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spectrometry as described in Chapter 2 (Methods). The efficiency of
receptoxr recovery using this filtration technique was determined to be
98-100% by comparison with DNA-cellulose-bound receptor (Chapter 4).
Nonspecific binding was negligible (2-5%) in these purified receptor
preparations. The susceptibility of vicinal hydroxyl groups (i.e.,
C-24 and C-25) to periodate cleavage was used for further structural
confirmation of 24,25(0H)2[3H]D3 and 1,24,25(0H)3[3H]D3 genefated by
chick renal homogenates, in vitro. Aliquots (10,000-20,000 dpm) of
the radiolabeled metabolites were nitrogen dried and solubilized in
0.1 ml of distilled methanol. To each tube, 0.1l ml of either distilled
water (control) or water containing 10% (w/v) sodium meta-periodate .
(Na104) was added, the mixtures were vortexed and then allowed té react
for 1 hour at 25°C. The sterols were then recovered by extracting the
reaction mixtures with chloroform. After the incubation (1 hour), 0.1
ml of water and 0.2 ml of chloroform were added to each sample and the
chloroform (lower) phase was collected and dried under nitrogen. The
.samples were solubilized in the appropriate solvent system for HPLC
analysis. Periodate sensitivity (% destruction) was determined by
quantitating the tritium present in the specific metabolite region
(HPLC) of the controls and the treated samples. Radioinert standards
of each metabolite tested were included in the reactions to facilitate

identification of the appropriate regions on HPLC.
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Results and Discussion

25(OH)D3-Hydroxylase Assays

Prior to attempting the large-scale biosynthesis of metabolites,
it was essential to optimize the appropriate emzymatic reactions, in
vitro, to insure that substrate conversion to the desired metabolite
could be achieved. Previous work by our group and others has estab-
lished several criteria for optimal 1-OHase and 24-OHase enzymatic ac-
tivities, in vitro (34,65,216-220). Based on these composite results,
the féllowing incubation conditions and parameters were employed:
enzyme reactions were performed at 37°C§ pH 7.4 (optimum); substrate
(25(OH)[3H]D3 or 1,25(0H)2[3H]D3) concentrations were 1.04 X 10—7'M

7 M and for 24-OHase,

(the K for 1-OHase is approximately 1.5 X 10~
about 1.0 X 10_7M); magnesium and a NADPH-regenerating system were
also present in all reactions since they are known to be fequired for
enzyme activity (Introduction). Under these conditioné, the rates of
product formation (1,25(0H)2[3H]D3, 24,25(0H)2[3H]D3 or 1,24,25(0H)3_
[3H]D3 are approximately linear for 20-30 minutes but reactions were
allowed to proceed for 1.5 hours to increase total substrate (25(0H)-
[BH]D3 or i;ZS(OH)2[3H]D3) conversion. When assayed as described
(Methods), kidney homogenates from appropriately dieted chicks
accurately reflect the prevailing activities of the renal 1-OHase and
24-0Hase enzymes. Furthermore, these reactions can conveniently be
scaled-up such that large amounts of radiolabeled metabolites are

selectively synthesized by kidney homogenates from chicks treated to en-

hance one or the other enzyme activities (below).
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.Selective Induction of'Chick
Renal 25(OH)D3—Hydroxylases

To insure that substantial biosynthesis of la- and 24-
hydroxylated metabolites could be obtained, in vitro, it was first
necessary to maximize the respective renal enzyme activity, in vivo.
Since the l1- and 24-OHases respond in a reciprocal fashion to dietary
factors (i.e., calcium and vitamin D), this approach was used to
seiectively enhance either 1-OHase activity or 24-OHase activity in
chicks., Table 3.1 summarizes the effects of dietary calcium and vita-
min D-supplementation on the relative activities of these enzymes in
the chick kidney. The activities of 1-OHase and 24-OHase were simul-
taneously monitored in kidney homogenates (Methods) prepared from
chicks fed the indicated diets (Table 3.1). Clearly the 1l-OHase
enzyme activity (1,25(0H)2[3H]D3 synthesis) is enhanced (approximately
15-fold) after three weeks on a rachitogenic diet (-D) containing
normal levels (0.5%, w/w) of calcium. Although high serum calcium
is known to suppress l-OHase activity, the inclusion of excess calcium
(3.0%, w/w) in the -D diet decreases, but does not abolish the stimula-
tion (l1-OHase) caused by vitamin D deficiency. This result is con-
sistent with the fact that the intestinal absorption of calcium is
drastically impaired in the absence of vitamin D. Conversely, vitamin
D-supplemented (+D) chicks demonstrate significantly reduced levels of
1-OHase activity relative to the rachitic group. Thus, rgnal 1-OHase
activity responds to these dietary constituents (calcium and vitamin

D) as expected.
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Table 3.1. Effects of diet on renal metabolism of 25(0H)D3.

Relative Activities of Renal 25(0H)D3-OHases

(nmoles/g/hr)
Diet 1 25(0H) D Production 24 25(0H) D Production
+D 0.08 + .02 0.15 + .02
-D 1.20 + .15 0.02 + .01
-D/high Ca 0.79 + .08 0.02 + .01
Normal adult¥* 0.15 0.63

Chicks were fed the indicated diets for 3 weeks and then renal
homogenates were assayed for 1 25(0H)2[3H]D3 and 24,25(0H)2[3H]D3
syntheses, in vitro, as described in the Methods. Reactions contained
1.04 x 10-7 M 25(0H 25(OH)[ H]D3 (1.4 Ci/mmole) and were incubated for 90
min. at 37°C. Samples were analyzed via Sephadex LH-20 chromatography
(1 x 18 em) in 65% chloroform/hexane.’ Product authenticity was veri-
fied by comigration with reference metabolites on HPLC. Reactions were
run in duplicate and values expressed represent the average (nmoles
product/gram kidney/hour). Diets were as follows: +D = rachitogenic
diet supplemented with vitamin D3; -D = rachitogenic diet containing
0.5% calcium (w/w); high Ca (-D) = rachitogenic diet supplemented to
3.0% calcium (w/w).

*A single assay was performed on a normal rooster (6 month) maintained
on standard chick grower diet (Arizona Feeds, Tucson, AZ).
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With respect to remal 24-OHase activity (24,2‘5(0H)2[3H]D3 syn-
thesis), the inclusion of vitamin D, but not calcium, enhances the
activity of this enzyme (Table 3.1). Since hypercalcemia normally
stimulates the 24-OHase enzyme, the inability of high dietary levels
of calcium (in the absence of vitamin D) to enhance this activity
probably reflects intestinal malabsorption of calcium as mentioned
previously. In a normal adult chicken (rooster), maintained on a
standard commercial diet, both enzyme activities are present but the
24-0OHase activity is predominant (Table 3.1). The differences between
the activities of both enzymes in the adult and growing (3 week old)
chick are striking and probably relate to a number of basic metabolic
dissimilarities. However, it should be noted that the adult value
represents a single assay and subsequent experiments suggested that
these activities were very unpredictable. For this reason, young
chicks (age-matched) were used for selective manipulation of renal
25(0H)D3-hydroxylase activities by dietary means. These studies, sum-
marized in Table 3.1, provided a rationale for examining the relative
efficiency of substrate (25(OH)D3 or 1,25(OH)2D3) conversion by renal
homogenates from chicks treated to selectively enhance renal l-OHase
or 24-OHase activities.

Since 1,25(OH)2D3 appears to be the most potent regulator of
both renal hydroxylase systems (Introduction), the effects of oral
1,25(0H)2D3~supplementation on the l-OHase and 24-0Hase activities in
chick kidney were examined. For these experiments, chicks (1 day old)
were maintained for two weeks on the standard vitamin D-deficient

diet. They were then placed on either a high-calcium (3%) rachitogenic
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diet for two weeks or remained on the rachitogenic diet for this period;
In addition, the group receiving the high-calcium diet were given 325 ng
of 1,25(0H)2D3 (in 0.2 ml of 1,2-propanediol), orally, every other day
for the two week test period. After four weeks (total), kidney homo-
genates were obtained from each group (5 chicks/group) and incubated
with radiolabeled substrates (25(OH)[3H]D3 or 1;25(0H)2[3H]D3) as
described in the Methods section. The reactions were then extracted
and analyzed via Sephadex LH-20 chromatography to assess product forma-
tion. These substrate and respective product profiles are shown in
Figure 3.1. The upper panel represents the net conversion of 200 uCi
of 25(0H)[23,24(n)-"HID, (substrate) to 1,25(0H),[’HID, by a kidney
homogenate obtained from the rachitic group of chicks. Since efficient
synthesis of 1,25(OH)2[3H]D3 was achieved in this reaction, the rachi-
togenic dietary regime was used to enhance 1-OHase activity and renal
homogenates from these chicks were-subsequently used for the large-
scale generation of 1,25(0H)2[3H]D3, in vitro. Conversely, the gfoups
treated to enhance 24-OHase activity (high-calcium rachitogenic diet
and l,25(OH)2D3—supplementation) demonstrated only 24-QHase activity.
- Hence, 25(0H)[3H]D3 is readily converted to 24,25(OH)2[3H]D3 (middle
panel) and these same kidney preparations will biosynthesize 1,24,25-
(OH)3[3H]D3 when l,25(OH)2[3H]D3 is supplied as the substrate (lbwer
panel) in the 24-OHase reaction.

The timecourse of the effect of 1,25(0H)2D3 administration on
the renal 1-OHase and 24-OHase activities in chicks maintained on a
high-calcium rachitogenic diet is illustrated in Figure 3.2, Initially

(day 0) the chicks display enhanced 1-OHase and suppressed 24-QOHase
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Figure 3.1. Comparison of 1-OHase and 24-COHase activities in chick

kidney homogenates.



Figure 3.1. Comparison of l-OHase and 24-QHase activities in
chick kidney homogenates.

Kidney homogenates were obtained from rachitic chicks (upper panel),
or from chicks receiving a 3% calcium supplemented diet and given
1,25(0H)2D3, orally for 2 weeks (middle and lower panels). Homo~
genates were incubated (Methods) with the indicated substrate at a
concentration of 1.04 x 10~7 M. Sterol extracts were analyzed on 1
x 18 cm Sephadex LH-20 columns in 657 chloroform/hexane. Fractions
were collected (2 ml) and 0.1 ml aliquots were monitored for radio-
activity (o-0). Flow rates were 1.0 ml/min. The identity of all
three products was verified by comigration with radioinert standards
on HPLC.
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Figure 3.2, 25(OH)D3-hydroxylase activity of chick renal
homogenates.



Figure 3.2, 25(0H)D3-hydroxylase activity of chick renal homo-
genates’

Chicks were raised for 10 days on a high calcium diet prior to
oral 1,25(0H)2D3 administration (325 ng every 8 hours). On day

0 (no treatment) and on days 3, 4, 5 and 6 of treatment, renal
homogenates (0.5 ml) were incubated with the agpropriate reaction
components (Methods) and 1.04 x 10~/ M 25(oH) [3H]D3 (1.4 Ci/mmole)
for 90 min. at 37°C, All assays were performed 8 hours after the
last 1,25(0H)9D5 treatment. Aliquots (50%) of lipid extracts from
these incubatlons were analyzed for metabolite synthesis by HPLC
in a 15% isopropanol/hexane solvent system calibrated for 24,25~
(OH)2D3 and 1,25(0H)2D3 retention. The appropriate metabolite
regions were quantitated and used to compute the relative specific
activities of the 1-OHase (o) and 24-OHase (e). Each point

- represents the average of independent duplicate assays. Strict
linearity of metabolite synthesis was not maintained for the full
incubation period.although a plot of time vs product formation
indicates these data are good estimates of both 25(0H)D —hydroxylase
enzyme activities (not shown).
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“activities as previohsly shown (Table 3.1). Within 3-4 days of oral
dosing with 1,25(OH)2D3 (325 ng, three times per day), there is a
dramatic depression of 1-OHase activity and a switchover to sharply
escalating 24-OHase activity (Figure 3:2). The 24-0OHase enzyme ac-
tivity increases to a maximum at 6-8 days of 1,25(0H)2D3-treatment
(not shown), but beyond 7 days of treatment the animals exhibit signs
of vitamin D toiicity, with visual evidence of renal calcium deposits.
Hence, 6 days of 1,25(0H)2D3-treatment was selected as the optimal
schedule for maximizing 24~OHase activity and renal homogenates
prepared from these animals were routinely utilized to generate 24—
hydroleated metabolites, in vitro.
Authentication and Purity Asgessment
of Radiolabeled Substrates
Prior to initiating the large-scale generation of radiolabeled
metabolites, substrate (25(OH)[3H]D3 or 1,25(OH)2[3H]D3) purity was
monitored by HPLC analysis. Figure 3.3 illustrates comigration of a
radiolabeled preparation of 25(OH)[3H]D3 with radioinert, reference
25(OH)D3. When an aliquot of the radiolabeled substrate (250,000 cpm)
is cochromatographed withvradioinert 25(OH)D3 (125 ng), a uv.profile
(inset) is obtained (A254) which indicates the retention (minutes) of
the reference standard. Fractionation (1 min. fractions) of the
column eluate and subsequent quantitation of tritium, revealed that
the radioactive gubstrate comigrates (7-9 min.) with the standard
(i.e., is authentic). The radiochemical purity was assessed to be >

99% based on recovery of tritium (3H) eluting as 25(OH)[3H]D3
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Figure 3.3. Radiochemical purity assessment of 25(OH)| H]D
via HPLC analysis.

The panel inset represents a chromatogram of 25(0H)D3 (125 ng)
on a Zorbax~SIL (4.6 mm x 25 cm) column in 107 1sopropanol/
hexane. The sample included 125,000 dpm of 25(0H)[ H]D3 and
was chromatographed at a flow of 1.1 ml/min. One-mln. frac-
tions were collected and quantitated for tritium (3H) as shown
by the vertical bars in the main portion of the figure.
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(7=9 min.) relative to the total radiocactivity in an identical aliquot
(0.05 ml) of the substrate material. In this fashion, the 25(0H)[3H]-
Dy was judged to be a‘'suitable substrate for the in vitro generation of
1,25(OH)2[3H]D3 and 24,25(0H)2[3H]D3. Likewise, 1,25(OH)2[3H]D3 was
checked for authenticity and radiochemical purity by HPLC (15% iso-~
propanol/hexane) before it was utilized as substrate for the generation
of 1,24,25(OH)3[3H]D3 (not shown).
Biosynthesis §nd Purification
of 1,25(OH)2[ H]D3

The protocol for the biosynthesis of 1,25(0H)2[3H]D3, as out-
lined in the Methods section, was utilized repeatedly to provide enough
material for the research reported herein as well as for general lab-
oratory use (i.e., radioreceptor assay of 1,25(OH)2D). In this sec-
tion, the results of a typical generation procedure will be presented
in detail. 1In this procedure, 4 mCi of 25(0H)[23,24(n)3H]D3 (110 ci/
mmole) were used as the substrate (36.36 nmoles) and incubated with a
10% (w/v) homogenate of rachitie chick kidney and the other reaction
components described\in the Methods. Following incubation (37OC for
1.5 hours), the reaction mixture was extracted and the lipid fraction
prepared for purification (Methods). Initial purification of the
lipid extract was performed via silicic acid chromatography (system
I) as shown in Figure 3.4, The sample was applied to and chromato-
graphed-on a 1.8 x 18 cm column of activated silicic acid as described
in the figure legend. The tritium profile (Fig. 3.4) indicated that

substantial conversion of substrate (fractions 7 and 8) to more polar
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Figure 3.4, Silicic acid chromatography (System I).

A 1.8 x 18 cm column of activated silicic acid (25 g) was pre-
pared in 50% diethyl ether/hexane as described (Ch. 2, Methods).
The lipid residue from a 1,25(0H)2[3H]D3 - generation (approx.

8 grams ‘of kidney) was solubilized in 0.5 ml of 50% diethyl ether/
hexane and applied to the column under Np pressure (2-5 lbs).
Chromatography was performed in this same solvent and 100-ml
fractions were collected, Aliquots (5 ul) of each fraction were
monitored for JH-cpm (e) and when background radiocactivity had
stabilized (fraction 15) a solvent change to 107% acetone/diethyl
ether was used to strip polar metabolites from the column. Frac-
tions 17-20 were combined for further purification. Flow rate was
5 ml/min.
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compounds (fractions 17;205 was achieved. Fractions 17-20 were then
combined and evaporated, in vacuo, for further purification of the
putative 1,25(OH)2[3HjD3. Also, this preliminary purification step
eliminated at least 90% of the bulk lipids (not shown) from the polar
metabolite region which was stripped from the column with 10% acetone/
diethyl ether (solvent change). -As previously mentioned (Ch. 2), the
identification of these polar metabolites is not possible with the
silicic acid system (I) used herein (Fig. 3.4). Recovery of 3H, as
assessed - by counting a 5 pl aliquot of each 100-ml fraction, was ap-
proximately 507% of the total (4 mCi) radiolabeled substrate initially
used in the reaction. From previous experience with these dincubations,
this recovery was expected and may, in part, relate to radiolytic and
chemical decomposition of the labeled compounds during the 37°C in-
cubation. Also, the extraction and evaporation procedures (Methods)
used to prepare the sample(s) for chromatographic purification are
likely to promote the destruction of radiolabeled vitamin D3 compounds,
particularly at these very high specific radioactivities (> 100 ci/
mmole). However, an equivalent loss of radiocactivity does not occur
after preliminary purification, indicating that once past this stage,
the radiolabeled sterols (in organic solvent) are somewhat protected.
Following silicie acid purification, the pooled metabolite
region (fractions 17-20) was further resolved by Sephadex LH-20 chrom-
atography. For this purpose, a 1 x 18 cm column was prepared in 657
chloroform/hexane and the post-silicic acid material was applied in

0.4 ml of this solvent (Fig. 3.5, left panel). As shown, most of the
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Figure 3.5. Chromatographic purification of 1,25(0H)2[3H]D3.
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Sephadex-LH-20 (1 x 18 cm column) chromatography in 65% chloroform/

hexane was used for the purification of 1,25(0H)2[3H]D3 from the
post-silicic acid material as described in the text (left panel).
The sample was applied in 0.4 ml of solvent and chromatographed

under gravity flow at 1.5 ml/min. Two fractions were collected;

I = 0-40 ml; II = 40-115 ml. Aliquots (5 ul) of each fraction were

counted for SH (open bars).

Celite chromatography (system II) was performed on a 4.0 ml column
prepared as described in the text (Ch. 2, Methods).
from Sephadex LH-20 was dried (Np) and solubilized in 0.4 ml of 107%

ethyl acetate/hexane (mobile phase).

Fraction II

The sample was applied to the
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3H-com/1A(x 10-4

column and eluted under 2-4 1bs pressure in 10% ethyl acetate/hexane
at a flow rate of 1.0 ml/min. Fractions were collected (I = 0-6 ml;

IT = 7-21 ml; ITI = 22-27 ml) and monitored (1 ul fraction) for

radioactivity 3H - open bars).
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'3H elutes in fraction II (40-115 ml). This fraction (II) includes the'
1,25(0H)2[3H]D3 (product) as was shown in Chapter 2. The radioactivity
present in fraction I represents residual 25(0H)[3H]D3 and any other
. contamihants-(i.e., breakdown products) which may have resulted from
sample preparation (dry-down). Since rachitic chicks demonstrate pre-
dominantly l-OHase activity (Fig. 3.1), batch elution and collection of
fractions was performed to recover the 1,25(OH)2[3H]D3. Also seen in
Figure 3.5 (right panel) is a Celite chromatogram which was used iﬁ
this particular purification scheme. The material from Sephadex LH-20
(fraction II) was applied to the Celite column and chromatographed as
described in the legend (Fig. 3.5). The Celite fraction II_(7-21 ml
eluate) contains prédOminantly 1,25(OH)2[3H]D3 (187); This fraction
was then N2 dried and prepared for final product purification by HPLC.
Often times Celite chromatography was eliminated from the 1,25(OH)2-
[3H]D3 purification scheme in lieu of two successive applications to
HPLC. In this procedure (Fig. 3.5), the radiochemical purity of the
1,25(0H)2[3H]D3 was 90-957 as determined by HPLC analysis of an aliquot
of -the Celite-purified material (not shown).

