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SUMMARY: A binding activity for the steroid hormone 1,25-dihydroxy vitamin D 
was observed in partially purified cytosol extracts of oviduct shell gland 
from vitamin D-deficient chicks. Binding is a saturable, high affinity (KD = 
0.13 nM) process which is N-ethyl maleimide-sensitive and specific for 1,25- 
dihydroxy vitamin D over 25-hydroxy vitamin D. The l~25-dihydroxy vitamin 
D-bindlng activity sediments at 3.7 S in sucrose density gradients and binds 
to DNA-cellulose colu~ms, eluting as a single peak at 0.21 M KCI. These 
properties, along with a preferential localization of binding activity in the 
shell gland region of the oviduct~ are consistent with the identification of 
this 1,25-dihydroxy vitamin D-binding protein as a steroid hormone receptor 
involved in the regulation of egg shell calcification by vitamin D. 

INTRODU CTI ON 

The active metabolite of vitamin D~ 1,25-dihydroxy vitamin D 3 (1,25- 

(OH)2D3) is a steroid hormone which plays a major role in the regulation of 

calcium metabolism~ primarily through its effects on intestine and bone (1,2). 

One of the most specialized examples of calcium metabolism occurs in the domes- 

tic chicken, where approximately 2 g of calcium per day are utilized in the 

mineralization of the egg shell (3). Vitamin D is required for this process: 

hens maintained on a vitamin D-deficient diet lay fewer eggs with thin shells, 

and subsequent vitamin D administration restores normal egg production (4). 

Furthermore, estrogen administration to non-laying birds increases kidney 

25-0}{ D 3 iC~-hydroxylase levels (5,6), and in the laying hen, circulating 1,25- 

(OH)2D 3 levels peak daily at the time of maximal shell calcification (7). This 

sti~lation of 1,25-(OH)2D 3 production is presumably required for increased in- 

testinal calcium absorption during egg laying as well as for mobilization of 

medullary bone (8); but it also may be directly involved in the mineralization 

of the egg shell. The present investigation provides evidence for the direct 

Abbreviations used: 1,25-(OH)2D3~ l(~25-dihydroxy vitamin D3; 25-0H D3, 25- 
hydroxy vitamin D3; NEM~ N-ethylmaleimide. 
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role of vitamin D in egg shell calcification with the identification of a 

chicken oviduct shell gland I~25-(OH)2D 3 binding protein whose properties are 

characteristic of a steroid hormone receptor. 

MATERIALS AND METHODS 

Female white leghorn chicks (Pacesetter Farms~ Alta Loma~ CA) were raised 
from day I after hatching on a vitamin D-deficient diet (9)~ and oviduct 
growth was induced by injection with diethylstibestrol (20 mg) in polyethylene 
glycol paste at I and 3 weeks after hatching (i0). [3H]I~25-(OH)2D3 was pre- 
pared enzymatically (ii) from [3H]25-OH D 3 (Amersham-Searle 2 11.7 Ci/nlnole) 
using a kidney homogenate from vitamin D-deficient male white leghorn chicks 
and purified by silicic acid~ Sephadex LH-20 and celite liquid-liquid partition 
chromatography (12) prior to use in binding studies. Unlabelled vitamin D de- 
rivatives (obtained from Dr. M.R. Uskokovi~ Hoffmann-LaRoche) were purified by 
celite chromatography (13) and analyzed by UV absorbance. 

Cytosol fractions from tissues of 4 to 6 week old chicks were prepared as 
follows (all steps were carried out at 0-4o): Tissues were homogenized in 2.5 
volumes (weight to volume) of 0.25 M sucrose~ 50 r~M Tris-HCl~ 25 rmM KCI~ 5 mM 
MgCI2~ 12 mM monothioglycerol~ pH 7.4 (buffer I) by 4 strokes of a motor-driven 
(600 RPM) teflon-glass homogenizer (for intestine~ kidney and liver) or 3 i0 
sec bursts of a Polytron PTI0 ST tissue disruptor (Brinkmann Instruments) at a 
setting of 6 (for oviduct shell gland~ isthmus and magnum). Homogenates were 
centrifuged for i0 min at 12~000 x g and then i hr at 150~000 x gj the floating 
fat layer removed by aspiration~ and the clear supernatant fraction was desig- 
nated cytosol, Ammonium sulfate fractionation of cytosols was carried out by 
the addition of solid (NH4)2SO 4 to 35% saturation~ followed by centrifugation 
for I0 min at 12~000 x g. The pellet fractions were redisolved in I0 mM Tris- 
HCI~ i rmM EDTA~ 12 mM monothioglycerol (buffer 2) plus 0.15 M KCI for use in 
binding studies. 

