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Filter Assay for 1 ~q25-Dihydroxyvitamin D3. Utilization of 
the Hormone’s Target Tissue Chromatin Receptor? 
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ABSTRACT: A radioreceptor assay for 1 a,25-dihydroxyvitamin 
D3 ( 1 a,25-(OH)2-D3) has been developed by utilizing competi- 
tive binding to the receptor system from chick intestinal muco- 
sa. This target tissue binding system consists of a high affinity 
cytosol receptor protein and acceptor sites on nuclear chroma- 
tin. Reconstituted cytosol-chromatin is incubated with ra- 
dioactive la,25-(OH)2-D3, and the bound and free sterol are 
separated by trapping the hormone-receptor-chromatin com- 
plex on glass fiber filters. Washing away of free or nonspecifi- 
cally bound sterol is carried out with 1% Triton X-100. The 
amount of specifically bound sterol is linearly related to the 
quantity of cytosol-chromatin in the incubation and the recep- 
tor system is saturated a t  5 n M  l~x,25-(OH)2-[~H]D3. An iso- 
tope-dilution standard curve obtained with increasing amounts 
of authentic nonradioactive la,25-(OH)2-D3 indicates that 17 
pg of hormone can be detected by this assay. After extraction 
and extensive purification of the suspected la,25-(OH)2-D3 
fraction from normal chick and human plasma, the circulating 

A p p a r e n t l y ,  la,25-dihydroxyvitamin D3 ( l a , 2 5 - ( 0 ~ ) ~ -  
D3)I is t he  metabolite of vitamin D3 tha t  mediates t he  bio- 
chemical events t ha t  result in increased calcium absorption 
from the intestine (Haussler et al., 1971; Holick et a/., 
1971) and  bone calcium resorption (Holick et al., 1972; 
Wong et al., 1972) in experimental animals. This metabo- 
lite is produced by hydroxylation of 25-hydroxyvitamin D3 
(25-OH-Dj)  in the  kidney and is considered to  be the  hor- 
monal form of the  vitamin (Fraser and  Kodicek, 1970; 
Lawson et al.,  1971; Gray  et al., 1971). In order t o  study 
further t he  metabolism of vitamin D3 to  la ,25- (OH)2-& as  
well as investigate the role of this hormone in calcium me- 
tabolism in humans, we have developed a sensitive, compet- 
itive protein binding assay for la,25-(OH)2-D3 utilizing the  
hormone’s chromatin receptor in the chick intestine. 

Assays of steroid hormones employing their respective cyto- 
plasmic receptors have been reported (Korenman, 1968; Bal- 
lard and Baxter, 1974). These intracellular proteins are ideally 
suited for measurement of hormone binding activity due to 
their great specificity and affinity (Jensen et al., 1971). How- 
ever, the observed thermolability of the chick intestinal cyto- 
plasmic receptor for 1 a,25-(OH)z-D3 precluded our develop- 
ment of an assay for the hormone using this protein alone. Re- 
cent experiments (Brumbaugh and Haussler, 1973, 1974a,b) 
also indicate that the chromatin receptor for l~ r ,25 - (OH)~-D3  
has an affinity and specificity for this hormone similar to that 
of the cytosol receptor. In addition, once the l ~ t , 2 5 - ( O H ) ~ -  
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levels of the hormone were determined to be 8.0 and 4.0 ng/ 
100 ml, respectively. These values were verified by demonstrat- 
ing that the assayable material elutes with tracer la,25- 
(OH)2-[3H]D3 on Celite liquid-liquid partition columns. By 
similar analysis, rachitic chick plasma contained <0.05 ng of 
la,25-(OH)2-D3/100 ml. The lower limit of sensitivity of the 
assay for human plasma samples (20 ml) is 1.0 ng/100 ml of 
la,25-(OH)2-D3 and the coefficient of variation is 12%. Pa- 
tients with chronic renal failure and anephric subjects have un- 
detectable circulating levels of the kidney-produced 1 a,25- 
(OH)2-D3 hormone as determined by the assay. These data im- 
plicate a lack of la,25-(OH)*-D3 in the etiology of renal osteo- 
dystrophy and point to the kidney as the unique site of synthe- 
sis of la,25-(OH)z-D3 in humans. This assay should not only 
be of great utility in diagnosing other defects in vitamin D me- 
tabolism, but the concept of employing the two-step receptor 
binding system for the sterol may find application in the assay 
of steroid hormones. 

D ~ r e c e p t o r  complex associates with the  chromatin,  bind- 
ing is markedly thermostable (P.F. Brumbaugh and  M.R. 
Haussler, unpublished experiments). Thus,  a radioreceptor 
assay for la,25-(OH)2-D3 employing the  chromatin of t he  
hormone’s target tissue was developed. 

Separation of macromolecular bound from unbound steroid 
in competitive protein binding assays for steroid hormones is 
generally made by gel filtration chromatography or adsorption 
of uncomplexed steroid on activated charcoal. These tech- 
niques are not applicable to chromatin; therefore, a filter assay, 
which depends on the ability of a filter to trap chromatin under 
wash conditions where unbound sterol may be removed, was 
suited for quantitation of receptor-bound sterol. Unfortunately, 
free steroids cannot easily be washed from nitrocellulose filters 
used for assays of this nature (Yarus and Berg, 1970; Santi et 
al., 1973). However, it has been recently shown that several 
steroid hormones, including [3H]dexamethasone (Santi et al., 
1973) and 1~ ,25 - (OH)2- [~H]D3  (Brumbaugh and Haussler, 
1974b) can be w a J e d  from DEAE-cellulose filters a t  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 (Haussler et al., 1968). There- 
fore, this detergent was used to remove free lc1 ,25- (OH)~-D~ 
from chromatin trapped on filters, providing a rapid method 
for separation of bound from free 1a,25-(OH)2-D3. 

