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ABSTRACT 

la,25-Dihydroxyvitamin D3 is the metabolite of vitamin n3 that 

mediates the biochemical events that result in increased calcium absorp-

tion from the intestine. Analysis of specific binding of radioactive 

la,25-dihydroxyvitamin D3 to subcellular components of the chick intes

tine has been undertaken in order to characterize its target organ re-

ceptors . The cytosol contains a macromolecule with a high affinity 

(Kd = 2.2 x 10- 9 M) for la,25-dihydroxyvitamin n3 and has a lu1ited 

number of binding sites which are saturated at low hormone concentra
-8 tions (rvlO M). The macromolecule-sterol complex sediments at 3.7 S 

in 0.3 M KCl-sucrose gradients and can be distinguished from 25-

hyd.r oxyvitamin D3-binding components (5-6 S) in intestinal cytosol and 

serum binding proteins (4.0 S) for 25-hydroxyvitamin n3 and la,25-

dihydroxyvitamin D3. 

Nuclear la,25-dihydroxyvitamin D3-macromolecule complexes were 

solubilized from chr omatin and sedimented at 3. 7 Sin 0.3 M KCl-sucrose 

gradients. Agarose gel filtration of the nuclear component indicated an 

apparent molecular weight of 47,000 daltons . The nuclear receptor com-

plexes could not be distinguished from the cytoplasmic la,25-dihydroxy-

vitamin D3-binding components by ultracentrifugation or gel filtration 

chromatography . The interaction of la,25-dihydroxy[3H]vitamin D3 with 

the cytosol receptor and with the chromatin is reversed by unlabeled 

la,25-dihydr oxyvitamin D3 > 5,6-trans-25-hydroxyvitamin D3 > 

xvi 



xvii 

25-hydroxyvitamin n3 > la-hydroxyvitamin n3 >> vitamin n3, and is not 

observed in the liver or kidney. The association of the 3H-sterol with 

both the nuclear and cytoplasmic components is thermolabile and is 

destroyed by pronase, but not by nucleases : the receptor components 

are therefore presumed to be proteins . Reconstitution of cytosol and 

chromatin from intestine and nontarget tissues indicate a requirement 

for both intestinal cytosol and chromatin f or maximal formation of the 

nuclear hormone-receptor complex , suggesting the presence of specific 

chromatin acceptor sites for the nuclear receptor. 

The subcellular localization of la,ZS-dihydroxyvitamin D3 is 

temperature-dependent . The hormone remains bound to the cytoplasmic 

receptor at 0°, in vitro.. After shifting the incubation temperature 

from 0° to 25°, a progressive increase in the concentration of the 

nuclear recept or complex and a concomitant decrease in the concentration 

of the cytoplasmic binding component occur when honnone binding to the 

3.7 S receptors is analysed. The similar physiocochemical properties 

of the nuclear and cytoplasmic la,25-dihydroxyvitamin D3 receptors and 

the observed temperature-dependent distribution of receptors bet1 een 

nucleus and cytoplasm, in vitro, suggest that the la,25-dihydroxyvitamin 

n3 receptors exist primarily in the cytoplasm, where they presumably 

function to transport the honnone into the nucleus. 

Utilizing this intestinal receptor system an assay for 1~,25-

dihydroxyvitamin n3 has been developed. Reconstituted cytosol-chromatin 

is incubated with la,25-dihydroxy[3H]vitamin n3, and the bound and free 

sterols are separated by trapping the hormone -receptor-chromatin complex 

on filters and washing away free sterol with 1% Triton X-100. Normal 



xviii 

concentrations of plasma la,ZS-dihydroxyvitamin n3 in the chick and 

humans are 8 and 4 ng/100 ml, respectively. The assay sensitivity is 

17 pg la,25-dihydroxyvitamin n3, and the coefficient of variation is 

12%. Patients with chronic renal failure have undetectable circulating 

levels of the kidney-produced la,25-dihydroxyvitamin n3 hormone as de

termined by the assay. These data implicate a lack of la,25-dihydrox:y

vitamin n3 in the etiology of renal osteodystrophy and point to the 

kidney ~s the unique site of synthesis of la,25-dihydrox:yvitamin D3 in 

humans. Tl1is assay should be usef~l in diagnosing other defects in 

mineral metabolism and in the study of the endocrine loop which regu

lates the plasma concentration of la,25-dihydrox:yvitmnin n3. 



CHAPTER 1 

INTRODUCTION 

The disease rickets is a condition characterized by abnormal 

bone ossification, and it was Mellanby in 1919 (1) who first demon-

strated that it was caused by l1e lack of a dietary trace constituent . 

In 1922·McCollun et al. (2) discovered a fat-soluble vitamin in cod 

liver oil which cured rickets in dogs and named it vitamin D. In 1924 

Steenbock (3) demonstrated that antirachitic activity could be induced 

in foods and animals by ultraviolet irradiation. These discoveries led 

to the isolation and identification of vitamin D2 and vitamin D3
1, pic

tured in Figure 1 with their immediate precursors, in the laboratories 

of Windhaus et al. (5) and Windhaus , Schenck, and von Werder (6). 

An animal can obtain vitamin D from a diet ary supplement or via 

irradiati on of its precursor, 7-dehydrocholesterol, which is present in 

the skin. Although the minimum daily requirement for the vitamin is not 

well defined, it is estimated to be 100 to 400 i.u. 2 in adult humans , 

and the chick requires about 10 i.u. daily to prevent the symptoms of 

rickets (8 ). However , provided that an animal is e:>-.rposed to sufficient 

sunlight, it requires no dietary vitamin D; thus, the classification of 

this s terol as a vitamin is somewhat tenuous . 

1. The chemical name of vitamin D3 or cholecalciferol is 9,10-
seco-5 ,7,10(19)-cholestatrien-3S-ol (4). 

2. One international unit (i .u.) of vitamin D3 or vitamin D2 is 
defined (7) as 0.025 ~g. 

1 
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Figure 1. Compounds of the vitamin D family . 

The production of vitamin D from its respective provitamin is accom
plished by irradiation with ultraviolet light. The various combinations 
of side chains (R) with the sterol nuclei pictured comprise the respec
tive provitamins , vitamins, and dihydrotachysterols . 
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It is generally accepted that vitamin D prevents rickets by pro

moting the maintenance of adequate sennn calcium and phosphorus concen

trations. As Nicolaysen demonstrated in 1937 (9), a vitamin D sterol 

accomplishes this by stimulating calcium transport across the intestine. 

Since that time, these findings have been substa~tiated by the measure

ment of increased 45ca absorption from the intestine in response to the 

vitamin (10, 11), indicating that the intestine is a primary target 

organ for vitamin D. Evidence has been obtained which suggests that 

vitamin D also has a direct effect on skeletal tissue, causing bone 

mineral r sorption (12-15). Thus, the skeleton is considered a second 

target organ for vitamin D. It is also apparent that this vitamin may 

have a direct effect on bone fornlltion, particularly in the development 

of the mature skeleton (16), although the mechanism of this effect on 

bone is unknown (17). 

One important characteristic of the action of vitanin D on c 1-

ciurn mobili zation, which was first observed in 1944 (18), is the time 

lag between administration of the sterol and the resulting physiological 

response. One possible explan tion f or this lag in action is the neces

sity for the metabolic conversion of the vitamin to an activated form 

which ca.rri s out the biochemical functions attributed to the parent 

vitamin. Between 1964 and 1971 it was , in fact , established that vita

min D is the precursor of several biologically active metabolites. 

Nonnan and DeLuca (19) reported the first detailed study of 

the metabolism of radioactive vitamin D3 . They detected three biologi

cally active metabolites in a chlorofonn extract of intestinal mucosa 

and kidney 24 hours after an oral does of 500 i.u. [3H]vitarnin D3. In 
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1968, Blunt, DeLuca, and Schnoes (20) isolated the predominant vitamin 

D3 derivative in blood and determined its structure to be 25-hydrOA?

vitamin D3 (25-0HD3) 3. This metabolite displayed greater potency than 

vitamin D3 in curing rickets (21) and was observed to function directly 

upon isolated intestine and bone to stimulate calcium translocation 

(22-24). Although 25-0HD3 was originally thought to be the active form 

of vitamin n3 (25 , 26), it acutally is the product of the initial step 

in the ?-Ctivation of the vitamin and serves as the precursor to ot her 

active vitamin D metabolites. Also in 1967, Haussler and Norman (27) 

and 1968, Haussler, ~~tle, and Norman (28) detected a metabolite more 

polar than 25-0I-ID3 and proposed it to be the active principle in the 

target organ based upon its specific binding to intestinal mucosa chro-

matin and its biological act ivity . Lawson, Wilson and Kodicek (29, 30) 

confinn d these findings and made the additional discovery that this 

vitamin D metabolite ' as formed exclusively in the kidney (31). In ad-

clition to specific localization in vitmnin D target organs , this metabo

lite was the most potent and fastest acting fonn of vit~1in D3 in the 

stimulation of intestinal calcium tran port and bone mineral mobiliza-

tion (32-35). This .more polar metabolite was isolated first from chick 

intestines (36) and later from r enal homogenates (37 -39) and identified 

as la,25-dihydroxyvitamin D3 [la,25-(0H) 2D3]. 

3. Abbreviations in this dissertation are: 25-hydroxyvitamin 
D3 (25 -0HD3), la-hydroxyvitamin D3 (la-OHD3), la,25-dihydrOA?Vitamin D3 
[la,25-(0H)2D3] , -24,25-dihydrOA?Vitamin D3 [24,25-(0H)2D3] , 25,26-
dihydroA?Vitamin D3 [25,26-(0H)2D3], calcium binding protein (CaBP), 
trichloroacetic acid (TCA) . 



Thus it became clear that vitamin D required two enzymatic hy

droxylations prior to functioning in the stimulation of calcium trans

port. 25-Hydroxylation occurs in the liver, kidney, and intestine (40, 

41) and the 25-0HD3 intermediate is converted to la,25-(0H) 2D3 exclu

sively in the kiill1ey. Because the renal synthesis of la,25-(0H) 2D3 
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is feedback regulated by the calcium requirements of the animal (42), 

this metabolite can be classified as a sterol hormone that mediates cal-

cium tr~nsport in target tissues such as intestine and bone. 

· The recent identification of several other vitamin D metabolites 

has indicated a more complex metabolic pathway for the vitamin which is 

illustrated in Figure 2. 25-0HD3 can be converted into at least t wo 

metabolites other than lo,, 25-(0H) 2D3; these include 24,25-dihydroxy

vitamin ?3 [24,25-(0H) 2D3] and 25,26-dihydroxyvitamin D3 [25 , 26-(0H) 2D3] 

(43, 44). The physiological role of these other dihydroxy-D-vitamins 

is not presently w1derstood, and they may represent initial products in 

the catabolism of 25-0HD3. 

Numerous lines of evidence have led to the conclusion that 

la,25-(0H) 2D3 is the active form of vitamin D3. In addition to its 

being the most potent forn1 of the vitamin in the stimulation of calciwn 

mobilization in intact animals (32- 35, 45 , 46) , isolated perfused intes

tines (24), intestinal organ culture (47), and embryonic bone culture 

(48), chronic administration of la,25-(0H) 2D3 to animals raised on a 

vitamin D-deficient diet completely prevents all radiologic and histo

logic signs of rickets (49, 50). Thus, la,25-(0H) 2D3 mediates normal 

calcium metabolism and bone development and apparently carries out all 

of the functions ascribed to vitamin D. 
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The elucidation of the exact molecular mechanism of action of 

la,25-(0H) 2D3 in the small intestine is of great importance in the 

understanding of mineral homeostasis in animals. Possible suggestions 

for the mode of action of this hormone are that it functions as a co-

factor for an enzyme which is involved b1 the transport of calcium or 

that it may be a direct carrier of calcium across biological membranes 

(51). It has also been proposed that the honnone may bind to membranes 
\ 

and thereby change their conformation so as to facilitate the transport 
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of calcium (5 2, 53). Experiments designed to test these hypotheses have 

thus far been totally unsuccessful (17, 54, 55). A fourth h)~othesis 

for the mechanism of action of la,25-(0H) 2D3 is that this hormone facil

itates the eA~ression of genetic information and that the specific pro-

tein products of this induction process funct ion in the transport of 

calci n. · A variety of experimenta l r esults has provided a strong 

support for this proposal . 

The stimulation of calcium t r ansport in response t o la,25-(0H) 2-

D3 has been sho~m to be sens itive to transcriptional inhibitors such as 

actinomycin D (56) i n intact animals and both actinomycin D and a-

amanitin (57) in organ-cultured intestine. In addition, nuclear DNA-

dependent RNA polymerase II activity, '~1ich transcribes DNA-like ~~' is 

rapidly stimulated by administration of la,25-(0H) 2D3 to vitamin D

deficient chicks (58). In addition to its effects on nuclear RNA metab

olism, la,25-(0H) 2D3 has been shown to induce the synthesis of a calcium 

binding protein (CaBP) in chick intestinal mucosa, as measured by a 

specific CaBP antibody (59). Drescher and DeLuca reported that the 

stimulation of CaBP in response to vitamin D in rat intestine may result 



from the activation of a pre-calcium binding protein (60). However, 

more recent work by Emtage, Lawson, and Kodicek (61) indicates that in-
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creased mRNA activity specific for chick intestinal CaBP is observed in 

response to administration of vitamin D3 to vitamin D-deficient chicks, 

suggesting vitamin D induces CaBP synthesis by regulating genetic 

expression. 

The site and mechanism of the initial action of this hormone in 

the st~ulation of nuclear RNA synthesis is of great importance in the 

elucidation of the mechanism of action of vitamin D. A knowledge of 

the cellular components involved led to an understanding of the impor-

tance of the polar metabolite, la,25-(0H) 2D3, in the action of the 

vitamin (28) and further characterization of the initial interaction of 

this hormone with its receptors may lead to an Qnderstanding of the 

. mechani~m by which la , 25- (OH) 2n3 regulates genetic eA.1Jression. 

Initial studies on the subcellular localization of the vitan1in 

indicated that after a 500-i.u . dose of [3H]vitamin n3 to vitamin D

deficient rats, no specific association of the tritiun1 label occur red 1n 

the target organ, and the label was uniformly distributed among the nu-

clear, mitochondrial, and microsomal fractions of the intestine and 

kidney (62, 63). TI1ese e:>-.rperiments suffered from the fact that the 

doses of the vitamin given. greatly exceeded the 6-10 i.u. per day dose 

of vitamin n3 that is considered to be physiological (8), probably re

sulting in binding of vitamin D3 and metabolites to low affinity sites. 

There was also no method for separation of specific binding of the 

vitamin or its meatbolites in the target tissue from nonspecific asso-

ciation with membranes and other cellular lipid components. Indeed , 



it was not clear whether the distribution of label reflected function 

or storage of the vitamin. 

Studies on the subcellular distribution of physiologic doses of 

[3H]vitamin D3 to vitamin D-deficient chicks (5-50 i.u.) indicated that 

the tritium label was primarily associated with the nucleus of the 1n-

testinal mucosa (27). Haussler et al. (28) reported that a metabolite 
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of vitamin D3, peak 4B, was localized in the nuclear chromatin fraction 

of the intestinal mucosa based on the relative binding of [14c]vitamin 

D3 plus metabolites and [3H]cholesterol . The rationale behind this 

technique was that the tritium present in a given fraction was a measure 

of the amount of sterol which was nonspecifically (with respect to vi-

tamin D action) associated with that fraction. The proposed chromatin 

receptor was reported to be saturable (64), found only in the intestine, 

and specific for vitamin D-active sterols (28) . Pretreatment of rachit -

ic chicks with vitamin D-active analogs reduced the subsequent binding 

of peak 4B in the chromatin (28). Furthermore, the time course of 

appearance of peak 4B, later identified as la,25-(0H) 2D3 (36-39), 1n 

the chromatin after doses of vitamin D3 (32), 25-0I-ID3 and la,25-

(0H)2D3 (65) preceded the respective time course of calcium transport 

stimulation. The magnitude of the dose of 25-0HD., and la,25-(0H) 2D3 
(65) required for maximal increase in calc ium transport also correlated 

with the respective doses of these ster ols 1-vhich result in saturation 

of the binding sites for the hormone. 

The chromatin isolation procedure in these experiments resulted 

in greater than 80% recovery of DNA from the crude homogenate and 

yielded a DNA:RNA:protein ratio of 1.0:0.12:3.7 (28~ 66) which is 
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similar to results obtained for chromatin isolations from other tissues 

(67-69). Electron micrographic examination of the chromatin showed a 

homogeneous fraction consisting of aggregated lumps of deOX)~ucleopro

tein (66). The chromatin had 6% of the template activity (~. coli RNA 

polymerase) of intestinal DNA (66). Extraction of la,25-(0H) 2D3 from 

the chromatin by high salt, high pH, but not lo !l pH, followed by analy

sis on CsCl gradients suggested that the hormone was bound to a nonhis 

tone chromosomal protein (70) . 

. Now that high specific activity preparations of la, 25- (OI-!) 2 [
3H] 

D3 are available, it should be possible to determine if this sterol 

functions analogously to steroid hormones through a general "two-step 

mechanism" that has been proposed for the binding of these hormones to 

intracellular receptors (71, 72). According to this hypothesis, the 

hormone enters the target cell and interacts reversibly with an intra

cellular protein whi ch is located only in the t arget organ. In the case 

of estrogen , the cytoplasinic hormone-receptor complex sediments at 4 to 

8 S in sucrose gradients depending on the salt ahd protein concentration 

(73, 74). The associat ion of the hormone with the cytoplasmic recept or 

is followed by a temperature-dependent redistribut ion of the steroid 

from the cytoplasm to the nucleus, in vitro, where it associates with 

the chr omatin (71). These intracellular proteins have been identified 

for estrogen (75, 76), progesterone (77, 78), androgens (79), aldo

sterone (80), and cortisol (81). Localization of the estrogen hormone

receptor complex in the nucleus is dependent upon prior activation of 

the cytoplasmic receptor from a species sedimenting at 4 S in high salt 

sucrose gradients to a 5 S component (82, 83). Thi's transformation is 
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dependent on exposure of the receptor to estrogen and elevated tempera

ture (25 -37° ). Such a transformation has not been observed in the case 

of the progesterone receptor, although association of this hormone re

ceptor complex with chromatin /is temperature-dependent (78). Evidence 

indicating that the nuclear form of the receptor arises from a honnone

dependent transfer of the cytoplasmic receptor complex into the nucleus 

are data showing 1) an absolute requirement for cytoplasmic steroid 

binding, 2) an inverse relationship between cytoplasmic and nuclear 

concentrations of r eceptor, and 3) a failure to observe the 4 S receptor 

in isolated nuclei (78, 83). Finally, in the case of progesterone , a 

second level of specificity in the interaction of the hormone ,.._ri th its 

target tissue has been demonstrated. In experiments employing incuba-

tion, in vitro, of progesterone with oviduct cytosol r econstituted with 

nuclei from target or nontarget tissues, oviduct nuclei were required 

for retention of the progesterone-receptor complex (78). TI1ese results 

suggest that specific sites of bindi ng, "acceptor sites, " for the hor

mone receptor complex are located on the target organ chromatin. 

The experiments reported in this dissertation have been designed 

t o elucidate the early events in the interaction of la , 25- (0H) 2D3 with 

its t arget organ, the intestine. The basic principle of the \\Ork to be 

reported here is that direct evidence for the mode of action of this 

hormone can be obtained by examining the specific binding of la,25-

(0H)2D3 to subcellular components of i ts target organ, in vitro. It is 

a basic assumption in these studies t hat a target organ f or l a ,25-

(0H)2D3 contains a finite number of specific receptor sites which selec

tively retain the hormone. Thus, the exact subcel lular location of the 
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receptor site should suggest how la,25-(0H) 2D3 may be functioning in the 

mediation of calcium transport and indicate whether the active form of 

the vitamin interacts with its target organ via the proposed "two-step 

mechanism." The sequence of biochemical events occurr ing after the 

interaction of l a,25- (0H) 2D3 with i ts proposed receptors, i ncl uding the 

presumed selective stimulation of mRNA formation, translation of t hat 

mRNA into functional proteins, and participation of these proteins in 

calcitnn t ranslocation will not be investigated in the present experi

ments . 

Thi s disser tation reports the isolation and characterization of 

specific, high affinity binding components for la,25-(0H) 2D3 in the 

chick intestine . The r esults indicate that la , 25- (OH) 2D3 interacts ·with 

its target organ in a manner similar to the binding of steroid hormones 

i n their respective target organs, i.e., via the "two-step mechanism." 

I t is postulated that la, 25-(0H) 2D3, in combination with its nuclear 

recept or, acts analogous ly t o steroid ho11nones in stimulating the ex

press ion of new genetic information and several reports of this work 

have appeared in the l iterature (84 -95). 

The classical definiti on of the term "receptor molecule" is a 

molecul e located in a hormone ' s target organ which, pon i nteraction 

with the hormone, initiates the catalysis of biochemical processes which 

ultimately manifest t hemselves in the target organ' s characteristic re

sponse. In the present study this direct involvement of the proposed 

receptors for la,25- (0H) 2D3 in the molecular mechanism of calcium trans

port will not be demonstrated. It is only inferred that the sterol 

hormone binding components descr ibed are la,25-(0H) 2D3 recept or s since 
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they display properties attributed to hormone receptors. That is, they 

are specific for the hormone; they are finite in number; their affinity 

for the hormone is sufficiently high to permit its retention in the 

presence of physiol ogical hormone concentrations; and hormone binding to 

the receptors occurs in temporal sequence with its physiological re

sponse . In the balance of this discussion, the term receptor will be 

used with the nnderstanding that its actual participation in the molecu

l ar act~on of la,25-(0H) 2D3 remains to be demonstrated . 

. With the detection of specific binding components for la,25-

(0H)2D3, it was possible to develop a competitive ligand binding assay 

for the hormone utilizing these receptors. It has become of great im

portance that assays be developed for vitamin D metabolites, especially 

in light of the discovery of the metabolic pathway for activation of 

the vitamin. Such assays could be employed to study the metabolism of 

vitamin D3 to l a,25- (0H) 2D3, as well as to identify patients with ab

nornul mineral homeostasis related to defects in vitamin D metabolism. 

Assays for 25-0HD3 have been devised based on high affinity bi nding 

proteins for tl1is precursor sterol (96, 97). 1he concentration of 25-

0HD3 in human plasma , as determined by these assays, is 20-30 ng/ ml . 

For a variety of technical reasons, the development of an assay for 

la,25-(0H) 2D3 has proved more difficult . la,25-(0H) 2D3 was suspected 

to circulate in far lower concentration than its less active precursor, 

necessitating the use of a protein with a high affinity and specificity 

for the hormone. In addition, presently avail able preparations of 

radioactive la,25-(0H) 2D3 are of much lower specific activity than those 



for most steroid hormones; thus competitive binding assays for la,25-

(0H)2D3 would be correspondingly less sensitive. 

14 

These technical problems have been overcome in an assay for 

la,25-(0H) 2D3 reported in this dissertation. The isolation and charac

terization of cytoplasmic and nuclear receptors for la,25-(0H) 2D3 has 

permitted their use in an assay for the hormone. These proteins are 

ideally suited for measurement of hormone binding activity due to their 

great specificity and affinity for la,25-(0H) 2D3. Although assays for 

steroid hormones based on their respective cytoplasnuc receptors (98) 

have been reported, in the present results, tl1e cytoplasmic receptor for 

la,25-(0H) 2D3 and its specific interaction with intestinal mucosa chro

matin is used to analyse hormone bi nding activity. Experimental results 

demonstrating the validity and reliability of this assay for la,25-

(0H)2D3 are reported in this dissertation and in published manuscripts 

(90' 92). 

In summary, this dissertation will detail the characterization 

of receptors for the recently discovered hormone, la,25-(0H) 2D3. The 

relationship between the horn~ne binding t o these receptors and physio-

logic response of increased calcium absorption indicates that la,25 -

(OH) 2D3 may be functioning at the molecular level through the alteration 

of genetic expression. The isolation of these receptors has permitted 

their practical use in diagnostic assay for la,25-(0H) 2D3 in humans. 



CHAPTER 2 

MATERIALS AND METI-IODS 

Animals 

White Leghorn cockerels were used in all experiments. One day 

old chicks were obtained regularly as a generous gift from the Arizona 

State Hatchery, Tucson , Arizona or f r om Demler Farms, Anaheim, Califor 

nia and then raised on a vitamin D-deficient diet \~1ich is described 

elsewhere ( 49) ~ The calcium content o"f this diet \vas 0. 67-%. The chicks 

were utilized hen they became rachitic during their fourth week of 

development, unless othenvise noted. Animals were termed rachitic when 

their growth plateaued at a \~veight of about 150 g. Chicks grown on this 

smne vitamin D-deficient diet, but supplemented with 100 i.u. of vitamin 

D3 per week, exhibited normal increased grovth during this period and 

weighed about 250 g . The rachitic animals had plasma calci um concentra

tions of 5. 5 to 6.0 mg per 100 ml plasma , phosphorus concentrations of 

5.1 mg per 100 ml , and percent bone ash values of 27 to 29% . Vitamin D 

supplemented chicks had normal plasma calcium concentrations of 10. 4 to 

11 .0 mg per 100 ml plasma , phosphorus· concentrations of 6 . 3 mg per 100 

ml , and bone ash percentages of 45 to 50% (49). Radiographic examina

tion of the distal femur and pr oximal tibia of the chicks were evaluated 

as t o 1) extent of echondral bone ossification, 2) amount of mineral 

present, and 3) organization of developing bone . Rachitic chicks showed 

considerable unossified cartilage, decreased density of mineral and a 

15 
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lack of bony trabeculations at the growing ends of the bones. The 

vitamin D-supplemented chicks showed normal bone density and ossifica-

tion (49, SO). Histological examination of stained sections of the 

epiphyseal region of the tibias showed widened and diffuse gro\nh plates 

i n the bones of the rachitic chicks and a sharply defined and calcified 

growth plate in the bones of tl1e vitamin D-supplemented chicks (49). 

Chemicals 

· 25-Hydr oAry [26 (27) -methyl -3H]vitamin D3 (6. 0 or 9. 8 Ci/nnnole), 

[la,2 - 3H] vitamin D3 (57 7 mCi/ mmole), and [4 -14c]vi tamin D3 (32 .2 1nCi/ 

nnnole) were purchased from Arnersham Searle Company , Chicago, Illinois. 

The radiochemical purity of the 25-0H[ 3H]D3 was 95%, determined follow

ing purification on Celite liquid-liquid partition chromatographic 

colwnns , and i ts specific activity was detern1ined by ultraviolet absorb 

. ance spectrophotometry at 265 nm . [6,7 -3H]Estradiol-17S (46 .6 Ci/nnnole) 

and 45ca (carrier free, 15 Ci/g calcium) , was supplied by New England 

~uclear Corp., Boston, Massachusetts. 45ca was diluted so that 0.2 ml 

45 6 45 contained 7.4 mg of CaC1 2 and 3 x 10 cpm of Ca. 

Sterols and Other Chemicals 

Crystalline nonradioactive sterols were used without purifica-

tion and were obtained as follows : Vitamin D3 and hydrocortisone were 

purchased from Calbiochem , Los Angeles, California . Vitamin D2, di

hydrotachysterol2, and estradiol-17S were supplied by Si~na Chemical 

Co., Saint Louis, Missouri . 25-Hydroxycholesterol was obtained from 

Steraloids , Pawling, New York. 25-(0H)D3 was a gift from Dr. John C. 

Babcock of the Upjohn Co., Kalamazoo, Michigan , and la-(OH)D3 was a 
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gift from Dr. Maurice M. Pechet of the Research Institute for Medicine 

and Chemistry, Cambridge, Massachusetts. Noncrystalline steroids which 

were generously provided by Drs. Michael F. Holick and Hector F. DeLuca 

of the University of Wisconsin , Madison , Wisconsin were the following: 

5,6-trans-25-0HD3, 27-nor-5,6-trans-25-0HD3, 24-nor-25-0HD3, and 26,27-

bisnor-25-0HD3. 

Chemicals used in the enzymatic generation of la,25-(0H) 2D3 from 

25-0HD3.were obtained from Sigma Chemical Co., Saint Louis, Missouri and 

included : L-malic acid, monosodium salt ; D-glucose-6-phosphate, mono -

sodium salt; and nicotinamide adenine dinucleotide phosphate, monosodium 

+ salt (tliWP ). Enzymes and standard proteins were obtained as follows: 

ribonuclease-CB (A grade); deoxyribonuclease I (bovine pancreas, B 

grade); and pronase (Streptomyces griseus pr otease, B grade) from Cal-

biochem, Los Angeles, Californi a , and glucose-6-pl1osphate dehydrogenase 

(Type VII, baker's yeast); a-chymotrypsinogen-A (Type II, bovine pan-

crease); ovalbumin (grade V); pepsin (hog stomach mucosa); bovine serum 

albumin (fraction V); and myoglobin (Type II, whale skeletal muscle) 

from Sigma Chemical Co., Saint Louis, Missouri. 

Triton X-100 and Triton X-114 were obtained from Rohm and Haas 

Co., Philadephia, Pennsylvania. Liquifluor, a concentrated liquid 

scintillation solution consisting of 100 g of 2,5-diphenyloxazole and 

1.25 g of p-bis-[2 -(5-phenyloxazoyl)]benzene per liter toluene, and 

Aquasol, a pre-mixed liquid scintillation solution were purchased from 

New England Nuclear Corp., Boston , Massachusetts . Periodic acid (para

periodic acid), reagent was purchased from G. Frederick Smith Co., 

Columbus, Ohio. Deoxyri bonucleic acid (Type I, sodium salt from calf 
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thymus); Norit A (activated charcoal); dextran 90; blue dextran; tris

(hydroxymethyl)aminomethane (tris, Sigma 7-9); and ethylenediamine

tetraacetic acid (EDTA, tetrasodiun1 salt) were obtained from Sigma 

Chemical Co., Saint Louis, Missouri. Diphenylamine was supplied by 

Eastman Organic Chemicals, Rochester, New York. Orcinol(monohydrate) 

was obtained from Fisher Scientific Co., Fair Lawn, New Jersey and Lowry 

phenol reagent (Falin and Ciocalteu) was purchased from Harleco, Phila

delphia, Pennsylvania. Filters (Versapor, 0.9 v; Metricel, 0. 45 ~, and 

Glass Fiber Type A) were obtained from Gelman, Ann Arbor, Michigan. 

Vlliatman DE 81 and #2 filters were purchased from Reeve-Angel, Clifton, 

New Jersey. All solvents were reagent grade, and those employed in 

chromatographic procedures were glass distilled before use. All other 

chemicals were analytical grade unless otherwise noted. 

Chromatography :Materials 

Silicic Acid (Bio-Sil HA, minus 325 mesh) and Agarose Beads 

(Bio -Gel A-0.5 m, 100-200 mesh) were obtained from Bio-Rad Laboratories , 

Richmond , California . Sephadex LH-20-100 (Lipophilic, particle size 25-

100 v) was purchased from Sigma Chemical Co., Saint Louis, :Missouri. 

Celite, which served as a support medium for liquid-liquid partition 

chromatogrpahy, \as supplied by Johns Manville Co., Lompoc, California. 

Buffers 

Buffer A= 0.05 M Tris -HCl , pH 7.4, 0.025 M KCl, 5 mM MgC1 2 

Buffer B = 0.01 M Tris-HCl, pH 7.4, 1.5 m~ EDTA 

Buffer C 0.01 M Tris-HCl, pH 7.5 
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Buffer D = 0.02 M Tris-HCl, pH 7.9 

Buffer E = 0.8 mM EDTA, 25 mM NaCl, pH 8.0 

Exposure of Animals to St erols, In Vivo 

The appropriate amount of sterol was dissolved in 0.2 ml of 1,2-

propanediol (practical grade, Baker Chemical Co., Philadelphia , Pennsyl

vania) prior to administration. The sterol was first dissolved in a 

small volume of diethyl ether, mixed with 1,2-propanediol, and then 

nitrogen (dry, 99.9%) was bubbled through the solution at room tempera

ture. Doses lvere made up immediately before use and administered 

orally. After the appropriate time interval the chick was sacrificed 

ia decapitation. 

Preparation of Subcellular Fract ions 

All operations involving the preparation of subcellular compo

nents were carried out at 1-3°. Innnediately following sacrifice of the 

animal, the tissues of interest were excised and rinsed in ice-cold 

homogenization buf fer . Prior to homogenization , intestinal mucosa was 

scraped f ree from the serosa on an inverted petri dish with a microscope 

slide, and livers were minced . Three grams of t he t issue to be subfrac

tionated were t hen homogenized in 15 ml of 0.25 M sucrose -Buffer A 

using a Potter-Elvehjem motor driven homogenizer equipped with a Teflon 

pestle. These homogenates (20 %, w/v) were prepared by 4 passes in a 

1-3° room in an ice bucket with 2-minute cool ing per iods between passes. 

