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Biomineralization processes provide astonishingly complex
and functional solid structures that are composed of materials
with remarkable properties providing advantages to numerous
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life forms.' Some invertebrates control the crystallization of
calcium carbonate polymorphs (aragonite or calcite) within
organic matrices, for example. Marine sponges and diatoms
biomineralize intricate silicate structures by controlling the
nucleation and condensation of silicate ions. The mineral in
the vertebrate skeleton, apatite (Cas(PO.)s;(F,OH,Cl)), is
predominately composed of phosphate and calcium.' Biom-
ineralized materials composed of carbonate, silicate, or
phosphate provide structure, protection, and tools for preda-
tion. However, the vertebrate skeleton also satisfies a wider
range of demands such as growth, self-repair, and sequestra-
tion of heavier elements, and is a source of calcium,
phosphate, and pH control to assist in maintaining homeo-
stasis. Until recently, the reason why apatite is the mineral
component of the vertebrate skeleton was not understood.”

Biomineralization of apatite is not limited to vertebrates;
it is also associated with marine, oral, and other bacteria and
has been observed within mitochondria. Previously, the
biomineralization of vertebrate apatite was associated with
unstable, amorphous, calcium- and phosphate-containing
“electron-dense granules”. The role or the composition of
these electron-dense granules was not understood; they were
associated with apatite mineralization by their colocation with
mineralizing skeletal tissues. Electron-dense granules® have
been found in many organisms and are proposed to have a
range of elemental compositions and roles, including calcium,
phosphate, and carbonate storage and transport. Calcium- and
phosphate-containing granules have been identified within
calcium carbonate mineralizing orthopods; they were pro-
posed to store and transport calcium between molting.
Granules containing calcium and phosphate have been
located on the inside and outside of mitochondria. It has been
postulated that mitochondria serve a role in biomineralization,
but that role has not been identified.

Researchers outside the field of biomineralization have
determined that mitochondria can produce polyphosphate
(PO37),, as well as store calcium in a calcium—polyphosphate
complex. In recent years, marine microorganisms were
shown to produce marine apatite deposits through the
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formation and degradation of polyphosphates.®”® This as-
sociation between polyphosphate biochemistry and apatite
biomineralization is new. Recent identification of polyphos-
phates in mineralizing cartilage and bone suggests that the
electron-dense granules previously detected in and related
to apatite formation in the vertebrate skeleton may contain
calcium and polyphosphate.

The study of polyphosphate chemistry remains on the
fringe of chemistry and biochemistry.” Polyphosphates, also
known as condensed phosphates, are polymers of phosphate
connected through a phosphoanhydride bond. Polyphosphates
serve many biological roles, including storage of phosphate,
a source of energy in anoxic environments, and the seques-
tration of multivalent cations. Polyphosphates have only
relatively recently been identified in a wide range of life
forms, including bacteria, plants, animals, yeasts, and fungi.8
The biochemical roles of polyphosphates continue to be
discovered; the enzymes responsible for polyphosphate
condensation and hydrolytic degradation also continue to be
identified.” Three important attributes of polyphosphates that
render it a useful resource for the biomineralization of apatite
are its affinity for calcium, its ability to sequester a local
high concentration of orthophosphates while maintaining a
low orthophosphate activity, and its ability to be synthesized
and degraded by enzymes.’

Inorganic or enzymatic hydrolytic degradation of calcium
polyphosphate complexes can result in the precipitation or
biomineralization of apatite. In an elegant reversal of this
process, where apatite biominerals are reabsorbed, as occurs
in the vertebrate skeleton, the phosphate from dissolved
apatite can be enzymatically condensed into polyphosphates.
The formation of polyphosphates, effectively reducing the
free orthophosphate activity, stores orthophosphate ions in
a local, high concentration and provides a counterion for
calcium sequestration; polyphosphate chemistry provides a
valuable tool for apatite biomineralization.
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Figure 1. Simplified schematic of the phosphorus cycle from
apatitic igneous rock to phosphorite sedimentary rock through
chemical or physical weathering. Life forms accumulate soluble
phosphorus species and can produce apatite through biomineral-
ization.

The purpose of this thematic and qualitative review is to
provide a brief introduction to apatite chemistry and survey
relevant publications in geomicrobiology, geology, mineral-
ogy, microbiology, pathology, and skeletal biology from as
early as the 19th century as they relate to the mineralization
and biomineralization of apatite. The links in the literature
between electron-dense granules and biomineralization, as
well as the relationship between polyphosphate chemistry
and apatite formation are surveyed. Following a brief
introduction to polyphosphate chemistry, the recent concept
of vertebrate apatite biomineralization control though the
enzymatic formation and destruction of polyphosphates will
be reviewed and thoughts on future research directions
presented.

2. Phosphate Chemistry

Decades ago, phosphorus chemistry was an active area of
research. Between 1958 and 1983, the 11 volume series
Topics in Phosphorus Chemistry'® and two texts on general
phosphorus chemistry'''? were published. Much of the
sections on phosphate and polyphosphate chemistry reviewed
here are sourced from works produced by the late E. J.
Griffith, who wrote and edited many phosphate chemistry
journal articles as well as books on phosphate chemistry.

2.1. Phosphates on Earth

Phosphorus is approximated to have the ninth largest total
concentration in igneous rocks (rocks formed from cooled
magma), excluding oxygen and nitrogen. Most naturally
occurring phosphate on Earth is found in the phosphate
mineral “apatite” (Cas(POy4)3(F,OH,CI))"? Approximately half
of the phosphate reserves in the lithosphere of the Earth are
igneous rock (apatite), while the other half is a component
of sedimentary rock.'* Sedimentary rock, also known as
phosphorite, can be formed by weathering of igneous rock
into smaller particles.'® It can also be composed of minerals
precipitated from the dissolution products of igneous rock
or minerals produced by biomineralization (Figure 1). The
dissolution of phosphate rock can produce soluble ortho-
phosphate (PO4*7) ions that can be incorporated into life
forms.

On land, phosphorus is a limiting nutrient for biological
productivity; this productivity is related to the dissolution
of apatite. Apatite is a major source of phosphorus; it is an
ore mined to produce fertilizers, detergents, and phosphoric
acid."?® Dissolution and transport of terrestrial apatite to the
oceans is the major marine source of phosphate.'®
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Figure 2. Projection of the apatite structure on (0001). Elevations
are represented as fractions of ¢; m planes are located at 0.25 and
0.75 ¢, which represents 3-fold axes on which Ca atoms are located;
the origin is the 63 axis (lower right). Reprinted from ref 23,
Copyright 1973, with permission from Springer-Verlag.

2.2. The Importance of Phosphates to Living
Systems

Phosphate is argued to be one of the essential elements
for life on Earth.'®!” Griffith claimed that it is not possible
to know whether the properties of phosphates dictated the
characteristics of life or life on Earth required some of the
unique properties of phosphate.'® Some of these important
properties include a stable oxidation state (+5) and a
buffering capacity and range near pH 7. Phosphorylation and
dephosphorylation are important biochemical mechanisms.
Enzymatic condensation of phosphates and hydrolytic deg-
radation of condensed phosphates and phosphate esters occur
in biochemical and inorganic processes.'’'® Phosphate
mineral solubility ranges from higher values for minerals
such as brushite (CaHPO,+2H,0) to very low values such
as the apatite minerals found in bones and teeth.

3. Apatite

Different calcium phosphate minerals are stable at different
pHs; however, apatite is the most common “natural” calcium
phosphate mineral and is also the biomineral found in the
vertebrate skeleton. Due to their differences, geological
apatite'>?° and biological apatite®’ will be introduced
independently.

3.1. Geological Apatite

Apatite is named from the Greek ouraraw (to deceive)
because it was commonly confused with other minerals
(reported by Gerhard in 1786, cited in ref 22). The state of
the apatite literature in 1973 was noted to be voluminous
and not always rigorous.? Interested readers are directed to
a special issue of Reviews in Mineralogy and Geochemistry'>
and the text by McConnell.?

The basic structure of apatite was first determined by both
Niéray-Szab6>* and Mehmel.** Apatite is often described by
the formula Cas(PO4)3;(F,OH,Cl) because F (fluorapatite), OH
(hydroxylapatite), and Cl (chlorapatite) are the most common
subsitutions.”> More generally, apatite is described as
As5(TOy)3Z in which A = cations Ca, Sr, Pb, Ba, etc., T =
anions of oxide groups P, As, or V, and Z = F, OH, or C1.%°
The apatite unit cell is large; the fluorapatite (Ca;oF2(PO.)e)
unit cell is composed of 42 atoms (Figure 2).
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Table 1. Possible Substitutions in the Francolite Structure®)

substituting ion”

Ca>* Na*, K', Ag"

Mg2+ Sr2+ Ba2+ Cd2+ Mn2+ Zn2+
Birt. St Y3+ REE ’

constituent ion

U4+
PO437 CO32_, S042_, CI‘O427
CO;-F3, CO;.0H>", AsO4~, VO~
Sios*~
F~ OH ™, Cl, Br~
0>

“ Adapted with permission from ref 29. Copyright 1994 Swiss
Geological Society. "REE = rare-earth elements; compositionally
significant substitutions are indicated in bold.

A characteristic of apatite mineral that is relevant to this
review is the tolerance of the apatite structure to substitutions.
In 1938, McConnell stated that “The structure of apatite
seems to be remarkably stable, permitting a number of rather
unusual types of substitution and involving a considerable
number of ions”.?” Apatite is able to incorporate half of the
elements in the periodic table within its crystal structure.?®
Table 1 presents a list of known substitutions for a common
carbonated, fluoridated apatite (francolite).?® Ease of atomic
substitution for apatite leaves this mineral open to a wide
array of compositions.

Substitutions influence many mineral properties, including
solubility. For example, F~ substitutions will decrease apatite
solubility, while CO5%~ substitutions will increase its solubil-
ity.** The carbonate ion is another common substitution.**
Synthetic carbonate apatites have also been prepared and
characterized.”> Carbonated apatite is not a very common
naturally occurring mineral but is most similar to the mineral
in bones and teeth.?! Carbonated apatite containing less than
1 wt % fluoride has been named dahllite.”” Francolite®* is a
another commonly occurring carbonated apatite mineral that
contains a higher weight percent of fluoride.*?

The list of review papers** and conference proceedings
on the subject of apatite mineral is far longer than is
referenced in this review. Here, it is sufficient to introduce
apatite as a commonly occurring mineral composed mostly
of calcium and phosphate, with significant carbonate and
fluoride content. Apatite minerals generally exhibit low
solubility at neutral to high pH and hold a high potential for
ionic substitutions. Apatite therefore has a wide range of
compositions and properties. As noted by Gruner’® “The
apatite group seems to enjoy the questionable distinction of
having produced fewer reliable analyses than almost any
other group of minerals.”

22,29

3.2. Biological Apatite

Apatite mineral is not only found within our physical
landscape but also generated within or by the action of
biological organisms through processes called biomineral-
ization." Lowenstam®* first grouped “biological mineraliza-
tion” into two processes. By one method, mineralization is
orchestrated by the organism through an “organic matrix-
mediated” process. The organism produces an organic
structure within which ions are located. This is followed by
the induction of crystal nucleation and growth. The other
method is “characterized by bulk extracellular and/or inter-
cellular mineral formation”; this biological process results
in crystal products similar to those expected by crystallization
from solution.>**> Biomineralized apatite has been associated
with many life forms. The mechanisms for biological apatite
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production are varied and still under investigation. The
references on these topics are much more extensive than
presented here. This review will focus on microbiological
and vertebrate apatite biomineralization.>¢

3.2.1. Microbial Apatite

Some smaller organisms, including a few invertebrates,
oral bacteria,*®>° mitochondria,*® Escherichia coli,*' and
other bacteria**~*° form apatitic calcifications, which can
form in both intra- and extracellular locations.*® Marine
bacteria, oral bacteria, and some other bacteria such as E.
coli have been identified as organisms that are capable of
metabolizing phosphorus and mineralizing apatite. Large
submarine phosphorite deposits have recently been associated
with bacterial activity.*

37,38

3.2.2. Vertebrate Apatite

Interest in vertebrate mineralization processes has resulted
in many reviews and publications on the formation of apatite
in bone, 24733 cartilage,s“*58 enamel,>®®2 and dentin,®>%*
as well as pathological calcification.

65—67

De Jong was the first to provide evidence of the similarity
of the apatite structure to the mineral of bone,*® suggesting
that bone mineral could be carbonated apatite. Optical and
X-ray analysis of bone and other mineralized tissues by
Taylor and Sheard matched analyses of two apatites: fluo-
rapatite and dahllite.”” The opinion that bone mineral is a
substituted carbonated apatite similar to dahllite is commonly
held by mineralogists and scientists trained in the physical
sciences.?!70774

However, biochemists first approached the problem of
characterizing the mineral in bone by its in vivo solubility.
Neuman stated that “the hydroxy apatite is the only solid
phase of the Ca—PO,—H,0 system which is stable at neutral
pH”. The fact that hydroxyapatite is the most stable calcium
phosphate phase at physiological pH’® seems to have led to
the idea that it is probably the mineral component in
biological systems such as bone. This in turn has led to a
large and current literature referring to the apatitic biomineral
as hydroxyapatite.”” Hydroxyapatite is commonly used as a
model for biological mineralization and demineralization’®
and orthopedic biomaterials.”

The staunch mineralogist McConnell passionately decried
this association of bone with hydroxyapatite,”' emphasizing
that “the substance of teeth and bones should properly be
called a carbonate hydroxy-apatite or dahllite”.>' McConnell
pulled no punches, writing, “The literature (Carlstrom lists
195 references) is burdened with meaningless data, faulty
logic and non sequiturs. Many papers which have been
written on the problem of carbonate apatites show no
evidence that the authors were cognizant of previous
investigations on closely related segments of the problem.””!
It was later shown that hydroxyl groups are not detectable
in bone apatite crystals®® but that has not necessarily
corrected the common terminology for bone mineral. The
uncertainty in both the initial phases®'*** and the process of
bone mineralization are still not clear and are under debate.

For the purposes of this review, it is important to be aware
that biological carbonated apatite is typically composed of
very small crystallites (on the order of tens of angstroms®?),
can be highly substituted,* and is poorly crystalline.®* The
high specific surface area and poor crystallinity of biological
apatite promote rapid dissolution when required for biological
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processes.”® The genesis of biological apatite has been
postulated to be a result of biochemical activity, such as the
action of carbonic anhydrase®>*® and alkaline phosphatase,®’
a phosphoesterase.®®

3.2.3. Enyzmatic Formation of Apatite

Alkaline phosphatase has been implicated in the apatite
mineralization of or by bacteria.’*°° However, studies of
calcifying bacteria such as Ramlibacter tataouinesis conclude
that “The mechanism and, in particular, the source of
phosphate leading to the biomineralization inside the cells
are still unclear”.** It has been postulated that microorgan-
isms that store high intracellular concentrations of phosphates
as polyphosphates®' may consequently release phosphate as
dissolved inorganic orthophosphate (PO, ") after they die.”
The release of orthophosphate from polyphosphates could
be by spontaneous hydrolytic degradation or by enzymatic
action of phosphatase enzymes such as alkaline phosphatase,
5" nucleotidase, or cyclic phosphodiesterase.® This dissolved
orthophosphate may reprecipitate as another phase, such as
apatite, which is a generally insoluble form of phosphorus
at neutral to alkaline conditions.”® A relationship between
the biochemistry of inorganic polyphosphates and the biom-
ineralization of apatite may be related to an intermediate,
concentrated, biological storage of calcium with phosphate,
with structures identified in various fields by various names.
In this review, these storage structures will be referred to as
“electron-dense granules”.

4. Electron-Dense Granules

Metal-containing granules have been reported in a wide
range of organisms.”* Reviewed recently within the context
of kidney stones, Ryall commented that a wide range of
organisms store calcium in “electron-dense granules”.® Other
names for these calcium-containing electron-dense granules
include metal-containing granules, calcium granules, storage
vesicles, calcium spherules, mineral concretions, mineral
granules, spherocrystals, intracellular granules, calcium
phosphate (CaP) granules, CaP spherites, and acidocalci-
somes.® Four groups of granules (types A—D) have been
identified; the list of proposed functions includes waste
disposal, osmoregulation, excretion of excess ions, calcium/
phosphate/carbonate storage and mobilization, skeletal func-
tion, and detoxification of poisonous heavy metals.” One of
the four groups is described as typically spherical with a
poorly crystalline or amorphous content composed of
calcium, phosphate, magnesium, and some carbonate.’