Binding of vitamin D metabolites was initiated by the addition of cytosol 
or amn~nium sulfate precipitate fractions to sterols dissolved in ethanol. 
After incubation at 0-4oj binding was analyzed by sucrose gradient sedimenta- 
tion~ hydroxylapatite absorption or colunm chromatography. Sucrose gradient 
centrifugation was carried out by layering 200 ~i samples on linear gradients 
of 6-22% (cytosol) or 4-20% (ammonium sulfate precipitate) sucrose (weight to 
volume) in buffer 2 plus 0.15 M KCI~ followed by centrifugation for 18 hrs at 
216~000 x g. Gradients were fractionated into 7 drop fractions~ and radioac- 
tivity determined by scintillation counting. 14C-labelled marker proteins 
ovalbumin (3.7 S) and 7-globulin (7 S) were prepared by the method of Means 
and Feeney (14)~ and were included as internal standards in some sucrose grad- 
lent samples. Hydroxylapatite assay of bound sterol was carried out by the 
method of Wecksler and Norman (15)~ and DNA-eellulose and DEAE-cellulose chro- 
matography was performed as previously described (I0). 

Protein was determined by the methods of Lowry et al. (16) and Bradford 
(17) with comparable results. 

~S~TS 

Sucrose gradient velocity sedimentation previously has been used to iden- 

tify vitamin D receptors in cytosol preparations from intestine (18-20)~ para- 

thyroid gland (21)~ kidney and pancreas (22) end bone (23). This procedure 
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allowed the separation of radioactive hormone bound to receptors from these 

tlssues~ sedimenting at approximately 3 to 4 S, from unbound sterol and from 

[3H]I,25-(OH)2D 3 bound to a 6 S complex of serum 25-0H D 3 binding protein and 

unknown cytosol proteins (24). When we employ this procedure to analyze chick 

shell gland cytosol for 1,25-(OH)2D 3 binding~ very low levels of a complex 

sedimenting at approximately 3.7 S are observed (Fig. IA). However~ most of 

the radioactive hormone was bound to the 6 S complex~ which is present in much 

larger amounts in shell gland than in intestinal cytosol. To reduce this in- 

terference and improve resolution of vitamin D-blnding activities~ shell gland 

cytosol was fractionated by precipitation with an~nonium sulfate. 
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F R A C T I O N  

F ig .  1 .... SucrOse g rad ien t  sedimentat ion ana lys i s  o f  v i tamin  D m e t a b o l i t e  b ind-  
ing by chick shell gland cytosol and ammonium sulfate precipitate fractions. 
A. Cytosol binding of [3H]I325-(OH)2D 3. B. Ammonium sulfate precipitate 
binding of [3H]I~25-(OH)2D 3 in the absence (e) or presence (o) of a 100-fold 
excess of unlabelled 1325-(0H)2D 3. C. Anmtonlum sulfate precipitate binding 
of [3H]I~25-(OH)2D3 in the presence of a 100-fold excess of unlabelled 
25-011 D 3 (e) or after pretreatment for i0 rain at 0 ° with 20 n~4 NEM (o). D. 
Ammonium sulfate precipitate binding of [3H]25-011 D 3 before (e) or after (o) 
pretreatment with NEM. Sedimentation is from left to right~ and arrows indi- 
cate the sedimentation 14 positions of internal marker C-labelled ovalbumln 
(3.7 S) and ?-globulin (7 S). Samples were incubated ~ hr at 0o with 2 nM 
radioactive sterol with or without 200 nM unlabelled sterol in the presence of 
4% ethanol prior to density gradient centrlfugation. 
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Analysis of [3H]I,25-(OH)2D3 binding by the shell gland ammonium sulfate 

precipitate (Fig. IB) reveals a much greater proportion of bound hormone sedi- 

menting at 3.7 S than at 6 S compared to cytosol, and these two binding activi- 

ties can be distinguished by their sterol binding specificities. The 3.7 S 

activity is abolished by addition of unlabelled 1,25-(OH)2D 3 in 100-fold excess 

(Fig. IB~ o)~ but not by addition of a similar amount of unlabelled 25-OH D 3 

(Fig. IC~ e). In contrast, the 6 S binding activity is only partially dimin- 

ished by unlabelled I~25-(OH)2D3~ whereas it is completely displaced by unla- 

belled 25-0H D 3. Also~ [3H]25-OH D 3 is bound only by the 6 S protein; no 3.7 

S 25-0H D 3 binding activity is observed (Fig. ID~ e). The sterol binding 

specificity of the 3.7 S activity is comparable to that seen with vitamin D 

receptors from other chick and rat tissues (18-23~25~26). 

