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thyronine probably act as ‘competitive’ inhibitors?-®.
Studies with FMN are complicated by the fact that the
iodinated forms of tyrosine and thyronine are deiodinated
upon illumination in the presence of this sensitizer9-13,
If photochemical deiodination occurred rapidly in the
present experiments, some of the protective compounds
present could change significantly during the period of
illumination. This might account for the very similar
results obtained with the different protective agents when
FMN is used as the sensitizer.

The protective efficiencies of the different compounds
varied widely with eosin Y as sensitizer as shown in
Figure 2; for example, DIT was a good protector while
potassium jodide showed relatively little protective effect.
Eosin sensitizes the photochemical deiodination of T, 4,
although its efficiency in this respect as compared to FMN
is not known. The sensitivities of the other protective
compounds in our series to photochemical deiodination
with eosin have not been determined.

Finally, the results with methylene blue as sensitizer are
described in Figure 3. As may be seen, the protective
efficiencies of the different compounds vary enormously.
In contrast to FMN and eosin, methylene blue does not
sensitize the photochemical deiodination of T,%. The
methylene blue system is interesting because the degree
of inhibition demonstrated by these protective compounds
is similar, in general to their known biological metabolic
activity 18, This system, then, may merit further study as
a potentially simple photochemical system for the in vitro
assay of thyroid compounds and congeners in terms of
their likely pharmacological activity 6.

Zusammenfassung. Es wurde Tyrosin- und Thyronin-
wirkung auf die farbensensibilisierende Photoinaktivie-
rung des Trypsins untersucht. Sensibilisatoren waren
Methylenblau, Flavinmononukleotid und Eosin Y. Die
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Analoge von Tyrosin und Thyronin haben sehr dhnliche
konzentrationsabhingige Schirmwirkung bei Verwendung
von Flavinmononukleotid als Photosensibilisator. Die Ab-
schirmungseffekte der Sensibilisatoren werden besprochen.
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Formation of Hydroxyapatite Nuclei Induced by Dehydration of Calcifying Solutions

Of fundamental importance to our understanding of the
process of biological calcification is knowledge of the
mechanism(s) which induce the formation of nuclei of
crystallization of hydroxyapatite from calcifying media.
Nuclei formation is a phase transition and may be de-
scribed as the emergence from a metastable solution of the
first microaggregates (nuclei) of a new solid phase. Based
on theoretical studies of energy requirements!, nuclei
formation is a distinct process and should be considered
separately from the subsequent step of growth of these
nuclei into larger aggregates of crystals of hydroxyapatite.
Although our knowledge of the kinetics of nuclei formation
is meager, empirical data® would indicate that nucleation
of calcium phosphate salts is favored by an elevation of
the activity product of calcium and phosphate ions. In a
biological calcifying system in dynamic equilibrium, an
increase in the activity product of calcium and phosphate
ions could be simply accomplished by the addition of a
quantity of one or both ions. Alternatively, removal of
water from the system would result in a relative increase
in calcium and phosphorus ion product without necessitat-
ing an absolute increase. It is known that the first case is
true?, but the alternative, although appearing obvious is
not fully documented by direct experimentation. Thus in
the foregoing experiment, we examined this premise that
nuclei of crystallization of hydroxyapatite could be in-
duced to form in a nuclei-free metastable calcifying solu-

tion by the simple technique of partially removing water
from the system.

Materials and methods. The barbiturate-buffered calcify-
ing solution of FLEIscH and NEumMan* was used in this
experiment. In our test system, we utilized the simple
expedient of slow freezing to remove water from the
calcifying solutions. 100 ml of barbiturate-buffered calcify-
ing solutions {nuclei-free), pH 7.4 - 0.03, with Ca x P
products ranging from 25-60 were placed in 125 ml glass
bottles. The lower third of the bottles were immersed in an
ice-salt bath at — 10°C. After an interval of approximately
1/, h, ice crystal began to form in the bottom of the bottles
and rapidly spread toward the top. When the ice crystals
occupied approximately 50% of the total volume of
calcifying solution, the bottles were rapidly withdrawn
from the ice bath and the concentrated liquid supernatant
phase quickly decanted and saved. Controls were of 2
types: (a) untreated calcifying solutions and (b) calcifying
solutions which were partially frozen as above and then
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EXPERIENTIA 2410

