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ABSTRACT The radial distribution function calcu-
lated from x-ray diffraction of mineralized cytoplasmic
structures isolated from the hepatopancreas of the blue
crab (Callinectes sapidus) is very similar to that previously
found for synthetic amorphous calcium phosphate. Both
types of mineral apparently have only short-range atomic
order, represented as a neutral ion cluster of about 10 A in
longest dimension, whose probable composition is ex-
pressed by the formula Cas(PO4)6. The minor differences
observed are attributed to the presence in the biological
mineral of significant amounts of Mg2+ and ATP. Syn-
thetic amorphous calcium phosphate in contact with a
solution containing an amount of ATP equivalent to that
of the biological mineral failed to undergo conversion to
the thermodynamically more stable hydroxyapatite. The
amorphous calcium phosphate of the cytoplasmic min-
eral granules is similarly stable, and does not undergo con-
version to hydroxyapatite, presumably owing to the pres-
ence of ATP and Mg2 +, known inhibitors of the conversion
process. The physiological implications of mineral de-
posits consisting of stabilized calcium phosphate ion
clusters are discussed.

Earlier work has shown that substantial deposits of amor-
phous calcium phosphate are formed in the inner compart-
ment of mitochondria after the inward transport of Ca2+
and phosphate coupled to electron transport as the energy
source (1). From this and other lines of investigation, one of
us has proposed the hypothesis that in calcifying tissues such
intramitochondrial deposits of amorphous calcium phosphate
are released from the mitochondria and transported as small,
stable aggregates to other sites, where they serve as precur-
sors for the larger and more stable mineral deposits char-
acteristic of calcified tissues (2).

Studies on the preparation of hydroxyapatite [Cao(PO4)6-
(OH)2], the synthetic prototype of bone mineral, showed that
an amorphous calcium phosphate precursor appears under
conditions of high supersaturation (3). This precursor amor-
phous calcium phosphate, unless stabilized in some way,
transforms autocatalytically in solution to hydroxyapatite.
X-ray radial distribution analysis suggested that synthetic
amorphous calcium phosphate particles, which appear as 300-
1000 A spheres in the electron microscope, the exact size
depending on preparation conditions (4), consist of a random
assembly of ion clusters 9.5 A in diameter, dimensions con-
sistent with the chemical composition Ca9(PO4)6 (5, 6). The
15-20% of water found in synthetic amorphous calcium
phosphate was shown to be mostly in the interstices between,
and not within, the individual Ca9(PO4)6 clusters (5). Al-
though the exact mechanism of stabilization of amorphous

calcium phosphate is not understood, the presence of Mg2+
(7), carbonate (8), pyrophosphate (9), diphosphonates (10),
or polyphosphorylated metabolites or nucleotides (11), in
sufficient quantity will prevent the transformation of syn-
thetic amorphous calcium phosphate to hydroxyapatite.

Recent work has shown that during intermolt the hepato-
pancreas of the adult male blue crab Callinectes sapidus
contains numerous extramitochondrial mineral deposits,
which are predominantly calcium phosphate and are stable
enough to be isolated as a relatively pure subcellular fraction
(12). This paper presents the results of an x-ray radial dis-
tribution analysis of the atomic structure of these cytoplasmic
deposits and compares their structure with well-character-
ized synthetic calcium phosphates.

METHODS

Specimen Preparation. The cytoplasmic mineral granule
fraction of the hepatopancreas of the blue crab was collected
as described earlier (12). Differential centrifugation by this
method yielded a pellet of high mineral content in the first,
low-speed step. This dense material was enriched in mineral
by skimming off and discarding the less dense portions of the
pellet. Repeated suspension in cold buffered isotonic medium
and low-speed sedimentation of the chalky residue, followed
by lyophilization, yielded a white, gritty, grossly homogeneous
powder. Chemical analyses confirmed the relatively high
mineral content of this fraction, as reported earlier (12).

X-Ray Diffraction. The dry mineral granule fraction was
ground to pass a 325 mesh (128 openings per cm) sieve and a
smooth-surfaced disc was pressed in a 22 mm diameter die
for x-ray study. X-ray data were taken using molybdenum
radiation, a graphite monochromator, and a scintillation de-
tector with a pulse height analyzer set to eliminate X/2 radia-
tion. The x-ray pattern obtained consisted of a few broadened
maxima typical of non-crystalline substances, in agreement
with earlier diffraction studies of this material (ref. 13; E. D.
Eanes, J. D. Termine, and G. L. Becker, unpublished data).
A reduced radial distribution function (RDF) was calcu-
lated from the pattern by means of a method outlined in
earlier publications (5, 6). A similar analysis was performed on
synthetic hydroxyapatite and synthetic amorphous calcium
phosphate.