In previous reports (Brumbaugh et al., 1974a,b) we showed 
that a radioreceptor assay based on the chromatin receptor for 
1 a,25-(OH)2-D3 in chick intestine was capable of detecting 
this hormone in human plasma. We report here experimental 
results demonstrating the validity of this filtration technique 
for the separation of bound from free hormone as well as data 
pertinent to the precision, accuracy, sensitivity, and specificity 
of this assay for la,25-(OH)2-D3. 

B I O C H E M I S T R Y ,  V O L .  1 3 ,  N O .  2 0 ,  1 9 7 4  4091 



B R U M B A U G H  e t  a / .  

Materials and Methods 
Materials. Animals used to prepare the chick intestinal re- 

ceptor system were White Leghorn cockerels (kindly donated 
by Demler Farms, Anaheim, Calif.) that were raised for 3-4 
weeks on a vitamin D deficient diet (McNutt  and Haussler, 
1973). 25-Hydro~y[26(27)-methyl-~H]vitamin D3 (6.0 Ci/  
mmol) was obtained from Amersham-Searle. Crystalline 25- 
hydroxyvitamin D3 was a gift from Dr. John C .  Babcock of the 
tipjohn Co. 25-Hydroxycholesterol was purchased from Ster- 
aloids. Crystalline la-hydroxyvitamin D3 was a gift from Dr. 
Maurice M. Pechet, Research Institute for Medicine and 
Chemistry, Cambridge, Mass. Filters (Versapor, 0.9 p; Metri- 
cel, 0.45 p; and Glass Fiber type A) were obtained from Gel- 
man. Whatman DE81 and No. 2 filters were purchased from 
Reeve-Angel. Filters had diameters of 24 mm to 1 in. for use in 
a 30-place Millipore Sampling Manifold. All solvents used in 
chromatography procedures were reagent grade and were glass 
distilled before use. 

Preparation o f  la,2S-Dihydroxyvitamin D3. 1 a,25-Dihy- 
dro~y[26(27)-methyl-~H]vitamin D3 was produced, in vitro, 
by a modification of the method of Lawson et.al. (1971) and 
purified by column chromatography on silicic acid, Sephadex 
LH-20, and Celite as previously described (Brumbaugh and 
Haussler, 1974a). The final radiochemical purity of the 
I C Y . ~ ~ - ( O H ) ~ - [ ~ H ] D ~  as determined by rechromatography on 
Celite was greater than 98%. Nonradioactive 1 a,25-(OH)z-D3 
was prepared and purified by similar procedures (Haussler, 
1972); the sterol was virtually free of contaminating materials 
as judged by mass spectrometry and ultraviolet absorption 
spectrophotometry. 1 a,25-(OH)z-D3 was quantitated by ultra- 
violet absorption spectrophotometry a t  265 nm and was stored 
i n  redistilled ethanol a t  -20'. 

Preparation of Subcellular Fractions. Preparation of puri- 
fied chromatin and cytosol fractions from 20% homogenates of 
small intestines of rachitic chicks in 0.25 M sucrose in 0.05 M 

Tris-HCI (pH 7.4), 0.025 M KCI. and 0.005 M MgCl2 (su- 
crose-buffer A)  was carried out as previously described (Haus- 
sler et al.,  1968; Brumbaugh and Haussler, I974a). Chromatin 
u a s  washed once with 1 %  Triton X-100 in 0.01 M Tris-HCI 
(pH 7.5) (Triton X-lOO--buffer B) and once with buffer B prior 
to use i n  the assay. The chromatin and cytosol fractions were 
kept at 0-4" and reconstituted immediately before use. 

Binding Assay. To each assay tube containing la,25- 
(OH)?-['H]D3 and unlabeled sterol was added a 200-p1 por- 
tion of the reconstituted cytosol-chromatin receptor system. 
The final concentration of I o , ~ ~ - ( O H ) ~ - [ ~ H ] D ~  was 4.3 n M  
and the amount of DNA added to each tube was ca. 150 pg. 
After incubation of mixtures a t  25" for 20 min, the quant i t j  of 
labeled sterol bound to the chromatin was determined by filtra- 
tion (described below). T o  determine nonspecifically bound 
sterol. parallel reactions were performed i n  which a 100-fold 
excess of unlabeled I a,25-(OH)?-D3 was included i n  incuba- 
tion mixtures as a competitor for binding to the ln.25-(OH)z- 
Dj chromatin receptor. Sterol specifically bound to the la.25- 
(OH)z-D3 receptor is calculated by subtracting the nonspecifi- 
cally bound sterol from that bound i n  the absence of excess 
nonradioactive sterol. 

Filtration assays were performed as follows: filters were 
soaked i n  distilled water prior to use, placed on a 30-place filter 
manifold (Millipore). and washed with ice-cold 1 %  Triton X- 
100-buffer B during application of a low vacuum. The 200-pl 
samples were uniformly applied to each of the filters. After 2-4 
mi, the vacuum was increased to achieve uniform flow rates of 
t u  I ml/min and each of the filters was washed with 8 ml of 
1 %  Triton X-100. Following filtration. the filters were placed 

i n  I O  ml of MeOH-CHC13 (2 : l ,  v/v) in a scintillation vial for 
1 hr to extract la,25-(OH)2-[3H]D3 from the filters. The fil- 
ters were then removed from the vial and contents dried under 
a stream of air. Sterols were then solubilized in 5 ml of toluene 
counting solution consisting of 4 g of 2,5-diphenyloxazole and 
50 mg of 1,4-bis[2-(5-phenyloxazolyl)]benzene per liter of tol- 
uene. Samples were counted i n  a Beckman LS-233 liquid scin- 
tillation spectrometer. Efficiency for tritium was 39% and was 
identical for all counted samples. 

