; available in PMC 2013 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Inhibition of pNPP degradation by TNAP after addition of PolyP5 (A) and PolyP65 (B)
Reaction mixtures containing Tris-HCl pH 7.2 and 0.5 mM pNPP were assayed for alkaline
phosphatase activity in the presence of different concentrations of inhibitory PolyP5 and
PolyP65. Data are presented as mean values ± SE.
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Table 1

Primers used for semi-quantitative RT-PCR

Gene Name Forward Primer (5' to 3') Reverse Primer (5' to 3')

Bsp AACAATCCGTGCCACTCA GGAGGGGGCTTCACTGAT

Colla1 GAGGCATAAAGGGTCATCGTGG CATTAGGCGCAGGAAGGTCAGC

Ocn CTGGCCCTGGCTGCGCTCTGT GGTCCTAAATAGTGATACCGTAGATGC

Opn CTGCTAGTACACAAGCAGACA CATGAGAAATTCGGAATTTCAG

Alpl GGGGACATGCAGTATGAGTT GGCCTGGTAGTTGTTGTGAG

Enpp1 GCTTTGAAAGGACGTTCAGC GTATGTGCCGGACTTGACCT

Ankh TTACTCGCCTTCCCTGAAGA AAAACCCGCTTTCCAAAACT

Gapdh TTGGCAAAGTGGAGATTGTTG TTCAGCTCTGGGATGACCTT
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