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IN PRAISE OF PHOSPHATES, or why  vertebrates chose apatite to mineralize their skeletal elements.
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ABSTRACT

The geochemical abundance of phosphorus belies its importance as phosphate to life forms. As  we explore the roles of microorganisms and humans in bio-geo-chemical cycles we will enhance our understandings of  the phosphate control and the continuum that to a mineralogist begins and ends in apatite. Although well crystallized apatite is utilized in geochemical studies the apatitic mineral in bones and teeth is a reservoir of information on diet, climate, and the human environment. A unique group of samples that integrate bio-geo-chemical information, I believe that detailed chemical investigations of teeth and bone will eventually be applied to assess human health. Geochemists investigate apatitic materials in marine phosphate deposition and construct the global phosphate cycle. Similar studies can become important to medical diagnosis and treatment.  As we question the mechanisms of disease induction and hazards both natural and anthropologically created or induced on a global scale the record is being preserved in the apatite of  mineralized tissues.

INTRODUCTION

There is a novel application of geochemistry, truly a frontier, which does honor to the works and teachings of Prof. Krauskopf.  It is the study of human and animal vertebrate remains which enables us  to evaluate climate and the ecology of both terrestrial and oceanic environments.  The chemical signatures of vertebrate species in distinct depositional sites can be dated and can provide useful data, not only  to anthropologists, but to paleontologists, to sedimentologists and to others interested in reconstructing the history of our planet and predicting the future. Zoology is being integrated with geology.

BIOCHEMICAL BACKGROUND

In an article entitled  “Why Nature Chose Phosphates” Westheimer (1987) stated that  “Phosphate esters and anhydrides dominate the living world”. He, like many investigators of  bio-organic chemistry and medicine, overlooked the phosphate mineral that characterize vertebrates: the calcium phosphates of bones and teeth. Without these minerals, to put it quite pointedly, humans, and all other vertebrates, would be jelly fish! Not only did Westheimer not mention these critically important mineral materials for their unique contributions to vertebrate well-being, he barely alluded to the essential roles that phosphates have and continue to play in earth history. Investigations of phosphate minerals have enabled us to appreciate the dynamic aspects of ecosystems both present and past.  I wish to augment and integrate the Westheimer contribution from my bio-mineralogical view of the phosphate minerals, and to specifically pinpoint apatite, the mineral  phase that occurs in many living creatures and also in many types of rocks. 

PHOSPHATES and the CELL

Westheimer (1987) discussed why the phosphate ion (PO 4 3-), with its trivalent negative charge, is uniquely qualified to play multiple roles in living tissues. Firstly, organisms must conserve their metabolites and have done so since the earliest times by creating the cell. The living cell is an efficient and  successful physical construct that can maintain a dynamic chemical environment..Within the boundaries of a semi-permeable membrane composed of lipids, nutrients can be accumulated, sorted, and utilized without becoming diluted. The defined space is also an advantage if molecular species are in an ionized form in a medium close to pH 7 where proton exchange, through dissociation of water, can be easily effected. Phosphoric acid is uniquely qualified to assist in this regard. The several species created on dissociation of phosphoric acid remain ionized over the pH range 4-10, and,  in addition, the biomolecules,  phosphate mono- and di-esters, are strongly acidic and are preferentially maintained inside the cell (Table 1).

By attaching a phosphate group to all manner of molecules in biological systems, a few well-known examples are illustrated in Table 1, the advantages of charge and the transfer of energy can be effected. A phosphate group can be “used” and passed back to the source species or onto another molecule. The  phosphate performs its job and is conserved within the cell. 

The intracellular molecules with their bound phosphate groups (Table 1) do not readily dissolve in cell cytosol,  nor in serum, and the phosphate groups can attract other positively charged species such as H+, Mg 2+, or leave and be bound to other molecular species.

DNA and RNA contain purines and pyrimidines strung together through phosphate groups. A stable molecular configuration brought about through nucleoside pairing with phosphate groups on the outside of the biomolecule. Phosphate groups, with a remainder negative charge, can diminish the rate of nucleophyllic attack by OH, and effectively protect the molecule against hydrolysis. The combination of phosphate and nucleosides assures a relatively long lived species, all important for genetic material if a species is to sustain itself during reproduction.