In experiments designed to study sterol binding in isolated cytosol, 

homogenization was performed in 0.15 M KCl-Buffer B or 0.3 M KCl-

Buffer B. 
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Homogenates were centrifuged at 1200 x g for 10 minutes in a 

Sorvall RC-2B refrigerated centrif~ge. The resulting pellet was desig

nated the c1~de nuclear fraction. Mitochondria were isolated from the 

supernatant by centrifugation at 8,000 x g for 20 minutes. The super

natant remaining after sedimentation of the mitochondria was then cen

t rifuged in a Beckman 13-40 preparative ultracentrifuge at 100,000 x g 

for 1 hour to yield a microsomal pellet and a final supernatant fraction 

(cytoso~) . 

. Chromatin was prepared from crude nuclei by homogenizing succes

sively in one 25-ml portion of Buffer E and one 25-ml portion of 1% 

Triton X-100-Buffer C with the crude chromatin being hanrested by sedi

mentation at 30,000 x g for 10 minutes af ter each wash. TI1ree different 

methods were employed at this point in the procedur e for further separa

tion of the chromatin from contaminating membranes. 1) The chromatin 

was homogenized in Buffer C and sedimented at 30,000 x g for 10 minut es. 

The resulting gelatinous pellet was mixed into 1.75 M sucrose-Buff er A~ 

homogenized, and centrifuged at 96,000 x g for 90 minutes in a Beckman 

13-40 ultracentrifuge using a SW 27 rotor. The clear, gelatinous chro

matin pellet was then homogenized successively in three 25-ml portions 

of 1% Triton X-100 -Buffer C and centrifuged at 30,000 x g for 10 minutes 

following each wash yielding a final puri fied chromatin pellet. 2) In 

a procedure designed for rapid preparation of chromatin, the pellet was 

successively washed in three 25-ml volumes of 1% Triton X-100-Buffer C 

and centrifuged at 30,000 x g for 10 minutes following each wash. 3) In 

experiments employing reconstitutions of cytosol and chromatin, the 

crude chromatin was further purified by homogenization in Buffer C and 
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sedimented at 30,000 x g for 10 minutes. The chromatin pellet was im

mediately reconstituted with cytosol by gentle homogenization in a 1-3° 

room in an ice bucket. In those eA~eriments designed to analyse la,25-

(OH) 2D3 binding to components in the nucleus, the chromatin was sedi

mented at 30,000 x g for 10 minutes following incubation of t he 

reconstituted cytosol-chromatin with sterols, and extracted with 0.3 M 

KCl-Buffer B. The extracts were then centrifuged in order to pellet the 

chromatin , and the supernatant was analysed for la,25-(0H) 2D3 binding 

activity. 

Exposure of Subcellular Components 
to Sterols, In Vitro 

For studies, in vitro, tissue homogenates or reconstituted 

cytosol-chromatin were incubated with sterols (in ethanol) for various 

periods of time at 25° or 0°. The subcellular component of interest was 

then prepared as described W1der "Preparation of Subcellular Fractions" 

and analysed for specific binding of the sterol. In those experiments 

designed to study binding of sterols to cytoplasmic components, the iso-

lated cytosol which had been prepared in 0.15 M KCl-Buffer B or 0.3 M 

KCl-Buffer B was incubated with the sterol (in ethanol) for 30 minutes 

to 2 hours at 0°. Ethanol concentrations in all incubations never 

exceeded 7 . 5% . 

For studies on the interaction of la,25-(0H) 2D3 with intact 

cells, in vitro, whole small intestines of rachitic chicks were rinsed 

with 0.25 M sucrose-Buffer A, slit endwise to expose the mucosal sur-

face, and placed in flasks containing 15 m1 Eagle's medium (Mininnnn 

Essential Medium, dry powder, with Earle's salts, 4X vitamins , 4X amino 
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acids, lX glutamine, NaHC03, SO ~g/ml streptomycin , and 75 ~g/rnl penicil-

lin, Grand Island Biological Co., Grand Island, New York). Sterol s were 

added t o t he medium i n 200 ~1 of ethanol. Incubations were carried out 

at 37° or 0° f or various periods of time under an atmosphere of 95% o2-

S% co2. Following incubation the subcel lular fraction of i nterest was 

prepared as described under "Prepa~ation of Subcellular Fract ions" and 

analyzed for specific binding of sterol s . 

Organic Solvent Extraction of Tissues 
and Subcellular Fractions 

Extraction of all subcellular fractions to obtain total lipid 

extracts was car ried out according to a modification of the procedure of 

Bligh and Dyer (99). This teclmique was employed in the extract ion of 

subcellular fractions to quantitate binding of r adioactive ster ols , in 

the extractions of la,25-(0H) 2D3 from kidney homogenates or blood plasma 

following enzymatic generation from 25-0HD3, and in the extraction of 

l a, 25- (OH) 2D3 from plasma in preparation for assay. TI1e appropriate 

amount (3.2 to 4.0 volumes , depending on the tissue) of methanol 

chlorofonn (2:1, v/ v) was added to create a monophasic solution with the 

water already present in the sample. The mixture was shaken and allowed 

to stand for 15 minutes. Residual protein was removed by centrifugation 

or filtration. One volume of chloroform and one-half volume of water 

were added .to the extracts to cause a phase separation into an aqueous -

methanol phase and a chloroform phase, which contained 85 to 95% of the 

radioactive sterols . This chloroform phase was either evaporated to 

dryness i n a liquid scintillation vial under a stream of air i n prepara-

t i on f or determination of radioactivity , or flash evaporated to dryness 
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in preparation for purification of sterols. Following flash evapora-

tion, lipids were solubilized in diethyl ether, and the solution was 

clarified by centrifugation at 12,000 x g for 10 minutes. The diethyl 

ether was evaporated under a stream of nitrogen, and the samples 1vere 

then applied to the appropriate column for purification. Five milli-

liters of liquid scintillation counting solution A, consisting of 4% 

Liquifluor in toluene, were added to those extracts which had been dried 

in prep~ration for radioactivity detennination. Samples were counted 

and tritium and 14c dpm were detennined by internal standardization as 

described under "Liquid Scintillation Counting" (p . 32) . 

Preparation of la,25-Dihydroxyvitamin n3· 

la,25-(0H) 2[3H]D3 was produced, in vitro, by a modification of 

the method of Lawson et al. (37). The kidneys of 5 rachit ic chi cks 

(7.5 g) were excised and homogenized with a Potter-Elvehj em homogenizer 

at 1-3° in 0.3 M sucrose . The homogenate (75 ml) was mixed with a phos

phate buffer, pH 7.4, containing Mg2
+ and a NADPH generating system. In 

a final volume of 375 ml the mixture contained: 0.16 M KH2Po4; 3.2 mM 

+ 
MgC12, 7. 8 mM 1-malate, 3.7 ~~ glucose-6-phosphate, 0.3 mM NADP , a11d 

150 units of glucose-6-phosphate dehydrogenase. Ten nanomoles of 25-

hydroxy[26 (27)-methyl-3H]vitamin n3 were added to this reaction mixture 

in 1 m1 of ethanol. Incubation was carried out in 5 separate flasks 

with gentle shaking under air at 37° for 1 hour. Tennination of the 

reaction occurred with the addition of methanol-chlorofonn (2:1, v/v) 

as described under "Organic Solvent Extraction Tissues and Subcellular 

Fractions.'' 
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la,25-(0H) 2[3H]D3 was purified by column chromatography on silicic acid, 

Sephadex LH-20, and Celite. 

la,25-(0H) 2[14c]D3 was produced, in vivo, as previously de 

scribed (34). Twenty rachitic chicks were each dosed with 20 i.u. of 

[14c]vitamin D3 (1.3 nanomoles), and 16 hours later lipids, including 

la,25- (0H) 2[14C]D3 were extracted from the intestines as described under 

"Organic Solvent Extraction of Tissues and Subcellular Fractions" and 

pur ified by column chromatography on silicic acid, Sephadex LH-20, and 

Celite. · 

Nonradioactive la,25-(0H) 2D3 was produced, in vitro, by a.modi 

fication of the method of Lawson et al. (37). Fourteen grams of kidney 

from rachitic chicks was homogenized in 0.3 M sucrose. The homogenate 

(140 ml) was mixed with a phosphate buffer and NADPH generating system. 

In a final volume of 540 ml the mixture contained: 0.2 M KH2Po4, 3 . 2 mM 

+ 
MgC12, 3. 7 mlvf 1-malate, 1. 7 rru'-1 glucose-6-phosphate, 0.15 mM NADP a..nd 

75 units of glucose-6-phosphate dehydr ogenase. Three hundred and 

twenty-five nanomoles of 25-hydroxy[26(27)-methyl- 3H]vitamin D3 were 

added to the reaction mixture and incubation was carried out at 37° for 

2 hours. Lipids were extracted with methanol-chloroform (2:1, v/v) as 

described under ''Organic Sol vent Extraction of Tissues and Subcellular 

Fractions, " and la,25-(0H) 2D3 was purified by colwnn chromatography on 

silicic acid, Sephadex U1- 20, and Cel ite . la,25-(0H) 2D3 was stored in 

distilled ethanol at -20°. 
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Chromatographic Methods 

Silicic Acid Column Chromatography 

Silicic acid was activated by heating to 120° for 24 hours just 

prior to use. The silicic acid was then suspended in hexane and poured 

into a column with the aid .of 7 pounds nitrogen pressure for packing . 

Samples were applied in a small volume of hexane-diethyl ether (1:1, 

v/v). Fifty milliliter fractions were collected from columns (1.8 x 18 

em, containing 25 g silicic acid, figures on pages 41, 138 , and 151), 

and 10 ml fractions were collected from columns (1 x 50 em, containing 

22 g silicic acid, figures on pages 45 and 54) which were batch eluted 

with 5% acetone in diethyl ether. In the preparation of plasma samples 

for assay, silicic acid columns (1 x 40 em, containing 18 g silicic 

acid, figure on page 136) were eluted with 220 m1 diethyl ether, fraction 

1 , and 75 ml acetone, fraction 2 l a ,25 - (0H) 2D3 eluted in fraction 2. 

Each cohmm was run under 4 pounds of nitrogen pressure and with a flow 

rate of 5 m1 per minute . 

Sephadex LH-20 Colwnn Chromatography 

Liquid-gel partition chromatography on Sephadex LH-20 was per

formed by the method of Holick and DeLuca (100) . Colunn1s were eluted 

with 65% chloroform in hexane, and run under 3-5 pounds nitrogen pres 

sure to obtain a flow rate of about 1 ml/min. Seven m1 fractions were 

collected from columns (1 x 33 em, containing 11 g Sephadex LH-20, fig 

ure on page 41), and 10 ml fractions were collected from colum1s (1 x 60 

em, containing 20 g Sephadex LH- 20, figures on pages 45 and 54). In t he 

. plasma preparation of samples for assay Sephadex LH .:. 20 columns (1 x 15 



ern, containing 5 g Sephadex LH-20, figures on pages 136 and 138) were 

run under gravity and 45 rnl fractions were collected. la,25-(0H) 2D3 

eluted in fraction 2, and the flow rate was 1.5 rnl/rnin. 

Celite Column Chromatography 
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Celite was washed with concentrated HCl and organic solvents, 

and the fine particles were removed prior to use (101). Column chroma

tography was by the procedure of Haussler and Rasmussen (34) . For res

olution. of dihydroxy-D-vitamins , 5 volumes of 10% ethyl acetate in 

hexane were equilibrated with 1 volume of 45% water in ethanol . The 

lower water -ethanol phase served as a stationary phase and was mixed 

with 11 g Celite (1: 1, v/w) The Celite was then suspended in excess 

ethyl acetate-hexane (upper phase, mobile) and packed with a rod int o a 

homogeneous column (1 x 35 em). Columns were run w1der 3 poun s nitro 

gen pressure to achieve flow rates of about 0.5 rnl/min. Five-ml f rac

tions were collected. In the preparation of plasma samples for assay , 

"rnicro-Celite" columns (containing 0.8 g Celite) were used for r apid and 

efficent purification of la ,25-(0H) 2D3. Four ml were collected in 

fraction 1, and 8 ml were collected in fraction 2 [containing la, 25-

(0H) 2D3]. ' 'Micro-Celite" columns were run under 5 pounds nitrogen pres 

sure to achieve flow rates of about 1 ml/min . 

For purification of 25-0HD3, 500 ml of hexane (mobile phase) 

were equilibrated with 500 rn1 of 15% water in methanol (stationary 

phase). Columns (1 x 36 em, containing 11 g Celite) were packed and 

eluted with the mobile phase under 3 pounds nitrogen pressure. Five-ml 
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fractions were collected, and flow rates were about 0.5 ml/min. Samples 

were applied to all Celi te columns in 0.4 m1 of the mobile phase. 

Column Chr omatography of Proteins 

All chromatographic procedures were carried out at 1-3°. Aga

rose Beads for Gel Filtration (Bio-Gel A-0.5 m, 100-200 mesh) were 

equilibrated with 0.3 M KCl -Buffer B, and the fine particles were re

moved by vacuum aspiration. The beads were deareated and poured into a 

column ·(1. 6 x 65 em) , and equilibrated with 0. 3 M KCl- Buffer B. Samples 

were pumped onto the colunm with a Buchler Polystaltic pump and flow 

rates were maintained at 19.5 to 20.5 ml/ hour . One-ml fractions were 

collected in liquid scintillation vials and the radioactivity was deter

mined in each f ract ion following addition of 5 ml of l iquid scintil la

tion counting solution B, consisting of 3% Liquif luor in xylene : Triton 

X-114, 3:1 as descri bed under "Liquid Scintillation Counting" (page 32). 

Efficiency for tritium was 30%. In certain cases the optical density at 

280 nm of the eluate was measured continuously with an ISCO ultraviolet 

analyzer; or the ultraviolet absorbance at 280 nm of individual frac

tions was determined with a Gilfor d 240 spectrophotometer equipped with 

a rapid sampling device. 

Sucrose Gradient Centrifugation 

Centrifugation of proteins through linear 5 to 20% sucrose gra

dients in 0.15 M KCl-Buffer B or 0.3 M KCl-Buffer B was accomplished by 

the following procedure. The linear gradients were generated in a 

Buchler gradient former by placing 2.55 ml of 5% sucrose in the holding 

chamber and 2.55 ml of20%sucrose in the mixing chamber. The gradient 
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(5.1 rnl) was pwnped int o a polyallomer 1/2" x 3-1/2" Beckman centrifuge 

tube using the Buchler Polystaltic pump and Auto Densi-Flow and allowed 

to equil ibrate in a 1-3° room for at least 3 hours before use. Samples 

(0.2 ml or 0. 3 ml ) were carefully layered on the top of the gradient 

with an Eppendorf pipette or Pasteur pipette. Centrifugation was 

carried out for 16 to 24 hours at 0° at 234,000 x g (average force ) 

using a Beckman L2-65B ultracentrifuge and a SW 50.1 rotor . The gra-

clients were fractionated from the top of the tube using the Auto Densi-

Flow and in certain cases the optical density at 280 run was continuously 

measured with the ISCO ultraviolet analyser. The ultraviolet absorbance 

at 280 nm of each fraction was, in certain exper iments , measured with 

the Gilford 240 spectrophotometer equipped with a rapid sampli11g device . 

The fractions were collected in counting vials and were counted as de-

scribed under "Liquid sc·ntillation Count ing" (page 32). Efficiency for 

tritium was 35%, and quenching of radioactivity did not vary signifi-

cantly with the concentration of sucrose in the fractions . 

Measurement of Specific Binding 
to Subcellular Components 

Filter Assay for Cytoplasmic Receptors 

Separation of bound from free sterol was achieved by the filter 

assay method of Santi et al. (102). Aliquots of cytosol (0. 15 ml, 1 . 5 

mg protein/ml) containing a given 3ri-labeled sterol and samples con-

taining the same concentration of labeled sterol plus a 500-fold excess 

of unlabeled sterol were incubated at 0° for 2 hours . Filtration assays 

were performed at 1-3° under the following conditions : DEAE Cellulose 
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filters were soaked in Buffer D prior to use, placed on a 3025 Milli

pore manifold, and freed of excess moisture by application of a low 

vacuwn. The vacuum was removed and S0-111 samples were applied unifonnly 

to the filters. After 2-4 minutes a gentle vacuum was applied, and the 

filters were washed with five 1-rnl portions of Buffer D. 1ne vacuum was 

increased to r move excess 1noisture, and the damp filters were placed in 

a liquid scintillation vial. Five ml of liquid scintillation counting 

solution B was added to each vial, and radioactivity was determined as 

described under "Liquid Scintillation Counting" .after equilibration for 

at least 8 hours. Efficiency for tritium was 35%. The amount of radio

active sterol specifically bound by the cytosol 1~as calculated by sub

tracting the radioactivity on filters containing excess sterol 

(''background") from the radioactivity ln samples with no competitor at 

a given free 3H-sterol concentrations ln the cyto ol. The free 3H

sterol concent ration was determined by measuring the total radioact ivity 

in a 50-lJl aliquot of a given cytosol-sterol mixture and subtracting 

from that value the amount of bound 3H-sterol in 50 11l of the same 

cytosol -sterol 1nixture (as detennined by the filter assay) . 

Charcoal Assay for Cytoplasmic Receptors 

A dextran-charcoal suspension (0.5% Norit A, 0.05% dextran 90, 

w/v in Buffer A) was prepared and then centrifuged at 12,000 x g for 1 

minute in a Brinkman 3200 microcentrifuge, and the supernatant was dis

carded. The charcoal-dextran pellet was resuspended in 0.5 ml of cyto

sol which had been preincubated with la,25-(0H) 2[3H]D3 at 0° for 2 

hours . The cytosol-sterol mixture was incubated at . 0° f or 15 minutes 
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and recentrifuged at 12,000 x g for 1 minute to separate bound hormone 

(supernatant) from free hormone (complexed to the dextran-charcoal). 

The supernatant was removed from the microcentrifuge tube with a Pasteur 

pipette and added to 5 rnl of liquid scintillation counting solution B. 

Samples were counted as described under "Liquid Scintillation Counting". 

Efficiency for tritium was 32%. 

Filter Assay for l a,25- (0H) 2D3 

·Chr omatin and cytosol fractions f rom intestinal mucosa ofrachit

ic chic.ks were prepared at 1-3° and reconstituted irrrrnediately before 

use. The reconstituted cytosol-chromatin was stirred vigorously to 

achieve unifonn distribution of chromatin, and to each assay tube con-

3 tau1ing la,25-(0H) 2[ H]D3 and unlabeled sterol was added a 200-~1 por-

tion of the reconstituted cytosol-chromatjn receptor system. The final 

3 concentration of la, 25- (OH) 2 [ H] D3 was 4. 3 nM and the aJ110ill1t of DN 

added to each tube Has about 150 ~g. After i ncubation of the mixtures 

at 25° for 20 minutes, the quantity of labeled sterol bound to the chro-

matin was determined by filtration (described below). To determine non-

specifically bound sterol , parallel reactions were performed in wl1ich a 

100-fold excess of unlabeled la,25- (0H) 2D3 was included in the incuba

tion mixtures as a competitor for binding to the la,25-(0H) 2D3 chromatin 

receptor . Ster ol specifically bound to the la,25-(0H) 2D3 receptor is 

calculated by subtracting the nonspecifically bound sterol ("back-

ground") from that bound in the absence of excess nonradioactive sterol 

("total binding"). 
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Filtration assays were performed as follows: filters (Gelman , 

Glass Fiber, Type A) were soaked in distilled water prior to use, placed 

on a 30-place Millipore manifold, and washed with ice-cold 1% Triton 

X-100-Buffer C during application of a low vacuum . The 200 -~1 samples 

were uniformly applied to each of the filters. After 2-4 minutes the 

vacuum was increa.sed to achieve uniform flow rates of about 1 ml /minute, 

and each of the filters was washed with 8 ml 1% Triton X-1 00 Buffer C. 

Following filtration, the filters were placed in 10 ml of methanol-

chloroform (2:1, v/v) 1n a scintillation vial for 1 hour to extract 

la,25 - (0H) 2[3H]D3 f rom the filters. The filters were then r emoved from 

the vial and the contents were dried under a s tream of air . Five ml of 

liquid scintillation count ing solut ion A was added to the vials, and 

radioactivity was determined as described under "Liquid Scintillation 

Counting." Efficiency for tritium was 39% . 

Heat and Enzymatic Release Studies 

Cytoplasmic la,25-(0H) 2D3 Binding Components 

Aliquots of cytosol (0. 2 ml or 0. 3 ml) that were prepared in 

Buffer A and preincubated with la,25-(0H) 2[3H]D3 at 0° for 30 minutes or 

2 hours were incubated at 0° for 1 hour with (a) no addition , (b) 200 ~g 

DNase , (c) 200 ~g RNase or (d) 200 ~g pronase , or at 25° for various 

amounts of time . In additional experiments , cytosol was incubated at 

25° for various amounts of time prior to incubation with la , 25-(0H) 2-

[3H]D3 at 0°. Samples were then analyzed for specific la,25-(0H) 2D3 
binding via the cytosol filter assay of via sucrose gradient centrifu-

gation. 
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Nuclear la,25-(0H) 2D3 Binding Components 

Aliquots (0.3 ml) of 0.3 M KCl-Buffer B chromatin extracts, con-

taining bound la,25-(0H) 2D3, were incubated for 30 minutes at 0° with 

(a) no additions, (b) 100 11g DNase plus 5 pl of 0. 3 M magnesium acetate, 

(c) 100 11g RNase, or (d) 100 11g pronase. Samples were analyzed for spe-

cific la,25-(0H) 2D3 binding via sucrose gradient centrifugation. 

Liquid Scintillation Counting 

Liquid scintillation counting of all radioactive ste ols (tri

tium, or 14c) was carried out after the addition of the appropriate 

liquid scintillation cour1ting solution. For nonaqueous samples counting 

solution A, consisting of 4 g 2,5-diphenyloxazole and 50 mg 1,4-bis 2-

(5-phenyloxazoyl) benzene per liter of toluene, 1-vas used, and for aqueous 

srunples counting solution B, consisting of 3 g 2,5-diphenyloxazole and38 

·mg 1,4-bis 2-(5-phenyloxazoyl) benzene per liter of A.'ylene: Tri ton X-114 

(3: 1) , was used. Sarnples were counted to 2% error or for 10 minutes in a 

Beckman LS-250 ambi ent temperature or a Beckmar1 LS-223 refrigerated 

liquid scintillation spectrometer. Efficiencies for tritium ranged from 

20% to 45% , and efficiency for 14c was 70%. The number of dpm of isotope 

present in samples was determined by addition of internal standards and 

redetermination of radioactivity . These standards were [3H] toluene and 

[14c] toluene and were obtained from New England Nuclear Corp., Boston, 

Massachusetts. The specific activity of the tritium standard was 31,000 

dpm/10 111, and the specific activity of the 14c standard was 4260 dpm/10 

11l. Calculation of the nwnber of dpms was facilitated by the use of an 

Olivetti-Underwood Programma 101 computer with progrruns written to 
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or double label (tritiwn and 14c) calculations. In some cases dpm were 

converted to pmoles of sterol based on known specific activity of 

labeled sterol. 

Assay of la-Hydroxyvitamin D3-2S-Hydroxylase 

Homogenates (10 %, w/v) of intestinal mucosa were prepared as 

described under "Preparation of Subcellular Fractions" in 0 .3 M sucrose. 

Care was taken to use a low homogenizing speed to preserve mitochondria. 

Five-tenths ml of homogenate was then added to 9. 5 m1 of a phosphate 

buffer , pH 7.4, containing Mg2
+ and a NADPH generating system. The 

2+ final concentrations were 0.2 M KH2P04, 4 mM Mg , 7.5 mM 1-malate , 3.5 
+ mM glucose-6-phosphate, 0.3 nM NADP , and glucose-6-phosphate dehydro -

genase (6 w1its per assay). The reaction was initiated by adding l. 3 

nmoles la-OHD3 in 50 l-!1 ethanol. The reaction was carried out under air 

with gentle shaking for 2 hours at 37°. 3 Tracer la,25 -(0H) 2[ H]D3 (2000 

cpm) was added to the reaction incubation, and lipids and sterols were 

extracted as described under "Organic Solvent Extraction Techniques ." 

Suspected la,25-(0H) 2D3 was purified from t he extract by column chroma

tography on silicic acid , Sephadex LH-20, and Celite . la,25-(0H) 2D3 was 

quantitated in each assay as described under "Filter Assay for la , 25-

Mass Spectrometry of Sterols 

A model RMU-6E Hitachi double focusing mass spectrometer was 

used t o analyse 5-10 l-!g portions of vitamin D3, 25-0HD3, la-OHD3, and 

la,25-(0H) 2D3 to confirm chemical structures. Samples were directly 
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introduced on the probe and continuous scanning was carried out from 

80-150° above ambient. 

la,25-Dihydroxyvitamin D3 Biological Assay 

A la,25-(0H) 2D3 activity assay was carried out by a modification 

of the procedure of Coates and Holdsworth (103). The compound of inter-

est , dissolved in 0.2 ml 1 , 2-propanediol, was administered to rachitic 

chi cks. Control chicks received 0.2 ml 1,2-propanediol alone. At the 

· · · 1 1 45c 40c · · f 1 5 c· 45c appropriate tlffie 1nterva ora a, a, cons1st1ng o . ~ 1 a 

and 7.4 mg CaC12, was administered to the chicks. Forty minutes later 

the chicks were sacrificed by decapitation and 3-5 ml of blood was col-

lected in heparinized centrifuge tubes. After sedimentation of the red 

cells by centrifugat ion at 12,000 x g for 10 minutes , aliquots (0 .2 ml) 

of plasma were added to liquid scintillation vials containing 10 rnl 

Aquasol scintillation counting solution, and radioactivity of the same 

energy as 14c was determined . 

Chemical Assays 

Deoxyribonucleic Acid 

Deoxyribonucleic acid in various cell fractions was assayed by 

the following method. cleic acids (and protein) in a 1-ml aliquot of 

the cell fraction were precipitated with 2. 5 ml cold 10% tricholoracetic 

acid (TCA). Following centrifugation at 4,000 x g for 5 minutes, the 

pellet was washed once with 5 ml 10% TCA and twice with 5-ml portions of 

95% ethanol . The delipidized precipitate was then extracted witl1 hot 

(90°) 5% TCA for 15 minutes to solubilize the nucleic acids, and the 
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residual protein was separated by centrifugation. A 1-rnl aliquot of the 

extract was assayed for DNA by the diphenylamine method (104, 105) . T\.vo 

ml of diphenylamine reagent, cons isting of 1 g diphenylamine dissolved 

in 100 ml glacial acetic acid plus 2.75 ml concentrated HCl, was added 

to the extract, and the mixture was heated at 100° for 10 minutes. 

Ribonucleic Acid 

Nucleic acids 1n 1-ml aliquots of cell fractions were solubi

lized as described above, and a 1-wl aliquot of the nucleic acid extract 

was analysed for RNA by the orcinol procedure (105). A standard curve 

for DNA in orcinol was also prepared so that the contribution of D in 

the orcinol assay could be subtracted . 

Protein 

Protein was detennined by the method of Lmvry et al. (106) ; 

bovine serwn albumin was employed as t he protein standard. 

Spectrophotometric Determinat ions 

In quantitating the concentration of sterol solutions, absorb

ance measurements and spectra were made on a Becl<man DB spectrophotom

eter equipped with a 12 inch Beckman recorder. The optical density 

at 280 nm of the eluate of agarose columns or of sucrose gradients was 

made by two methods : continuous measurement using an ISCO model VA- 2 

ultraviolet analyser and recorder, or n1easurement of individual frac 

tions us i ng Gilford model 240 spectrophotomet er equipped with a model 

2443-A r a · 1 san1pler and a model 4008 data lister. 



CHAPTER 3 

RESULTS 

Preparation and Purity of la,25-Dihydroxyvitamin D3 
and Related Sterols 

Since la,25-(0H) 2D3 is not available commercially, it was neces

sary to· biosynthesize this compound from 25-0HD3. 25-0H[3H]D3 of high 

specific activity was purchased from Amersham/ Searle, and its specific 

activity and radiochemical purity were determined with the aid of chro-

matography on Celite liquid-liquid partition columns. As shown in Fig-

ur e 3A the ultraviolet spectrum from 220 to 320 nn1 of the commercially 

supplied 25-0H[3H]D3 indicated the presence of significant amounts of 

contaminating materials which absorb ultraviolet light in the region of 

maximum absorbance (264 nn1) of the triene-ring system of vitamin D3-

sterols. Following purification of the 25-0riD3 on a Celite column, mos t 

of the contaminating materials were removed, and the compound had lli1 

ultraviolet spectrum cl1aracteristic of vitamin D3 with an absorbance 

minimum at 228 run and an absorbance maximum at 264 nm (Figure 3B). The 

specific activity of the 25 -0H[ 3H]D3 (9.8 Ci / mmole) was calculated by 

determining the radioactivity in an aliquot of the Celite-purified com

pound and the concentration of the 25-0H[3H]D3 based on its extinction 

coefficient (18,300 liter-mole/em at 264 nm) (107). The radiochemical 

purity of the 25-0H[3H]D3 was determined by rechromatography on Celite 

of an aliquot of the Celite-purified sterol. Recovery of tritium in the 

elution position of 25-0HD3 was greater than 98%. .The 25-0H [3H] D3 of 
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Figure 3. Ultraviolet absorption spectrum of 25-hydrox>r[ Hjvitamin D^. 

A, spectrum of commercial preparation of radioactive sterol from_ 
Amersham Searle. B, spectrum of 25-OH[^H]l>5 following purification on 
a Celite liquid-liquid partition column as described under "Materials 
and Methods." 
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high specific activity (6-9.8 Ci/mmole) was enzymatically converted to 

la,25-(0H) 2[3H]D3 (6-9.8 Ci/rnmole) as described below. In certain cases 

·the specific activity of the 25-0H[3H]D3 was diluted with crystalline 

nonradioactive 25-0HD3 to create a very low specific activity 25-0HD3 
., 3 

(~150 dpm/ 65 pmole) substrate for the generation of la,25- (0f1) 2[ H]D3 

of very low specific activity . The ultraviolet absorption- spectrum of 

the nonradioactive 25-0HD3 is shown in Figure 4A, and its mass spectrum 

is sho\\TJl in Figure 5. 

la,25-(0H) 2D3 was prepared from 25-0HD3 employing an in vitro 

preparation of the chick renal 25-0HD3-la-hydroxylase enz~ne. In this 

procedure 25-0HD3 is incubated with a kidney homogenate from vitamin D

deficient chicks i n the presence of a NADPH generating system by a 

modification of the procedure of Lawson et al . (37). The stereospecific 

. hydroxy~ation of 25-0HD3 in the kidney mitochondria to yield lo:,25 -

(0H)2D3 is mediated by cytochrome P-450 (108), and this enz~natic activ

ity is markedly stimulated upon adaptation of the animal to a low 

calcium status (42) . Thus, high conversions of 25-0I-ID3 to l a.,25- (0H) 2-

n3 can be effected in renal homogenates from chicks raised on a vitamin 

D-deficient diet for 3-4 weeks prior to sacrifice (109). As shown in 

Figure 6 , the hydroxylation of 25-0HD3 is very efficient in this sys

tem, and the labeled hormone is the predominant vitamin D metabolite in 

the methanol-chloroform extract of the kidney homogenate . The radio

activity in the elution position of la,25- (0H) 2D3 comprises 75% of the 

total eluted r adioactivity following separation of the labeled hormone 

from the 25-0H[3H]D3 precursor by chromatography on a silicic acid 

column . Further purification of the la,25-(0H) 2[3H]D3 was carried out 



Figure 4. Ultraviolet absorption spectrum of nonradioactive vitamin D 
sterols. 

A, spectrum of crystalline 25-OIID3 provided by Dr. John C. Babcoc.k of 
the Upjohn Company (Kalamazoo, Michigan); B, spectrum of la,25-(OH)2D3 
prepared in kidney homogenates of rachitic chicks, in vitro, as de
scribed under "Materials and Methods." 
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Figure 6. Chromatographic purity of la,25-dihydroxy [ II]vitamin IX. 

la, 25- (0II)2D3 was prepared in vitro from 25-OH["3H]D3 as described under 
"Materials and Methods." A, the lipid extract from the kidney homoge-
nate- was chromatographed on a silicic acid column (1.8 x 18 c.m); B, 
fractions 6 to 12 from the silicic acid column were rechroiuatographed 
on a Sephadex LII-20 column (1 x^33 cm); and C, a Cclite liquid-liquid 
partition column. la5 25-(OH)2[^M]D5 (6-9.8 Ci/mniole) migrated in 
fractions 13-15. 
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by column chromatography on Sephadex LH-20 and Celite (Figures 6B, 6C). 

This purification sequence resolves the sterol hormone from all known 

vitamin D metabolites, including 24,25-(0H) 2D3 and 25,26-(0H) 2D3 (34). 