Final purification of the generated 1,25(OH)2[3H]D3 was accom-
plished by HPLC in 15% isopropanol/hexane (Ch. 2). -  This elution pro-
file (A254) is preéénted in Figure 3.6. The 1,25(OH)2[3H]D3 region
(shaded area) eluting between 21 and 25 minutes was collected as final
product, ' The tremendous resolving power of the HPLC system is evid-
enced by the absorbance profile (A254) which demonstrates the presence
of contaminants, even after extensive chromatographic purification

using the systems described. The final net yield of product
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Figure 3.6. High performance liquid chromatography
of 1,25(0H)2[3H]D3. '

Final purification of the post-Celite material (from
Fig. 3.5) was accomplished on a Zorbax - SIL (4.6 mm x
25 cm) column in 15% isopropanol/hexane. The sample
was applied to' the system in 0.1 ml of solvent and
‘chromatographed at a flow rate of 0.7 ml/min. Absor—
bance was monitored at 254 nm and the shaded area
represents ,the region that was harvested as 1,25(0H)2-
[23,24(n)~- H]DB'
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(1,25(0H)2[3H]D3) was 39% (1.5 mCi) relative to initial substrate (4
mCi) and the radiochemical purity of the sterol product was > 96% as
assessed by rechromatography on HPLC (not shown). The final product
was virtually free of residue or chemical contaminants aﬁd stored in
toluene-ethanol (l:1, v/v) at -20°C.

Modifications of this purification scheme (above) were often
used for purification of 1,25(0H)2[3H]D3 from the initial lipid ex-
tracts of the reaction mixtures. In general procedures where smaller
reaction volumes (i.e., less kidney homogenate) were used, Sephadex
LH~-20 chromatography was used as an initial purification step. 1In
these cases, it was possible to eliminate both silicic acid and Celite
chromatography and sample purification via Sephadex-LH-20 (Chapter 2,
Figure 2.3) was performed prior to HPLC in 15% isopropanol/hexaqe.

This abbreviated purification scheme allowed slightly higher net
yields (40-50%) with a comparable degree of radiochemical purification.
Biosynthesig and Purification of

24,25(0n) , [HID,

The role of 24,25(0H)2D3 in mediating calcium and phosphate
homeostasis is presently unknown. Although less effective than 25(OH)-
D3 in stimulating intestinal calcium absorption (221), 24,25(0H)2D3
may be involved in some aspect of bone mineralization (222). 1Indeed,
in the normocalcemic rat (72) and chick (223), hypercalcemic pig (74)
and in humans (224), 24,25(0H)2D3 represents a major circulating meta-
bolite of vitamin D,. On the other hand, Tanaka et al. (229) have

3
shown that 24,25-difluoro—25(0H)D3, a sterol incapable of being
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C~24-hydroxylated, mediates normal growth, bone mineralization and ap-‘
parently all other vitamin D-~responses in otherwise vitamin D-deprived
rats. Since radiolabeled preparations of this sterol were (until
recently) unavailable, synthesis of 24,25(OH)2[3H]D3 was deemed essen-
tial in order to study its renal metabolism and action. The synthesis
of 24,25(0H)2[3H]D3, in vitro, was initially reported by Boyle et al.
(225) using kidney homogenates from strontium and vitamin D3-
supplemented chicks as a source of renal 24-OHase enzyme. Haddad et
al. (226) later demonstrated that chicks fed a high-calcium diet and
supplemented with 1,25(OH)2D3 exhibited enhanced levels of renal 24-
OHase activity. A similar approach was used herein to maximize renal
24-OHase activity in chicks so that significant quantities of 24,25~
(0H)2[3H]D3 (and 1,24,25(0H)3[3H]D3) could be biosynthesized, in
vitro.

As .previously discussed, a combined high-calcium (3%) diet and
oral 1,25(0H)2D3—regime results in significantly enhanced 24-OHase
activity in chick kidney (Figure 3.2). Using remal homogenates pre-
pared from these chicks, conversion of 25(OH)[3H]D3 (substrate) to
24,25(OH)2[3H]D3 (product) was achieved, in vitro (Figs. 3.1, 3.2).

A typical procedure for the generation and subsequent purification of
larger quantities of 24,25(OH)2[3H]D3Vis described below. For this
procedure, a total of 15 chicks (1 day old) were raised for two weeks
on the standard rachitogenic diet and then placed on a high-calcium
(3%)~rachitogenic (-D) diet for one week. At three weeks of age, oral

l,25(OH)2D3~supplementation was initiated (325 ng every eight hours)
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and after five days of this treatment, three chicks were sacrificed andl
renal homogenates were assayed for 24-QOHase activity (Methods). As ex-
pected, these animals demonstrated significant 24-OHase activity (ap-
proximately 407% conversion of substrate) as assessed by Sephadex LH-20
chromatography (data not shown). The remaining chicks were then
sacrificed (eight hours after the last 1,25(OH)2D3 dose) and were used
to prepare a kidney homogenate for the biosynthesis of 24,25(0H)2[3H]_
D3.

The substrate was monitored by HPLC for purity as described
previously and the 25(0H)[23,24(n)—3H]D3 (102 Ci/mmol) was dried under
nitrogen and then solubilized in ethaqol (2 ml). A total of 12 g of
kidney were collected and homogenized in 60 ml (5 volumes, w/v) of 0.3
M sucrose (Methods). The reaction components were combined in a glass
flask as follows: 138 ml of phosphate buffer; malate (300 mg), glucose-
6-phosphate (300 mg) and NADP (176.6 mg) were added in 5 ml of water;
45 ml of the kidney homogenate; and 0.01 ml (384 units) of glucose~6-
phosphate dehydrogenase. The reaction was initiated by adding the
radiolabeled substrate (19.6 nmoles), in 2 ml of ethanol, to the-re-
action flask. The combined reaction was incubated at 37°C for 1.5 hours
in a éhaking water bath, open to air. The reaction was terminated by
adding 610 ml (3.2 volumes, v/v) of methanol-chloroform (2:1, v/v) and
the sterols were extracted as described (Methods). The extracted
sample, when dried was about 1.5 ml of oily, yellow residue which was
then subjected to purification.

Preliminary purification of the sample was performed on a 1.8

x 18 cm silicic acid column in 50% diethyl ether/hexane (Fig. 3.7).
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Figure 3.7. Silicic acid chromatography (System I).

Preliminary purification of a lipid extract obtained from a 24,-
25(0H)2[3H]D3-generation, in vitro. Approximately 9 grams of
kidney tissue was extracted, dryed and the lipids applied to a
1.8 x 18 em column of activated silicic acid. Initial solvent
composition was 50% diethyl ether/hexane which was changed (as
indicated) to 10% acetone/diethyl ether at fraction 23. Aliquots
(10 ul) were monitored for 3H (e) and fractions 24-27 were com-
bined for further product purification. Flow rate was 4.5 ml/min.
under 3 psi N2 pressure.
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The polar products (i.e., 24,25(0H)2[3H]D3) are readily resolved from
the substrate (25(OH)[3H]D3) and bulk lipids by a solvent change to
. 10% acetone/diethyl ether (Fig. 3.7). This metabolite region (Frac-
tions 24-27) was combined, evaporated (in vacuo) and subjected to
further resolution by Sephadex LH~20 chromatography. In this system
(Fig. 3.8), the desired product (24,25(0H)2[3H]D3) was separated from
more polar metabolites (Fractions 28-46). The 24,25(OH)2[3H]D3 re— |
gion was then combined (Fractions 14-27) and dried under nitrogen for
final purification on HPLC (107% isopropanol/hexane). |
In this particular generation, the substrate (25(0H)[23,24-
(n)—SH]DB) was partially labeled (3H) in the -24-carbon position.
Hence, the 24-OHase reaction should reduce the specific radioactivity
of the product (24,25(OH)2[3H]D3), approximately 25%, by incorporation
of the hydroxyl function in place of the C-24 tritium-label. For this
reason, HPLC purification was also used to quantitate the product
(nmoles of 24,25(OH)2[3H]D3) so that accurate détermination of the
final specific radioactivity could be obtained. Prior to application
of the sample, the HPLC system was calibrated for 24,25(0H)2D3
(radioinert) retention in 10% isopropanol/hexane. A standard curve
of peak height (A254)<z§. injected sterol (ng) was then prepared as
previously described (Ch. 2, Fig. 2.5). The 24,25(0H)2[3H]D3 sample
(in 0.1 ml solvent) was then injected onto the system under identical
conditions and a chromatogram obtained (Fig. 3.9). The product was
collected between 16 and 18 minutes retention time as shown by the

shaded area (Fig. 3.9). This purified material was immediately dried
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Figure 3.8. Sephadex LH-20 chromatography.

Resolution of the post-silicic acid region from Figure 3.7 on a 1 x
18 cm column of Sephadex LH-20, The entire sample was applied in 0.4
ml of 65% chloroform/hexane and eluted with this solvent at a flow
rate of 1.0 ml/min. The 24,25(OH)2[3H]D3 (product) elutes in frac-
tions 14-27 and this region was combined for final purificationm.
Radiocactivity was assessed by monitoring 5 pul aliquots of each 2-

ml fraction (e).

50
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Figure 3.9. HPLC purification of 24,25(_QH)2[3HJD3.



Figure 3,9. HPLC purification of 24,25(OH)2[3H]D .

Chromatographlc purification and quantitation of 24,25(0H)9o-
[3 H]D3 was performed, simultaneously, on a Zorbax-SIL column
in 107 isopropanol/hexane. The sample (from Sephadex LH-20,
Fig. 3.8) was applied in 0.1 ml of the solvent and chromato-
graphed at a flow rate of 0 9 ml/min. The dark shaded region
represents the-24 25(0H)2[ H]D4 which was quantitatively re-
covered. Absorbance was monltored at 254 nm.
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‘'under nitrogen and stored in a toluene-ethanol solution (l:1, v/v) at
-20°C. The peak height of this collected region was then quantitated
by interpolating the peak height from the prepared standard curve., In
this experiment the final yield of 24,25(OH)2[3H]D3 was 6.272 nmoles
which is a mass yield of 327%. The specific radioactivity of the |
product was asgsessed by radioactivity (tritium) quantitation on an ali-
quot of the purified material (data not shown). The final specific
radioactivity of this preparation was 76 Ci/mmol which is approximately
757 that of the initial substrate (102 Ci/mmol). The radiochemical
purity, as determined by independent HPLC analysis, was > 98%. The use
of radiolabeled substrates which have the tritium label on the 26 and 27
carbons (i.e., 25(0H)[26,27-methyl—3H]D3) circumvent the concomitant
loss of radiolabel during product formation. For this reason, subse-
quent 24-0OHase enzyme-reactions and generations performed with either
25(0H)[3H]D3 or 1,25(0H)2[3H]D3 were labeled in this manner ([26,27-
methyl—BH]).
Biosynthesis and Purification of
- 1,24,25(0H) ,[3H]D,

In contrast to 24,25(OH)2D3 (previously discussed), the tri-
hydroxylated metabolite, 1,24,25(OH)3D3, appears to possess signifi-
cant biological activity. Indeed, some, if not all of the actiomns
attributed to 24,25(_0H)2D3 may be a consequence of further metabolism
in the kidney to 1,24,25(0H)3D3. This was initially suggested B& the
observations that the ability of 24,25(0H)2D3 to stimulate intestinal

calcium absorption (225,227), intestinal phosphate absorption (227),
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bone calcium mobilization and the duodenal synthesis of calcium-
binding protein (CaBP) (228) in the intact rat are virtually abolished
by nephrectomy. Furthermore, 24,25(OH)2D3 is less effective than 25-
(OH)D, in the induction of CaBP, in vitro (151). Thus, it appears
likely that further remal C-l-hydroxylation of 24,25(OH)2D3 is respon-
sible for its activity, in vivo.

The formation of 1,24,25(0H)3D3 has been observed in rats
(230), chicks (231) and more recently, was reported as a circulating
metabolite in humans (232), This metabolite can result from renal
C-1-hydroxylation of 24,25(0H)2D3 as well as from C-24-hydroxylation
of 1,25.(0H)2D3 (233) and it is not known if a preferred pathway ex-
ists, in vivo (234). Howe&er, since 1,25(OH)2D3 is a potent stimu-
lator of 24-OHase activity, the hormone may enhance 24-hydroxylation
of metabolites as part of a degradative mechanism involving, in part,
the formation of 1,24,25(0H)3D3. In this scheme, the preferred route
of 1,24,25(0H)3D3 formation may occur via C-24-hydroxylation of 1,25-
(OH)2D3 (220,235).

The biological activity of 1,24,25(OH)3D3 has been assessed
and suggests that it may be an important regulator of calcium in the
rat (230,234) but of lesser significance in the chick (231,236). 1In
terms of bone calcium mobilization and induction of intestinal CaBP
in rats (237,238), the relative biopotency of 1,24,25(0H)3D3 is 5-50%
that of 1,25(0H)2D3. As a mediator of bone mineralization, 1,24,25-
(OH)3D3 is about 1% and 107 as effective as 1,25(OH)2D3 in rats (239)
and chicks (240), respectively. In general, these results, in vivo,

show that although less active than the hormone, 1,24,25(0H)3D3 has a
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similar onset but shorter duration of response. In contrast, the ab-
ility of 1,24,25(0H)3D3 to stimulate CaBP synthesis in cultured
embryonic chick duodenum parallels the potency of 1,25(0H)2D3 (151).
Therefore, it remains unresolved as to whether 1,24-25(0H)3D3 repre-
sents an intermediate in the degradation of 1,25(OH)2D3 or plays
some functional role in the vitamin D-mineral homeostatic scheme.

The biosynthesis of radiolabeled 1,24,25(0H)3D3 and an exten-
sive procedure for product purification were initially described by
Holick et al. (230). The procedures described herein were developed
to provide a more reliable, simple and rigorous method for the bio-
synthesis and purification of 1,24,25(0H)3[3H]D3. The purified meta-
bolite was subsequently used to study its relative biopotenéy via
receptor-binding studies as well as for studies regarding the meta-
bolism of vitamin D3. These aspects will be discussed in more
detail in Chapters 4 and 5.

The induction of 24-OHase activity in chicks via 1,25(OH)2D3—
treatment and high-calcium (37%) diets was performed as described for
the biosynthesis of 24,25(OH)2[3H]D3. When assayed (Methods), remal
homogenates from these animals demonstrated significant conversion of
1,25(0H)2[3H]D3 to 1,24,25(0H)3[3H]D3 as assessed by Sephadéx LH-20
chromatography (Fig. 3.1, lower panel). The substrate employed for
the generation of 1,24,25(0H)3[3H]D3 was 1,25(OH)2[26,27-methyl-3H]D3
at a specific radioactivity of 166 Ci/mmol and was checked for purity
via HPLC prior to use. A total of 17.89 nmoles of this substrate were

used in the incubation reaction described below.
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A total of 10 chicks were sacrificed (after 6 days of oral 1,-
25(0H)2D3-treatment) and 12 grams of kidney were harvested. Tissue
was homogenized in 5 volumes of 0.3 M sucrose (as previously described)
and 40.5 ml of the homogenate was used for the reaction. The relative
concentrations of all reaction components (and their sequence of
addition) were identical to those used for the 25(0H)D3-hydroxylase
assays and the generation protocols previously detailed, but in this
case the total reaction volume was 172 ml. The generation reaction

" w 1,25¢0m), %01, (166

was initiated by the addition of 1.04 X 10~
Ci/mmole; 17.89 nmoles), in 1 ml of ethanol, to the incubation mix-
ture, The reaction was performed at 37°¢ for 1.5 hours, in a shaking
water bath.

The extraction of sterols from the incubation mixture was
performed as before. Incubations were terminated by the addition of
3.2 volumes (550 ml) of methanol-chloroferm (2:1, v/v) and then ex-

‘tracted for 30 minutes with stirring. The extract was then clarified
by centrifugation (17,000 X g for 10 minutes). The supernatant was
added to a glass separatory funnel containing one reaction volume
(172 ml) of chloroform and one-half reaction volume (86 ml) of de—'
ionized water.  After vigorous mixing, the two phases were allowed to
separate and the chloroform (lower) phase was collected in a glass
evaporation flask. The upper methanol-water phase was reextracted by
the addition of two reaction volumes (344 ml) of chloroform and,
following mixing and phase-separation, the lower phase was combined
with the first chloroform extract. The combined chloroform extracts

were then evaporated, in vacuo and the dried lipid fraction was
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quantitatively transferred to a glass vial with diethyl ether. This
crude sterol-containing fraction was dried under N2 and solubilized in
0.5 ml of 65% chloroform/hexane for initial purification by Sephadex
LH-20 chromatography.

The 1,24,25(0H)3[3H]D3—generation lipid fraction was applied to
a l x 18 cm column of Sephadex LH-20 in 0.5 ml of 65% chloroform/
hexane. Two- 0.4 ml solvent rinses of the sample vial were also applied
and the entire sample was then eluted with 65% chloroform/hexane at a
flow rate of 1.2 ml/min. (Fig. 3.10). After sample application, it was
necessary to stir the upper surface region of the column to achieve
solvent flow due to the lipid content of the sample. Since this did
not advergely affect the resolution of substrate and product (Fig.
3.10) elimination of silicic acid chromatography was, in this case,
advantageous. Fractions containing product (1,24,25(OH)3[3H]D3) were
combined (fractions 40-80), dried in vacuo and solubilized in 15%
isopropanol/hexane (0.1 ml) for direct HPLC purification.

Initial HPLC purification was performed on a calibrated column
(Zorbax~SIL) in 15% dsopropanol/hexane. The entire sample (combined
fractions from Sephadex LH-20) was applied in 0.1 ml of solvent and
the absorbance profile (A254) was used to facilitate 1,24,25(0H)3[3H]—
D3 collection. Figure 3.11 (panel A) represents this A254 profile.

The uv absorbing peak at 35 minutes retention time was identified as
1,24,25(OH)3D3 by the fact that radioinert, reference 1,24,25(0H)3D3

elutes at this retention time under identical conditions. The 33-37

minute region collected from this HPLC application (Fig. 3.11, A) was
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Figure 3.10. Sephadex LH-20 chromatography.

The lipid extract from the 1,24,25(0H)3[26,27—methyl-3H]D3 ~ generation
was applied to a 1 x 18 cm column of Sephadex LH-20 in 0.5 ml of 65%
chloroform/hexane., Chromatography was performed in this solvent at a
flow rate of 1.2 ml/min. Aliquots (5 pl) of each fraction (4 ml) were
monitored for radioactivity (e). The bar above the 1,24,25(0H)3D3

peak represents the fractions which were combined for HPLC purifica-
tion.



102

T A
[=]
X P
o %
L
2]
T
N
©
S
s -
o
<
0
N
ot
5 |
()]
(&)
c
S | B
5 |eo
m“
_Qx
< |@

12,24R,25.(0H);D,

)

| I l I 1

0 10 20 30 40
Retention Time (minutes)

Figure 3.11. HPLC purification of 1,24,25(OH)3[26,27—
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Figure 3.11. HPLC purification of 1,24,25(OH)3[26,27-
methyl-BH]DB.

A) Chromatography of combined Sephadex LH-20 1,24,25-
(OH)3[3H]D region (Fig. 3.10) in 15% isopropanol/
hexane. Flow rate was 1.0 ml/min.

B) Rechromatography of 1,24,25(0H)3[3H]D3 from (A) in
20% isopropanol/hexane at 1 ml/min. Detector sen-
sitivity was increased 2-fold in B.