These two shell gland vitamin D-bindlng activities can also be distin- 

guished by their sensitivity to sulfhydryl-blocking reagents. N-ethylmaleimide 

(NEM) pretreatment inhibits [3H]I,25-(OH)2D3 binding by the 3.7 S activity 

(Fig. IC~ o)~ while 6 S binding of [3H]I,25-(OH)2D3 and [3H]25-OH D 3 (Fig. ID~ 

o) are unaffected. Sensitivity of hormone binding to sulfhydryl blocking re- 

agents is a characteristic common to many steroid hormone receptors (27-29). 

Unfilled I~25-(OH)2D 3 binding sites in shell gland cytosol decay rapidly~ 

precluding equilibrium binding analysis. However~ (NH4)2SO 4 precipitation 

stabilizes unfilled sites for 24 hours at 0 o (data not shown)~ and [3H]- 

I~25-(OH)2D 3 binding can be characterized using a hydroxylapatite batch pro- 

cedure (15). Binding is saturable (Fig. 2) and is inhibited either by pre- 

treatment with NEM or addition of excess unlabelled I~25-(OH)2D 3. When the 

NEM-sensitive binding component is analyzed by the method of Scatchard (30) 

(inset)3 an apparent K D of 0.13 nM is observed 3 with a binding site eoneentra- 

t-ion in this preparation of 0.057 pmoles/mg protein. The amount of NEM- 

sensitive I~25-(OH)2D 3 binding determined by the hydroxylapatite assay is con- 

sistent with the amount of 3.7 S binding component observed in sucrose gradient 

analysis using several preparations of shell gland anlnonium sulfate precipitate. 
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Fig. 2. Saturation of~H]I~25-(OH)2D 3 binding to shell gland (NH4)2SO&- 
precipitated cytosol. Protein samples (0.25 ml) were incubated with [~ I~25- 
(OH)2D 3 at varying concentrations for 16 hr at 0 ° in the presence of 10% 
ethanol (e). Total [3H]l~25-(OH)2D 3 was determined on 0.05 ml allquots of 
each sampl% and bound hormone was determined on the remainder by hydroxyl- 
apatite absorption. Control samples were assayed for sterol binding after 
pretreatment with 12.5 mM NEM (A) or in the presence of a lO0-fold excess of 
unlabelled I~25-(OH)2D 3 (o). Inset: Scatchard plot of the NEM-sensitive 
[3H] I, 25- (OH)2D 3 binding. 

These results are consistent with the identification of the shell gland 

3.7 S I~25-(OH)2D 3 binding activity as a vitamin D receptor. One characteris- 

tic common to all steroid hormone receptors is their ability to bind to nuclei 

and nuclear components (DNA, chromatin) both in rive and in vitro (31~32). 

Therefore, the shell gland I~25-(OH)2D 3 binding activity was examined for its 

ability to bind to DNA using affinity chromatography on DNA-cellulose. When 

shell gland ammonium sulfate precipitate is complexed with [37 I~25-(OH)2D 3 and 

then applied to a DNA-cellulose colunm~ the I~25-(OH)2D 3 binding activity is 

almost completely (> 90%) retained~ and can be eluted with a linear KCI gradi- 

ent as a single symmetrical peak at about 0.21 M KCI (Fig. 3A) in about 50 to 

80% yield. This binding is not seen in the presence of excess unlabelled 

I~25-(OH)2D 3 or after prior treatment with NEM, but is only slightly reduced 

by excess unlabelled 25-OH D 3. In contrast s the [3H]25-OH D 3 binding activity 

in the same preparation is completely unretarded by DNA-cellulose and subse- 

quently binds to DEAE-cellulose and elutes with a linear KCI gradient as a 

single peak at approximately 0.13 M KCI (Fig. 3B). 
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FRACTION 

