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Vitamin D.-Induced Calcium-Binding 
Protein in Chick Intestinal Mucosa 

Abstract. The administration of vita- 
min D3 to rachitic chicks induces in 
intestinal mucosal tissue the formation 
or elaboration of a calcium-binding fac- 
tor which is found in the supernatant 
of the mucosal homogenate. The en- 
hanced binding of Ca by the "vitamin 
D" supernatant (in contrast to "rachi- 
tic" supernatant) was indicated by a 
slower rate of diff"usion of Ca.'5 across 
a cellophane dialyzing membrane and 
by a lesser anmount of Ca' 5 being 
bound to an ion-exchange resin (Che- 
lex-100) in the presence of vitamin 
D, supernatant. The binding activity 
was only associated with the protein 
fraction from a Sephadex G-25 col- 
umn and was destroyed by trypsin di- 
gestion. This and other evidence sug- 
gest that the soluble factor is a protein. 
The vitamin De-enhanced duodenal 
absorption of Ca-'7 in rachitic chicks oc- 
curred almost simultaneously with the 
appearance of the vitamin D :-induced 
factor, and there was good correlation 
between the concentration of binding 
factor and the rate of absorption of 
Ca' 7. 

The intestinal absorption of Ca is 
generally depressed in vitamin D- 
deficient animals and is restored to nor- 
mal by vitamin D supplementation. De- 
spite extensive investigations, the mech- 
nism by which this vitamin elicits its 
response is not known, although several 
theories have been proposed (1). 
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spite extensive investigations, the mech- 
nism by which this vitamin elicits its 
response is not known, although several 
theories have been proposed (1). 
Among these was the suggestion that 
vitamin D may act by stimulating the 
synthesis or operation of a "carrier" 
that would facilitate the uphill or down- 
hill transepithelial movement of cal- 
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cium. Such a carrier could possibly 
be proteinaceous in nature with the 
intrinsic ability to form an association 
with the substrate being transported, in 
this case, Ca. That vitamin D may be 
involved, directly or indirectly, in pro- 
tein synthesis was supported by the ob- 
servations that actinomycin D inhibited 
vitamin D-induced hypercalcemia in 
rats (2) and inhibited the vitamin D- 
stimulated absorption of Ca in rachitic 
chicks (3, 4) and rats (5). 

We reported evidence (3, 6) sug- 
gesting that there is a factor in the 
supernatant of intestinal mucosa homo- 
genates from vitamin D.-treatcd chicks 
which depresses Ca45 uptake by homo- 
genate debris. The factor was not pres- 
ent (or to a lesser extent) in the super- 
natant of mucosal homogenates from 
untreated rachitic chicks, and appeared 
to be a protein or closely associated 
with one. We now report that the 
vitamin D-dependent supernatant fac- 
tor is indeed a protein, that it forms 
a soluble complex with Ca, and that 
there is a close relation, in time after 
vitamin Daj administration, between the 
appearance of the Ca-binding protein 
and the enhanced absorption of Ca47. 

White Leghorn cockerels (1-day-old) 
were fed a rachitogenic chick diet (Gen- 
eral Biochemical, Inc.). After 4 to 5 
weeks on this diet, severe rickets was 
evident. The chicks were given 500 in- 
ternational units of crystalline vitamin 
D. orally in vegetable oil, or vegetable 
oil only, and decapitated 72 hours la- 
ter. The duodenum was excised im- 
mediately, cooled to 4?C, slit open, 
rinsed with cold 0.12M NaCI, and 
blotted. The mucosal tissue was scraped 
from the underlying muscle layers with 
a glass slide, and the harvest was homo- 
genized in tris buffer (20 percent 
weight/volume) with a Potter-Elvehjem 
homogenizer with Teflon pestle. The 
composition of the tris buffer was 1.37 
X 10-2M tris hydrochloric acid, 
0.1 19M sodium chloride, 4.74 X 
10-tM potassium chloride, 9.85 X 
10-'M glucose; pH 7.4. The homoge- 
nate was then centrifuged at 38,000g 
in a refrigerated centrifuge for 20 
minutes, and the supernatant was 
recovered for subsequent use. The 
supernatant was heated at 60?C for 
10 minutes to remove extraneous pro- 
teins; this treatment decreased the pro- 
tein content without greatly affecting 
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Fig. 1. (A) Diffusion of Ca"4 across dialyz- 
ing membrane. R -> R represents diffu- 
sion from rachitic supernatant to rachitic 
supernatant, and D -> R, from vitamin 
D supernatant to rachitic supernatant. 
Precursor volume = 20 ml; product vol- 
time = 2.5 ml. The protein concentrations 
of rachitic and vitamin D supernatants 
were 3.0 and 3.3 mg/ml. B, Influence of 
vitamin D supernatant on Ca"-binding to 
Chelex-100. Each point represents the 
mean of three values. Each tube contained 
0.1 ml of resin, 1 ml of vitamin D (D) 
or rachitic (R) supernatant or tris buffer, 
0.1 ml Ca40 solution, and 0.1 ml Ca4 
solution. After mixing and centrifuging, a 
portion of the supernatant was assessed 
for residual Ca45 activity. The protein 
concentrations of rachitic and vitamin D 
supernatants were 5.4 and 5.3 mg/ml. 
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1.5 hours. The sampled compartmer 
was kept at constant volume by th 
addition of 0.1 ml. Each samp] 
was dried on a stainless steel planche 
and Ca45 activity was detected by 
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Fig. 2. Fractionation of Ca-binding acl 
G-25. The eluting solution was 0.08M 
were collected. The top curve represent 
tinuous-flow ultraviolet scanner was use 
fractions (7); the bottom curve, the Ca 
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It Geiger-Muller counter; corrections were permeable membrane was considerably 
ie made for the dilution in the product less in the presence of vitamin D 
le compartment. Self-absorption correc- supernatant than with the rachitic super- 
t, tions were unnecessary. The rate of natant (Fig. 1A). There were no sig- 
a diffusion of Ca45 across the semi- nificant differences in total protein in 