Absorbance was monitored at 254 nm (A and B).
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found to be approximately 90% radiochemically pure as assessed by inde-'
pendent HPLC analysis. Therefore, as a final purification step, the
1,24,25(0H)3[3H]D3 was rechromatographed -on HPLC using a solvent system
of 20% isopropanol/hexane. Figure 3.11, B shows that a single uv-
absorbing peak (A254) emerges between 18.5 and 22,5 minutes in the more
polar solvent system. By constructing a standard curve using known
amounts of radioinert 1,24,25(0H)3D3 under identical conditions, the
peak height of 1,24,25(0H)3[3H]D3 in Figure 3.11 (B) was precisely
quantitated and represented 3.50 nanomoles of final product. The
specific radioactivity of this product was then determined to be 166
Ci/mmole (to be discussed), which was uncompromised relative to the
initial substrate (1,25(0H)2[3H]D3). This was of particular signifi-
cance since extensive 1,25(0H)2D3—treatment of chicks was used to en-
hance the renal 24-OHase .activity, in vivo. Apparently, insignificant
amounts of endoéenous (radioinert) 1,25(OH)2D3 or 1,24,25(0H)3D3 were
present (8 hours after the last oral dose) to compromise the specific
radioactivity of substrate or product, respectively. In this.genera-
tion procedure, the net yield of product (1,24,25(OH)3[3H]D3) was 207
compared to initial substrate. The purified 1,24,25(0H)3[3H]D3 was
stored in toluene-ethanol (l:1l. v/v) at -20°¢ aﬂd the radiochemical
purity was judged to be > 987 via independent HPLC analysis.

Recovery and Purification of Substrates
from Metabolite Generations

The radiolabeled substrates (25(OH)[3H]D3 and l,25(OH)2[3H]D3
used to generate lo- and 24-~hydroxylated metabolites were routinely

recovered and purified from the appropriate extracts. Since residual
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substrate is concomitantly resolved from products during chromatograph-
ic purification, recovery of these valuable radiochemicals was feas-
ible. Hence, silicic aeid fractions (Fig. 3.4) or Sephadex LH-20 .

- fractions (Fig. 3.10) containing 25(0H)t3H]D3 or 1,25(0H)2[3H]D3,
respectively, were combined and repurified. Generally, Celite chrom-
atography (system I) was employéd for 25(OH)[3H]D3 purification prior
to final purification by HPLC. Sephadex LH~20 fractions were usually
- sufficiently free of bulk lipid to be subjected directly'to HPLC for
1,25(OH)2[3H]D3 purification.

In Figure 3.12 a Celite (system I) column was used to "clean
up" a 25(0H)[3H]D3—containing sample (Ch. 2, Methods). This particular
sample was collected over a period of two years and contained substrate
(unconverted) from a number of 1,25(OH)2[3H]D3 and 24,25(0H)2[3H]D3—
generation procedures. ‘As shown, the radiolabeled 25(OH)D3 elutes in
Fractions 6-10 while the majority of the lipid contaminants precede
this region (not shown). The 25(0H)[3H]D3 fraction was then combined,
dried under nitrogen and purified on HPLC in 5% isopropanol/hexane.
Since the initial sample contained 25(0H)[3H]D3 of varying specific
radioactivities (82-120 Ci/mmole), it was necessary to determine the
specific radiocactivity of the final material. This was accomplished
as previously described (via HPLC quantitation) and the purified
material (from Fig. 3.12) was found to have a specific radioactivity
of 90 Ci/mmole (radiochemical purity > 98%) after HPLC. In similar
fashion, 1,25(0H)2[3H]D3 was recovered from the Sephadex LH-20 frac-
tions (Fig. 3.10) and subjected to HPLC purification in 15% isopropanol/

hexane as previously described.
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Figure 3.12, Celite chromatography (System I) used to
purify 25(0H)[3H]D3.

Recovered substrate (25(OH)[3H]D3) from various generation
procedures were combined and applied to a 4-ml Celite column
in 0.4 ml of hexane (mobile phase) and eluted in this solvent
under 2 lbs N2 pressure at a flow of 1 ml/min. Aliquots (5
ul) of each fraction (2 ml) were monitored to determine
radioactivity (e). Fractions 6-10 were combined for final
HPLC purification. Celite (system I) is described in the
Methods section of Chapter 2.

105



106

'Authentication of Biosynthesized
Radiolabeled Metabolites

The avid ligand affinities of both 1,25(0H)2D3 and 1,24,25(0H)3-
D3 for the cytosolic 1,25(0H)2D3-receptor were exploited to verify
radiolabelad product authenticity, radiochemical purity and specific
radioactivity. The kidney cytosol receptor was used to probe these
interactions for two reasons. First, the kidney is the predominant
site for both 24- and 1-0Hase‘activities and hence, is thé likely
location for the formation of both 1,25(0H)2D3 and 1,24,25(0H)3D3, in
vivo. Second, studies of 1,24,25(0H)3[3H]D3 binding to rat kidney
cytosol proteins (Chapter 4) indicated that this sterol binds prefer-
entially to the 3.3S receptor for 1,25(0H)2D3. A qualification of this
approach is that it favors 1,25(OH)2b3-receptor interaction in sterol
competition studies but, as yet, no unique receptor specific for 1,24-
25(OH)3D3 has been detected (241).

Competitive ligand binding studies were performed using semi-
purified rat kidney receptor as described in the Methods. Aliquots
(0.1 ml) of the receptor solution were incubated with the appropriate
sterols and competitive binding assessed by filtration (Methods).
Figure 3,13 depicts the results of 1,25(0H)2[3H]D3 binding in the
presence of various competing, radioinert vitamin D3 metabolites. As
shown, when 1,25(OH)2[3H]D3 (110 Ci/mmole), synthesized as described,
is included in the incubation (4 nM), the sterol is bound by the
receptor. This binding, in the absence of competing radioinert 1,25-
(OH)2D3 was used as the control level and hence, was set at 1007 even

though total binding was approximately 207% of the added, radiolabeled
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Figure 3.13. Competitive receptor - binding of radioinert vitamin D3 metabolites.

All incubations (0.1 ml) contained 4 oM 1,25(OH)2[3H]D3 (110 Ci/mmole) and the indi-
cated molar ratios of radioinert competitors. Incubations were allowed to equilibrate
for 18 hours at 4°C and receptor-bound radioligand was determined by DEAE-filtration
as described (Methods). Radioinert sterols were; 1,25(0H)oD3 (A); 1,24,25(0H)4Dj3 .-
(0); 25(0H)D3 (@); 24,25(0H),D3 (A). Each point represents the average of triplicate
determinations.
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ligand. If an equivalent amount of radioinert 1,25(0H)2D3 (4 nM) is
present in the incubation, a 50% reduction of 1,2%(0H)2[3H]D3—
receptor binding is observed (Fig. 3.13). This equimolar competition
at saturation, is that expected if the radiolabeled ligand (1,25(0H)2—
[3H]D3) is authentic, pure and of the exact specific radioactivity
used to calculate mass. Hence, by independent assessment (non-
chromatographic), the quality of the sterol preparations could be
determined. Also depicted in Figure 3.13 are the relative ligand af-

finities (competitive binding) of 1,24,25(0H)3D 24,25(OH)2D3 and

3>
25(OH)D3. The very low competition exhibited by radioinert 25(OH)D3
and 24,25(0H)2D3 for receptor binding did not permit accurate assess-
ments of these sterol preparations by this technique. However, since
1,24,25(0H)3D3 will readily compete with 1,25(0H)2[3H]D3 (Fig. 3.13)

in this receptor system (407% that of 1,25(0H)2D3), the competitive
binding assay was used for assessment of 1,24,25(OH)3[3H]D3 prepara-
tions.

In order>to confirm the authenticity and purity of the 1,24,25-
(OH)3[3H]D3 (generated as described herein), a similar receptor-
competition experiment was performed. When 8 nM 1,24,25(0H)3[3H]D3
(166 Ci/mmole) is incubated with receptor, in the presence or absence
of competing, radioinerf sterols, the competition curve depicted in
Fig. 3.14 is observed. The radioactive ligand displays significant
receptor-binding in the absence of competing sterols as indicated by
the control (100%) value. However, inclusion of an equimolar concen-

tration (8 nM) of radioinert 1,24,25(OH)3D3, reduces this binding as
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Figure 3.14. Competitive receptor - binding of vitamin D3 metabolites
relative to 1,24,25(0H) [ H]D

All incubations (0.1 ml) contained 8 nM 1,24 »25(0H) 5[ H]D3 (166 ci/
mmole) and the indicated molar ratios of radioinert competitors
Experimental conditions were identical to those described in Figure
3.13. Each point represents the average of trlplicate assays.
Radioinert sterols were; 1,25(0H)2D3 (4A); 1,24 25(0H) 3 ()35 25
(OH)D3 (@); 24,25(0H) D3 (A)
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expected (i.e., 50%). The data presented in Fig. 3.14 also confirm
that the hormone (1,25(0H)2D3) competes approximately twice as effec-
tively for receptor-binding sites as does 1,24,25(0H)3D3, in agreement
with the data presented in the previous figure (Fig. 3.13). In con-
trast, 25(0H)D3 and 24,25(0H)2D3 are less potent competitors (Fig.
3.14), indicating that binding of la-hydroxylated metabolites is fav-
ored. Furthermore, all competitive binding data (Figs. 3.13 and 3.14)
indicate that 1,24,25(0H)3D3 is the second most active metabolite of
vitamin D3 in terms of kidney receptor-binding. This relative meta-
bolite affinity for receptor: 1,25(0H)2D3 (100%) ; 1,24,25(0H)3D3 (40~
50%) ; ZS(OH)D3 (4%) and 24,25(OH)2D3 (0.4%Z), are in partial agreement
with previous analyses. The chick intestinal receptor-binding ac-
tivity of 1,24,25(0H)3D3, relative to 1,25(OH)2D3, was previously
reported to be slightly less than 107 (242), 21% (243) and 367 (244).
The value obtained herein (40-50%) could be higher due to '"tissue-
specific" binding preferences or because the receptor material was
purified via DNA-cellulose chromatography to remove contaminating vit-
amin D-binding proteins (Ch., 4). It is difficult -to correlate these
receptor-binding affinities with biologic potency since the serum
transport.protein (DBP) exhibits its own unique metabolite binding
preferences (245) which may affect tissue availability of metabolites,
in vivo. However, as previously mentioned, 1,24,25(0H)3D3 demonstrates
appreciable biological activity, albeit less than that of 1,25(OH)2D3
(246), The assessment of radiolabeled sterols via receptor competition
analysis affords an important and independent tool for evaluating these

biosynthetic sterols.
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A third and final technique which was used to substantiate the
authenticity of the radiolabeled sterol preparations (1,25(0H)2[3H]D3,
24,25(OH)2[3H]D3 and l,24,25(0H)3[3H]D3) was sodium metaperiodate
treatment. Treatment of vitamin D3 sterols.with periodate results in
cleavage of the ‘molecule between adjacent (vicinal) hydroxyl groups.
For example, periodate treatment of 24,25(0H)2D3 results in cleavage
between the 24 and 25 carbons (vicinal hydroxyls) forming acetone and
an altered parent structure with a shortened side chain and an alde-
hyde at the C-24 position. A similar reaction occurs when 1,24,25-
(OH)3D3 is treated with periodate. Conversely, 1,25(OH)2D3 is not
.periodate sensitive since there are no adjacent hydroxylated carbons
in the structure. Since destruction (i.e., removal) of a hydroxyl
function alters the polarity of the compound, the periodate sensitiv-
ity of radiolabeled metabolites can be monitored by HPLC (Methods).
The loss of radioactivity from the respective metabolite regions was
determined by comparing the periodate-treated samples with untreated
controls via HPLC. The results of these experiments are tabulated in
Table 3.,2. The periodate sensitivity of 1,25(0H)2[3H]D3 was-less than
10% since treatment did not alter the comigration or retention of
either radioinert or radiolabeled sterols in 15% isopropanol/hexane.
However, the 24-hydroxylated metabolites, 24,25(0H)2[3H]D3 and 1,24,-
25(OH)3[3H]D3, are almost completely sensitive to periodate treatment
(>96% and >98%, respectively). Chromatograms (HPLC) of these treated
metabolites indicated that the radiolabeled sterols, as well as the
periodate-treated reference standards (radioinert), did not migrate as

authentic, intact compounds as did the untreated controls. Figure 3.15
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Table 3.2. Combined assessment of radiolabeled vitamin D3 hetabolites.'

Metabolite HPLC1 Na1042 Receptor Binding3
25 (0H) [23,24 (n)~"HID, 99% nd nd
25(0H)[26,27-methyl—3H]D3 997 nd nd

1,25 (0w, [*HID, | 96% <10% 100%

248,25 (0H) , [ *H]D, 98 >95% nd
1,24,25(OH)3[3H]D3 98z >96% 100%

The various radiolabeled metabolites were tested for authenticity,
radiochemical purity and specific radioactivity by the combined
procedures described in the text.

1) HPLC: The values (%) represent the final radiochemical purity
of each metabolite as assessed by comigration with reference (radio-
inert) standards.

2) NaIO4: The values (%) reflect the sensitivity of these metabolites
to sodium meta-periodate treatment. The 25(0H)[3H]D3 metabolites were
not tested.

3) Receptor binding: Competition analyses-gig_feceptor-binding ex-
periments (text) were employed to vegify authenticity, purity and
specific radioactivity of 1,25(0H)[ H]D3 (synthesized as either 23,
24(n)-3H or 26,27-methyl-3H) and 1,24,25(0H)3.[26,27-methy1-3H]D3. The
100% value indicates equimolar competition for receptor binding bg
radiolabeled and radioinert preparations of the sterols. 25(OH)[-H]D
and 24,25(OH)2[3HJD3 were not tested for competitive receptor-binding:

nd = not determined.
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methyl-3H]D3.



Figure 3.15. Periodate sensitivity of 1,24 25(0H) [26,27~
methy1-3H]D

Sodium - metaperiodate (NaIO,, 10% w/v) treatment of 1,24,25-
(0H)3[3H]D3 was performed as described (Methods). .The HPLC
absorbance profile of authentlc, radioinert 1,24, 25(OH)3D3 is
depicted in the upper panel. The 30-40 min. regions (elution)
of NaIO4-treated and control (untreated) samples were collected
from separate HPLC runs and quantitated- for radioactivity
(lower panel). One-minute fractions were collected at a

flow rate of 1.0 ml/min: in 15% isopropanol/hexane. Control
sample (e); NalO4j-treated sample (o). Periodate sensitivity
is expressed as the % destruction relative to controls (0%
sensitive) .
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illustrates the periodate destruction of 1,24,25(0H)3[3HJD3 as shown by
HPLC analysis. Although this method does not identify these periodate-
sensitive metabolites, it does confirm the existence (or absence) of
vicinal hydroxyl groups. In cbnjunction with the fact that 25(0H)[3H]—
D3 and 1,25(OH)2[3H]D3 (respective substrates for the 24-hydroxylated
compounds) are not periodate-sensitive (Table 3.2), these findings
offer further proof that the preparations were authentic. Table 3.2
summarizes the extensive procedures which were used for the qualitative
and quantitative evaluation of the biosynthetic radiolabeled metabolites.
The protocols and methodology for the biosynthesis and purification of
radiolabeled metabolites (described herein) have provided sufficient
material for studying the metabolism and action of these compounds.
Importantly, the rigorous evaluation of these preparations has allowed

confident interpretation of results since their authenticity, purity

and sPecific radioactivity were unequivocally determined.



CHAPTER 4

IDENTIFICATION AND CHARACTERIZATION OF

1,25(0H) ,D, RECEPTORS

As discussed previously (Chapter 1, Introduction), a correla-
tion between the 1,25(OH)2D3 receptor and vitamin D-mediated calcium
transport in the chick intestine is apparent, albeit not absolute.
Nonetheless, this receptor protein is generally assumed to participate
in the inductioﬁ of net transepitheleal movement of calcium via
specific actions on the genome. Thé presence of specific 1,25(0H)2D3
receptors in bone, kidney, parathyroid gland (PTG) and, to date, a
variety of tissues and cultured cells, suggests that vitamin D may
participate in bi;logical responses.previously unrecognized. Indeed,
this somewhat ubiquitous receptor distribution has prompted a reassess-
ment of the role(s) of vitamin D in these "target tissues" as well as
the intestine. Of immediate and paramount iméortanée is to establish
the presence of specific vitamin D-mediated responses in these
receptor-containing systems in order to study the underlying mechan-
ism(s) of vitamin D action.

In the kidney, a variety of effects have been attributed to
the influence of vitamin D, although the metabolite(s) and mechanism(s)
involved remain obscure. However, at least three actions of 1,25(0H)2—

D, have been noted in the kidney (Ch. 1) and include distinct effects

3
on: 1) renal phosphate transport (180,247); 2) renal calcium transport
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(179); and 3) the prevailing activities of the renal 25(0H)D3—
hydroxylase enzymes (100).. The identification and characterization
of specific receptors for 1,25(0H)2D3 in rat and chick kidney are
described in this chapter. Also, four mammalian cell lines, two of
renal origin, were analyzed for l;ZS(OH)ZD3 receptors. Characteriza-
tion of these receptors, in terms of sedimentation coefficients,
chromatographic properties and vitamin D3 metabolite-ﬁinding affin-
ities, are made relative to the well characterized chick intestinal-
1,25(0H)2D3 receptor (141-143, 248, 249). Importantly, the concept
that these receptors represent DNA-binding proteins is substantiated.
In the final chapter (Ch. 5), attempts to correlate the presence (or
absence) of 1,25(OH)2D3 receptors with a specific biological response

are presented,

Materials and Methods

Animals

Female Sprague-Dawley rats (150-200 g) were obtained commer-
cially and maintained on a standard laboratory diet. White Leghorn
or Rhode Island Red cockerels were obtained and raised on a rachito-

genic diet as previously described (Ch. 3, Methods).

Cultured Cell Lines
All cell lines were maintained at 37°C in a humidified incu-

bator under a 95% air/5% CO, atmosphere. Cell cultures were routinely

2

monitored for mycoplasma contamination and were found to be negative.
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Cultures were propagated in standard disposable, plastic dishes (55 cmz)
or flasks (75 cmz) (Costar, Cambridge, MA).

GH3 Cells. The GH3 cell line (clone) was obtained from the
American Type Culture Collection (ATCC). The clone (CCL-82.1) was
established in 1965 from a pituitary tumor of a 7 month-old female
Wistar/Furth rat (250). Stock cultures were grown in Ham's F-10
medium (Gibco Laboratories, Grand Island, N.Y.) containing 15% horse
serum (Gibco) and 2.5% fetal bovine serum (KC Biological, Inc., Lenexa,
KA) supplemented with 100 units/ml of penicillin (Eli Lilly Co.,
Indianapolis, IN) and 100 pg/ml of streptomycin (E1i Lilly Co.) and
were subcultured weekly. Prior to experimgntation, cell inocolums
were grown to maximal density (;0—14 days) with medium changes every
third day unless otherwise noted.

MCF-7 Cells. Stock cultures ofvthe MCF-~7 cell line, originally
derived from human breast cancer cells (251), were generously provided
by Dr. L. McReynolds (University of Arizona, Dept. of Biochemistry).
Stock cultures were maintained in Dulbecco's Modified Eagle.Medium
(DMEM; Gibco) containing 107 newborn calf serum (Gibco) and antibiotiecs
(penicillin, 100 units/ml and streptomycin, 100 pg/ml). These stock
cultures were subcultured when confluent monolayers were obtained (3-4
days). For experimental purposes, MCF-7 inocolums were grown as
described to confluency.

LLC~PK1 Cells. The LLC—PKl cell line was obtained from ATCC

(CL-101). The origin and characteristics of this epithelial—like pig
kidney cell strain have been described (252). The cell line was main-

tained in Dulbecco's Modified Eagle's Medium (DMEM; Gibco) containing
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10% fetal bovine serum (KC Biological, Inc.) and the antibiotics des- ‘
cribed above.. Stock cultures were subcultured every 3-5 days when
visually confluent growth was evident. For experimental use, inoc-
olums were grown to maximal density (épprox. 5 days) as described.
LLC-MK, Cells. The LLC—MK2 cell line was also obtained from
ATCC (CCL~7). The epithelial-like cell line was derived from a pooled

cell suspension prepared from kidneys removed from six adult Rhesus
monkeys (253). Stock cultures were grown in Minimum Essential Medium
(Eagle's) (MEM; Gibco) containing 107% newborn calf serum (Gibco) and
the antibiotics previousiy described. Stock cultures were subcultured
twice weekly (3-4 days) and for experimental use, were grown to visual

confluency (4 days).

Sterols
All radiolabeled and radioinert vitamin D metabolites (sterols)

were prepared as described previously (Chs. 2 and 3).

