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In an earlier paper! a method was described of phosphorylating Vitamin D,.
The phosphorylated compound is soluble in water in concentrations of up
to 5 x 10¢ M. The increase in solubility after phosphorylation makes it
possible to investigate the action of Vitamin D on an in vitro system, which is
not possible with substances which are totally insoluble in water. Hitherto it
has been possible to study the effect of a-tocopherol 2™ and certain oestro-
genic hormones 5 on some in vitro systems with the aid of the phosphorylated
and in water soluble compounds.

In the following experiments it is shown that phosphorylated Vitamin
D, (D,P) activates alkaline phosphatase from the kidneys, intestines, and
bones. This effect of Vitamin D seems to be of interest because of the vita-
min’s specifically antirachitic mode of action.

METHODS

Crystalline Vitamin D, (obtained from AB Ferrosan, Malmé) was phosphorylated in
accordance with a previously described method!. The phosphorylated compound is con-
siderably more sensitive to light than the non-phosphorylated and upon irradiation
products are formed with properties differing from those of the original substance. The
sensitivity is greatest if the phosphorylated vitamin is kept in a water solution. Absorp-
tion in the ultraviolet region, which for D,P reaches a maximum at 2620—2650 A, is
shifted toward the shorter wave- lengths at the same time as the coefficient of extinction
is reduced. The ability to activate alkaline phosphatase disappears promptly after
irradiation.

Alkaline kidney phosphatase of a high degree of purity was prepared from the kidneys
of calves in accordance with a modification of Albers’ and Albers’ ¢ method developed by
van Thoai, Roche, and Sartori ?. The enzyme contained 10.7 % nitrogen.

Intestinal alkaline phosphatase of a relatively high degree of purity was prepared from
the intestines of calves according to Schmidt and Thannhauser 8,
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Fig. 1. This figure demonstrates the acti-
vation of alkaline kidney phosphatase with
phosphorylated Vitamin D,. Curve I shows
the amount of liberated phenol in an incuba-
tion without vitamin. Curve II shows the
amount of liberated phenol in an incubation
with vitamin. Total volume 12.5 ml. Each
of the incubation solutions contained 0.25 mg
enzyme. D,P concentration 4.8 x 1075 M.
o 10 20 30 20 % eo Substrate concentration 6.4 x 103 M.
Time in minutes pH 10.0.
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Bone phosphatase was prepared from the bones of rabbits according to Martland and
Robison 9. Since this enzyme was remarkably impure in comparison with phosphatase
from the kidneys and intestines, large quantities were required in order to split the sub-
strate. Further purification was nevertheless considered unnecessary, since a noticeable
activation of the enzyme was obtained under the influence of D,P.

Enzyme activity was determined according to Buch and Buch 19, Phenylphosphate
was used as substrate. The incubations were carried out in a carbonate-tetraborate
buffer. At pH 10.0 the concentrations of the buffer substances were 1.8 x 1072 M for
sodium carbonate and 2.0 x 1078 M for sodium tetraborate. The temperature in all
experiments was 37°C.

RESULTS

Fig. 1 shows the effect of the phosphorylated Vitamin D, on the activity
of alkaline kidney phosphatase. In incubation without addition of the vita-
min, substrate splitting proceeds throughout the experiment as an ordinary
enzymatic reaction. After 60 minutes there is no distinct evidence of a decline
in the speed of the reaction. The addition of D,P changes the course of the
reaction. In comparison with the control experiment, there is a considerable
increage in the initial enzymatic activity. After 20 minutes twice as much
substrate has been split as in the experiment without the addition of the vita-
min. Thereafter there begins a period in which the velocity of the reaction is
the same as in the control experiment. Finally the curve rather rapidly comes
to an asymptote, meaning that a state of equilibrium is reached considerably
more quickly in the experiment with the added vitamin than in the control
experiment. Presumably the decline in the activity of the phosphatase in
the course of the experiment is due to the fact that the total capacity of the
enzyme is exhausted more rapidly after the addition of D,P than without
D,P. Maximal activation of alkaline kidney phosphatase was not obtained in
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Table 1. Activation of intestinal alkaline phosphatase under the influence of DyP.

Time ug Phenol liberated Percent
_Without D,P With D,P activation
5 min. 16 35 119
10 min. 66 85 29
20 min. 86 84 0

Total volume 5.0 ml. The incubation solution contained ¢. 1 mg enzyme. Substrate
concentration 1.5 x 1073 M. In the experiment in which D,P was added its concentra-
tion was 4.3 x 1078 M. pH 10.0.

this experiment, since this occurs at pH about 9.7 and the experiment was
carried out at pH 10.0.