D N A  Assay. DNA was determined by the diphenylamine 
method (Dische, 1930). 

Purification of Ia,25-Dihydroxyvitamin D3 f r o m  Plasma. 
To each plasma sample (-20 ml) a small la,25-(OH)2-[3H]D3 
tracer (2000 cpm) was added to quantitate losses of 1a.25- 
(OH)2-D3 in the ensuing purification procedure. Plasma sam- 
ples were extracted with 4 vol of methanol-chloroform (2: 1 v/ 
v) by the procedure of Bligh and Dyer (1959). The chloroform 
phase obtained was flash evaporated and the sterols solubilized 
in diethyl ether. la,25-(OH)2-D3 was purified by silicic acid, 
Sephadex LH-20, and Celite column chromatography as de- 
scribed below. 

Silicic Acid. Chromatography on silicic acid was carried out 
as described by Haussler and Rasmussen (1972) except that 
columns ( 1  X 40 cm; I8 g; Figures 5 and 7. Table 11) were 
eluted with 220 ml of diethyl ether (fraction I )  and 75 ml of 
acetone (fraction 2) (containing la,25-(OH)z-D3). I n  the ini- 
tial purification of la,25-(OH)*-D3 from plasma for identifica- 
tion (Figure 6), a modified silicic acid chromatography system 
( 2  X 18 cm; 25-g column) was employed. Elution was carried 
out with 5% acetone in ether; la,25-(OH)2-[3H]D3 eluted in 
160-300 ml. 

Sephadex LH-20. Chromatography on Sephadex LH-20 
was by the procedure of Holick and DeLuca ( I  97 I ) .  Columns 
( 1  X I5 cm; 5 g) were eluted with 65% chloroform in hexane. 
Fractions (45 ml) were collected. la,25-(OH)2-D3 eluted in 
fraction 2. 

Celite. Liquid-liquid partition chromatography on Celite 
(Figure 6) was by the method of Haussler and Rasmussen 
(1972). The solvent scheme was 10% ethyl acetate in hexane 
(mobile) and 45% water in ethanol (stationary). Fractions ( 5  
ml) were collected. "Micro-Celite" columns containing 0.8 g of 
Celite and the same solvent system as above were used for 
rapid and efficient purification of 1 a,25-(OH)*-D3 from plas- 
ma samples. Fraction 1 was 4 ml, and fraction 2 was 8 ml. 
la,25-(OH)*-D3 eluted in fraction 2. 

Periodate Oxidation. Plasma extracts were treated for 10 
min with 10 ml of periodic acid (1 mg/ml) in a mixture of 
water and ethanol (67:33, V/V). This procedure converts 
24,25-dihydroxyvitamin D3 and 25,26-dihydroxyvitamin D3 to 
the corresponding 24-aldehyde and 25-ketone derivatives (M.  
R. Haussler, manuscript in preparation). 

Results 

la,2S-Dihydroxyvitamin 0 3  Receptors. The development of 
a specific radioreceptor assay for 1 a,25-(OH)2-D3 arose from 
recent elucidation (Brumbaugh and Haussler, 1974a,b) of the 
early events in the interaction of lcu,25-(OH)z-D3 with its tar- 
get tissue. 1 a,25-(OH)2-D3 enters the intestinal mucosa cell 
and binds to a cytoplasmic receptor. This hormone receptor 
complex then migrates into the nucleus where it associates with 
the chromatin. The movement of the 1 cu,25-(OH)z-D3-recep- 
tor complex into the nucleus is temperature dependent, occur- 
ring more rapidly a t  25-37' than a t  0'. The competitive pro- 
tein binding assay depends on the specificity of the cytoplasmic 
receptor for la,25-(OH)*-D3 and the migration of the hor- 
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NUMBER o f  I m l  W A S H E S  

FIGURE I :  l n ,25 -Dihydro~y[~H]v i t amin  D3 retained on glass fiber 
filters after incubation of reconstituted cytosol-chromatin with 4.3 X 

M la,25-(OH)z-[3H]Dj (6.0 Ci/mmol) (0) and 4.3 X IO-’ M 
1 ~~.25-(0H)z-[~H]D3 (60 mCi/mmol) (A) .  Incubation mixtures were 
applied to glass fiber filters and washed with 1 %  Triton X-100-buffer 
B as described under Materials and Methods. 

mone-receptor complex to its chromatin binding sites in the 
nucleus. 

Binding Assay. When I L ~ , ~ ~ - ( O H ) ~ - [ ~ H ] D ~  is applied to 
glass fiber filter disks directly or preincubated with intestinal 
mucosa cytosol prior to application, washing with 3 ml of Tri- 
ton X-100-buffer B removes almost all radioactivity from the 
filter disk (data not shown). However, when reconstituted cyto- 
sol-chromatin from intestinal mucosa is incubated with 
1 ~ ~ , 2 5 - ( 0 H ) l - [ ~ H ] D 3  prior to application, substantial radioac- 
tivity is retained on the filters even when they are washed ex- 
tensively with Triton X- 100-buffer B (Figure I ) .  The amount 
of la,25-(OH)2-[3H]D3 retained by the chromatin which is 
trapped on the filter remains essentially constant after 4 to 40 
ml of wash. However, the radioactivity retained is significantly 
reduced when incubation of 1 L Y , ~ ~ - ( O H ) ~ - [ ~ H ] D ~  with recon- 
stituted cytosol-chromatin is carried out with a 100-fold excess 
of nonradioactive 1 a,25-(OH)2-& as a competitor for specific 
hormone binding to the chromatin (Figure I ) .  The difference 
between the filter-retained sterol in the presence and in the ab- 
sence of excess unlabeled lcu,25-(OH)2-D3 is a measure of the 
receptor-hormone complex retained on the filter. 