Reagents

All chemicals were the finest grade available and were obtained
as follows: Bovine serum albumin (Fraction V, powder); Triton X-100
(Octyl Phenoxy Polyethoxy-ethanol); EDTA (Ethylenediaminetetraacetic
acid, tetra-sodium salt); Tris (hydroxymethyl) aminomethane buffer
(8igma 7-9); ovalbumin (grade V); chymotrypsinogen-A (Type II-bovine
pancreas); and monothioglycerol were obtained from Sigma Chemical
Company (St. Louis, MO). Ammonium sulfate (Special Enzyme grade) was

from Schwartz/Mann (Spring Valley, NY). Dithiothreitol (Cleland's
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Reagent) was obtained from Calbiochem (La Jolla, CA). Sucrose (Ultra-
pure grade) was purchased from Bethesda Research Laboratories

(Rockville, MD). All other chemicals were reagent grade or better.

Buffers
STKMET. 0.25 M Sucrose, 0.05 M Tris-HCl (pH 7.4), 0.025 M

KCl, 0.005 M MgCl,, 0.00L M EDTA and 0.012 M thioglycerol.

29
KETT. 0.0l M Tris-Hcl (pH 7.4), 0.001 m EDTA, 0.012 M thio-
glycerol, made to the indicated molarity with KCl (i.e., KETT-0 = no
KCl; KETT-0.1 = KETT-0 plus 0.1 M KCl, etc.).
KETD. Prepared as above (KETT) but dithiothreitol (DTT) was
substituted (0.005 M) for the thioglycerol. The KCl molarity was
adjusted as above (KETD-0.l1 = KETD~-0 plus 0.1 M KCl).

Triton X-100. 1.0% (v/v) Triton X-100 in 0.01 M Tris-HCl

(pH 7.4).

Preparation of Tissue Cytosols

Tissues were excised from animals and immediately placed in
ice-cold sucrose (0.3 M) solution. The tissue was then rinsed free
of blood and connective tissue, blotted dry and weighed. For general
purposes, a 10% (w/v) homogenate was prepared (at O—4°C) in STKMET with
a Potter-Elvehjem glass~Teflon homogenizer. Ten passes of the Teflon
pestle at a motor setting of six (#6) was required for efficient ex-
traction of the cytosolic 1,25(0H)2D3 receptor protein. ' The entire
procedure was perfofmed at 0-4°C in a rapid manner to minimize receptor

loss. Tissue homogenates were then subjected to ultracentrifugation
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(160,000 x g for 45 min. at 0-4°¢C) in a Spinco TY-65 rotor (Spinco Div-
ision of Beckman Instruments, Inc., Palo Alto, CA) and a Beckman L5-65
refrigerated ultracentrifuge (Spinco). The resultant supernatants were
carefully collected (avoiding the fluffy lipid layer) and désignated
as the cytosol fractions.
Ammonium Suifate Precipitation
of Cytosols

Selective precipitation of cytosols with ammonium sulfate was
often performed to concentrate and partially stabilize the 1,25(OH)2D3
receptor (248). Cytosol solutions were kept stirring, on ice, and
were titrated with ammonium sulfate (granular) to 40% of saturation
(0.23 g/ml of cytosol). The cytosols were then stirred for 30 min.
and centrifuged in a Sorvall S$S-34 rotor (12,000 x g for 10 min. at
4°C) and a Sorvall RC-5 Centrifuge (DuPont Co., Instrument Products
Division, Sorvall Operations, Newtown, CT). The supernatants were
discarded and the receptor-rich pellets were solubilized in KETT-0O
buffer (approx. 0.5 ml/g tissug equivalent). The final salt concen-
tration of this solubilized material was then adjusted by dilution
with KETT-0 buffer as monitored by conductivity measurements (Conduc-

tivity Meter-Type CDM2; Radiometer, Copenhagen, Denmark).

Preparation of Cell Cytosols

Preparations of cytosol fractions from cultured cells were
performed as follows: Confluent, monolayer cultures were decanted of
serum~containing growth medium and rinsed with serum-free medium.

The cells were then rinsed with STKMET (2-10 ml washes) and the cells
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were removed from the culture vessels by scraping with a rubber police-
man into STKMET buffer (1 ml/50 cm2 area). The cells were then pelleted
by centrifugation in a bench-top centrifuge (International Equipment
Co., Needham Heights, MA) at maximum rpm for 3 min. The cell pellets
were resuspended in KETD-0.3 buffer (0.5 ml/lO6 cells) and sonicated
(on ice) with 5-30 second bursts (at 30-second intervals) using a
micro-ultrasonic cell disrupter (Kontes, Vineland, NJ). Cell disrup-
tion was monitored by microscopic examination. The preparation of
cytosols (via ultracentrifugation) from these sonicated cell suspen-
sions was performed as described above. The final salt concentration

of the cytosol fractions were adjusted by dilution with KETD-O (above).

Sucrose Gradient Analysis

Linear gradients of 5% to 20% sucrose in KETD-0.3 (4.5 ml
total volume) were prepared with a Buchler gradient mixer, Auto-Densi
Flow, and Polystaltic pump (Buchler Instruments, Fort Lee, NJ).
Samples (0.2-0.5 ml) were carefully layered onto the gradients
(equilibrated at 4°C) and centrifuged (22 hours) in a Beckman L5-65
ultracentrifuge with a Spinco SW 50.1 rotor (234,000 x g at 4°C).
Gradients were fractionated from the top and fractions (5 drops) were
prepared for radicactivity quantitation by the addition of 5 ml of an
aqueous scintillation cocktail (ACS; Amersham International, Arlington
Heights, IL). Sedimentation coefficients were calculated by compari—
son with external protein markers (chymotrypsinogen, 2.5 S; ovalbumin,

3.7 8; and bovine serum albumin, 4.4 S). Gradients containing protein
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standards were fractionated (above), diluted with water (2 ml) and anal-

yzed by absorbance at 280 nm.

Protein Determinations

Protein was determined by the method of Lowfy et al. (254) or by
a modification of that technique involving trichloroacetic acid (TCA)
precipitation. For the latter procedure, samples were precipitated
with TCA (10%; w/v) at 4°C for 30 min. and protein collected by centri-
fugation. Pellets (protein) were then solubilized in NaOH (1 N) and
diluted prior to protein determination. This technique was virtually
quantitative (> 90%) as determined by precipitation of protein stan-

dards (BSA, crystalline) of as little as 10 ug/ml.

Group - Selective Column Chromatography

DNA-Cellulose. DNA-cellulose (DNA-C) was prepared essentially

as described by Alberts and Herrick (255) using calf-thymus DNA
(Worthington Biochemicals, Freehold, NJ) and nonionic cellulose
(Cellex-N-1; Bio-Rad Laboratories, Richmond, CA). The resin (DNA-C)
was then extensively washed, the fines decanted and then suspended in
KETD-0.6 buffer. Columns were prepared in 50-ml disposable syringes
fitted with porous polypropylene frits by pouring the slurried resin
(in KETD-0.6) and packing under gravity flow. The columns (10-ml
packed volume) were then equilibrated in KETD-0.05 and all subsequent
chromatography was performed at O—4°C. Samples were adjusted to 0.05
M salt and applied to the columns under gravity flow (approx. 1 ml/

min.). Chromatography was performed using linear salt (KCl) gradients
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(in KETD) or by washing with KETD-0.1 followed by batch elution with
KETD-0.6. The column eluates were fractionated (3-ml fractions) and
monitored for radioactivity and salt (KCl) concentration (via conduc-
tivity).

Blue Dextran-Sepharose. Blue dextran-Sepharose resin was

prepared from blue dextran (Sigma) and CNBr-activated Sepharose
(Pharmacia) as described by Ryan and Vestling (256). The resin was
then washed with KETD-1.0 to remove free blue dextran. Columns were
prepared as above to achieve the desired packed—volume.. Samples were
applied to equilibrated columns in KETD-0.075 and chromatographed
(under gravity flow) with linear salt (KC1) gradients (0.075-0.6 M)
at 4°C. Fractions (370 ml) of the eluate were monitored for radioac-
tivity and salt (KCl) concentration as before (DNA-C). Flow rates
were maintained at 1 ml/min.

Heparin-Sepharose. The preparation of heparin-Sepharose resin

was performed as described by Molinari et al. (257). Heparin (Sigma)
was coupled to CNBr-activated Sepharose 4B (Pharmacia) and the complex
used to prepare 1l0-ml columns (as before). Samples (< 0.075 M salt)
were applied to equilibrated columns (KEIT-0.075) as described prev-
iously (DNA-C). The columns were then washed with 60-ml of KETT-0.075
prior to initiating the linear salt (KCl) gradients (KETT-0,075 -
KETT-0.6). Eluate fractions (3 ml) were monitored for radioactivity
and salt (KCl) concentrations as described above. Flow rates were 1

ml/min,
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Radioactivity Determinations

Aqueous samples were quantitatively assessed for tritium (3H)
by scintillation spectrometry in an aqueous scintillation cocktail
(ACS; Amersham Int.). Aliquots (0.2-1.0 ml) of the appropriate sample
were solubilized in 5 to 10 ml of scintillation cocktail and counted
at an efficiency of 35%.
Sterol Incubations - Ligand Binding
Studies

Incubations containing receptor and the various sterols were
performed essentially as described in Chapter 3. Aliquoté'of cyfosol,
salt-precipitated material, or DNA-cellulose-purified aporeceptor were
incubated with the appropriate vitamin D metabolites (in 10% ethanol,
v/v) for 18 hours at 4°C or as indicated. Bound radioligand was re-
covered by DEAE-filtration (Ch. 3) or by dextran-coated charcoal ad-
sorption of free sterols. 1In the latter procedure, the charcoal was
sedimented by centrifugation (3000 x g for 15 min.) and the supernatant
radioactivity (bound radioligand) was quantitated by scintillation

spectrometry.

Results and Discussion

Specific receptors for 1,25(0H)2D3 were initially reported by
Brumbaugh and Haussler (137,140) in a cytosolic fraction derived from
rachitic chick intestinal mucosa. The protein-sterol complex was
detected by sucrose density gradient centrifugation, sedimenting at
3.0 - 3.7 S in 0.15 M KCl- containing gradients. Further work by this

group (14l1) revealed that 1,25(OH)2D3 receptors could also be
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salt-extracted from the nucleus and that this nuclear component was in-
distinguishable from the cytosolic complex. More recent work has con-
firmed these initial observations and allowed further characterization
of the intestinal receptor by group-selective affinity chromatography
and polyacrylémide gel electrophoresis (142,249,258). All kinetic
evaluations of ligand binding indicate that the intestinal receptor
binds hormone (1,25(0H)2D3) in a specific, high-affinity and saturable
fashion (137,143,144,259)., Cumulatively, the physicochemical and kin-
etic parameters of this secosterol-protein complex support its clas-
sification as a classic steroid hormone receptor (260). By analogy,
specific 1,25(_OH)2D3 receptors in various tissues other than the in-
testine are also thought to represent integral components of a vitamin
D-mediated mechanism(s).

The sedimentation behavior of the chick intestinal 1,25(0H)2D3
receptor in a hypertonic (0.3 M KC1) gucrose gradient (5%-20%) is
depicted in Figure 4.l (upper left panel). Cytosol (Methods) from
rachitic chick intestinal mucosa was incubated with radiolabeled
1,25(OH)2D3 (0.8 nM; 110 Ci/mmole) and subjected to sucrose gradient
analysis, A distinct macromolecular peak (3H) was observed sedimenting

at 3.3 S. Inclusion of an excess amount of radioinert 1,25(OH)2D (80

3
nM) eliminated the radioligand-receptor binding, confirming that a
limited number of binding sites were present. Likewise, the presence
of 1,25(0H)2D3 receptors (3.3 S) is readily demonstrated in the chick
parathyroid gland (PTG) by the classic technique of sucrose gradient

analysis (Fig. 4.1, middle-left panel). The previous identification

and characterization of these receptors in chick, bovine and human PTG
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Figure 4.1. Demonstration of cytosol receptors for 1 25(0H)2D3
in rachitic chick tissues.

Cytosols were prepared from chick tissues as described in the
Methods. For sucrose gradient analysis (left hand panels), tis-
sue cytosols (0.5 ml, 10-11 mg protein/ml) were 1ncubated with

0.8 nM (intestine and PTG) or 4 nM (liver) 1 25(0H)2[ H]D; (110
Ci/mmole) for 4 hours at 4°C (Test). Identical samples of each
cytosol were incubated with the radioligand in the presence of
excess (100-fold) radioinert 1,25(0H)2D3 (Swamp). Samples (0.4

ml) of each labeled cytosol preparation were layered onto 4.6-ml
(47C) sucrose gradients (5%-207%) and sedimented via centrifugation
(Methods)., Gradients were then fractionated (5 drops/fraction) and
1,25(0H) 2[“H]D3 was quantitated by scintillation spectrometry.
External protein standards were -used to determine,the relative
sedimentation coefficients of the bound tritium ("H) peaks. C =
chymotrypsinogen, 0 = ovalbumin. Test (e-e), Swamp (---).

DNA-cellulose chromatography (right hand panels) was performed

as described in the Methods. Tissue cytosols were prepared,
precipitated with ammonium sulfate and resolubilized in KETT-0
buffer to achieve a final salt concentration of < 0.15 M. Sam-
ples (7-8 mg protein/ml) were then incubated with 1, 25(OH)2[3H]D3
as described in the text. Sample elution was performed with 40
ml of KETT-0.15 buffer prior to initiating linear salt (KC1l)
gradients (~--). Fractions (3 ml) were collected and monitored
for radioactivity (e—e) by standard scintillation counting.
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cytosols has revealed that a remarkable similarity exists between this
cytoplasmic component from avian and mammalian sources (261-264).

Furthermore, the biochemical properties of these 1,25(0H)2D receptors

3
suggest that the protein is similar, if not idemntical, irrespective

of tissue or species origin (143,264). As such, these similarities
might suggest a homologous mechanism underlying the action of 1,25~
(0H)2D3 in all of its target tissue cells. Conversely, in tissues for
which no vitamin D-dependent response is evident (i.e., non-target
tissues), such as liver, receptors for 1,25(0H)2D3 are not detectable
(Fig. 4.1, lower-left panel).

The isolation and analysis of 1,25(OH)2D3 receptors was per-
formed in hypertonic (0.3 M KClj sucrose gradients since the receptor
tends to aggregate under conditions of low ionic strength. Previous
observations in this laboratory (unpublished) and others (265) have
. revealed that receptor aggregation in crude cytosolic preparations is
prevented by the presence of 0.3 M KCl. Furthermore, this salt-
dependent formation of high molecular weight-aggregates is reversible
(265), does not occur in purified (i.e., DNA-C) material, and appears
to be dependent on other (non-receptor) cytosolic factors. Similar
aggregates have been described for most other steroid hormone receptors
in low ionic strength-buffers (266-268). Whether receptor aggregation
occurs under physiologic conditions and, as such, represents an .
"active'" or functional complex remains to be determined. However,
recent evidence tends to support the concept that the 3.3 S form of
the intestinal 1,25(OH)2D3-receptor complex associates with nuclei,

in vitro (269).
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Although sucrose gradient analysis of 1,25(0H)2D3-labeled tis-
sue cytosols has been used extensively, a much more sensitive tech-
nique for receptor isolation and detection is DNA-cellulose
chromatography. DNA-cellulose has been used to study a number of
nuclear proteins (255,270) as well as steroid hormone receptors for
estrogen (271,272), progesterone (273), glucocorticoids (274) and
androgens (275). Also, the resin has been used to achieve a substan-
tial degree of purification (approximately 200-fold) of the 1,25(OH)2D3
receptor from chick intestinal cytosol (249,258,276). An example of
this identification-purification technique is presented in Figure 4.1.
A preparation of chick intestinal cytosol (4 gram tissue equivalent)
was ammonium sulfate precipitated (Methods) and solubilized in 2 ml of
KETT-0 buffer. The solubilized material was then incubated (4 hr at
4°C) with 4 nM 1,25(0H)2[3H]D3 (110 Ci/mmole) and after dilution (to
0.15 M salt) was applied to a 10-ml column of DNA-cellulose. The
column was eluted (washed) with 40 ml of KETT-0.15 and a linear KCl
gradient (KETT-0.15 - KETT-0.6) was initiated at fraction 13. As
shown (Fig. 4.1, upper-right panel), a 1,25(OH)2[3H]D3—macromolecu1ar
complex elutes under the low salt (0.15 M) conditions and another
during the linear KCl gradient at approximately 0.26 M salt (conduc-
tivity of the peak fraction). Independent analysis of these discrete
peaks by sucrose gradient centrifugation indicated that the low salt-
eluting material (0.15 M KCl) represents hormone binding to a large
(6 S) cytosolic component while the high salt-eluting peak (0.26 M
KCl) sediments at the characteristic 3.3 S 1,25(OH)2D3 receptor posi-

tion (data not shown). When analyzed in an identical fashion, rachitic
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'chick PTG cytosol (0.8 g tissue equivalent) displays these same compo-
nents (Fig. 4.1, middle-right panel) eluting under identical salt con-
ditions (0.15 M and 0.26 M KCl, respectively). The absence of any
macromolecular—l,ZS(OH)2[3H]D3 complex which is retained on the affinity
ligand (DNA) under low salt conditions (Fig. 4.1, lower-right panel),
confirms the absence of this receptor in the liver. Although the liver
is considered a non-target tissue for vitamin D-action and this is
supported by an absence of 1,25(0H)2D3 receptors, this same corollary
is not so clear in muscle tissue. There is abundant evidence to sug-
gest that one or more vitaﬁin D metabolites have pronounced effects on
skeletal muscle. Birge and Haddad (277) noted that 25(0H)D, but not
1,25(0H)2D, increased both protein synthesis and ATP content (in
vitro) im muscle derived frpm vitamin D-deficient animals. . However,
clinical observations (278,279) suggest that administration of 1,25-
(OH)2D3 to vitamin D-depleted or uremic subjects increases isometric
work performance of muscle despite unchanged serum levels of 25(OH)D.
Furthermore, Mathews et al. (280) showed that 1,25(0H)2D clearly im-
proved calcium kinetics in sarcoplasmic reticulum of animals with ex-
perimental uremia and a presumed deficiency of 1,25(OH)2D. In order

to assess the 1,25(0H)2D3 receptor status of muscle, vitamin D-
deficient, parathyroidectomized rats (courtesy of J. W. Coburn,
Nephrology Section, Veterans Administration Wadsworth Hospital Center,
Los Angeles, CA) were examined. Muscle tissue cytosol was incubated
with 4 nM l,25(0H)2[3H]D3 (110 Ci/mmole) and analyzed for receptor

by DNA-cellulose chromatography and sucrose gradient centrifugation
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as previously described (data not shown). Although considerable binding
of the radioligand to the 6 S macromolecule could be demonstrated, in no
case were we able to demonstrate a 3.3 S DNA-binding complex. Hence, by
these criteria, skeletal muscle appears to be receptor-negative and as
such, a non-target tissue for the steroid hﬁrmone—like action of 1,25-
(OH)2D3. More recent evaluation of the combined effects of vitamin D
and PTH on muscle tend to support a primary alteration in PTH metabol-
ism and perhaps secbndarily, vitamin D metabolism, which cumulatively
lead to disturbed muscle function (28l). It remains unresolved as to
what extent alterations of vitamin D and PTH metabolism contribute to
impaired muscle function. However, it is important to reiterate that
vitamin D metabolites may have a number of physiologic effects which
are not mediated via a receptor mechanism.