Table 1 demonstrates that intestinal alkaline phosphatase is also activated
by D,P. As in the experiment with kidney phosphatase, the activation is
greatest during the first minutes and declines thereafter.

The effect of D,P on bone phosphatase is shown in Table 2. In both in-
cubations the velocity rate of the enzymatic reaction was relatively low be-
cause the enzyme preparation was insufficiently pure. Hence there was no
tendency in either of the experiments to diminution of the speed of reaction
during the 60 minutes the experiment lasted. Also in this experiment the
activation is more pronounced during the first period of incubation. The acti-
vation of alkaline bone phosphatase obtained after addition of D,P is much
higher than for kidney phosphatase.

Table 2. Activation of bone phosphatdase under the influence of DyP.

. ug Phenol liberated Percent
Time ercer
Without D,P With D,P activation
15 min. 13 60 360
20 min. 14 68 390
30 min. 42 89 110
45 min. 68 | 120 6
60 min. 85 | 135 59

The incubations were carried out in the same way as in the preceding experiment.
5 mg impure enzyme to each incubation. Concentration of D,P x 1078 M. Substrate
concentration 6 x 1073 M.
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Table 3. The effect of varying amounts of DyP on alkaline kidney phosphatase.
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Concentration D,P

Percent activation

Incubated 5 min.

Incubated 10 min.

1.17-10¢ M 54 40
5.75.107% M 54 42
1.17.10° M 21 40
5.756-107% M 0 0
1.17.10% M 0 0

Total volume 3.7 ml. The incubation solution contained 80 ug enzyme. Substrate
concentration 4 x 10-3 M. pH 8.5.

Table 3 shows the D,P concentration required to produce an activation
of alkaline kidney phosphatase. The relatively low value for the increase in
activity after addition of the phosphorylated vitamin is due to the fact that
the incubations were carried out at pH 8.5. The concentration 5.756 X 107 M
seems to give maximal activation; higher concentrations produce no increase
in the activity of the enzyme. At a lower D,P concentration, for example
1.17 X 105 M, the vitamin has given after 10 minutes’ incubation the same
increase in the amount of hydrolyzed substrate as at higher vitamin con-
centrations. The low value for the percentual activation after five minutes’
incubation would, however, seem to indicate that the concentration was not
sufficiently high to produce the initial increase in activity found at higher
concentrations. Upon further lowering of the vitamin concentration, D,P
completely loses its ability to activate the phosphatase.

Table 4 demonstrates an experiment with bone phosphatase where en-
zyme concentration was low. In this case the initial activation is less than in

Table 4. The effect of DyP on alkaline bone phosphatase at low enzyme concentration.

Time ng Phenol liberated Percent
Without D,P With D,P activation
15 min. 10 13 30
20 min. 13 24 85
30 min. 19 43 196

The amount of enzyme 2 mg in each incubation. Besides enzyme concentration,
the incubations were carried out in the same way as in the preceding experiment with
bone phosphatase.
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Fig. 2. This figure shows the increase in Fig. 3. Activity of alkaline kidney phospha-
activity of alkaline kidney phosphatase ob- tase at different pH’'s. Incubation period
tained with DyP at different pH’'s. Total 10 min.
volume 3.3 ml. 0.2 mg enzyme in each experi-
ment. Substrate concentration 4 x 10~3 M.
D,P concentration 5.17 x 105 M. Incu-

bation time 10 min.

experiments with higher enzyme concentrations. The result is the same as
when the D,P concentration is about 1.17.1075 M.

Fig. 2 shows that the extent of the increase in the activity of the alkaline
kidney phosphatase produced by D,P is manifestly dependent on the hydrogen
ion concentration. After 10 minutes’ incubation the activation is greatest at
pH 9.7, thus the pH, at which the enzyme itself, according to Fig. 3 reaches
its optimal activity. At this optimum D,P brings about an increase of ¢. 150%,
in the activity of the enzyme. On either side of this pH optimum the activa-
tion brought about by D,P declines with remarkable rapidity. The curve
for the increase in activity produced by the vitamin at different hydrogen ion
concentrations follows in every respect the curve obtained for the activity of
the pure alkaline kidney phosphatase at different pH’s. This indicates that
the increase in activity, to which D,P gives rise is specific.