 The bio-mechanisms involved in passing on the genes, such as the separation of the strands, maintain the phosphate bridges. Phosphate is also a cofactor in all these reactions at all levels. It participates in the production of amino acids, the building blocks of proteins, and in their transfer and folding of the required enzymes.  Phosphate is prominent in the Calvin cycle, a glycolytic pathway where solar energy plus CO 2 reactions create sugars, such as  ribulose (Table 1). These are the first steps in biomolecular construction by autotrophic photo synthetic organisms. Phosphate is also an essential cofactor in electron transport and oxidation reduction reactions as part of the molecule nicotinamide adenine dinucleotide phosphate, NADP. Adenosine triphosphate (ATP), a polyphosphate, is the energy molecule. It donates phosphate groups, becoming ADP, or AMP, to the molecules in  biochemical cascades or alternatively phosphate is stored for future use at sites where it is needed, such as in the muscles.  In metabolism for all living species the phosphate moiety is key to cellular biochemical reactions. Cells not only require phosphate, they accumulate it inside the cell.

 The  total amount of phosphate  in the aqueous phase of living cells ranges between 2 to 10 mM depending on the species. ATP is the form in highest amount in actively metabolizing cells. The rate of regeneration of ATP is much higher under aerobic conditions: 2 molecules of ATP are generated per molecule of glucose formed anaerobically while aerobic glycolysis generates 36; therefore the anaerobic cell requires 18 times as much glucose for a similar generation of energy as the aerobic cell 

So pervasive is the phosphate based energy system that understanding the coupled and cyclic relationships of ADP -ATP- AMP are the most important reactions in all life forms regardless of whether the conditions are aerobic or anaerobic

MICROORGANISMS AND PHOSPHATES

The most ancient forms of life, the Archaea and bacteria, utilized and conserved phosphate for their metabolic activities. Today, though we seek early life forms in the most ancient of rocks and infer their existence from the physical expressions such as fossil imprints that indicate the earliest cellular features, it is the appearance of the phosphate mineral species, apatite, an extremely insoluble calcium orthophosphate,  that is a tell-tale sign,  an  indicator,  of metabolic events. Hirschler et al (1990) demonstrated that phosphate released from microbes induces apatite formation in close proximity to metabolizing bacterial cells. Examination of apatite grains from 3,500 Myr old Banded Iron Formations at Isua, in  southwestern Greenland, and from the volcano-sedimentary sequences in Pilbara, Western Australia that are between 3,000 and 3500 Myr old, showed that the phosphate mineral contained carbonaceous material. In both locations the carbon within the apatite was isotopically light with δ13C between  -27  and -36.6 per mil suggesting a biological source (Mojzsis et al, 1996; Eiler et al, 1997). Schidlowski (1988) demonstrated that the kerogen fraction of buried organic materials preserves the kinetic isotope effect of the original molecules formed during biogenic activity and noted that phosphorus was probably the key nutrient in determining the size of the biomass. The δ13 C signature inside apatite in these ancient rocks, although probably diagenetically and thermally altered, is powerful evidence of biochemical activity. The accumulation of phosphate by living forms that produce carbonaceous molecules and that on death become localized as the calcium phosphate mineral apatite, is a pairing that probably goes back to the earliest history of life on earth.

The association of phosphate and carbonaceous materials is typical of modern marine environments. Living creatures depend on the availability of phosphorous to initiate and sustain primary productivity. By way of illustration consider the Redfield ratio 106C /16N/ 1P, which  accentuates the very tiny fraction of phosphorus required by these mostly single celled creatures; but it is the conservation and reuse of phosphate that sustains the biomass. 

Phosphate is preferentially extracted over carbon from dissolved organic matter in the photic zone of the ocean (Clark et al, 1999). Although it is appropriate and present practice to measure Porganic as distinct from Pinorganic in analyses of marine waters and sediments ( Monaghan and Ruttenberg, 1999) phosphorus  is barely separable into such classes, at least at any one instant. Any ‘available’ phosphate, or any released,  in such environments is promptly scavenged by living forms. If phosphate-containing molecular species are not sequestered biologically they enter a new environment and a portion may become part of the sediment, “mineral” phosphate. The  total amount of phosphate in suspension never gets above  0.1 uM/L in the open ocean. There is, however, an elevation of phosphate at western continental margins  at sites of algal blooms and where calcium phosphate phases are forming phosphorites (Schuffert et al. 1994). . 