The final yield of la,25-(0H) 2[3H]D3 varied from 30 to 40 %, and its 

radiochemical purity was greater than 98 %, as determined by rechr omatog

raphy of the la,25-(0H) 2[3H]D3 on a Celite column. la,25-(0H) 2D3 of 

very low specific activity (150 dpm/65 pmole) was generat ed on a large 

scale in the kidney homogenate as described under ' ~1aterials and 

Methods~' and pur ified by column chr omatography on silicic acid, Sephadex 

LH-20, and Celite. This low specific act ivity of la,25-(0H) 2[3H]D3 wil l 

be referred to as nonradioacti ve l a,25 -(0H) 2D3 because at low concentra

tions its radioactivity cannot be detected . Yields were approxiwately 

20% , and the final l a )25 -(0H) 2D3 product was j udged to be free of con

taminat i ng materials by mass spectrometry and ultraviolet absorption 

spectrophotometry (Figures 4B , 5). In all experiments la , 25- (0H) 2D3 

concentration was quant itated by measurement of ultraviolet absorbance 

at 264 nrn . The mass spectra of the nonradioactive sterols [vitamin D3, 

25-0HD3, la-OHD3, and la,25-(0H) 2D3] were determined in col l aboration 

with Mr. Peter Baker of the Department of Chemistry, The University of 

Arizona and are shov..rn in Figure 5. Respective parent molecular ions of 

m/e 384 , 400, and 416 are seen f or vitamin D3 and its mono- arid di

hydrOA)11ated derivatives. Both la-OHD3 and biologically prepared l a ,25-

(0H) 2D3 yield fragments at m/e 287,269 (287-H20), 251 (287- 2H20) 152, 

and 134 (152-H20), indicating that la -OHD3 and the natural hormone con

tain an additional oxygen atom in the A-ring. The A-ring fragments of 

vitamin D3 and 25-0HD3 occur at m/e of 271, 253 (271-H20) and 136, 



indicating one fewer oxygen atoms. In addition to the ultraviolet ab-

sorption spectra of these compounds, the mass spectra in Figure 5 

further verify the purity of the nonradioactive compounds employed in 

this study. 

Thus, in the experjJnents to be described in this dissertation 

sterol preparations of 25-0H[3H]D3 and l a,25- (0H) 2[3H]D3 of high spe

cific activity (6-9.8 Ci/mmole) and high radiochemical purity were 

employed. In addition, experiments were carried out with crystalline 
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nonradioactive vitamin D3, 25-0HD3, and la-OHD3. With the availability 

of la , 25-(0H) 2D3 of very low specificity activity (150 dpm/65 pmole) 

and high purity, dilutions of the high specific act ivity la,25-(0H) 2-

[3H]D3 to moderate specific activities (1000 dpm/pmole) were made for 

some experiments. 

Binding of la,25-Dihydroxyvitamin D3 
to Intestinal Chromatin, In Vivo 

Initial studies of the subcellular distribution of the label 

from [14c]vitamin n3 were carried out in rachitic chicks, in vivo. 

TI1ese exp~riments were designed to confirm the specific l ocalization of 

a metabolite of vitamin D3 in the chromatin fraction of t he intestine 

and to extend these findings by correlat ing. the binding of la, 25- (01-I) 2 

[14c]D
3 

with the stimulation of calcium transport. Rachitic chicks were 

dosed orally with increasing amounts of [14c]vitamin D3 and 15 hours 

later the Triton X-100 washed chromatin from the intestine ,,AJas prepared. 

Extraction of sterols from the chromatin fraction by methanol-chloroform 

(2:1) and chromatography of the extract on silicic acid and Celite col

umns showed that the radioactive sterol bound to the chromatin 
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migrated with· standard la, 25- (OH) 2n3 (generated in vitro) in t wo 

chromatography systems (Figure 7). Moreover, the binding of the hormone 

to the chr omatin was saturable; a maximum of 10 pmoles of la,25-(0H) 2D3 

was found in the chromatin after administration of 20 i.u. of vitamin 

D3. The stimulation of calci um absorption , measured in vivo 40 hours . 

after increasing doses of vitamin D3, was also maximal after a 20-i.u. 

dose of vitamin D3 (Figure 8). This correspondence between the binding 

of la,2 ~-(0H) 2D3 to the chr~natin and the physiologic response t o vita

min D suggest s that there is a relationship between binding of the hor-

mone to the chromatin receptor system and the action of this hormone in 

stimulating intestinal calcium transport . 

Direct studies of the binding of la,25-(0H) 2[3H]D3 to the chro

matin were also carried out, in vivo. In Figure 9 t he time course of 

the binding of la,25- (0H) 2[3H]D3 to the chromatin receptor after admin

i stration of la,25-(0H) 2[3H]D3 is compared to the time course of the 

stimulat ion of calcium transport by this sterol . After a dose of 390 

pmoles of la,25-(0H) 2[3H]D3 maximal binding of the honnone to the chro

matin receptor occurs in 2 hours, 8 hours prior to the maximal calcium 

absorption response. Perhaps most striking is the observation that 8 

hours after this dose the receptor sites have become almost completely 

unfilled. Also, s ignificant binding of la,25-(0H) 2[3H]D3 to the chroma

tin receptor occurs within 30 minutes, 1-1/ 2 t o 2 hours before the 

onset of the calcium transport response. Thus, the onset and maximum 

stimulation of calcium absorption by _la,25- (0H) 2D3 occurs 2 m1d 8 hours, 

respectively, after t he localization of this hormone in the intestinal 

chromatin. The time course of binding of la,25-(0H) 2[3H]D3 to the 



Figure 7. Chromatographic analysis of the chromatin-associated vitamin 
D metabolite. 

Rachitic cliicks were dosed orally with 20 .i.u. ["^C]vitamin and 15 
hours later the animals were sacrificed. Intestinal mucosa chromatin 
was prepared and extracted with mcthanol-chloroform (2:1). The extract 
was chromatographed on A, a silicic acid column (1 x 50 cm), recovery 
% = 77%, = 80%; and B, a Celite liquid-liquid partition column 
(1 x 33 cm), recovery -Wi = 85%, l-1c =88% with a standard preparation 
of lc*25- (OH) ? [''H]D3 generated, in vitro, as described under "Materials 
and Methods." 
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Figure 7. Chromatographic analysis of the chromatin-associated vitamin 
D metabolite. 



Figure 8. Saturation of intestinal mucosa chromatin with 3a,25-
clihyclroxy[14c]vitamin Dg after increasing doses of 
[14c]vitamin Dg and its correlation with increased intestinal 
calcium absorption. 

A, the indicated doses of [^C]vitamin Dg were administered orally in 
0.2 ml of 1,2-propanediol 15 hours prior to sacrifice. Triton X-100 
washed chromatin was prepared as described under "Materials and 
Methods." It was found that intestines of 3- to 4-week-old rachitic 
chicks routinely yield approximately 5 g (wet weight) of mucosa. Three 
grains of mucosa contain 15 mg of DNA, and to eliminate variations in 
tissue size, all results were corrected to that value based upon indivi
dual DNA determinations. Each point is the average of four separate de
terminations. B, in a separate experiment, the indicated doses of 
vitamin Dg were administered intracardially in 0.2 ml of 1,2-propanediol 
40 hours prior to sacrifice. Calcium absorption was measured as de
scribed under "Materials and Methods." Each point represents the aver
age of five separate determinations. 
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Figure 9. Time course of localization of la,25-dihydroxy[ 3H]vitamin D3 
in the intestinal chromatin after a dose of la,25-(0H)z
[3H]D3 and its relation to the stimulation of intestinal 
calcium absorption by this sterol . 

Rachitic chicks received an oral dose of 390 pmoles of la,25-(0H) 2-
[3H]D3 and were sacrificed at the prescribed time. The amount of 
la,25-(0H)z[3H]D3 in the intestinal chromatin per 15 mg of DNA was 
determined as described under ' 'Materials and Methods" (o--o). Each 
point is the average of three pooled chickens . In a separate experi
ment the intestinal calcium transport response \vas assayed at the pre
scribed time after an oral dose of 390 pmoles of la,25-(0H)zD3 as 
described under "Materials and Methods" (ll-----6). Each point is the 
average of five determinations. 



chromatin reveals that the hormone receptor interaction is an early 

event, a requirement for involvement in the primary physiologic 

response. 

Binding of la,25-Dihydroxyvitamin D3 
to Intestinal Chromatin, In Vitro 

Saturation of Binding of la,25-Dihydro:xy
vitamin D3 to Intestinal Chromatin 

.The binding of la,25- (OI-I) 2 [
3H]D3 to the chromatin fraction was 

also detected in intestinal mucosa homogenates in vitro. Incubat ion of 

homogenates with increasing amounts of la,25-(0H) 2[3H]D3 for 30 minutes 

at 25° resulted in a nearly linear increase in radioactivity bound to 
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the crude nuclei, microsomes, and mitochondria (I~igure 10) . Unde. these 

incubation conditions most of the radioactivity 1 as localized in the 

crude nuclear fraction. As shown in Figure 11, the percentage of the 

tota l bound radioactivity in the chromatin and cytosol decr eases as the 

incubation concentration of la,25-(0H) 2[3H]D3 is increased. These de

creases in the relative binding of the labeled hormone in the chromatin 

and cytosol indicate a limitation of the number of binding sites f or 

la,25-(0H) 2D3 and suggest that these subcellular fractions may contain 

specific binding components for the honnone . The saturation of a 

limited number of binding sites for la,25-(0H) 2D3 in the chromatin is 

illustrated in Figure 12. The amount of radioactive hormone bow1d to 

the chromatin at saturation is 24 pmoles per intestine (15 mg DNA equiv-

alent), a value tl1at is 2 times greater than that seen after administra

tion of [14c]vitamin n3, in vivo (Figure 8). This higher saturation 

level may be the result of more receptors being exposed to the sterol in 
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Localization of radioactivity in crude subcellular fractions 
at increasing concentration of la,25-dihydroxy[3H]vi tamin D3, 
in vitro . 

Homogenates (15 ml) of intestinal mucosa from vitamin D-deficient chicks 
were incubated with increas ing amounts of l a ,25-(0H)2[3H]D3 for 30 min 
at 25°. Subcellular fractions were prepared, and radioactivity in each 
fraction was corrected to a value corresponding to 3 g wet tissue based 
on the DNA in the crude nuclei as described under ''I\,1aterials and 
Methods.'' 



Figure 11. Localization of radioactivity in crude subcellular frac
tions at increasing concentration of la,25-dihydroxy[3li] -
vitamin D_ in intestinal mucosa homogenates. 

3 

Homogenates (15 ral) of intestinal mucosa from vitamin D-dcficicnt chicks 
were incubated with increasing amounts of Ira ,25-(Oil) z [^11] 1)3 for 50 min 
at 25°. Subcellular fractions were prepared, and radioactivity in each 
fraction is expressed, as a percentage of total radioactivity bound in 
the homogenate incubation. 
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Figure 12. Saturation of radioactivity in chromatin after incubation of 
intestinal mucosa homogenates with la.,25-dihydroxy[3H] -
vitamin D3. 

Homogenates (15 ml) of intestinal mucosa from rachitic chicks were in
cubated with increasing amounts of la.,25-(0H)z[3H]D3 for 30 min at 25° . 
The amount of la.,25- (0H)z[3H]D3 in the chromatin fraction per 15 mg of 
DNA was determined as described under "Materials and Methods . " Each 
point is t he average of 6 to 10 determinations ± S.E.M. 



the homogenate or limited metabolism of vitamin D3 to la,25-(0H) 2D3 in 

the rachitic chick . In separate experiments illustrated in Figure 13 , 
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the saturation level of this receptor 2 hours after oral administration 

of la,25-(0H) 2[3H]D3 , when localization of the hormone in the chromatin 

fraction is maximal (Figure 9), was found t o be 25 pmoles per chick 

chromatin (15 mg of DNA). The correspondence of the maximum binding of 

la,25-(0H) 2D3 to the chromatin in vitro (Figure 12) and 2 hours after 

a dose ~f la,25-(0H) 2D3, in vivo, (Figure 13) suggests that limitation 

of the metabolism of vitamin n3 to la,25-(0H) 2D3 and its rapid turnover 

from the chromatin (Figure 9) is responsible f or the lesser binding of 

this ster ol to the chromatin receptor seen after a dose of [14c]vitamin 

n3 (Figure 8). 

Identity of Chromatin-bound Sterol In Vitro 

To insure that la,25-(0H) 2[3H]D3 was not being metabolized prior 

to its association with the chr omatin, in vitro, lipids were extracted 

from the chr omatin fraction after i ncubation of a 1nucosa homogenate with 

la, 25- (OI--1) 2 [
3H]D3. The extract was chromatographed with marker la , 25-

(0H)2[14c]D3 (generated in vivo) on silicic acid , Sephadex u~-20, and 

Celite columns. Chromatography of the extract by Celite liquid-liquid 

partition was deemed necessary since it is the best chromatography sys-

tern for resolution of la,25-(0H) 2D3 and 25,26-(0H) 2D3 (34). Figure 14 

shows that there is only one peak of tritium which migrates with 

standard la,25-(0H)
2

[14c]D3 in all three chromatography systems. Thus, 

this sterol is not metabolized in vitro prior to association with the 

chromatin. 
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Figure 13. Saturation of radioactivity in chromat in after administra-
t ion of la,25-dihydroxy[3H]vitamin n3 to rachitic chicks. 

Increasing amounts (0.4-1.6 nmoles) of la,25-(0H)2[3H]D3 (500 dpm/ 65 
pmole) were administered orally in 0.2 ml 1,2-propanediol 2 hours prior 
to sacrifice. Triton X-100 washed chromatin was prepared from pooled 
intestines (3 chicks per group), extracted with methanol-chlorofonn 
(2: 1), and radioactivity was determined as described under "Materials 
and Methods. '' 
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Figure 14. Chromatographic analysis of chromatin-associated radio
activity after incubation of la,25-dihydroxy[3n]vitamin D_ 
with intestinal mucosa homogcnatcs. 

An intestinal mucosa homogenate from vitamin D-dcficient chicks was 
incubated with la,2S- for 70 min at 25°. Sterols were ex
tracted from the chromatin fraction, divided into 5 aliquots and chro-
matographed on: A, silicic acid, (1 x 50 cm), recovery: ^11 = 76%, 
14c - 785; B, Sephadcx LI I-20, (1 x G07an), recovery: 3h = 86%, ̂ C = 
88%; or C, Cel.ite columns, recovery: = 88%, 4̂C = 91%, with marker 
la, 25- (OH) 2 [C] D3 generated in vivo as described, under "Materials 
and Methods.". Arrows indicate elution positions of 24,25-dihydroxy-
vitamin D3 (1) and 25,26-dihydroxyvitamin D3 (2). 
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Specificity of Chromatin Receptor 

In order to test the selectivity of this receptor, sterols 

closely related to la,25-(0H) 2D3 were incubated with intestinal mucosa 

homogenates. The data in Table 1 indicate that la,25-(0H) 2D3 is bound 

to the chromatin far more effectively than the other sterols tested in 

the same concentration. In addition, la,25-(0H) 2D3 binds more effi

ciently to the intestinal chromat in than to the chromatin from non

target organs, the liver, and the spleen. This evidence suggests t hat 

the chromatin receptor for la,25- (0H) 2D3 is specific for this sterol and 

occurs only in the target organ . 

In a variety of e:Arperiments designed to further characterize the 

interaction of la,25- (0H) 2D3 with intestinal mucosa chromatin it was de 

sirable to employ a rapid method for the preparation of this fract ion . 

The approach utilized in r apidly preparing chromatin which r etained 

sterol binding properties similar to those already r eported, was to de

lete washes and centrifugation steps in the procedure for preparation of 

i ntestinal mucosa chromatin devised by Haussler et al . (28). As sho\~ 

in Table 2 (purification scheme D), deletion of he initial wash of the 

crude nuclear pellet with Buffer C and centrifugation through 1 .75 M 

sucrose-Buffer A resulted in no significant change in the amount of 

la,25- (0H) 2D3 bound to the chromatin fraction following incubation of a 

saturating amount of the labeled hormone with an intestinal mucosa 

homogenate. However, washing of the crude nuclear pellet in Buffer E 

and three successive washes in 1% Triton X-100-Buffer C were required 

to remove nonspecifically bound la,25-(0H) 2D3 from the chromatin 
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Table 1. Sterol and tissue specificity of localization of la,25-
dihydroxy [3H]vitamin D3 in chromatin fraction of intestinal 
mucosa homogenates. 

Homogenates (17 ml) of intestines of racliitic chicks were incubated with 
65 pinoles (3.8 nM) of la,25- (OH)2[3H]D3, 25-OH[3H]D3, [5II]vitamin D3, or 
[3H]estradiol-173 for 70 min at 25°. Liver and spleen homogenates (17 
ml) were incubated with la,25- (OH)2[3H]D3 under the same conditions to 
determine tissue specificity of binding. Each point is the average of 
4 measurements ± S.E.M. 

Sterol Added 

3 
la,25-Dihydroxy[ H]vitamin 

3 
2 5-1 lydroxy [" 1-1] vitamin 

[3H]Vitamin 

[3U]Estradiol-170 

la,25-DihydroxypH] vitamin IL 

3 
la,25-Dihydroxy['H]vitamin D^ 

Localization of 
Sterol in 
Chromatin 

Tissue (pmole/15 mg DNA) 

Intestine 9, .3 ± 0.7 

Intestine 0, .3 ± 0.1 

Intestine 0, ,2, ± 0.1 

Intestine 0. ,3 ± 0.1 

Liver 0, ,4 ± 0.1 

Spleen 0. ,2 ± 0.1 



Table 2. la,25-Dihydroxy[3H]vitamin D3 binding at various stages of 
chromatin purification . 
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Intestinal mucosa homogenates (15 ml) were incubated with la,25-
(0H)2[3H]D3 (1000 dpm/pmole , 5 nM) at 25° for 30 min . Subcellular frac
tions were then prepared. In all cases crude nuclear pellets were 
washed with Buffer E and 1% Triton X-100-Buffer C. A, resulting pellets 
were washed in Buffer C, centrifuged through 1.75 M sucrose-Buffer A, 
and finally washed 3 times in 1% Triton X-100 Buffer C [method of 
Haussler (28)]; B, method A with deletion of centrifugation through 
1.75 M sucrose-Buffer A; C, method A with deletion of Buffer C wash; D, 
method B with deletion of Buffer C wash (rapid chromatin preparat i on); 
E, method D with deletion of 1% Triton X-100-Buff er C wash; F, method D 
with deletion of two 1%-Triton X-100-Buffer C washes. 

Purification Scheme 

A 

B 

c 

D 

E 

F 

Binding of l a ,25-(0H)2[ 3H]D3 
pmoles/15 mg DNA 

22.2 

23.9 

22.1 

21.1 

26.8 

26.2 
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preparation (Table 2). This procedure was then adopted as the standard 

method for rapid chromatin preparation prior to sterol extraction. 

Numerous experiments to be r eported in this dissertation involve 

~ncubation of l a,25- (0H) 2D3 or appropriate sterol analogs with a recon

stituted cytosol -chromatin fraction, in vitro. As outlined under 

"Materials and Methods, " this procedure involves reconstitution of chro-

rnatin (prepared by successive washes with homogeni zation of the crude 

nuclear pellet in Buffer E, % Triton X-100-Buffer C, and Buffer C) and 

cytosol . by gentle homogenizati on. Following i ncubation, the harvested 

chromatin fraction is washed further with 1% Triton X-100-Buffer C. The 

results in Table 3 show that all of the chromatin preparative methods 

employed result in a fract ion with similar chemical contents; the DNA: 

protein: Ri'JA ratio in each preparation is about 1: 0 .15: 2. 4, values which 

are silllilar to those reported for chromatin preparations from i ntestine 

and other tissues (67-69). Also , in each case the hormone binding site 

on the chromatinwe1·e saturated at 24-28 pmoles la,25- (0H) 2[3H]D
3 

per 

15 mg DNA. 

Utilizing these improved incubation and fractionation proce-

dures, I detennined the capacity of la,25-(0H) 2D3 analogs to displace 

the labeled hormone from the chromatin receptor by incubating la,25-

(0H)2[3H]D3 with unlabeled sterols in reconstituted cytosol-chromatin 

mixtures. The amount of la,25-(0H) 2D3 bound in the chromatin fraction 

was then determined. The percent competition in la,25-(0H) 2[3H]D3 

binding to the chromatin in the presence of an unlabeled analog was 

taken as a measure of the efficacy of analog association with the 

hormone receptor system. 
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Table 3. Chemical content and la,25-dihydroxy[3H]vitarnin D3 binding 
properties of chromatin prepared by various methods. 

Chromatin was prepared by the following procedures. A, nuclear pellets 
were washed with Buffer E, 1% Triton X-100 Buffer C, Buffer C, centri
fuged through 1.75 M sucrose-Buffer A, and washed three times with 1% 
Triton X-100 Buffer C [method of Haussler (28)]; D, method A with dele
tion of Buffer C wash and centrifugation through 1.75 M sucrose-Buffer A 
(rapid chromatin preparation); cytosol-chromatin was reconstituted as 
described under "Materials and Methods" and in text (page 58), and all 
subcellular fractions were analyzed for DNA, RNA., protein and 3H-hormone 
binding following incubation of homogenates (methods A and D) or 
cytosol-chromatin with la,25-(0H) 2[3H]D3 (5 nM). 

la,25-(0H) 2[3H]D3 
binding 

Chromatin Preparation DNA RNA Protein pmoles/15 mg DNA 

A 1 0.12 2.4 24.1 

D 1 0.16 2.4 24.6 

Cytosol-chromatin 1 0.21 2.5 26.5 



Two types of la,25-(0H) 2D3 analogs were tested; those with 

modifications in the number and position of hydroxyl functions and 

those with modifications in the aliphatic side chail1. The ability of 

each sterol with hydroxyl modifications (Figure 15) to compete with 

la ,25-(0H) 2[3H]D3 for receptor binding is detailed in Figure 16. Non

radioactive la,25-(0H) 2D3 is 500 and 750 times more effective than 25-

0HD3 and la-OHD3, respectively, in reducil1g the binding of 

3 
la,25 - (~H) 2 [ H]D3 to the chromatin receptor . The concentrat ion of 

vitamin .D3 or dihydrotachysterol 2 must be greater than 20,000 times 

that of la,25 - (0H) 2n3 t o compete effectively with the honnone . 

Estradiol -17S and cholesterol do not compete even at these concentra-
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tions (data not shown). Thus, vitamin D ster ols with only one hydroxyl 

group such as vitamin D3 or dihydrotachysterol 2 have greatly diminished 

ability to associate with the receptor for la,25-(0H) 2n3. This obser 

vation applies whether the hydroxyl resides at carbon 3 (vitamin n3) or 

at the pseudy-la -position4 (dihydrotachysterol2). Sterols with tHo of 

the three hydroxyl groups fow1d in la,25-(0H) 2D3 , i.e., 25-0HD3 and 

la-OHD3, bind moderately well to the hormone receptor, but are still 2 

to 3 orders of magnitude l ess effective than the natural honnone. 

Therefore, both the la- and 25-hydroxyl functions are essential for 

totally efficient association of the molecule with the hormone r eceptor. 

Several analogs of vitamin n3, illustrated in Figure 17, with 

side chain and/or ring structure modifications were tested for their 

4. Rotation of the A-ring by 180° in the chemical fo11nation of 
the dihydrotachysterols or trans -D-vitamins causes the hydroxyl group at 
carbon 3 to assume a position analogous to the l a stereochemical orien
tation of la,25-(0H) 2D3. 
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Figure 15. Structures of vitamin D3 and biologically active analogs . 
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Figure 16. Competitive binding of vitamin D analogs for the la,25-
dihydroxyvitamin n3 receptor system. 

la,25-(0H)z[3H]D3 (0.8 pmole, 6-9.8 Ci/mmole) and an unlabeled competipg 
sterol were added to ZOO lll of a reconstituted cytosol-chromatin mix
ture. Detennination of specifically bound la, 25- (OH) 2 [3H] D3 to chroma
tin was determined by filter assay as described under ' 'Materials and 
Methods" in the presence or absence of competing sterol. The abscissa 
represents relative molar concentration of competing sterol. Legend 
for nonradioactive sterols: o--o, la,25-(0H)zD3; [] ·--[], ZS -OHD3 ; ~~, 
la,OHD3; --o , dihydrotachysterol2 (DHT2); -- , vitamin n3, (D3). 
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Figure 17 . . Structures of biologically active vitamin D3 analogs. 



ability to compete with la,25-(0H) 2D3 for receptor binding in a recon

stituted cytosol-chromatin mixture. In general, these compounds all 

have the basic ring system characteristic of vitamin D. All have 

hydroxyl functions at t he C-25 position and at the C-3 position (24-
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nor-25-0HD3 and 26,27-bisnor-25-0HD3) or the pseudo-la-position, due to 

rotation of the A ring through 180° , (5,6-trans-2 5-0HD
3 

and 27-nor-5,6-

trans-25-0HD3). The side chain modifications result in alteration in 

the environn1ent of t he hydroxyl at C- 25 by removal of adjacent methyl 

or methylene groups . 

Shown in Figure 18 are the ultraviolet absorbance spectra of 

these compounds i n the range of 220 to 320 nm. As judged by this tech-
\ 

nique , the samples of 5,6 -t rans-25-0HD3 and 27-nor-5,6-trans-25-0~ID3 are 

quite pure. However , significant amounts of contaminating materials 

were present in the samples of 24-nor-25-0HD3 and 26 , 27-bisnor- 25-0~ID3 ; 

thus , quant i tation of sterol concentrations of these solutions is 

diff icult. In addition, it is possible that the contmninating materials 

may interfere in the hormone binding assay. Therefore, assessments of 

the r elative binding affinities of 24-nor -25-0IID3 and 26,27 -bisnor -25-

0H03 in these studies is somewhat tenuous . 

As shown in Figure 19 and Table 4, nonradioactive la,25-(0H) 2D3 
is 100 and 600 times more effective than 5,6-trans-25-0HD3 and 27-nor-

5,6-trans - 25 -0HD3, respectively, i n reducing the binding of la,25-

(0H)2[3H]D3 to the chromatin receptor . These results indicate that t he 

hydroxyl group at C-3 may be of some importance in the hormone-receptor 

interaction. A 100-fold excess of 5,6-trans -25-0H03, which lacks the 

C-3 hydr oxyl group, is required to achieve a SO% displacement of 
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220 260 300 260 300 

WAVELENGTH (nm) 

Figure 18. Ultraviolet absorption spectrum of synthetic preparations 
of biologically active vitamin D analogs. 

A, 5,6-trans-25-OIID~; B, 27-nor-5,6-trans-25-OHD3; C, 24-nor-25-OHD • 
D, 26,27-disnor-25-OlID2. 
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Figure 19. Competitive binding of vitamin D analogs for the la,25-
dihydroxyvitamin n3 receptor system (side chain). 

la,25-(0H)z[3H]D3 (0. 8 pmole, 6-9 .8 Ci/mmole) and an unlabeled competing 
sterol were added to 200 lll of a reconstituted cytosol -s;hromatin mix
ture. Determination of specifically bound la,25-(0H)z[JH]D3 t o chroma
tin was determined by filter assay as described under "Mater ials and 
Methods" in the presence or absence of compet ing sterol. The abscissa 
represents relative molar concentration of competing sterol. Legend 
for nonradioact ive sterols : , la,25-(0H)zD3; --A , 5,6-trans-25-
0HD3; o--o,-1-, 25-0HD3 ·' - , 27-nor-5 ,6-trans - 25-0HD3; 6----6 , 24-nor-2 5-
0HD3;0 -- u, 26,27-bisnor-25-0HD3· 
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Table 4. Relative affinities of la,25-dihydroxyvitamin D_ analogs for 
the intestinal chromatin receptor system. 

Sterol Relative Affinity 

la,25-Dihydroxyvitamin 1 - - - -

5,6- trans - 2 5 - I-lydroxyvitam in 1/100 1 - -

2 5 - Hydroxyv itaniin 1/500 - - 1 

27-nor-5,6-trans- 25-Hydroxyv it amin D,, 1/600 1/6 - -

la-Hydroxyvitamin 1/750 - - - -

24-nor-25-Hydroxyvitam.in 1/3500 1/7 

26,27-bisnor- 25-Hydroxyv.itamin 1/18,000 1/39 

Vitamin iJL/300,000 - -
.... 

Dihydrotachysterol^ VL/100,000 - -
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labeled honnone from the receptor. However, it is possible that rota-

tion of the A-ring through 180° in this compound results in an overall 

molecular conformation which is discriminated against by the receptor. 

Unequivocal demons tration of the importance of the hydroxyl at carbon- 3 

awaits analysis of the receptor 's affinity for a molecule such as 

3-deoxy-la ,25-(0H) 2D3 which lacks the C-3 hydroxyl and has hydroxyl 

groups at C-25 and C-1. 

The envi r orunent of the hydroxyl funct ion at carbon-25 has a 

marked effect on the analog-receptor interaction. Sequential removal of 

the terminal methyl groups results in progressively diminished bindi ng 

activity. 27 -nor-5,6- trans-25-0HD3 is 6 times less effective in com

peting with t he labeled hormone f or receptor binding than is 5,6- trans -

25-0H2D3 (Table 4) . In addition , 25-0HD3 is 7 and 39 times more 

effective, respectively, in displacin~ la,25-(0H) 2[3H]D3 from t he chro

matL"'l. than 24-nor -25-0HD3 and 26,27 -bisnor-25-0HD3. Taken together , 

the analog binding data indicate that the stereospecific interaction of 

la,25-(0H) 2D3 with i ts target tissue receptor is probably dependent on 

t he integrity of the seco-cholestatriene ring system of vitamin D3, all 

three hydroxyl groups, and the conformation of the hydrophobic side 

chain. 

Binding of High Concentrations of 
25-Hydroxy[3H] vitamin D3 i n 
Intestinal MJcosa Chromatin 

Although 25-0H[ 3H]D.., does not bind to chromatin when incubated 
j 

with intestinal mucosa homogenates at 10- 9 M (Table 1) it was of i nter-

est · to correlate measurements of possible direct sterol migration into 
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the nucleus with the relative affinity of the intestinal receptor system 

for 25-0HD3 as determined by competitive binding to the receptor. In 

the experiments sunwarized in Table 5, high concentrations of 25-0H[3H]

n3 (6 x 10-6 M) were incubated with intestinal mucosa homogenates and 

the binding of tritium in the chromatin was determined . More tritium 

was localized in the chromatin following incubation of the homogenate 

-6 3 -8 
with 6 x 10 M 25-0H( H]D3 (11, 160 dpm) than with 3 x 10 M la,25-

(0H) 2[3H]D3 (7,650 dpm). However , this binding only represents 0.1 % of 

the total tritium added to the incubation. Control eA.rper iments in which 

similar concentrations of [3H]estradiol-17S or [3H]vitamin D3 or l ow 

concentrations of 25-0ri[ 3H]D3 of high specific activity indicated less 

tritium bound in the chromatin (1100-4550 dpm). In addition, the 

3 amount of 25-0H[ H]D3 bound in the chromatin could be reduced by sjmul -

-8 
taneous i ncubation with 3 x 10 M unlabeled la,25-(0H) 2D3 (5100 dpm). 

These results suggest that 25-0H[3H]D3 at high concentrations {200-fold 

greater than la,25-(0H) 2[3H]D3} actually occupies chromatin binding 

sites for la,25-(0H) 2D3. However , these results must be interpreted 

with caution due t o the low recoveries of tritium in he chromatin and 

possible nonspecific binding to subcellular components in these 

exper:iJnents . 

Pr evention of Binding of la,25-DihydroA.ry[3H]
vitamin D3 to Chromatin Receptor by Pretreatment 
of Rachit1c Chicks with Unlabeled Sterols 

The binding of la , 25- (0H) 2[3H]D3 in the chromatin fraction of 

intestinal mucosa homogenates of rachitic chicks which had been pre-

treated with unlabeled vitamin D sterols is shown in Table 6. Two hours 



Table 5. Binding of la,25-dihydroxyvitamin D3 analogs to intestinal mucosa chromatin . 

Sterol (in SO ~1 ethanol) were incubated with intestinal mucosa homogenates for 30 min at 25°. Chro
matin was prepared, sterols extracted with methanol-chloroform (2:1), and radioactivity determined 
as described under ''Materials and Methods ." 

Sterol Concentration Specific Activity 3H DPM/15 mg DNA 

la,25-Dihydroxy[3H]vitamin D3 3 x 10-8 M 500 DPM/ pmole 7,650 

25-Hydroxy[ 3H]vitamin D3 6 X 10-6 .M 500 DPM/pmole 11,160 

[3H]Estradiol-17S 6 X 10 -6 M 500 DPM/pmole 1,100 

[ 3H] Vitamin D3 2 x 10-6 M 500 DPM/pmole 4,500 

25-Hydroxy[3H]vitamin D3 9 x 10-8 M 12,300 DPM/pmole 4,550 

25-Hydroxy[3H]vitamin D3 + 6 x 10-6 M 500 DPM/pmo1e 5,100 
1a,25-Dihydroxyvitamin D3 3 X lQ-8 M nonradioactive 

'-l 
0 
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Table 6. Prevention of binding of la,25-dihydroxy[3H]vitamin n3 to 
chromatin-associated receptor, in vitro, following treatment 
of chicks with vitamin D3 or la,25-dihydroxyvitamin D3. 