Amorphous, electron-dense granules containing calcium
and phosphate within arthropods that molt and bear a calcium
carbonate skeleton was a puzzling discovery.® Noted to be
“considerably more soluble, and hence, more rapidly mo-
bilized, than crystalline mineral”,® the calcium phosphate
granules within an organ (hepatopancreas) of the arthopods
were proposed to be a storage form of calcium and phosphate
during the intermolt period. The role and speciation of
phosphate in these calcium-mobilizing electron-dense gran-
ules is unclear in the literature.

Omelon and Grynpas

4.1. Electron-Dense Granules, Mitochondria,
Calcium Carbonate Biomineralization, and
Polyphosphate?

In order to grow, the crustaceans with calcium carbonate
skeletons, such as the terrestrial isopod Porcellio scaber (also
commonly known as the potato bug) and the blue crab
Callinectes sapidus, demineralize, molt, rebuild, and then
remineralize their exoskeleton. Within the molting potato
bug, Ziegler identified electron-dense granules with high
calcium and phosphorus content and observed that “more
than half of the Ca within the granules could be bound to
phosphate and/or phosphorylated proteins.”®> The phosphorus
concentration in the granules was much larger than the
calcium carbonate containing sternal deposits.”®®’

Similar to the potato bug, before the growing crab molts its
skeleton, the skeletal mineral (calcium carbonate) is resorbed,
and the calcium is retained within an organ known as the
hepatopancreas. The “mineral” stored in the hepatopancreas is
returned to the new exoskeleton. Becker et al. detected electron-
dense calcium-, magnesium-, and phosphate-containing granules
within the hepatopancreas and theorized that they were a
mechanism for calcium mobilization in the crab.”® Although
the crab produces a calcium carbonate mineral skeleton, the
carbonate content of the electron-dense granules was no more
than 1% of the mineral weight. Interestingly, it was noted
that considerable phosphorus, “undetectable as orthophos-
phate, was released in inorganic form by wet ashing (with
sulfuric acid) and was thus present in covalent linkage,
possibly to some organic moiety”.”® Although qualified as
circumstantial, the role of mitochondria in the blue crab
mineralization phenomenon was suggested, as was a possible
relationship between the electron-dense granules and crab
and vertebrate skeletal mineralization. The same group
reported blue crab mitochondrial respiration and phospho-
rylation,”® as well as mitochondrial accumulation of large
amounts of calcium and phosphate.'® In the yeast literature,
it was shown that mitochondria produce polyphosphates to
store phosphate;'®! it is possible that these previously
observed electron-dense granules also contain polyphosphate.
Given these observations of low orthophosphate content
before hot acidic hydrolytic degradation, it is possible that
this group observed calcium—polyphosphate granules as hot,
acidic conditions catalyze the production of orthophosphates
from polyphosphates.

4.2. Electron-Dense Granules, Mitochondria,
Calcium Phosphate Biomineralization, and
Polyphosphate?

Amorphous, electron-dense granules containing calcium and
phosphate were discovered in the vertebrate skeleton,'%*1%3
Figure 3 shows calcium- and phosphate-containing electron-
dense granules, termed mitochondrial granules, detected in bone.

Landis performed a careful electron microprobe analysis
of different calcium phosphate minerals, calcium pyrophos-
phate, electron-dense granules, and mineral found in verte-
brate bone (Figure 4).'°® The electron-dense granules found
in mitochondria exhibited a Ca/P ratio close to that of
calcium polyphosphate (Ca(POs),). It is possible that Landis
also observed calcium- and polyphosphate-containing gran-
ules in bone prepared in anhydrous conditions.

This review will next provide a brief introduction to the
chemistry and biochemistry of polyphosphates, with a focus
on calcium polyphosphates. This will be followed by a
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Figure 3. Unstained ultrastructure from a 6-day mouse rib, fixed
in glutaraldehyde—paraformaldehyde at x9500 magnification (left,
“3”). Dense mitochondrial granules (MG) are observed in the
absence of heavy metal counterstaining. Mineral clusters (MS) and
dense masses of mineral phase (DMP) are also apparent. Nuclei
(N) and endoplasmic reticulum (ER) are less distinct. At higher
magnification (x21000, right, “4”), mitochondria remain relatively
indistinct but can be defined by the presences of granule (MG) and
surrounding endoplasmic reticulum (ER). Some granules appear
with a less dense central region (arrows). Collagen in the osteoid
(OS) is not distinguishable unstained. Reprinted from ref 102,
Copyright 1977, with permission from Elsevier.
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Figure 4. Ca/P intensity ratio as a function of Ca/P molar ratio
for calcium phosphate solid phases prepared in vitro. Molar ratios
corresponding to the intensity ratios for tibiaec were determined by
interpolation and found to be in the range of approximately 0.8—1.1
(mitochondrial granules), 1.2—1.3 (clusters of solid phase particles
in the osteoid), and 1.4—1.5 (dense solid phase masses). Abbrevia-
tions: OCP, octacalcium phosphosphate; ACP, amorphous calcium
phosphate; PC HA, poorly crystalline hydroxyapatite; HA, hy-
droxyapatite. Reprinted from ref 103, Copyright 1978, with
permission from Elsevier.

review of the literature concerning biomineralization of
apatite, electron-dense bodies, mitochondria, and polyphosphates.

5. Inorganic Polyphosphate Chemistry

The Topics in Phosphorus Chemistry series'® and a book
by Griffith'® offer detailed reference for inorganic polyphos-
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phate chemistry. The application of the chemistry of poly-
phosphates in the mineral processing industry was also
reviewed.'% This introduction to inorganic polyphosphate
chemistry will be restricted to a description of the charac-
teristics relevant to this review on apatite mineralization.

5.1. History

In 1827, Clark reported that when a phosphate of soda
that was “dried at a red heat” was used in a double
displacement reaction with nitrate of silver, a white solid
product that was different than the previously reported yellow
product (a phosphate of silver) was formed. He first named
the pyrolized, condensed phosphates “pyrophosphates”.'*®
This term is currently used to describe the smallest poly-
phosphate: the product of the condensation of two ortho-
phosphates (P2074_).

5.2. Definition

Polyphosphates are derived from the parent orthophos-
phoric acid by the elimination of water between hydroxyl
groups and the formation of a phosphoanhydride bond.
Condensed phosphates may be described empirically as
H(,,+2)Pn0(3"+1) or I’l(HgPO4)'(l’l - 1)H20, where n is the
number of phosphorus atoms in the chain. Polyphosphates
are also termed “condensed phosphates” and traditionally as
“metaphosphates”. The metaphosphate nomenclature is now
reserved for referring to cyclic polyphosphate species, which
will not be considered in this review. The linear polymer is
usually the most common polyphosphate species in hydrated
environments. Branched polyphosphates are stable in anhy-
drous conditions.

5.3. Formation

Polyphosphates can be formed by dehydration at high
temperatures'® or via condensation by select kinase en-
zymes.” The biochemistry of inorganic polyphosphates will
be briefly reviewed in a succeeding section.

5.4. Hydrolytic Degradation (Hydrolysis)
Griffith made a special point of clarifying the terms

“hydrolysis” and “hydrolytic degradation”,'® because they
are both used in the literature to describe the process of
breaking the P—O—P bond of polyphosphates. Hydrolysis
is often used to describe the reaction of water with an organic
ester. Griffith noted that because phosphates are excellent
buffering agents, “they react with water as a reversal of
neutralization resulting from the slight ionization of water”;
he argued this is the usual meaning of hydrolysis."® In this
work, hydrolytic degradation will be used specifically to
describe P—O—P bond breakage by reaction with water. The
literature includes mechanistic,'®” kinetic, and product defini-
tion studies'®® "% of polyphosphate hydrolytic degradation,
which will not be reviewed here.

Griffith summarized “reliable generalizations” about poly-
phosphate hydrolytic degradation;'® some of them are listed
because they are relevant to this review. The P—O—P linkage
that is characteristic of polyphosphates is subject to hydrolytic
degradation. The rate of degradation in inorganic aqueous
media depends on the polyphosphate species, pH, temper-
ature,'! counterion type,'"' ~'® and concentration. Hydrogen
ions catalyze polyphosphate hydrolytic degradation.''”-''8
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Most hydrolytic degradation obeys first-order kinetics with
respect to the phosphate. There are at least two routes for
hydrolytic degradation. Hydrolytic degradation of the end-
group phosphate of polyphosphate produces orthophosphates.
Polyphosphates composed of four or more phosphorus atoms
per molecule may degrade by reversion to a ring metaphos-
phate, typically a trimetaphosphate; technically this is not
hydrolytic degradation because water is not a reactant.
Longer-chain molecules may undergo hydrolytic degradation
at a middle P—O—P linkage, resulting in the production of
two smaller polyphosphate chains. Although thermodynami-
cally favored, the kinetics of polyphosphate hydrolytic
degradation are slow at neutral pH and ambient tempera-
tures.'® This property suggests that the phosphoanhydride
bond is an excellent candidate for enzymatic control.

5.5. Analytical Methods

A detailed review of polyphosphate extraction techniques
and measurement assays may be found in the book The
Biochemistry of Inorganic Polyphosphates by Kulaev, Vag-
abov, and Kulakovskaya® and Methods for Investigation of
Inorganic Polyphosphates and Polyphosphate-Metabolizing
Enzymes by Lorenz and Schroder.''® Van Wazer surveyed
the history of differential analysis of phosphate mixtures.''

The following methodologies are employed on free poly-
phosphate ions or polyphosphate ion fractions that can be
extracted from or identified within a biological sample. Pure
polyphosphate solids may also be analyzed in the solid state
or after dissolution by these methods.

5.5.1. Chromatography

120,121

Early separationtechnology involved paper chromatography.
However, paper chromatography is a difficult technique and
separates polyphosphate species below a linear chain length
of 10 only. The two-dimensional paper chromatography
technique can separate linear polyphosphates from cyclo-
phosphates.'** Ton exchange resins can separate polyphos-
phates of different chain lengths.” Liquid chromatographic
systemsalsoseparate and detectcyclicandlinearpolyphosphates' ' *'%
with polyphosphate chains <10 phosphate units long.

5.5.2. Hydrolytic Degradation Assay

An assay of orthophosphate released after acid hydrolytic
degradation (1 M HCI at 90 °C for 10 min)’ can be used to
determine the presence and concentration of polyphosphates.
Orthog)hosphate concentration can be measured by colorim-
etry.'**

5.5.3. Titration

Linear polyphosphate chains in solution have one titratable
strong acid hydrogen associated with each phosphorus atom.
There is one titratable weak acid hydrogen associated with
each of the terminal (end-group) phosphorus atoms in a linear
chain. Titration of any dissolved linear polyphosphates
between the end point near pH 4.5 and 9 is a method of
quantifying the number of orthophosphate end groups and
middle groups.''!!??

5.5.4. Colorimetry

Complexes of toluidine blue and polyphosphate complexes
in solution can be used to estimate the concentration of
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polyphosphate species with chain lengths longer than 10
phosphate units in simple solutions.''” Shorter polyphosphate
chains give weak or no metochromatic reaction.” A Mn?*-
induced quenching of the calcium fluorescent indicator
Fura-2 in solutions with lower polyphosphate concentrations
can also measure polyphosphate concentration.'2®

5.5.5. Solubility Fractionation

Van Wazer'?® used the method of solubility fractionation
to separate polyphosphate species of different sizes. Water-
soluble organic phases such as acetone or salts such as
sodium chloride can be used to precipitate the longer
polyphosphate species in a fractional extraction process.''

5.5.6. Gel Electrophoresis

Gel electrophoresis separation of polyphosphate species
is commonly used.'?’~'*® After separation, polyphosphate
species (greater than ~5 phosphate units) can be identified
with toluidine blue staining. In situ hydrolytic degradation
followed by staining for phosphate can detect all linear
polyphosphate species, cyclic trimetaphosphate, and the
original phosphate content after PAGE separation.'*® Poly-
phosphate species containing **P can also be detected by
autoradiography.®

55.7. %P NMR

Nuclear magnetic resonance of phosphorus was first used
to detect end and middle chain phosphorus atoms as anions
in solution and melted glass by Van Wazer."*' It can be used
in aqueous and solid states to provide a very precise analysis
of “visible” polyphosphate speciation, because it resolves
end-chain phosphorus, penultimate end-chain phosphorus,
and middle chain phosphorus atoms. However, not all
polyphosphate within a sample is “visible” by *'P NMR,
because NMR detection requires high concentration and may
not detect polyphosphate species that are aggregated or in
metal complexes.®® The interested reader is directed to
reviews of >'P NMR polyphosphate spectroscopy.”'*?

5.5.8. Infrared

Infrared methods for polyphosphate analysis include
FTIR'**13* and Raman spectroscopy. Raman spectroscopy
has been used to measure polyphosphate chain hydrolytic
degradation rates in vitro.'

5.5.9. X-ray Diffraction and X-ray Energy-Dispersive
Analysis

X-ray diffraction by powder diffraction or through trans-
mission electron diffraction may produce unique diffraction
patterns that can be attributed to solid phases that exhibit a
certain range of periodicity in their structure. McIntosh and
Jablonski'®> presented X-ray diffraction data for many
calcium phosphate phases. X-ray diffraction analysis of a
solid material that has no long-range order will result in a
diffuse signal, which is attributed to an “amorphous”
material.

Transmission or scanning electron microscopy allows for
the detection of electron-dense regions within unstained
specimen; when coupled with X-ray energy-dispersive
analysis, the detection of high concentrations of phosphorus
and counterion cations is possible. This analytical strategy
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is not a specific detector of polyphosphates, but it has been
used” to study polyphosphate granules and the cations with
which they are associated within various organisms.'*®

Methods requiring extensive sample preparation such as
TEM should be anhydrous, because hydrous sample prepara-
tion may hydrolytically degrade polyphosphates. As poly-
phosphates form complexes with osmium,"?” lead,'*® and
iron,'*® staining with these elements with minimal water
contact may also indicate the presence of polyphosphates
with TEM, although these stains are not necessarily unique
for polyphosphates.

5.5.10. Cytochemical Methods

Staining of cells and tissues is one method of identifying
polyphosphate anions within biological structures. Dyes used
to identify polyphosphates include toluidine blue, neutral red,
and methylene blue.® For toluidine blue, the concentration
of polyanionic charges affects the size of the metochromatic
shift."**'%* The fluorescent reporter DAPI has also been used
to detect polyphosphates within biological samples”'#!~!43
with fluorescence microscopy. DAPI is a fluorescent reporter
that is commonly used to detect DNA but may be used to
unambiguously identify polyphosphates, because there is
sufficient spectral separation between the DAPI—DNA
complex emission peak (465 nm) and the DAPI—polyphos-
phate complex peak (520 nm).

5.6. Sensitivity to Sample Preparation

Early work on the detection of early apatite biomineral-
ization events noted the sensitivity of biological sample
preparation.'%-'4*!43 Some detection and sample preparation
methods require the use of aqueous solutions. Exposure of
polyphosphates to aqueous solutions can result in spontane-
ous polyphosphate hydrolytic degradation and the production
of orthophosphates. In particular, the electron-dense granules
were only detected in skeletal tissue specimens prepared
under anhydrous conditions.”*'9%193:146 ¢ is possible that
the identification of apatite in some specimens may be an
artifact due to inadvertent polyphosphate hydrolytic degrada-
tion. Ashing is another sample preparation technique used
for bone sample preparation; the high-temperature processing
may also affect amorphous polyphosphates, causing them
to crystallize (section 8.1.2). Heat treatment in the presence
of acid would also be expected to increase the polyphosphate
hydrolytic degradation rate, as noted in section 4.1.