The tight coupling of phosphate release and its uptake in biological systems requires control effected though enzyme systems such as alkaline dehydrogenase or  5'-nucleotidase. Ammerman and Azam (1985) demonstrated that the latter enzyme was found on the surface of  pico-sized phytoplankton, and probably was an integral part of the cell wall. The action of this enzyme is to release phosphate from 5'-nucleotides esters, presumably the nucleotides from deceased creatures. Using nuclear magnetic resonance techniques on samples collected in the open ocean at depths to 4000m in the Pacific, phosphate esters were determined as the dominant class of P-containing compounds in dissolved high molecular weight organic matter (Clarke et al, 1999). The very small amount of phosphate that becomes available is recycled at rapid rates. 

The compounds in which this key nutrient, phosphorus, occur may not confound the construction of mass balances or understandings of the global phosphorus cycle (Delaney,1998), but a lack of detailed understanding of the partition and transfer does beg the question of the mechanisms of formation of phosphate minerals. We know that some portion of phosphorus has been, and will continue to be, extracted from the biologic realm and precipitated in an inorganic form in oceanic sediments. A portion of the phosphate is associated with iron and manganese oxyhydroxides coating the tests of biological carbonates (Sherwood et al 1985), but the most obvious phosphate sequestered  is as the apatitic mineral, francolite, in phosphorites. However the actual sources and requisite amounts of phosphate needed to build up these remarkable deposits is not yet known (Schuffert et al, 1994). 

Codispoti (1989) estimated that there is seven times more fixed phosphate (as apatite) in the Phosphoria Formation, than is available in the present ocean. This statement infers a vastly different phosphate concentration in the ocean in times past, and, for the Phosphoria probably a very long time for accumulation. Or is it possible that such a deposit represents a site of mass extinction of micro-organisms whose released phosphate precipitated as apatite? The composition of these and other phosphorite deposits reinforce the singular association of phosphate and carbon just as up welling areas off the western coasts of the today’s continents mark sites of enormous metabolic activity and the potential for local sedimentary deposition of apatites. 

There is no known terrestrial accumulation of apatite that is of similar magnitude to the marine deposits. Fine-grained apatite on land is usually found highly dispersed but accompanying primitive life forms in soils. However, it is at least possible that some of the remarkable pegmatitic deposits with high concentrations of apatite, or other rare- earth phosphate minerals, might be the result of metamorphism of past marine apatitic accumulations carried down under the continents by plate tectonics and later injected into the lithosphere as molten material that slowly crystallized.

MINERAL PHOSPHATES IN HUMANS

Bones and Bone 

Humans carry around about 25 kg of calcium and phosphate combined in the form of the apatite in our skeletons. Over 200 different bones, each a separate organ with unique shape arranged for the attachment of muscles, distinguish the human species. The bones not only permit bipedal mobility and dexterity they also act as a storehouse of the phosphorus needed for vital cellular processes.

The long bones of the appendicular skeleton contain two types of bone tissue (Skinner,1987). On the external portions of the shaft there is dense cortical bone. This tissue gives strength to the organs. There is greater than 70 wt% of apatitic mineral matter in cortical tissue. Interior of the cortex is the marrow cavity and a spongy, or cancellous, bone tissue that contains less than 50 wt % apatitic matter.

Optical microscopical examination of bone tissue shows it to be a composite containing three different types of cells (Albright and Skinner, 1987). The mineral matter is extracellular, embedded in a fibrous protein matrix. The matrix, and the amount of mineral, is produced through the activities of osteoblasts, one of the cell types. Once formed the bone tissue is constantly kept viable by osteocytes, a second type of cell that become buried and surrounded by the mineralized proteinaceous mass. The third type of cell, osteoclasts, are giant multinucleate cells that chew up mineralized tissue to effect new areas for deposition and are essential for the repair of  bone tissue and for rebuilding fractured or broken bones. The three cell types and their surrounding extracellular tissue are part of a dynamic calcium phosphate mineralizing and demineralizing system.  Without the precisely organized matrix, and  mineral, maintained by the cells, neither the tissues, nor the organs, could perform the required biomechanical and biochemical tasks.