The amount of specifically bound sterol retained on the fil- 
ters is linearly related to the amount of reconstituted cytosol- 
chromatin in the incubation (as measured by the quantity of 
DNA).  This linearity is observed (Figure 2) up to about 200 p g  
of D N A  per incubation a t  which point hormone binding to the 
chromatin is apparently limited by sterol concentration. Thus, 
the number of chromatin binding sites for I L Y , ~ ~ - ( O H ) ~ - D ~  
limits the hormone retention on the filters under standard bind- 
ing assay conditions (4.3 X M l ~ u , 2 5 - ( 0 H ) ~ - [ ~ H ] D ~  
(4300 cpm), 150 p g  of 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 re- 
constituted cytosol-chromatin (120 pg of DNA) a t  increasing 
la,25-(OH)2-[3H]D3 concentration is shown in Figure 3. Satu- 
ration occurs a t  5 n M  added hormone. The amount of la ,25-  
( O H ) T [ ~ H ] D ~  retained on the filters a t  saturation is 23 pmol/ 
15 mg of DNA (chick intestinal equivalent), a value which cor- 
relates well with the previously reported saturation value for 
this receptor (Brumbaugh and Haussler, 1974a). However, de- 
termination of the saturation value for this chromatin receptor 
by a filter assay depends on the efficiency of the filtration pro- 
cedure. The efficiency of a filter assay may be defined as the 
probability that a protein-ligand complex will survive the fil- 
tration and washing procedure and be detected when the filter 
is assayed (Yarus and Berg, 1970). This parameter was deter- 
mined by harvesting chromatin independently on filters and by 
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FIGURE 2: I a ,25 -Dihydro~y[~H]v i t amin  D3 retained on glass fiber 
filters at increasing amounts of reconstituted cytosol-chromatin 
(DNA). Various amounts of reconstituted cytosol-chromatin (cytosol 
protein, 10 mg/ml; DNA, 500 fig/ml) were incubated with 4.3 X I O w 9  
M Ia,25-(OH)z-[3H]Dj (6.0 Ci/mmol) or 4.3 X IO-’ M la,25- 
( O H ) Z - [ ~ H ] D ~  (60 mCi/mmol) (A).  Incubations were filtered and 
washed as described under Materials and Methods. Specifically bound 
ln,25-(OH)z-[3H]Dj (0) was determined by subtracting nonspecifi- 
cally bound sterol (A) from the total retained (not shown) .  

centrifugation a t  30,OOOg for 30 min following parallel incuba- 
tions of reconstituted cytosol-chromatin under standard bind- 
ing conditions. By determining the ratio of la,25-(OH)2- 
[3H]D3 retained on the filter to that extracted by methanol- 
chloroform (2: I )  from the chromatin pellets, filter trapping ef- 
ficiencies were maximized to reproducible values of >95%. Op- 
timal binding to glass fiber filters was found to occur if  the in- 
cubation mixtures were permitted to adsorb to the filters 2-4 
min prior to wash and i f  uniform filtration rates of ca. I ml/ 
min were maintained. 

The isotope dilution standard curve for the 1 a,25-(OH)2-D3 
assay using glass fiber filters is shown in Figure 4. The assay is 
sensitive enough to detect 17 pg of added hormone. Without 
optimizing filtration efficiencies, standard curves virtually 
identical with that pictured in Figure 4 were obtained employ- 
ing several other types of filters, including DEAE-cellulose, 
Whatman No. 2, and 0.45- or 0.9-c( membrane filters. Appar- 
ently this filtration 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 varieties is suitable for this type of assay. 

Sample Extraction and Chromatography. The binding 
assay was used to determine the concentration of la,25- 
(OH)?-D3 purified from a human plasma sample by various 
procedures (Figure 5 ) .  A methanol-chloroform extract was 
purified by chromatography on a silicic acid column and two 
Sephadex LH-20 columns. The extract was then divided into 
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FIGURE 3: Titration of chromatin receptor with la.25-dihydroxy- 
[3H]vitamin Dj. Indicated amounts of la,25-(OH)l-[3H]Dz (6.0 Ci/ 
mmol) in the absence (total, 0) or presence (nonspecific, A )  of a 100- 
fold excess of unlabeled 1 n,25-(OH)~-D3 were incubated with reconsti- 
tuted cytosol-chromatin ( I 2 0  p g  of D N A )  and assayed as described 
Lnder Materials and Methods. 
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F I C L R E  4: Isotope-dilution standard curve for I a,25-dihydroxyvita- 
min D3 assay. Reconstituted cytosol-chromatin was incubated with 
~ c Y , ~ ~ - ( O H ) ~ - [ ~ H ] D ~  (360 pg, 6.0 Ci/mmol) and the indicated amount 
of unlabeled la,25-(OH)2-D3. Filtration was through glass fiber filters 
as described under Materials and Methods. Each point represents the 
average of triplicate assays f standard error of the mean. 

three fractions which were: ( I )  assayed, (2) purified by per- 
iodate oxidation followed by Sephadex LH-20 chromatogra- 
phy, or (3)  purified by a “micro-Celite” column. These addi- 
tional purification procedures remove 25,26-dihydroxyvitamin 
D.1, a circulating metabolite of vitamin D which migrates with 
la,25-(OH)z-D3 on silicic acid and Sephadex LH-20 columns 
(Haussler and Rasmussen, 1972). The assay results (Figure 5 )  
indicate that an interfering substance or substances in the 
assay are removed from the extract by the “micro-Celite” col- 
umn but not by periodate oxidation of the extract. Thus, this 
substance is probably not 25,26-dihydroxyvitamin D3. Recov- 
ery of I n,25-(0H)2-D3 after plasma extraction and chroma- 
tography was determined by initial addition of 1 a,25-(OH)?- 
[’HID3 to each plasma sample, and the assay results were cor- 
rected for losses of tritium. Recoveries ranged from 5 1 to 64%. 