The ability to detect and identify 1,25(0H)2D3 receptors in
target tissues (i.e., intestine and PTG) is enhanced by the combined
techniques of sucrose gradient analysis and DNA-cellulose chromato-
graphy. The significant degree of receptor purification which is
achieved by DNA-cellulose chromatography improves the sensitivity of
detection and also allows for independent analysis of 1,25(OH)2[3H]D3—
binding proteins in cytosolic preparations (to be discussed). Of
greater significance, however, is the finding that these 1,25(OH)2D3
receptors bind to immobilized DNA (DNA-cellulose), a property which
may reflect a physiologic action of the secosterol-receptor complex.
Indeed, all of the various tissue receptors for 1,25(OH)2D3 yet anal-

yzed, share this DNA-binding property (175,264,282,283). Having
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established that DNA-cellulose chromatography and subsequent sucrose
gradient analysis were sensitive tools for the isolation and identifica-
tion of 1,25(OH)2D3 receptors, these techniques were applied to cytosol
preparations of avian and mammalian kidney in order to establish whether
this important endocrine organ contained specific receptors for 1,25-
(OH)ZDB'

Although initial attempts to detect 1,25(0H)2D3 receptors in
rachitic chick kidney cytosol were unsuccessful, prompting the clas-
sification of this organ as a non-target tissue (284), the availability
of 1,25(0H)2[3H]D3 of very high specific radiocactivity and improved
means of receptor detection (DNA-cellulose) warranted further inves-
tigation. Hence, a crude cytosol preparation (Methods) from rachitic
chick kidney was incubated in the presence of 0.5 nM 1,25(0H)2[3H]D3
(110 Ci/mmole) for 4 hours at 4°C and analyzed on hypertonic sucrose .
gradients. As shown in Figure 4.2, a peak of macromolecularly-bound
1,25(OH)2[3H]D3 is present and sediments at 3.3 S. Saturability of
this component is demonstrated by the almost complete disappearance
of 1,25(OH)2[3H]D3—binding in this region (3.3 S) in the presence of
excess (50 nM) radioinert hormone (Fig. 4.2). In this experiment, the
ability to detect the high affinity receptor component was enhanced by
using a limiting concentration (0.5 nM) of the specific radioligand
(1,25(0H)2[3HJD3). Importantly, the sedimentation coefficient of the
chick kidney 1,25(0H)2D3 receptor is identical to those previously l
described for the chick intestinal and PIG receptors. A distinction

between the chick intestinal and chick kidney receptors was not apparent



132

e
0%
”» o ~0
~— 0o
0/.0,
~°°
. o— o.o
0" .
o> __o© ..
QL [
B O=> O/O ./.
/
8O
N
B o~ o
| T~eo
o8
oe
_ oo
10 o 0

| . , .
(5. 01X1) X3/WdD o_..xm“_ (Ho)g2'l

_ 20 25
FRACTION NUMBER (5Drops)

15

10

Sucrose gradient analysis of rachitic chick
kidney cytosol.

Figure 4.2,



Figure 4.2. Sucrose gradient analysis of rachitic
chick kidney cytosol.

Kidney cytosol (Methods) was incubated with 0.5 nM
l,25(0H)2[3H]D3 (o) or with radioligand in the presence
of excess (50 nM) radioinert 1,25(0H),D, (o). Samples
(0.4 ml, 400 pug protein) were analyzed on 4.6 ml
gradients (5%7-207%). Fractions (Fx) (5 drops) were
collected and quantitated as before (Methods). C =
chymotrypsinogen, O = ovalbumin,
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by sedimentation analysis, even when combined cytosol preparations were
applied to sucrose gradients (data not shown).

A preliminary evaluation of rat kidney cytosol was also per-
formed via sucrose gradient analysis to assess 1,25(0H)2D3-binding in
mammalian kidney. These results are presented in Figure 4.3. A cyto-
sol preparation (Methods) was incubated with either 0.8 nM 1,25(0H)2-
[BH]D3 alone, or with the radioligand (0.8 nM) in the presence of
excess (80 nM) radioinert 1,25(0H)2D3. Equivalent samples were then
applied to hypertonic, 5%-207% linear sucrose gradients, centrifuged
and fractionated as described in the Methods. As shown (Fig. 4.3),
the 1,25(0ﬂ)2[3H]D3 associates (binds) with a.3.3 S macromolecule
which is readily obliterated by the inclusion of excess, radioinert
hormone. Interestingly, even at low ligand concentrations (0.8 nM),

a larger binding species (macromolecular complex) effectively competes
with the 3.3 S receptor for the available 1,25(0H)2[3H]D3. This large
component sediments at approximately 6 S and results from serum con-
tamination during tissue homogenization (to bé discussed). In contrast
to the receptor, the rat kidney cytosol 6 S binding protein is not
readily saturated by hormone since even in the presence of excess

radioinert 1,25(0H) the available radioligand is bound. The rat

203
kidney cytosolic 1,25(0H)2D3 receptor, like the chick kidney component,
could not be distinguished from other 1,25(0H)2D3 receptors (intestine
or PTG) by sucrose gradient analysis (data not shown).

The results presented in Figures 4.2 and 4.3 demonstrate that

both chick and rat kidney contain 1,25(OH)2D3 receptors which readily

bind radiolabeled hormone at very low concentrations, in vitro. The
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Figure 4.3. Sucrose gradient analysis of 1, 25(0H) [ H]D -
incubated rat kidney cytosol.

Rat kidney cytosol (Methods) was incubated with radioligand

(0.8 nM) in the presence (®) or absence (o) of competing

(80 nM) radioinert 1,25(0H)D3. Samples (0.4 ml, 400 ng

protein) were analyzed as in Fig. 4.2. Protein standards

were; R = ribonuclease (1.85 S), C =chymotrypsinogen (2.5

E(;z, 0] ; ovalbumin (3.7 S) and BSA = bovine serum albumin
.4 8).
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sedimentation coefficients (3.3 S) for both'kidney receptors are iden-
tical to those established for the intestinal and PTG 1,25(OH)2D3-
receptor complexes (Fig. 4.1). Furthermore, the observation that
excess radioinert 1,25(OH)'2D3 obliterates the radioligand binding in
the 3.3 S region indicates that the kidney receptors exhibit both
saturability and high ligand (1,25(0H)2D3) affinity.

In oxder to evaluate the DNA-binding characteristics of mamma-
lian vitamin D-binding proteins, DNA-cellulose chromatography of pre-
labeled (1,25(0H)2[3H]D3) rat tissue cytosols was performed. Rat
intestinal mucosa (2 g) was homogenized in KETD-0.3 buffer (20 ml)
and cytosol prepared and precipitated as described (Methods). The
solubilized material (8.3 mg/ml protein) was incubated with 1.0 nM
1,25(OH)2[3H]D3 (110 Ci/mmole) for 4 hours at 4°c. Prior to chromato-
graphy, the salt concentration of the sample was diluted to 0.15 M
with KETD-O. DNA-cellulose chromatography was performed as previously
described and the elution profile is depicted in Figure A (upper
panel). Two peaks of bound 1,25(0H)2[3H]D3 were recovered in the
eluate of the DNA-cellulose column. The first peak elutes during the
low salt (0.15 M KCl) wash and the second during the linear salt
gradient (0.2-0.3 M KCl). An identical chromatographic analysis of
1,25(OH)2[3H]D3—labeled rat kidney cytosol (Fig. 4.4, middle panel)
exhibits a similar elution profile of 1,25(0H)2[3H]D3—binding compo-
nents. Also shown in Figure 4.4 (lower panel) is a DNA-cellﬁlose
elution profile of rat liver cytosol incubated with 4 nM 1,25(OH)2—
[BH]DS. As expected, the liver does not contain a 1,25(0H)2D3—

binding component which interacts (i.e., is retained) with DNA under
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Figure 4.4. DNA~cellulose chromatography of 1,25(OH).,-
[ H]D3 -~ incubated rat tissue cytosols.

Rat tissue cytosols (indicated) were prepared and salt-
precipitated (Methods) prior to incubations with 1,25-
(0H)2[3H]D3 (text). Chromatography was performed in
KETD buffers and linear salt gradients (KCl) were in-
itiated after washing (arrow) the columns with 45-ml of
KETD-0.15. Fractions (3 ml) were monitored for
radioactivity (e-e) and conductivity (---) as des-
cribed (Methods).
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'low salt (0.15 M KC1) elution. Instead, all of the bound radioligand
elutes in the fall-through or void volume of the column during the
KETD;O.lS wash.

The presence of specific 1,25(OH)2D3 receptors in vitamin D-
deficient rat intestine has been previously reported (285,286). How-
ever, for the experiment described herein (Fig. 4.4), rats were
maintained on a normal laboratory diet (vitamin D-sufficient). The
ability to label receptors with 1,25(0H)2[3H]D3, in vitro, suggests
that under physiologic settings, endogenous levels of 1,25(OH)2D3 are
not sufficient to saturate the cytosolic receptor components in the
kidney or intestine. Subsequent analysis of the DNA-cellulose-purified
rat intestinal receptor confirms earlier reports (285,286) that the
macromolecule sediments at approximately 3.3 S in hypertonic (0.3 M
KC1l) sucrose gradients (data not shown).

To further assess vitamin D metabolite binding to macromole-
cular components of rat kidney cytosol, the combined techniques of DNA-
cellulose chromatography and sucrose gradient analysis were employed.
Rat kidney cytosol preparations were precipitated with ammonium sulfate
and then solubilized in KETT-0 buffer prior to incubations with either
1,25(0H), [ *KID,, 24,25(0H),[’H]D, or 25(0M)[’HID,. In each incubation
the concentration of added radioligand was 1.2 nM and the samples were
kept at 4°C for the 4 hour incubation period. Individual cytosol-
sterol samples (16 mg total protein/sample) were then diluted (KETT-0)
and applied to 10-ml DNA-cellulose columns. Chromatography was per-

formed as before and the peak eluate fractions containing radiolabeled
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, sterol were subjected to sucrose gradient analysis (Methods). These re-
sults are presented in Figure 4,5. 1In the upper panels (Fig. 4.5) the
DNA-cellulose profile of 1,25(OH)2[3H]D3—1abeled cytosol (left panel)
and the corresponding sedimentation coefficient of the DNA-binding
receptor (right panel) are shown. The 1,25(0H)2[3H]D3—1abe1ed material
collected at 0.26 M KC1 (fraction 28) displays a 3.3 S sedimentation
coefficient, typical of the 1,25(0H)2D3 receptor. Conversely, cyto-
solic preparations (precipitates) incubated with 24,25(0H)2[3H]D3
(middle panel) or 25(0H)[3H]D3 (lower panel) do not demonstrate a DNA-
binding component. Furthermore, the bound radioligands (24,25(OH)2—
[3H]D3 and 25(0H)[3H]D3) eluting during the low salt column washes

(left panels) both sediment as macromolecular complexes of approxi-
mately 6 S in hypertonic sucrose gradients (right panels). This 6 S
binding component has been described in rat tissue cytosol prepara-
tions (93,94) and consists of the 4.1 S serum-derived DBP complexed to
cytosolic actin. The ligand binding affinity of this complex is
derived from the serum DBP subunit rather than actin.

To insure that ammonium sulfate precipitation did not eliminate
any sterol-binding cytoplasmic component(s), the above experiment was
repeated using a crude rat kidney cytosol preparation and a radioligand
(1,25(OH)2[3H]D3) concentration of 4 nM. Figure 4.6 illustrates the
1,25(0H)2D3—binding components present in the crude cytosol. DNA-
cellulose chromatography (Fig. 4.6A) reveals the same elution profile
as was obtained with the precipitated material (Fig. 4.5, upper left

panel). Aliquots (0.5 ml) of the respective DNA-cellulose eluates
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Figure 4.5. Vitamin D metabolite binding components in rat
kidney cytosol.

DNA-cellulose chromatography was performed (left panels) on
ammonium sulfate-precipitated material (16 mg protein) incu~-
bated with the indicated radiolabeled metabolites (1.2 nM).
Chromatography was performed as described (Methods) and
aliquots (0.5 ml) of the peak fractions were analyzed on
hypertonic sucrose gradients (right panels). Radioactivity
(o), KCl gradients (===). C = chymotrypsinogen, O = ovalbumin.
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(fractions 3 and 28) wer€ then analyzed (as before) on hypertonic suc-
rose gradients. The sedimentation profiles confirm that the column
fall-through (fraction 3) represents Ehe 1,25(OH)2[3H]D3 - 6 S complex
(Fig. 4.6,B) while the DNA-binding peak (fraction 28) represents the
3.3 8§ 1,25(0H)2D3 receptor component (Fig., 4.6,C). In similar experi-
ments using 24,25(OH)2[3H]D3 and 25(OH)[3H]D3 as radioligands (data
not shown) the results were identical to those described for the ammon-
ium sulfate-precipitated material (Fig. 4.5, middle and lower panels).
Previous work (248,258) has established that approximately 70% of the
1,25(OH)2D3 receptor is recovered by this salt-precipitation technique
with a concomitant 3-fold purification of receptor (relative to total
cytosolic protein). Hence, ammonium sulfate precipitation of cytosols
was employed in further studies of vitamin D metabolite binding to tis-
sue cytosol components.,

As mentioned previously, DNA-binding of the 1,25(OH)2D3 recep-
tor may represent a functiomal characteristic of this protein. Indeed,
the enhanced level of purification achieved by DNA-cellulose chromato-
graphy, relative to ion-exchange resins (i.e., phosphocellulose) (249),
suggests a biospecific affinity for this receptor-DNA interaction. The
finding that the kidney 1,25(OH)2D3 receptor shares this DNA-affinity
with the receptor from the chick intestine, and other tissue sources,
may reflect a preferred, common site of binding in the nucleus, in vivo.
Presumably, once associated with the genome (via DNA-binding), the
receptor could modulate the selective transcription of vitamin D-
dependent mRNA (i.e., CaBP mRNA). This hypothesis would be consistent

with a steroid hormone mode. of action but still requires extensive
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Figure 4.6. Analysis of 1,25(0H)2D3 binding components in rat
kidney cytosol.

A) Rat kidney cytosol (20 mg protein) was incubated directly with
4 nM 1,25(0H)9[3H]D3 (2 hr at 4°C) and applied to a 10-ml DNA-
cellulose column in KETT-0.15. The column was washed with 60 ml
of KETT-0.15 prior to initiating the KCL gradient. Aliquots (0.2
ml) of each fraction were monitored for radioactivity (o) and
conductivity (---).

B) Sucrose gradient analysis of Fraction 3 (from A). 0.5 ml of sample
was applied to and analyzed via hypertonic sucrose gradient sedimenta-
tion. Radioactivity (o), BSA = bovine serum albumin.

C) Sucrose gradient analysis of Fraction 28 (from A). 0.5 ml was
analyzed as described above. Radioactivity (o), C = chymotrypsinogen,
0 = ovalbumin.
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evaluation. AltHough 25(0i-1)D3 and 24,25(0H)2D3 were not found to assoc-
iate with the rat kidney receptor at low ligand concentratioms, in vitro
(Fig. 4.5), their localization in the kidney is well documented, in vivo
(72,287). Whether this localization reflects the kiéney's role as the
predominate site for the metabolism of 25(0H)D3 (and hence, 24,25(OH)2—
D3 synthesis) or as a target site for these compounds remains unclear.

To further investigate 25(0H)D3 and 24,25(0H)2D3 binding to cy-
tosolic components, in vitro, these radioligands were incubated with
cytosolic preparations from established vitamin D target tissues.
Sucrnse gradient analysis of these cytosols are presented in Figures
4,7 and 4.8. Figure 4.7 illustrates a common 25(OH)[3H]D3-binding com-
ponent in the three rachitiec chick tissues (indicated) sedimenting at
6 S. Virtually identical profiles were obtained in these tissues when
cytosol-precipitates were incubated with 24,25(OH)2[3H]D3 (Fig. 4.8).
Neither metabolite was found associated with the 3.3 S receptor in the
tissues examined. These results, in the chick intestine, tend to sup-
port previous reports that both 25(0H)D3 and 24,25(0H)2D3 are relatively
ineffective in terms of stimulating intestinal calcium transport (288)
or the induction of.intestinal CaBP, in vitro (151). In the chick
parathyroid gland (Figs. 4.7 and 4.8), this correlation is less clear

since both 1,25(OH)2D and 24,25(OH)2D3 have been shown to inhibit PTH

3

secretion, in vivo (289), yet only 1,25(0H)2D appears to bind to the

3
3.3 S receptor, in vitro (Fig. 4.1). Cumulatively, metabolite binding
to cytosolic components of chick or rat tissue origin indicates that

only l,25(OH)2D3 associates with the receptor at low ligand concentra-

tions (< 4 nM), in vitro. Nevertheless, these binding studies do not
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Figure 4.7. Sucrose gradient analysis of chick tissue cytosol
' binding components for 25(OH)D3.

Cytosols were prepared from rachitic chick intestine, parathyroid
gland and kidney (Methods). Ammonium sulfate precipitates of
each cytosol were then incubated with 4 nM 25(0H)[3H]D3 (110 ci/
mmolé) or radioligand (4 nM) plus excess (400 nM) radioinert
25(OH)D3 for 4 hours at 4°c. Samples were then adjusted to 0.3
M salt and 0.5 ml applied to hypertonic sucrose gradients as
before. (o), samples incubated with radioligand only; (---)
samples incubated with radioligand in the presence of a 100-fold
excess (400 nM) radioinert ligand. Fractions (5 drop) were
quantitated for 3H as before. Bovine serum albumin (BSA, 4.4 S)
migrates at fraction 17. :
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Figure 4.8. Sucrose gradient analysis of chick cytosol
binding components for 24,25(OH)2D3.



Figure 4.8. Sucrose gradient analysis of chick cytosol
binding components for 24,25(0H)2D3.

Cytosol preparations (10 mg/ml, total protein) from
rachitic chick intestine, parathyroid gland and kidney
were ammonium sulfate precipitated prior to incubations
with either 4 nM 24,25(0H),[3H]D3 (80 Ci/mmole) or radio-
ligand in the presence of excess (400 nM) radioinert 24,-
25(0H)9D3. Conditions were identical to those in Figure
4.7. (®), & nM 24,25(0H)5[3HID3; (---), radioligand plus
400 nM radioinert 24,25(OH)2D3. BSA (4.4 S) sediments at
fraction 17 (not shown).
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rule out a potential role(s) for 25(0H)D3 or 24,25(0H)2D3 in these tis- |
sues, in vivo. It is noteworthy that the chick tissue cytosols (Figs.
4.7 and 4.8), unlike those prepared from rats (not shown), exhibit
saturable levels of the 6 S binding component. This is indicated by
the obliteration of radioligand binding (6 S) in the presence of a 100-
fold molar excess of radioinert ligand (chick tissues). These findings
are in excellent agreement with the relative serum titers of DBP in |
the chick (1 pmole/mg protein) and rat (43 pmoles/mg protein) obtained
in this laboratory (S. Dokoh, unpublished observations).

Having established the presence of specific 1,25(0H)2D3 recep-
tors in the rat and chick kidney, the rat kidney receptor was exten-
sively characterized. The mammalian (rat) kidney component was
selected primarily because most available information regarding vita-
min D action, in vivo, has been obtained in the rat. Also, the ana-
tomical structure and heterogeneity of tubular function is better
defined in the mammalian kidney. However, recent characterization of
the chick kidney 1,25(0H)2D3 receptor (143,176,290) suggest that it 1is
similar, if not identical, to the rat kidney receptor described herein.

As previously shown, the 1,25(OH)2D3 receptor from rat kidney
displays pronounced affinity for the DNA-affinity ligand (DNA-

cellulose). Since this property is consistent among 1,25(OH)2D recep-

3
tors, independent of their origin (tissue source), several other
pseudo-affinity resins were selected for comparative characterization

of the rat kidney form. Blue dextran-Sepharose chromatography has been

employed as a purification tool for the chick intestinal 1,25(0H)2D3
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receptor (142,248,258). In this respect, the resin affords a signifi-
cant degree of pu;ification (approx. 100-fold) of the receptor from
crude cytosol or salt-precipitated material. This resin has also been
used for the purification of dinucleotide- and DNA-binding proteins
(256,291), suggesting a structural similarity between the functional
ligand (blue dextran) and native nucleotide-containing cofactors (i.e.,
NAD and DNA). Blue dextran-Sepharose chromatography of the rat kidney
receptor is presented in Figure 4.9(A). Cytosol was prepared and
precipitated with ammonium sulfate (Methods) prior to incubation with
4 nM 1,25(0H)2[3H]D3 (110 Ci/mmole). The material (35 mg total protein)
was then adjusted to 0.05 M salt by dilution (KETT-0) and applied to a
10-ml column of equilibrated (KETT-0,05) blue dextran-Sepharose, The
column was washed with 90 ml of KETT-0.05 followed by a 100 ml linear
KCl gradient (KETT-0.05 to KETT-0.6). The elution profile of 1,25(OH)2—
[3H]D3 (Fig. 4.9,A) demonstrates two peaks of radioactivity; the first
as fall-through material (0.05 M KCl) and the second during the salt
gradient (approx. 0.4 M KCl). Sucrose gradient analysis of the high
salt-eluting peak (fraction 51) indicates a single macromolecular-l,25-
(OH)2[3H]D3 peak sedimenting at 3.3 S (Fig. 4.9,B). This chromatographic
elution profile is identical to that observed for the ‘chick intestinal
1,25(OH)2D3 receptor on blue dextran-Sepharose (142). Independent anal-
ysis of the fall-through material (Fig. 4.9,A) via hypertonic sucrose
gradient sedimentation identified this component as the 6 S binding
species previously described (not shown).