Approximately 10 millimolar (mM) Ca and 1 mM phosphate are found in blood and serum while intracellular fluids contain 2.6 mM Ca and 37.5 mM phosphate per liter (Driessens and Verbeek, 1990 Table 1.2 , p. 3). Ingested via food and drink, absorbed via the digestive system, calcium and phosphate are added to the circulation for cellular use but if there is a shortfall of either element bone tissue is the backup. The mammalian biological species conserves phosphate in two forms, one is concentrated within the cells common to all life forms on earth, the second is the skeleton with its mineral apatite to provide an immediate local source. 

Teeth
Teeth are the other mineralized structures in vertebrates, and normal human adults have 32 teeth in their jaws. Each of the 32 is an individual organ, with three separate mineralized tissues; enamel, dentine and cementum. These three tissues are all composed of extracellular protein matrix, apatitic mineral and specialized cells similar to bone tissue. The generation of the mouthful of teeth takes place on a regular schedule in early life, starting in utero.  However, unlike bone post emplacement of a tooth into the oral cavity there is no dynamic replacement of the enamel tissues.  In fact enamel is formed before a tooth erupts and the tissue loses the cells which created it, which is the reason it is not possible to have natural repair of a diseased or carious tooth. Enamel is the most highly mineralized tissue in the body. It contains over 99 apatite by weight.

ANALYSIS OF APATITIC MATERIALS AND APPLICATIONS TO GEOLOGIC QUESTIONS

It is now possible through micro-analytical techniques and laser ablation to analyze the composition of the thin coating of enamel on teeth. Through measurement of the δ18O of the apatite it has been demonstrated that in farm animals fed tap water there are no seasonal differences in oxygen isotopic compositions while animals that imbibe waters from a variety of localities, or are on different solid diets, have different intra-tooth ratios. A heavily mineralized sample of tooth enamel of known provenance under suitable circumstances, can be used  to estimate seasonal variations and climatic variability (Fricke et al.,1998) With such techniques plus a judicious choice of samples, information on climatic change over time can be investigated. Teeth from terrestrial and marine animals  have become the focus of many paleo-biological investigations. Schoeninger (1995) has outlined some of the studies on mineralized tissues that paleo-anthropologists have undertaken to investigate the ecosystems of early mammals and hominids.  Further, through studies of the elemental composition of mineralized tissues, the dietary intake can be related to the ecology. This is an example of a crossover between disciplines and data from disparate sources that will surely influence future understandings of the diverse habitats of our global environment.  Apatitic biological structures not only provide phosphate for analysis of the stable isotopes of oxygen, but may provide the proteins, and possibly the carbonate components in , for example,  tooth enamel samples, that can be examined to ascertain whether land based mammals have ingested C 3 or C 4 - based plants (Cerling, 1999).

There is one more attribute of apatitic materials I wish to mention which further illustrates the value of the mineral as a recorder of the environment. 

At the time of the atomic bomb testing in western US there was a well publicized potential hazard that put fear into the hearts and minds of the public. It was that airborne 90Sr would be taken up in the bones of young children. To test for any adverse medical effects the Federal Government mounted a program to analyze deciduous teeth for this radioactive isotope..Teeth from thousands of children especially in the mid-continent states were shown to contain only minuscule amounts of Sr. Fortunately there is a discrimination of Ca over Sr in mineralized tissues and although the half life of the radioactive isotope is 29 years there would not be a medical problem for those individuals exposed to 90Sr as a result of the fallout finding its way into agricultural products and consumed (Reiss, 1961).

Crystal Chemistry of Apatite
The appearance of Sr into human bio-apatites bespeaks another attribute of this mineral species: the sequestration of other ions into a the crystal structure. Figure 1 shows a photo of an apatite crystal (synthetic) that shows the well-known hexagonal prismatic morphology elongated along the c-axis. The mineral is known through analyses of many natural apatites to have an affinity for other elements, both cations and anions, and it matters not whether the phase is primary, in metamorphic or igneous rocks, or produced biologically (Gaines et al., 1997).

Also included in Figure 1 is a drawing of the ideal crystal structure of apatite oriented to conform with the crystal photo. Phosphate tetrahedra are obvious as groups and dominate the structure. The ‘starred’ atom marks the site for the fluorine (F) atom that is located in a column parallel to c-axis where it is coordinated to three calcium atoms that define the size of the channel.