Identification of the Assayable Compound as 1 a,25-Dihy- 
droxyvitamin D3. The compound that competes with Ia,25- 
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FIGURE 5: Purification of 1 a,25-dihydroxyvitamin D j  from human 
plasma. la,25-(OH)2-[3H]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 (recovery of 3H = 64%). The extract was divided into 
three fractions and further purified by periodate oxidation and Sepha- 
dex LH-20 chromatography (final recovery of 3H = 59%) or by chro- 
matography on a “micro-Celite” column (final recovery of 3H = 51%). 
I ru,25-(OH)*-D3 assays and purification procedures are described 
under Materials and Methods. la,25-(OH)z-D3 measured are the re- 
sult  of triplicate assays i standard error of the mean. 
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FIGURE 6: Identification of assayable material in  normal chick and 
human plasma as 1 a,25-dihydroxyvitamin D3 by Celite chromatogra- 
phy. ~ C Y , ~ S - ( O H ) ~ - [ ~ H ] D ~  (5600 cpm; 6.0 Ci/mmol) was added to a 
pooled plasma sample from rachitic chicks (I88 ml), normal chicks (78 
ml), and five normal humans (165 ml).  la,25-(OH)z-D3 was purified 
from methanol-chloroform extracts of the plasma by chromatography 
on silicic acid, Sephadex LH-20 columns, and Celite columns. Purifi- 
cation methods were as outlined under Materials and Methods (recov- 
ery of 3H from normal chick extract = 47%: from rachitic chick extract 
= 65%; and from human extract = 47%). Assayable ltu,25-(OH)2-D3 
i n  each 5-ml fraction from the final Celite column (0) from normal 
chick extract (panel A), from rachitic chick extract (panel B), and 
from h u m a n  extract (panel C) was determined as described under Ma- 
terials and Methods. Migration of la,25-(OH)2-[3H]D3 marker on the 
Celite columns (A) was determined by counting an aliquot of each 
fraction. 

(OH)2-[3H]D3 for binding to the chromatin receptor in the 
assay was identified as la,25-(oH)z-D3 by its migration with 
authentic labeled hormone on a large Celite liquid-liquid parti- 
tion column ( 1  X 35 cm). Pooled plasma samples from rachitic 
and normal chicks containing 1 a,25-(0H)z-[’H] D3 tracer 
were extracted with methanol-chloroform (2: 1) and purified 
by silicic acid and Sephadex LH-20 chromatography as out- 
lined in Figure 5. The extracts were divided into two aliquots 
which were further purified by “micro-Celite” chromatogra- 
phy or by chromatography on a large Celite column. Individual 
fractions from the large Celite column were assayed for 
1 n,25-(OH)z-D3 binding activity. As shown in Figure 6A, the 
binding activity in the plasma extract from the normal chick 
migrated exactly with the added la,25-(OH)2-[3H] D3 tracer. 
The total assayable la,25-(OH)*-D3 in the plasma sample cor- 
responds to 8.0 ng/100 ml of plasma (2  X I O - ’ ”  M). Triplicate 
assays on the normal chick plasma sample purified by “micro- 
Celite” chromatography indicated a 1 a,25-(OH)*-D3 concen- 
tration of 7.7 f 0.5 ng/100 ml of plasma. Therefore, the 
1 a,25-(OH)*-D3 binding activity in normal chick plasma cor- 
responds to 1 a,25-(OH)2-D3 as identified by migration with 
authentic labeled hormone on a Celite liquid-liquid partition 
column, the best known chromatography system for the resolu- 
tion and purification of dihydroxyvitamin D3 metabolites 
(Haussler and Rasmussen, 1972). The pooled plasma sample 
from rachitic chicks contained no assayable ln,25-(OH)?-D3 
when purified by a large Celite column (Figure hB) or when 
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TABLE I: Competit ion of la,25-Dihydroxy[3H]vitamin D3 
and Various Steroids a n d  Vitamin D Analogs for Chromatin 
Recept0r.Q 

Binding of 
l a , 2 5  - (OH)Z- [~H]D~ 

Sterol  o r  Steroid Concn (M) t o  F i l t e r  (%) 

None 100 
1 @,2  5 -(OH) 2 -D3 2.5 x 68 
25-OH-D3 2.5 x 50 
la -Hydroxyvi tamin  D3 2.5 X 56 
Vitamin D, 2.5 x 100 
Vitamin D, 2 .5  x 100 
Dihydrotachysterol,  2.5 x 100 
25-Hydroxycholesterol 2.5 X 100 
Choles te ro l  2.5 x 100 
Cor t i s  ol  2.5 x 100 
176-Es t rad io l  2.5 x 100 

a Reconsti tuted cytosol-chromatin was equilibrated with 
4.3 x 10-9 M 1a,25-(OH)2-[3H]D3 a n d  unlabeled com- 
pounds as described under  Materials a n d  Methods.  T h e  
binding of labeled hormone to  the  chromatin,  as measured 
by  t h e  filter assay, was determined. 

purified by a “micro-Celite” column. Based on the sensitivity 
of the assay of 17 pg (Figure 4) the circulating concentration 
of Ia,25-(OH)2-D3 in these vitamin D deficient chicks is less 
than 0.05 ng/ 100 ml of plasma, a value which is 1 / 160th the 
concentration of this hormone in the normal chick. 

