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COMMUNICATIONS TO

THE EDITOR

ON THE ROLE OF PHOSPHATASE IN THE
NUCLEATION OF CALCIUM PHOSPHATE BY
COLLAGEN!

Sir:

A clarification of the solubility behavior of the
aqueous calcium-phosphate system in general?
and of bone mineral in particularb23* has led
several laboratories to the view?%® that the minera-
lization process may involve a special property of
collagen (or some molecule or grouping closely
associated with the collagen) of “‘inducing’ crystal
nucleation, whereupon the body fluids contain
more than sufficient quantities of calcium and phos-
phate to carry crystal formation to completion.
At least, there are numerous reports®5678 of col-
lagen’s ability to cause crystals of calcium phos-
phate to form from stable or metastable solutions,
The process has been shown to be very specificd’
and morphologically resembles calcification
vivo.>® Finally, collagen has served successfully as
a nucleator in the physiological range of ion con-
centrations, %11

A disturbing aspect of the nucleation concept
has been the lack of a function to be provided by
the enzyme, alkaline phosphatase, Usually, when
an enzyme is found to occur in nature, the bio-
chemist, by habit and on teleological grounds, as-
sumes that the function of the enzyme is to pro-
vide the products of the reaction which it catalyzes.
This assumption was made by Robison!? when he
found the enzyme phosphatase to be closely as-
sociated with the process of biological calcifica-
tion. In fact, he elaborated a theory of the cal-
cification in which phosphate ions were purported
to be supplied at the exact locus of calcification by
the enzyme acting on some unidentified substrate-
(s), ester phosphate(s).'? However, there is pre-
cious little ester phosphate in the circulating body
fluids, about 10—* M1? and calcification, after all,
does occur extracellularly.

In 1950, an alternative suggestion was made, 7.e.,
the enzyme might function not to supply products
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but rather to destroy a substance harmful or in-
hibitory to crystallization.!* There are, in fact,
many detoxicating enzymes, d-aminodxidase for
example, which destroy harmful substances.

TABLE I

THE PRESENCE IN SERUM OF A NUCLEATION-INHIBITOR AND
Its DESTRUCTION BY ALKALINE PHOSPHATASE

Conditions were: » = 0.16; ¢ = 37°; pH 7.4; time of
equilibration, 3 days. To prevent bacterial contamination
neomycin was added to the ultrafiltrate containing flasks
at a level of 10 mg. 9. Ultrafiltration was carried out by
the Toribara technique.’® Serum when incubated with
phosphatase contained 1 mg. purified alkaline intestinal
phosphatase (Mann) per ml.

Precipitation point
Ca X Piin (mM).2

Std. error
Sample Expts. Mean of mean
I Control solutions 11 1.61 0.11
II Diluted ultrafiltrate of dog
serum 5 2.76 0.33
IITI Dilute ultrafiltrate (preincu-
bated with phosphatase) 3 1.83 0.21
Paired differences (IT — III) 5 0.93 0.21

To test whether such an inhibitory substance
may occur ¢m wwwo, ultrafiltrates were prepared
from dog, beef and human sera. Portions of these
ultrafiltrates were added in the volume ratio 1 ml.
of ultrafiltrate to 11.5 ml, of incubating fluid.
The ion product Ca X Pinorganic in (mM.)? required
to precipitate calcium phosphate in these solutions,
nucleated by an active collagen, was determined
by techniques published elsewhere (Fig. 1, ref.
2f), An elevation of the required product was
taken as evidence of interference or inhibition of
the nucleation process. Even at the 1:11.5 dilu-
tion, the ultrafiltrates of the sera of all three species
were markedly inhibitory, Especially interesting
was the observation that incubation of dog sera
with alkaline phosphatase removed nearly all of
the inhibitory action of the ultrafiltrates. These
latter data are given in Table I,

These results prompted a survey of a number of
phosphate esters to determine how much of an in-
hibitory substance is needed to interfere with the
nucleation process. These various substances were
ineffective at concentrations of 10™* M or less:
phosphoethanolamine, glycerophosphate, phos-
phoserine, phosphocholine, creatine phosphate,
disphosphopyridine nucleotide, triphosphopyridine
nucleotide, and adenosine monophosphate (hep-
arin and chondroitin sulfate were also ineffective).
These were inhibitory at 10=* M but relatively in-
effective at 10~® M. adenosine diphosphate, aden-
osine triphosphate and trimetaphosphate. Pyro-
phosphate was inhibitory at 107> A{ but not at
10—¢ M. Thiamine pyrophosphate and tripoly-
phosphate were inhibitory at 10~% A but not at
1077 M. Hexametaphosphate and two poly-
phosphates averaging 11 and 27 P’s in chain length
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were sufficiently inhibitory even at 1077 Af to raise
significantly the concentrations of calcium and
phosphate required to "seed’ collagen with crystals.

It may prove difficult, indeed, to identify the
substance or substances present in serum which are
inhibitory to the seeding of calcium phosphate
crystals by collagen. In any case, the ester phos-
phate fraction of serum, while too small to serve as
a normal substrate, in the conventional sense, is
sufficiently large to contain one or several highly
inhibitory polyphosphates, hydrolyzable by bone
phosphatase. Thus, the present experiments
provide an important new function for phosphatase
in biological calcification, but do not preclude other
functions yet to be established by further investi-
gations.