the two fluids. Therefore, these results 
could not be due to a mere difference 
in protein concentration per se nor to 
osmotic effects. However, the data ob- 
tained can be explained by the presence 
of a factor in the vitamin D supernatant 
that prevented or impeded Ca45 dif- 
fusion, presumably by complex or che- 

UV Absorption (220-300 m^) late formation. 
The second method for measuring 

- Ca-binding was similar to that used 
by Briggs and Fleishman (8) to de- 
tect a soluble Ca-binding substance in 
rabbit muscle. The procedure depends 
upon the competition between a cation- 

Protein c'oncentration (mg/ml) exchange resin and a Ca-binding sub- 
stance for added radiocalcium; in the 
presence of a chelator or a soluble 

..' ----'----- ,- ' - , complexing factor, less Ca45 is se- 
questered by the resin. The resin, Che- 
lex-100, was washed several times in 
tris buffer and diluted in tris to a resin 
concentration of 0.1 ml of resin per 
0.2 ml of suspension. With the resin 

Ca45 maintained in suspension by vigorous %? Ca in supernatant . . 
mixing with a magnetic stirrer, 0.2 ml 
was pipetted into a 15-ml centrifuge 

,. -,- I i "s I -- tube. This was followed, in turn, by 
40 50 60 70 1 ml of rachitic or vitamin D super- 

CTION NUMBER natant or tris buffer and 0.1 ml Ca45 
tivity in vitamin D supernatant by Sephadex (about 0.5 /uc) solution in tris buffer. 
NaCl-tris buffer (pH 7.4); 2.5-ml fractions The tube was mixed thoroughly on a 

ts ultraviolet absorption of the eluent (a con- vibrator (Vortex) for 15 seconds and 
,d); the middle curve, protein content of the 
-binding activity by the Chelex-100 assay. then centrifuged in order to quickly 

separate the resin from the supernatant. 
In each case, Ca45 was determined 
on 0.2 ml of the supernatant by the 
aforementioned method. With counting 
standards and appropriate volume cor- 
rections, the percentage of Ca45 not 
bound to resin was calculated. When ex- 
tra Ca40 was added, this was done in 

q a volume of 0.1 ml before the addition 
of the Ca45. There was considerably 
less Ca45 sequestered by the resin in 
the presence of vitamin D supernatant 
than in the presence of either rachitic 
supernatant or buffer (Fig. 1B). With 
increasing Ca40 concentrations in the 

- ----- - === test system, the percentage of Ca45 

------ __-- _ ---- --------- bound by the unknown factor de- 
creased as expected if a binding sub- 

'J- -- ---__ -_ - ' -- --- _--_'' - stance were approaching saturation. 
3 4 5 6 7 This behavior provides substantive sup- 

INCUBATION 

Fig. 3. Influence of trypsin digestion on 
D, vitamin D supernatant incubated wi 
natant incubated with trypsin; R, rach 
rachitic supernatant with trypsin. The 
D supernatants were initially 4.3 and 4. 
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The distribution of the supernatant 
factor in fractions from a Sephadex 
G-25 column was determined, with the 
cation-exchange resin procedure as an 

assay for binding activity. The eluting 
solvent was 0.08M NaCl-tris buffer, pH 
7.4. To determine ultraviolet-absorbing 
material, the effluent was passed 
through an inline scanner; then 2.5-mi 
samples were collected and assessed for 
binding activity and total protein con- 
tent, the latter by the method of Lowry 
et al. (7). Calcium-binding activity was 
associated with the first ultraviolet-ab- 

sorption peak (Fig. 2), and only the 
fractions collected under this peak con- 
tained measurable protein. In fact, the 

percentage of unbound Ca4 observed 
in a given fraction by the Chelex-100 
assay was directly proportional to the 

protein contained therein. 
Further proof of the protein nature 

of the unknown factor was sought by 
determining the effect of trypsin diges- 
tion on binding activity. Here, 2.5 mg 
of crystalline trypsin (Worthington, 2X 
crystallized) was added to 25 ml of 
vitamin D supernatant or 25 ml of ra- 

10 20 30 

TIME FROM VIT. D3 
ADMINISTRATION (Hr.) 