Further characterization of the rat kidney receptor was performed

via heparin-Sepharose chromatography, Although the precise nature of the
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Figure 4.9, Chromatographic characterization and
sucrose gradient analysis of the rat
kidney 1,25(0H) 2D3 receptor.,



Figure 4.9. Chromatographic characterization and sucrose gradient
analysis of the rat kidney l,25(0H)2D3 receptor.

Rat kidney cytosol was prepared, precipitated with ammonium sulfate
and resolubilized in 4.0 ml of KETT-0. The solubilized material
was incubated with 4 nM 1,25(0H),[3H]D, (110 Ci/mmole) for & hours
at 4°c. Portions (2 ml) of the labelea cytosol material were then
diluted (KETT-0) to 0.05 M salt and applied to a 10-ml column of
Blue dextran-Sepharose (A) or Heparin-Sepharose (C).

A) Blue dextran-Sepharose chromatography of 1,25(0H)2[3H]D3-1abe1ed
rat kidney receptor (Methods). Aliquots (0.2 ml) of the eliiate were
monitored for radioactivity (o) and conductivity (---). Flow rate
was 1.0 ml/min.

B) Sucrose gradient analysis of high-salt eluate (fraction 51).
An aliquot (0.5 ml) of material from (A) was analyzed on a hyper-
tonic sucrose gradient.

C) Heparin-Sepharose chromatography of 1,25(0H)2[3H]D3—1abe1ed rat
kidney receptor (Methods).. Aliquots (0.2 ml) of the columm eluate
were monitored for radioactivity (o) and conductivity (---). Flow
rate was 1.0 ml/min.

D) Sucrose gradient anélysis of high-salt eluate (fraction 38). An
aliquot (0.5 ml) of material (from C) was analyzed as above (B).

C = chymotrypsinogen, O = ovalbumin.
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protein-ligand interaction(s) is not entirely clear, the immobilized |
polysulfate-containing mucopolysacharide has been successfully used to
purify other steroid hormone'receptors (257,292). Likewise, heparin-
Sepharose will quantitatively bind the chick intestinal 1,25(0H)2D3

receptor (142,258) and achieves a 20 to 40-fold purification of the
receptor from crude cytosol preparatioﬁs. The intestinal (chick)
receptor characteristically elutes from this resin at 0.22 M during a
linear KC1l gradient (142,258). The chromatography ;f ammonium sulfate-
precipitated rat kidney cytosol on a heparin-Sepharose column (10-ml)
is shown in Figure 4,9(C). The sample (35 mg total protein) was in-
cubated with 1,25(0H)2[3H]D3 (110 Ci/mmole) for 4 hours at 4°c and
adjusted to 0.05 M salt prior to chromatography. An initial low salt
wash (KETT-0.05) preceded the 100-ml linear salt gradient (KETT-0.05
to KETT-0.6). Sucrose gradient analysis of the peak fraction (frac-
_tion 38) eluting at 0.22 M KC1 identified this material as the 3.3 S
1,25(OH)2D3 receptor (Fig. 4.9,D). Hence, the rat kidney receptor dis-
plays identical chromatographic properties on heparin-Sepharose as the
chick intestinal receptor.

Cumulatively, the chromatographic behavior (affinity) of the

rat kidney 1,25(OH)2D3 receptor suggest that it is very similar, if

not identical, to the chick intestinal receptor. Since binding to both
DNA-cellulose and blue dextran-Sepharose are thought to reflect func-
tional properties of steroid hormone receptors, it appears likely that
the chick intestinal and rat kidney receptors share common, specific

binding domains. Certainly, the identical salt-dependent elution of
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these receptor components from all of these group-selective "affin:i.ty".I
resins would support this contention. Furthermore, the physicochemical
properties of both receptor forms are indistinguishable via ion ex-
change (phosphocellulose or diethylaminoethyl cellulose) chromatography
(not shown), suggesting that they are similarly charged proteins. In
addition to the comparative chromatographic characterization of the
rat kidney receptor, the effects of mercurial reagents on both, 1,25-
(OH)2D3—binding and DNA-binding were examined. A ﬂumber of alkylating

(iodoacetamide) and mercurial (HgCl, and p-chloromercuribenzoate) com-

2
pounds are capable of blocking steroid hormone binding to their respec-
tive receptors (293-295). A similar requirement for a reactive
sulfhydryl group(s) has been reported for the 1,25(0H)2D3—receptor—
hormone complex formation (295-297). More recently, the DNA-binding
site of the l,25(0H)2D3'receptor (chick) was also shown to be sensi-
tive to mercurial reagents (289). Such is the case with the rat kidney

receptor; at low concentrations (1.0 mM) of HgCl,, hormone binding to

29
semi-purified receptor preparations is blocked as is the ability of
the upliganded receptor to associate with DNA-cellulose (data not
shown). Both processes are readily reversed by regenerating the re-
active sulfhydryls in the presence of excess thioglycerol. These
observations further implicate the similarity between the rat kidney
and chick. intestinal 1,25(0H)2D3 receptors, as well as their likeness
to steroid hormone receptors in general.

One of the hallmarks of steroid hormone receptors is that they

specifically bind their respective hormonal ligands with very high
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affinity. Since steroid hormones generally circulate at lO-8 to 10_10

M in the blood, this selective affinity is a prerequisite for binary
complex.formation and subsequent localization within the nucleus. By
virtue of binding to specific cytosolic receptor proteins, the steroid
presumably acts as an allosteric effector molecule, either by stabiliz-
ing or inducing an "active' state of the receptor, which ultimately
increases its affinity for chromosomal sites in the target cell nucleus
(299). Although this generalized mechanism is thought to facilitate
1,25(OH)2D3—receptor complex localization in target cell nuclei (137,
140,178,300,301), only limited data are available to suggest that
nuclear uptake of the complex is a hormone~dependent phenomenon.
However, it has been demonstrated that cytosolic receptors (chick in-
testine) labeled with 1,25(0H)2D3 specifically associate with the
intestinal nuclei while hormone-free receptors do not (269). Further-
more, this nuclear uptake (hormone-dependent) was described as a high-

10 M at 0°C), saturable process, in vitro

affinity (Kd = 2.2 x 10
(269). Thus, it appears that hormone-binding is required for nuclear
association of receptor and subsequent genomic activity in the vitamin

D system.
Extensive vitamin D metabolite (ligand) binding studies have

been reported for the chick intestinal 1,25(O0H) receptor (242-244,

2D3
302-304). A general consensus of the relative order (efficacy) of

metabolite binding is as follows: 1,25(0H)2D3 > 1,24,25(0H)3D3 > 25-

(OH)D3 > 24,25(0H)2D3 > vitamin D3. Although there is some discrepancy

as to the actual degree of analog competition, relative to 1,25(0H)2D3
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receptor interaction, this may well reflect the state of the receptor
preparation (purity and viability), incubation conditions and the meth-
ods used to quantitate bound ligand.

To examine the relative vitamin‘D metabolite affinities of the
rat kidney receptor, rat kidney cytosol was first purified by DNA-
cellulose chromatography to remove contaminant binding proteins (i.e.,
6 S). Routinely, cytosol preparations (2-6 grams of kidney) were
ammonium sulfate-precipitated, solubilized in KETD buffer (to < 0.1 M
salt) and applied to 10-ml columns of equilibrated DNA-cellulose.
Figure 4.10(A) illustrates the batch-elution technique used to par-
tially purify the rat kidney aporeceptor. In this experiment, the
solubilized material was labeled with 4 nM 1,25(OH)2[3H]D3 (110 ci/
mmole) prior to chromatography in order to illustrate the elution
profile and to calibrate the column for subsequent collection of apo-
receptor., The high~salt (KETD-0.6) strip of the column causes the
1,25(OH)2[3H]D3—receptor complex to elute as a sharp peak (Fig. 4.10A)
and based on subsequent sucrose gradient analysis (Fig. 4.10 B), re-
tains its 3.3 S sedimentation coefficient and is devoid of 6 S binding
activity. In similar fashion, preparations of unlabeled (no 1,25(0H)2—
[3H]D3) material were used to obtain aporeceptor for equilibrium
binding studies. 1Independent experiments (not shown) have demonstrated
that both the aporeceptor and the occupied form bind to DNA-cellulose
under these conditions (< 0.1 M KCl1).

The relative receptor-binding capacity for several vitamin D
metabolites (radioligands) was assessed in equivalent aliquots (12.5

ng total protein) of DNA-cellulose-purifed rat kidney aporeceptor
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Figure 4.10. DNA-cellulose purification of rat kidney 1,25(0H)2D3 receptor.

A) A 10-ml column of DNA-cellulose was equilibrated in KETD-0.1 buffer, A sample of
salt-precipiated rat kidney cytosol (Methods) was pre-incubated with 1,25(0H),[ H]D3
(4 nM) to calibrate the column for subsequent collection of unlabeled material
(aporeceptor). Aliquots of the column eluate were monitored for radiocactivity (e).
The arrow (fraction 26) indicates batch elution with KETD-0.6.

B) Sucrose gradient analysis of an aliquot (0.5 ml, fraction 29) of the high-salt
eluate from (A). Analysis was performed as described in the Methods. C =
chymotrypsinogen; 0 = ovalbumin.
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(above). Portions (0.1 ml) of the aporeceptor solution were incubated
with increasing concentrations of 1,25(OH)2[3H]D3 (110 Ci/mmole), 24,25-
(OH)2[3H]D3 (70 Ci/mmole) or 25(0H)[3H]D3 (94 Ci/mmole) for 1 hour at
4°c. The results are depicted in Figure 4.11 as total binding of each
radioligand. Clearly, the hormone (1,25(0H)2D3) ié rapidly bound and
readily saturates the receptor component in these incubations. Con-
versely, 25(0H)D3 and 24,25(0H)2D3 exhibit virtually linear, lower
affinity association with the rat kidney receptor component. Under

these short-term incubation conditions, 1,25(0H)2D is the preferred

3
ligand indicating that hormonal specificity, as in the chick intestinal
receptor system, is a property of the rat kidney receptor.

The metabolite specificity of the rat kidney receptor was more
thoroughly assessed by competition binding analysis. As described
previously (Ch. 3), the ability of radioinert sterols (vitamin D meta-
bolites) to compete with 1,25(OH)2[3H]D3 for aporeceptor binding sites
was used as a relative index of metabolite binding efficacy. For these
studies, aporeceptor was prepared as before and aliquots (0.1l ml, 6 ug
total protein) of the semi-purified material were incubated with 4 nM
1,25(0H)2[3H]D3 (110 Ci/mmole) in the presence of competing radioinert
metabolites, Bound radioligand was recovered by DEAE-filtration as
before (Ch. 3, Methods). The degree of competition exhibited by each
radioinert competitor was calculated from the molar excess required to
reduce 1,25(0H)2[3H]D3 (4 nM) binding by 50% (Fig. 4.12), The relative
order of metabolite binding (specificity) and competition index (com~

pared to 1,25(0H)2D3) is as follows: 1,25(OH)2D3 (100%) > 1,24,25(0H)3D3
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Figure 4.11. Metabolite specificity of the rat kidney aporeceptor.

Aporeceptor was semi-purified by ammonium sulfate precipiation and DNA-cellulose
chromatography as described in the text. Aliquots (0. 1 ml) of this material were
incubated with increasing concentrations of 1,25(0H)s[ H]D3 (A). 24 25(0H)2[ H]D3
(9), or 25(0H)[3H]D, (o) for 1 hour at 4°C. Total bound radioligand was recovered
and quantitated by filtration (Ch. 3, Methods) and normalized for the specific
radioactivity of 1 25(011)2[3H]D3 (110 Ci/mmole). Each point represents the average
of triplicate determinations.
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Figure 4.12. Vitamin D metabolite competition for 1,25(0H) [ H]D -binding to
purified rat kidney aporeceptor.

All incubations (0.1 ml) contained 4 nM 1,25(0H)2[3H]D3 (110 Ci/mmole) and the
indicated molar ratios of radioinert competitors. Incubations were allowed to
equilibrate for 18 hours at 4°C and bound radioligand was determined by DEAE-
filtration as before. Each point represents the average of triplicate assays.
Radioinert competitors were: 1 25(0H) (A); 1,24,25(0H)3D3 (0); 25(0H)D3
(); and 24,25(0H) D (d).
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(40%) > 25(0H)D3 4%) > 24,25(0H)2D3 (0.42). These results further il—'
lustrate the specificity inherent to the formation of hormone-receptor
complex. - Although the relative order of metabolite competition or
specificity is the same for the rat kidney and chick intestinal recep-
tors, the competition values (%) are somewhat inconsistent. As
mentioned previously, the results of competition binding studies are
dependent on incubation parameters and the source of binding protein
and hence, may well explain such differences. Since similar aporecep-
tor preparations from chick intestinal mucosa yield comparable meta-
bolite competition curves (not shown), it is doubtful that inherent
differences in ligand affinities exists between receptors from either
source. However, these binding studies, in vitro, may not completely
reflect a physiologic picture, since factors such as tissue delivery
and stability of various metabolites may impart some selective advan-
tage for metabolite-receptor interaction, in vivo. From what is known
regarding vitamin D action in the kidney (Ch. 1), the receptor-binding
data (Figs. 4.11 and 4.12) support the concept that 1,25(0H)2D3 is the
most active metabolite, if indeed these actions are mediated via a
receptor mechanism in renal target tissue,

Since hormone receptors typically demonstrate both high affin-
ity and low capacity for hormonal ligand, these properties were
evaluated using semi-purified rat kidney aporeceptor. These prepara-
tions (20 ug protein/ml) were incubated with 1,25(0H)2[3H]D3 at
various concentrations in the presence (non-specific binding) or ab-
sence (total binding) of a 100-fold molar excess of radioinert 1,25(OH)2-

D Incubations (0.1 ml) were performed either at 25°C (20 min.) or at

3.
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4°¢c (18 hours) and bound hormone was determined as before. Figure
4,13 depicte a saturation analysis performed at 25°C. These results
(Fig. 4.13A) demonstrate that specific binding of 1,25(0H)2[3H]D3
occurs at very low hormone concentrations and is saturable, indicating
a limited number of specific binding sites. Analysis of the specific
binding (4.13A) by the method of Scatchard (305) indicates the presence
of a single class of high affinity binding sites with an apparent

10 M (Fig. 4.13B). However,

dissociation constant (Kd) of 3.4 x 10~
since the 1,25(0H)2D3 receptor is very labile at 25°% (hence the short
incubation time), a reexamination of hormone binding was performed at
4°C for 18 hours to insure equilibrium binding. Importantly, the
partially purified 1,25(OH)2D3 receptor (rat) is remarkably stable at
4%¢ (up to 48 hours) as assessed by. periodic (every 4 hours) labeling
with 1,25(OH)2[3H]D3 (data not shown). The resultant "analysis of
1,25(OH)2[3H]D3 binding (4°C) is presented in Figure 4.l4. The re-
sults of the Scatchard plot (specific binding) are essentially the

10

same (Kd = 2.4 x 10~ M) as was obtained at 25°C. These values

(10-10

M) are in excellent agreement with those reported for receptor-
1,25(0H)2D3 complex formation using receptor preparations from various
target tissues of avian and mammalian origin (143),

As was previously shown (Fig. 4.12 and in Ch. 3), 1,24,25-
(OH)3D3 readily associates with the rat kidney receptor. Since com-
petition binding studies revealed that the trihydroxylated metabolite
competes 407 as effectively as 1,25(OH)2D3 for hormone binding sites

(Fig. 4.12), the relative affinity of this sterol-receptor interaction

was further examined. The experimental conditions and the aporeceptor
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Figure 4.13. Saturation analysis and determination of the dissocia~-
tion constant for the 1 25(0H) j-aporeceptor interac-
tion at 25°C.

A) Aliquots (0.2 ml) of semipurified rat kidney aporeceptor (as in
Fig. 4.12) were 1ncubated at 25°C for 20 min. with increasing con-
centrations of 1,25(0H) [ H]D (110 Ci/mmole) in the presence (&) and
absence (A) of a 100-fo%d excess of radioinert hormone. Each point
represents the average of triplicate assays.

B) Scatchard plot of specific binding (o).
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A) Aporeceptor was prepared as before (Fig. 4.11) and aliquots
(0.2 ml) were incubated at 4 C for 18 hours with increasing
concentrations of 1,25(0H)j| 3H)D, (110 Ci/mmole) in the
presence (o) and absence () of a 100-fold molar excess. of

radioinert hormone.

Specific binding (A) represents the differ-

ence between the total (@) and nonspecific (o) bound radioligand.
Each point is the average of triplicate assays.

B) Scatchard plot of specific binding (from A).



160
preparation were identical to those described previously (Fig. 4.14).
The results (Fig. 4.15) indicate that high affinity, specific binding
is evident, with saturation occurring at about 8 nM 1,24,25(0H)3[3H]D3.
A Scatchard plot of this specific binding reveals an apparent equili-
brium dissociation constant (Kd) of 2.2 x 10—? M for the interaction
of 1,24,25(0H)3[3H]D3 with the kidney receptor. This value (2.2 x
10-9 M) is about three times higher (i.e., of lesser affinity) than
one would predict from the known Kd for 1,25(0H)2D3—receptor interac-

10 M) and the observed competitive binding index (40%)

tion (3.4 x 10

for 1,24,25(OH)3D3. Nevertheless, all binding data are fairly consis-

tent and indicate that 1,24,25(OH)3D3 is 10% to 407 as active as 1,25~

(OH)2D3 at the receptor level, suggesting that it is the second most

active circulating vitamin D metabolite. However, as discussed in

chapter 3, the physiologic importance of 1,24,25(0H)3D3 is not clear.
Thus, by all criteria examined, the kidney 1,25(OH)2D3 receptor,

from both rat and chick, appear to be virtually identical to other

target tissue receptors for 1,25(0H)2D3. These findings might suggest

analogous receptor function in these diverse tissue types. However,

until specific actions and the underlying biochemical mechanisms in-

volved in these actions are identified and defined, this hypothesis

must be viewed with caution. A survey of 1,25(0H)2D3 receptor—-containing

tissues (i.e., target tissues) reveals a more ubiquitous distribution

of this protein than might be expected (301l). Among tissues known to

be involved in the transport of minerals, the dintestine, bone, kidney,

skin, mammary gland, placenta and avian shell gland all contain specific

receptors for 1,25(0H)2D3. Additionally, several endocrine organs such
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Figure 4,15, Saturation and Scatchard analysis of 1,24 25(0H) -
[ H]D binding to rat kidney aporeceptor.

A) Aliquots (0.1 ml) of semi-purified rat kidney aporeceptor (as in
Flg. 4.11) were incubated under equilibrium conditions (18 hr at

4° C) with increasing concentrations of 1,24 25(OH)3[3H]D3 (166 Cci/
mmole) in the absence (total) and presence (nonspecific) of a
100-£fold excess of radioinert 1,24 25(OH) D Binding was assayed
in triplicate via DEAE—flltratlon and speclgic binding represents
the difference between total and nonspecific.