Figure 2  presents another view of the idealized structure, looking down the c-axis, where the hexagonal character of the crystalline form is most obvious. To be accurate however, this direction is actually a six-fold screw axis,  that is the space group is P63,  which can be detected in the disposition of three Ca atoms around the fluorine site. They are in trigonal array around the site and three more are displaced along the c-direction and rotated 120 degrees to achieve the “hexagonality” when viewed in this projection. 

There is an additional Ca site  in the middle of the unit cell whose coordination and bonding favor the replacement by other elements. The two structural Ca sites make it possible for a reasonable percentage of atoms of different elements such as Sr, rare earth elements, U, Th and Pb, to substitute for Ca in apatites, a fact that geochemists have capitalized on in order to use apatites in the dating of metamorphic and igneous rocks. Even fission tracks from the decay of  U and Th incorporated  in the better crystalized high temperature apatites have been measured and used. to define times of deposition and tectonic uplift (Kohn and Bishop 1999 ).

 Of course apatite is not the only phosphate mineral species that partitions elements useful for estimating the time of geologic events. At the Geological Society of America meeting in 1999 there were several papers that discussed the use of the rare earth phosphate mineral, monazite, for geochronometry (Dahl et al, 1999; Bobbyshell et al, 1999). 

I mentioned previously the presence of F in apatite and the site occupied by this element in the structure. The majority of apatites formed in natural aqueous solutions are hydroxylapatites, that is OH replaces the F in the structure (Figure 1,2). The replacement of OH for F  in the marine and terrestrial settings is an expression of the long term stability of the phase and the lability of the crystallographic site. Hydroxylapatite has another characteristic and is not strictly hexagonal as is fluorapatite. The OH inserts a directional dipole along the c-axis with the hydrogen out of the plane of the Ca triangle. Where OH is present the next position along the column must conform or become vacant to accommodate the close approach of two protons which probably locally destabilizes the structure. This destabilization is one reason for the reluctance of low temperature hydroxylapatite to form large crystals or the fact that over time F substitutes for OH leading to the more chemically stable fluorapatite.

Another interesting chemical association is the presence of CO 3 2- in most biological apatites. Apatites precipitated in biological environment at the normal temperatures of  37o and below,  invariably contain some CO 32-.  The carbon is labeled  inorganic rather than organic carbon,  although the source of the carbon was in all probability CO 2  released during metabolism.  The site for the trigonal and planar CO 32- groups in the apatite mineral has been suggested as substituting for tetrahedral PO 43- , or associated with the Ca at the (F,OH) site (Skinner, 1989). If the substitution takes place at the PO 43- site, as suggested by infra red analyses (Labarthe et al., 1973), the Ca/P ratio of an ideal single phase solid should show an increase above the Ca/P mole ratio 1.667. However, most low temperature biologically precipitated  precipitated apatitic materials show a low Ca/P ratio (1.5) even though  up to 6 %  carbonate is present by weight.  Carbonate apatites are so poorly crystalline as to be called “amorphous”. The typical mineral name being ‘collophane’.

Many investigators have suggested that carbonate apatites are not single phases Experimental investigations have not yet permitted a definitive answer to the carbonate apatite question. In my investigation of the system CaO - P2 O 5 -H 2 O (Figure 3) carried out at elevated temperatures and pressures in order to produce larger crystal sizes and reactions in reasonable times, I  found  that the phase field for hydroxyapatite plus solution had a very  restricted composition range (Skinner, 1973). Further,  the adjacent phase fields were marked by second

solid phases in addition to hydroxylapatite. These two-solid plus fluid phase fields were characterized by very different pHs.  Only at pH 7 was there a single solid phase hydroxyapatite and solution. 

Since apatites produced in biological environments where CO2 is a major metabolic product and where HCO 3 -  is likely to be present in the solution with the phosphate and coprecipitate if not aid in the nucleation of a mineral species  I keep an open mind as to what exactly is the mineral material in biological environments called bioapatite. 