Fig. 4. Increased duodenal absorption of 
Ca47 and supernatant factor with time 
after administration of vitamin Da to 
rachitic chicks. At zero time, 500 I.U. of 
crystalline vitamin D3 in propylene glycol 
was injected intramuscularly into rachitic 
chicks. At the time specified, the absorp- 
tion of Ca47 from a 10-cm ligated segment 
of duodenum was measured over a 30- 
minute absorption period. In other chicks 
from the same batch, homogenates of 
duodenum were prepared, and the Ca- 
binding activity of the supernatant fluid 
was determined by the Chelex-100 meth- 
od. Each point represents the mean ? 
standard error of the mean of values from 
five chicks. 
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chitic supernatant and incubated at 
35?C. Samples were periodically taken, 
cooled immediately to 4?C, and assayed 
for Ca-binding activity. The binding ac- 
tivity of the vitamin D supernatant was 
destroyed by trypsin (Fig. 3), the prob- 
able protein nature of the unknown 
factor again being indicated. Trypsin 
had little or no effect on the binding 
activity of the rachitic supernatant. 

The Ca-binding factor (resin-assayed) 
was destroyed by heat at 86?C for 10 
minutes but not at 70?C; it was not 
dialyzable through Visking cellophane 
casing. This behavior coincides with 
that of the supernatant factor (3, 6) 
and that expected of a protein. 

The lack of effect of added Ca4? 
and trypsin on Ca-binding by rachitic 
supernatant (Figs. 2 and 3) suggested 
that the unknown factor is not present 
therein or only in relatively small 
quantities. Therefore, vitamin D may 
be inducing the de novo synthesis of 
the supernatant factor or the altera- 
tion of the binding characteristics of 
existing proteins. This may also rep- 
resent the release of the factor from 
bound intracellular sites. 

The time between the increased 
absorption of Ca47 and appearance of 
the calcium-binding protein was deter- 
mined as follows: Rachitic chicks were 

injected intramuscularly with 500 I.U. 
of vitamin D. in propylene glycol. Af- 
ter 0, 5, 10, 15, 25, and 40 hours the 
absorption of Ca47 by the ligated duo- 
denum over a 30-minute test period 
was measured (9). In another group 
of the same batch of rachitic chicks 
and at about the same time periods af- 
ter intramuscular vitamin D.., the pres- 
ence of supernatant binding factor was 
determined by the Chelex-100 proce- 
dure. An increase in Ca47 absorption 
was first seen at 10 hours with the 
rate of absorption increasing over the 
40-hour period (Fig. 4), a trend simi- 
lar to that of orally given vitamin D3 
(9). Calcium-binding activity was slight- 
ly less at 5 hours than at zero time 
but increased initially at 10 hours and 
continuously thereafter. There was, 
then, a similar relation with respect to 
time between the occurrence of the vita- 
min D -stimulated absorption of Ca47 
and the detection of the vitamin D- 
induced binding factor. Also, at any 
particular time, the rate of Ca47 absorp- 
tion was generally proportional to the 
amount of binding factor present in the 
mucosal tissue, suggesting that this fac- 
tor may be involved in the process 
of calcium absorption (10). 

The physiological and biochemical 

function of the vitamin D-induced Ca- 
binding factor is not known, but it 
could enhance ion transfer in several 
ways. For example, the factor might 
conceivably be identical with, or re- 
lated to, an intracellular carrier of Ca, 
operating in a facilitated diffusion or an 
active transport system. The factor 
might also function in the vascular 
transport of Ca, since it has been ob- 
served that the tibia deposition of Ca47 
absorbed by vitamin D-treated chicks 
was greater than that absorbed by ra- 
chitic chicks, whereas intravenously in- 
jected Ca47 was handled similarly (11). 
We had suggested that Ca47 might be 
absorbed as a complex which, in some 
fashion, enhances its uptake. Further- 
more, if this Ca-binding factor is pres- 
ent in skeletal tissues, it could possibly 
be involved in the bone-resorption and 
-accretion effect of vitamin D (12, 13) 
and perhaps may be close to the site 
at which parathyroid hormone and 
thyrocalcitonin act. 

R. H. WASSERMAN 
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