Rachitic chicks received 650 pmoles of la,25-(0H)2D3 or 50 i.u. of vita
min D3 orally 2 or 12 hours prior to sacrifice. Normal chicks received 
50 i.u. of vitamin D3 orally 12 hours prior to sacrifice. Intestinal 
mucosa3homogenates (15 ml) were incubated with 200 pmoles of la,25- 3 (OH)2[ H]D3 (13.3 nM) for 30 min at 25°. The amount of la,25-(0H)2[ H]
D3 in the chromatin fraction per 15 mg of DNA was determined as 
described under "Materials and Methods ." Each result represents 3 
pooled chickens or the average of 3 determinations using 3 pooled chick
ens ± S.E.M. 

Sterol Pretreatment 

Vitamin p3 

la,25-DihydroA;rvitamin D3 

Vitamin D3 

Vitamin D Status 

Rachitic 

Rachitic 

Normalc 

Binding of 
la,25-(0H) 2[3H]D3 
to chromatin at 

time after sterol 
treatmenta 

% of Control 

2 hours 12 hours 

100 

56 ± 3 75 

94 ± 4b 

aControl value represents binding of la,25-(0H)z[ 3H]D3 to chromatin in 
a homogenate from a rachitic chick that received no sterol pretreat
ment. 

bThese results are significantly different from each other, p < 0.005. 

cNormal chicks were raised for 3 to 4 weeks on a rachitogenic diet and 
received a 50-i.u. vitamin n3 supplement every 3 days. These chicks 
had plasma calcium concentrations of 11 mg/100 ml, no1:mal bone ash , and 
normal radiographic appearance of bone . 



after a dose of 50 i.u. of vitamin D3 there is no reduction in binding 

of la,25-(0H) 2[3H]D3 to t he chromatin in vitro, however, by 12 hours 

there is a significant reduction in t he amount of hormone associated 

with the chr omatin . Presurr~bly the 12-hour lag permits metabolic con-
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version of vitamin D3 t o l a ,25-(0H) 2D3 which then binds to the chr omatin 

associated receptor. Pretreatment of rachitic chicks with a 650 -pmole 

dose of la,25-(0H) 2D3 2 hours before sacrifice also results in a sig

nificant decrease in the binding of the tritiated hormone in vitro . By 

12 hour$ the competition of the receptor by la,25- (0H) 2D3 is reduced , 

confirming the observation tl1at the chromatin receptor saturates in 

2 hours and then binding decreases during the next 10 to 20 hours after 

administration of 390 pmoles of la,25-(0H) 2D3 (Figure 9). Adnlinistra

tion of 650 pmoles of la,25-(0H) 2D3, a dose which saturates the chroma

tin sites in vivo did not completely prevent the binding of the labeled 

honnone to the chromatin in vitro. This observation suggests that loss 

of la, 25- (0H) 2D3 from the chromatin occurs during the incubation period 

in the homogenate. The data in Table 6 also show that there is a small 

reduction in l a,25- (0H) 2[3H]D3 binding to the chromatin in an intestinal 

mucosa homogenate of a normal chicken pretreated with 50 i.u. of vitamin 

D3. This displacement is significantly smaller than that observed ln 

the mucosa homogenate of a rachitic chick that was pretreated with 50 

i.u. of vitamin D3. 

The effect of pretreatment of chicks with vitamin D3 on the 

chromatin receptors available for binding la, 25 - (OI-I) 2n3 is also illus

trated in Figure 20. Increasing concentrations of labeled la,25- (0H) 2D3 

were preincubated with intes tinal mucosa homogenates from rachitic or 
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Figure 20 . Saturat ion of intestinal chromatin with la,25-dihydroxy-
[3H]vitamin D3 in chicks of varying vitamin D status. 

Increas ing amounts (2.3-31.5 ~D of la,25- (0H)z[3H]D3 (31, 000 dpm/ 
65 pmole) were incubated for 30 min at 25° with mucosa homogenates from 
chicks which had been treated with different vitwnin D regimens . o--o, 
rachitic; --· , long term +D, 50 i.u . vitamin D3 per week for 4 weeks; 
~~, short term +D, rachitic chicks receiving 50 i.u . vit~nin D3 15 
hours prior to sacrifice. Following incubation, radioactivity in Triton 
X- 100 washed chromatin was determined as described under '~1aterials and 
Methods ." Each point r epresents results from 3 pooled chick intestines. 
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normal chicks which had received 32.5 nanomoles of nonradioactive vita-

min D3 13 hours prior to sacrifice. In rachitic chicks that received 

vitamin D pretreatment the available chromatin binding sites for the 

labeled hormone were reduced to 67% of those in chicks that received no 

vitamin n3 . On the other hand, there was no significant difference be

tween the saturation level of the chromatin from untreated rachitic and 

vitamin D-supplemented chicks, as measured in vitro (Figure 20). Since 

the chr?matin-associated receptor is specific for la,25-(0H) 2D3 over 

vitamin n
3 

and 25-0HD3 (Table 1, Figures 16 and 19), the data in Table 

6 and Figure 20 sugges t that there is limited metabolism of vitamin D3 

to la,25-(0H) 2D3 in a nonnal animal. In fact, several workers have 

shm.v:n that the conversion of 25-0HD3 to la, 25- (OH) 2n3 by the renal 25-

hydroxyvitamin n3-la-hydroxylase is controlled by the animal 's calcium 

status , possibly through the action of parathyroid honnone and/or intra

cellular phosphate concentration (41 , 42, 110-111). 

In addition, these results and the observed specific and satu

rable binding of la,25-(0H) 2D3 to the chromatin, in vitro, show that the 

proposed chromatin receptor ar1d its relationship t o the molecular mode 

of action of the hormone can be studied in isolated systems. Evidence 

in support of the concept that the binding of la,25 - (0H) 2D3 t o the chr o

matin is functionally involved in the action o"f vitamin D is: 1) 

la,25-(0H)
2
D3 localizes in the chromatin of the intestine after a phys

iological dose of the vitamin (Figure 8); 2) binding of the hormone 

in the chromatin occurs prior to the physiologic response (Figure 9); 

3) the dose of the hormone which saturates the receptor correlates 

exactly with the dose required to elicit a maximal biol ogic response 



(Figure 8); 4) the binding of la,25-(0H) 2D3 to the chromatin occurs at 

very low hormone concentrations, in vitro (10-9 M), and there are a 
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limited number of binding sites for l a ,25- (0H) 2D3 in the chromatin (Fig

ure 12); 5) hormone localization occurs in the chromatin of target 

organs, but not in nontarget organs (Table 1); and finally 6) the chro-

matin binding sites are speci fic for t he stereochemical configuration of 

la,25- (0H) 2D3 (Figures 16 and 19). 

Evidence was presented in Figure 11 whic1 indicated that there 

were a limited number of binding sites for l a,25- (0H) 2D3 in the intesti

nal cyt osol. It has been demonstr ated that the cytosol of target organs 

contains specific binding proteins for their respective steroid hor -

mones . In the case of estradiol-1713 and progesterone these receptors ln 

combination with the hormone migrate into the nucleus 1-vhere they can be 

isolated from the chromatin ( 78~ 83). It should be possible to deter

mine if la,25-(0H) 2D3 functions analogously to steroid hormones through 

interaction with specific cytoplasmic receptors followed by migration of 

the sterol-receptor complex to specific acceptor sites on chromatin. 

Macromolecular Binding of la,25-DihydroX)~itamin ·D3 
to Cytosol Components 

In order to investigate the possible role of cytosol components 

in transferring la,25-(0H)
2
D3 to its chromatin binding site , intestinal 

cytosol was isolated and reconstituted with crude intest inal nuclei t hat 

had been washed with 0. 25 M sucrose-Buffer A. This reconstituted 

cytosol-nuclei system was incubated with 65 prnoles of l a, 25-(0H) 2.[3H]D3 

for 30 minutes at 25°. Figure 21 shows that chromatin isolated from 

the nuclei contained 14 .5 pmoles of la,25-(0H) 2[3H]D3. When the hormone 
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Figure 21 . Transfer of la,25-dihydroxy [3H] vitamin D3 from the cytosol 
fraction of several tissues to the nucleus of the intestinal 
mucosa. 

Cytosol fractions (15 ml) of the liver, kidney, and intestine were re
constituted with 0.25 M sucrose-Buffer A washed crude nuclear fraction . 
In addition, intestinal crude nucl ear fractions were reconstituted with 
0.25 M sucrose Buffer A only, or intestinal cytosol that had been 
boiled for 15 min . Incubation was ca~ried out for 30 min at 25° after 
addition of 65 pmoles of la,25-(0H)z[ H]D3 in 200 ~ 1 of ethanol . Chr o
matin fractions were prepared and all results were corrected to 15 mg 
DNA based on individual DNA determinations as described under ~ ~~terials 

and Methods . 11 
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was incubated with intestinal nuclei that had been reconstituted with 

cytosol fractions from the kidney or liver much less binding of la,25-

(0H)2[3H]D3 in the chromatin was observed. la,25-(0H) 2 [3H]D3 was not 

transported to the chromatin by adding the sterol to isolated intestinal 

nuclei suspended in 0.25 M sucrose-Buffer A. Furthermore, boiling the 

intestinal cytosol destroys its ability to transfer the hormone to the 

nucleus . Thus, it is concluded that there is a component (s) unique to 

the intestinal cytosol that is necessary for the transfer of la ,25 -

(OH) 2D3 to the intestinal nucleus. 

The cytosol component(s ) necessary for the transfer of la,25-

(OH) 2D3 to the intestinal nucleus was characterized by sucrose gradient 

centrifugation (Figure 22). Apparent interactions of la,25-(0H) 2[3H]D3 
with macromolecular components of intestinal cytosol are shmvn . The 

hormone n1igrating closest to the top of the tube probably represents 

nonspecific binding of la,25-(0H) 2D3 to cysotol lipoproteins because it 

is coincident with the major protein peak and is not reduced by treat-

ment of the cytosol with excess unlabeled l a ,25-(0H) 2D3. The low con

centrat ion of sterol required and the low rate of release of the hormone 

at 1-3° (sho1vn by the persistent binding when the complex sediments away 

from tl1e nonspecifically bound sterol at the top of tube) i ndicate a 

low dissociation constant for the association of the l a ,25-(0H) 2D3 with 

the macromolecule. Even when the cytosol, preincubated with la,25-

(0H)2[3H]D3, is first treated with charcoal to remove free sterol and 

then centrifuged on sucrose gradients for 18 hours, the r ate of disso-

ciation of the complex is slow and most of the hormone remains bound to 

macromolecules {Figure 23). The sedimentatii.X)n coefficient of the 
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Sucrose density gradient centrifugation of intestinal mucosa 
cytosol preincubatecl with 1 x l0- 8 M la,25-dihydroxy[3H]
vit~nin n3 in the presence or absence of nonradioactive 
la,25-dihydroxyvitamin D3. 

Centrifugation was carried out through 5-20% sucrose gradients in 0.15 M 
KCl for 18 hours as described w1der ":Materials and Methods" without re
moval of nonspecifically bound sterol by charcoal. Legend : o--o, 
l abeled sterol only; ~--6, labeled sterol plus nonlabeled sterol; 
relative optical density at 280 nm . 
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Figure 23. Sucrose density gradient centrifugation of intest inal mucosa 
cytosol preincubated with 1 x lo-8 M la,25-dihydroxy[3H]
vitamin D7 in the presence or absence of 2 x lo-6 M non
labeled sterol . 

Removal of excess nonspecifically bound s terol by charcoal 1vas carried 
out prior to centrifugation through 5-20% sucrose gradients in 0.15 M 
KCl for 18 hours as described under ''1\,1aterials and Hethods." Legend: 
o--o, labeled sterol only; ~~, labeled storol plus nonlabeled sterol. 
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hormone-macromolecule complex in 0.15 M KCl is 3.7 S, as determined by 

comparison with the globular protein standards, bovine sen..nn albumin and 

chymotrypsinogen (112). 

In these and several subsequent experiments specific bu1ding of 

radioactive la,25-(0H) 2D3 to receptors is analyzed by performing paral 

lel incubations containing excess nonradioactive la,25-(0H) 2D3. Since 

the binding of la,25-(0H) 2D3 to its receptor must be of high affinity 

and low capacity, there are a limited number of binding sites, and 1n 

incubations containing large excesses of nonradioactive hormone, 

la,25- (0H) 2[3H]D3 will be essentially excluded from the receptor site. 

On the other hand, binding of radioactive hormone to nonsaturable, low 

affinity sites will be unaffected . Therefore, receptor

la,25-(0H)2[3H]D3 interactions can be anal)~ed by comparing binding of 

the radioactive hormone in the presence and absence of excess nonradio-

active la,25-(0H) 2D3. 

To investigate the chemical nature of t he la,25-(0H) 2D3 binding 

component , the complex was subjected to brief heating and enzymatic 

digestion. Heating of tl1e cytosol at 65° for 10 minutes completely pre

vented subsequent la,25- (0H) 2[3H]D3 binding (data not shown) . Treatment 

with pronase resulted in release of significant amount of radioactivity 

from the complex, 1hile RNase and DNase had no significant effect (Fig

ure 24). T11ese results i11dicate the protein nature of hormone-binding 

site. 

In order to further characterize the macromolecular -

la,25-(0H) 2D3 binding component in the cytosol a rapid method for the 

separation of bound from free hormone was employed. This procedure 
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Figure 24. Effect of enzymes on binding of 1a,25-dihydroxy[3H]vitamin 
D3 to the cytoplasmic 3. 7 S receptor. 

Aliquots of cytosol (0 .2 ml) were incubated with 10-8 M la,25-(0H)2[ 3H]
D3 (9. 8 Ci/mmole) at 0° for 2 hours. This incubation was fo llowed by an 
additional 1 hour incubation at 0° with no additions, -; 200 llg DNase 
and 5 mM magr].esium acetate , ts---t:,; 200 llg RNase,D-·-D ; 200 llg pronase, 

-£ ; or lo-6 M nonradioactive la,25-(0H)2D3, o--o . Incubations were 
centr i fuged through 5-20% sucrose gradients containing 0.15 M KCl for 24 
hours as described under ' 'Materials and Methods ." 
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involved application of a filter assay for steroid hormone receptors of 

Santi et al. (102) to this hormone binding system . Another technique 

which is commonly employed for separation of bound from free hormone is 

the charcoal assay (98), in which free steroid is adsorbed to a suspen

s ion of dextran-charcoal and centrifuged . The supernatant then contains 

the protein bound steroid. However , in the case of la,25-(0H) 2D3 this 

teclmique resulted in irreproducibly high adsorption of the cytoplasmic 

la,25-(~H) 2D3 -binding component by the charcoal and was therefore aban

doned fQr quantitat ive studies. 

The standard binding assay for la,25- (0H) 2D3 receptors contained 

in a final volume of 0 .15 ml :cytosol in 0.25 ~1 sucrose-Buffer A, 3 x 

10-8 M la,25-(0H) 2[3H]D3, a limiting number of receptor sites (rvl0 -8 M, 

1.5 mg protein per ml). After incubation at 0°, SO ~1 samples were as

sayed for boQnd st erol by DEAE-cellulose filtration as described under 

"Materials and Methods. " . In order to verify the ut ility of this assay 

procedure for the la,25-(0H) 2D3 cytoplasmic receptor, a preliminary ex

periment was performed. Following application of incubation mixtures 

containing la,25-(0H) 2[3H]D3 to the fil ters , a substantial amount of 

radioactivity was retained on the filters even when they were washed ex

tensively with Buffer D (Figure 25). However, the radioactivity re

tained was significantly reduced when incubation of la , 25- (0H) 2[3H]D3 

with the cytosol was carried out with a 500 -fold excess of nonradio

active la,25-(0H) 2D3 as a competitor for specific honnone binding (Fig

ure 25) . The difference between the filter retained sterol in the 

presence and in the absence of excess unlabeled la,25-(0H) 2D3 is a 

measure of the specific r eceptor-hormone compl ex retained on the filter. 
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Figure 25. l a, 25-Dihydroxy[ 3H]vitamin D3 retained on DEAE cell ulose 

filters after ·incubation of intestinal mucosa cytosol with 

lo-8 M la,25-dihydroxy[3H]vitamin D3 (9.8 Ci/rrnnole) (o-o) 

and 10-6M la,25-dihydroxy[3H]vitamin D3 (98 mCi/mmole) 
( ) . 

Incubation mixtures were applied to DEAE cellulose filters and washed 

with 0.02 M Tris, pH 7.9 as described under "Materials and Methods ." 
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The titration of a constant amount of intestinal mucosa cytosol 

la,25-(0H) 2D3 receptors with increasing la ,25-(0H) 2[3H]D3 concentration 

is shown i n Figur e 26. Saturat i on occur red at 5 nM added honnone . At 

this range of hormone concentration most of the binding det ected by t he 

fil ter assay i s specific for la,25- (0B) 2[3H]D3, since only a small 

cunount of labeled hormone is bound in the presence of a 500-fold excess 

of unl abeled hormone (nonspecific binding) . Scatchard analysis (113) 

of t he specific bi nding (total minus nonspecific) is linear (Figure 

26B) , suggesting a single class of receptor sites. The dissociation 

constant determined from the data in Figure 26A for the hormone -receptor 

complex at 0° is 2.2 x 10-9 M. However determb1ation of the dissocia

tion constant for this cytosol receptor by a filter assay depends on the 

efficiency of the filtration procedure.· 

The efficiency of filter assay may be defined as the probabil

ity that a macromolecule-ligand complex will survive the filtration and 

washing procedure and be detected when the filter is assayed. This 

parameter can be determined by t itrati on of t he ligand with a large 

excess of protein in order to bind the maximum possible amount of li

gmld . The fraction of total ligand bound to the filters at this point 

i s the efficiency of the filtration procedure . These calculat ions are 

based on the assumption that at infinite protein concentration only 

binding to high affinity sites (i.e . , to the receptor) occurs in the 

incubation mixture that is applied to the filter. The initial slope of 

t he curve in Figure 26, where sterol is limiting , indicates that the 

efficiency of this f i lter assay is about 50% . The equivalent e:>-.rperiment 

of measuring specific binding at increasing cytosol ·concentration in 



4 0 

Total 

(.)) 
3 /o_ 

0 w 
X /o 

0 

Specific 
0 a:: 

2 lJ... 0 

0 ~~/'0- .......... \0 

z ~ 0.4 

\0 :::> ::::> 
0 0 
CD 8 co 0 . \ 

Q 0 

Nons pacific 
\ 
0 

0 
iO 15 20 25 2 

FREE ( r: ){ 10 0 Jt 10 (f'A 10 

Figure 26. Analysis of specific l a , 25-dihydroxyvitamin D3 binding in 
intes t inal cytosol by filter assay. 

A, specific and nonspecific binding of la,25-(0H) z[3H]D3 by intestinal 
mucosa cytosol . Aliquots of cytosol (1.5 mg of protein per ml) were 
incubated with increasing 3.1-nounts of la,25-(0H)2[3H]D3 in the presence 
or absence of 500-fold excess of nonlabeled hormone for 2 hours at 0° . 
Bound la,25-(0H)2[3H]D3 was measured by the filter assay. Total bind
ing represents bound la,25-(0H) 2[3H]D3 in the absence of nonlabeled 
sterol and nonspecific binding represents bound la,25-(0H) 2[3H]D3 in 
the presence of excess nonlabeled sterol. Specific binding was calcu
lated by substracting the nonspecific from the total binding. B, 
Scatchard analysis of the specific binding in A. 
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the presence of a constant amount of la,25-(0H) 2D3 (Figure 27) yields 

an efficiency of 54% when data are plotted in double reciprocal form 

86 

and extrapolated to infinite receptor concentration (Figure 28). Recal-

culation of the dissociation constant f or the la,25-(0H) 2D3-cytosol 

interaction at 0° taking into account a 52% filtration efficiency yields 

-9 an apparent Kd = 1.1 x 10 M. 

Sterols with structures closely related to la,25-(0H) 2D3 were 

tested for their ability to inhibit binding of U1e tritiated hormone to 

its receptor. Saturating concentrations of la,25-(0H) 2[3H]D3 and a ZOO

fold excess of the competitors were used. As shown in Table 7, 25-0HD3 

> la-OfiD3 > vitamin D3 = estradiol-17S in reducing the binding of 

la,25-(0H) 2[3H]D3 to its 3.7 Speak on sucrose gradient s . 

Cytoplasmic 2 5 ·-Hydr oxyvi tam in D3-
Binding Components 

Although 25-0HD3 was a rather poor competit or for binding to the 

intestinal la,25-(0H) 2D3-bindi ng macromolecule , direct incubation of 

25-0HD3 with intestinal mucosa cytosol indicated the existence of a 

25-0HD3 binding macromolecule. As sho\'ffi in Figur e 29 apparent inter

actions of 25-0H[3H]D3 with an intestinal macromolecular component. are 

observed at 5 to 6 Son 0.15 M KCl-sucrose gradients , as c ·'·t1ared to a 

bovine sennn albumin standard. These interactions are r ev: 

presence of excess unlabeled 25-0HD3 (Figure 29) . The 25 -C 

components differed in sedimentation coefficient from the 

in the 

binding 

.. la,25-(0H) 2D3-binding components (3.7 S) and a macromolecuJ .. ·r component 

(4 S) in chick sera which binds both the hormone and precursor sterol, 

25-0HD3 (Figure 30). The specificity of the intestinal 5-6 S component 
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Figure 27 . Titration of a constant amount of la,25-dihydroxy[3H]vitamin 
D3 with increasing cytoplasmic binding sit es. 

l a ,25- (0H) 2[3H]D3 (10- 8 M, 9. 8 Ci/ mmole) was incubated with increasing 
concentration of cytosol in Buffer A (0.075 to 0. 45 mg cytosol protein) 
at 0° for 2 hours. Binding of the 3H-sterol to the cytoplasmic binding 
components was determined by filter assay as described nnder "Materials 
and Methods . 11 
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Fi gure 28. Ibuble reciprocal plot of binding of la,25-dihydroxy[3H]
vitamin D!;.to cytoplasmic components at increasing cytosol 
concentratlons . 

See data in Figure 27. 

88 



Table 7. Effect of nonlabeled sterols on binding of la,25-dihydroxy-
[3H]vitamin D3 to its cytosol receptor . 

Aliquots of cytosol were incubated with 1 x 10-8 M la,25-(0H)2[3H]D3 
in the presence or absence of 2 x 10-6 M nonlabeled sterol at 0° for 2 
hours. The binding of la,25-(0H)2[3H]D3 to the 3.7 S receptor on 

· sucrose gradients was determined. 

Competing Sterol Binding (%) 

None 100 

. 25-Hydroxyvitamin D3 40 

· la-Hydroxyvitamin D3 67 

Vitamin D3 96 

Estradiol-17S 95 

la,25-Dihydroxyvitamin D3 0 

89 
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Figure 29 . Sucrose density gradient centrifugat ion of intest inal mucosa 
cytosol preincubated with 10-8 M 25-hydroxy[3H]vitamin D3 in 
the presence or absence of lo-6 M nonradioactive sterol . 

Centrifugat i on ·was carried out through 5- 20% sucrose gradients in 0.15 M 
KCl for 18 hours as described rmder "Materials and Methods . " Legend : 
o--o , l abeled 25-0HD3 only; , labeled 2S-OHD3 plus nonlabeled 
sterol. 
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Figure 30. Sucrose gradient centrifugation of la,25-dihydroxyvitamin D3 . 
and 25-hydroxyvitamin D3 binding components in chick sera 
and chick intestinal cytosol. 

la,25 ~ (0H)z[ 3H]D3 (6.0 Ci/mmole, 1.5 x 10-8 M) was incubated with chick 
intestinal cytosol (e--.) or sera(~-·~), and 25-0H[3H]D3 (6.0 Ci/mmole, 
1.5 x 10-8 M) was incubated with chick intestinal cytosol (o--o) or 
chick sera (!-- ~). Incubations were carried out at 0° for 30 min and 
were centrifuged through 5-20% sucrose gradients in 0.3 M KCl for 20 
hours as described under ' ~aterials and Methods." Arrows mark sedimen
tation positions of external protein standards, 1, ovalbumin; 2, bovine 
serum albumin. 



for 25-0HD3 was investigated by competition experiments with nonradio

active 25-0HD3 and la,25-(0H) 2D3. At least a 5-fold greater concentra

tion of la,25-(0H) 2D3 than 25-0HD3 was required to displace 25-0H[3H]D3 
from the 5-6 S component. 

Incubation of intestinal mucosa cytosol with increasing concen

trations of 25-0H[3H]D3 showed the saturation of a limited number of 

binding sites (Figure 31) with low concentrations of this sterol C~lo- 8 

MQ. Nonspecific binding of 25-0HD3 in the cytosol was determined in 

parallel incubations containing a 500-fold excess of unlabeled 25-0HD3. 

Scatchard analysis of the specific binding (total binding minus nonspe

cific) was linear (Figure 31) indicating that the binding sites were 

equivalent and independent. The dissociation constant of the sterol-

macromolecule complex at 0° as determined by the filter assay was 4.5 x 

10-9 M. Thus, the chick cytoplasmic 25-0HD3-binding component is 

similar to that reported in rat intestinal cytosol in that is has a 

greater affinity for 25-0HD3 than for la,25-(0H) 2D3, and it sediments 

at 5-6 Sin sucrose gradients (114). 

The 5-6 S 25-0HD3 binding component was also isolated from the 

cytosol of liver and kidney, in addition to the intestinal mucosa (Fig-

ure 32, Table 8), indicating that this macromolecule is located in a 

variety of organs. On the other hand, the 3.7 S la,25-(0H) 2D3 receptor 

was not observed in the kidney or liver (Figure 33). However, specific 

interactions of la,25-(0H) 2[3H]D3 with macromolecular components sedi

menting at 5 to 6 S were observed in the liver and kidney cytosol, but 

not in the intestine (Figure 33). While the relationship of these 

25-0HD3-binding macromolecules and the nontarget la,25-(0H) 2D3-binding 
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Figure 31. Analysis of specific 25-hydroxy[3H]vitamin D3 binding in 
intestinal mucosa cytosol by filter assay. 

A, specific and nonspecific binding of 25-0H[3H]D3 by intestinal mucosa 
cytosol. Aliquots of cytosol (1.5 mg of protein per ml) were incubated 
with increasing amounts of 25-0H[3H]D3 in the presence or absence of a 
500-fold excess on nonradioactive sterol for 2 hours at 0°. Bound 
25-0H[3H]D3 was measured by filter assay. Total binding represents 
bound 25-0H[3H]D3 in the absence of nonradioactive sterol and nonspe
cific binding represents bound 25-0H[3H]D3 in the presence of non
radioactive sterol. Specific binding was calculated by subtracting the 
nonspecific from the total binding. B, Scatchard analysis of the 
specific binding in A. 



3 
Figure 32. Sucrose density gradient analysis of 25-hydroxy[ H]vitamin 

binding components. 

3 
25-OH[ H]D3 (6.0 Ci/mmole, 6 nM) was incubated with cytosol from A, 
intestine; B, liver; and C, kidney. Aliquots (0.2 ml) of incubations 
were centrifuged through 5-201 sucrose gradients in 0.15 M KC1 for 16 
hours as described under "Materials and Methods." Arrows indicate the 
sedimentation position of the external protein standard, bovine serum 
albumin. 
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Figure 32. Sucrose density gradient analysis of 25-hydroxy[ H]vitamin 

D3 binding components. 
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Table 8. Sedimentation coefficients and dissociation constants of high
affinity binding proteins for 25-hydroxyvitamin n3 and la,25-
dihydroxyvitamin D3. 

Sterol Organ scytosol 
a 

snuclear 
b 

Kd-cytosol 
c 

Intestine 5-6 s d -9 4.5 X 10 M 

25-Hydroxyvitamin D3 Liver 5-6 s d -9 4.4 x 10 M 

Kidney 5-6 s d -9 3.8 X 10 M 

la,25-Dihydroxyvitamin D3 Intestine 3.7 s 3.7 S 2.2 X 10-9 M 

aSedimentation constants were determined by centrifuging aliquots of 
cytosol which had been preincubated with 5 x lo-9 M sterol for 30 min 
at 0° through 5-20% sucrose gradients in 0.3 M KCl-Buffer B. 

bReconstituted cytosol-chromatin (2 ml) from respective organs was in
cubated with 3H-sterol (6 nM) for 10 min at 25°. The chromatin was 
then extracted with 0.3 ~1 KCl-Buffer B in preparation for analysis by 
sucrose gradient configuration. 

~issociation constants of 3H-sterol binding was determined by filter 
assay described under '~terials and Methods." 

~o nuclear receptor observed. 



Figure 33. Sucrose density gradient analysis of la,25-dihydroxyvitamin 
Dg binding components. 

la,25-(OH)7[^H]D3 (6.0 Ci/mmole, 1.4 x 10 ® M) was incubated in the pres
ence (o—oj or absence (©—©) of a 200-fold excess of nonradioactive 
la,25-(OH)2D3 with cytosol from chick A, intestine; B, kidney; or C, 
liver. Aliquots (0.3 ml) of incubations were centrifuged through 5-20% 
sucrose gradients in 0.3 M KCl for 16 hours as described under "Materials 
and Methods." Arrows indicate the sedimentation position of the external 
protein standard, bovine serum albumin. 
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Figure 33. Sucrose density gradient analysis of la,25-dihydroxyvitamin 
n3 binding components. 
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components to the 3.7 S cytoplasmic receptor is not clear (see "Discus

sion") they do not appear to play a role in the transfer of the hormone 

to the nucleus of these nontarget organs (Tables 1 and 8). 

Macromolecular Binding of la,25-Dihydroxy-
vitamin D3 in Intestinal Nuclei 

Nuclear la,25-Dihydroxyvitamin Receptors 

The nature of the chromatin-associated receptor for la,25-(OH)^ 

Dg was investigated in order to determine its relationship to the cyto-

plasmic receptor. Following administration of la,25-(OH)2[ HJD^ (50 

pmoles) to vitamin D-deficient chicks, macromolecular binding of the 

sterol was observed in the nuclei of intestinal mucosa (Figure 34). 

Purified chromatin was prepared from the intestine and extracted with 

0.3 M KCl-Tris-EDTA buffer which removes some nonhistone proteins from 

deoxynucleoprotein. The nuclear extract was centrifuged through 5-20% 

sucrose gradients containing 0.3 M KC1. The sedimentation coefficient 

of these la,25- (OH^Dj binding molecules was about 4 S. 

The interaction of hormone with nuclear binding components was 

also observed, in vitro. Intestinal mucosa homogenates were incubated 

with la,25- (OH^t^HjD^ (8 nM) at 25° for 20 minutes. The chromatin 

fraction was prepared at 0° and extracted with 0.3 M KC1. Sucrose gra

dient analysis of the nuclear extract resulted in a 3.7 S peak of bound 

la,25-(OH^Dj (Figure 34). When homogenate incubations were carried 

out at 0° for 20 minutes, much less binding of the sterol to the 3.7 S 

macromolecules was observed. The temperature dependence of the hormone 

association with the chromatin will be discussed in detail later. Simi

lar results were observed when the two components of the la,25-(OH) 



Figure 34. Sucrose gradient centrifugation of nuclear la,25-dihydroxy-
vitamin binding components. 

A) Giicks were sacrificed 30 min following oral administration of 50 
pmoles of la,25-(OH)2[^H]D3. B) Intestinal mucosa homogenate (3 ml) 
was incubated with la, 25-(OH)2PH]D3 (8 nM) for 20 min at 25° (@—®) 
or 0° (o—o). C) Intestinal mucosa chromatin and cytosol was^prepared 
and reconstituted (2 ml) prior to incubation with la,25-(OH)2 
(4 nM) for 10 min at 25° (©—©) or 0° (0—0) . Parallel incubations at 
25° contained 800 nM unlabeled la,25-(OH)2D3 (A—A). Chromatin frac
tions from each incubation were prepared and extracted with 0.3 M KC1-
Buffer B as described under "Materials and Methods." Aliquots of 
extracts (0.3 ml) were layered on 5 to 20% sucrose gradients (5.0 ml) 
in 0.3 M KCl-Buffer B. Samples were centrifuged for 20 hours at 0° in 
a Beckman SW 50.1 rotor at 30,000 rpm. Arrows indicate sedimentation 
positions of external protein standards: 1, chymotrypsinogen; 2, 
ovalbumin; and 3, bovine serum albumin. 
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Figure 34. Sucrose gradient centrifugation of nuclear la,ZS-dihydroxy
vitamin n3 binding components. 



receptor system were reconstituted and incubated with labeled hormone 

(4 nM) for 10 minutes at 25° or 0° prior to extraction of the nuclear 

receptors with 0.3 M ICC1 (Figure 34). The specificity of the nuclear 

binding components for la,25-(OH^Dj was confirmed by reduction of the 

tritium peak following centrifugation of extracts from parallel incu

bations containing a 200-fold excess of unlabeled hormone (Figure 34). 

The association of la,25-(OH)with intestinal mucosa chromatin and 

nuclear components is highly specific when the subcellular fractions 

are reconstituted by this procedure (Figures 16 and 19). 