5.7. Solubility

Since polyphosphates are unstable with respect to hydro-
Iytic degradation, a solubility product for polyphosphates is
impossible to determine. It is not possible to characterize a
polyphosphate-containing, solid—aqueous system at equi-
librium because the polyphosphates will react with the
water.'® Rates of solution for solids such as calcium
polyphosphate or calcium sodium polyphosphate have been
measured, but these measurements are difficult to reproduce
due to the number of factors that can affect the experiment.
Griffith listed some of the variables that can change the
outcome; they include temperature, particle size, enzymes,'*’
amorphous content, dislocations in the crystal structure, and
sample age.
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5.8. Adsorption

There is a larger literature on the chemistry of pyrophos-
phates and their adsorption on apatite mineral; this review
will focus solely on longer chain polyphosphates. Polyphos-
phates are known to adsorb to the minerals zincite'** and
titania.'*® Long-chain polyphosphates were also observed to
adsorb to synthetic hydroxyapatite.'>®

5.9. Formation of Soluble Complexes with Metal
lons (Sequestration)

Both ortho- and polyphosphates form soluble complexes
with metal ions. The orthophosphate complexes are very
weak for the alkali and alkaline earth metals and only become
important for transition metals such as iron. Polyphosphates
form relatively strong complexes with alkali and alkaline
earth metals as well as with transition metals.

Polyphosphates chelate metal cations,'*® forming com-
plexes with metal ions such as Fe*t, Fe?t, UO,%", and Ca®™,
the strength of which is related to the pH change of the
polyphosphoric acid solution (Figure 5).

Sodium polyphosphate is used to inhibit scale (calcium
sulfate, calcium carbonate, and magnesium carbonate forma-
tion).'>! The earliest developments in this technology were
made by Hall in the 1930s.'>® The method of action is
thought to be reduction of the calcium activity by the
formation of a calcium—polyphosphate complex.

Uranium stabilization through polyphosphate injection is
under investigation by the Pacific Northwest National Labo-
ratory.'>* Vazquez et al. measured the interactions of uranium
with polyphosphate and concluded that uranium—polyphosphate
complexes are formed between pH 3 and 10. If the pH is
less than 6, an insoluble uranium—polyphosphate complex
forms. Above pH 6, a soluble uranium—polyphosphate
complex predominated.'>* The sparingly soluble minerals
apatite and autunite (Ca[(UO,)(PO,),*11H,0)'*° are pro-
posed as minerals for uranium sequestration.'>® The in situ
immobilization strategy involves the application of tripoly-
phoshate to contaminated groundwater; following hydrolytic
degradation, precipitation of uranium phosphate solids,'®
autunite, and apatite results.'>* The hydrolytic degradation
of polyphosphates in the presence of calcium has also been
linked to the formation of apatite mineral in other fields of
study.

6. Calcium, Polyphosphates, and Inorganic
Apatite Mineralization

This section will provide a brief review of inorganic
calcium polyphosphate solids, because their composition,
approaching [Ca(POs),], for long chain polyphosphates, is
close to that of apatite (Ca ;o(OH),(PO4)s) and they have been
linked to apatite formation. More information on the
chemistry of calcium polyphosphate solids are found in books
by Griffith'® and Ropp.'”’

6.1. Calcium Polyphosphate Transforms to
Apatite in Aqueous Solutions

If precipitated from solution, the first calcium polyphos-
phate solid phase formed is an amorphous polyphosphate
gel. Upon further drying, the gel solidifies as a glass with a
high water content.'>® With further heating, water is lost,
and depending on the heating regime, the calcium polyphos-
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Figure 5. The effect of various salts on the pH of a polyfhosphoric acid (from a sodium phosphate glass for which n = 5.0) with the weak

acid half-neutralized and at a concentration of 15 x 10
Copyright 1950 American Chemical Society.

phate may crystallize or may remain amorphous until it
melts.'>”!>® Polyphosphate glasses can also be fabricated
directly from phosphate melts.'>*'%* There are many crystal
structures of calcium polyphosphate; Mclntosh and Jablons-
ki'® listed 10 pyro- and polyphosphate phases. Seeded,
controlled crystallization from the melt can result in the
formation of crystalline calcium polyphosphate fibers.'®!

Calcium polyphosphate glass dissolved in basic pH solu-
tions was observed to release hydrated calcium and poly-
phosphate ions into solution.'® The total dissolved calcium
and orthophosphate concentrations were reported to be over
3 orders of magnitude greater than those required to saturate
the solution with respect to hydroxyapatite. The absence of
hydroxyapatite was explained by the presence of phosphate
in solution as polyphosphate.'®® The dissolved polyphosphate
ions underwent hydrolytic degradation in solution, increasing
the concentration of orthophosphate ions. Through dissolu-
tion and reprecipitation, the calcium and polyphosphate-
containing glass eventually transformed into hydroxyapa-
tite,'®* because it is the least soluble calcium orthophosphate
phase in basic solutions.”® Before the production of apatite,
the total phosphate and total calcium values may have
exceeded apatite solubility, but the actual orthophosphate and
calcium activities may have predicted an apatite undersatu-
rated system.

6.2. Polyphosphates Reduce Hydroxyapatite
Saturation

The saturation of hydroxyapatite is defined by its solubility
product and the activity of its component ions. For hy-
droxyapatite, the saturation is defined by the activities of
calcium, orthophosphate, and hydroxyl groups and the
solubility product at a given temperature,

atomic weights of phosphorus per liter. Reprinted with permission from ref 136.

((Oe) (O 1) (o ) = Kp) o
O’ = = —_—
HAP Ksp

)]

Polyphosphate ion formation and hydrolytic degradation
can affect the saturation of hydroxyapatite by affecting the
activity of its component ions. Production or hydrolytic
degradation of polyphosphates within a closed system
changes the speciation and therefore the activity of ortho-
phosphate. Polyphosphates chelate calcium ions and would
consequently reduce the activity of calcium in solution. If
the orthophosphate concentration is measured with an assay
that hydrolyzes polyphosphates, then the measured ortho-
phosphate concentration will be higher than the actual initial
orthophosphate concentration due to the production of
orthophosphates by polyphosphate hydrolytic degradation.
Calcium ions that are strongly sequestered to polyphosphate
ions in solution may not be detected by calcium assays that
involve complexation with a detection agent such as ortho-
cresolphthalein. The effect of polyphosphate on some
measurement techniques for orthophosphate or calcium
concentrations may skew calculations of the apatite saturation
value. Polyphosphates may also affect the formation of
apatite through the inhibition of crystal nucleation or growth.

6.3. Polyphosphates Inhibit in Vitro Apatite
Precipitation

Francis'® noted the reduced activity of polyphosphates
to inhibit the crystal growth of apatite was caused by their
“hydrolytic instability”. An interesting result from his double
displacement apatite crystallization experiments (mixing
solutions of sodium phosphate and calcium chloride at
constant pH (7.4 or 12) under nitrogen) was the formation
of an amorphous solid if sodium tripolyphosphate was added
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to the orthophosphate solution before addition of the calcium
chloride, suggesting that polyphosphates also interfere with
the nucleation of apatite from solution.

The ability of polyphosphate (and pyrophosphate, P,O;*")
to inhibit in vitro formation of the mineral found in bone
(apatite) was revealed by Fleisch and Neuman.'®* These two
fathers of bisphosphonate chemistry understood that the
serum within the vertebrate skeleton is supersaturated with
respect to apatite and that the formation of bone mineral was
a temporally and spatially controlled phenomenon. Armed
with their in vitro results, they postulated that bone mineral
formed only when two conditions were met: the presence
of a suitable nucleation site (hypothesized to be “nucleating
collagen”) and the destruction of an inhibitor (“perhaps a
polyphosphate”). Fleish later reported that alkaline phos-
phatase, an enzyme known to hydrolyze organic phosphates,
inactivated an inhibitor of calcium phosphate nucleation in
plasma ultrafiltrate. Although not identified in urine or
plasma, Fleisch suggested the inhibitor was a polyphosphate
or pyrophosphate in 1962.'%

6.4. Polyphosphates Inhibit In Vivo Apatite
Precipitation

Refocusing their efforts on an in vivo system, Fleisch’s
group later induced aortic calcification in a rat with excessive
vitamin D and prevented the calcification with subcutaneous
(under the skin) injection of pyrophosphate or long-chain
polyphosphate.'®*'®” When incubated with chick embryo
femurs, the higher concentrations of polyphosphates and
pyrophosphates tested (4 and 16 ug P/mL) inhibited bone
mineralization, while the lowest concentration (1 ug P/mL)
increased calcium phosphate deposition, suggesting a dose
response.'®® They concluded that inhibition of mineralization
was by blocking apatite crystal growth; however, the
mechanism of increased apatite formation at lower poly-
phosphate and pyrophosphate concentrations was not known.
Injected polyphosphates were also shown to inhibit skin
calcification in the calciphylaxis model in rats.'® Further
work in the vitamin D-induced rat calcification model showed
that although aortic calcifications were inhibited by poly-
phosphates and pyrophosphates, calcifications in the kidney
were not inhibited.'”®

This lack of calcification inhibition observed within the
kidney was attributed to a high concentration of alkaline
phosphatase within the kidney, which is known to act as a
pyrophosphatase and therefore is expected to hydrolyze the
polyphosphate inhibitors. It was concluded that the calcium-
chelation ability of polyphosphates was not responsible for
the reduction in the induced aortic calcification model. It
was proposed that the condensed phosphates might have a
direct action on cells, inhibiting calcification. However, it
was also concluded that the most probable explanation for
the observed effect was the inhibition of calcium phosphate
crystal growth, as observed in vitro. The stability of the
polyphosphate molecule was noted to affect its ability to
inhibit apatite mineralization.

The theory that the destruction of an apatite mineralization
inhibitor was required for biomineralization to occur was
moved forward in 2005, when it was shown that tissue
nonspecific alkaline phosphatase (TNAP) cleaves pyrophos-
phate, an inhibitor of mineralization.'”" It was proposed that
mineralization of bone and pathological mineralization were
linked to the coexpression of collagen and TNAP.
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The combined properties of hydrolytic instability, metal
ion sequestration, susceptibility to hydrolytic degradation by
enzymes, and the reluctance to form its own crystalline solid
from solution could make polyphosphates an interesting
precursor for biomineralized apatite. This field of polyphos-
phate biochemistry is not mainstream;’ the next section
presents a brief review of topics relevant to this review.

7. Polyphosphate Biochemistry
7.1. History

Inorganic polyphosphates were first found in living organ-
isms more than 100 years ago.'’? Pioneers of the biochem-
istry of high molecular weight polyphosphates include
Ebel,'”® Wiame,'”* Belozersky,175 Drews,'!”® Lohmann,'””
Kornberg,'”® Kulaev,'”® and Harold.'®® Besides being at-
tributed to the origin of life'85182 or not,'®? the wide
functionality of inorganic polyphosphates in life forms
ranging from prokaryotes to higher eukaryotes has been
related to various stages of cell evolution.'®* The interested
reader is also directed to extensive reviews on the subject. '~ 19

Inorganic polyphosphates receive a mere two paragraphs
in Lehninger Principles of Biochemistry'®* (2000), where
they are introduced as a linear polymers of orthophosphate
residues linked through phosphoanhydride bonds that are
potential phosphoryl group donors. Their biological role
“remains uncertain”. Kulaev et al. have outlined the current
understanding of the biochemistry of polyphosphates;” the
following sections summarize the biochemical roles of
polyphosphate relevant to this review from this text.

7.2. Polyphosphate Kinases

The polyphosphate kinase family of enzymes can condense
orthophosphates, forming polyphosphates. Polyphosphate
kinase (polyphosphate: ADP phosphotransferase, EC 2.7.4.1)
can transfer phosphate residues from ATP to polyphosphates,
as discovered by Kornberg et al.'’®!9>!%® 3_Phospho-p-
glyceroyl-phosphate:polyphosphate phosphotransferase (EC
2.7.4.17), also known as 1,3-diphosphoglycerate—poly-
phosphate phosphotransferase'’® catalyzes the transfer of an
orthophosphate residue from 3-phospho-D-glyceroyl-1-
phosphate to polyphosphate. Dolichyl-diphosphate:polyphos-
photransferase (EC 2.7.4.20) found in the membrane of yeast
cells'”!9® catalyzes the exchange of an orthophosphate
residue from dolichyl diphosphate to polyphosphate.

7.3. Polyphosphatases

In the late 1950s, Karl-Kroupa measured the stability of
polyphosphate ions in aqueous solutions containing various
common living organisms, having noted that enzymatic
hydrolytic degradation of polyphosphates can be extremely
rapid.'"*’ Since then, many polyphosphatase enzymes have
been identified that degrade polyphosphates by either trans-
ferring an orthophosphate residue to another molecule,
cleaving a free orthophosphate residue from the end of the
chain (exopolyphosphatase), or hydrolyzing the polyphos-
phate chain within the middle of the chain, producing two
shorter polyphosphate chains (endopolyphosphatase).

Polyphosphate—gluclose phosphotransferase (EC 2.7.1.63)
catalyzes the phosphorylation of glucose using ATP or
polyphosphate as the orthophosphate donor. Exopolyphos-
phatase (polyphosphate phosphohydrolase, EC 3.6.1.11)
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hydrolyzes an orthophosphate from the end of a polyphos-
phate ion. The first report of this enzyme was by Kitasato'*”
and others through the 1940s to 1960s.° Adenosine-tetra-
phosphate phosphohydrolase (EC 3.6.1.14) is considered to
be a property of exopolyphosphatase PPX1, hydrolyzing
adenosine-5'-tetraphosphate and guanosine-5'-tetraphos-
phate.?*® Triphosphatase (also known as tripolyphosphatase,
EC 3.6.1.25) can catalyze the hydrolytic degradation of a
polyphosphate ion composed of three orthophosphate resi-
dues into one free orthophosphate residue and a pyrophos-
phate (P,0,*") ion.?°! Endopolyphosphatase (such as poly-
phosphate depolymerase, EC 3.6.1.10) cleaves polyphosphate
chains at a P—O—P bond in the middle of the polyphosphate
chain, producing two smaller (4—5 orthophosphate residues
long) polyphosphate molecules. This reaction was first
recorded by Malmgen®®® and Mattenheimer.?*®> The ability
of PolyP:AMP phosphotransferase to transfer an orthophos-
phate residue from a polyphosphate molecule to AMP,
producing ADP and a shorter polyphosphate molecule, was
first found by Dirheimer and Ebel.>**

There are enzymes that are designed to build and
selectively hydrolytically degrade polyphosphate molecules,
producing different reaction products, including an ortho-
phosphate residue. The enzymatic flexibility of processing
polyphosphate ions leads to a number of proposed biological
roles for polyphosphate ions.

7.4. Proposed Biological Roles of
Polyphosphates

The proposed biological roles of polyphosphates are the
subject of many papers and review articles. The thorough
text by Kulaev® includes the following proposed biological
functions of polyphosphate ions, most of which have been
identified in microorganisms.

7.4.1. Phosphate Storage

Polyphosphates were identified as a constituent of micro-
bial volutin granules by the 1950s.?%° Volutin granules, also
known as metachromatic granules, are observed by light
microscopy in many microorganisms when stained with
toluidine blue. The production of polyphosphates as an
orthophosphate store that can be drawn upon intermittently
between periods of orthophosphate starvation and excess
orthophosphate availability is a strategy that has been
proposed since the 1960s. 591932067208 Haro1d'80 suggested
that polymers of phosphate were very efficient species for
the storage of orthophosphate because high concentrations
of polyphosphate have little effect on osmotic pressure. Such
stores of polyphosphate were identified within the vacuoles
of Saccharomyces cerevisiae in the late 1970s.>*” Phosphate
is viewed as a limiting nutrient in the marine environment.?' 2
The collection and storage of orthophosphate as polyphos-
phate may also be a strategy for limnetic and marine
organisms, because polyphosphate has been proposed to be
part of the biogeochemical cycling of phosphorus in marine
ecosystems?'* and has been detected in the uppermost
sediment layer of limnetic and marine sediments.”'>>

Alkaline phosphatase, an enzyme specific for the mono-
phosphate ester bond, is found in the water column and is a
major enzyme class of marine bacteria. Plants and soil
microbes also release phosphatase to produce bioavailable
phosphate.'® Phosphatase activity was hypothesized to be
related to phosphorus deficiency within bacteria; its activity
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has been proven to be inversely related to phosphate
concentration.”'* Microbial communities studied in the
Canadian arctic also contained polyphosphate granules'® that
were suggested to be stores of phosphorus, an essential
nutrient for microbial growth.?!®

Bacteria that accumulate large stores of phosphate under
oxic conditions are under active investigation as biological
agents to remove phosphorus from wastewaters (see
Seviour®!” for a review of this field). One of these phosphate-
accumulating bacteria, Acinetobacter johnsonii 210A, was
observed to uptake and then reduce the orthophosphate levels
tomicromolar concentrations by generating polyphosphate.'*2'?
Mitochondria have detectable polyphosphate stores'®"?2° that
may act as orthophosphate reservoirs to meet the orthophos-
phate demand.