Fi~. 3. Sequential DNA-cellulose and DEAE-cellulose column chromatography of 
shell gland vitamin D metabolite binding activities. Shell gland (NH4)2SO 4- 
precipitated cytosol (0.375 ml) was incubated with 5 nM [3~I,25-(OH)2D 3 (e) 
or [3H]25-OH D3 (o) for 16 hr at 0 ° in buffer 2 plus 0.15 M KCI. Samples were 
then diluted with 4 ml i0 mM Tris-HCl, 0.5% triton X-100, pH 7.4 and applied 
to i ml DNA-cellulose columns. The unabsorbed material and subsequent wash 
fractions were passed through a I ml DEAE-cellulose column. The columns were 
washed with 6 ml i0 tam Tris-HCl, 0.5% triton X-100, pH 7.4, and then with I0 
ml buffer 2. The columns were disconnected 3 and each column was eluted with a 
40 ml gradient of 0 to 0.5 M KCI in buffer 2. Fractions of i ml were col- 
lected and analyzed for KCI (conductivity) and radioactivity. 

The oviduct is a highly specialized organ which can be separated both func- 

tionally and anatomically into distinct regions (33), including the magnum 

(egg white secretion), isthmus (shell membrane formation) and shell gland 

(fluid secretion and calcification). These separate regions were examined for 

the presence of 1,25-(OH)2D 3 binding activity. As shown in Table i, there is 

binding activity in all three regions; however, the specific activity is ap- 

proximately 3-fold higher in the shell gland than in the isthmus or magnum. 

For comparison, the levels in parallel preparations from intestine, kidney and 

liver are shown; of these tissues~ the shell gland has the second highest bind- 

ing activity. The values of binding activity for isthmus, magnum and kidney 

are significant; small but reproducible peaks of activity which are both 

1, 25- (OH)2D3-displaceable and sensitive to NEM can be resolved by DNA-cellulose 

chromatography (not shown). 
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Table I. Tissue distribution of 1,25-(OH)2D 3 binding activity 

Tissue 

Specific [3H]I, 25- (OH)2D 3 binding* 

pmoles/g tissue pmoles/mg protein 

Shell gland 0.53 0.13 

Oviduct isthmus 0.17 0.038 

Oviduct magnum O. 19 0.036 

Small intestine 1.5 0.40 

Kidney 0.17 0.038 

Live r 0.04 0. 007 

Ammonium sulfate-preclpitated cytosol fractions were incubated for 16 
hrs at 0 o with 2 nM [3H]I~25-(OH)2D 3 in the presence of 10% ethanol. Binding 
was measured by hydroxylapatlte absorptlon~ and values were corrected for 
bound sterol in samples pretreated with i0 mM NEM. 

DIS CUS SION 

These results clearly identify a shell gland 1,25-(OH)2D 3 binding protein 

which has the characteristics of a steroid hormone receptor. Recent studies 

have shown marked elevation of circulating I~25-(OH)2D 3 levels in birds upon 

estrogen administration (5~6) and during egg laying (7)~ which leads to in- 

creased intestinal absorption of calcium and resorption of medullary bone to 

meet the metabolic demand of egg production. Our finding of preferential lo- 

calization of a I~25-(OH)2D 3 binding protein in the oviduct shell gland suggests 

an additional direct function of vitamin D in the regulation of egg shell cal- 

cification. Thus the shell gland~ an estrogen-dependent reproductive organ~ 

should prove a useful system to study both the regulation of mineral deposition 

by vitamin D and the effects of reproductive hormones on this process. 

ACKNOWLEDGMENTS 

This work was supported by grants to UCLA from the Biomedical Research 
Support Grant Program of the National Institutes of Health, and to the author 
from the California Institute of Cancer Research and the U.S. Public Health 
Service (IR23 AG01102-02). 

291 



Vol. 93, No. 1, 1980 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

I. 

2. 
3. 

4. 
5. 

6. 
7. 

8. 

9. 
I0. 

Ii. 
12. 
13. 
14. 
15. 
16. 

17. 
18. 
19. 

20. 

21 

22 

23. 

24. 

25. 

26. 

27. 

28. 

29. 
30. 
31. 
32. 
33. 