DEPARTMENT OF RADIATION BIOLOGY
UNIVERSITY OF ROCHESTER

SCHOOL OF MEDICINE AND DENTISTRY
IROCHESTER, NEw YORK

HERBERT FLEISCH

Wirtriam F. NEUMAN
RECEIVED JUNE 17, 1960

THE CYCLOOCTATETRAENYL DIANION
Sir:

We wish to report experimental substantiation
in a simple unsubstituted carbocyclic system of the
theoretical prediction of molecular orbital theory!
that a high degree of resonance stabilization is as-
sociated with a closed shell of (4n + 2) 7 electrons
forn = 2,

The demonstration that cyclodctatetraene is
non-planar? has suggested that the strain imposed
on the underlying molecular framework might pro-
hibit the preparations of such a system.??%*

Extensive evidence is available which suggests
that cyclobdctatetraene has a large affinity for elec-
trons and forms a stable dianion. The reaction of
cyclodetatetraene in ether or liquid ammonia solu-
tion with alkali metals to form di-alkali derivatives,
which on hydrolysis yield cyclo6ctatrienes and on
carbonation yield diacids’; the reaction of cyclo-
octatetraene with sodium triphenylmethyl to form
a mixture of hexaphenylethane and a di-alkali
derivative which yields cyclodctatrienes on hydroly-
sis and a bis-diol on treatment with benzophen-
one®; the electrolytic reduction of cyclodctatetraene
in aqueous ethanolic solution to 1,3,6-cyclodcta-
triene and the polarographic data which indicate
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the reaction to be a reversible (the Heyrovsky-
Ilkovi¢ equation is obeyed) two electron reduction®
—all these reactions, well-known for aromatic com-
pounds, but uncharacteristic of olefins, imply that
the cyclodctatetraenyl dianion possesses unusual
stability .1

In tetrahydrofuran solution cyclodctatetraene
undergoes a very ready reaction with two moles of
potassium metal, and on cooling large, almost
colorless, but pale yellow and probably solvated
crystals of dipotassium cycloéctatetraenide pre-
cipitate. These crystals are difficult to isolate, for
on drying and exposure to air they explode.
Solutions however, are stable.

The n.m.r. spectrum?? of dipotassium ard dilith-
ium cyclodctatetraenide—a single sharp peak of
expected intensity insignificantly displaced from
the resonance of cyclodctatetraene itself—is not
in accord with the covalent 1,4 structure which
usually appears i1 the literature,'® nor with rapid
exchange averaging among such covalent structures,
for in either case the spectrum should be shifted
to higher fields than characterize the spectrum of
cyclotetatetraeneitself. Increased proton shielding
would be expected on addition of electrons to the
molecule, and in this case must be compensated,
if the ring flattens, or aromatizes, by the displace-
ment to low fields characteristics of aromatic
molecules, due, at least in part, to the diamagnetic
ring current induced in the applied magnetic
field.!* It is this latter representation of a flat-
tened eight-membered ring carrying two negative
charges which alone appears in accord with the
spectrum.t?

That the n.m.r. spectrum of the solvent, tetra-
hydrofuran, is clearly resolved when less than two
moles of potassium is allowed to react with cyclo-
octatetraene proves that large concentrations
(> 107 M) of paramagnetic ions, which would
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(9) R. M. Elofson, Anal. Chen., 21, 917 (1940); J. H. Glover and
H, W. Hodgson, Analyst, 77, 473 (1952); L. E. Craig, R. M. Elofsun
and I. J. Ressa, THIS JOURNAL, 75, 480 (1933).

(10) The ready equilibria between metallic derivatives of cyclo-
octatrienes and cyclodctatetraenes!! are also reminiscent of hydro-
quinone-quinone systems. The facile base-catalyzed isomerization
of 1,3,6—cyc106ctatriene7b might also have a common origin with the
above reactions.

(11) A. C. Cope and M. R. Kinter, 7bid., T8, 3424( 1951);
Cope and H. O, van Orden, 7bid., T4, 175 (1952).

(12) Accompanying communication, T. J. Katz, ¢bid., 82, 3783
(1960).

(13) W. Reppe, O. Schlichting, K. Klager and T. Toepel, Ann., 560,
1 (1948); R. A. Raphael, ”Chemistry of Carbon Compounds,” 1. H.
Rodd, editor, Elsevier Publishing Company, New York, N. Y., 1933,
Vol. IIA, p. 261; E. E. Royals, "Advanced Organic Chemistry,”
Prentice-Hall, Inc., New York, N. Y., 1954, p. 545.

(14) J. A. Pople, W. G. Schneider and H. J. Bernstein, "’ High
Resolution Nuclear Magnetic Resonance,”” McGraw-Hill Book Com-
pany, Inc,, New York, N. Y., 1939, pp. 180-183, 247 ff.

(15) In this connection, the known spectra of the cyclopentadienyl
anion,16 the tropylium ion,!6 and allylmagnesium bromide!’ offer perti-
nent orientational references.

(16) J. R. Leto, F, A. Cotton and J. 8. Waugh, Nature, 180, 978
(1937).

(17) J. E. Nordlander and J. D. Roberts, THis JoURNAL, 81, 1769
(1939).

A, C.