Energy-dispersive X-ray analysis has been used to identify
polyphosphates within biological “‘electron-dense bodies”.'82%
More recently, identification of polyphosphates within poly-
phosphate-accumulating bacteria has also been accomplished
in situ by dual staining with rRNA-targeted oligonucleotide
probes and DAPIL*?! Energy-dispersive X-ray analysis has
also been used to identify polyphosphate granules in poly-
phosphate-accumulating Acinetobacter strain 210A and show
that the cations present in the granules can be Ca*", Mg”*,
or both, depending on the intracellular Mg/Ca ratio.?*? The
colocation of cations such as Ca>" and Na™ within poly-
phosphate granules has been identified with both energy-
dispersive X-ray analysis and staining with orthophosphate
in polyphosphate-accumulating microbial populations used
for phosphorus removal in wastewater.?**

7.4.2. Chelation of Divalent Cations

Although any cation is a candidate for balancing the
anionic charges of polyphosphates, sequestration of divalent
ions such as Ca®", Mg®", and other metal ions, including
complexes such as the uranyl ion (UO,)** with polyphos-
phates has received particular research attention.

Some microorganisms display passive tolerance to
heavy metals; it was suggested that this tolerance may
arise fromintracellular sequestration with polyghosphate.zog’224
Polyphosphate-assisted tolerance to lead,**> aluminum,?**°
cadmium,??’%?° copper,230 manganese,23' barium,?*? cal-
cium,?? and uranium**2*> have been reported. Although
intracellular sequestration of these metals within polyphos-
phate-containing granules would reduce intracellular free
metal concentration, it has also been proposed that metal
phosphate complexes are produced by the hydrolytic deg-
radation of polyphosphates and transported out of the cell
by the inorganic phosphate transport system,?*° as evidenced
with uranium.

Storage of high concentrations of orthophosphate as
polyphosphate reduces the concentration of free orthophos-
phate in solution; in a system that includes calcium ions,
which are sequestered by polyphosphates, the saturation level
of apatite mineral is reduced. This allows for the containment
of large total concentrations of calcium and phosphate at
neutral pH without the precipitation of apatite. Specific Ca®*
and polyphosphate-containing storage organelles named
acidocalcisomes'®® have been identified in the cells of
protozoa®® and algae,”* as well as within platelets,**-**!
which contain high concentrations of calcium and phosphate
but do not form apatite mineral.

Siderus et al. studied calcium uptake and release by
electron-dense, calcium-containing polyphosphate granules
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in an alga (Chlamydomonas eugametos) identified with both
DAPI and X-ray microelement analysis. They concluded that
“polyphosphate stores represent a source of calcium that can
be mobilized and not just a calcium trap”.>** They noted
that Ca®" release from the polyphosphate granules was
coupled to an influx of K*. They suggested that polyphos-
phate bodies may preferentially accumulate some cations but
could also accumulate others. Polyphosphate extraction from
Propionibacterium shermanii*** required two different ex-
traction processes to isolate all of the polyphosphate. Clark
et al. concluded that one fraction was soluble and the other
fraction was tightly complexed within granules, suggesting
that polyphosphates were not limited to existing within
storage granules and may have other biological roles.

7.4.3. Energy Source

The phosphoanhydride bonds of polyphosphate are related
to the phosphoanhydride bonds of ATP, possessing an
intermediate free energy on the scale of phosphorylated
compounds.® Polyphosphates can act as both a donor and
an acceptor of orthophosphate; Belozersky was the first to
suggest that primitive organisms could employ polyphos-
phates as an evolutionary precursor of ATP (cited within
ref 9). Polyphosphate molecules have since been shown to
be involved in energy production via different pathways.

Phosphate-accumulating bacteria used in wastewater treat-
ment are capable of accumulating “an excessive amount of
phosphate as polyphosphate”,?'® also known as “luxury
uptake”. These bacteria consume polyphosphate as an energy
source in anaerobic conditions, releasing orthophosphate as
a byproduct of anoxic energy production (reviewed by
Seviour?'’). Acinotobacter johnsonii produces a neutral
MeHPO, complex as a biproduct of energy production. This
complex can be excreted with H*, generating a proton motive
force.?'® Phosphate transport in prokaryotes, including
proposed roles of polyphosphates, have been reviewed by
van Veen.>** The metabolism of polyphosphates by these
polyphosphate-accumulating bacteria in activated sludge was
theorized to have ecological significance in the phosphorus
dynamics of freshwater ecosystems as well.>*>

Benthic microorganisms have also been suggested to
metabolize phosphate in alternating redox environments
that exist close to the water/sediment interface. In oxic
conditions, phosphate is accumulated as polyphosphate.
When exposed to an anoxic environment, polyphosphates
undergo hydrolytic degradation as an “auxiliary metabo-
lism”, releasing orthophosphate.*?*® The precipitation of
calcium phosphate minerals by microorganisms was
previously suggested to be related to their ability to change
the chemical composition of the pore water within
sediments (reviewed by Krajewski et al.>*”). Recently, a
direct link was made between the biological hydrolytic
degradation of polyphosphates and phosphate release by the
sulfur microorganisms Thiomargarita namibiensis and the
production of large stores of apatite (phosphorite) mineral
within marine sediments,* suggesting that this large-scale
apatite precipitation was the result of biomineralization
processes.
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8. Calcium, Electron-Dense Granules,
Mitochondria, Polyphosphates, and Apatite
Biomineralization

This last section reviews some of the literature on the
biomineralization of apatite, the links between calcium- and
phosphate-containing electron-dense granules and apatite
biomineralization, mitochondria, and biomineralization, and
the more recent link between polyphosphates and apatite
biomineralization.

8.1. Biomineralization of Apatite

Referring to the terminology of Lowenstam, biological
apatite formed by a living organism could be biologically
induced, whereby bulk extracellular or intercellular minerals
precipitate, or biologically controlled. Mineral formation
could be also be orchestrated by an “organic matrix-
mediated” process.>* There is evidence that bulk extracellular
apatite biomineralization occurs due to an increasing con-
centration of orthophosphate generated by biologically
controlled polyphosphate hydrolytic degradation. Examples
of extracellular and intracellular and possibly biologically
controlled processes of biological apatite formation that
involve polyphosphates will be reviewed, including the
evolution of a theory proposed almost four decades ago of
apatite production within the vertebrate skeleton.

8.1.1. Bacterial Induction of Apatite Mineralization

Large phosphorite (apatite) deposits in the sea have been
attributed to the hydrolytic degradation of polyphosphate
(originially identified as electron-dense bodies and by staining
with toluidine blue) by bacteria as an energy source during
alternating anoxic—oxic conditions.* By use of soft X-ray
fluorescence spectromicrosopy, l-um-sized, concentrated
polyphosphate bodies, as well as apatite mineral, were
confirmed major phosphate phases within a sample of
bacteria and surface marine sediment from another site
located close to anoxic and oxic basins,>*® although no
conclusions were drawn between the presence of the poly-
phosphate bodies and the apatite mineral in the study.
However, the combination of high byproduct phosphate
concentrations within the pores of the sediment with the high
calcium concentration and slightly alkaline pH of seawater
would suggest the possibility of localized apatite precipitation.

Polyphosphate stores within dead or lysed microorganisms
may also be a source of phosphate for apatite formation.
Konhauser”'® postulated that the decomposition of poly-
phosphate-containing bacteria by heterotrophs may result in
the assimilation of part of the phosphate by other microor-
ganisms, while another part may be released as dissolved
orthophosphate. Polyphosphate hydrolytic degradation and
apatite formation may take place spontaneously, because they
are thermodynamically favored in aqueous, neutral to basic
pH environments within a dead organism. Apatite crystals
were observed subsequent to cell death within E. coli:*' E.
coli were later discovered to produce polyphosphates to
support resistance and survival during its stationary phase.**’

In the reverse process, geomicrobiologists have postulated
that bacterial acidification and therefore dissolution of
environmental apatite mineral®'® may serve as a source of
orthophosphate, which can be scavenged and stored within
the microorganisms as polyphosphate.?'
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8.1.2. Bacterial Control of Apatite Mineralization?

In 1967, Ennever and Creamer wrote an editorial focusing
on bacteria that were associated with the mineralization of
apatite.”>® Calcifying bacteria of interest to the editors
included those that generate dental calculi. In particular, they
summarized three studies of Bacteronema matruchotii that
identified intracellular calcium hydroxyapatite. Because the
mineralization is internal to the living organism and occurs
within a regular time period, it was assumed that this apatite
mineralization is biologically controlled. Granules of poly-
phosphate were later identified within B. matruchotii; the
ability of polyphosphates to inhibit apatite mineralization was
discussed by the authors in the editorial. The editorial
concluded with an expression of interest in using the bacterial
formation of apatite as a potential tool for understanding
vertebrate bone mineralization.

Takazoe et al.”>' revisited their earlier detection of
polyphosphate granules within B. matruchotii and studied
its calcification within unfixed, frozen specimens using
electron microscopy and elemental analysis. They concluded
that there were two areas of mineral deposition: calcium-,
phosphorus-, and magnesium-containing metachromatic gran-
ules and the cell membrane. Because no other mineral phases
were detected, they postulated that amorphous calcium
phosphate transformed directly to apatite. This work refuted
an earlier proposition®? that B. matruchotii mineralization
involved an orderly sequence of mineral phases, terminating
with apatite formation. As noted by Takazoe et al., the
samples that lead to the orderly sequence theory were
analyzed after high-temperature ashing (heating in a furnace),
which may have altered the solid state of the specimen.

The refuted work concluded that an “early mineral phase”
(EMP) precedes apatite formation within B. matruchotii. This
material was identified by X-ray diffraction after ashing,
although it appeared amorphous by in situ electron micros-
copy. The published EMP X-ray diffraction data was
compared with published X-ray diffraction patterns of
different calcium phosphate phases,'*> as well as those in
the International Centre for Diffraction Data (ICDD) powder
diffraction file by the authors of this review. It is possible
that the EMP is a calcium polyphosphate phase (y-calcium
metaphosphate, 09-0345 Ca,P,07 or 33-0297 Ca,P,05) that
could have crystallized from an amorphous state with the
additional heat provided by the ashing process. Although the
biological process that controlled the staged, apatite miner-
alization was not identified, it was later proposed to be related
to the presence of unidentified proteins.*>*

The presence of amorphous, electron-opaque material and
apatite was also observed in the eukaryote Candida albi-
cans.*>* Although the composition of the electron-opaque
material was not identified, polyphosphate was later identified
in C. albicans and proposed to act as a magnesium store.>>

8.2. Mitochondria, Calcium, Polyphosphates, and
Apatite

Lowenstam wrote that the “most commonly identified sites
(of intracellular mineral deposits) are the mitochondria, the
Golgi complex, or vesicles, which are intimately associated
with the latter.”** This section will summarize some of the
mitochondrial literature related to calcium, polyphosphate,
or calcification.

Mitochondria were proposed to act as “buffer” structures
for cellular Ca**, accumulating or releasing it when required.
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Maximal uptake of Ca®" by rat diaphragm mitochondria was
understood to require the presence of Mg®" and orthophos-
phate in the media;>>® however, no analysis was made for
polyphosphates in this study. Electron-dense granules in
mitochondria were determined to contain calcium and
phosphate at concentrations exceeding the solubility product
of calcium phosphate salts at neutral pH.*>” However, these
dense, calcium- and phosphate-containing granules were
surprisingly noncrystalline.?>®

Polyphosphates were identified as an alternate “but very
active” pathway for labile phosphate metabolism in rat liver
mitochondria in the 1960s.>° Polyphosphates were more
recently identified within the mitochondria of the yeast
Saccharomyces cerevisiae.'*"**° Two exopolyphosphatases
have been indentified within the mitochondria of the yeast
Saccharomyces cerevisiae.** It is possible that mitochondria
control both the production and the hydrolytic degradation
of polyphosphates.

Recently proposed physiological roles of polyphosphate
in mammalian mitochondria include playing a part in energy
metabolism and ion transport, as well as a possible effect
on mitochondrial Ca**-buffering capacity.’®! Greenawalt
noted that the stores of electron-dense, calcium- and phosphate-
containing granules in rat liver mitochondria discharged their
contents when exposed to 2,4-dinitrophenol, suggesting that
interfering with oxidative phosphorylation was somehow
related to the ability for mitochondria to maintain intrami-
tochondrial calcium phosphate reserves.”>® The authors
wondered whether the dense granules observed in the rat
liver mitochondria were equivalent to the electron-opaque
mitochondrial granules seen in “mitochondrial profiles in thin
sections of osteoclasts in healing fractures of bone, as
described by Gonzales and Karnovsky2®*”.

Mitochondria are known to accumulate mineral if they are
incubated in Ca**-containing solutions, as well as in vivo
in a range of physiological and pathological conditions
(references in Bonucci*®). Bonucci used electron microscopy
to study calcifying mitochondria in damaged rat liver, heart
and muscle because calcium is contained in “electron-dense
aggregates”.** Two types of electron-dense bodies were
identified in the mitochondria: crystals similar to that of
bones and teeth (most common in the muscular and myo-
cardial cells) and amorphous “granular aggregates” (most
common in hepatic cells) both of which were removed after
formic acid treatment. The granular aggregates exhibited the
same ultrastructure as inorganic inclusions found within in
vitro calcium phosphate-loaded mitochondria and were
occasionally seen in the same mitochondrion or cells as
crystalline aggregates. Bonucci mused on the role of the
granular materials, referring to previous work suggesting that
inorganic granules found in normal and challenged mito-
chondria were a colloidal, subcrystalline precursor of calcium-
deficient hydroxyapatite®®® and wondering whether it might
be a similar precursor for the calcification of bone. He found
it difficult to explain why such a local supersaturation of
calcium and phosphate does not invariably induce the
formation of crystal structures. It was noted that intramito-
chondrial inorganic granules stained with toluidine blue®®*
were found in both normal and challenged mitochondria.
Although polyphosphates were not mentioned in this work,
the reported characteristics of the granules suggest that
polyphosphates are components of the amorphous, electron-
dense, calcium- and phosphate-containing granules that are
unstable when exposed to acid.
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In 1969, electron microscopic analysis of the formation
of apatite mineral within mitochondria led to the postula-
tion that mitochondria might be involved in biological
mineralization.?*>2® Shapiro and Greenspan?®® postulated
that mineralization is under strict cellular control and that
the mitochondria concentrate calcium and phosphate and then
these ions are transported to the extracellular matrix where
mineralization occurs. A report of mitochondrial electron-
dense granules detected in the calcifying cartilage of rats
and mice was published that same year.?®’

Although not generally accepted, Halstead built the
argument that marine organisms may have, in seasonal
abundance of phosphate, reduced their intracellular calcium
concentrations by extracellular deposition of apatite. In
conditions of reduced phosphate availability, extracellular
apatite could serve as a phosphate store. It was theorized
that the first mineralized tissue in the first marine vertebrates
may have been an apatite-containing calcified cartilage,
which eventually evolved into an endoskeleton that was
gradually replaced by bone. Once on land, vertebrates bore
an apatitic skeleton that served as a useful calcium store.

8.3. Cartilage Calcification and Polyphosphates

The vertebrate skeleton is composed largely of mineralized
bone tissue. Bone is formed by one of two processes:
intramembranous ossification (skull and other flat bones) or
endochondral ossification (long and weight-bearing bones).
In endochondral ossification, a cartilage model of the bone
is made then it is replaced by bone. Before being replaced,
the cartilage calcifies. In this section, a brief review of
cartilage calcification in the growth plate will be followed
by the presentation of some of the literature on detection
and analysis of electron-dense granules in calcifying cartilage.
Previous work that detected the transient staining of an
unidentified compound in specific regions of the growth plate
of polyphosphates will be followed by recent work identify-
ing polyphosphates in these regions.