DISCUSSION

If normal ossification is to take place, the animal must be able to absorb
and retain a sufficient amount of phosphate, and this must then be utilized by
the bone-forming tissue. In order that as much phosphate as possible may be
available for ossification, resorption from the intestines must be high, and renal
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excretion as slight as possible. The loss of phosphate in the urine is probably
regulated by an increase or reduction in the reabsorption in the kidney tubules.
The greater part of the phosphate which a growing animal retains is used to
build up the skeletal system; hence the amount retained must depend primarily
on the power of the osteogenic tissue to absorb phosphate and that of the jn-
testinal and tubular epithelium to resorb it. The degree of phosphate resorption
from the intestines also depends on the form in which the phosphate occurs.
The phosphate compounds must be somewhat soluble in the intestines, and
it must be possible to split organic phosphorus compounds.

The absorption of phosphate in a living cell is an active process rather than
a simple diffusion 1. This presupposes a number of enzymatic reactions in
which the phosphatases are most probably involved. Robison 12 has advanced
the theory that bone phosphatase is necessary for ossification. If in in vitro
experiments with growing bones the phosphatase is inhibited, no precipitation
of the bone salts takes place in the metaphysis 3. Rickets can be induced
experimentally by providing rats with beryllium chloride at the same time
that their supply of phosphate is diminished 14716, [n witro experiments by
Sobel and associates ¢ have shown that in beryllium rickets there is a local
effect on the bone which hinders calcification. Thus, the etiology of beryllium
rickets must involve more than a diminished phosphate resorption from the
intestines due to the formation of insoluble beryllium phosphate. Cloetens
has shown that a 107 M solution of beryllium chloride inhibits bone phos-
phatase. The inhibiting effect of soluble beryllium salts on alkaline kidney
phosphatase has been investigated by Klemperer and associates® and on
intestinal, bone, and kidney phosphatase by Grier and associates1®. This
inhibition, which is independent of the phosphorus containing substrate, is
greatest within the area of the hydrogen ion concentration, where the enzy-
matic activity is optimal. Therefore, it seems possible that beryllium salts can
produce experimental rickets because of their ability to inhibit alkaline phos-
phatase in the intestines, kidneys, and bones.

Robison 2 has found that the phosphatase content is higher in the bones of
rachitic animals than in those of normal animals. In rickets the alkaline
phosphatase in the serum often increases before any other symptoms appear 2.
Upon administration of Vitamin D the serum phosphatase value gradually
returns to normal at the same time as other pathological changes disappear 22,
Morris and associates 2 have assumed that the bones require abnormally large
amounts of phosphatase enzyme when there is a Vitamin D deficiency. The
increase in the serum phosphatase content should be secondary and con-
ditioned by enzyme from the skeletal system. Vitamin D is necessary for nor-
mal ossification; besides regulating the absorption and loss of phosphate, the
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vitamin also has a direct effect on the skeleton itself. It seems possible that
the effect of Vitamin D on the phosphate metabolism may be due to an effect
on alkaline phosphatase. The changes, which are obtained through administra-
tion of Vitamin D, are reactions which can be conditioned by changes in the
activity of the alkaline phosphatase. Cohn and Greenberg 2 have assumed
that Vitamin D facilitates the transition from organic to inorganic phosphate
and can in this way exert a direct influence on ossification. Vitamin D un-
doubtedly influences the resorption of phosphate from the intestines. To a
certain extent rats can utilize the phosphate in phytin. Their ability to do
this declines considerably if they contract rickets but is rapidly restored after
administration of Vitamin D 25, Harrison and Harrison 26 have been able to
show that the administration of Vitamin D to rachitic dogs increases the reab-
sorption of phosphate in the kidney tubules.

If the activation of alkaline phosphatase from the kidneys, intestines, and
bones which is obtained ¢n vitro after the addition of D,P also occurs in vivo,
it is possible that this effect explains the changes in phosphate metabolism
which are observed after the administration of Vitamin D to a rachitic animal.
The possibilities for phosphate resorption are improved, since the phosphate
esters which the intestinal epithelium cannot resorb are more effectively split.
There may also be a direct effect on the resorption mechanism in the intestines.
The utilization of endogenous phosphate becomes more effective inasmuch
as less is lost in the urine. The possibilities for absorption of phosphate by
growing bones are improved.

SUMMARY

1. In vitro, phosphorylated Vitamin D,, which to a certain extent is soluble
in water, activates alkaline phosphatase from the kidneys, intestines, and
bones. The activation is highest for bone phosphatase. At pH 10.0, where the
effect of D,P is not optimal, the increase in activity is c¢. 400 %, after 20 minutes
incubation time.

2. Optimal activation of alkaline kidney phosphatase is obtained within
the hydrogen ion concentration area in which the enzyme has its pH optimum.

3. The significance of this activation of alkaline phosphatase is discussed
with reference to the vitamin’s ability to cure rickets.
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