In order to show that the assayable material in human plas- 
ma is la,25-(OH)2-D3, a similar experiment was carried out 
using a pooled plasma sample from five normal humans. After 
preliminary purification on silicic acid and Sephadex LH-20 
columns, the la,25-(OH)2-[3H]D3 tracer and la,25-(OH)2-D3 
binding activity comigrated on a large Celite column (1 X 35 
cm) (Figure 6C). The total hormone binding activity indicates 
that the average 1 a,25-(OH)2-D3 concentration in these indi- 
viduals is 4.0 ng/100 ml of plasma (1 X M). Triplicate 
assays on this plasma sample purified by a “micro-Celite” col- 

TABLE 11: Concentration of la,25-(OH)~-D3 in  P la sma  of 
Normal  Individuals a n d  in Pa t ien ts  with Chronic Renal 
Disease.a 

Range Av 
la  ,25 -(OH),-D, la  ,25 -(OH),-& 

Group (No.) (ng/100 ml)  (ng/100 m l  SD) 

Normal  (6) 3.2-5.1 3.9 f 0.8 
Untreated r ena l  0.8- 1.7 1.3 * 0.5b 

Hemodialysis (5) Undetectable‘ <0 .5b  
fai lure  (3) 

Anephric (2) Undetectabled <1.0b 

a Unless otherwise designated, p lasma samples were 
approximately 20 ml .  Purification of la,25-(OH)2-D3 from 
plasma extracts was carried out  as described under M a -  
terials and  Methods.  Significantly different from normal, 
P < 0.005. C A l l  samples  contained ia,25-(0H)z-D3 con- 
centrations below t h e  sensitivity of t h e  assay (0.5 ng/100 
ml  in 30-40-ml p lasma samples).  * All samples  contained 
la,25-(0H)2-& concentrations below t h e  sensitivity of t he  
assay (1.0 ng/100 m l  in  20-ml p lasma samples).  

i t  / 1 

z. ,+/- 
I - 1 

0 2 4 6 8 1 0  
l a , 2 5 - ( 0 n ) 2 - D 3  ADDED(ng1100ml) 

z. ,+/- 
I - 1 

0 2 4 6 8 1 0  
l a , 2 5 - ( 0 n ) 2 - D 3  ADDED(ng1100ml) 

FIGURE 7: Accuracy of 1 a,25-dihydroxyvitamin D3 assay. 1 a,25- 
(OH)2-[3H]D3 (1900 cpm; 6.0 Ci/mmol) was added to aliquots of a 
human plasma sample (19 ml each). Varying amounts of nonradioac- 
tive Ia,25-(CH)z-D3 (up  to 9.2 ng/100 ml) were added to each plasma 
sample. Purification of 1 a,25-(OH)z-D3 from the plasma samples and 
assay was carried out as described under Materials and Methods. Each 
point represents the average of triplicate assays f standard error of the 
mean. The endogenous concentration of la,25-(OH)z-D3 in  the plasma 
sample (2.8 ng/100 ml), determined by addition of no la,25-(OH)*- 
D3, has been substracted from each assay point. 

umn indicated an observed 1 a,25-(OH)2-D3 concentration of 
4.2 f 0.4 ng/100 ml of plasma. The results in  Figure 6 show 
that the l a , 2 5 - ( O H ) ~ - [ ~ H ] D 3  competitive binding activity in 
chick and human plasma results only from the presence of the 
hormone in these plasma samples. Furthermore, binding activi- 
ty that migrates with la,25-(OH)z-[3H]D3 on a large Celite 
column is the same as that activity determined when the plas- 
ma sample is purified on a “micro-Celite” column. Therefore, 
purification of plasma extracts by silicic acid, Sephadex LH-20 
(two columns), and “micro-Celite” chromatography appears to 
be the most valid method for preparation of plasma in this 
assay. 

Specificity of the I a,25-Dihydroxyvitamin 0 3  Assay. Vari- 
ous steroids and vitamin D analogs listed in Table I were added 
to the assay incubations. Only I a,25-(OH)r-D3, 25-OH-D3, 
and I a-hydroxyvitamin D3 competed with 1 a,25-(OH)z- 
[3H]D3 for the chromatin receptor at  the concentrations tested. 
I n  order to confirm that the monohydroxyvitamin D3 analogs 
are eliminated from the plasma extracts in  the purification 
scheme, these sterols were added to plasma from rachitic 
chicks in amounts of 10 pg/IOO ml of plasma. Of those sterols 
added only la,25-(OH)z-D3 results in  measurable 1 a,25- 
(OH)z-D3 binding activity. The other known circulating me- 
tabolites of vitamin D3, 24,25-dihydroxyvitamin D3 and 
25,26-dihydroxyvitamin D3, are resolved from 1 a,25-(OH)z- 
D3 in the purification sequence (Haussler and Rasmussen, 
1972) and are not measured in the assay since no la,25- 
(OH)r-D3 binding activity occurs in the elution position of 
these sterols on Celite columns (Figure 6). 

Method Blank. Three 50-ml samples of distilled water were 
processed through the purification scheme in order to deter- 
mine the method blank. No la,25-(oH)*-D3 binding activity 
was observed in the assay of these samples. 