SUMMARY

Phosphorus is intimately associated with biological processes and has been since the earliest history we record on earth. The chemical association of phosphorus and life  is essential to the metabolic function of living creatures from microbes to man and irrespective of the geologic age or the oxygen content of the atmosphere or environment on our planet. Apatite, the most common mineral phosphate, is the preferred mineral species in the biologic realm. This association is not fortuitous. Apatite has a very low solubility, and is chemically a stable, locally accumulated, solid phase.  To provide and maintain the appropriate concentrations of oxidized phosphorus,  phosphate, for life forms, specialized enzymes and special cells have developed. The  biochemical reactions of the cells and the mechanisms involving the phosphate containing molecules match well with the physico-chemical character of the mineral apatite.  The exceedingly fine grained high surface area of  low temperature apatite precipitates are a local, and  relatively easily exchangeable, source (or sink) of phosphate. Many different cations and anions can be accommodate in the apatite crystal structure and are potentially useful; they can be used to record the age and environment during formation of the mineral. The geochemical applications for examining apatite and specifically apatitic biological materials are only just beginning to be explored.

The parallelisms between phosphate availability and transfer in the biological arena with the roles played by apatite are striking. The mineral is both the source and sink of  phosphate and other essential elements for all living creatures. As well it is an architectural necessity  for mobility in the vertebrates. These several functions secure and extend the conservation of phosphate for biology. It seems obvious why  nature chose this particular calcium phosphate species for its higher biologic forms. 

The Advantages of Phosphate for Vertebrates.

 1. Phosphorus is the rate limiting element in most biological growth and metabolizing systems.

 2. Cells accumulate phosphorus intra cellularly . They have enzyme systems and transport proteins to release and make it available as phosphate to the host of molecules and reactions required by all living creatures.

3. Cells precipitate apatitic mineral extra-cellularly. This phosphate, as well as any organic phosphate can be readily exchanged and maintained in the environment. This is true in marine as well as terrestrial environments, in unicellular, multicellular creatures, and in the human body.

4. Vertebrates have internal skeletons which concentrate phosphate as apatite mineral, a  locally available source of the necessary phosphate. In bone and teeth the apatite is fine grained and relatively easily solubilized. 

5. The crystal chemistry of apatite,  with its ability to incorporate a diversity of cations and anions including rare-earth elements, means tissues containing apatite can act as a storehouse for many elements required in metabolism. In the case of bone tissue, release of these elements may provide an advantage when ingestion of essential trace species is in short supply. 
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TABLE 1  Dissociation Constants and  pK at 25 C. of phosphoric acids, and common 

biologic phosphate species

	
Phosphoric acids
	
K’
	pK’

	
H3PO4
	
7.25 x 10-3
	
2.14

	
H2PO4
	
6.31 x 10-8
	
7.20


	
HPO4-2
	3.98 x 10-13
	12.4


Phosphate species



Acid derivative
DNA
Deoxyribonucleic acid

Diester of Phosphoric acid

RNA Ribonucleic acid


Diester of Phosphoric acid

ATP
Adenosine triphosphate

Anhydride of Phosphoric acid

 Ribulose 1,5-diphosphate 


Ester of Phosphoric acid



Nicotinamide adenine dinucleotide 
Ester and anhydride of Phosphoric acid

phosphate

[after Westheimer, H.(1987)  and Lehninger, A.L. (1975)]
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FIGURE CAPTIONS

FIGURE 1.  A single crystal of hydroxyapatite (synthetic) approximately 1 mm in length shown along with the idealized crystal structure,  a-axis projection, of fluorapatite. The crystal and the structure diagram are oriented to show the relationship of the three dimensional atomic arrangement to the morphology. Note that the three Ca atoms around the F site ( indicated by *) are  rotated 120 0  relative to the three calcium atoms above and below. This c-axis  is a screw axis 63. See figure 2, the projection down the c-axis which illustrates  the hexagonal symmetry around the F site that typifies this mineral group.

FIGURE 2.  The idealized crystal structure of  the apatites, c-axis projection.

FIGURE 3.  The phase diagram for the system CaO-P2O5-H2O at 3000 C and 2 Kbar H2O pressure.

Phase field #5 is the only field where one solid phase, hydroxylapatite,  is the only solid in association with the fluid. Both phase fields  #4 and #6 contain two solid phases and fluid. The pH of the fluids in phase field #4 = 4, pH of #5 = 7, pH of # 6 = 12. (After Skinner, 1973)