RESULTS AND DISCUSSION

The radial distribution method has long been used to obtain
information about the short range atomic arrangement in
poorly crystallized and amorphous materials. Essentially, a
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FIG. 1. Comparison of the reduced radial distribution functions, G(r), calculated from the x-ray diffraction patterns of well-crystal-

lized hydroxyapatite (HA), cytoplasmic mineral granules (cytoplasmic ACP), and synthetic amorphous calcium phosphate (ACP). The
ordinate values of the cytoplasmic ACP function are given in arbitrary units scaled to match the other two functions.

reduced RDF is a plot of atomic or electronic density versus
atomic separation. Positive RDF values correspond to atom
densities greater than the average, while negative RDF values
correspond to atom densities lower than average. Thus, a
peak in the RDF corresponds to one (or more) atom pairs
separated by the distance on the abscissa of the function.

Fig. 1 shows a comparison of the RDF's of hydroxyapatite,
the cytoplasmic mineral granule fraction, and synthetic
amorphous calcium phosphate. It is clear that the cyto-
plasmic granules from the blue crab and synthetic amorphous
calcium phosphate have similar atomic structures, and both
differ from hydroxyapatite. The cytoplasmic calcium phos-
phate granules have a structure built up of close-packed
ion clusters similar in size (about 9.5 A) to those in synthetic
amorphous calcium phosphate. The rapid drop-off of atomic
periodicity in both the cytoplasmic and synthetic amorphous
calcium phosphate samples is typical of amorphous cluster
structures. Short-range order exists in these amorphous struc-
tures but no long-range order such as that in crystalline
hydroxyapatite. There are some differences in resolution and
amplitude between the RDF's of the cytoplasmic mineral and
synthetic amorphous calcium phosphate structures. While a
detailed interpretation of the RDF of the cytoplasmic gran-
ules has not been completed, the smaller amplitudes of peaks
in the vicinity of 4, 6.3, and 9.5 A relative to those at 1.5 and
2.5 A suggest a non-spherical ion cluster. The cluster is 9.5 A
in largest dimension and it is quite likely of smaller mass than
the Ca9(PO4)6 cluster in synthetic amorphous calcium phos-
phate. It is possible that this structure difference results from
the presence of ATP, Mg2+, and other foreign ions in the
cytoplasmic mineral.

The synthetic amorphous calcium phosphate is essentially
pure Ca,9(PO4)6 with 15-20% interstitial water. The cyto-
plasmic amorphous calcium phosphate, on the other hand,
contains in addition to interstitial water, substantial amounts
of Mg2+, ATP, and ADP (1), which probably cooperatively
stabilize the biological material in the amorphous form, since
purification procedures were used which would have rapidly
converted unstabilized amorphous calcium phosphate to
hydroxyapatite. We have, in fact, confirmed that synthetic
amorphous calcium phosphate in contact with a solution con-
taining 7-8% by weight of ATP relative to amorphous cal-
cium phosphate (the same ratio as found in the cytoplasmic
granules) is stabilized for 3-4 days at physiological pH,
whereas the conversion is complete within several hours in
the absence of ATP.
The data presented in this paper indicate that the cyto-

plasmic mineral deposits from the blue crab hepatopancreas
are very similar in short-range atomic structure to synthetic
amorphous calcium phosphate. This finding establishes the
validity of synthetic amorphous calcium phosphate as a
model for at least one type of biological mineral phase. In
addition, the cytoplasmic mineral deposits are shown to have
definite structural organization at a level of approximately
10 A. Thus, individual units of cytoplasmic mineral, if stable,
are of dimensions such that packaging by, and perhaps even
passage through, intracellular membranes is not improbable.
Furthermore, their apparent stabilization by ATP offers the
possibility that intracellular metabolic processes, particularly
phosphorylating respiration by mitochondria, may influence
the stability and ultimately the biological fate of calcium
phosphate deposits through change in the level of mineral-
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associated nucleotide. Although the site of origin of the cyto-
plasmic granules is not known, earlier work has established
that the formation of electron-dense deposits of calcium phos-
phate in liver mitochondria is accompanied by accumulation
of ATP, in about the same Ca: ATP ratio (14) as observed in
the cytoplasmic calcium phosphate granules from crab hepato-
pancreas.
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