8.3.1. Calcification in the Growth Plate

One of the processes by which bones grow in size is called
endochondral ossification. This process occurs in the expand-
ing growth plate, which is located at the ends of growing
long bones. The growth plate lies below the soft cartilage
that caps the ends of the growing bones. The growth plate
includes the zone of calcifying cartilage located below the
cartilage, and ends where mineralized bone begins. Four
zones are identified in the growth plate: from the end of the
cartilage (resting zone), progressing to the proliferative zone
(soft cartilge), through the hypertrophic zone, where calci-
fication begins to occur, and finally ending at the resorption
zone, where growing bone replaces the calcified cartilage.
Long bone growth along the long axis of the bone is
accomplished through the progressive production of new
cartilage, calcification of older cartilage, and replacement of
the calcified cartilage with bone.?*® The active growth plate
is an excellent area to study the calcification of cartilage,
because it is a progressive process with many time points
caught within one longitudinal section cut from the growth
plate.
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8.3.2. Detection and Analysis of Electron-Dense Granules

Electron microscopic analysis of the rat and mouse growth
plate by Martin et al. showed a gradient of mitochondrial
electron-dense granules along the different cartilage zones.*®”
Chondrocytes in the proliferative zone had few mitochondrial
granules; the number and size increased toward the zone of
calcification. In this zone, there was a decrease in the number
and size of mitochondrial granules. Granules were located
over the endoplasmic reticulum and most of the mitochon-
dria, which were associated with the endoplasmic reticulum
in the zone of provisional calcification. Granules that stained
with osmic acid but not calcium were less electron-dense
than those stained with both osmic acid and calcium,
suggesting that these granules may retain the ability to take
up calcium or may stabilize the granules. These amorphous
granules were suggested to be candidates for the nucleating
sites of mineralization, because the mitochondria appear to
discharge their granules into the calcifying matrix.?®’

Outside of the growth plate, Kim noted that the osmio-
philic spherules observed in calcifying cartilage were similar
to electron-dense, osmiophilic granules that stained with
toluidine blue and were colocated with apatite calcification
in human heart valves.?*® More electron-dense bodies were
observed with age in these otherwise normal cadaver valves.
This suggests that cells located in or in proximity to heart
valve tissue may be producing biomineralized apatite.

Electron-dense “spherules” ranging in size from 200—800
A were also identified within mitochondria of the chondro-
cytes (cartilage cells) in the proliferative and hypertrophic
zones of fresh, stained tibial epiphyseal plates (Figure 6) and
occipital bones of mice and rats as well as the extracellular
regions of the proliferative and hypertrophic zone.”* The
granules were amorphous and contained Ca and P (Figure
7).

A quantitative analysis of the Ca/P molar ratio of the
observed amorphous granules and known calcium- and
phosphate-containing solids proved that granules found in
the proliferating and hypertrophic cartilage cells exhibited
Ca/P molar ratios ranging from 0.80 =£ 0.05 to 1.07 & 0.24.
These values lie between those of calcium polyphosphate
(0.5) and brushite (CaHPO,, 1.62).>* The Ca/P ratio of the
electron-dense solids increased with proximity to the calcified
cartilage (up to 1.51 % 0.09) toward the value for hydroxya-
patite (1.62). These ratios suggest that polyphosphates are
produced in the noncalcified cartilage and are eventually
hydrolytically degraded into orthophosphate, which precipi-
tates as apatite in the calcium-rich calcifying cartilage matrix.

8.3.3. Role of Phosphatases

It was proposed that the rate-limiting step for cartilage
calcification was the transport of P; from the cartilage cells
to the calcium-rich calcifying cartilage matrix.>’® In 1923,
Robison®® suggested that a phosphatase enzyme located
within calcifying cartilage yielded free phosphate ions,
implying that phosphatase is “omnipresent and essential in
calcifying areas”.”> Alkaline phosphatase is expressed by
hypertrophic chondrocytes®’! and is presumed to be a factor
in skeletal mineralization,”’* possibly by controlling the
concentration of orthophosphate available for apatite forma-
tion.?”
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Figure 6. Ultrastructure, electron diffraction, and X-ray mi-
croanalysis of unstained sections of tibial epiphyseal growth plate
cartilage from normal 4-week-old rats, prepared by dry ultrami-
crotomy at —80 °C. Unembedded sections were mounted on carbon-
reinforced, Parlodion-coated copper grids. (A) Survey of a portion
of a thin cryosection of the growth plate (x800 magnification).
The full section actually extends over many other adjacent grid
squares so that in some cases much of the epiphyseal plate may be
examined on a single grid. The particular region shown includes
proliferating chondrocytes (PC) organized in columns of cells and
larger hypertrophic chondrocytes (HC) near the calcifying cartilage
(CC). Divisions (C—F) of the cartilage corresponding to the zones
defined in panel A are marked for reference purposes. Boxes (1,
2) denote areas illustrated elsewhere at higher magnifications. ECM
denotes extracellular matrix. C = middle proliferative zone; D =
lower proliferative zone; E = upper hypertrophic zone. (B)
Enlargement of region 1 (D in panel A), the lower proliferative
cartilage zone (x5200 magnification). Unfixed, unstained, prolif-
erating chondrocytes may be identified by their size, shape, electron
density, and columnar arrangement. Lacunae (L) are relatively
electron transparent. Perilacunar and extracellular matrices (ECM)
are variable in electron density and fibrillar in appearance. Nuclei
(N) in some cells may be distinguished by a uniform electron
density within the nuclear membrane (NM) which appears in
negative contrast. Endoplasmic reticulum (ER) can be identified
by the regular pattern of alternate density contributed by composed
membranes and cisternae. Numbers of mitochondrial granules
(MG), ranging between 500 and 1000 A in diameter, are conspicu-
ously dense. Circled regions were examined by X-ray microanalysis
(a—c, inset, x24 000 magnification) and selected area diffraction
(d). Reprinted from ref 54, Copyright 1982, with permission from
Elsevier.

8.3.4. Detection of Polyphosphates

Hirschman published a transient toluidine blue staining
of fresh rat epiphyseal cartilage in the matrices of the
resting and hypertrophic zones, as well as the proliferating
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and hypertrophic chondrocytes in the 1960s.2’*?”> The
toluidine blue staining was only observed with fresh
specimens; its transient nature was unexpected and
unexplained. Metachromatic shifts of toluidine blue have
been reported for polyphosphate ions of different chain
lengths and concentrations.'**'#? The observed toluidine
blue fading stain may have been caused by hydrolytic
degradation of polyphosphates when the tissue sections
were exposed to water.

Fresh sections of the growth plate of rat long bones also
stained with neutral red identified osmiphilic granules and
vacuoles; the size and number of these stained bodies
increased the closer the cells were to the zone of calcifica-
tion.>’® More granules were also reported within the mitro-
chondria that were closer to the zone of hypertrophy. While
unknown at the time, neutral red also stains for polyphos-
phates.” It was hypothesized that the cells close to the
calcifying cartilage could be discharging some “physiological
function, influencing or related to the deposition of calcium
salts in the cartilage matrix?” Recent analysis of murine
growth plates with the fluorescent reporter DAPI (4',6-
diamidino-2-phenylindole) detected polyphosphates in the
same locations as those reported by Hirschman.'>®

Application of DAPI to dry-cut sections of EDTA-
decalcified three-month-old murine (mouse) vertebrae
showed the formation of DAPI—polyphosphate complexes
within the growth plate. Polyphosphates were detected
within the hypertrophic zone by displaying the charac-
teristic DAPI—polyphosphate fluorescence at 520 nm,
which is convoluted with the emission spectrum for
DAPI-DNA (Figure 8). Application of alkaline phos-
phatase to the growth plate section showed a decrease in
the DAPI—polyphosphate emission component of the
emission profile, further proving the presence of poly-
phosphates.'°

Both theories that the rate-limiting step of cartilage
calcification is phosphate transport to the sites of calcifica-
tion?’ and that mitochondria play a role in biomineraliza-
tion?*® are supported by the controlled mitochondrial pro-
duction, transport, and hydrolytic degradation of polyphosphates
by alkaline phosphatase within the growth plate.

8.4. Bone (De)mineralization and Polyphosphates

Lowenstam noted that minerals formed in a particular site
may be either (i) retained in place, (ii) transferred intact to
other sites, (iii) excreted, (iv) dissolved and replaced continu-
ously, periodically, or only occasionally, or (v) continuously
reconstituted. The mineral in bone is subject to continual
active and passive dissolution and replacement; Lowenstam
outlined that these remodeled minerals serve “in part, as a
reservoir for cations or anions to be used for a variety of
functions”.! Vertebrate bone is an actively remodeled tissue;
the calcium, phosphate, and carbonate ions all have a variety
of functions for the organism. This section will give a brief
background to bone, present the detection of electron-dense
granules in resorbing and mineralizing bone, and finally,
present the recent detection of polyphosphates in resorbing
bone.

8.4.1. Bone Mineralization

The vertebrate skeleton must satisfy a wide range of
demands, including growth, protection, structural support, a
source of calcium and carbonate to maintain homeostasis, a
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Figure 7. (A, B) Electron diffraction (100 kV) of mitochondrial granules from Figure 6B. The pattern from panel A (x 15 000 magnification)
has no distinct lines (B). (C) Superimposed X-ray spectra generated from a single unfixed, unstained mitochondrial granule (center of circle
a, Figure 6B) and from the adjacent mitochondrial matrix (center of circle b). Significantly greater peaks of phosphorus and calcium are
generated from the granule. (D) X-ray spectrum from cellular cytoplasm (c, Figure 6B, inset) near mitochondria. Reprinted from ref 54,

Copyright 1982, with permission from Elsevier.
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Figure 8. DAPI-identified polyphosphate (polyP) in vertebral
growth plate sections (EDTA-decalcified, 3 month-old murine
vertebral body) cut under anhydrous conditions: fluorescence
emission (400—700 nm) (A) imaged upon multiphoton excitation
with emission wavelength scan analysis and (B) by color-defined
ROL. Red ROI in subchondral bone represents emission wavelength
profile corresponding to that of DAPI bound to DNA, not
polyphosphate. Other ROIs are emission wavelength profiles with
a maximum at ~520 nm, corresponding to that of DAPI bound to
polyphosphate. Reproduced from ref 150.

sink for heavy metal ions, and the ability to continually repair
damage caused by locomotion or trauma. These demands
require that vertebrates continually resorb (remove) and
remodel (rebuild) their skeleton throughout their life.
Bone is a composite of collagen, noncollagenous proteins,
and poorly crystalline, highly substituted apatite crystals.’
Remodeling is accomplished by the basic multicellular unit;
it is composed of two coupled cell types: the bone resorbing
osteoclast and the bone building osteoblast.”’’ In the accepted
model of bone resorption, the osteoclast forms a sealed
“resorption zone” upon the surface of bone. Acidification

of this resorption zone dissolves the apatite mineral, and
subsequent release of collagenase proteins by the osteoclast
digests the exposed collagen matrix. Osteoblasts follow the
excavating osteoclasts, laying down a new collagen matrix
(osteoid) that is later mineralized. There is an unexplained
delay of 15—20 days in the mineralization of osteoid in
humans, which is called the mineralization lag time.*’®

8.4.2. Detection and Analysis of Electron-Dense Granules

Bone formation is a sequential process; a clear understand-
ing of its early mineralization stages has been elusive.®'-**
Previous electron microscopic examination of nonaqueous-
processed, unstained, growing bone has revealed electron
dense “mineral granules” within the mineralizing osteoid
matrix, the mitochondria of osteoblasts, osteocytes (cells
embedded in bone),279 osteoclasts,'°>?°2 and the mitochon-
dria of osteoclasts.’®> Gonzales et al. noted that the “crystals
within osteoclasts are thought to be bone salts on the basis
of morphology and not on the basis of electron diffrac-
tion”.?®? Similar granules containing calcium and phosphate
observed in osteoid examined by electron microscopy after
anhydrous sample preparation were suggested to be stabilized
by a crystallization inhibitor.'®® This interpretation has
developed into some of the current theories of bone
mineralization: that amorphous calcium phosphate is the first
solid phase found in newly formed bone and that within
matrix vesicles, amorphous calcium phosphate is transformed
into apatite crystals.

Landis et al. measured the sizes of mitochondrial electron
dense granules in anhydrously prepared, unstained bone,
which ranged from 400—1000 A in diameter. At higher
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magnification, the granules revealed clusters of smaller
particles approximately 50—100 A in diameter that sur-
rounded a less electron-dense core. The diameters of granular
clusters in mineralizing osteoid ranged over a few thousand
angstroms; these clusters were of intermediate electron
density between unmineralized collagen and hydroxyapa-
tite'*% (Figure 3).

Inorganic granules found in mineralizing bone were
isolated by Aaron et al."*® The authors pursued the charac-
terization of the unstable components of the early stages of
calcification, which have been variously described as “glob-
ules, vesicles, buds, nodules, clusters of crystallites, calcified
spherules, and spherical aggregates of crystals” (from ref
145). Through a variety of techniques, they extracted ~1
um sized spheres containing calcium and phosphate. They
colocated acid phosphatase stained areas (associated with
bone resorption) with the presence of granules. The isolated
calcified microspheres were approximately 1 ¢m in diameter,
close to the 1000 A size of the electron-dense granules
detected in the anhydrously prepared bone tissue by Landis
et al.'® Aaron reported mineral packets found within
“filaments” of approximately 5 nm in width. The size of these
packets correlates well with the 50—100 A discrete, electron-
derllgga elements within the granules observed by Landis et
al.

Electron-dense “spherules” were also identified within
occipital (rear and rear-bottom skull) bones of mice and rats.
These intracellular metachromatic spherules were shown to
be labile and easily dissolved during tissue processing for
embedding.?®® Changes in the chemistry of these granules
located in cartilage and bone samples was induced by sample
preparation;>* therefore these granules were best observed
in frozen, fresh, or anhydrously prepared samples. These
unstable granules were associated with calcification by their
localization. Their role in mineralization was not understood
but was postulated to involve an organic component of the
extracellular matrix.>*

Using electron microprobe analysis, Landis et al. also
measured the Ca/P molar ratio in electron-dense granules
located within mitochondria (0.8—1.1), osteoid (1.2—1.3),
and mineralized bone (1.4—1.5). They noted that the lower
Ca/P molar ratio of the electron dense granules was similar
to that measured for monetite (CaHPO,) (molar Ca/P = 1.0)
and calcium pyrophosphate (Ca(POs),) (molar Ca/P = 0.5)
(Figure 6) but did not suggest that these electron-dense,
calcium- and phosphate-containing granules might be com-
posed of calcium polyphosphate.'*?

8.4.3. Role of Phosphatases

Aaron et al. commented that rudimentary biochemistry “in
the form of extracellular acid phosphatase activity and
possibly also carbonic anhydrase (unpublished results) seems
to be associated with the calcified microspheres”.'*® This
postulation that carbonic anyhydrase is associated with an
apatite precursor echoes an earlier apatite biomineralization
hypothesis involving a role for carbonic anhydrase presented
by the mineralogist McConnell in 1961.%*" Alkaline phos-
phatase, which is expressed by hypertrophic chondrocytes®’"
and osteoblast cells,?®? is presumed to be involved in skeletal
mineralization,?’* although its substrate(s) is not well-defined.
Alkaline phosphatase has been linked to the destruction of
pyrophosphate, a mineralization inhibitor.'”! In 1961, Fleisch
and Neuman proposed that the role of phosphatase in bone
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Figure 9. Detection of polyP in a bone resorption site of an EDTA-
decalcified, three-month-old murine vertebra. (A, left) Confocal
fluorescence image (400—700 nm) from a 5—10 um bone section
stained with DAPI and exposed to multiphoton excitation (787 nm).
(A, right) Spectral scans of imaged region (A, left) were acquired
in 20 nm bins. Emission intensity was plotted for each of the
indicated ROIL. Blue ROI = DAPI—-DNA emission. Yellow ROI
= DAPI—polyphosphate (polyP) emission. (B, left) The 580 nm
bin emission for the same image captured in panel A spatially
resolves DAPI—polyP distribution. (B, right) Schematic identifies
relevant fluorescent regions (A, left) within the resorption zone.
(C) The same bone section was subsequently stained for TRAP
and counterstained with hematoxylin (an aqueous process, thought
to accelerate hydrolytic degradation of polyP) to confirm the
presence of osteoclasts (red staining) at the resorption site (left and
right images correspond to high and low magnification, respec-
tively). Reproduced from ref 150.
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was the destruction of a mineralization inhibitor, “perhaps a

polyphosphate”.'®*

8.4.4. Detection of Polyphosphates

Polyphosphates were previously detected in osteoblasts
(bone-forming cells).”®® Polyphosphates were also recently
identified within a resorption pit of bone."”°To detect
polyphosphates within a section of bone tissue, dry-cut,
un-dewaxed, cold EDTA-demineralizing processing meth-
ods were preferred because hot or acidic conditions are
known to accelerate the kinetics of polyphosphate hydro-
lytic degradation.''” Sections of three-month-old murine
vertebrate bone were labeled with DAPL. DAPI—polyphosphate
complexes were identified within granules located in regions
of bone resorption by their respective emission fluorescence
wavelength (520 nm)'*"'*? (Figure 9A). DAPI also binds
to DNA; however, the emission wavelength for the
DAPI—DNA complex is shifted toward 460 nm. Figure 9B
shows the 580 nm emission bin for the image captured in
panel A. This highlights the regions containing DAPI—polypho-
sphate. The imaged regions were confirmed to be bone
resorption zones by subsequently staining the same section
for tartrate resistant acid phosphatase (TRAP, red), a marker
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Figure 10. Working hypothesis for the role of mitochondria in biological calcification. Reprinted from ref 286, Copyright 1970, with

permission from The Biochemical Society and Portland Press.
for osteoclasts'*® and counterstaining with hematoxylin
(Figure 9C), indicating that polyphosphates are colocated
with resorbing bone.