B) Scatchard plot of specific binding from (A). The r value for
the regression line was 0.92,
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as the parathyroid gland (PTG), pituitary gland and the pancreas contain
this receptor component. Although it is possible that in all of these
tissues, vitamin D regulates the net flux of calcium, certainly other
unique biological actions of 1,25(0H)2D3 must be considered. In an
effort to elucidate the mechanism(s) of 1,25(0H)2D3 action, this lab-
oratory (and others) have begun to investigate a number of cultured
cell lines for the presence of 1,25(OH)2D3 receptors and specific 1,25-
(OH)2D3—mediated responses. Some of these cultured cell systems are
presented in this chapter with respect to 1,25(OH)2D3 receptor iden-
tification. These cell lines were selected to represent the various
types of target tissues (i.e., endocrine or mineral translocating) dis-
cussed above, although the cells of kidney origin may fall in either
(or both) category. In the next and final chapter (Ch. 5), attempts to
correlate 1,25(OH)2D3 receptors with a specific 1,25(0H)2D3—mediated
biological response will be presented.

Eisman et al. (306-308) initially reported the presence of a
receptor for l,25(0H)2D3 in a cultured human breast cancer cell line
(MCF-7) and in normal breat tissue from rabbits. Since the MCF-7
cell line is known to cause resorption of bone (309), suggesting an
osteoclast-like activity, it was included as a model system for 1,25-
(OH)2D3 action. Identification of the MCF~7 1,25(0H)2D3.receptor is
shown in Figure 4.16 (upper'left panel) via sucrose gradient analysis;
A cell cytosol fraction (Methods) was prepared and incubated with 0.5
nM 1,25(OH)2[3H]D3 (166 Ci/mmole) for 4 hours at 4°c. An equivalent
portion of the cytosol was incubated with radioligand (0.5 nM) in the

presence of 50 nM radioinert 1,25(OH)2D3. Subsequent analysis of these
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Figure 4.16. Sucrose gradient analysis of cell cytosols.



Figure 4,16, Sucrose gradient analysis of cell cytosols.

Cytosols were prepared from the indicated cell lines as described
in the Methods. Portions (0.5 ml) of these cytosol preparations
were then incubated with appropriate sterols (4 hours at 4°C)
prior to analysis on 5%-20% hypertonic (0.3 M KCl) sucrose grad-
ients. (e), cytosol containing 0.5 nM 1,25(0H)2[3H]D3 (166 Ci/
mmole); (o), cytosol containing 0.5 nM 1,25(0H)2[3H]D and 50 aM
radioinert 1,25(0H)oD3; (4), cytosol containing 0.5 nﬁ 1,25(0H)
[3H]D3 and 50 nM radioinert 25(OH)Dj. 3Chick intestinal receptof
(3.3 8) was prelabeled with 1,25(0H)2[ H]D, and used as an external
sedimentation standard. The cytosol equivalent of whole cells is
indicated in each panel. 5 drop fractions (fx) were collected as
before.
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incubates on hypertonic sucrose gradients (as before) reveals a peak
of bound radioactivity (1,25(OH)2[3H]D3) sedimenting in the 3.3 § re-
gion. This peak is obliterated, as expected, by an excess (100-fold)
of radioinert hormone. It was also of interest to examine the DNA-
binding properties of the MCF-7 receptor, particularly since this cell
line is of cancerous origin. For this experiment, a standard cytosol
fraction was prepared from MCF-7 cells (20 x lO7 cells) at a confluent
stage of growth (Methods). The entire cytosolic fraction was then
incubated with 1.0 nM 1,25(OH)2[3H]D3 (166 Ci/mmole) for 4 hours (4°C)
and applied to a DNA-cellulose column (10-ml). Chromatography was
performed as previously described and the receptor-radioligand complex
was found to exhibit salt-dependent elution (Fig. 4.7, upper left
panel) typical of the 1,25(OH):.2D3 receptor component, Hence, by
these criteria, the 3.3 S MCF-7 receptor was judged to be a viable or
functional one, capable of DNA-binding, in vitro, and plausibly,
genomic aetion in culture,

In similar fashion, several other cell lines were examined
for the presence and DNA-binding capacity of 1,25(0H)2D3 receptors.
The rat pituitary tumor (GH3) cell line was selected as a representa-
tive endocrine cell type since it is known to secrete both prolactin
and growth hormone. Haussler et al. (301) demonstrated specific, high
affinity l,ZS(OH)2D3 receptors in the GH3 cell line but to date have
not reported any biochemical effects of 1,25(OH)2D3 in this system.
A summary of those data (301) is presented herein (Figs. 4.16 and

4,17). Analysis of GH3 cell cytosol via sucrose gradient sedimentation
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Figure 4.17. DNA-cellulose chromatography of 1 25(0H) [ H]D ~labeled
cell cytosols,

In the top panels (MCF-7 and GH3), cell cytosols were prepared
(Methods) and incubated with 1. 0 oM 1,25(0H),[ H]D (166 .Ci/mmole)

for 4 hours at 4°C prior to chromatography. In thé bottom panels

(PK; and MKp), intact cells were suspended in growth medium con- 3
taining 1% fetal bovine serum and incubated with 1.0 nM 1 25(0H)2[ H]-
D, for 1 hour at 37°C. The cells were then washed and cytosol pre-
pgred as above. All cytosols were applied to a 10-ml DNA-cellulose
column under low salt conditions (< 0.1 M KCl), washed with low salt
buffer (KETD-0.l1) and then eluted with a linear salt (KCl) gradient

in KETD buffer.
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‘(Fig. 4.16, upper right panel) indicates the typical 3.3 S sedimentation
coefficient of the 1,25(0H)2D3 receptor macromolecule. Furthermore, the
inclusion of excess radioinert 1,25(0H)2D3, but not ZS(OH)D3, obliter-
ates radioligand binding indicating specifiéity for the hormonal ligand.
The GH3 receptor component also exhibits typical salt-dependent elution
from DNA-cellulose (Fig. 4.17, upper right panel). Whether this recep-
tor is involved in mediating (i.e., feedback) secretion of pituitary
hormones, as has been suggested for 1,25(0H)2D3 action in the para-
thyroids, is not known.

Since it is the purpose of this dissertation to explore the
renal metabolism and action of vitamin D, it was deemed essential to
adopt, as experimental models, appropriate cultured cell systems of
kidney origin. A wealth of information has been gleaned from numerous
studies, in vivo, as well as from primary cultures of chick and monkey
kidney cells, tubular segments of mammalian kidney, chick kidney homo-
genates, and slices of rat kidney (discussed in Ch. 1). However, the
cellular heterogeneity of these systems precludes a correlation of
vitamin D-dependent responses with a receptor-mediated mechanism,

Also, these systems are all subject to pre-existing stimuli, which are
difficult or impossible to control and often obscure the experimental
effect(s) of interest. The use of established cell lines, in culture,
provides for a more rapid and direct experimental approach in that many
of the problems associated with fresh tissue—derived.systems (above)
are eliminated. This concept and its application will be expanded upon

in Chapter 5.
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Two cultured cell lines of mammalian kidney origin.were selec-
ted for 1,25(0H)2D3 receptor analysis and subsequent (Ch. 5) investiga-
tion of 1,25(DH)2D3—responsivity. An established pig kidney (LLC—PKl)
cell line and one from monkey kidney (LLC-MKZ) were initially analyzed
for the presence of 1,25(OH)2D3 receptors via sucrose gradient centri-
fugation and DNA-cellulose chromatography (Figs. 4.16 and 4.17,
respectively). A gedimentation'ana1YSis of LLC—PKl cell cytosol is
presented in Figure 4.16 (lower left panel). Portions of cytosol
(Methods) were incubated with 1,25(0H)2[3H]D3 (166 Ci/mmole) and the
appropriate radioinert sterols as described in the figure legend
(Fig. 4.16). A specific 1,25(0H)2D3 receptor is readily observed in

the LLC-PK, cytosol fraction sedimenting at the 3.3 S position in a

1
hypertonic sucrose gradient. This same receptor component (LCC—PKl)

is readily isolated by DNA-cellulose chromatography (Fig. 4.17, lower
left panel) and exhibits the ‘expected elution profile (0.26 M KCl) dur-
ing the linear salt gradient. Also shown in Figures'4.16 and 4.17
(lower right panels) are the results of sucrose gradient and DNA-
cellulose analysis (respectively) .of 1,25(0H)2[3H]D3-labeled cytosols
from the LLC-MK2
demonstrated by either technique in these epithelial-like kidney

cell line. Receptors for 1,25(OH)2D3 could not bé

cells (LLC-MKZ). For the DNA-cellulose chromatographic analysis of

LLC~PK, and the LLC-MK, cell cytosols (Fig. 4.17, lower panels), the

1 2
technique of whole cell labeling (in situ) with 1,25(OH)2[3H]D3 was
performed prior to cytosol preparation as described in the figure legend

ig. 4. . s procedure allows for rapid labelin 1 hour at C
(Fig. 4.17). Thi d 1lows f d ling ( 37°C)
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of the 1,25(OH)2D3 receptor under optimal conditions as these intact
cell suspensions are viable. However, similar chromatographic analy-
sis (DNA-cellulose) of cytosol preparations from both kidney cell
lines which were subsequently labeled with 1,25(0H)2[3H]D3 for 4 hours
at 4°¢ (postlabeled) yielded identical results (not shown). Chromato-
graphic analysis of the LLC--PKl 1,25(0H)2D3 receptor on blue-dextran
and heparin-Sepharose columns (not shown) yielded identical profiles
as those shown for the rat kidney receptor (Fig. 4.9). Although the
LLC—PKl cell line has been partially characterized and exhibits bio-
chemical parameters typical of normal proximal renal tubular epithe-
lium (310,311), the LLC-MK2 cell line has only been morphologically
characterized as epithelial-like. This fundamental contrast in recep-
tor content provides a unique opportunity for examining the 1,25(0H)2-
D3 receptor and its role in mediating vitamin D-dependent biological
responses,

A final characterization of these cultured cell 1,25(0H)2D3
receptors was performed via hormone saturation and Scatchard analyses
(Figs. 4.18 and 4.19). These experiments were performed in order to
assess the hormone's affinity for and the relative concentrations of
1,25(OH)2D3 receptors in each cell type. The basic protocol for these
analyses are described in the figure legend (Fig. 4.18) and differ from
that previously described (Figs. 4.13-4.15) in that cell cytosol-sterol
incubations included an ethanol extract of vitamin D-deficient chick
serum and the bound and free hormone was separated with dextran-coated

charcoal of equivalent particle size (243). Also, the crude cytosol

fractions were diluted (4-fold) with STKMET buffer containing 0.3 M KCl
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Figure 4.18. Saturation and S.catchard analysis of GH3 and
MCF-7 cell cytosols.,

Cytosols were prepared from sonicated cell suspensions in
STKMET buffer containing 0.3 M KCl and dithiothreitol (5 mM).
3-ml of the cytosols were then diluted with 9 ml of the sonica-
tion buffer and aliquots (0.2 ml) of the solutions were in-
cubated with the appropriate sterols for 6 hours at 4%, Al1
sterols were N, dried and resolubilized in 20 pl of vitamin D-
deficient chlcﬁ serum extract (ethanol) prior to incubation.
Total and nonspecific binding were determined using dextran-
coated charcoal for the separation of bgund and free hormone
(243). Incubations included 1,25(0H) [ H]D, (166 Ci/mmole) in
the absence (total binding, A) or presence %nonspecific binding,
o) of a 100-fold excess of radioinert 1 25(OH)2 3 Each point
represents the average of triplicate assays.
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Figure 4.19., Saturation and Scatchard analysis of LLC-
PKl and LLC—MK2 cell cytosols. .

All conditions and procedures were identical to those

described in Figure 4.18.
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and 5 mM dithiothreitol prior to sterol incubations. These factors re-
sult in apparent equilibrium dissociation constants (Kd's) of somewhat

higher affinity (;Lo'll

M) than the techniques previously described for
the rat kidney 1,25(OH)2D3 receptor. However, under identical condi-
tions, all l,25(0H)2D3 receptors exhibited similar Kd values for hormone
binding.

Figure 4.18 depicts the saturation and Scatchard analyses of
the GH, (upper) and MCF-7 (lower) cell cytosol preparations. The Kd
values (indicated) are similar and indicate very high affinity binding
of 1,25(OH)2[3H]D3 to receptors in both dilute cytosols., The GH3
cell line cytosol was found to contain a much higher level of specific
binding sites per cell (receptors = Nmax) than the MCF-7 cell line

(Fig. 4.18). Analysis of the LLC-PK, cell cytosol (Fig. 4.19, upper

1
panels) reveals a similar Kd value for receptor-hormone interaction
with a level of 5400 receptors per cell. Conversely, analysis of LLC-
MK, cell cytosol confirms the absence of 1,25(0H)2D3 receptors in this
cell line since no distinction between total and non-specific (i.e.,
specific binding) binding could be demonstrated (Fig. 4.19, lower
panel) .

To summarize, a number of previously recognized target tissues
for 1,25(0H)2D3 (intestine, parathyroid gland) and receptor-positive
cell lines (MCF-7 and GH3) were reevaluated using the combined tech-
niques of sucrose gradient sedimentation and DNA-~cellulose chromato-

graphy. Importantly, the kidney (rat and chick) is established as a

new target tissue for 1,25(0H)2D3 by virtue of specific, high affinity
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1,25(OH)2D3 receptor_identification and characterization. DNA-binding
of 1,25(OH)2D3 receptors is a common property of these components ir-
respective of tissue (or cell) origin but the serum derived 6 S con-
taminant (DBP-actin complex) does not bind to DNA. Since the rat
kidney receptor is virtually indistinguishable from the chick intes-
tinal (and other) 1,25(OH)2D3 receptors, a homologous mechanism
(albeit unknown) in kidney epithelium is suggested. The trihydroxy-
lated metabolite, 1,24,25(0H)3D3, was found to be a potent competitor
for 1,25(OH)2D3 binding sites in purified rat kidney cytosol prepara-
tions. Furthermore, two established cell lines (LLC-PK1 and LLC—MKZ)
derived from mammalian kidney were examined for 1,25(0H)2D3 receptors
and only one of these (LLC—PKl) contains the receptor macromolecule.
To gain insight into 1,25(OH)2D3 action on kidney cells, these newly
defined cultured cell models will be extensively evaluated in terms of
their responsiveness to 1,25(0H),D. and other vitamin D metabolites in

273
the following chapter.



CHAPTER 5

REGULATION OF 24-OHASE ACTIVITY

IN CULTURED CELLS

The kidney's role as the primary site for the metabolism of
25(0H)D3 is well documented in both mammalian and avian systems (Ch.
1). Renal production of the vitamin D hormone, 1,25(0H)2D3, is
stringently regulated by Qarious hormonal factors and physiologic
‘(dietary) conditions as was delineated earlier. One of the direct
consequences of 1,25(0H)2D3 action in the kidney is decreased produc-
tion of 1,25(OH)2D3 and, concomitantly, the enhanced production of
24-hydroxylated vitamin D metabolites (i.e., 24,25(0H),Dy).  This
feedback regulatory action has been shown by a number of investigators
to result from a reciprocal action of 1,25(0H)2D3 on the relative ac-
tivities of the renal 1-OHase and 24-OHase enzymes (as reviewed in Ch.
1). The molecular mechanism(s) whereby 1,25(0H)2D3 regulates these
renal hydroxylases is unknown despite intensive efforts to elucidate
the hormone's action.

In this chapter, attention is focused on the action of 1,25~
(OH)2D3 as a modulator of 24-OHase enzyme activity. Although 24-
OHase activity was examined in a number of serially cultured cells
of mammalian origin, a comparison of 1,25(OH)2D3—responsive 24-OHase
activity in two kidney cell lines is evaluated in detail. Since the

LLC-PK, and LLC-MK, cell lines both exhibit substantial enzyme

1 2
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activity (24-OHase) but differ with respect to 1,25(OH)2D3 receptor con-
tent (Ch. 4), a comparative study of 1,25(0H)2D3 action on these res-
pective systems was performed. These studies were designed to assess
the role of the 1,25(0H)2D3 receptor in mediating the 1,25(0H)2D3—
dependent increase in 24-OHase activity and hence, to help elucidate
the molecular mechanism of 1,25(0H)2D3 action on the renal metabolism

of vitamin D.

Materials and Methods

Cultured Cells
The sources and maintenance of all cell lines were described in

Chapter 4 (Methods).

Sterols
Vitamin D sterols were obtained and prepared as previously

described (Chapters 2 and 3).

Treatment of Cells in Culture (in situ)

The appropriate celi lines were grown to confluency or maximal
cell density unless otherwise indicated. Cultures were then treated
with 1,25(0H)2D3 or other metabolites by solubilizing the sterols in
normal growth media containing serum or 0.1% bovine serum albumin
(BSA), as indicated. Generally, the medium was decanted from the cul-
tures and the sterol to be tested (i.e., 1,25(OH)2D3) was added in ‘a
final concentration of 0.1% ethanol. The medium (plus sterol) was

then replaced and cultures were incubated for the indicated times.
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This procedure was adopted to eliminate the effects of adding fresh
serum (in the medium) to the cell cultures.
Preparation of Cells for the Assay
of 24-QOHase Activity
Following the appropriate treatment, in situ, cell cultures

were rinsed with PD buffer (0.14 M NaCl, 2.6 mM KCl, 0.01 M Na,HPO, ,

27774
1.47 mM KH,PO,, and 2 ml/liter of 0.5% phenol red solution (Gibco), pH

2474

7.5). Cultures were then treated with a trypsin solution (0.25%
trypsin (Gibeco), w/v, in PD buffer containing 0.5 mM EDTA) until cells
were detached from the culture vessels. The cells were then removed
in normal medium (containing serum) and sedimented by centrifugation
(Ch. 4, Methods). The cell pellets were then sequentially washed with
serum-free media (3-4 times) and finally, were resuspended in growth
media containing 1% serum. These intact cell suspensions (107 cells/
ml) were then assayed for vitamin D-hydroxylase activities (i.e., 24~
OHase) as described below.
Assay for 25(OH)D3-24-Hydroxylase
(24-0OHase) Activity

Cell suspensions were assayed for 24-OHase and other vitamin D-
hydroxylase activities (1-OHase, 26-OHase) by their ability to convert
substrate (ZS(OH)[BH]DB) to the respective dihydroxy-metabolites. Sub-
strate was prepared.(25(0H)[26,27-3H]D3, 20 Ci/mmole) and aliquots (as
indicated) were dried under nitrogen (NZ) in individual assay tubes
(16 ml polypropylene tubes). Portions (0.2 ml) of the cell suspension
were then added to each tube and mixed to solubilize thé radiolabeled

substrate, Incubations were performed at 37° ¢ in a shaking water bath
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for the appropriate times. Assay reactions were terminated by the ad-
dition of 0.62 ml of methanol-chloroform (2:1,v/v). Sterols were ex-
tracted by allowing the solvent-cell mixtures to sit at room
temperature for 30 minutes. The sterol fractions were then recovered
from individual samples by sedimenting the cell debris and adding the
supernatants (carefully avoiding the pellets) to 1.5 ml polypropylene
tubes containing 0.2 ml of chloroform and 0.1 ml of water. The mix-
tures were shaken vigorously and phase-separation of the aqueous
(upper) and organic (lower) layers was accomplished by brief (1 min.)
centrifugation (Eppendorf Centrifuge Model 5412, Brinkmann Inst. Inc;,
Westbury, N.Y.). The lower (chloroform) layer was carefully removed
and the upper (aqueous) phase was reextracted by the addition of 0.4
ml of chloroform. After mixing and phase-separation,the second chloro-
form extract was combined with the first. Sample extracts were then
Nz—dried and solubilized in 0.2 ml of toluene-ethanol (1l:1, v/v) for
storage. Analysis of metabolite synthesis was performed by HPLC (10%
isopropanol in hexane and a Zorbax-SIL column) as was described in
Chapter 2. Prior to sample extraction, each cell incubation was
spiked with one or more radioinert sterols (i.e., 24,25(0H)2D3) to
facilitate metabolite identification (HPLC) and the calculation of

extraction efficiency (yield).

Cell Counting
Cells (in suspension) were quantitated by standard aliquot

dilution (1:30) in a buffered trypan blue (1 gram/liter) solution
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and visual counting of cells (viable) with a hemacytometer. Cell
counts were routinely performed in triplicate aliquots of the stock

cell suspemsions.