REFERENCES 

Norman 3 A.W., and Henry 3 H.H. (1974) Recent Progr. Hormone Res. 303 321- 

380. 
DeLuca, H.F.~ and Schnoes, H.K. (1976) Ann. Rev. Biochem. 453 631-666. 
Gilbert 3 A.B. (1971) in Physiology and Biochemistry of the Domestic Fowl 
(Bell 3 D.J. 3 and Freeman 3 B.M. 3 eds.) vol. 33 pp. 1153-11623 Academic 
Press 3 New York. 
Turk 3 J.L. s and McGinnis s J. (1964) Poultry Sci. 43 s 539-546. 
Tanaka3 Y.s Castill°s L-3 and DeLuca s H.F. (1976) Proc. Natl. Acad. Sci. 

USA 737 2701-2705. 
Baksi s S. s and Kenny s A.D. (1977) Endocrinology 10i s 1216-1220. 
Abe 7 E. 3 Tanabe 7 R. 3 Suda s T. 2 and Yoshiki s S. (1979) Biochem. Biophys. 
Res. Commun. 88 s 500-507. 
Taylor s T.G. s Simkiss s K. s and Stringer s D.A. (1971) in Physiology and 
Biochemistry of the Domestic Fowl (Bell s D.J. s and Freeman 3 B.M. 7 eds.) 
vol. 27 pp. 621-640 s Academic Press s New York. 
Norman s A.W.~ and Wong s R.G. (1972) J. Nutr. 1027 1709-1718. 
Coty s W.A. s Schrader~ W.T. 3 and O'Malley s B.Wo (1979) J. Steroid Biochem. 

l0 s 1-12. 
Haussler 7 M.R. (1972) Steroids 20 s 639-650. 
Brumbaugh s PoF. s and Haussler~ M.R. (1974) J. Biol. Chem. 249 s 1251-1257. 
Haussler~ M.R. s and Rasmussen s H. (1972) J. Biol. Chem. 247 s 2328-2335. 
Means s G.E. s and Feeney s R.E. (1968) Biochem. 7 s 2192-2201. 
Weckslerj W.R. s and Norman s A.W. (1979) Anal. Biochem. 92 s 314-323. 
Lowry s O.H. s Rosebrough s N.J.~ Farr s A.L. 3 and Randall s R.J. (1951) Jo 
Biol. Chem. 193 s 265-275. 
Bradford 2 M.M. (1976) Anal. Biochem. 72 s 248-254. 
Brumbaugh s P.F. s and Haussler~ M.R. (1974) J. Biol. Chem. 2497 1258-1262. 
Kream s B.E.~ Reynolds s R.D. 3 Knutson s J.C. s Eisman s J.A. s and DeLuca s 
H.F. (1976) Arch. Biochem. Biophys. 176 s 779-787. 
Kream s B.E. s Yamada s S. s Schnoes s H.K. s and DeLuca~ H.F. (1977) J. Biol. 
Chem. 2523 4501-4505. 
Brumbaugh s P.F. s Hughes s M.R. s and Haussler s M.R. (1975) Proc. Natl. Acad. 

Sci. USA 72 s 4871-4875. 
Christakos s S. s and Norman s AoW. (1979) Biochem. Biophys. Res. Conmmn. 

897 56-63. 
Kream s B.E.~ Jose s M. 7 Yamada s S. s and DeLuca s H.F. (1977) Science 197 s 
1086-1088. 
VanBaelen s H. s Bouillon 7 R. s and DeMoor s P. (1977) J. Biol. Chem. 252~ 
2515-2518. 
Procsal~ D.A. s Okamura s W.H. s and Norman 7 A.W. (1975) J. Biol. Chem. 250 s 

8382-8388. 
Kream s B.E.~ Jose s M.J.L.~ DeLuca s H.F. (1977) Arch s Biochem. Biophys. 

179 s 462-468. 
Jensen s E.V.~ Hurst~ D.J. s DeSombre s E.R. s and Jungblut s P.W. (1967) 
Science 1587 385-387. 
Young s H.A. s Parks s W.P. s and Scolnick s E.M. (1975) Proc. Natl. Acad. Sci. 
USA 72 s 3060-3064. 
Wecksler 7 W.R. (1978) Thesis s Univ. of California s Riverside. 
Scatchard s G. (1949) Ann. N.Y. Acad. Sci. 51 s 660-672. 
O'Malley~ B.W.~ and Means s A.R. (1974) Science 183 s 610-620. 
Yamamoto s K.R. s and Alberts s B.M. (1976) Ann. Rev. Biochem. 45 s 721-745. 
Sturkie s P.D. (1965) Avian Physiology s pp. 447-503 s Cornell University s 

Ithaca s N.Y. 

292 