The binding of la,25-(OH)2^ to macromolecular components of the 

nuclear extract is sufficiently tight to permit its resolution on aga

rose gel columns. Reconstituted cytosol-chromatin was incubated with 

labeled la,25-(OH^D^ at 25° for 10 minutes prior to extraction of the 

chromatin with 0.3 M KC1. The extract (0.5 ml) was pumped onto the 

column (1.6 x 65 cm) of Agarose A-0.5 m and eluted with 0.3 M KCl-Buffer 

B (Figure 35). The first peak of radioactivity eluted from the column 

represents materials excluded from the gel since it elutes in the same 

volume as blue dextran. The major peak of la,25 -(OH'j^D^ binding activ

ity has an apparent molecular weight of 47,000, based on estimation from 

1/2 1/3 
a graph of M ' versus Kjy for globular protein standards (Figure 36). 

The third peak of radioactivity corresponds to the elution position of 

3 
free H-sterol. The binding of hormone to the nuclear receptor was 

markedly temperature dependent in the reconstituted receptor system 

3 
when analysed by gel filtration. Incubation of la,25-(OH)^with 

reconstituted cytosol-chromatin at 0° for 10 minutes resulted in much 
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Figure 35. Agarose gel filtration of nuclear la,25-dihydroxyvitamin n
3 

binding components. 

Intestinal mucosa chromatin and cytosol was prepared and reconstituted (2 ml) prior to incubation 
with la,25-(0H)z[3H]D3 (6.0 Ci/mmole, 4 nNO for 10 min at 25° (e--e) or 0° (o--o). Column elution 
was carried out with 0.3 M KCl-Buffer B, and 1-ml fractions were collected as described under 
"Materials and Methods." V

0 
is the void volume, and Vt is the total column volume. ~: 

0 
0 

• J 
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Figure 36. Agarose gel filtration of protein standards. 

Myoglobin, chymotrypsinogen, pepsin, ovalbumin, and bovine serum albumin 
were chromatographed on the Agarose 0.5 m (100-200 mesh) column under 
identical conditions as those described in the legend to Figure 35 and 
under "Materials and Methods." Ultraviolet absorption of the 1-ml frac
tions was determined and the distribution coefficients of the standards 
were measured. Molecular weights of the la,25-(OH)2D3 binding compo
nents were estimated from the plot of Ml/2 (molecular weights of stan
dard proteins)1/2 versus Knl/3 (distribution coefficient of respective 
standards)1/3. 
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less macromolecular-hormone binding activity in the nuclear extract 

(Figure 35). 

The selective extraction of the la,25-(OH) 2Dg-binding macromole-

cule from the chromatin with 0.3 M KCl is shown in Figure 37. The 

labeled hormone was incubated with the reconstituted receptors, in 

vitroj and the isolated chromatin was extracted with increasing concen

trations of KCl in Buffer B. The la,25-(OH)-binding component could 

not be detected when the chromatin pellet was extracted with 0.01 M KCl. 

Maximal extraction of the nuclear component occurs in 0.3 M KCl, al

though small amounts of macromolecule-la,25- (OH^Dg binding activity 

were solubilized in 0.15 M KCl. 

Experiments were carried out to determine the chemical nature of 

the nuclear la,2 5-(OH)-macromolecule complex. After preincubation of 

3 
reconstituted cytosol-chromatin with la,25-(OH)2[ H]Dg at 25° and ex

traction of the nuclear-binding components, incubation at 0° alone or in 

the presence of pronase, RNase, or DNase was carried out. la,25-(OH) 

binding activity was then analysed by sucrose gradient centrifugation. 

The results in Figure 38 show that pronase caused a large reduction in 

the 3.7 S receptor peak, while DNase had a smaller effect. The release 

of labeled hormone from the receptor in the presence of pronase is indi

cated by the free radioactivity at the top of the centrifuge tube. 

These data indicate that the la,25-(OH)£0^-binding site on the nuclear 

receptor is protein in nature, as was previously shown for the cytoplas

mic component (Figure 24). Whether or not the release of hormone from 

the receptor by DNase indicates the presence of DNA in the receptor 

complex remains to be determined. 
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Figure 37. Sucrose gradient centrifugation of various KCl-chromatin 
extracts. 

20 

Intestinal mucosa chromatin and cytosol was reconstituted (2 ml) and 
incubated with la,25-(0H)2[3H]D3 (2 nNQ for 10 min at 25°. Incubations 
were centrifuged at 30,000 x g for 20 min, and the resulting chromatin 
pellet was extracted with 0.01 M KCl-Buffer B (!----&), 0.15 M KCl
Buffer B (o--o), 0.3 M KCl-Buffer B (e--e), or 0.4 M KCl-Buffer B 
c~--~). Extracts were layered on gradients and centrifuged for 16 hours 
at 50,000 rpm as described under ''Materials and Methods." 
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Figure 38. Effect of enzymes on_ la,25-dihydroxy[3H]vitamin 
n3-macromolecular complex of intestinal nuclei. 

la,25-(0H)z[3H]D3 (3 nNO was incubated with reconstituted cytosol
chromatin l2 ml) from intestinal mucosa for 10 min at 25°. Chromatin 
was extracted with 0.3 M KCl-Buffer B, and aliquots of extract (0.3 ml) 
were incubated in the presence or absence of 100 ~g enzyme at 0° for 
30 min. The mixture containing DNase also contained 5 mM magnesium 
acetate. Following incubation, samples were layered on 5-20% sucrose 
gradients and centrifuged for 20 hours at 0° as described under '~
terials and Methods." Legend: pronase (.l--!); DNase (o-·-o); RNase 
c~--~); no enzyme (e--e). 

20 
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Comparison of Nuclear and Cytoplasmic la,25-
Dihydroxyvitamin Receptor Proteins 

Cytoplasmic and nuclear extracts of in vitro incubations with 

la,2 5-(OH)2[^H]were centrifuged through 5 to 20% 0.3 M KC1-sucrose 

gradients following incubation with the radioactive sterol. In order 

to obtain maximal resolution of the two receptor proteins, 3-drop frac

tions were collected. Due to the appearance of free or nonspecifically 

3 
bound H-sterol at the top of tubes following centrifugation of cyto

plasmic extracts, specific binding to the cytoplasmic receptor proteins 

was determined. Parallel cytosol incubations containing a 200-fold ex

cess of unlabeled la,25-(OH)2D^ were centrifuged in order to more pre

cisely define the binding profile of the cytoplasmic receptor. Under 

these conditions the sedimentation rates (3.7 S) of the nuclear and 

cytoplasmic components were identical in relation to an internal ovalbu

min standard (Figure 39). Comparison of the cytoplasmic and nuclear 

la,25-(OH)2D2-binding proteins was also made employing gel filtration 

on agarose columns in 0.3 M KC1 (Figure 40). As in the case of the 

3 
nuclear extract (Figure 35), cytosol la,25-(OH)2[ HjD^ binding activity 

3 
eluted in three peaks. The major peak represents H-sterol binding to 

a protein of apparent molecular weight 47,000, which is resolved from 

the major protein peak (eluting in the void volume of the column). No 

difference could be demonstrated between the nuclear and cytoplasmic 

components when columns were run under identical, standardized condi-

tions, and both peaks of macromolecule- H hormone complexes were abol

ished when incubations containing excess unlabeled la,25- (OH^Dj were 

chromatographed. Thus, the specific nuclear and cytoplasmic 
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Figure 39. Sucrose gradient centrifugation of cytoplasmic and nuclear 
~a,25-~ihydroxyvitamin D3 binding components of chick 
1ntest1nes. 

Reconstituted intestinal cytosol-chromatin (2 ml) was incubated with 
la,25-(0H)2[3H]D3 (6 ~Q for 10 min at 25°. The chromatin was then 
extracted with 0.3 M KCl-Buffer B (e--e). Intestinal mucosa cytosol 
(prepared in 0.3 M KCl-Buffer B) was incubated with la,25-(0H)2[3H]D3 
(6 nNO in the presence (6~) or absence c~-~) of a 200-fold excess of 

106 

unlabeled sterol for 30 min at 0°. Centrifugation of nuclear and cyto
plasmic extracts was carried out through 5-20% sucrose gradients con
taining 0.3 M KCl-Buffer B for 20 hours at 0° described under ' ~Bterials 

and Methods" with ovalbumin added as an internal standard. 



Figure 40. Agarose gel filtration of cytoplasmic and nuclear la,25-dihydroxyvitamin D, binding 
components of chick intestine. 

3 
Reconstituted intestinal cytosol-chromatin (2 ml) was incubated with la,25-(OH)2[ H]D3 (4 nM) for 
10 min at 25°. The chromatin was then extracted with 0.3 M KC1-Buffer B (©—©). 0.5 ml intestinal 
mucosa cytosol (prepared in 0.3 M KCl-Buffer B) was incubated with la,25-(OH)2[^H]D3 (6 nM) for 30 
min at 0° (o—o). Column elution was carried out at 0° with 0.3 M KCl-Buffer B, and 1-ml fractions 
were collected as described under "Materials and Methods." (—), relative optical density at 280 
nm of cytosol eluate. 
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Figure 40. Agarose gel filtration of cytoplasmic and nuclear 1~,25-dihydroxyvitamin n3 binding 
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la,25- (OH^Dg receptors could not be distinguished from each other by 

the ultracentrifugal and chromatographic techniques employed. These 

data are consistent with the nuclear and cytoplasmic receptors being 

similar macromolecules. 

Temperature-Dependent Distribution of Nuclear 
and Cytoplasmic la,25-Dihydroxyvitamin D_ 
Binding Components 

Since the cytoplasmic and nuclear la,25-(OH)receptors could 

not be distinguished from each other, the possibility existed that the 

nuclear component arose via migration of the cytosol receptor complex 

into the nucleus. Evidence in support of this hypothesis was the spe

cific requirement of intestinal mucosa cytosol for association of the 

labeled hormone with the chromatin in reconstituted cytosol-nuclei sys

tems (Figure 21). The possible relationship between the nuclear and 

cytoplasmic la,25-(OH)^D^ receptors was studied by incubating the 

labeled hormone with isolated whole intestines for various periods of 

time at 0 or 37°. The intestinal mucosa was then subfractionated, and 

the amount of radioactivity in the chromatin and cytosol determined. 

As shown in Figure 41, the uptake of hormone by chromatin occurred more 

rapidly and to a greater extent at 37° than at 0°. Maximum binding of 

3 
la,25-(OH)2[ H]D^ to the chromatin occurred after 30 minutes of incuba

tion at 37°; whereas, at 0° the retention of the hormone in the chroma

tin increased linearly throughout the incubation periods. Uptake of 

la,25-(OH)2[ H]D^ by the cytosol occurred much more rapidly at both 

incubation temperatures; however, apparent limitation of hormone binding 

in the cytosol was observed in the incubations at 0°, instead of 37° 
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Figure 41. Temperature dependence of subcellular distribution of la,25-
dihydroxy[3H]vitamin D3 in whole intestines, in vitro. 

l~ole chick intestines were incubated with la,25-(0H)z[3H]D3 [31,000 
DPM I 65 pmoles, 8 ru\1] in Eagle's medium as described under ''Materials 
and Methods" for various periods of time at 0° or 37°. Following incu
bation subcellular fractions were prepared and radioactivity determined. 
Legend: chromatin (e--e) and cytosol (!~) from 37° incubations; chro
matin (o- -o) and cytosol (6--6) from 0° incubations. 
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(as observed in the chromatin). In addition, at 37° there was progres

sive loss of hormone from the cytosol between 2 and 80 minutes of incu

bation. These results are consistent with the hypothesis that 

association of the hormone with the target organ involves initial 

binding in the cytosol followed by movement into the nucleus. Further 

there appears to be a barrier against this movement in the 0° incuba

tions . 

To examine further the intestinal cytosol fraction and its role 

in transferring la,25- (OH)to the nuclear binding sites, the radio

active hormone was incubated with whole intestines at 0° for 40 minutes. 

The intestines were then rinsed, transferred to a medium containing no 

la,25- (OH^Dg, and further incubated for various periods of time at 37°. 

Localization of radioactivity in the cytosol fraction occurred when the 

tissue was incubated with la,25-(OH)2D3 at 0° C (Figure 42). However, 

association of the hormone with the cytosol fraction was reduced, and 

the la,25- (OH^Dg is found primarily in the chromatin fraction (Figure 

42). Essentially no change is observed in the distribution of the 

labeled hormone in the mitochondrial and microsomal fractions following 

the shift in incubation temperature from 0° to 37° (Figure 42). As 

shown in Figure 43 intestines that are incubated only at 0° with labeled 

hormone have three times as much la,25-(OH)2[ II] in the cytosol frac

tion as in the chromatin fraction. When the temperature is shifted to 

37°, there is a dramatic time-dependent increase in hormone binding to 

the chromatin and a concomitant decrease in hormone binding in the 

cytosol. 



Figure 42. Temperature dependent movement of la,25-dihydroxyvitamin D, 
from cytosol to chromatin. 

Abbreviations used for subcellular fractions are: CYTO, cytosol; CHR, 
chromatin; MITO, mitochondria; MICRO, microsomes. Whole intestines were 
first incubated with la,25-(OH)2[^H]D3 (65 pmoles) at 0° for 15 min, 
washed with sucrose-Buffer A, transferred to a sterol free Eagle's medium 
and further incubated as follows: A) 40 min at 0° C and B) 40 min at 
37° C. Sterols were extracted from the fraction of interest and triti-
ated sterols counted. Each fraction was corrected to 15 mg DNA or 3 gm 
of tissue equivalent as described under "Materials and Methods." At 
37° C, approximately 25% of the radioactivity present in the crude nu
clear fraction was associated with the final purified chromatin. 



Ill 

Figure 42. Temperature dependent movement of la ,25-dihydroxyvitamin 
from cytosol to chromatin. 
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Figure 43. Transfer of la,25-dihydroxyvit amin D3 from the cytosol to 
the chromatin at 37°. 

3 
Whole intestines were incubated with 120 pmoles of la,25-(OH)2[ H]D3 at 
0° as described under "Materials and Methods." Intestines were then 
placed in a sterol-free medium and incubated at 37° for the prescribed 
amount of time. The radioactivity in the cytosol and chromatin fractions 
was determined and corrected to a value based on 3 g of tissue weight as 

described under "Materials and Methods." 
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In order to investigate the nature of this temperature depen-

dence, the time course of the association of la, 25- (OH^lHJD^ with the 

intestinal chromatin was studied in various isolated systems in vitro. 

"I 
Figure 44 shows that there is a more rapid uptake of la,25-(OH)^ [ H]D^ 

at 37° than at 0° by the chromatin fraction during the first 40 minutes 

of incubation of the hormone with whole intestines (Figure 44) . By 40 

minutes four times as much hormone is bound in the chromatin at 37°. 

Figure 44 shows that the hormone association with the chromatin is 

temperature-dependent in intestinal mucosa homogenates. Twenty minutes 

3 
after incubation of la,25-(OH)^ [ H]D^ in this system, four times more 

hormone is associated with the chromatin at 25° than at 0°. The ob

served temperature dependence of this process in intestinal mucosa 

homogenates indicates that the entry of the hormone into the cell cannot 

account for the more rapid uptake of la,25-(OH)^[ HJD^ at 37° in whole 

intestines (Figure 44). Thus, the apparent temperature-dependent 

transfer of the hormone from the cytosol to the chromatin seen in whole 

intestines (Figures 42 and 43) cannot be explained by uptake of la,25-

3 
(OH^t H]Dj from the external environment upon cell distribution. 

To determine the possible involvement of the nuclear membrane 

in chromatin-hormone association, la,25-(OH)^ [ H]was incubated with 

Triton X-100 washed chromatin that had been reconstituted with intesti-

nal cytosol. Figure 44 shows that the association of la25-(OH)2[ H]Dj 

with the chromatin in this system was also temperature-dependent. After 

20 minutes of incubation more than three times as much hormone was 

associated with the chromatin at 25° than at 0°. These results show 

that the temperature-dependent step in the localization of 



Figure 44. Temperature dependence of the association of la,25-
dihydroxy[3H]vitamin with the intestinal mucosa chromatin. 

3 A, whole intestines were incubated with 100 pmoles of la,25-(OH)£[ H]D? 
at either 0° (A—A) or 37° (o—o) for the prescribed amount of time. B, 
intestinal mucosa homogenates were incubated with 65 pmoles of 1 ,25-
(OH)2[^H]D3 at either 0° (A—A) or 25° (o—o) for the prescribed amount 
of time. C, cytosol and Triton X-100 washed chromatin fractions were 
reconstituted and incubated with 30 pmoles of la,25-(OH^t^HJD^ at 
either 0° (A—A) or 25° (o—o) for the prescribed amount of time. Fol
lowing incubations, the amount of la,25-(OH)2["^H]Dj in the chromatin 
fraction was determined and corrected to a value based on 3 g of tissue 
as described under "Materials and Methods." 
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Figure 44. Temperature dependence of the association of la,25-
dihydroxyt^H]vitamin D3 with intestinal mucosa chromatin. 



3 
la,25-(OH) 2[ HjD^ with the chromatin is not entry of the hormone into 

the cell or the passage across the nuclear membrane. 

Direct demonstration of the temperature-dependent movement of 

the cytoplasmic la,25-(OH)-binding component to binding sites on the 

intestinal chromatin was shown, in vitro. Reconstituted cytosol-

3 
chromatin was preincubated with la,25-(OH)^ [ H]D^ at 0° for 5 minutes, 

and then incubation was continued at 25° for various periods of time. 

Following incubation, cytoplasmic and nuclear binding components were 

isolated on sucrose gradients (Figure 45). At zero time, the labeled 

sterol has formed a complex with the cytoplasmic receptor, and a small 

amount of this complex has appeared in the nucleus. After incubation 

of the receptor components at 25°, there is a dramatic increase in the 

3 
la,25-(OH)2[ H]Dj bound to the nuclear component, and a concomitant 

decrease in hormone binding to the cytoplasmic receptors. The loss of 

cytoplasmic complexes cannot be explained by destruction of the recep

tors at elevated incubation temperatures because the concentration of 

cytoplasmic receptor components is not significantly reduced following 

5 minutes of incubation at 25° (Figure 46). These results suggest that 

intestinal mucosa chromatin may contain little la,25-(OH) 2^3 receptor 

prior to exposure to the hormone; and following exposure, the receptor 

detected in the nucleus results from transfer of the cytoplasmic 

la,25-(OH)20^-receptor complex into the nucleus. 



3 
Figure 45. Transfer of la,25-dihydroxy[ H]vitamin D, complex from intestinal cytoplasm to chromatin 

at 25°, in vitro. 

Following preincubation of reconstituted cytosol-chromatin (1 ml) with la,25-(0H)2[^H]D;z (6 nM) for 
5 min at 0°, the incubation temperature was shifted to 25° for 0, 2, or 5 min. Incubations were 
centrifuged at 30,000x gfor 20 min to separate cytosol (supernatant) from chromatin (pellet). 
Chromatin was extracted with 0.3 M KCl-Buffer B. Aliquots of cytosol (o—o) and chromatin extracts 
(®—®) (0.3 ml) were centrifuged through 5-20% sucrose gradients for 20 hours at 0° as described 
under "Materials and Methods." 
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Figure 45. Transfer of la,25-dihydroxy[3H]vitamin n3 complex from intestinal cytoplasm to chromatin 
at 25°, in vitro. · 

........ ...... 
0\ 



3 
Figure 46. Stability of nuclear and cytoplasmic la,25-dihydroxy[ H]-

vitamin -macromo1ecular complexes at 25°. 

Reconstituted intestinal cytosol-chromatin (2 ml) was incubated with 
la,25-(OH)2t^H]D3 (2 nM) for 10 min at 25°. Aliquots (0.3 ml) of 0.3 M 
KCl-Buffer B-chromatin extracts were incubated at 25° for various 
periods of time (©—©). Intestinal mucosa cytosol (prepared in 0.3 M 
KCl-Buffer B) was preincubated with la,25- (OH)2PH]D3 (6 nM) for 30 min 
at 0°. Aliquots of incubations (0.3 ml) were incubated for various 
periods of time at 25° (o—o). Intestinal mucosa cytosol was incubated 
for various periods ot time at 25° prior to exposure to la,25-(OH)2[^H]-
D3 (6 nM) for 30 min at 0° (A—A). Incubations were centrifuged through 
5-201 sucrose gradients for 24 hours at 0° as described under "Materials 
and Methods." The amount of la,25-(OH)2[^H]D3 bound to respective nu
clear or cytoplasmic 3.7 S receptor peaks prior to incubation of the 
extracts at 25° (zero time) is designated as 100%, and hormone bound to 
the 3.7 S peak at later time points is calculated as the percentage of 
that present at time zero. Specific binding of la,25-(0H)2[^H]D3 to the 
cytoplasmic 3.7 S receptor peak was determined at each time point by 
centrifugation of parallel incubations containing a 200-fold excess of 
unlabeled hormone. 
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Thermolability of Association of la,25-
Dihydroxyvitamin D3 With Intestinal 
Receptors In Vitro 

The interaction of la,25-(OH)2[ H]Dg with both the nuclear and 

cytoplasmic components can be reversed at temperatures above 0°, in 

vitro. Incubation at 25° of nuclear or cytoplasmic extracts, which had 

been preincubated with labeled hormone, results in destruction of 

hormone-receptor complexes as analysed by sucrose gradient centrifuga-

tion (Figure 46). The time course of the heat inactivation of the two 

complexes is very similar. However, warming of the cytosol prior to 

3 
incubation with la,25-(OH)H]D^ resulted in more rapid loss of hormone 

binding activity to the cytosol receptor, indicating significant stabi

lization of the cytoplasmic component by interaction with the hormone. 

Heating of the nuclear and cytoplasmic extracts for 10 minutes at 60° 

resulted in complete loss of the respective receptor peaks. 

Destruction of the cytoplasmic receptor at elevated temperatures 

prior to exposure with hormone implies that under such conditions the 

migration of the hormone-receptor complex to the chromatin would be re

duced. Figure 47 shows that there is a marked decrease in binding of 

la,25-(OH)2[ H]Dj to the chromatin when the mucosa homogenate is warmed 

above 0° prior to addition of the hormone. Addition of this sterol to 

a mucosa homogenate that had been previously warmed at 25° for 10 min-

utes results in a 50% reduction in the association of la,25-(OH)^[ H]D^ 

to the chromatin during incubation of the homogenate at 25° for 30 min-

3 
utes. Thus, in order to achieve maximum binding of la,25-(OH)^[ H]D^ 

to the intestinal chromatin in vitro the hormone must be added to the 
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Figure 47. Thermolability of the association of la,25-dihydroxy[ H]-

vitamin with the chromatin-associated receptor, in vitro. 

Homogenates (15 ml) of intestinal mucosa, prepared at near 0°, were 
first incubated at 25° for the prescribed amount of time (shown on 
abscissa) prior to the addition of 80 pmoles of la,25-(OH)2[^H]D3 (5.3 
nM) and then incubated at 25° for 30 min. The amount of la,25-(OH)2_ 

[3h]D3 in the chromatin fraction (per 15 mg of DNA) was determined as 
described under "Materials and Methods." The temperature of the 
homogenate after incubation at 25° for 2 min was 15°. 
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homogenate at 0°. However, in accordance with the temperature-

dependence of the hormone localization in the nucleus, incubation of the 

homogenate at 25° after addition of the sterol is required for maximum 

3 
association of la,25-(OH)^with the chromatin. 

Incubation of Cytosol and Chromatin from 
Intestine and Nontarget Tissues With 
la,25-Dihydroxy[%]vitamin D^, In Vitro 

In order to examine the tissue specificity of the transfer of 

cytoplasmic receptors to the nucleus, experiments with cytosol and 

chromatin from nontarget tissues were carried out. Cytosol fractions 

from chick liver, kidney, and intestine were prepared and reconstituted 

3 
with intestinal chromatin. Following incubation with la,25-(OH^t HJD^, 

the chromatin was extracted with 0.3 M KC1 and analysed for nuclear com

plexes on sucrose gradients (Figure 48). Intestinal cytosol was most 

efficient in transferring hormone-receptor complex to intestinal nuclei 

of those tissues tested, although significant amounts of nuclear recep

tor complex could be extracted from chromatin incubated with nontarget 

cytosols. These results were somewhat surprising since the 3.7 S cyto

plasmic receptor could not be detected in liver or kidney cytosol, and 

previous results (Figures 33 and 45) suggested that the cytosol was the 

unique source of nuclear la,25-(OH)receptors. One explanation of 

this finding is that the 3.7 S receptor is present in intestinal mucosa 

chromatin prior to exposure to la,25- (OH^Dg and is detected when this 

fraction is reconstituted with cytosol from nontarget tissues. Evidence 

in support of this concept is that no 3.7 S components can be detected 

in chromatin extracts when liver or kidney cytosol is reconstituted with 



3 
Figure 48. Transfer of la,25-dihydroxy[ H]vitamin D3 from liver, kid

ney, or intestinal cytosol to intestinal chromatin, in 
vitro. 

la,25-(OH)2[^H]D3 (6.0 Ci/mmole, 2 nM) was incubated with 2 ml of the 
following reconstitutions: A) liver cytosol with liver chromatin (o—0) 
or intestinal chromatin (©—0); B) kidney cytosol with kidney chromatin 
Co—o) or intestinal chromatin (0—©); C) intestinal cytosol with intes
tinal chromatin. Chromatin extracts were centrifuged through 5-20% 
sucrose gradients for 18 hours at 0° as described under "Materials and 
Methods." All incubations contain from 2 to 3 mg DNA and gradient 
radioactivity was corrected to a value based on 2 mg DNA. 
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Figure 48. Transfer of 1a,25-dihydroxy[3H]vitamin D3 from liver, kid
ney, or intestinal cytosol to intestinal chromatin, in 
vitro. 
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chromatin from those respective tissues (Figure 48) and that the 3.7 S 

receptor can be found in isolated intestinal chromatin, but not liver 

or kidney chromatin (Figure 49). 

Experiments were performed to determine the specificity of in

testinal mucosa chromatin to accept the cytoplasmic 

la,25-(OH)-receptor complex. Intestinal mucosa cytosol was reconsti

tuted with chromatin fractions from chick liver, kidney, and intestine 

and incubated with la,25-(OH)^As shown in Figure 49, intestinal 

mucosa chromatin retained more intestinal cytoplasmic receptors than 

either liver or kidney chromatin. Parallel incubations containing a 

200-fold excess of unlabeled la,25- (OH^Dj showed no macromolecular 

3 
bound hormone on the sucrose gradients (Figure 49). Thus the H-sterol 

was specifically bound to the 3.7 S receptor peak following incubation 

of the labeled hormone with reconstituted intestinal cytosol-nontarget 

chromatins. Additional experiments were performed in which chromatin 

fractions were reconstituted with buffer only and incubated with la,25-

(OH^t H]Dj. No 3.7 S receptor peak could be detected in the nontarget 

chromatins following these procedures. Thus the hormone receptor com

plex which is retained by kidney and liver chromatin apparently origi

nates in the intestinal cytosol. The efficiencies of the liver and 

kidney chromatin in accepting the cytoplasmic receptor relative to 

intestinal chromatin are 36 and 27%, respectively. The results in 

Figures 48 and 49 indicate that there are two levels of specificity in 

the interaction of la,25-(OH)2D3 with its target tissue; both intestinal 

cytosol and chromatin are required for maximal retention of the hormone 

receptor complex in the chromatin. 



3 
Figure 49. Transfer of la,25-dihydroxy[ H]vitamin D3 from intestinal 

cytosol to liver, kidney, or intestinal chromatin, in vitro. 

la,25-(OH)2[^H]D3 (6.0 Ci/mmole, 2 nM) was incubated with 2 ml of the 
following reconstitutions: A) liver chromatin with intestinal cytosol 
(©—©) or buffer only (0—o); B) kidney chromatin with intestinal cyto
sol (0—©) or buffer only (o—o); C) intestinal chromatin with intesti
nal cytosol (0—0) or buffer only (o—o). Parallel incubations of 
intestinal cytosol with nontarget chromatins (A, B, C,Q—O) or intesti
nal chromatin with buffer only (C, &—A) in the presence of a 200-fold 
excess unlabeled la,25-dihydroxyvitamin D3 were carried out. Chromatin 
extracts were centrifuged through 5-20% sucrose gradients for 18 hours 
at 0° as described under "Materials and Methods." All incubations 
contained 2 to 3 mg DNA and gradient radioactivity was corrected to a 
value based on 2 mg DNA. 
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The present results are consistent with the following model for 

the early events in the interaction of la,25- (OH^D-j with its target or

gan in the chick (Figure 50). la,25-(OH)enters the intestinal 

mucosa cell and binds to a cytoplasmic receptor (R). This hormone re

ceptor complex then migrates into the nucleus where it associates with 

the chromatin. The movement of the la,25-(OH)-receptor complex into 

the nucleus is temperature-dependent, occurring more rapidly at 25-37° 

C than at 0° C, and is prerequisite for the subsequent alteration of 

nuclear RNA metabolism. 

Assay for la,25-Dihydroxyvitamin D3 

Filter Binding Assay 

The specificity and high affinity of the target tissue receptor 

system for la,25-(OH^D-j indicated that it could be used in the develop

ment of a competitive protein binding assay for this hormone. Separa

tion of macromolecular bound from unbound steroid in ccmpetitive protein 

binding assays for steroid hormones are generally made by gel chromatog

raphy or adsorption of uncomplexed steroid on activated charcoal. These 

techniques are not applicable to chromatin; therefore, a filter assay, 

which depends on the ability of a filter to trap chromatin under wash 

conditions were unbound sterol may be removed, was suited for quantita

tion of receptor-bound sterol. Unfortunately, free steroids cannot 

easily be washed from nitrocellulose filters which are usually used for 

assays of this nature (102). However, it has been recently shown that 

several steroid hormones, including [ H]dexamethasone (102) and 

la,25-(OH^t^HjD^ (Figure 25) can be washed from DEAE-cellulose filters 
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Figure 50. MOdel for early events in the interaction of la,25-

dihydroxyvitamin n3 with the intestinal mucosal cell in 
chicks. 
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la,25-Dihydroxyvitamin D3 (1,25) enters the cell and binds to a specific 

cytoplasmic protein receptor (R). The resulting hormone receptor com

plex migrates into the nucleus where it associates with the genome, a 

process which is temperature-dependent, in vitro. 
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at low ionic strength. In addition, the nonionic detergent, Triton 

X-100, has been shown to be highly effective in removing nonspecifically 

bound sterol from chromatin (28). Therefore, this detergent was used 

to remove free la,25-(OH)from chromatin trapped on filters, pro

viding a rapid method for separation of bound from free la,25-(OH^Dj-

Binding Assay 

When la^S-^H^t^HjD^ is applied to glass fiber filter discs 

directly or preincubated with intestinal mucosa cytosol prior to appli

cation, washing with 3 ml of Triton X-100-Buffer B removes almost all 

radioactivity (Figure 51). However, when reconstituted cytosol-

3 
chromatin from intestinal mucosa is incubated with let,25- (OH) ̂[ HJD^ 

prior to application, substantial radioactivity is retained on the fil

ters even when they are washed extensively with Triton X-100-Buffer B 

(Figure 52). 

The amount of la,25-(OH)^ [ H]retained by the chromatin which 

is trapped on the filter remains essentially constant under 4 to 40 ml 

of wash. However, the radioactivity retained is significantly reduced 

when incubation of la,25-(OH)^[ HJD^ with reconstituted cytosol-

chromatin is carried out with a 100-fold excess of nonradioactive la,25-

(OH^Dj as a competitor for specific hormone binding to the chromatin 

(Figure 52). The difference between the filter-retained sterol in the 

p r e s e n c e  a n d  i n  t h e  a b s e n c e  o f  e x c e s s  n o n l a b e l e d  l a , 2 5 - ( O H ) i s  a  

measure of the receptor-hormone complex retained on the filter. 

The amount of specifically bound sterol retained on the filters 

is linearly related to the amount of reconstituted cytosol-chromatin in 
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Figure 51. la,25-Dihydroxy[3H]vitamin D3 retained on glass fiber fil-
ters under washing with Triton X-100-Buffer C. 
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la,25-(0H)z[3H]D3 (9.8 Ci/mmole, 5000 cpm) was incubated with intestinal 
mucosa cytosol or Buffer A only at 0° for 30 min. Incubations were 
applied to glass fiber filters and washed with various quantities of 
Triton X-100-Buffer C. Radioactivity retained by the filters was deter
mined as described under "Materials and Methods." 
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Figure 52. la,25-Dihydroxy[ H]vitamin D3 retained on glass fiber fil
ters after incubation of reconstituted cytosol-chromatin 
with 4.3 x 10"9 M la,25-dihydroxy[3H]vitamin D3 (6.0 Ci/ 
mmol) (o) and 4.3 x 10~7 M la,25-dihydroxy[%]vitamin D3 
(60 mCi/mmol) (A). 

Incubation mixtures were applied to glass fiber filters and washed with 
1% Triton X-100-buffer C as described under "Materials and Methods." 
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the incubation (as measured by the quantity of DNA). This linearity is 

observed (Figure 53) up to about 200 yg DNA per incubation at which 

point hormone binding to the chromatin is apparently limited by sterol 

concentration. Thus, the number of chromatin binding sites for la,25-

(OH)2^3 limit the hormone retention on the filters under standard bind

ing assay conditions {4.3 x 10-9 M la,25-(OH)2[3H]D3 (4300 cpm), 150 yg 

DNA, cytosol containing about 2 mg of protein in 0.25 M sucrose-Buffer 

A, final volume 0.20 ml}. 