The cells that resorb vertebrate bone (osteoclasts) are rich
in mitochondria.?**?%*%5 A mitochondrial strategy of storing
high concentrations of orthophosphate by condensing ortho-
phosphate ions into polyphosphates may be utilized by the
osteoclasts in order to scavenge and store the free ortho-
phosphate released during bone mineral resorption in the
acidic resorption zone in which apatite mineral is not stable.
Calcium polyphosphate granules produced by the mitochon-
dria within the bone-resorbing osteoclast could serve as a
labile, noncrystalline (and therefore bioavailable), high
concentration store of calcium and phosphate. These granules
would then be available for transport to sites requiring the
component ions of apatite mineralization, such as new bone.

The detection of electron-dense granules within anhy-
drously prepared, new, mineralizing bone'°*1%* suggests that
these granules may also contain calcium and polyphosphate.
The expression of alkaline phosphates by osteoblasts and
the correlation of alkaline phosphatase activity with bone
mineralization®’ indicate that further research may identify
polyphosphate metabolism in bone mineralization.

Another hypothesis for bone mineralization was proposed
by the biochemist Lehninger. In 1970, Lehninger penned a
“Jubilee Lecture” that built the case for mitochondrial control
of biomineralization.”*® He postulated that the electron-dense,
calcium- and phosphate-containing, amorphous granules
observed in mitochondria were amorphous tricalcium phos-
phate, stabilized as micropackets by biological factor(s).
These amorphous packets are transported to mineralization
sites and eventually undergo nonreversible hydrolytic deg-
radation, resulting in apatitic bone mineral (Figure 10).

In conclusion, we postulate that these micropackets contain
calcium and polyphosphate that undergoes hydrolytic deg-
radation, increasing the local calcium and orthophosphate
concentrations and precipitating apatite, probably under the
control of tissue nonspecific alkaline phosphatase. Our
current understanding of the biochemistry of polyphosphates
supports Lehninger’s theory that “mitochondria may also

function as packaging plants, in which are manufactured the
bricks and mortar of hard tissue; moreover, mitochondria
may also harbor the secret as to why we do not all turn into
stone.”2%¢

9. Summary and Thoughts on Possible Future
Research Directions

9.1. Summary

The objective of this review is to show that biomineral-
ization of apatite appears to have a close relationship to the
metabolism of phosphate via bioavailable polyphosphates,
the production of phosphate-containing, electron-dense gran-
ules, and the action of mitochondria. We do not claim to
cover all of the theories of apatite mineralization but have
tried to collect historical work in apatite biomineralization
research and show how the observations in the literature may
be tied together by polyphosphate chemistry and biochem-
istry. Enzymatic polymerization of phosphate enables an
organism to store high concentrations of phosphate and
calcium without risking an undesired precipitation of apatite.
Enzymatic hydrolytic degradation allows for the controlled
increase of orthophosphate by the destruction of polyphosphate.

Polyphosphates also serve as storage sites for cations, such
as calcium, and as alternate energy sources for some
organisms who are exposed to anoxic environments. The
sequestration power of the calcium—polyphosphate complex
offers an excellent chemical method for biological control
and transport of free calcium as well as phosphate concentra-
tions within amorphous electron-dense bodies.

We conclude this review by presenting the theory that the
hydrolytic degradation of polyphosphates, either by sponta-
neous hydrolytic degradation or by controlled enzymatic
hydrolytic degradation with enzymes such as alkaline phos-
phatase, links the formation of apatite mineral to both induced
and controlled biomineralization processes. A phosphatic
mineral within the vertebrate skeleton offers more flexibility
for metabolic processing because it can be dissolved by
biologically controlled acidification and its component ions
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can be stored as bioavailable calcium polyphosphate com-
plexes. This bioavailable store of the building blocks of a
metabolically active apatite skeleton offers more biological
processing flexibility than a skeleton composed of carbonate
minerals, which do not polymerize, or a silicate skeleton,
which polymerizes but is not hydrolyzed by any known
biological action.

9.2. Thoughts for Possible Future Directions

Enzymatic production and destruction of polyphosphate
ions provides another explanation for the vertebrate miner-
alization process that has been debated in the literature over
the last four decades. It has been difficult to detect and
quantify polyphosphates in mineralized tissue due to the
instability of the polyphosphate molecule in aqueous systems;
anhydrous techniques are required to prevent polyphosphate
hydrolytic degradation. Refinement and increased use of
anhydrous bone tissue preparation techniques may lead to a
further understanding of the metabolism of polyphosphates
within bone tissue. This understanding may offer new angles
of research for clinically relevant bone diseases such as
osteoporosis. Other inappropriate apatitic precipitations such
as cardiovascular calcifications?® and kidney stones® may
be further understood and alleviated if a role of calcium
polyphosphates in these calcifications could be determined.

Another example of a pathological calcification is the
formation of minerals within the joint capsule. The concen-
tration of calcium-containing crystals within the synovial
fluid has been noted to increase with the severity of
osteoarthritis.”®” Osteoarthritis is a degenerative disease of
the joint. The analytical techniques used to better analyze
the “hydroxyapatite” and calcium pyrophosphate dihydrate
crystals found in joint synovial fluid was recently re-
viewed.?®® The paper suggests that organelles that contain
electron-dense granules may be responsible for the undesir-
able mineral formation. Further investigation may identify
calcium and polyphosphate within these precursor granules
that may form the minerals attributed to osteoarthritis.

The production of polyphosphates during bone resorption
might serve as a source of polyphosphates for other cells.
The microvilli observed on the distal side of the osteoclast
cell body®®®> suggest that calcium- and polyphosphate-
containing granules could be exported by the osteoclasts into
the marrow space for use by other cells. One possible
example is the recent identification of polyphosphates in
platelets®*® and their role in fibrin clot structure.”*'

Polyphosphates were recentlgy found to have an effect on
breast cancer cell survival.®®” Calcium- and phosphate-
containing electron-dense granules and hydroxyapatite were
detected in human breast carcinomas.?*° Calcium phosphate
microcalcifications have been associated with mammary
malignant lesions;*®" solids with P/Ca ratios ranging from
0.5—1.5 were measured in “type 2” (calcium phosphate
mineral) microcalcifications.?*> A P/Ca ratio of 1.5 is close
to a Ca/P ratio of 0.7, suggestive of calcium polyphosphate.
Perhaps an investigation may show a polyphosphate me-
tabolism related to calcifying malignant lesions.

A drug group used to treat osteoporosis is based on the
chemistry of bisphosphonates. The clinical effect of bispho-
sphonate is an increase in bone mineral density. Bisphos-
phonates are compounds based on a P—C—P moiety that is
similar to the phosphoanydride bond but is not hydrolyzed
by enzymes.?® The effect of bisphosphonates on polyphos-
phate metabolism and its consequent effect on apatite
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biomineralization is currently unknown. Bisphosphonates
have been used to reduce skeletal morbidity in women with
advanced breast cancer and bone metastases. There is
evidence that bisphosphonates induce death in a human breast
cancer cell line*”* and inhibit the development and progres-
sion of bone cancer in a mouse model of breast cancer.””
With a known history of affecting apatite biomineralization,
perhaps bisphosphonates may be discovered to play a role
in affecting polyphosphate metabolism.

10. Acknowledgments

Dr. Zachary Henneman is thanked for initial contributions
to the manuscript. ChrystiaWynnyckyj, Peter Alexander
Robinson, Jennifer Tinning, and Jon Campbell are thanked
for contributing their editorial expertise. Dr. Christopher
Omelon is acknowledged for manuscript assistance. The
reviewers are thanked for their constructive feedback. The
Natural Sciences and Engineering Research Council of
Canada is acknowledged for funding this research and S.O.

11. References

(1) Lowenstam, H. A.; Weiner, S. On Biomineralization; Oxford
University Press, Inc.: New York, 1989.

(2) Pasteris, J. D.; Wopenka, B.; Valsami-Jones, E. Elements 2008, 4,
97.

(3) Ryall, R. L. Urol. Res. 2008, 36, 77.

(4) Schultz, H. N.; Schultz, H. D. Science 2005, 307, 416.

(5) Hupfer, M.; Gloss, S.; Schmeider, P.; Grossart, H.-P. Int. Rev.
Hydrobiol. 2008, 93, 1.

(6) Diaz, J.; Ingall, E.; Benitez-Nelson, C. R.; Paterson, D.; de Jonge,
M. D.; McNulty, L.; Brandes, J. A. Science 2008, 320, 652.

(7) Kornberg, A. Microbe 2008, 3, 119.

(8) Kornberg, A.; Rao, N. N.; Ault-Riché, D. Annu. Rev. Biochem. 1999,
68, 89.

(9) Kulaev, I. S.; Vagabov, V. M.; Kulakovskaya, T. V. The Biochemistry
of Inorganic Polyphosphates; John Wiley & Sons, Ltd: Chichester,
England, 2004.

(10) Topics in Phosphorus Chemistry; Interscience Publishers: New York,
1964—1983; Vols. 1—11.

(11) Phosphorus and Its Compounds: Chemistry; Van Wazer, J. R., Ed.;
Interscience Publishers Inc.: New York, 1958; Vol. 1.

(12) Environmental Phosphorus Handbook; Griffith, E. J., Ed.; Wiley:
New York, 1973.

(13) Hughes, J. M.; Rakovan, J. In Phosphates: Geochemical, Geobio-
logical, and Materials Importance; Kohn, M. J., Rakovan, J., Hughes,
J. M., Eds.; Reviews in Mineralogy and Geochemistry, Vol. 48;
Mineralogical Society of America: Washington, DC, 2002.

(14) Horn, M. K.; Adams, J. A. S. Geochim. Cosmochim. Acta 1966, 30,
279.

(15) Knudsen, A. C.; Gunter, M. E. In Phosphates: Geochemical,
Geobiological, and Materials Importance; Kohn, M. J., Rakovan,
J., Hughes, J. M., Eds.; Reviews in Mineralogy and Geochemistry,
Vol. 48; Mineralogical Society of America: Washington D.C., 2002.

(16) Filippelli, G. M. In Phosphates: Geochemical, Geobiological, and
Materials Importance; Kohn, M. J., Rakovan, J., Hughes, J. M., Eds.;
Reviews in Mineralogy and Geochemistry, Vol. 48; Mineralogical
Society of America: Washington D.C., 2002.

(17) Sawyer, C. N. In Environmental Phosphorus Handbook; Griffith,
E. J., Beeton, A., Spencer, J. M., Mitchell, D. T., Eds.; Wiley: New
York, 1973.

(18) Griffith, E. J. Phosphate Fibers; Plenum Press: New York, 1995.

(19) Phosphorus and Its Compounds: Technology, Biological Functions,
and Applications; Van Wazer, J. R., Ed.; Interscience Publishers:
New York, 1961; Vol. 2.

(20) Piccoli, P. M.; Candela, P. A. In Phosphates: Geochemical, Geo-
biological, and Materials Importance; Kohn, M. J., Rakovan, J.,
Hughes, J. M., Eds.; Reviews in Mineralogy and Geochemistry, Vol.
48; Mineralogical Society of America: Washington, D.C., 2002.

(21) Elliott, J. C. In Phosphates: Geochemical, Geobiological, and
Materials Importance; Kohn, M. J., Rakovan, J., Hughes, J. M., Eds.;
Reviews in Mineralogy and Geochemistry, Vol. 48; Mineralogical
Society of America: Washington, D.C., 2002.

(22) Elliott, J. C. Structure and Chemistry of the Apatites and Other
Calcium Orthophosphates; Elsevier: New York, 1994.



Polyphosphates and Apatite

(23) McConnell, D. Apatite Its Crystal Chemistry, Mineralogy, Utilization,
and Geologic and Biologic Occurrences; Springer-Verlag: New York,
1973.

(24) Néray-Szabo, S. Z. Kristallogr., Kristallgeom., Kristallphys., Kri-
stallchem. 1930, 75, 387.

(25) Mehmel, M. Z. Kristallogr., Kristallgeom., Kristallphys., Kri-
stallchem. 1930, 75, 323.

(26) Glimcher, M. J. Rev. Mineral. Geochem. 2006, 64, 223.

(27) McConnell, D. Am. Mineral. 1938, 23, 1.

(28) Pan, Y.; Fleet, M. E. In Phosphates: Geochemical, Geobiological,
and Materials Importance; Kohn, M. J., Rakovan, J., Hughes, J. M.,
Eds.; Reviews in Mineralogy and Geochemistry, Vol. 48; Mineral-
ogical Society of America: Washington, D.C., 2002.

(29) Jarvis, L.; Burnett, W. C.; Nathan, Y.; Almbaydin, F. S. M.; Attia,
A. K. M.; Castro, L. N.; Flicoteaux, R.; Hilmy, M. E.; Husain, V.;
Qutawnah, A. A.; Serjani, A.; Zanan, Y. N. Eclogae Geol. Helv.
1994, 87, 643.

(30) LeGeros, R. Z. Calcium Phosphates in Oral Biology and Medicine;
Karger: New York, 1991.

(31) McConnell, D.; Gruner, J. W. Am. Mineral. 1940, 25, 157.

(32) Henry, T. H. Philos. Mag. 1850, 36, 134.

(33) Gruner, J. W.; McConnell, D. Z. Kristallogr., Kristallgeom., Kri-
stallphys., Kristallchem. 1937, 97A, 208.

(34) Lowenstam, H. A. Science 1981, 211, 1126.

(35) Weiner, S.; Dove, P. M. Rev. Mineral. Geochem. 2003, 54, 1.

(36) Kleinberg, 1. Crit. Rev. Oral Biol. Med. 2002, 13, 108.

(37) Lowenstam, H. A.; Weiner, S. Proc. Natl. Acad. Sci. U.S.A. 1992,
89, 10573.

(38) McConnell, D. Geol. Soc. Am. Bull. 1963, 74, 363.

(39) Rizzo, A. A.; Scott, D. B.; Bladen, H. A. Ann. N.Y. Acad. Sci. 1963,
109, 14.

(40) Bonucci, E.; Derenzini, M.; Marinozzi, V. J. Cell. Biol. 1973, 59,
185.

(41) Ennever, J.; Vogel, J. J.; Streckfuss, J. L. J. Bacteriol. 1974, 119,
1061.

(42) Cayeux, L. C. R. Acad. Sci. 1936, 23, 1198.

(43) Ennever, J. Ann. N.Y. Acad. Sci. 1963, 109, 4.

(44) Benzerara, K.; Menguy, N.; Guyot, F.; Skouri, F.; de Luca, G.;
Barakat, M.; Heulin, T. Earth Planet. Sci. Lett. 2004, 228, 439.

(45) Soudry, D.; Riding, R. E.; Awramik, S. M. In Microbial Sediments;
Springer: New York, 2000.

(46) Streckfuss, J. L.; Smith, W. N.; Brown, L. R.; Campbell, M. M. J.
Bacteriol. 1974, 120, 502.

(47) Posner, A. S. Physiol. Rev. 1969, 49, 760.

(48) Brown, W. E.; Chow, L. C. Annu. Rev. Mater. Sci. 1976, 6, 213.

(49) Glimcher, M. J. Philos. Trans. R. Soc. London, Ser. B 1984, 304,
479.