Nucleation in calcifying solutions induced by removal of water by partial freezing

{A) Untreated control calcifying solutions

{B) Calcifying solutions after freezing and

(C) Supernatant phase of calcifying

thawing solution after partial removal of water
by freezing

Ca P CaxP Ca P CaxP Ca P Cax P
(mg%) (mg%) (mg%} {mg%) (mg%) (mg%)

5.0 5.0 25 5.0 5.0 25 6.3 6.3 40

6.0 5.0 30 6.0 5.0 30 7.5 6.3 47

7.0 5.0 35 7.0 5.0 35 8.4 6.7 63=

8.0 3.0 40 8.0 5.0 40 10.5 6.5 68s

9.0 5.0 45 9.0 5.0 45 12.0 6.7 80s
10.0 5.0 50 10.0 5.0 50 13.0 6.5 85s
11.0 5.0 558 11.0 5.0 55% 14.2 6.6 94s
12.0 5.0 60 12.0 5.0 609 15.5 6.5 101=

s Nuclei formation occurred at these concentrations as evidenced by precipitation after incubation the solutions at 37°C for 24 h (see text).

allowed to thaw. This latter control served to check the
possibility that ice crystals themselves might act as nuclei-
forming agents. Calcium?® and phosphorus® analyses were
performed on aliquots of the concentrated supernatant
phase and on the control solutions.

Since it is extremely difficult to chemically analyze
directly for the presence of nuclei in these solutions
(1 x 10? nuclei of hydroxyapatite of 25 X 50 X 100 A size
weigh less than 4 X 10~* ug), we employed an indirect
test? based on the observation that nuclei-free metastable
calcifying solutions do not produce a precipitate upon
incubation at 37 °C for 24 h. However, if nuclei are present
in the calcifying solutions, a precipitate of hydroxyapatite
representing crystal growth of the nuclei will appear in the
solution upon subsequent incubation.

Results and discussion. As seen in the Table, the control
calcifying solutions (A) do not spontaneously form nuclei
as long as the Ca X P product is less than 55. Ice crystals
per se in these solutions do not act asnuclei-forming agents,
since freezing, thawing and incubating these solutions at
37°C give the same results as the untreated controls
(section B in the Table). However, in those calcifying
solutions which were partially frozen (C), the liquid super-
natant phase shows a relative increase in calcium, phos-
phorus and Ca x P products at all levels of initial concen-
tration. In these ‘dehydrated’ calcifying solutions, nuclei
were detected in those instances where the Ca x P had
been elevated to 63 or higher,

Although the present experiment was performed using
a simplified chemical system, the results have value for
future investigations of biological calcifying systems.
Organic macromolecules such as collagen, elastin and
bovine submaxillary mucin, among other substances, have
been shown to possess nucleating properties37-11, The
nucleating ability of organic ‘catalysts’ has been variously
explained by such mechanisms as ‘cluster capture’ of
calcium phosphate, epitaxy, reduction of the minimum
Ca x P product required for initiating nucleation, and
conversely, concentration of calcium and/or phosphate
ions?. It may be that all these mechanisms are valid and
that different biological mineralizing systems may use any
or all of these mechanisms according to variations in the
nature of the organic matrix and/or the intracellular and
extracellular milieu. Based on this concept of multiple
mechanisms of calcification and the results of the present

experiment, we should like to offer the proposal that the
removal of water, if employed by a biological catalyst or
system could accomplish at least one of the postulated
mechanisms, i.e. the concentration of calcium and phos-
phate ions, thus inducing nucleation with subsequent
calcification. In considering the formation of a solid
hydroxyapatite, an important step might be the trans-
formation of hydrated ions in solution to dehydrated ions
in the solid. The role of nucleating catalysts and other
factors in this model system is under investigation®?

Zusammenfassung. Es wird gezeigt, dass bei Entfernung
eines Teiles der wasserldslichen Phase einer meta-stabilen,
verkalkenden Lésung, Kalk- und Phosphorionen so ange-
reichert werden, dass ¢kristallisierte Kerne» von Hydroxy-
apatit auftreten.
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