The titration of a constant amount of intestinal mucosa recon

stituted cytosol-chromatin (120 yg DNA) with increasing la,25-(OH^t^H]-

concentration is shown in Figure 54. Saturation occurs at 5 nM added 

hormone. The amount of la,25-(OH)2[ H]retained on the filters at 

saturation is 23 pmoles/15 mg DNA (chick intestinal equivalent), a 

value which correlates well with the saturation value for this receptor 

obtained in homogenate incubations and in vivo (Figures 12 and 13). 

However, determination of the saturation value for this chromatin recep

tor by a filter assay depends on the efficiency of the filtration proce

dure as previously discussed. In several experiments increasing amounts 

3 
of la,25-(OH)2[ H]D^ were incubated with a constant amount of recon

stituted cytosol-chromatin. Prior to application to the filters, the 

chromatin was removed by centrifugation at 30,000 x g for 30 minutes and 

the amount of la,25-(OH^t^HjD^ in the supernatant (cytosol fraction) 

determined by extraction of sterols with methanol:chloroform (2:1). 

7. 
By determinig the ratio of la,25-(OH)2[ H]D^ retained on the filter to 

that extracted from the chromatin that was harvested by centrifugation, 

filter trapping efficiencies were maximized to reproducible values 
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Figure 53. la,25-Dihydroxy[ Hjvitamin D3 retained on glass fiber fil
ters at increasing amounts of reconstituted cytosol-
chromatin (DNA). 

Various amounts of reconstituted cytosol-chromatin (cytosol protein, 10 
mg/ml; DNA, 500 yg/ml) were incubated with 4.3 x 10"9 M la,25-(0H)2~ 
[3H]Dj (6.0 Ci/mmol) or 4.3 x 10"? M la,25-(OH)2[^H]D3 (60 mCi/mmol) 
(A). Incubations were filtered and washed as described under "Materials 
and Methods." Specifically bound la,25- (OH^pHjDj (o) was determined 
by subtracting nonspecifically bound bound sterol (A) from the total re

tained (not shown). 
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Figure 54. Titration of chromatin receptor with la,25-dihydroxy[ H]-

vitamin D^. 

X 
Indicated amounts of let,25-(OH)2[ H]D3 (6.0 Ci/mmol) in the absence 
(total, o—0) or presence (nonspecific, A—A) of a 100-fold excess of 
unlabeled la,25-(OH)2D3 were incubated with reconstituted cytosol-
chromatin (120 yg of DNA) and assayed as described under "Materials and 
Methods." 
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greater than 95% (Table 9). Optimal binding to the filters occurs if 

the extracts are permitted to adsorb to the filters 2-4 minutes prior 

to wash. Uniform filtration rates of about 1 ml/minute maximize filtra

tion efficiency. 

The isotope dilution standard curve for the la,25-(OH)2D3 assay 

using glass fiber filters is shown in Figure 55. The assay is sensitive 

enough to detect 17 pg of added hormone. Addition of smaller quantities 

of unlabeled la,25-(OH)to the standard binding assay mixture re

sulted in reductions in labeled hormone binding which were not signifi

cantly different from those incubations which received no added 

unlabeled hormone. Without optimizing filtration efficiencies standard 

curves were obtained employing several other types of filters, including 

DEAE cellulose, and membrane filters (Figure 56). Apparently this fil

tration procedure relies on the filter's ability to trap pieces of 

sheared chromatin in small pores rather than any specific binding of the 

chromatin to the filter. Thus, a wide range of filter types is suitable 

for this type of assay. 

Sample Extraction and Chromatography 

The binding assay was used to determine the concentration of 

la,25-(OH)2®^ purified from a human plasma sample by various procedures 

(Figure 57). A methanol-chloroform extract was purified by chromatog

raphy on a silicic acid column and two Sephadex LH-20 columns. The 

extract was then divided into 3 fractions which were: 1) assayed, 2) 

purified by periodate oxidation followed by Sephadex LH-20 chromatog

raphy, or 3) purified by a "micro-Celite" column. These additional 



Table 9. Efficiency of chromatin filtration procedure. 

Reconstituted cytosol-chromatin was incubated with la,25-COH)2[ HJDj 
(6.0 Ci/mmole, 4.3 nM) for 20 min at 25°. Following incubation chroma
tin was harvested by filter assay (samples 1-4) or by centrifugation at 
30,000x gfor 20 min (samples 5-8). Radioactivity in the chromatin 
pellets was determined following extraction with methanol-chloroform 
(2:1). 

Sample 
Chromatin Harvesting 

Procedure 3H CPM/Sample 
.* Average 
H CPM/Sample 

1 1717 

2 

3 
Filter 

1734 

1832 
1792 ± 40 

'4 1885 

5 1816 

6 

7 
Centrifugation 

1739 

1774 
1773 ± 16 

8 1765 
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Figure 55. Isotope-dilution standard curve for loi,25-dihydroxyvitamin 

D3 assay. 

3 
Reconstituted cytosol-chromatin was incubated with la,25-(OH)2[ H]D3 
(360 pg, 6.0 Ci/mmol) and the indicated amount of unlabeled la,25-
(0H)2D;z. Filtration was through glass fiber filters as described under 
"Materials and Methods." Each point represents the average of tripli
cate assays ± S.E.M. 
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Figure 56. Isotope-dilution standard curves for la,25-dihydroxyvitamin 
n3 assay using various filters. 

Reconstituted cytosol-chromatin was incubated with la,25-(0H)2[3H]D3 
(6.0 Ci/nnnol, 360 pg) and the indicated amount of unlabeled la,25-

(0H)2D3. Filtration was through DEAE cellulose (o); Whatman #2 ([]); 

Metricel 0.45 ~membrane, (~),or Versapor 0.9 ~membrane, (e); filter 

discs. Filters were washed with 1% Triton X-100-Buffer B and extracted 

with methanol-chloroform (2:1, v/v) as described under '~terials and 

Methods." Each point represents the average of triplicate assays. 



Figure 57. Purification of la,25-dihydroxyvitamin from human plasma. 

la,25-(OH)2[^H]D3 (8800 cpm, 6.0 Ci/mmol) was added to human plasma (90 
ml). A methanol-chloroform extract of the plasma was purified by 
chromatography on a silicic acid and two Sephadex LH-20 columns (recov
ery of % = 64%). The extract was divided into three fractions and 
further purified by periodate oxidation and Sephadex LH-20 chromatog
raphy (final recovery of 3h = 59%) or by chromatography on a "micro-
Celite" column (final recovery of 3h = 51%). la,25-(OH)2D3 assays and 
purification procedures are described under "Materials and Methods." 
la,25-(OH^Dj measured are the result of triplicate assays ± S.E.M. 
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Figure 57. Purification of la,25-dihydroxyvitamin from human plasma. 
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purification procedures remove 25,26-(OH) a circulating metabolite 

of vitamin D which migrates with la,25-(OH)2D^ on silicic acid and 

Sephadex LH-20 columns (34). The assay results (Figure 57) indicate 

that an interfering substance in the assay is removed from the extract 

by the "micro-Celite" column but not by periodate oxidation of the ex

tract. Thus, this substance is probably not 25526-(OH^D^. Recovery 

of la,25-(OH^D^ after plasma extraction and chromatography was deter-

3 
mined by initial addition of la,25-(OH)2[ H]D^ to each plasma sample, 

and the assay results were corrected for losses of tritium. Recoveries 

ranged from 51 to 64 percent. 

Identification of Assayable Compound As 
la,25-Dihydroxyvitamin 

3 
The compound that competes with la, 25-(OH) 2[ HJD^ for binding to 

the chromatin receptor in the assay was identified as la,25-(OH)2D^ by 

its migration with authentic labeled hormone on a large Celite liquid-

liquid partition column (1 x 35 cm). Pooled plasma samples from rachit-

ic and normal chicks containing la,25-(OH)2[ H]tracer were extracted 

with methanol-chloroform (2:1) and purified by silicic acid and Sephadex 

LH-20 chromatography as outlined in Figure 57. The extracts were di

vided into two aliquots which were further purified by "micro-Celite" 

chromatography or by chromatography on a large Celite column. Indivi

dual fractions from the large Celite column were assayed for la,25-

(OH)2^ binding activity. As shown in Figure 58A, the binding activity 

in the plasma extract from the normal chick migrated exactly with the 

added la,25-(OH)2[3H]D2 tracer. The total assayable la,25-(OH)2D^ in 

the plasma sample corresponds to 8.0 ng/100 ml plasma (2 x 10 ̂  M). 



Figure 58. Identification of assayable material in normal chick and 
human plasma as la,25-dihydroxyvitamin D~ by Celite chroma
tography. 

3 
la,25-(OH)2[ H]D3 (5600 cpm; 6.0 Ci/mmol) was added to a pooled plasma 
sample from rachitic chicks (188 ml), normal chicks (78 ml), and five 
normal humans (165 ml), la, 25- (OH^Dj was purified from methanol-
chloroform extracts of the plasma by chromatography on silicic acid, 
Sephadex LH-20 columns, and Celite columns. Purification methods were 
as outlined under "Materials and Methods" (recovery of from normal 
chick extract = 47%; from rachitic chick extract = 65%; and from human 
extract = 47%). Assayable la,25-(0H)2D3 in each 5-ml fraction from the 
final Celite column (0) from normal chick extract (panel A), from 
rachitic chick extract (panel B), and from human extract (panel C) was 
determined as described under "Materials and Methods." Migration of 
la,25-(OH)2[^H]D3 marker on the Celite columns (A) was determined by 
counting an aliquot of each fraction. 



138 

0 

1 
o 

T r 

h A. NORMAL CHICK 

LEVEL la,25-(OH)2D3  

8.0 ng /100ml 

o-o 

I -

~ 0 CJ> 
c 

o 
< 
oc 

ro 
a 

x 
O 
i 
in 
CM 

n n  n  n  n  r \  n  n  n  

- 1 0  

5 

0 

2 -  B. RACHITIC CHICK 

? 
i 
i 
4 

cvP 
"o 
X 

l\ 

I -

LEVEL lo. ,25-(0H)2D3  /  \  

0 ng /  100ml 

-10 o 
i 
A / 

\ 
A 
\ 

/ 
A 

\ 
A 
\ 

0 n n n A n n n f i n n n n n n  A ' n  f i n n i ' i n f l f i n i ' i r i n n f l l  

5 

0 

(C. HUMAN PLASMA 

-  3 

2 -
LEVEL lo. ,25-(0H)2D3 

4.0ng/l00ml 

o 
< 
a: 

a. 
o 

x 
ro 

20 

10 

0 
^ ̂  ̂  n n n ^ ̂  ̂  

10 20 

FRACTION NUMBER 

Figure 58. Identification of assayable material in normal chick and 
human plasma as la,25-dihydroxyvitamin by Celite chroma
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Triplicate assays on the normal chick plasma sample purified by "micro-

Celite" chromatography indicated a la,25-(OH)concentration of 7.7 

± 0.5 ng/100 ml plasma. Therefore, the la,25-(OH^D,, binding activity 

in normal chick plasma corresponds to la,25-(OH)as identified by 

migration with authentic labeled hormone on a Celite liquid-liquid par

tition column, the best known chromatography system for the resolution 

and purification of dihydroxyvitamin -metabolites (34). The pooled 

plasma sample from rachitic chicks contained no assayable la,25-(OH) 

when purified by a large Celite column (Figure 58B) or when purified by 

a "micro-Celite" column. Based on the sensitivity of the assay of 17 pg 

(Figure 55) the circulating concentration of la,25-(OH)2^^ in these 

vitamin D-deficient chicks is less than 0.05 ng/100 ml plasma, a value 

which is 1/160 the concentration of this hormone in the normal chick. 

In order to show that the assayable material in human plasma is 

la,25-(OH)2^, a similar experiment was carried out using a pooled 

plasma sample from 5 normal humans. After preliminary purification on 

3 
silicic acid and Sephadex LH-20 columns, the la,25-(OH)^ tracer 

and la,25-(OH^D^ binding activity comigrate on a large Celite column 

(1 x 35 cm) (Figure 58C). The total hormone binding activity indicates 

that the average la, 25- (OH^Dj concentration in these individuals is 

-10 
4.0 ng/100 ml plasma (1 x 10 M). Triplicate assays on this plasma 

sample purified by a "micro-Celite" column indicated an observed la,25-

(OH^Dg concentration of 4.2 ± 0.4 ng/100 ml plasma. The results in 

Figures 57 and 58 show that the la,25-(OH)2[ H]D3 competitive binding 

activity in chick and human plasma results only from the presence of the 

hormone in these plasma samples. Furthermore, binding activity that 



140 

migrates with la,25-(OH)H]Dg on a large Celite column is the same as 

that activity determined when the plasma sample is purified on a "micro-

Celite" column. Therefore, purification of plasma extracts by silicic 

acid, Sephadex LH-20 (2 columns), and "micro-Celite" chromatography 

appears to be the most simple and valid method for preparation of plasma 

in this assay. 

Specificity, Sensitivity, Accuracy, and Precision 
of the la,25-Dihydroxyvitamin Assay 

Various steroids and vitamin D analogs listed in Table 10 were 

added to the assay incubations. Only la,25-(OH)25-OHD2 and 

3 
la-OHDg displaced la,25-(OH)2[ HJD^ from the chromatin receptor at the 

concentrations tested. In order to confirm that the monohydroxyvitamin 

analogs are eliminated from the plasma extracts in the purification 

scheme, these sterols were added to plasma from rachitic chicks in 

amounts of 10 yg/100 ml plasma. Of these sterols added only la,25-

(OH^Dg results in measurable la,25-(OH)binding activity (Table 11). 

The  o t h e r  k n o w n  c i r c u l a t i n g  m e t a b o l i t e s  o f  v i t a m i n  D ^ ,  2 4 , 2 5 - ( O H ) a n d  

25,26-(OH^D^j are resolved from la,25-(OH)£0^ in the purification se

quence (34) and are not measured in the assay since no la,25- (OH^Dj 

binding activity occurs in the elution position of these sterols on 

Celite columns (Figures 57 and 58). Three 50-ml samples of distilled 

water were processed through the purification scheme in order to deter

mine the method blank. No displacement was observed in the assay of 

these samples (Table 11). 

Only that range of the standard curve from 20 to 350 pg is used 

and 25% of the plasma extract is assayed. Based on 40% minimum recovery 
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3 
Table 10. Prevention of binding of la,25-dihydroxy[ H]vitamin Dj to 

chromatin receptor by various steroids and vitamin D analogs. 

-9 
Reconstituted cytosol-chromatin was equilibrated with 4.3 x 10 M 
la,25-(OH)2[^H]D3 and unlabeled compounds as described under "Materials 
and Methods." The binding of labeled hormone to the chromatin, as 
measured by the filter assay, was determined. 

Binding of 
la,25-(OH)2[3H]D3 

Sterol or Steroid Concentration to Filter (%) 

None 100 

la,25-Dihydroxyvitamin 2.5 X O
 1 <0
 

M 68 

25-Hydroxyvitamin 2.5 X 10"6 M 50 

la-Hydroxyvitamin 2.5 X 10"6 M 56 

Vitamin 2.5 X 10~6 M 100 

Vitamin 2.5 X 10"6 M 100 

Dihydrotachysterol2 2.5 X 10"6 M 100 

25-Hydroxyvitamin 2.5 X 10"6 M 100 

Cholesterol 2.5 X 10~6 M 100 

Cortison 2.5 X 10"6 M 100 

Estradiol-17B 2.5 X 10"6 M 100 
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Table 11. la,25-Dihydroxyvitamin D_ binding activity in various plasma 
and control samples. 

la,25-(OH)2D3 analogs (10 yg/100 ml) were added to plasma samples from 
rachitic chicks (50 ml), la,25-(OH)2D3 was purified from the plasma 
samples and assayed as described under "Materials and Methods." 

Sample Addition 
la,25-(OH)2D3 Assayed 

(ng/100 ml) 

Rachitic chick - - <0.4a 

Rachitic chick vitamin <0.4a 

Rachitic chick vitamin D£ <0.4a 

Rachitic chick 25-hydroxyvitamin <0.4a 

Rachitic chick la-hydroxyvitamin <0.4a 

Rachitic chick la,25-dihydroxyvitamin D, 
(10.4 ng/100 ml) 

10.2 

Water - - <0.4a 

q 
Sample contained la,25-(OH)2D3 concentration below the sensitivity of 
the assay (0.4 ng/100 ml in 50 ml plasma sample). 



to the point of assay from a 20 ml plasma extract, the routine method 

is applicable at la,25-(OH) levels of 1 ng/100 ml or higher. Larger 

plasma samples containing less than 1 ng/100 ml plasma may be assayed. 

To determine accuracy of the assay, various amounts of la,25-

(OH)2®^ were added to aliquots of a human plasma sample and triplicate 

assays were performed. Figure 59 shows that average recovery of 100 

to 110% (following correction for procedural losses) were obtained over 

the range of 0.5 to 9.2 ng/100 ml added hormone. The endogenous level 

of la,25-(OH^D-j? determined at no addition of hormone, was subtracted 

from each assay value. 

A pooled plasma sample was divided into six aliquots which were 

processed for assay. The mean la,25-(OH^D^ concentration was 4.4 ng/ 

100 ml, and the coefficient of variation was 12%. The mean difference 

of duplicate determinations of 26 plasma samples was 15.9 ± 11.7 (SD) %. 

Thus the specificity, sensitivity, accuracy and precision of the assay 

indicate that it is a reliable method for quantitation of la,25-(OH) 

in human plasma. 

la,25-Dihydroxyvitamin D, Assays in 
Human Disease 

In order to further verify the validity and usefulness of this 

assay as a diagnostic tool in measuring la,25-(OH^D^ levels in human 

disease states, the circulating level of la,25-(OH)2^^ in patients with 

renal disease (Table 12) was determined. All renal patients had strik

ingly lower concentrations of hormone, whether they were dialysed or 

not. The fact that patients with advanced renal failure and anephric 

individuals have undetectable levels of hormone (Table 12) suggests that 
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Figure 59. Accuracy of la,25-dihydroxyvitamin assay. 

la,25-(0H)2[^H]D3 (1900 cpm; 6.0 Ci/mmol) was added to aliquots of a 
human plasma sample (19 ml each). Varying amounts of nonradioactive 
lot,25- (OH)2D3 (up to 9.2 ng/100 ml) were added to each plasma sample. 
Purification of la,25- (OI-O2D3 from the plasma samples and assay was 
carried out as described under "Materials and Methods." Each point 
represents the average of triplicate assays ± S.E.M. The endogenous 
concentration of la,25-(OH)2D3 in the plasma sample (2.8 ng/100 ml), de
termined by addition of no la,25-(OH)2D3> has been substracted from each 
assay point. 



Table 12. Circulating concentrations of la,25-dihydroxyvitamin D_ in patients with disorders of 
mineral metabolism. 

Group Patient (Treatment) 
Plasma la,25-(OH)2D3 

(ng/100 ml) 
Average la,25-(OH)2D3 
(ng/100 ml ± SD) 

Normal 16 total 2.6 - 5.8 4.1 ± 1.0 

Renal Failure 1 1.3 
(untreated) 2 0.8 1.3 ± 0.5a 

3 1.7 

Renal Failure 4 (4 yr.) 0.1 
5 (2.7 yr.) 0.3 h 
6 (1.6 yr.) 0.1 0.3 ± 0.2° 

7 (0.2 yr.) 0.5 
8 (1.0 yr.) 0.6 

Anephric 9 (2 mo.) 0.8 
10 (4 mo.) 0.2 0.5 ± 0.3d 

11 (1 wk.) 0.4 

Renal Transplant 10 (3 wks. post 6.0 
transplant) 

Postsurgical0 11 1.3 A 
hypoparathyroid 12 4.7 2.7 ± 0.9 

13 2.1 

Primary 14 5.2 Q 
hyperparathyroid 15 6.4 7.0 ± 2.2 

16 9.4 



Table 12, Continued. 

aSignificantly different from normal, p < 0.005. 

^Undetectable (not significantly different from 0, since assay is not capable of accurately measuring 
<0.5 ng/100 ml in a 20 ml plasma sample). 

CA11 patients received 100,000 international units of vitamin ̂  daily. 

^Different from normal, p < 0.1. 
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synthesis of la,25-(OH^D^ is impaired in kidney disease and that the 

kidney is the exclusive site of production of la,25-(OH^D^ in humans. 

Hypoparathyroid patients appear to have slightly lower levels 

of la,25- (OH^Dj than normal in spite of the fact that they are under 

treatment with large doses of vitamin D£ (Table 12). Presumably, in 

these patients the primary circulating vitamin D metabolites are deriva

tives of vitamin D2, rather than vitamin as in normal individuals 

(115). Therefore, the results on patients receiving large supplements 

of vitamin must be viewed with caution because the relative affinity 

of the chick intestinal receptor for la,25- (OH)2D2 and la,25- (OH^D-j is 

not known at present. Three hyperparathyroid patients had approximately 

twice the normal concentration of la,25- (OH^D^- These results suggest 

that parathyroid hormone may be involved in production of la,25-(OH)2^^ 

in humans. 

l a-Hydroxyvitamin D3:  A Synthetic Precursor 

of l a,25-Dihydroxyvitamin D3 

Since the competitive protein binding assay for l a ,25-(OH^Dj 

employs the proposed physiologic receptor for this hormone, it may be 

used to assess the relative biological activity of vitamin D analogs at 

the molecular level in addition to the measurement of circulating con

centrations of the hormone. As shown in Figure 16 and Table 11, when 

la-OHDj was tested in such a competitive binding assay, it competed with 

the radioactive hormone 2-3 orders of magnitude less efficiently than 

the nonradioactive la,25 -(OH)However, in in vivo assays, the two 

sterols were essentially equipotent in their ability to stimulate cal

cium transport (50, 93, 116, 117). In fact la-OHD^ may become an 
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important drug in the treatment of hypocalcemia associated with renal 

failure and hypoparathyroidism (118). Mr. Joseph E. Zerwekh (The 

University of Arizona, Department of Biochemistry) and I carried out 

a series of experiments in order to determine the metabolic fate of 

la-OHD^ following administration to the rachitic chick. After a 

single oral dose of 162.5 pmole of either la-OHD^ or la,25- (OH)2^, 

rachitic chicks displayed equivalent increases in calcium absorption 

from the intestine (Figure 60). Following a 2-3 hour latent period, 

both sterols elicited maximal effects at 9 hours, and the responses 

underwent parallel decay up to 24 hours. Comparison of the relative 

amounts of la-OHD^ and la,25-(OH) required to stimulate calcium 

transport at 9 hours indicated that the sterols were equipotent in the 

range of 19.5-65.0 pmole (93). In addition, in chronic administration 

studies, both sterols were 2-6 times more active than vitamin in 

promoting weight gain, maintaining serum calcium, and promoting in

creased bone ash (50). However, these results could be explained by a 

rapid transformation of the analog to la,25-(OH^Dj before acting upon 

the intestine in the whole animal. 

In order to show that in vivo metabolism of la-OHD^ occurs as 

a crucial step in its action to stimulate calcium absorption, it was 

deemed necessary to demonstrate this metabolic conversion in the chick 

directly. Since radioactively labeled la-OHD^ is not currently avail

able, the experiment was carried out with nonradioactive la-OHD^ and 

the suspected la,25-(OH)2®$ was assayed via the competitive protein 

binding assay. Furthermore, the experiment was set up to measure only 

that la,25-(OH^D^ which was associated with the intestinal chromatin 



149 

Ics-OHD 

lo,25-(OH)2D3  

0 20 40 60 80 

HOURS 

100 120 140 

Figure 60. Time course of action of la-hydroxyvitamin Dj and la,25-
dihydroxyvitamin D3 in stimulating intestinal calcium ab
sorption. 

162.5 pmol of either ICX-OHD3 (o) or la,25-(OH)2D3 (A) was administered 
orally and calcium transport from intestine measured, in vivo, at the 
indicated time after dosing. Absorption of calcium was monitored by 
counting plasma samples 45 min after an oral supplement of 45ca as de
scribed under "Materials and Methods." Each point is the average of 
five rachitic chicks ± standard error of the mean. Experiment performed 
by Mr. Joseph Zerwekh (The University of Arizona, Department of 
Biochemistry). 
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receptor site and had originated from la-OHD^ during the 3 hour latent 

period of action la-OHD^. Putative la,25- (OH^Dj fractions were iso

lated by silicic acid and Celite chromatography from chromatin extracts 

of control chicks and chicks treated for 3 hours with la-OHD^. Assess

ment of loss of nonradioactive la,25-(OH) during the purifications 

3 
was done by monitoring tracer la,25-(OH)^ [ H]D^ added at the beginning 

of the isolation. Figure 61 pictures the results of purifications on 

the control and la-OHD^ treated chromatin extracts. Final recovery of 

tracer la,25-(OH)^[ H]D^ was 601 in the control extract and 60% in the 

extract from la-OHD^ treated chicks. Assay of the Celite purified 

la,25- (OH^Dj fractions from both chromatin extracts is shown in Figure 

60. Figure 62A is the isotope dilution standard curve for authentic 

nonradioactive la,25-(OH^Dj- Figure 62B indicates that the la,25-

(OH^Dj fraction from control chicks produces no deflection in the 

assay, while the la,25-(OH^Dj fraction from la-OHD^-treated chicks 

yielded a significant competition for receptor binding sites. When the 

level of la,25-(OH)is calculated from the results of Figure 62B 

(taking into account the purification losses), each chick intestinal 

chromatin (15 mg DNA equivalent) contained 26 pmoles of la,25-(OH^D-j 

3 hours subsequent to a physiologic dose of la-OHD^. The saturation 

value for la,25-(OH)in intestinal chromatin following direct admin

istration of labeled hormone was previously determined to be 25 pmoles 

(Figure 13). Therefore sufficient la,25-(OH) is produced from la-

OHDj to saturate the physiologic receptors in the intestine. Since this 

phenomenon occurs prior to the initiation of the calcium transport 



Figure 61. Chromatographic purification of suspected la,25-dihydroxy-
vitamin D3 from intestinal chromatin of rachitic chicks 
given la-hydroxyvitamin D^-

Twenty rachitic chicks each received 10 i.u. of nonradioactive IC1-OHD3 
and were killed 3 hours later. Preparation of chromatin and extraction 
of sterols was carried out as described under "Materials and Methods." 
After addition of marker la,25-(OH)2D3 (17,000 dpm), purification of 
this extract ("la-OHDj treated") was performed on successive silicic 
acid and Celite columns as depicted in the top panels. In separate 
experiments, crystalline IC1-OHD3 (monitored by absorbance at 265 nm) 
was found to migrate approximately to fraction 5 on identical silicic 
acid columns and to fractions 6-7 on identical Celite columns. Thus, 
IC1-OHD3 is completely resolved from la,25-(OH)2[^H]D3 on these columns. 
Details of the chromatographic procedures are presented under "Materials 
and Methods." The bottom two panels illustrate the purification of a 
"control" extract prepared from 20 chicks that received dosing vehicle 
alone. Final yields of tracer la,25-(OH)2[ H]D3 were 60% in both la-
OHD3 treated and control extracts. Experiment performed in collabora
tion with Mr. Joseph E. Zerwekh. 
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Figure 61. Chromatographic purification of suspected la,25-dihydroxy-
vitamin D3 from intestinal chromatin of rachitic chicks 
given la-hydroxyvitamin D3. 
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Figure 62. Radioreceptor assay of suspected la,25-dihydroxyvit amin D3 
isolated from chicks treated with la-hydroxyvitamin D^. 

A, standard curve obtained with authentic nonradioactive la,25-(OH)2% 
as in Figure 55. B, assay of purified chromatin extracts (see Figure 
61) from control and la-OHDj treated chicks; 5-, 10-, and 20-yl aliquots 
(in triplicate) of the suspected la,25-(OH)2% peaks (in 2.0 ml of 
ethanol) were assayed simultaneously with standard amounts of sterol as 
depicted in panel A. Each assay was carried out in triplicate and the 
results are ± standard error of the mean. Experiments performed in 
collaboration with Mr. Joseph E. Zerwekh. 
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increase by la-OHD^, these data strongly suggest that la-OHD^ functions 

by metabolism to the natural hormone. 

In order to further demonstrate the ability of la-OHD^ to be 

metabolized to la,25- (OH) 2^-^, intestinal mucosa homogenates were pre

pared and 1300 pmoles of la-OHD^ added to the mixture as described under 

"Materials and Methods." The data depicted in Table 13 illustrate that 

after 30 minutes of incubation at 37° C, la-OHD^ is converted to signif

icant amounts of la,25-(OH)Moreover, if the homogenate is boiled 

for 20 minutes prior to the addition of la-OHD^, no production of 

laj25-(OH)2Dj occurred during the subsequent 30 minute incubation. 

These data provide independent evidence that intestinal vitamin 

Dg-25-hydroxylase enzyme is capable of catalyzing the conversion of 

la-OHDj to the natural lex,25- hormone. The boiled enzyme experi

ment (Table 13) also excludes the possibility that in the in vivo ex

periment described above (Figures 61 and 62), la-OHD^ is 

nonenzymatically oxidized to la,25-(OH)2^^ during extraction and chro

matographic isolation of suspected la,25-(OH)fractions for competi

tive protein binding assay. 
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Table 13. Production · .. l a.,25-dihydroxyvitamin D3 from !a.-hydroxy-
vitamin n3 by i ntestinal mucosa in vitro. 

Intestinal mucosa fro r achitic chicks was homogenized (10%) in 0.25 M 
sucrose-Buffer A. ·omogenate (0.5 ml/flask) was diluted to 10 ml with 
phosphate buffer, pH 7. 4 and an NADPH generating system, and incubations 
were carried out following addition of la.-OHD3 in SO ~1 ethanol. 
Methanol-chloroform (2:1) extracts of homogenates were purified by 
silicic acid, Sephadex LH-20, and Celite chromatography to isolate sus
pected la.,2S-(OH)2D3. Filter assay was carried out as described under 
''Materials and Methods." 

Time of la.,2S-(OH)2D3 
la-OHD3 .Added Homogenate Incubation produced Percent 

(pmole) Pretreatment (min) (pmole) Conversion 

1300 None 0 0 0 

1300 None 30 46 3.5 

1300 100°C for 20 min 30 0 0 



CHAPTER 4 

DISCUSSION 

The experiments reported in this dissertation have been designed 

to  el u c i d a t e  t h e  e a r l y  e v e n t s  i n  t h e  i n t e r a c t i o n  o f  l a , 2 5 - ( O H ) w i t h  

one of its target organs, the intestine. By examining the binding of 

radioactive la,25-(OH)in isolated subcellular fractions of the in

testine in a vitamin D-deficient animal, an attempt has been made to 

delineate the molecular mechanism of action of this sterol hormone. A 

basic assumption involved in the design and interpretation of the 

studies presented here is that a target organ for la,25-(OH^Dj which 

undergoes the primary physiological response following administration of 

the hormone, contains specific receptors for la,25-(OH)2®$- A receptor 

is here defined as a molecule or macromolecular complex which stereo-

specifically binds an effector molecule, such as a steroid hormone, with 

the resulting combination being capable of initiating a sequence of 

biochemical events which result in the characteristic biological re

sponse of the target organ to the effector. By means of low dissocia

tion constants for the hormone-receptor interaction, these receptor 

sites are able to retain the hormone in the target organ in the presence 

of physiological hormone concentrations. 

There are several important prerequisites for a study of 

la,25-(OH^Dj receptors. An experimental animal which is devoid of en

dogenous vitamin D is required. In such a system the physiologic 

155 
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receptors would be available for binding and retention of radioactive 

hormone and therefore theoretically permit their detection. The pre

ferred animal in this case is the one-day-old chick. In contrast to 

the adult, it is readily made vitamin D-deficient and develops the 

classic symptoms of rickets within three weeks on a rachitogenic diet 

(49). By contrast9 the rat does not develop rickets unless the ratio 

of calcium to phosphorus in the diet is drastically altered (119). 

Also essential is the availability of radiochemically pure 

3 
lct,25-(OH)2[ H]D^ of high specific activity. Steroid hormone binding 

sites have been observed to exist intracellularly at very low concen-

-13 
trations (vLO moles/mg protein) in their respective target tissues 

(73). Therefore detection and characterization of these receptors de

pend on the use of radioactive moieties of high specific activity 

(10-100 Ci/mmole). Experiments employing steroid hormones of high spe

cific activities permit analysis of binding to low quantities of crude 

receptor preparations (0.5-2.0 mg protein). 

In the present studies the specific activity of the radioactive 

la^S-fOH^Dj was 6.0-9.8 Ci/mmole. This preparation of tritiated 

hormone represents an increase in specific activity of 150-200 fold over 

•z 
the H-vitamin D employed in the previous work on the subcellular dis

tribution of tritium in the intestine following administration of the 

radiolabeled vitamin, in vivo. However, the la,25-(OH)2[ H]D^ is of 

relatively low specific activity when compared with preparations of 

radioactive hormone (50-100 Ci/mmole) employed in the study of steroid 

hormone receptors. Thus, in order to detect specific binding sites 

present in low concentration in the intestine, techniques were employed 
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to distinguish specific binding of the hormone to a high affinity, low 

capacity receptor from nonspecific association with intracellular pro

teins. These procedures included: 1) complexing of nonspecifically 

bound H-sterol to dextran treated charcoal, 2) binding of receptor-

hormone complexes to filters which retain the receptor under wash condi

tions which remove nonspecifically bound sterol, and 3) determination 

of "background" let,25-(OH) 2 [ HJD^ binding in parallel receptor prepara

tions which contain large excesses of nonradioactive la,25-(OH)20^-

The purpose of these methods was to permit characterization of the 

receptor in incubations, in vitro, containing relatively low specific 

activity radioactive hormone and relatively high protein concentration, 

which increase nonspecific la,25-(OH^Dj association. 