(50) Christoffersen, J.; Landis, W. J. Anat. Rec. 1991, 230, 435.

(51) Weiner, S.; Wagner, H. D. Annu. Rev. Mater. Sci. 1998, 28, 271.

(52) Veis, A. Rev. Mineral. Geochem. 2003, 54, 249.

(53) Wopenka, B.; Pasteris, J. D. Mater. Sci. Eng., C 2005, 25, 131.

(54) Landis, W. J.; Glimcher, M. J. J. Ultrastruct. Res. 1982, 78, 227.

(55) Hunter, G. K. Connect. Tissue Res. 1987, 16, 111.

(56) Hunter, G. K. Clin. Orthop. Relat. Res. 1991, 262, 256.

(57) Poole, R. A.; Kojima, T.; Tasuda, T.; Mwale, F.; Kobayashi, M.;
Laverty, S. Clin. Orthop. Relat. Res. 2001, 391, S26.

(58) Terkeltaub, R. A. J. Rheumatol. 2002, 29, 411.

(59) Wilson, R. M.; Elliott, J. C.; Dowker, S. E. P. Am. Mineral. 1999,
84, 1406.

(60) Aoba, T.; Moreno, E. C. Calcif. Tissue Int. 1987, 41, 86.

(61) Chen, W. C.; Nancollas, G. H. J. Dent. Res. 1986, 65, 663.

(62) Robinson, C.; Connell, S.; Kirkham, J.; Shore, R.; Smith, A. J. Mater.
Chem. 2004, 14, 2242.

(63) Paschalis, E. P.; Tan, J.; Nancollas, G. H. J. Dent. Res. 1996, 75,
1019.

(64) Koutsoukos, P. G.; Nancollas, G. H. J. Dent. Res. 1981, 60, 1922.

(65) Schinke, T.; McKee, M. D.; Karsenty, G. Nat. Genet. 1999, 21, 150.

(66) Giachelli, C. M. Orthod. Craniofac. Res. 2005, 8, 229.

(67) Cohen, D. J.; Malave, D.; Ghidoni, J. J.; Takovidis, P.; Everett, M. M.;
You, S.; Liu, Y.; Boyan, B. D. Ann. Thorac. Surg. 2004, 77, 537.

(68) de Jong, W. F. Recl. Trav. Chim. Pays-Bas 1926, 45, 445.

(69) Taylor, N. W.; Sheard, C. J. Biol. Chem. 1929, 81, 479.

(70) McConnell, D. J. Dent. Res. 1952, 31, 53.

(71) McConnell, D. Naturwissenschaften 1960, 47, 227.

(72) Landis, W. J. Connect. Tissue Res. 1996, 34, 239.

(73) Constantz, B. C.; Ison, 1. C.; Fulmer, M. T.; Poser, R. D.; Smith,
S. T.; VanWagoner, M.; Ross, J.; Goldstein, S. A.; Jupiter, J. B.;
Rosenthal, D. 1. Science 1995, 267, 1796.

(74) McConnell, D.; Foreman, D. W.; Drew, 1.; Daly, P. Science 1971,
172, 971.

(75) Neuman, W. F.; Neuman, M. W. The Chemical Dynamics of Bone
Mineral; The University of Chicago Press: Chicago, IL, 1958.

Chemical Reviews, 2008, Vol. 108, No. 11 4713

(76) Koutsoukos, P. G.; Amjad, Z.; Tomson, M. B.; Nancollas, G. H.
J. Am. Chem. Soc. 1980, 102, 1553.

(77) Glimcher, M. J.; Bonar, L. C.; Grynpas, M. D.; Landis, W. J;
Roufosse, A. H. J. Cryst. Growth 1981, 53, 100.

(78) Tang, R.; Wang, L.; Nancollas, G. H. J. Mater. Chem. 2004, 14,
2341.

(79) LeGeros, R. Z. Clin. Orthop. Relat. Res. 2002, 395, 81.

(80) Rey, C.; Miquel, J. L.; Facchini, L.; Legrand, A. P.; Glimcher, M. J.
Bone 1995, 16, 583.

(81) Weiner, S. Bone 2006, 39, 431.

(82) Grynpas, M. D.; Omelon, S. Bone 2007, 41, 162.

(83) Eppell, S. J.; Tong, W. D.; Katz, J. L.; Kuhn, L.; Glimcher, M. J.
J. Orthop. Res. 2001, 19, 1027.

(84) Bonar, L. C.; Roufosse, A. H.; Sabine, W. K.; Grynpas, M. D.;
Glimcher, M. J. Calcif. Tissue Int. 1983, 35, 202.

(85) McConnell, D.; Frajola, W. J.; Deamer, D. W. Science 1061, 133,
281.

(86) Krishnamurthy, V. M.; Kaufman, G. K.; Urbach, A. R.; Gitlin, I;
Gudiksen, K. L.; Wiebel, D. B.; Whitesides, G. M. Chem. Rev. 2008,
108, 946.

(87) Coleman, J. E. Annu. Rev. Biophys. Biomol. Struct. 1992, 21, 441.

(88) Robison, R. Clin. Orthop. Relat. Res. 1991, 267, 2.

(89) Hirschler, A.; Lucas, J.; Hubert, J. C. FEMS Microbiol. Ecol. 1990,
73, 211.

(90) Blake, R. E.; O’Neil, J. R.; Garcia, G. A. Am. Mineral. 1998, 83,
1516.

(91) Beveridge, T. J.; Poindexter, J. S.; Leadbetter, E. R. Bacteria in
Nature; Plenum Publishing Corporation: New York, 1989.

(92) Gichter, R.; Meyer, J. S. Hydrobiologia 1993, 253, 103.

(93) Stumm, W.; Morgan, J. J. Aquatic Chemistry; John Wiley & Sons:
New York, 1981.

(94) Brown, B. E. Biol. Rev. Cambridge Philos. Soc. 1982, 57, 621.

(95) Ziegler, A. Cell Calcium 2002, 31, 307.

(96) Fabritius, H.; Wlther, P.; Ziegler, A. J. Struct. Biol. 2005, 150, 190.

(97) Ziegler, A.; Fabritius, H.; Hagedorn, M. Micron 2005, 36, 137.

(98) Becker, G. L.; Chen, C.-H.; Greenawalt, J. W.; Lehninger, A. L.
J. Cell Biol. 1974, 61, 316.

(99) Chen, C.-H.; Lehninger, A. L. Arch. Biochem. Biophys. 1973, 154,
449,

(100) Chen, C.-H.; Greenawalt, J. W.; Lehninger, A. L. J. Cell Biol. 1973,

61, 301.

(101) Beauvoit, B.; Rigoulet, M.; Guerin, B.; Canioni, P. FEBS Lett. 1989,
252, 17.

(102) Landis, W. J.; Paine, M. C.; Glimcher, M. J. J. Ultrastruct. Res.
1977, 59, 1.

(103) Landis, W. J.; Glimcher, M. J. J. Ultrastruct. Res. 1978, 63, 188.

(104) Topics in Phosphorus Chemistry; Van Wazer, J. R., Ed.; Interscience
Publishers Inc.: New York, 1964; Vol. 1.

(105) Rashchi, F.; Finch, J. A. Miner. Eng. 2000, 13, 1019.

(106) Clark, T. Edinburgh J. Sci. 1827, 7, 298.

(107) Westheimer, F. H. Acc. Chem. Res. 1968, 1, 70.

(108) Chen, C.Y.; Morgan, F. W. In Environmental Phosphorus Handbook;
Griffith, E. J., Beeton, A., Spencer, J. M., Mitchell, D. T., Eds.; Wiley:
New York, 1973.

(109) Osterheld, R. K. In Topics in Phosphorus Chemistry; Griffith, E. J.,
Grayson, M., Eds.; Interscience Publishers: Toronto 1972; Vol. 7.

(110) McCullough, J. F.; Van Wazer, J. R.; Griffith, E. J. J. Am. Chem.
Soc. 1956, 78, 4528.

(111) Van Wazer, J. R.; Griffith, E. J.; McCullough, J. F. Anal. Chem.
1954, 26, 1755.

(112) van Steveninck, J. Biochemistry 1966, 5, 1998.

(113) Zhou, Y.; Carnali, J. O. Langmuir 2000, 16, 5159.

(114) Kura, G. J. Chromatogr. 1988, 447, 91.

(115) Thilo, E. Angew. Chem., Int. Ed. 1965, 4, 1061.

(116) Thilo, E. Adv. Inorg. Chem. Radiochem. 1962, 4, 46.

(117) de Jager, H.-J.; Heyns, A. M. J. Phys. Chem. A 1998, 102, 2838.

(118) Chandler, A. J.; Kirby, A. J. J. Chem. Soc., Chem. Commun. 1992,
24, 1769.

(119) Lorenz, B.; Schroder, H. C.; Miiller, W. E. G. Methods of Investiga-
tion of Inorganic Polyphosphates. In Inorganic Polyphosphates:
Biochemistry, Biology, Biotechnology; Schroder, H. C., Miiller,
W. E. G, Eds.; Progress in Molecular and Subcellular Biology, Vol.
23; Springer-Verlag: Heidelberg, Germany, 1999.

(120) Ebel, J. P. Recherches chimiques et biologiques sur les poly-et
metaphosphate. Doctoral Thesis, University of Strasbourg, Strasbourg,
France, 1951.

(121) Westman, A. E. R.; Scott, A. E. Nature 1951, 168, 740.

(122) Karl-Kroupa, E. Anal. Chem. 1956, 28, 1091.

(123) Kura, G.; Tsukuda, T. Polyhedron 1993, 12, 865.

(124) Fiske, C. H.; Subbarow, Y. J. Biol. Chem. 1925, 66, 375.

(125) Van Wazer, J. R. J. Am. Chem. Soc. 1950, 72, 647.



4714 Chemical Reviews, 2008, Vol. 108, No. 11

(126) Lorenz, B.; Miinkner, J.; Oliveria, M. P.; Kuusksala, A.; Leitao, J. M.;
Miiller, W. E. G.; Schroder, H. C. Biochim. Biophys. Acta 1997, 1335,
51.

(127) Robinson, N. A.; Wood, H. G. J. Biol. Chem. 1986, 261, 4481.

(128) Pepin, C. A.; Wood, H. G.; Robinson, N. A. Biochem. Int. 1986, 12,
111.

(129) Clark, J. E.; Wood, H. G. Anal. Biochem. 1987, 161, 280.

(130) Omelon, S.; Grynpas, M. D. Electrophoresis 2007, 28.

(131) Van Wazer, J. R.; Callis, C. F.; Shoolery, J. N. J. Am. Chem. Soc.
1955, 77, 4945.

(132) Hupfer, M.; Riibe, B.; Schmeider, P. Limnol. Oceanogr. 2004, 49,
1

(133) Meyer, K.; Hobert, H.; Barz, A.; Stachel, D. Vib. Spectrosc. 1994,
6, 323.

(134) Meyer, K. J. Non-Cryst. Solids 1997, 209, 227.

(135) Mclntosh, A. O.; Jablonski, W. L. Anal. Chem. 1956, 28, 1424.

(136) Van Wazer, J. R.; Campanella, D. A. J. Am. Chem. Soc. 1950, 72,
655.

(137) Saito, K.; Ohtomo, R.; Kuga-Uetake, Y.; Aono, T.; Saito, M. Appl.
Environ. Microbiol. 2005, 71, 5692.

(138) Tjissen, J. P. F.; van Steveninck, J.; de Bruijn, W. C. Protoplasma
1985, 125, 124.

(139) Leitdao, J. M.; Lorenz, B.; Bachinski, N.; Wilhelm, C.; Miiller,
W. E. G. Mar. Ecol.: Prog. Ser. 1995, 121, 279.

(140) Mullan, A.; Quinn, J. P.; McGrath, J. W. Anal. Biochem. 2002, 308,
294.

(141) Allan, R. A.; Miller, J. J. Can. J. Microbiol. 1980, 26, 912.

(142) Streichan, M.; Golecki, J. R.; Schon, G. FEMS Microbiol. Ecol. 1990,
73, 113.

(143) Klauth, P.; Pallera, S. R.; Vidaurre, D.; Ralfs, C.; Wendisch, V. F.;
Schoberth, S. M. Appl. Microbiol. Biotechnol. 2006, 72, 1099.

(144) Boothroyd, B. J. Cell Biol. 1964, 20, 165.

(145) Aaron, J. E. In Vitamin D; Lawson, D. E. M., Ed.; Academic Press:
New York, 1978.

(146) Aaron, J. E.; Oliver, B.; Clarke, N.; Carter, D. H. Histochem. J. 1999,

31, 455.

(147) Karl-Kroupa, E.; Callis, C. F.; Seifter, E. Ind. Eng. Chem. 1957, 49,
2061.

(148) Michelmore, A.; Jenkins, P.; Ralston, J. Int. J. Miner. Process. 2003,
68, 1.

(149) Michelmore, A.; Gong, W.; Jenkins, P.; Ralston, J. Phys. Chem.
Chem. Phys. 2000, 2, 2985.

(150) Omelon, S.; Georgiou, J.; Henneman, Z. J.; Wise, L. M.; Sukhu, B.;
Hunt, T.; Wynnyckyj, C.; Holmyard, D.; Bielecki, R.; Grynpas, M. D.
PLoS ONE, submitted for publication.

(151) Toy, A. D. F.; Walsh, E. N. Phosphorus Chemistry in Everyday
Living; American Chemical Society: Washington, DC, 1987.

(152) Hall, R. E. U.S. Patent 2,087,089, 1937.

(153) Vermeul, V. R.; Williams, M. D.; Fritz, B. G.; Mackley, R. D.;
Mendoza, D. P.; Newcomer, D. R.; Rockhold, M. L.; Williams, B. A.;
Wellman, D. M. Treatability Test Plan for 300 Area Uranium
Stabilization through Polyphosphate Injection, Pacific Northwest
National Laboratory operated by Battelle for the United States
Department of Energy, 2007.

(154) Vazquez, G. J.; Dodge, C. J.; Francis, A. J. Chemosphere 2007, 70,
263.

(155) Locock, A. J.; Burns, P. C. Am. Mineral. 2003, 88, 240.

(156) Wellman, D. M.; Pierce, E. M.; Valenta, M. M. Environ. Chem. 2007,
4, 293.

(157) Ropp, R. C. Inorganic Polymeric Glasses; Elsevier: New York, 1992;
Vol. 1.

(158) Gomez, F.; Vast, P.; Llewellyn, P.; Rouquerol, F. J. Non-Cryst. Solids
1997, 222, 415.

(159) Brow, R. K. J. Non-Cryst. Solids 2000, 263—264, 1.

(160) Sales, B. C.; Boatner, L. A.; Ramey, J. O. J. Non-Cryst. Solids 2000,
263—264, 155.

(161) Griffith, E. J. Chem. Technol. 1992, 22, 220.

(162) Bunker, B. C.; Arnold, G. W.; Wilder, J. A. J. Non-Cryst. Solids
1984, 64, 291.

(163) Francis, M. D. Calcif. Tissue Res. 1969, 3, 151.

(164) Fleisch, H.; Neuman, W. F. Am. J. Physiol. 1961, 200, 1296.

(165) Fleisch, H.; Bisaz, S. Nature 1962, 195, 911.

(166) Fleisch, H.; Schibler, D.; Maerki, J.; Frossard, 1. Nature 1965, 207,
1300.

(167) Irving, J. T.; Schibler, D.; Fleisch, H. Proc. Soc. Exp. Biol. Med.
1966, 123, 332.

(168) Fleisch, H.; Straumann, F.; Schenk, R.; Bisaz, S.; Allgower, M. Am. J.
Physiol. 1966, 211, 821.

(169) Schibler, D.; Fleisch, H. Specialia 1966, 22, 367.

(170) Schibler, D. Clin. Sci. 1968, 35, 363.

(171) Murshed, M.; Harmey, D.; Milldn, J. L.; McKee, M. D.; Karsenty,
G. Genes Dev. 2005, 19, 1093.

(172) Lieberman, L. Ber. Dtsch. Chem. Ges. 1888, 21, 598.

Omelon and Grynpas

(173) Ebel, J. P.; Muller, S. Exp. Cell Res. 1958, 15, 21.

(174) Wiame, J. M.; Lefebre, P. H. C. R. Soc. Biol. 1946, 140, 355.