Sensitivity and Accuracy of Assay. Only that range of the 
standard curve from 20 to 350 pg is used, and 25% of the plas- 
ma extract is assayed. Based on 40% minimum recovery to the 
point of assay from a 20-ml plasma extract, the routine method 
is applicalbe a t  la,25-(OH)2-D3 levels of 1 ng/100 ml or high- 
er. Larger plasma samples containing less than 1 ng/100 ml of 
plasma can be assayed (Table 11). 

To determine accuracy of the assay, various amounts of 
la,25-(0H)z-D3 were added to aliquots of a human plasma 
sample and triplicate assays were performed. Average recov- 
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eries of 100- I 10% (following correction for procedural losses) 
were obtained over the range of 0.5-9.2 ng/100 ml of added 
hormone (Figure 7). The endogenous level of la,25-(OH)z-D3, 
determined a t  no addition of hormone, was subtracted from 
each assay value. 

Precision of Assay. A pooled plasma sample was divided 
into six aliquots which were processed for assay. The mean 
1 ru,25-(OH)z-D3 concentration was 4.4 ng/100 ml, and the 
coefficient of variation was 12%. The mean difference of dupli- 
cate determinations of 26 plasma samples was 15.9 i 11.7 
(SD)  %. Thus the specificity, sensitivity, accuracy, and preci- 
sion of the assay indicate that i t  is a reliable method for quanti- 
tation of la,25-(OH)z-D3 in human plasma. 

1 cu.25-Dihydroxyvitamin 03 Assays in Chronic Renal Fail- 
w e .  I n  order to further verify the validity and usefulness of this 
assay as a diagnostic tool in measuring la,25-(OH)z-D3 levels 
i n  human disease states, we determined the circulating level of 
ln,25-(OH)l-D3 in patients with renal disease (Table 11). All 
renal patients had strikingly lower concentrations of hormone, 
whether they were subjected to hemodialysis or not. The fact 
that patients with advanced renal failure and anephric individ- 
uals have undetectable levels of hormone (Table 11) suggests 
that synthesis of 1 a ,25- (OH)pD3 is impaired in kidney disease 
and that the kidney is the major site of production of Ia,25- 
(OH)l-D3 in humans. 

Discussion 

I n  this report a filtration assay is described for lcu.25- 
(OH):-D3 employing the chromatin receptor for the hormone 
i n  the target tissue. In the past, filtration assays for steroid hor- 
mones have been largely unsuccessful because of significant 
and unreproducible binding of free steroid to filters. In the 
present assay, conditions have been defined under which free 
steroid can be removed from chromatin and filters by the non-  
ionic detergent Triton X -  100. A reconstituted cytosol-chroma- 
t i n  mixture is incubated with a known amount of ltr.25- 
(OH):-[?H]D3 and a plasma extract containing unlabeled hor- 
mone. Hormone-receptor complexes are formed in the cqtosol 
which then associate with the chromatin. The chromatin is 
then adsorbed on various filters, and the filter is Mashed free of 
unbound sterol. 

The standard procedure for purification of 1 ~ t , 2 5 - ( 0 H ) ~ - D ~  
from plasma extracts entails serial purification using a silicic 
acid column, two Sephadex LH-20 columns, and a final 
“micro-Celite” column. Our initial attempts to devise a reliable 
chromatography system for purification of la .25- (OH)z-D3 
from human plasma were only partially successful (Brum- 
baugh er al . ,  1974a,b). After purification on silicic acid and 
Sephadex LH-20 (two columns), we routinely obtained a circu- 
lating level of 6 ng/lOO ml for la,?S-(OH)Z-D3 i n  normal hu- 
mans. Yet plasma samples which *ere expected not to contain 
appreciable hormone. such as those from vitamin D deficient 
chicks and anephric humans, yielded values of approximately 2 
ng/ I00 ml by this method. These findings suggested that a sig- 
nificant blank value of 2 ng/100 ml existed in the assay per- 
formed on plasma purified i n  this fashion. Experiments with 
large plasma volumes such as the one pictured in Figure 6, in 
which individual fractions eluted from a long Celite column are 
assayed for both hormone and radioactive marker, indicate 
that the level of Ia,25-(OH)z-D3 in man is 4 ng/100 ml ( 
M). We also report here the development of a “micro-Celite” 
chromatography system for purification of Ia,25-(OH)?-D3 
from individual 20-mI plasma extracts. This procedure reduces 
our blank to near 0 and assays of plasma samples from 45 nor- 
mal individuals using the “micro-Celite” purification scheme 

confirm that the previously reported average value of 6.4 ng/ 
100 ml for circulating lcu,25-(OH)z-D3 (Brumbaugh el al., 
1974a,b) should be revised downward to 4 ng/100 ml. 

The principle of radioreceptor assay based on the chromatin 
receptor for the la,25-(OH)l-D3 should be applicable to ste- 
roid hormones. Since this assay employs the final physiologic 
binding site of the hormone i n  the nucleus, i t  should be possible 
to develop an assay for total plasma hormone activity which 
measures any compound that binds to the hormone’s cytoplas- 
mic receptor and migrates to the chromatin. Because it utilizes 
the molecular receptor site for the forms of the hormone, such 
a n  assay can be the most meaningful assessment of biologically 
active hormone. A total plasma cortisol activity assay has been 
reported using hepatoma cell glucocorticoid cytosol receptor 
(Ballard and Baxter. 1974). In  addition, the techniques i n  this 
report are applicable to the assay of steroid hormone-chroma- 
t i n  receptors and investigation of the interaction of steroid hor- 
mone-receptor complexes with experimentally altered forms of 
chromatin. 