The la,25-(OH^t^HjDj was prepared in vitro from ZS-OHD^ by in

cubating the precursor sterol with kidney homogenates from vitamin D-

deficient chicks. Due to the high activity of the 25-hydroxyvitamin 

Dg-la-hydroxylase in animals raised on rachitogenic diets, efficient 

3 
conversion of 25-OH[ H]D^ to the hormone can be effected (Figure 6). 

Purification of the labeled la,25-(OH)2®$ was carried out by column 

chromatography on silicic acid, Sephadex LH-20 and Celite. When this 

purification scheme is applied to 5 jag quantities of nonradioactive 

la,25-(OH^D^j a preparation of sufficient purity for analysis by mass 

spectrometry and ultraviolet absorption spectrophotometry is obtained 

3 
(Figures 3, 4, and 5). The radiochemical purity of the la,25-(OH)2[ H]-

was greater than 98%, and its specific activity was determined by 

quantitation of solutions by ultraviolet absorption spectrophotometry. 
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In 1968, Haussler reported the first definitive study of the 

subcellular distribution of vitamin D and its metabolites in the intes

tine of the chick, in vivo (28, 120). Following intracardial injection 

of rachitic chicks with physiological doses of radioactive vitamin D^, 

351 of the radioactivity isolated from the intestinal mucosa was located 

in the nuclear chromatin fraction. The association of the radioactivity 

with the intestinal mucosa chromatin was determined to be specific be

cause it: 1) did not occur in nontarget organs such as the liver and 

kidney, 2) represented increased binding above that resulting after 

treatment with a control steroid, [ H]cholesterol, and 3) could be pre

vented by pretreatment of the chick with nonradioactive vitamin D^-

By chromatographic analysis, 87% of the chromatin-bound radio

activity existed as a polar metabolite of vitamin D^, peak 4B. Subse

quent determination of the structure of this metabolite in the 

laboratory of DeLuca showed that it was la,25- (OH^Dj (43), the 

currently accepted physiologically active form of vitamin D^. The me

tabolite could be removed from the chromatin by extraction with 0.3 M 

KC1 or high pH, indicating that it was associated with an acidic pro

tein. Haussler and Norman proposed that this chromosomal protein was 

the specific receptor molecule for the active form of vitamin (70). 

Numerous investigators have reported experiments in various 

animal model systems that suggest that the mechanism of vitamin D action 

involves cellular regulation of protein synthesis. Following adminis

tration of la,25-(OH)changes in RNA synthesis and nuclear RNA. metab

olism have been observed (58, 121). In addition, the response of the 

intestine to la,25-(OH)2®$ can be blocked by the RNA synthesis 
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inhibitors, actinomycin D and a-amanitin (56, 57). The purpose of the 

present investigation is to extend the initial results of Haussler by-

measurement of direct binding of radioactive la,25-(OH)in prepara

tions of intestinal mucosa, in vitro. The rationale behind such a study 

is based on the premise that if la,25-(OH)^0^ regulates nuclear gene 

transcription, thereby altering synthesis of specific types of RNA, then 

basic questions related to the mechanism of action of this hormone may 

be answered in the investigation of its interaction with the intestinal 

cell. These questions include: 1) What determines the specificity of 

the response of intestinal cell to la ,25-(OH^Dy 2) What is the mecha

nism for intracellular transport of the sterol molecule to its presumed 

site of action in the nucleus? and 3) What is the biochemical mechanism 

which enables a small molecular weight sterol to selectively identify 

and activate specific genes? The experiments reported in this disserta

tion represent a logical progression from the early in vivo studies of 

the chromatin binding of la,25-(OH^D^ to experimental examination of 

the above theoretical considerations. 

One of the earliest detectable events in the interaction of 

3 
la,25-(OH)2[ H]D*5 with the intestinal cell, which occurs within 2 min

utes of hormone administration, in vitro (Figure 45), is its interaction 

with a cytoplasmic macromolecular binding component. The macromolecule 

is sensitive to pronase treatment, but not to nucleases, sediments at 

3.7 S in 0.3 M I(C1-sucrose gradients, and is therefore presumed to be 

a protein (Figures 22, 23, and 24). This cytoplasmic macromolecule 

is not observed in nontarget organs such as the liver and kidney 

(Figure 33). Although vitamin and/or 25-OHD2 may play a 
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physiologic role in the regulation of calcium reabsorption by the 

kidney (122), no specific retention of la,25- (OH^D^ by the kidney was 

observed following in vivo administration of the hormone (data not 

shown). The failure to detect la,25-(OH^Dj receptors in the kidney 

suggests that either this form of vitamin is not directly acting in 

this organ or the concentration of receptors is too low to detect by 

the present methods. 

la,25-(OH)2D3"Binding macromolecules could also be isolated from 

the intestinal nuclei, in vivo or in vitro, following administration of 

3 
la,25-(OH)2[ H]Dj (Figure 34). The properties of the nuclear hormone-

binding macromolecule were strikingly similar to the cytosol 

la,25-(OH)2D2-binding component in that: 1) The hormone-macromolecular 

interaction was reversed by heating or by pronase, but not by nucleases 

(Figures 24, 38, and 46). 2) Both nuclear and cytoplasmic receptor pro

teins displayed similar affinities for monohydroxy-vitamin deriva

tives (Figure 16, Table 7). A 200-fold excess of 25-OHDj and la-OHD^ 

resulted in a 60 and 33% reduction, respectively, in labeled hormone 

binding to the cytosol receptor (Table 7) and in a 35 and 30% reduction, 

respectively, in hormone association with the intestinal mucosa chroma

tin (Figure 16). 3) The nuclear and cytoplasmic receptors could not be 

distinguished from each other by sucrose gradient centrifugation or gel 

filtration chromatography (Figures 39 and 40), and 4) Both hormone 

receptor complexes are stabilized in the presence of la^S-fOH^Dj 

(Figure 46). Although these findings suggest that the nuclear and cyto

plasmic la,25-(OH^Dg receptors are similar molecules, purification and 
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amino acid sequence studies will be required to detect small differ

ences in receptor structure. 

The hormone-binding protein in the intestinal mucosa cytosol 

appears to be involved in the transfer of la,25-(OH)2D3 to the nucleus. 

Intestinal cytosol is required to mediate the association of la,25-

(OH)2^2 with the intestinal chromatin fraction (Figure 21). In addition, 

heating the cytosol prior to administration of the hormone reduces both 

the association of the hormone with the cytosol macromolecule (Figure 

46) and with the chromatin fraction (Figure 47) with similar temporal 

sequence. Initially, la,25- (OH^D^ receptors exist primarily in the 

cytoplasm of the intestinal mucosa cell. After incubation with the 

^H-hormone, in vitro, there is progressive increase in the concentra

tion of the nuclear binding component, and a concomitant decrease in the 

cytoplasmic receptor concentration (Figure 45). Thus, several lines of 

evidence are compatible with the view that the nuclear hormone-receptor 

complex arises primarily from a hormone-dependent transfer of the cyto

plasmic receptor into the nucleus. These include data showing: 1) de

pendence on cytoplasmic sterol binding to achieve maximal nuclear 

receptor concentration, 2) an inverse relationship between cytoplasmic 

and nuclear concentrations of receptor, 3) similar binding affinity and 

specificity of la,25-(OH^D^ for the two receptors, and 4) their similar 

physiocochemical properties, including apparent molecular weight and 

thermal instability. 

The role of intestinal cytosol in transporting the hormone to 

the nucleus was further investigated by incubation of la,25-(OH)2^^ in 

reconstitutions of intestinal mucosa chromatin with cytosol from 
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nontarget tissues or buffer only. In these experiments, significant 

amounts of nuclear complex were formed in the absence of the target 

tissue cytosol. Since nontarget cytosols contain no detectable 3.7 S 

receptors for this hormone (Figure 33), the source of this nuclear com

plex is apparently the purified intestiml chromatin, and its presence 

may explain the small uptake of hormone by chromatin at 0°, in vitro 

(Figures 34, 35, and 45). Binding proteins for progesterone and estro

gen have not been detected in isolated nuclei of their respective 

target tissues (78, 83), and the possibility exists that these results 

are due to a small amount of adsorption of cytoplasmic receptors to 

chromatin during its preparation. 

Experiments employing reconstitutions of intestinal mucosa cyto

sol with purified chromatin from nontarget tissues indicate that there 

is a greater uptake of 3.7 S receptor complex at 25° by intestinal 

chromatin than by liver or kidney chromatin when these fractions are 

compared in terms of their DNA contents. These observations suggest 

that intestinal chromatin contains specific acceptor sites with affinity 

for the la,25-(OH) £1)^-receptor complex. The results in Figure 49 also 

show significant retention of the cytoplasmic la,25- (OH^Dg binding com

ponent by the nontarget chromatins. These results may indicate a lower 

concentration of "acceptor" sites in these preparations or adsorption 

of the intestinal cytosol receptor to chromatin. In either case, the 

macromolecular binding of the labeled hormone in the nontarget chromatin 

is specific since it is reduced by excess unlabeled la,25-(OH) 

(Figure 49). 
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The present results are consistent with the two-step mechanism 

for steroid hormone binding in target tissues. This sequence of events 

involves initial binding of the hormone to a cytoplasmic receptor pro

tein, located only in the respective target tissue, which is subsequent

ly transported into the nucleus via a temperature-dependent process. In 

the case of estrogen, transformation of the uterine cytoplasmic recep

tor from a species sedimenting at 4 S on sucrose gradients to a 5 S 

component occurs prior to nuclear binding (82, 83). Such transformation 

has not been observed for the progesterone receptor (78), or as reported 

here, for the la,25-(OH^Dj receptor, although the techniques employed 

in this study could not detect small differences in the nuclear and 

cytoplasmic forms of the receptor. 

A second potential site for specificity in this mechanism is 

nuclear acceptor sites for the cytoplasmic receptor complex. Nontarget 

chromatins apparently have little capacity for accepting the oviduct 

progesterone cytoplasmic receptor (78), although such a specificity has 

not been demonstrated for estrogen (83). In the present experiments, 

purified chromatin from kidriey or liver showed less incorporation of 

intestinal la,25-(OH^D^ receptor complex than that observed with in

testinal chromatin when chromatin fractions were compared in terms of 

their DNA contents. Whether or not the binding of the complex to in

testinal or nontarget chromatins affects nuclear RNA synthesis remains 

to be determined. 

In summary, evidence presented in this dissertation indicates 

that a cytoplasmic la,25-(OH)2D3 receptor protein plays a key role in 

the interaction of this hormone with its target cell (Figure 63). These 



Figure 63. Model for early events in the interaction of la,25-
dihydroxyvitamin D_ with the intestinal mucosa cell in 
chicks. 

la,25-Dihydroxyvitamin D3 (1,25) enters the cell and binds to a specific 
cytoplasmic protein receptor (R). The resulting hormone receptor com
plex migrates into the nucleus where it binds to the chromatin, result
ing in activation of RNA polymerase II and increased mRNA synthesis 
specific for the calcium binding protein (CaBP). 
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macroraolecules are the primary determinant of the target organ specific

ity for the hormone. They function to transport the sterol into the nu

cleus, and they provide a means for increasing the informational content 

of the las25-(OPI^D^ hormone molecule. Once in the nucleus, it is pos

tulated that the la,25-(OH)£D^ receptor complex specifically interacts 

with the genome of the intestinal cell to activate specific genes re

sulting in increased RNA metabolism, increased activity of nuclear DNA-

dependent RNA polymerase II, and increased synthesis of mRNA specific 

for the intestinal calcium binding protein (Figure 63). However, in or

der for these cytoplasmic receptors to interact with acceptor sites on 

the nuclear chromatin, they first must be complexed to la,25-(OH)2^3 

then allowed to undergo a temperature-dependent transformation, pre

sumably resulting in a specific structural modification. 

The nature of the interaction of the nuclear 

la,25-(OH)2D2-receptor complex with the chromatin is presently a matter 

of speculation. However, it has been suggested that DNA (123, 124) 

and/or the nonhistone proteins (125, 126) are intimately involved in the 

recognition of estrogen and progesterone steroid hormone receptors. 

DNase has been reported to release [ H] estradiol from the uterine nu

clei (127), and binding of the estrogen receptor to DNA, in vitro, has 

been observed (123, 128) . The receptor-DNA interaction was of high 

-in 
affinity (Kd ̂ 2 x 10 M), and saturation was observed (500 receptor 

complexes/cellular DNA equivalent, assuming one estradiol molecule per 

complex) (123). However, binding of the uterine receptors to DNA was 

not specific in that they interact with DNA isolated from rat uterus 

(123), calf thymus (123, 129), salmon sperm, E. coli, and B. subtilis 
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(128, 130). No direct evidence has been reported to support the notion 

that steroid hormone receptor complexes may bind to specific DNA 

sequences. 

Elegant studies of the specific interaction of the progesterone 

receptors with experimentally altered forms of chromatin have been car

ried out in the laboratory of O'Malley. Removal of histones from ovi

duct chromatin and substitution with histones from nontarget tissues 

resulted in little change in chromatin acceptor capacity for the 

3 
[ H]-progesterone-receptor complex (131, 132). However, when the non

histone proteins were removed from the chromatin, binding of the 

progesterone-receptor complex was blocked. Further, reconstitution of 

oviduct nonhistone proteins with erythrocyte DNA imparted acceptor ca

pacity to this "hybrid" chromatin. On the other hand, chromatin con

taining DNA from oviduct and erythrocyte nonhistone proteins had a low 

affinity for progesterone receptor complexes. Thus, the acceptor capac

ity for the hormone receptor, in vitro, was dependent on the presence 

of the nonhistone proteins from the chromatin of the target organ. 

The progesterone receptor can be resolved into two components, 

both of which bind progesterone, by chromatography on DEAE cellulose 

(133-135). One of the subfractions, A, binds to DNA with high affinity 

and low capacity. Subfraction B does not bind to DNA, but does specif

ically interact with the nonhistone proteins of oviduct chromatin. 

These results suggest that both DNA and the nonhistone proteins play a 

role in the interaction between the progesterone receptor complex and 

the genome of its target organ. There appears to be high affinity 
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binding between "subunit A" and the DNA and between "subunit B" and the 

nonhistone proteins. 

While a direct relationship between the appearance of the nu

clear la,25-(OH)2Dg-receptor complex in the nucleus and the subsequent 

alterations in nuclear RNA metabolism has not been demonstrated, the 

implication of such a relationship is clear. The hormone-receptor com

plex may regulate the expression of genetic information by the following 

mechanisms: 1) Gene transcription and RNA synthesis may be increased 

through alterations in chromatin template activity. Hallick and 

DeLuca have reported changes in intestinal chromatin template activity 

in response to vitamin D (136). 2) DNA-dependent RNA polymerase II 

activity may be increased via activation or induction either directly or 

through an intermediate such as cAMP or protein kinase. Zerwekh et al. 

have reported a specific stimulation of RNA polymerase II by la,25-

(OH), in vivo (58), and recent evidence indicates that this effect 

may be preceded by a hormone-dependent stimulation of a nuclear protein 

kinase fraction (137). 3) The let,25-(OH)2D3-receptor complex may inter

act with the genome in such a way as to "uncover" specific regions for 

RNA transcription. In support of this notion are the observations that 

histones restrict the accessibility of the chromatin to RNA polymerase, 

in vitro, possibly through the promotion of DNA supercoiling. Moreover, 

the nonhistone proteins are able to reverse this effect (138-141). In 

light of these findings it has been postulated that the regulation of 

genetic expression may be mediated through interaction of the genome 

with nonhistone proteins, such as steroid hormone receptors and accep

tors, so as to effect the unwinding and accessibility of specific 
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areas of the genome to the transcriptions machinery (142). 4) The 

la,25-(OH^Dj receptors may affect intranuclear processing and/or trans

port of RNA. from the nucleus to the cytoplasm. However, support for 

this post-transcriptional control of genetic expression (143) in re

sponse to steroid hormones has diminished since pools of mRNA. specific 

for ovalbumin were not observed in animals that had been withdrawn from 

estrogen treatment (144, 145). 

It is proposed in this dissertation that the 

la,25-(OH)2^"binding proteins represent the physiological receptor sys

tem for this hormone in the chick intestine. This hormone-receptor 

complex is presumed to be responsible for initiating the sequence of 

events leading to the stimulation of calcium transport. There are 

several lines of evidence that support the hypothesis that these macro-

molecules are the physiological la,25-(OH)receptors. 

1. Various parameters of the binding of the hormone, in vivo, to 

the chromatin correlate with the physiological response of in

creased calcium transport. After physiologic doses of radio

active vitamin D^, 35% of the radioactivity recovered from the 

3 
intestine was associated with the chromatin as la,25- (OH)^[ H]D^ 

3 
(120). The identity of the chromatin-bound H-sterol has been 

unequivocally identified as la,25-(OH)2D3 by chromatography on 

silicic acid, Sephadex LH-20, and Celite (Figures 7 and 14). 

Thus, a major form in which intracellular la,25-(OH^D^ exists 

is in association with the intestinal mucosa chromatin. Evi

dence showing a relationship between the binding of la,25-

(OH)2D3 in the chromatin and the stimulation of calcium 
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transport is the correlation between the respective doses of 

vitamin which result in saturation of the calcium transport 

response and a saturation of the intestinal chromatin receptors 

(Figure 8). In addition, the localization of la,25-(OH)in 

the chromatin is an early event, occurring 1-1/2 to 2 hours 

prior to measurable stimulation in calcium transport, indicating 

that this is a candidate for the primary response of the target 

organ to this hormone (Figure 9). 

2. The specificity of la,25-(OH)2®$ receptors for vitamin D analogs 

correlates with the biological potency of these sterols. The 

data in Figure 16 show that the affinity of the chromatin recep

tor is 500 times greater for la,25-(OH)than for 25-OHD^. 

When the relative potencies of these two sterols is measured in 

systems which preclude metabolism of 25-OHD2 to la,25- (OH^Djj 

a reasonable correlation of their activity to their receptor 

binding affinities is observed. 25-OHDj elicits increased cal

cium transport in isolated perfused intestines or stimulates 

synthesis of the vitamin D-dependent calcium binding protein 

when added at 200 times the concentration necessary for response 

by la,25-(OH)2D3 (24, 47). In addition, on a weight basis, 

la,25-(OH^Dj is 100 times more effective active than 25-OHD2 

in mobilizing calcium from bone in tissue culture (48). 

3. The tissue distribution of the la,25-(OH)^-binding proteins is 

consistent with their proposed role as sterol hormone receptors. 

Uptake of the labeled hormone by the chromatin was observed in 

intestinal mucosa and not in liver, kidney, or spleen, in vitro 
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(Table 1, Figure 48). The uptake and retention of la,25- (OH^D^ 

by the intestine is apparently dependent upon the specific 

localization of the 3.7 S receptor in the intestinal cytosol, 

for it could not be detected in cytosol isolated from nontarget 

organs, the liver and kidney (Figure 33). However, a second 

level of specificity in the recognition of la,25-(OH)2®$ appears 

to exist in the subcellular interaction of the hormone with the 

intestinal cell. In experiments employing reconstitution of 

intestinal cytosol with nontarget chromatins it was observed 

that the capacity to accept the 3.7 S cytoplasmic receptor was 

lower than in reconstitutions of intestinal cytosol and chroma

tin (Figure 49). Therefore, there appear to be unique sites on 

the intestinal chromosome which are required for recognition of 

the hormone receptor complex. 

4. The receptor protein has an affinity for the hormone great 

enough to retain it in the presence of physiological hormone 

concentrations. As noted above, and in Figure 34, the chromatin 

is able to bind and retain hormone receptor complex when phys

iological doses of radioactive la,25-(OH)are administered 

to the animal. Hence it is inferred that the cytoplasmic and 

nuclear la,25-(OH)2D^-binding components have the required 

affinity for interaction with the hormone, in vivo. Analysis 

3 - -
of specific binding of la,25-(OH)2[ HJD^ to isolated intestinal 

cytosol, in vitro, by filter assay indicate that the dissocia

tion constant for the interaction between the hormone and the 

binding protein is 2.2 x 10 9 M at 0° (Figure 26). Measurements 
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of hormone levels reported in this dissertation in the normal 

chick show la,25-(OH)2^^ concentrations of about 2 x 10 ̂  M 

(Table 11). 

The dissociation constant for the hormone interaction 

with the chromatin may be estimated as that concentration re-

_ q  
quired to half-saturate the available receptors (1.5 x 10 ) 

(Figure 54). At this concentration there is a linear relation

ship between the amount of sterol in the incubation and the 

formation of the cytoplasmic hormone-receptor complex (Figure 

26), and between the amount of sterol in the incubation and the 

association of la,25-(OH)2^^ with the chromatin (Figure 54). 

Therefore it may be assumed that there is a linear relationship 

between the formation of cytoplasmic hormone-receptor complexes 

and the association of those complexes with the chromatin. 

Therefore estimation of the dissociation constant for the 

hormone-receptor complex interaction with the chromatin from the 

la, 25- (OH^Dj concentration required to half - saturate the chro

matin is reasonably valid. It should be pointed out that the 

estimates of affinities for the cytoplasmic and nuclear hormone-

receptor and receptor-chromatin interactions may be somewhat low 

due to nonequilibrium conditions which exist under washing pro

cedures employed in the preparation of receptor fractions. In 

summary, estimations of the dissociation constants for the 

interaction of la,25-(OH)2D3 with the proposed intestinal recep

tors (-vLO-9 M at 0°) indicate that these binding components have 



172 

an affinity which would permit hormone retention under physio

logic conditions. 

In the normal chick the plasma la,25-(OH)^ concentra

tion (2 x 10 M) is sufficient to occupy only 10% of the 

available intestinal receptors, assuming a physiologic dissoci-

-9 
ation constant of 10 M. Therefore, it would be theoretically 

possible to increase intestinal calcium absorption in the normal 

chick by administering la,25-(OH)2^. The concept of "receptor 

reserve" may explain the observation that intestinal calcium 

absorption can be increased in normal humans by la,25-(OH^D-j 

treatment (146). 

5. There is a relationship between the subcellular localization of 

the hormone-receptor complex and the known biochemical events 

elicited by la,25-(OH)2^3. In the absence of la,25- (OH^Dj the 

binding proteins are located primarily in the intestinal cytosol 

(Figures 42, 43, and 45). As the la,25-(OH)2^ molecule enters 

the intestinal cell, it rapidly (within 2 minutes) (Figure 41) 

associates with the cytoplasmic binding protein to form the 

hormone receptor complex (Figure 45). This complex then rapidly 

moves into the nucleus where it is associated with the chroma

tin, a process which is not observed in nontarget tissues or in 

the intestine with sterols other than la,25-(OH^D^ (Figure 49, 

Table 10). Within 2 hours of hormone administration the activi

ty of the nuclear DNA-dependent RNA. polymerase II is stimulated 

(58), presumably resulting in the synthesis of new mRNA species 
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which are specific for the intestinal calcium binding protein 

(61). The synthesis of calcium binding protein and intestinal 

calcium transport are stimulated within 2-1/2 hours of hormone 

administration. Thus, the rapidity with which the subcellular 

components bind the hormone and the presence of the hormone-

receptor complex in the nucleus is consistent with a potential 

role for these las25- (OH^D^ receptors in the regulation of 

gene transcription. Ultimate proof that these receptors mediate 

alterations in genetic expression in the intestine resulting in 

increased calcium transport will require direct measurement of 

increased nuclear RNA metabolism, RNA products, and endpoint 

proteins. Such studies will involve assay of DMA-dependent RNA 

polymerase II, in vitro, following addition of cytoplasmic 

la,25-(OH)20^-receptor complex to isolated intestinal nuclei. 

In addition, the dependence on the presence of hormone receptor 

complexes of the stimulation of mRNA specific for intestinal 

CaBP must be determined. Messenger RNA for the CaBP may be mea

sured in an in vitro protein synthesizing system (61). 

In order to gain more information about the relationship between 

the nuclear and cytoplasmic let,25-(OH)2D3 receptors, attempts have been 

made to purify these protein components. Investigation of their physi

cal properties in homogeneous form may lead to an understanding of the 

nature of the temperature-dependent transformation which is apparently 

required for hormone-receptor complex interaction with the chromatin. 

The observation that the migration of the cytoplasmic hormone-receptor 
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complex into the nucleus occurs more rapidly at 25-37° than at 0° indi

cates that an enzymatic modification, perhaps a phosphorylation or 

cleavage of a peptide chain, may be involved. Purification of the two 

receptor components followed by peptide mapping and amino acid analysis 

will be required in order to determine whether temperature-dependent 

"activation" of the cytoplasmic receptor results in a structural modi

fication of this protein. 

From the data in Figure 13 an estimate can be made of the quan

tity of nuclear receptors present in the intestinal mucosa under condi

tions of maximal hormone concentration. The saturation value for the 

chromatin associated receptor is 24 pmoles la,25-(OH)per 15 mg DNA 

(DNA equivalent of 3 g intestinal mucosa). Utilizing a value of 2.5 pg 

DNA per nucleus (147), determined for heart or liver of the "domestic 

fowl," it can be calculated that there are 2400 nuclear receptor mole

cules per cell assuming that each receptor binds one molecule of la,25-

In making this calculation it must be assumed that the 

quantity of DNA per intestinal nucleus is equivalent to the value deter

mined for heart and liver. This value of 2400 receptor molecules per 

cell is similar to reported estimates of 1700-2500 nuclear estrogen 

receptor molecules per cell (148, 149). Assuming that the receptor has 

a molecular weight of 5 x 10^ daltons, there is approximately 1 yg of 

nuclear receptor per fully saturated intestinal mucosa. If there are 

multiple numbers of la,25-(OH)2D3 binding sites per receptor molecule, 

then respectively lower amounts of receptor would be present. Three 

grams of intestinal mucosa contain 670 mg protein; therefore, it can be 

calculated that a 560,000 fold purification must be achieved in order to 
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isolate this protein in homogeneous form. It appears certain that 

powerful purification procedures such as affinity chromatography will 

be required to isolate these receptors in homogeneous form. Further 

a rapid method of assay for the receptor will be required. The filtra

tion assay described in this dissertation may be applied to the recep-

tors by incubating a known quantity of la,25-(OH)2[ H]D^ with suspected 

receptor fractions and measuring specific binding of the hormone to the 

filters. 

Similar calculations may be carried out on the concentration of 

cytoplasmic receptors for la,25-(OH^Dj in the intestinal mucosa. From 

the data in Figure 26, it can be determined that there are approximately 

50 pmoles of cytoplasmic receptors per chick intestine. Since three 

grams of mucosa contain approximately 15 mg DNA, the number of cytoplas

mic receptors is approximately 5000 per cell, again assuming one mole

cule of la,25-(OH^Dj bound per receptor. If the molecular weight of 

the receptor is 5 x 10^ daltons, this protein represents only 0.0002% 

of total intestinal mucosa protein. Indeed, purification of these re

ceptor macromolecules represents a formidable task. 

Initial progress in the purification of the nuclear and cyto

plasmic la,25-(OH^Dj receptors is shown in Table 14. Subcellular frac

tionation and agarose gel chromatography of the receptor proteins has 

yielded a 430-fold purification of the nuclear component and an 11-fold 

purification of the cytoplasmic component. Based upon physical charac

terization of these crude receptor preparations by sucrose gradient 

centrifugation and gel filtration chromatography an apparent molecular 

weight of 47,000 daltons has been determined for both the nuclear and 



Table 14. Summary of the partial purification of the nuclear and cytoplasmic la,25-dihydroxyvitamin 
Dg receptors from intestinal mucosa. 

Receptor Fraction 

pmoles of la,25-
mg Protein (OH)2D3 Specifically 
per Chick Bound per Chick 
Intestine Intestine 

Specific Activity 
[pmole la,25-(OH)2D3] 

per g Protein Purification 

Nuclear Homogenate 670 

Crude Nuclei 310 

Chromatin 35.4 

Receptor Fraction 8.8 

Agarose Gel 0.77 
Chromatography 

24 

24 

23 

19 

10.9 

35.8 

77.4 

649 

2160 

15,500 

1 

2 

18 

60 

430 

Cytoplasmic Homogenate 670 

Crude Cytosol 324 

Agarose Gel 24 
Chromatography 

50 

50 

19.8 

74.6 

154 

825 

1 

2 

11 
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cytoplasmic forms of the la,25-(OH)2®$ receptors (Figure 40). These 

results are preliminary, although it is significant that no marked dif

ference in sedimentation properties between the nuclear and cytoplasmic 

components was detected. Not only do these data support the concept 

that the nuclear la,25-(OH)2D2 receptor arises from the cytoplasmic to 

nuclear migration of the cytoplasmic hormone receptor complex, but it 

is also indicated that the la,25-(OH)receptor system is similar to 

the progesterone receptors in that no 4 S to 5 S transformation of the 

cytoplasmic hormone-receptor complex occurs in the cell of the target 

organ. Further purification of these proteins, possibly by affinity 

chromatography, will be required before a definitive conclusion concern

ing the interrelationship of the cytoplasmic and nuclear forms of the 

la,25- (OH) 2^2, receptors can be drawn. 

While the investigations reported in this dissertation were in 

progress, Norman and coworkers reported studies on the subcellular 

3 
localization of la,25-(OH)2[ HjD^ following in vivo and in vitro admin

istration of the labeled hormone (65, 150). These studies were carried 

out employing a preparation of radioactive la,25-(OH)2^^ of relatively 

3 
low purity and low specific activity. The la,25-(OH)2[ HJD^ was gener

ated by procedures similar to those reported in this dissertation; 

however, purification of the radioactive sterol was carried out by 

silicic acid and Sephadex LH-20 chromatography only. These methods do 

not resolve the la,25-(OH)2D3 hormone from the closely related vitamin 

D metabolite 25,26-(OH)In addition, no data on the radiochemical 

3 
purity of the la,25-(OH)2[ HJD^ were reported. 
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Tsai, Wong, and Norman reported that the intestinal mucosa chro-

3 
matin was saturated with la,25-(OH)^ [ H]D^ at a value corresponding to 

5 pmoles per chiclc intestine (65). These results are lower than the 24 

pmoles la,25-(OH^D^ per chick intestine reported in this dissertation 

and probably reflect the fact that Tsai et al. measured the binding of 

labeled sterol in chromatin 9 hours after administration of la,25-

3 
(OH^t HjDj. Maximal binding of the hormone to chromatin after doses of 

3 
la,25-(OH)2[ H]D^ occurs 2 hours after sterol administration (Figure 9) 

(121), and by 9 hours, significantly lower amounts of la,25-(OH)are 

observed in the chromatin. In separate experiments by Tsai and Norman, 

"maximal" hormone association with the chromatin was determined in vitro 

at 0° (150). As extensively documented in this dissertation, hormone 

association with the chromatin is temperature-dependent, in vitro, and 

therefore saturation of the chromatin receptor can only be achieved at 

elevated temperatures (25°-37°). 

Norman and coworkers also investigated the binding of la,25-

3 
(OH) 2! H]Dj in the cytosol. The use of low specific activity radio

active hormone in these studies precluded their isolation of the 

cytoplasmic la,25- (OH^Dj receptor complex reported in this disserta

tion; however, they did report saturable binding of la,25-(OH)20^ in the 

-7 
cytosol. This interaction was of relatively low affinity (Kd = 2 x 10 

M), a 100-fold lower affinity than the cytoplasmic la,25-(OH)2D3-binding 

protein reported in this dissertation. Attempts by Tsai and Norman (150) 

to demonstrate a specific cytoplasmic la,25-(OH)2D3-binding macromolecule 

by gel filtration chromatography failed in that the major peak of radio

activity migrated with the major protein peak. This "receptor" peak 



179 

probably represented nonspecific association of the hormone with cytosol 

proteins. They did not demonstrate that this peak of H-sterol binding 

represented any form of specific hormone interaction with a receptor 

via competition experiments with excess nonradioactive la,25- (OH^D^. 

In addition, their attempts to demonstrate selective reversal of the 

binding of la,25-(OH)in the cytosol by pronase were inconclusive. 

In those studies, preincubation of cytosol for 20 hours at 20° with 

pronase destroyed subsequent la,25-(OH)binding. However, control 

experiments to insure that the long incubation times at elevated tem

perature did not result in destruction of the la,25-(OH)2D3-binding com

ponent were not carried out. In light of the thermolability of the 

hormone-receptor interaction reported in this dissertation (Figures 46 

and 47), prevention of cytosol-la,25-(OH)binding was probably pri

marily a result of the incubation conditions and not a result of 

pronase activity. 