(175) Kulaev, I. S.; Vagabov, V. M.; Kulakovskaya, T. V.; Lichko, L. P.;
Andreeva, N. A.; Trilisenko, L. V. Biochemistry (Moscow) 2000,
65, 271.

(176) Drews, G. In Acides Ribonucléiques et Polyphosphates. Structure,
Synthese et Fonctions. Strasbourg, 1961; CNRS: Paris, 1962.

(177) Langen, P.; Liss, E.; Lohmann, K. In Acides ribonucléiques et
polyphosphates. Structure, Synthese et Fonctions. Strasbourg, 1961,
CNRS: Paris, 1962.

(178) Kornberg, A.; Kornberg, S. R.; Simms, E. S. Biochim. Biophys. Acta
1956, 20, 215.

(179) Kulaev, L. S.; Bobyk, N. N.; Nikolaev, N. N.; Sergeev, N. S.; Uryson,
S. O. Biochemistry (Moscow) 1971, 36, 791.

(180) Harold, F. M. Bacteriol. Rev. 1966, 30, 772.

(181) Brown, M. R. W.; Kornberg, A. Proc. Natl. Acad. Sci. U.S.A. 2004,
101, 16085.

(182) Yamagata, Y.; Watanabe, H.; Saitoh, M.; Namba, T. Nature 1991,
352, 516.

(183) Keefe, A. D.; Miller, S. L. J. Mol. Evol. 1995, 41, 693.

(184) Kulaev, 1. S. J. Biol. Phys. 1994, 20, 255.

(185) Wurst, H.; Kornberg, A. J. Biol. Chem. 1994, 269, 10996.

(186) Kornberg, A.; Rao, N. Annu. Rev. Biochem. 2009, 78.

(187) Kulaev, I.; Kulakovskaya, T. Annu. Rev. Microbiol. 2000, 54, 709.

(188) Kulaev, I. S.; Vagabov, V. M.; Kulakovskaya, T. V.; reeva, N. A.;
Lichko, L. P.; Trilisenko, L. V. Mol. Biol. (Mosk.) 2005, 39, 482.

(189) Docampo, R.; de Souza, W.; Miranda, K.; Rohloff, P.; Moreno,
S. N. I. Nat. Rev. Microbiol. 2005, 3, 251.

(190) Nesmeyanova, M. A. Biochemistry (Moscow) 2000, 65, 309.

(191) Kulaev, I.; Vagabov, V.; Kulakovskaya, T. J. Biosci. Bioeng. 1999,
88, 111.

(192) Schroder, H. C., Miiller, W. E. G., Eds. Inorganic Polyphosphates.
Biochemistry, Biology, Biotechnology; Springer: New York, 1999.

(193) Wood, H. G.; Clark, J. E. Annu. Rev. Biochem. 1988, 57, 235.

(194) Lehninger, A. L. Lehninger Principles of Biochemistry; 4th ed.; W.H.
Freeman and Co.: New York, 2000.

(195) Kornberg, A. Adv. Enzymol. Relat. Subj. Biochem. 1957, 18, 191.

(196) Kornberg, A. Biochim. Biophys. Acta 1957, 26, 294.

(197) Shabalin, Y. A.; Vagabov, V. M.; Kulaev, 1. S. Dokl. Akad. Nauk
1979, 249, 243.

(198) Shabalin, Y. A.; Kulaev, I. S. Biochemistry (Moscow) 1989, 54, 68.

(199) Kitasato, T. Biochem. Z. 1928, 197, 257.

(200) Kulakovskaya, T. V.; Andreeva, N. A.; Kulaev, 1. S. Biochemistry
(Moscow) 1997, 62, 1051.

(201) Baykov, A. A.; Cooperman, B. S.; Goldman, A.; Lahti, R. In
Inorganic Polyphosphates Biochemistry, Biology, Biotechnology;
Schroder, H. C., Miiller, W. E. G., Eds.; Springer: New York, 1999.

(202) Malmgren, H. Acta Chem. Scand. 1952, 6, 16.

(203) Mattenheimer, H. Z. Physiol. Chem. 1956, 303, 107.

(204) Dirheimer, G.; Ebel, J. P. C. R. Acad. Sci. Paris 1965, 260, 3787.

(205) Widra, A. J. Bacteriol. 1959, 78, 664.

(206) Mudd, S.; Yoshida, A.; Koike, M. J. Bacteriol. 1958, 75, 224.

(207) Kulaev, 1. S.; Vagabov, V. M. Adv. Microb. Physiol. 1983, 24, 83.

(208) Kornberg, A. J. Bacteriol. 1995, 177, 491.

(209) Urech, K.; Diirr, M.; Boller, T. H.; Weimken, A.; Schwencke, J.
Arch. Microbiol. 1978, 116, 275.

(210) Redfield, A. C. Am. Sci. 1958, 46, 205.

(211) Holland, H. D. The Chemistry of the Atmosphere and Oceans; Wiley-
Interscience: New York, 1978.

(212) Broecker, W. S. Geochim. Cosmochim. Acta 1982, 46, 1689.

(213) Codispoti, L. A.; Berger, W. H.; Smetacek, V. S.; Wefer, G.
Productivity of the Ocean: Present and Past; Wiley-Interscience: New
York, 1989.

(214) Benitez-Nelson, C. R. Earth Sci. Rev. 2000, 51, 109.

(215) Konhauser, K. O.; Fyfe, W. S.; Schultze-Lam, S.; Ferris, F. G.;
Beveridge, T. J. Can. J. Earth Sci. 1994, 31, 1320.

(216) Fenchel, T.; Blackburn, T. H. Bacteria and Mineral Cycling;
Academic Press: London, 1979.

(217) Seviour, R. J.; Mino, T.; Onuki, M. FEMS Microbiol. Rev. 2003,
27, 99.

(218) van Veen, H. W.; Abee, T.; Kortsee, G. J. J.; Konings, W. N.;
Zehnder, A. J. J. Bacteriol. 1993, 175, 200.

(219) van Veen, H. W.; Abee, T.; Kortsee, G. J. J.; Pereira, H.; Konings,
W. N.; Zehnder, A. J. B. J. Biol. Chem. 1994, 269, 29509.

(220) Pestov, N. A.; Kulakovskaya, T.; Kulaev, I. FEMS Yeast Res. 2004,
4, 643.

(221) Kawaharasaki, M.; Tanaka, H.; Kanagawa, T.; Nakamura, K. Water
Res. 1999, 33, 257.

(222) Bonting, C. F. C.; Kortsee, G. J. J.; Boekestein, A.; Zehnder, A. J. B.
Arch. Microbiol. 1993, 159, 428.

(223) Liu, W. T.; Nielsen, A. T.; Wu, J. H.; Tsai, C. S.; Matsuo, Y.; Molin,
S. Environ. Microbiol. 2001, 3, 110.



Polyphosphates and Apatite

(224) Peverly, J. H.; Adamec, J.; Parthasarathy, M. V. Plant Physiol. 1978,
62, 120.

(225) Sicko-Goad, L.; Lazinsky, D. Arch. Environ. Contam. Toxicol. 1986,
15, 617.

(226) Martin, F.; Rubini, P.; C6té, R.; Kottke, 1. Planta 1994, 194, 241.

(227) Aiking, H.; Stijnman, A.; van Garderen, C.; van Heerikhuizen, H.;
van’t Riet, J. Appl. Environ. Microbiol. 1984, 47, 374.

(228) Keasling, J. D.; Hupf, G. A. Appl. Environ. Microbiol. 1996, 62,
743.

(229) Nishikawa, K.; Yamakoshi, Y.; Uemura, I.; Tominaga, N. FEMS
Microbiol. Ecol. 2003, 44, 253.

(230) Hashemi, F.; Leppard, G. G.; Kushner, D. J. Microb. Ecol. 1994,
27, 159.

(231) Archibald, F. S.; Duong, M.-H. J. Bacteriol. 1984, 158, 1.

(232) Baxter, M.; Jensen, T. Protoplasma 1980, 104, 81.

(233) Dunn, T.; Gable, K.; Beeler, T. J. Biol. Chem. 1994, 269, 7273.

(234) Merroun, M.; Hennig, C.; Rossberg, A.; Geipel, G.; Reich, T.;
Selenska-Pobell, S. Biochem. Soc. Trans. 2002, 30, 669.

(235) Suzuki, Y.; Banfield, J. F. Geomicrobiol. J. 2004, 21, 113.

(236) Keasling, J. D. Ann. N.Y. Acad. Sci. 1997, 829, 242.

(237) Renninger, N.; McMahon, K. D.; Knopp, R.; Nitsche, H.; Clark, D. S.;
Keasling, J. D. Biodegradation 2001, 12, 401.

(238) Docampo, R.; Moreno, S. N. J. Mol. Biochem. Parasitol. 2001, 114,
151.

(239) Ruiz, F. A.; Marchensini, N.; Seufferheld, M.; Govindjee; Docampo,
R. J. Biol. Chem. 2001, 276, 46196.

(240) Smith, S. A.; Mutch, N. J.; Baskar, D.; Rohloff, P.; Docampo, R.;
Morrisey, J. H. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 903.

(241) Smith, S. A.; Morrissey, J. H. Blood 2008, 112, 2810.

(242) Siderius, M.; Musgrave, A.; van den Ende, H.; Koerten, H.; Cambier,
P.; van der Meer, P. J. Phycol. 1996, 32, 402.

(243) Clark, J. E.; Beegen, H.; Wood, H. G. J. Bacteriol. 1986, 168, 1212.

(244) van Veen, H. W. Antonie van Leeuwenhoek 1997, 72, 299.

(245) Davelaar, D. Hydrobiologia 1993, 253, 179.

(246) Sannigrahi, P.; Ingall, E. Geochem. Trans. 2005, 6, 52.

(247) Krajewski, K. P.; Van Cappellen, P.; Trichet, J.; Kuhn, O.; Lucas,
J.; Martin-Algarra, A.; Prévot, L.; Tewari, V. C.; Gaspar, L.; Knight,
R. I.; Lamboy, M. Eclogae Geol. Helv. 1994, 87, 701.

(248) Brandes, J. A.; Ingall, E.; Paterson, D. Mar. Chem. 2006, 103, 250.

(249) Rao, N. N.; Kornberg, A. J. Bacteriol. 1996, 178, 1394.

(250) Ennever, J.; Creamer, H. Calcif. Tissue Res. 1967, 1, 87.

(251) Takazoe, L.; Itoyama, T. J. Dent. Res. 1980, 59, 1090.

(252) Boyan-Salyers, B. D.; Vogel, J. J.; Ennever, J. J. Dent. Res. 1978,
57, 291.

(253) Boyan, B. D.; Landis, W. J.; Knight, J.; Dereszewski, G.; Zeagler,
J. Scanning Electron Microsc. 1984, (Part 4), 1793.

(254) Ennever, J.; Summers, F. E. J. Bacteriol. 1975, 122, 1391.

(255) Widra, A. Mycopathologia 1964, 23, 197.

(256) Carafoli, E.; Patriarca, P.; Rossi, C. S. J. Cell. Physiol. 1969, 74,
17.

(257) Lehninger, A. L.; Rossi, C. S.; Greenawalt, J. W. Biochem. Biophys.
Res. Commun. 1963, 10, 444.

(258) Greenawalt, J. W.; Rossi, C. S.; Lehninger, A. L. J. Cell. Biol. 1964,
23, 21.

(259) Lynn, W. S.; Brown, R. H. Biochem. Biophys. Res. Commun. 1963,
11, 367.

(260) Lichko, L. P.; Kulakovskaya, T. V.; Kulaev, 1. S. Biochemistry
(Moscow) 2006, 71, 1171.

Chemical Reviews, 2008, Vol. 108, No. 11 4715

(261) Abramov, A. Y.; Fraley, C.; Diao, C. T.; Winfein, R.; Colicos, M. A.;
Duchen, M. R.; French, R. J.; Pavlov, E. Proc. Natl. Acad. Sci. U.S.A.
2007, 104, 18091.

(262) Gonzales, F.; Karnovsky, M. J. J. Cell. Biol. 1961, 9, 299.

(263) Thomas, R. S.; Greenawalt, J. W. J. Cell Biol. 1968, 39, 55.

(264) Reynolds, E. S. J. Cell Biol. 1965, 25, 55.

(265) Halstead, L. B. Calcif. Tissue Res. 1969, 3, 103.

(266) Shapiro, I. M.; Greenspan, J. S. Calcif. Tissue Res. 1969, 3, 100.

(267) Martin, J. H.; Matthews, J. L. Calcif. Tissue Res. 1969, 3, 184.

(268) Brighton, C. T. Bone Formation and Repair, 1st ed.; American
Academy of Orthopaedic Surgeons: Rosemount, IL, 1994.

(269) Kim, K. M.; Valigorsky, J. M.; Mergner, W. J.; Jones, R. T.;
Pendergrass, R. F.; Trump, B. F. Hum. Pathol. 1976, 7, 47.

(270) Shapiro, 1. M.; Boyde, A. Metab. Bone. Dis. Relat. 1984, 5, 317.

(271) Anderson, R. Lab. Invest. 1989, 60, 320.

(272) Heersche, J. N. M.; Tenenbaum, H. C.; Tam, C. S.; Bellows, C. G.;
Aubin, J. E. Bone Regulatory Factors: Morphology, Biochemistry,
Physiology, and Pharmacology; Plenum Press: New York, 1990.

(273) Mundy, G. R. Bone Remodeling and Its Disorders; Martin Dunitz
Ltd.: London, 1995.

(274) Hirschman, A. Histochemie 1967, 10, 369.

(275) Hirschman, A.; McCabe, D. M. Calcif. Tissue Int. 1969, 4, 260.

(276) Sheehan, J. F. J. Morphol. 1948, 82, 151.

(277) Frost, H. M. Calcif. Tissue Res. 1969, 3, 211.

(278) Eriksen, E. F.; Axelrod, D. W.; Melson, F. Bone Histomorphometry;
Raven Press: New York, 1994.

(279) Cameron, D. A.; Paschall, H. A.; Robinson, R. A. J. Cell. Biol. 1967,
33, 1.

(280) Kashiwa, H. K.; Komorous, J. Anat. Rec. 1970, 170, 119.

(281) McConnell, D.; Frajola, W. J.; Deamer, D. W. Science 1961, 133,
281.

(282) Aubin, J. E.; Liu, F. In Principles of Bone Biology; Bilezikian, J. P.,
Raisz, L. G., Rodan, G. A., Eds.; Academic Press: Toronto, 1996.

(283) Schroder, H. C.; Kurz, L.; Miiller, W. E. G.; Lorenz, B. Biochemistry
(Moscow) 2000, 65, 296.

(284) Baron, R. Anat. Rec. 1989, 224, 317.

(285) Ch’uan, C. H. Anat. Rec. 1931, 49, 397.

(286) Lehninger, A. L. Biochem. J. 1970, 119, 129.

(287) Rosenthal, A. K. Curr. Opin. Rheumatol. 2007, 19, 158.

(288) Yavorskyy, A.; Hernandez-Santana, A.; McCarthy, G.; McMahon,
G. Analyst 2008, 133, 302.

(289) Haakenson, C. Polyphosphate Affects Breast Cancer Cell Survival,
U.S. Army Medical Research and Materiel Command, 2006.

(290) Ahmed, A. J. Pathol. 1975, 117, 247.

(291) Evans, A. J. Breast Calcification: A Diagnostic Manual,; Greenwish
Medical Media: San Francisco, CA, 2002.

(292) Frappart, L.; Boudeulle, M.; Boumendil, J.; Lin, H. C.; Martinon, L.;
Palayer, C.; Mallet-Guy, Y.; Raudrant, D.; Bremond, A.; Rochet,
M. D.; Feroldi, M. D. Hum. Pathol. 1984, 15, 880.

(293) Russell, R. G. G.; Miihlbauer, R. C.; Bisaz, S.; Williams, D. A.;
Fleisch, H. Calcif. Tissue Res. 1970, 6, 183.

(294) Senaratne, S. G.; Pirianov, G.; Mansi, J. L.; Arnett, T. R.; Colston,
K. W. Br. J. Cancer 2000, 82, 1459.

(295) Sasaki, A.; Boyce, B. F.; Story, B.; Wright, K. R.; Chapman, M.;
Boyce, R.; Mundy, G. R.; Yoneda, T. Cancer Res. 1995, 55, 3551.

CR0782527