In  summary, an accurate assay has been developed for the 
newly discovered sterol hormone, 1 a,25-(OH)z-D3. The assay 
employs a high affinity, saturable receptor system from the 
hormone’s target tissue to generate a standard curve with a 
useful range of 20-350 pg. Extensive chromatographic purifi- 
cation of plasma from humans reduces blank values virtually to 
zero and permits valid measurement of the hormone in normal 
individuals and patients with defects in vitamin D metabolism. 
I t  is evident that this assay will be of value not only i n  studying 
vitamin D metabolism in a basic sense, but also as a diagnostic 
tool in elucidating the possible involvement of 1 a,25-(OH)?-D3 
i n  disorders of mineral metabolism. 
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la-Hydroxyvitamin D3. An Analog of Vitamin D 
Which Apparently Acts by Metabolism to 
1 CY, 2 5 -Di h ydroxyvit amin D 3? 

Joseph E. Zerwekh, Peter F. Brumbaugh, David H .  Haussler, 
Douglas J. Cork, and Mark R. Haussler* 

ABSTRACT: 1 a-Hydroxyvitamin D3 (Ia-OH-D3) is a synthetic 
sterol with biological characteristics similar to those of 1a,25- 
dihydroxyvitamin D3 ( 1  a,25-(oH)z-D3), the apparent hor- 
monal form of vitamin D. The synthetic sterol is virtually equi- 
potent to the natural hormone, in vivo, and has been utilized 
recently to treat patients with defects in vitamin D metabolism. 
However, no information is presently available on its biochemi- 
cal mode of action. In  order to determine if  la-OH-D3 func- 
tions by binding directly to target tissue receptors for la,25- 
(OH)2-D3 or is first metabolized to la,25-(OH)2-D3, we have 
carried out a detailed examination of the comparative biologic 
effects as well as the receptor binding properties of the two 
sterols. After a single oral dose of 162.5 pmol (2.5 IU) of either 
I a -OH-D3 or 1 a,25-(OH)z-&, rachitic chicks display equiva- 
lent increases in  calcium absorption from the intestine; fol- 
lowing a 2-3-hr latent period, both sterols elicit maximal ef- 
fects at  9 hr and the responses undergo parallel decay between 
24 and 72 hr. Comparison of the relative amounts of l a -OH-  
D3 and 1 a,25-(OH)2-D3 required to stimulate calcium absorp- 
tion at  9 hr indicates that the sterols are equipotent in the dose 
range of 19.5-650 pmol (0.3-10 IU).  I n  chronic administration 
studies, the synthetic sterol was slightly more antirachitic than 

I t  is well documented that la,25-dihydroxyvitamin D3 
(la,25-(OH)2-D3)' is the hormonal form of vitamin D3 (Hol- 
ick et d., 1971; Haussler et al., 1971; Lawson et a/ . ,  1971; 
Brumbaugh er al., 1974a). This active form is produced from 
the parent vitamin D3 (D3) by conversion to 25-hydroxyvita- 
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1 a,25-(OH)2-D3, with both sterols being 2-6 times more active 
than native vitamin D3. By contrast, in vitro studies utilizing 
competitive binding for the 1 a,25-(OH)z-D3 cytosol-chroma- 
tin receptor system from intestine demonstrate that 1 a-OH-D3 
binds to the receptor two-three orders of magnitude less avidly 
than la,25-(OH)z-D3. Since the equipotency of these two ster- 
ols was not reflected at  the molecular level, we performed the 
following experiment to show that la -OH-D3 is converted to 
la,25-(OH)z-D3, in vivo. Rachitic chicks were given l a -OH-  
D3 and 3 hr later their intestinal chromatin was extracted. The 
suspected 1 a,25-(OH)2-D3 fraction was isolated by Celite 
chromatography and a saturating amount (26 pmol) of 1 a,25- 
(OH)2-D3 was detected in the chromatin by competitive pro- 
tein binding assay. Since la,25-(OH)z-D3 was present in the 
chromatin receptor prior to the stimulation of calcium absorp- 
tion by 1 a-OH-D3,  we conclude that 1 a-OH-D3 is rapidly me- 
tabolized to 1 a,25-(OH)2-D3 and probably functions by con- 
version to the hormone. The conversion of Ia -OH-D3 to 
1 a,25-(OH)2-D3 was also observed in intestinal mucosa ho- 
mogenates, in vitro, further verifying the occurrence of this en- 
zymatic reaction. 

min D3 (25-OH-D3) in several tissues (Ponchon and DeLuca, 
1969; Tucker et al., 1973) and then 25-OH-D3 is subsequently 
metabolized to la,25-(OH)z-D3 exclusively in the kidney (Fra- 
ser and Kodicek, 1970). 

Recently, a chemically synthesized sterol, 1 a-hydroxyvita- 
min D3 ( I  a-OH-D3), has been reported to have biological ac- 
tivity comparable to that of the natural hormone (Barton et nl., 
1973; Holick et al., 1973; Haussler et al., 1973). l a -OH-D3 

was found to be as efficacious as la,25-(OH)>-D3 both in stim- 
ulating intestinal calcium absorption in rats and chicks and in 
promoting bone calcium mobilization in vivo. Since I a -OH-D3 
is considerably easier and less expensive to synthesize than 
1 a,25-(OH)z-D3, synthetic la-OH-D3 has found recent clini- 
cal application in the treatment of patients with possible de- 
fects in  the la  hydroxylation of 25-OH-D3 (Chalmers et n/. ,  
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