In summary, Norman and colleagues made several conclusions con

cerning la,25- (OH^Dj receptors which cannot be supported by the experi-

"7 
ments employing la,25-(OH^t H]D^ of high specific activity reported in 

this dissertation. These conclusions were: 1) the association of the 

la,25-(OH^Dj hormone with intestinal mucosa chromatin in vitro, is not 

temperature-dependent, 2) saturation of the chromatin receptors occurs 

at 5 pmole la,25-(OH^Dj per chick intestine, and 3) they had identified 

the cytoplasmic receptor for la,25-(OH)in the intestine (molecular 

weight = 65,000 to 150,000 daltons, Kd = 2 x 10 ^ M). 

Following detection, isolation, and preliminary physical charac

terization of the intestinal la,25-(OH)receptors reported in this 



180 

dissertation, interesting physiological studies on these proteins 

r e m a i n  to be carried out: 1) ontogeny of la,25-(OH)receptor, 2) 

comparison of the receptor system in the normal vitamin D-repleted 

chicks with that observed in the rachitic chick, and 3) determination 

of the effects of calcium regulating hormones, calcitonin, parathyroid 

hormone, and la,25-(OH)on receptor concentrations in the intestine. 

One practical application resulting from the elucidation of the 

initial events in the interaction of la,25-(OH)^0^ with the intestine 

has been the development of a competitive protein binding assay for 

la,25-(OH^Dj. Previous detection of la,25-(OH)2^^ has been carried out 

only in experimental animals, and there is little information available 

on the occurrence of this hormone in humans. Defects in the production 

of this hormone may explain abnormal calcium metabolism in diseases such 

as chromic renal failure. There is also evidence that parathyroid hor

mone is involved in the regulation of the renal synthesis of la,25-

(OH^Dg (110, 151, 152), suggesting that abnormal production of 

parathyroid hormone may affect calcium homeostasis by altering the 

circulating level of la,25-(0H)2D3. In order to study the role of 

la,25- (OH^Dj in calcium metabolism in normal humans and to study its 

possible relation to metabolic bone disease, a reliable method for 

quantitation of the hormone activity in human plasma is required. 

In this report a filtration assay is described for la,25-(OH)2^^ 

employing the chromatin receptor for the hormone in the target tissue. 

In the past, filtration assays for steroid hormones have been largely 

unsuccessful because of significant and irreproducible binding of free 

steroid to filters. In the present assay, conditions have been defined 
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under which free steroid can be removed from chromatin and filters by 

the nonionic detergent Triton X-100. A reconstituted cytosol-chromatin 

mixture is incubated with a known amount of la,25-(OH)^ [ H]D3 and a 

plasma extract containing unlabeled hormone. Hormone-receptor complexes 

are formed in the cytosol which then interact with the chromatin. The 

chromatin is then adsorbed on various filters, and the filter is washed 

free of nonspecifically bound sterol. 

The standard procedure for purification of la,25-(OH^Dj from 

plasma extracts entails serial purification using a silicic acid column, 

two Sephadex LH-20 columns, and a final "micro-Celite" column. Extracts 

purified by this method contained no lipid residue or vitamin D metabo

lites which interfere in the assay (Figures 57 and 58, Tables 10 and 11). 

Experiments with large plasma volumes such as the one pictured in Fig

ures 57 and 58 in which individual fractions eluted from a long Celite 

column are assayed for both hormone and radioactive marker, indicate 

that the level of la,25-(OH) ̂  in man is 4 ng/100 ml (10 M). 

According to Borth (153) there are 4 criteria for reliability 

of an assay. These are accuracy, precision, specificity, and sensitivi

ty. Generally, the validity of an assay is equally dependent upon all 

4 criteria. The accuracy of a hormone assay may be defined as the near

ness with which a given analytical result approaches the "true" result. 

The accuracy of a quantitative procedure can be evaluated by means of 

recovery experiments, in which assays of the hormone are made before and 

after the addition of known quantities of the hormone being tested. 

Ideally, recovery experiments should be conducted by adding to the 

plasma the sterol hormone in conjugated form, the form in which it is 
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physiologically present. In the case of 1~,25-(0H) 2n3 , the conjugated 

fonn of the honnone is not available; therefore, known amounts of pure 

sterol were added to plasma samples and assayed. This technique is 

commonly used in assessing the accuracy of sterol hormone assays, and 

since plasma samples are extracted with organic solvents prior to assay, 

reasonably good indications of recovery can be obtained. As shown in 

Figure 59, recoveries were nearly 100% in the range of 0.5-9.2 ng/100 ml 

plasma added 1~,25-(0H) 2n3 . Due to the lengthy purification scheme re

quired in the assay of 1~,25-(0H) 2n3 , a tracer 1~,25-(0H) 2 [ 3H]D3 was 

added to each individual plasma sample prior to solvent extraction in 

order to quantitate losses encountered in column chromatography of the 

sterol honnone. 

The precision of a hormone assay method can be estimated by 

carrying out repeated assays on the same plasma sample and calculating 

the coefficient of interassay variation (the standard deviation of the 

results from the mean). At a plasma hormone concentration of 4.4 ng/ 

100 m1 the coefficient of interassay variation was 12%. Lower varia-

tions (5-10%) were obtained when plasma samples containing higher 

concentrations of 1~,25-(0H) 2n3 were assayed. Another estimate of pre

cision · involves calculating the mean difference between duplicate 

determinations in a series of at least 20 assays. The standard devia-

tion of the mean difference [11.7% in the 1~,25-(0H) 2n3 assay] provides 

an estimate of assay variation. The estimates of 1~,25-(0H) 2n3 assay 

precision are within accepted limits of a reliable assay (154). 

The sensitivity of an assay is the smallest single result which 

is significantly different from zero. One estimate of assay 
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sensitivity is calculated by multiplying the standard deviation of 

replicate assays by 2. From multiple determinations on a pooled plasma 

sample (4.4 ± 0.4 ng/100 ml plasma), an assay sensitivity of 0.8 ng/100 

ml plasma was calculated. Alternatively, the sensitivity of la,25-

(°h)2d3 assay was determined calculated from the useful range of the 

standard curve (20-350 pg). Based on a 40% minimum recovery to the 

point of assay from a 20 ml plasma extract, the routine method is 

applicable to triplicate assays at la,25-(OH)concentrations of 1 ng/ 

100 ml plasma. 

The specificity of the la,25-(OH^D^ assay is related to the 

discrimination of the assay against other chemical moieties. The 

specificity of this assay is a function of the specificity of the chro

matin receptor for la,25-(OH)2®$ and the chromatographic purification of 

la,25-(OH^D^ in the purification sequence. The complex pattern of 

vitamin D metabolism and the wide use of drugs with vitamin D activity, 

such as vitamin D2 and dihydrotachysterol2, present a difficult problem 

in the design of a specific assay for la,25-(OH).^D^. Since this assay 

employs the physiological hormone receptor to measure la,25-(OH)2Dj 

activity it can be argued that any vitamin D metabolite or analog that 

"interferes" is biologically active and therefore should be measured 

in assessing the vitamin D status of an animal. However, the assumption 

of a direct correspondence between competition for receptor binding and 

biological activity is implicit in such a "total la,25-(OH) activity 

assay." 

Numerous experiments were carried out in order to define the 

specificity of the la,25-(OH)2D3 assay. These experiments involved 
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characterization of the chromatin receptor by competitive binding of 

vitamin D metabolites and analogs and by direct determination of assay 

interference after addition of large excesses of these compounds to 

plasma from vitamin D-deficient chicks. The results in Tables 10 and 11 

conclusively show that dihydrotachysterol^, vitamin D2, and vitamin 

and its monohydroxy-derivatives are not measured in the la,25-(OH) 

assay even when present in the plasma in 1000-fold higher concentrations 

than la,25- (OH^D^. 24,25- (OH)is resolved from la,25- (OH)2D3 but 

25,26-(OH)2^ does migrate with the hormone in the purification sequence 

(34). Since 25,26-(OH)2^^ has a relatively low biological activity, its 

affinity for the hormone's receptor system is probably low, and in the 

normal individual no interference in the assay by this sterol is ob

served (Figures 57 and 58). Until synthetic preparations of 25,26-

(OH^Dj become available, the relative discrimination of the assay 

between this metabolite and la,25-(OH)2^3 cannot be quantitated. 

Vitamin D2 is commonly used to treat patients in certain hypo-

calcemic conditions, such as hypoparathyroidism, and it therefore seems 

probable that such patients may have significant plasma concentrations 

of la,25-(OH^I^* Since the affinity of the chick and human intestinal 

receptors for la,25-(OH)2D2 may be different, assay results on patients 

receiving large supplements of vitamin D2 must be viewed with caution. 

This problem is of more than hypothetical interest because vitamin D2 

is relatively inactive in the stimulation of calcium transport in the 

chick (155). This observation could be explained by the presence of a 

low affinity hormone receptor for la,25-(OH)2D2 in the chick; however, 

strong evidence has been presented that this low vitamin D2 activity is 
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a result of discrimination by the chick vitamin D plasma binding protein 

against vitamin D£ (156). In addition, the migration of la,25-(OH^I^ 

relative to la,25-(OH)in the assay purification scheme is not known, 

and this sterol may therefore be removed from plasma extracts prior to 

assay. Thus, when synthetic preparations of la,25-(OH^I^ become avail

able, the activity in the la,25-(OH)assay of this sterol and its 

migration on the Sephadex LH-20 and Celite columns must be determined. 

Then the purification procedure may be appropriately modified to measure 

la,25-(OH^D^ and la,25-(OH^I^ i-n one plasma sample simultaneously. 

While reliability is of paramount importance in a hormone assay, 

practicality must also be considered. Such factors as speed, cost, 

availability of materials, and skill required for performance of an 

assay method are important to its usefulness. Unfortunately, although 

the las25-(OH) 2^ assay satisfies stringent criteria for reliability, 

it presently is unsuitable for routine clinical use. While rachitic 

chicks are not required for receptor preparations (Figure 20), they are 

required for the generation of la,25-(OH)2[ HJD^, in vitro. Consider

able experience and specialized animal care are required to routinely 

raise rachitic chicks. In addition, commercial preparations of high 

specific activity 25-OH[ H]D^ for use as substrate m the 25-

hydroxyvitamin D^-la-hydroxylase reaction, in vitro, are often of low 

purity and in short supply. Thus, until commercial preparations of 

*2 
la,25-(OH)2[ H]Dj of high specific activity become available, this assay 

is limited to use in a research laboratory. 

Sample preparation for assay is complex and time consuming. 

Each plasma sample must be purified by four successive chromatographic 
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columns, one silicic acid column, two 15 cm Sephadex LH-20 columns and 

one 2 cm "micro-Celite" column. Although 20 such Celite columns can be 

run by a technician in one day, the columns are not reusable, and Celite 

chromatography is not a routine laboratory technique. Unfortunately, 

as the assay is presently designed, Celite chromatography is required 

for the removal of some interfering substances (Figure 57). The assay 

is presently being examined in an attempt to devise a sterol binding 

procedure which will permit assay of cruder samples and in an attempt 

to simplify the plasma purification procedure, such as the use of high 

pressure liquid chromatography. Finally, since the radioactive 

la,25- (OH^Dj has a specific activity about one-tenth that of other 

available labeled steroids, the assay sensitivity is low, requiring the 

use of large plasma volumes for la,25-(OH)assay. Thus with possible 

future availability of higher specific activity la,25-(OH)2D^ and more 

rapid chromatographic purification techniques, the present radioreceptor 

assay could become a routine clinical method for determination of this 

hormone in humans. 

The principle of radioreceptor assay based on the chromatin 

receptor for the la,25-(OH)should be applicable to steroid hormones. 

Since this assay employs the final physiologic binding site of the hor

mone in the nucleus, it should be possible to develop an assay for total 

plasma hormone activity which measures any compound that binds to the 

hormone's cytoplasmic receptor and migrates to the chromatin. Because 

it utilizes the molecular receptor site for the forms of the hormone, 

such an assay can be the most meaningful assessment of biologically 

active hormone. A total plasma Cortisol activity assay has been 
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reported using hepatoma cell glucocorticoid cytosol receptor (157). In 

addition, the techniques in this report are applicable to the assay of 

steroid hormone-chromatin receptors and investigation of the interaction 

of steroid hormone-receptor complexes with experimentally altered forms 

of chromatin, and the assay is presently being used to investigate nu

clear acceptor sites for the nuclear la,25-(OH)^0^-receptor complex. 

One application of the radioreceptor assay for la,25-(OH)is 

in the study of the metabolism of la-OHD^, the synthetic analog of 

vitamin which apparently is equipotent to la,25-(OH)in the stimu

lation of intestinal calcium transport (50, 93, 116, 117) (Figure 60). 

Of great clinical importance is the possibility that la-OHD^, which is 

considerably easier and less expensive to synthesize than the natural 

hormone, will find use as a therapeutic agent in the treatment of cer

tain hypocalcemic disorders, especially those involving defective kidney 

25-hydroxyvitamin D^-la-hydroxylase enzyme. la-OHD^ is presently being 

tested in clinical trials for effectiveness in the treatment of renal 

osteodystrophy, vitamin D-dependent riclcets, and hypoparathyroidism. 

The results illustrated in Figure 16 also clearly demonstrate 

that low levels of synthetic la-OHD^ do not function by binding to this 

intestinal receptor, per se. la-OHD^ associates with the receptor with 

1/750 the efficiency of la,25-(0H)2D3 (Figure 16), but is approximately 

equal in potency to the natural hormone, in vivo (Figure 60). la-OHD^ 

is therefore probably an efficient (but not naturally occurring) pre

cursor of la,25- (OH^Dj rather than an ideal analog of the hormone. 

This analog is probably rapidly 25-hydroxylated and acts by metabolic 

transformation to la,25-(OH)2D3. The phenomenon of 25-hydroxylation, in 
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vivo, probably also is applicable to dihydrotachysterol25 which does not 

bind effectively to the hormone receptor (Figure 16), but is biological

ly active in high doses. 

Direct measurement of la,25-(OH)£0^ in the chromatin of chicks 

3 hours after oral administration of la-OHD^ confirms that this sterol 

is an effective substrate for 25-hydroxylation in vivo, and that the 

conversion proceeds rapidly enough to saturate the physiologic hormone 

receptors with la,25-(Off^D^ before the onset of the biological response 

(Figure 62). In this experiment putative la,25-(OH)2^^ was isolated 

from the chromatin and purified by Celite liquid-liquid partition chro

matography. This procedure removes la-OHD^, 24,25-(OH)2^^ and 25,26-

(OH)from the extract (Figure 61). Determination of la,25- (OH^D^ 

indicated that a saturating amount of the hormone (26 pmoles) was 

localized in the intestinal chromatin. Finally, measurement of the 

production of la,25 -(OH^D^ from la-OHD^, in vitro, provides independent 

evidence that the vitamin D^-25-hydroxylase enzyme is located in the 

intestine and is capable of catalyzing the conversion of la-OHD^ to the 

la,25-(OH)2^2 hormone. The 3.5% conversion of the synthetic sterol to 

la,25-(OH^Dj (Table 13) is similar to conversions reported for vitamin 

D^ to 25-OHDj in intestinal mucosa homogenates, in vitro (41). In 

summary, the fact that la-OHD^ is converted, in vivo, to sufficient 

la, 25- (OH^D^ to saturate the intestinal chromatin receptors for the 

hormone within the lag period of the sterol, demonstrates that a manda

tory step in the action of la-OHD^ is its metabolism to the natural 

hormone. This conclusion, of course, applied only to "physiologic 
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doses" of la-OHDj and pharmacologic doses may simulate la,25-(OH^D^ 

by acting directly when present in about 750-fold excess (Figure 16). 

From these studies it is possible to predict the activity of 

la-OHDj in several in vitro systems for calcium translocation. Assuming 

that the la,25-(OH)2®$ receptors in bone have a similar discriminatory 

affinity between la-OHD^ and the natural hormone as intestinal recep

tors, the activity of la-OHD^ should be about 1/750 that of la,25-

(OH)2D3 in mobilizing calcium from bone tissue culture. Although the 

intestinal organ culture system (57) might be expected to also display 

a similar relative responsiveness to the two sterols, the presence of an 

intestinal vitamin -2 5 -hydroxylase (Table 13) will undoubtedly affect 

the results. Thus, by incubating la-OHD^ or la,25-(OH)2^ with intes

tines in culture for 48 hours, sufficient la,25-(OH)2^^ could be pro

duced from la-OHD^ to cause the sterols to have an apparent equal 

activity, in vitro. This problem of 25-hydroxylation of la-OHD^ may not 

occur, however, in shorter duration, perfused intestine experiments 

(22). Therefore, certain isolated bone and intestinal systems offer a 

testing ground for the concept that the la-OHDj may be approximately 

2-3 orders of magnitude less active than the natural hormone, in vitro. 

Thus, the present results increase the understanding of the 

biochemical action of la-OHD^. Further study of this sterol will re

quire an understanding of its enzymatic conversion to la,25-(OH)2D3 and 

ultimately a complete comprehension of the mechanism by which la,25-

(OH^Dg in turn regulates calcium transport. Knowing that la-OHD^ acts 

by conversion to the hormone should assist clinicians in judging the 

therapeutic regimen of this sterol. Because it requires transformation 



190 

to la,25- (OH^D^, the synthetic sterol may offer a certain protective 

capacity to patients with renal osteodystrophy and hypoparathyroidism, 

in that it may not possess the potentially toxic qualities of the direct 

doses of la,25-(OH^Dg. Thus, larger doses of the synthetic sterol may 

be required to regulate calcium balance, but by providing a protective 

reservoir of hormone' precursor, la-OHD^ could be a superior supplement. 

Assays for vitamin D metabolites may prove to be an important 

diagnostic tool for the identification of patients with defects in 

vitamin D metabolism and for the delineation of the etiology of unex

plained abnormalities in calcium homeostasis. Employing a high affinity 

binding protein for 25-OHDj, which is present in the kidney, Haddad and 

Chyu (97) devised an assay for this precursor sterol. Belsey et al. 

(96) developed a similar competitive protein binding assay using a rat 

serum protein which selectively binds 25-OHDj. Both groups obtained 

_ o  
plasma 25-OHD2 concentrations of 25-30 ng/ml (5 x 10 M) in humans. 

Vitamin also circulates at an approximate concentration of 25-30 

ng/ml. Plasma concentrations of la,25-(OH^D^ as reported in this 

dissertation, are 3-5 ng/100 ml (10 M) in plasma from normal humans 

(Table 12). This value is 1/500 the circulating concentration of either 

precursor sterol, and the normal la,25-(OH)2^ level is of the same 

order of magnitude as the steroid hormone, aldosterone. 

With the availability of an assay for la,25- (OH)2035 it will now 

be possible to determine the possible involvement of this hormone in 

metabolic bone disease and other idiopathic calcium disorders. Since 

la,25- (OH^Dg is synthesized exclusively in the kidney in experimental 

animals, this sterol was initially monitored in patients with kidney 
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disease. As shown in Table 12 patients with untreated renal failure 

have significantly lower plasma la,25-(OH)2®$ concentrations. The cir

culating la,25-(OH)2^ level in patients with endstage renal failure 

(those being hemodialysed) and anephric patients was undetectable by 

this assay. One of the anephric subjects received a successful renal 

transplant and by three weeks after the surgery, the plasma la,25-

(°H)2
D3 rose to a normal level. These data indicate that in humans, 

as in experimental animals, the kidney is the unique site of la,25-

(OH)2^2 formation. Moreover, chronic renal disease apparently leads to 

a cessation in the synthesis of la,25- (OH^D^, suggesting that low 

hormone concentration is a primary cause of renal osteodystrophy. 

Preliminary data also indicate that the plasma concentration of 

la,25-(OH)2D3 is slightly lower than normal in cases of postsurgical 

and idiopathic hypoparathyroidism in spite of the fact that these 

patients are under treatment with large doses of vitamin (158) 

(Table 12). Patients with primary hyperparathyroidism had elevated 

la,25-(OH^D^ plasma concentrations. Thus parathyroid hormone may be an 

important factor controlling the synthesis and secretion of la,25-(OH)2" 

Dg in humans, as has been postulated from data in experimental animals. 

It is clear that the la,25-(OH^Dj assay may be instrumental in unravel

ing the complex mechanism whereby the renal synthesis of la,25 - (OH) 2^3 

is regulated. The production of this hormone is apparently controlled 

by the calcium and vitamin D status of the animal (41, 42). The primary 

regulated step appears to be the la-hydroxylation of ZS-OHD^ in the 

kidney; however, the details of this endocrine regulation are subjects 

of considerable controversy. 
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Boyle and coworkers, based upon conversion of 25-OH[ H]D^ to 

dihydroxy-derivatives, in vivo, have reported that the production of 

la,25-(OH^Dj is stimulated in response to hypocalcemia (42). Further, 

this stimulation was not observed upon removal of the parathyroid 

glands. On the other hand, Maclntyre and associates performed similar 

experiments and came to the opposite conclusion; the parathyroid glands 

were not required for the production of dihydroxy-derivatives of 25-OHD2 

in rats, in vivo (159) or in chicks, in vitro (160). Perhaps the eluci

dation of the various endocrine principles that impart on the synthesis 

of la,25-(OH)2D2 i-s further complicated by the recent report by Tanaka 

and DeLuca in which stimulation of the production of the hormone was 

observed in response to hypophosphatemia (111). 

These experiments employed either the measurement of the renal 

25-hydroxyvitamin D^-la-hydroxylase in vitro, or the ability of the 

animal to metabolize 25-OHD^ to dihydroxy-vitamin derivatives, in 

vivo. Since these methods measure the enzyme activity at a single point 

in time, they may not reflect long term changes in the synthesis and 

degradation of the la,25-(OH)2®$ hormone. With the development of a 

sensitive radioreceptor assay for la,25-(OH^Dj, it will now be possible 

t o  a s s e s s  t h e  e f f e c t s  o f  t h e  p r o p o s e d  r e g u l a t o r s  o f  l a , 2 5 - ( O H ) f o r m a 

tion on the actual hormone concentration in the plasma. Since the 

critical determinant in the regulation of calcium metabolism in response 

to vitamin D may not be the activity of the renal la-hydroxylase at a 

given point in time, but rather a function of the plasma hormone concen

tration, the most valid assessment of the interrelationship between 

vitamin D and mineral homeostasis may be direct measurement of the 
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la,25-(OH)^0^ hormone. Thus, the regulation of plasma la,25-(OH^Dj 

can be studied by measurement of this hormone following dietary and 

surgical manipulation of principles which impart on the feedback con

trol of hormone synthesis. The effect of low serum phosphorus or cal

cium on plasma la,25- (OH^Dj concentrations would be determined in 

animals raised on diets limited in these minerals. Another parameter 

which could be varied is the presence of the proposed mediator of in

creased 25-hydroxyvitamin D^-la-hydroxylase activity, parathyroid hor

mone. Surgical removal of the parathyroid glands prior to placement 

of animals on the test diets would permit investigation of this proposed 

trophic hormone in the renal plasma la,25-(OH^Dg concentration. 

In addition to the study of receptors and assays for the hormo

nal form of vitamin D, high affinity binding components for the imme

diate precursor sterol, 25-OHD2, have also been reported in this 

dissertation. Incubation of 25-OH[ H]D^ with isolated cytosol from 

intestine, liver, or kidney resulted in the interaction of the labeled 

sterol with macromolecular components sedimenting at 5-6 S in 0.3 M KC1-

sucrose gradients (Figure 32). These 25-OHD^-binding components are 

similar to those isolated by Haddad and coworkers from rat intestinal 

cytosol and chick kidney (114, 161), and their properties are summarized 

in Table 8. The 25-OHD^-binding protein was observed in all tissues 

- 8  
tested; however, at concentrations of 10 M, no sterol binding to the 

chromatin was observed when incubations were carried out in homogenates 

or reconstituted cytosol-chromatin mixtures from these tissues (Tables 

1 and 8). Analysis of specific 2S-OHt^HjDj-binding by filter assay 

indicated apparent dissociation constants for the cytoplasmic 25-OHDg 
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binding components of 3.8 to 4.5 x 10~9 at 0° (Table 8). The specific

ity of the intestinal 5-6 S component for 25-OHDj was investigated by 

competition experiments with nonradioactive ZS-OHD^ and la,25-(OH^D^. 

At least a 5-fold greater concentration of la,25- (OH^D^ than 25-OHDj 

was required to displace 25-OH[ H]D„ from the 5-6 S binding component. 

Thus, the chick cytoplasmic macromolecule is similar to that reported 

in rat intestinal cytosol in that it has a greater affinity for 25-OHI>2 

than for la,25-(OH^D^, and it sediments at 5-6 S in sucrose gradients 

(114). 

The present results suggest that at least two high affinity 

macromolecular binding sites exist for vitamin D metabolites in the 

chick intestine which are distinct from the plasma binding proteins for 

these sterols (Figure 30). Macromolecular complexes sedimenting at 5-6 

S can be isolated from the cytoplasm following incubation with 25-OH-

[^H]Dj. These interactions are of high affinity (Kd = 4.5 x 10 9 M), 

and are specific for 25-OHD2, in that they can be reversed only by 

higher concentrations of la,25-(OH)2^^- The observation that similar 

25-OHD2 binding components were observed in nontarget organs for vitamin 

D, but not in the intestinal nucleus, suggests that these complexes are 

not involved in the physiologic response of calcium transport across the 

intestine. Since these 25-OHD^ binding components are located in the 

same organs in which a vitamin 0^-25-hydroxylase has been demonstrated 

(the liver, kidney and intestine) (41), it is possible that these com

ponents function in storage and/or transport of this sterol in these 

tissues. The 25-OI-ID^ binding proteins are probably not the vitamin 
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-25-hydroxylase because this enzyme is located only in the microsomal 

subcellular fraction (162). 

While the mechanism of action of high concentrations of 25-OHD2 

in the stimulation of calcium transport, in vitro, is not understood, 

competitive binding data indicate that 25-OHD2 can displace the radio

active hormone from either the cytoplasmic or chromatin receptors when 

added in 200-500 fold excess over la,25-(OH^t^HjD^ (Figure 16, Table 

7)o Comparison of normal plasma concentrations of la,25-(OH)2^^ (8 ng/ 

100 ml) and 25-OHD^ (30 ng/ml) in the chick show that 25-OHD^ circulates 

at a 400-fold higher concentration. Direct binding studies, in vitro, 

indicate that 25-OHDg indeed can be found in association with the chro

matin when incubated with intestinal mucosa homogenates at 10 ^ M 

(Table 5). Assuming that the binding of 25-OHD2 in the chromatin re

sults in alteration in nuclear RNA metabolism, as in the case of la,25-

(OH^Dy 25-OHDj, per se, may be involved in the stimulation of calcium 

transport in certain situations. 

These data also suggest a possible mechanism for the toxicity of 

large doses of vitamin D. The production of la,25-(OH)£0^ is stringent

ly controlled by calcium status at the level of the renal la-hydroxylase 

enzyme (42). Bhattacharya and DeLuca (162) report that the 25-

hydroxylase enzyme of rat liver is also a regulated enzyme, but such a 

control has not been detected in the chick (41). If the 25-hydroxylase 

is not controlled, pharmacologic levels of vitamin D could be metabo

lized to sufficient 25-OHDj to continually saturate the physiologic 

receptors for la,25- (OH^Dj in intestine and bone and thereby produce 

unchecked calcium translocation and eventual hypercalcemia. Therefore, 
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ZS-OHDg may be the toxic agent in hypervitaminosis D and the key to un

derstanding the etiology of this disorder is the absence of regulation 

of vitamin D-2 5-hydroxy1ati on coupled with the ability of 25-OHDj to act 

at the receptor site. In fact, in anephric patients with vitamin D in

toxication, serum ZS-OHD^ concentrations in 5-fold excess of normal have 

been reported (163). The clinical effectiveness of pharmacologic levels 

of vitamin D and especially ZS-OHD^ (164) in treating renal osteodys

trophy and hypoparathyroidism (possible dysfunctions in la-

hydroxylation) can also be explained if one assumes that 25-OHD2 is the 

active sterol. 

In similar fashion ZS-OHD^ may actually play a role in the 

maintenance of plasma calcium in the normal animal since the plasma 

level of this sterol is very close to the concentration required for 

binding to the hormone's target organ receptor (Figure 16). It is in

triguing to consider the possibility that 25-OHDj functions in the main

tenance of a baseline level of calcium transport in the normal animal 

because relatively large changes in 25-OI-D^ concentration (± 10 ng/ml) 

would theoretically have little effect on the calcium transport mecha

nism due to the receptor's low affinity for this sterol. On the other 

hand, la,25-(OH^D^ may represent the primary mediator of calcium trans

port under "stress," when the animal's calcium requirements are maximal 

as in early development. Due to the high affinity of the intestinal 

receptor for la,25-(OH)small changes in the concentration of this 

sterol (± 2 ng/100 ml) may have a profound effect on calcium homeosta

sis. Indirect evidence for the concept that la,25-(OH)2D3 may play a 

relatively minor role in normal calcium homeostasis is the observation 
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that patients can sustain a negligible la,25-(0H) 2n3 concentration, in 

chronic renal failure (Table 12), and show no overt signs of calcium im

balance for several years. Such a "dual control" of calcium transport 

would depend .on compartmentalization of 25-0HD3 and la,25-(0H) 2D3 be

tween plasma, intestinal cell and the intracellular receptors. Thus, 

the distribution of 25-0HD3 would depend on the affinity and number of 

binding sites for this sterol in the plasma and in intracellular storage 

sites . . Specifically, the 25-0HD3-binding protein described in this re

port, being of high affinity, may prevent this sterol from interacting 

with the low affinity site, the honnone receptor. 

Besides the development of ligand binding assays, there are 

several clinical applications of basic studies on the steroid honnone 

·receptors. For example, testicular feminization syndrome, a genetic ab

normality in which a male individual has female secondary sexual charac

teristics, is characterized by end-organ insensitivity to androgens and 

not low androgen concentrations in the plasma (165). This defect may be 

explained by a number of studies showing that the binding of radioactive 

androgen to the presumed nuclear sites of androgen action is deficient, 

probably as a result of a lack of cytoplasmic dihydrotestosterone recep

tors (165, 166). Similar genetic anomalies could exist for la,25-

(0H)2n3 receptors in the intestine and result in one of the several 

unexplained diseases of mineral metabolism. 

Clinical applications from the study of la,25-(0H) 2D3 receptors 

must await their demonstration in the human intestine. In order to in

vestigate whether the human intestine contains a similar receptor system 

for la,25-(0H) 2n3, isolated cytosol from human intestinal ileum 
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(obtained from patients shortly following ileac bypass surgery) was pre

pared. Specific la,25-(OH)2^-binding components were identified in the 

cytosol which sedimented at about 3.5 S, somewhat slower than the 

chick cytoplasmic receptor, in 0.3 M KCl-sucrose gradients (Figure 64). 

In summary, it now appears that the response of the intestinal 

cell to laj25-(OH)2^ fits a pattern of steroid hormone action which 

includes: 1) uptake of the hormone by a specific cytoplasmic receptor 

protein, 2) transport of the sterol-receptor complex to the nucleus via 

a temperature-dependent process, and 3) binding of this complex to 

specific acceptor sites on the chromatin. Although the exact role of 

the nuclear la,25-(OH)2D^ receptor remains to be demonstrated, recent 

evidence shows that RNA. polymerase II and mRNA activity specific for 

intestinal calcium binding protein are stimulated in response to the 

hromone. Thus, the initial interaction of la,25-(OH^D^ with these 

intracellular receptors may lead to specific alterations in nuclear RNA 

metabolism resulting in increased CaBP synthesis. Therefore, la,25-

(OH^Dg should be included with estradiol-170, progesterone, Cortisol, 

aldosterone, and dihydrotesterone as hormones which regulate specific 

cellular events by affecting genetic expression in their respective 

target organs. 

The biochemical characterization of binding proteins for la,25-

(OH)2D3 has produced a method for quantitating blood concentrations of 

this hormone. Another important clinical application of these basic 

studies on la,25-(OH)2^^ receptors is an understanding of how 25-OHD2 

may act directly on intestinal receptors to stimulate calcium transport 

under physiological conditions, and under pathological conditions 
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Figure 64. Sucrose gradient centrifugation of la,25-dihydroxyvitamin 
·n3 binding components from human ileum. 

Cytosol was prepared from a homogenate of human ileum in 0.3 M KCl
Buffer Band incubated with la,25-(0H)2[3H]D3 (6.0 Ci/mmole, 6 ~D in 
presence and absence of a_ 200 fold excess of unlabeled la,25-(0H)2D3. 
Aliquots (0.3 ml) of incubations were centrifuged through 5-20% sucrose 
gradients in 0. 3 M KCl- Buffer B for 18 hours as described under ''Mate
rials and Methods." Specific binding was determined by subtracting 
radioactivity in fractions from gradients containing excess unlabeled 
la,25-(0H)2D3 from those which contained no excess unlabeled sterol. 
Sedimentation positions of standard proteins A, ovalbumin and B, 
bovine sennn albumin are shown. 
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possibly lead to hypervitaminosis D. It is hoped that these studies on 

la,25-(OH)2^2 receptors and assay may be applied to the diagnosis and 

treatment of other pathological conditions of mineral metabolism such as 

renal osteodystrophy, idiopathic hypercalcuria, hypoparathyroidism, 

hyperparathyroidism, and vitamin D-dependent rickets. 
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