Results and Discussion

The regulation of vitamin D metabolism in the kidney has been
attributed principally to the combined-effects of serum calcium and
phosphate, parathyroid hormone (PTH) and vitamin D. Although many
other effectors have been implicated from studies performed in vivo or
in renal homogenates, only the actions of PTH and vitamin D3 metabol-
ites appear to be direct ones as assessed in cultured cell systems,
in vitro. There is little doubt that these hormonal agents (PTH and
'1,25(0H)2D3) exert their respective effects on the prevailing acti-
vities of the enzymes (l-OHase and 24-OHase) responsible for meta-
bolite formation. Hence, in primary cultures of chick kidney cells,
1,25(0H)2D3 elicits a dramatic suppression of 1-QHase activity and a
concomitant induction of 24-OHase activity (106,108). Similarly, in
primary cultures of monkey kidney cells (107), 1,25(0H)2D3 treatment
leads to a stimulation in 24;25(0H)2D3 production but 1l-OHase activity
(1,25(OH)2D3 synthesis) was not observed in this system, even in the
absence of 1,25(OH)2D3. In both systems (106-108), PTH suppresses 24-
OHase activity and in the chick kidney cells, enhances 1-OHase activ-
ity. However, this PTH-mediated effect on 1-OHase activity (chick
kidney cells) could only be demonstrated by pretreatment with vitamin
D3 (108) or in insulin-treated cultures (112). The effects of 1,25-

(0H)2D3 on both 24-OHase and 1-OHase activities are blocked by the
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transcriptional inhibitbr, actinomycin D (102-104). Also, treatment of
primary chick kidney cells with cycloheximide, an inhibitor of protein
synthesis, effectively abolishes the 1,25(0H)2D3-mediated increase in
24-QHase activity but not the concomitant inhibition of 1-OHase activ-
ity (106). Hence, whether 1-OHase activity is suppressed by 1,25(0H)2-
D3 in a fashion similar to the induction of 24-OHase activiﬁy remains
unclear. The identification of 1,25(0H)2D3 receptors in primary cul-
tures of chick kidney cells (290) has prompted speculation that 1,25-
(OH)2D3 may alter the renal hydroxylases via this specific receptor
and a subsequent nuclear action. This purported mechanism would lend
clarity to the present enigma surrounding the kidney's dual role as a
target site for 1;25(OH)2D3 action and as an endocrine organ for 1,25-
(0H)2D3 biosynthesis and the metabolism of vitamin D in general.

More recent work tends to support the concept that 1,25(0H)2D3
modulates 24-OHase activity via a receptor-mediated mechanism in ex-
trarenal tissues as well. The presence of extrarenal 1-0OHase activity
(1,25(0H)2D3 synthesis) was initially observed in nephrectomized,
pregnant, vitamin D-deficient rats (312) and was confirmed by‘Tanaka
et al. (66), who demonstrated that placental tissue from pregnant
(vitamin D-deficient) rats could synthesize 1,25(0H)2D3, in vitro.
Furthermore, cultured explants of human placenta synthesize 24,25(OH2-
Dy, inm vitro (67). Cumulatively, these data (above) suggest that both
1-0OHase and 24-OHase are present in mammalian placental tissue but
their respective regulation by 1,25(0H),D, remains to be established.

273

Pike et al. (264), have reported the presence of specific receptors for
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l,25(OH)2D3 in normal rat placenta. However, it is not possible to es—
tablish a functional correlation between the 1,25(0H)2D3 receptor and
the regulation of either hydroxyla;e (1-OHase or 24~QHase) activity
based on available data.

A very similar situation to that described above is observed in
the avian chorioallantoic (CA) membrane, an embryonic tissue analagous
to the mammalian placenta. The chick CA membrane is capable of signif-
icant calcium tramnsport (313) and this transport is apparently sensitive
to 1,25(0H)2D3 (314). Puzas and colleagues (71) have demonstrated the
synthesis of both 1,25(OH)2D3 and 24,25(0H)2D3 by chick CA cells in cul-
ture and have provided evidence that enzymatic synthesis of these meta-
bolites is regulated by exogenous 1,25(0H)2D3. Like placental tissue,
the chick CA membrane contains specific 1,25(OH)2D3 receptors (238)
which may be associated with the regulation of metabolite formation.
Other known target tissues for 1,25(0H)2D3 (i.e., that contain receptors)
which also exhibit 1,25(0H)2D3—responsive 25(0H)D3—hydroxylating enzymes
include embronic chick calvaria (68,160), bone (69,162,163), skin (301,
315) and intestine (70,75,285,286). Since all of these sites are also
known to respond to l,25(OH)2D3 in terms of mineral translocation it is
even more difficult to ascertain whether regulation of vitamin D meta~
bolism (via 1-OHase and 24-OHase), mineral transport, or both, represent
nuclear actions of the hormone.

At this point it is important to reiterate some of the prop-
erties of the 1-OHase and 24-OHase enzyme complexes. As was described
in Chapter 1, both the renal l-OHase and 24-OHase enzymes are mito-

chondrial cytochrome P-450-dependent mixed function oxidases (48,
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58-64). The similarities between the l- and 24-OHases (oxidases) and
monooxygenase systems found in other steroidogenic tissues (316) in-
clude: reaction dependency on oxidizable substrates, molecular oxygen
and magnesium ions, dependency on NADPH in the presence of calcium, a
carbon monoxide-sensitive P-450 hemoprotein and an iron-sulfur protein
component. A well characterized example of a monooxygenase-catalyzed
reaction is the llg-hydroxylation of deoxycorticosterone in the adrenal
cortex (317,318). 1In this system, adrenocortical mitochondrial ferre-
doxin and an FAD-containing flavoprotein constitute an NADPH-dependent
cytochrome P-450 reductase complex (11p-hydroxylase) which catalyzes
enzymatic 1llg-hydroxylation of deoxycorticosterone to form cortico-
sterone. The ferredoxin and ferredoxin reductase components of 11BR-
hydroxylase (from beef adrenal cortex) have been isolated and
characterized (319,320) and appear in many respects similar to the
1-OHase and 24-OHase enzyme components (60,61,321). Each of the renal
enzyme complexes (l- and 24-OHase) consist of similar subunits includ-
ing a flavoprotein (ferredoxin reductase), an iron-sulfur protein
(ferredoxin) and a cytochrome P-450 component. In this three-
component complex, ferredoxin mediates the transfer of electrons

(from NADPH) from the reduced flavoprotein to the cytochrome P-450
terminal oxidase., Hence, the salient features of both enzyme complexes
suggest that the only obvious difference is in their catalysis of hy-
droxylation (C-l1 or C-24) of a common substrate, 25(0H)D3. In this
respect, there is substantial evidence to suggest that, in the kid-
ney, the selective insertion of a hydroxyl (OH) function is determined

at the level of the cytochrome P-450 terminal oxidase. First, the
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amount of enzymatically active renal ferredoxin appears to be indepen-
dent of vitamin D status (60,79). Also, reconstitution of purified
renal ferredoxin from normal animals (vitamin D-sufficient) with cyto-
chrome P-450 ﬁrom rachitic chick mitochondria (renal) results in fully
active l-hydroxylation of 25(0H)D3, in vitro (60). Indirect immuno-
fluorescent studies have confirmed that renal ferredoxin localization
along the nephron is neither altered by vitamin D status, nor is there
a quantitative difference between vitamin D-deficient or replete ani~-
mals (79). These latter studies have also provided confirmation that
the 1-OHase activity is predominantly localized in the proximal tubu-
lar epithelium as was independently shown by microdissection-enzyme
activity studies (182). Perhaps the most convincing data which sug-
gest a vitamin D-dependent alteration of the enzyme complex is that
regarding the relative phosphorus content of the cytochrome P-450
component. Cytochrome P-450 was solubilized either from vitamin D-
deficient or sufficient chick kidney mitochondria, fractionated by.
ammonium sulfate-precipitation and these various salt fractions were
analyzed for total phosphorus content (79). One of these salt-derived
cytochrome P-450 fractions (30-45% ammonium sulfate) demonstrated a
significant difference in total phosphorus as a fuﬁction of vitamin D
status., From the net positive change in phosphorus content in vitamin
D-deficiency, a value of 12 picomoles (pmoles) phosphorus/pmole cyto-
chrome P-450 was calculated (79). These results have prompted
Ghazarian (79) to propose a model which purports that the expression

of 1-OHase activity (vitamin D-deficiency) may result from cAMP-dependent
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protein kinase~stimulated phosphorylation of constitutive 24-OHase-
cytochrome P-450 molecules in the presence of ATP, Conversely, in the
vitamin D-replete animal, 1,25(OH)2D3—induced (de novo) specific phos-
phatases woul@ inhibit 1-0OHase activity by dephosphorylation of the
active cytochrome P-450 component (inactivation). Although this model
will require extensive evaluation, it would seemingly explain how
various regulatory signals alter the relative activities of the 1-
and 24-OHase enzymes via a common intracellular messenger, cAMP. 1In
contrast, treatment of vitamin D-sufficient chicks with aminophylline,
a cyclic nucleotide phosphodiesterase inhibitor, increases renal 24-
OHase activity approximately 10-fold without a corresponding increase
in the kidney mitochondrial cytochrome P-450 concentration (322).
Hence, it is difficult to explain the rapid induction of 24-OHase
activity by 1,25(0H)2D3 in the context of this model. Furthermore,
localization of 24-OHase and 1-OHase activities along the mammalian
(rat) nephron indicate that, anatomically, these respective enzyme ac-
tivities may be partially segregated (182).. It is the purpose of the
studies described herein to explore the mechanism(s) by which 1,25~
(OH)2D3 elicits an increase in the prevailing activity of the 24-OHase
system. The use of cultured cell models provides a reasonably stable
environment in which these effects may be examined, in vitro. Further-

more, the cultured cell lines studied (LLC-PK,, LLC-MK,, MCF-7 and GH3)

2’

include a range of intracellular 1,25(0H)2D receptor concentrations

3
and 24-OHase activities.

The growth characteristics of two kidney cell lines (LLC-PKl

and LLC-MKZ) are presented in Figure 5.1. Both cell types were seeded
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Figure 5.1. Growth of LLC-PK1 and LLC—MK2 cells in culture.

A. LLC-PK, cells (upper panel) were seeded (105 cells/ml) into
plastic dishes (55 cm2) in Dulbecco's Modified Eagle's Media
containing 107 fetal calf serum and antibiotics as described
(Ch. 4, Methods). Triplicate plate counts were obtained at

the indicated times and the data is the average of these
determinations.

B. LLC-MK, cells (lower panel) were seeded (as above) in Modified
Eagle's Meaia containing 10% newborn calf serum and antibiotics as
described in Ch. 4 (Methods). The data represent the average of
triplicate plate counts.



184
into plastic culture dishes (55 cmz) at a density of 1 x lO5 cells/ml
(10 ml of cell suspension/dish) and allowed to grow at 37°c. Indi-
vidual plates were counted (Methods) for total cell number at the
indicated time intervals to prepare the growth curves (Fig. 5.1). 1In
their respective growth medium, both the LLC—PKl and LLC-MK2 cell
lines exhibit maximal cell density and are visually confluent after
86 hours in culture. Morphologically, these two cell types are quite
distinct. The LLC-—PKl (pig kidney) strain exhibits essentially mono-
layer growth of epithelial-like cells but after approximately 60 hours
in culture, the appearance of dome-like cell aggregates is observed.
These domes have been previously. recognized (252) and described as
"rosettes'" resembling normal kidney tubules. A number of enzymatic
properties (via énzyme histochemistry) of the LLC-PKl cell line have
been examined and all support the classification of this cell line
as kidney proximal tubular epithelium (310). In contrast, the LLC—MK2
cell line (monkey kidney) exhibits monolayer growth of epithelial-like
cells during the entire growth curve. These cells (LLC—MKZ) are not
as well defined with respect to anatomical origin as the LLC—PKl cell
strain.

A preliminary assessment of vitamin D-hydroxylase activities
in the LLC-PKl and LLC-MK2 cell lines was performed in confluent
(plateau phase) cultures. In addition, the breast cancer (MCF-7) and
rat pituitary tumor (GH3) cells were tested for their ability to

metabolize 25(0H)[3H]D3 to more polar (hydroxylated) compounds. For

these initial experiments, each cell line was grown to maximal density
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in their respective érowth media (Ch. 4, Methods). The gro&th media
were decanted and replaced with serum—freeAmedia and the cultures were
maintained for an additional 24 hours in this serum-free environment.
Cultures were then decanted (media) and fresh media, containing 0.1%
BSA and either 10 nM 1,25(0H_)2D3 (added in ethanol) or wvehicle alone
(0.1% total ethanol), was replaced on the cultures. Cultures were
then incubated for 48 hours in the presence (treated) or absence (con-
trol) of sterol prior to- assaying for 25(0H)D3-hydroxylase activity.

In these longterm (48 h) treatment studies, enzyme activities were

7M 25(0H)[3H]D3 (5 Ci/mmole) in 10 ml of

assayed by adding 1 x 10~
serum-free media containing 0.1%Z BSA. Cultures were then incubated
with the radiolabeled substrate for 90 minutes at 37°C. The media and
cells from three plates of each treatment group (30 ml gotal volume)
were removed and extracted with 96 ml of methanol-chloroform (2:1).
The lipid fractions were recovered by the modified Bligh and Dyer ex-
traction procedure as outlined in Chapter 3 (Methods). The sterol-
containing extracts were then chromatographed on Sephadex LH-20 (1 x
20 cm ) columns in 65% chloroform/hexane as described in Chapter

2 (Methods). The 24,25(OH)2D3 regions were collected and quantitated
by HPLC analysis in 107% isopropanol in hexane (Ch. 2, Methods). The
data preseanted in Figufé 5.2 illustrate the effects of l,ZS(OH)zD3

(48 h treatment) on 24-OHase activity in each of the four cell lines.
In each cell type, the untreated (control) level of 24~OHase activity

is compared to that following 1,25(OH)2D3—treatment of identical cul-

tures (3 plates/group). These results demonstrate basal 24-0OHase
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Figure 5.2. Effects of 1,25(0H),D
cultured cells,

,D4 on 24~0Hase activity in

To determine the long-term effects of 1,25(0H),D3 on the 24-OHase
activities of cells in culture (indicated), confluent cultures
were incubated with 10 nM 1,25(0H).D., for 48 hours in the absence
of serum (text). Media was then décanted and replaced with media
(serum-free) containing 1 x 10~7 M 25(0H)[26,27-3H]D, (5 Ci/mmole).
Cultures were incubated with substrate for 90 minuteg (37°).

Cells and media were extracted with methanol-chloroform (2:1) and
the lipid extracts chromato raphed on Sephadex LH-20Q (1 x 20 cm)
columns in 65%.chloroform/hexane. The 24,25(0H)2([“H]D3 regions
were pooled and quantitated by HPLC analysis in 107 isopropanol in
hexane., The amount of 24 25(0H)2[ H]D synthesis (pmoles/plate)
represents the equivalent of a sIngle tulture (100 mm plate) for
each cell line. ‘
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activity (controls) is present in all four cell lines and that with the
possible exception of the pituitary tumor (GHB) cell line, these basal
activities are enhanced by exﬁosure (48 h) to exogenous 1,25(OH)2D3
(10 nM). The magnitude of the 1,25(0H)2D3—mediated increase in 24-
OHase activity is clearly different among the cell lines tested as are
the basal levels of enzyme activity. Although it is difficult to char-
acterjize l,25(OH)2D3-responaive 24~OHase activity using a single time
point| for treatment, further work (to be discussed) indicated that
these profiles (Fig. 5.2) serve as a good qualitative-index for this

response. The synthesis of 1,25(0H)2[3H]D3 (1-OHase) or 25,26(OH)2—

[BH]D3 (26-0OHase) was not detectable under these conditions in any of
the cell lines tested (control or'treated). In order to pursue these
studies and to obtain more precise data regarding the induction of 24-
OHase activity, a number of assay parameters governing the synthesis
of 24,25(0H)2[3H]D3 were examined under controlled conditions, in
vitro. A prerequisite for these studies was the ‘development of a
micro-assay for 24-OHase activity in suspensions of intact cells
(Methods). This rapid and sensitive technique was then utilized to
characterize both long-term and proximate effects of 1,25(0H)2D3 on
the 24-OHase activity in cultured cell systems.

The identification of 24,25(0H)2[3H]D3, as synthesized by cells,
in situ (Fig. 5.2), was initially accomplished by comigration of the
putative metabolite with authentic, radioinert 24,25(OH)2D3 on a
calibrated HPLC system (as in Chapters 2 and 3). 1In addition, the

sensitivity of this metabolite (24,25(0H)2[3H]D3) to periodate (NaIOA)
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Figure 5.3. HPLC isolation and NalO,-gsensitivity of 24 25(OH) -
[3 H]D synthesized by cultured cells.

The upper panel represents the resolution and retention times of
authentic, radioinert reference standards. The sample included:
25(0H)D, (150 pmoles); 24,25(0H) D (125 pmoles); 25,26(OH)2D
(100 pmdles); and 1 25(0H) D3 (1%0 pmoles). Chromatography“was
performed on a Zorbax-SIL (476 mm x 25 cm) column in 107
isopropanol in hexane (Ch. 2, Methods) at a flow rate of 1.0
ml/min. Absorbance was monitored at 254 nm.

In the lower panels, samples (lipid extracts) from LLC-PK1 (left)
and LLC—MK2 (right) cells, treated for 4 hours with 1,25(0H) D

(10 nM) prior to assay, were divided and treated with 10% (w%v?
NaIO, (o) or distilled water (o). Each sample was then reextracted
(Ch. '3, Methods) and applied to HPLC (above) for isolation and
quantitation of the 24,25(0H) [3H]D3 region (approx. 12-15 min.
retention time) Fractions (EO second) were collected and counted
for tritium ( H). The arrows (STD) indicate the elution times

of radioinert 24,25(0H)9D3 (internal standards). Periodate (NalO,)
sensitivity (text) was based on the untreated (control) profile oé
radloactivity present in the 24,25(0H) [ H]D region.
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cleavage was assessed (Chapter 3, Methods). Aliquots of 1,25(0H)2D3—
treated and control cell suspensions were assayed as described in the
Methods by incubation with radiolabeled substrate (25(0H)[26,27-3H]D3;
20 Ci/mmole) for 30 minutes at 37°C. Following extraction, individual
samples were divided into equal portions and reacted with NaIO4 (10%,
w/v) or water (con;rol). The aqueéus samples ﬁere then reextracted

and analyzed via HPLC for metabolite (24,25(0H)2[3H]D3) elution.

Figure 5.3 (upper pamnel) illustrates the relative retention times of
four authentic metabolites (standards) on the chrdmatographic system
(HPLC) described earlier (Ch. 2). In the lower panels (Fig. 5.3), the
24,25(OH)2D3 regions (12 to 15 minutes retention time) from NaIO4-
treated and untreated (controls) samples of LLC-PKl or LLC-MK2 cell
extracts are shown. In both cell lines, the putative 24,25(OH)2[3H]D3
- regions are sensitive to periodate (NaIO4) treatment (> 90% destruc-
tion) which corroborates the identification of this metabolite product.
Although the experiments described (Fig. 5.3)'were performed using
1,25(0H)2D3-stimulated cells (enhanced 24-QHase activities), similar
NaIO4-analysis of unstimulated culture extracts (assay) verified that
the basal levels of 24-OHase activity (as in Fig. 5.2) also represent
authentic 24,25(0H)2[3H]D3 synthesis. An equally important finding was
that the MCF-7 and GH3 cells both synthesize authentic 24,25(0H)2[3H]D3
(from 25(0H)[3H]D3) and that short~term treatﬁeht of these cells with
1,25(OH)2D3 (10 oM for 4 hours) led to qualitatively similar effects on
the 24-OHase activities as those previously described (Fig. 5.2).
Hence, neither long~ (48 h) nor short- (4 h) term exposure to 1,25(0H)2—

D3 (10 nM) was capable of eliciting a significant increase in the
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24-OHase activity of GH, cell line. However, in the MCF-7 cell line,

3
4 hour treatment with 10 nM 1,25(0H)2D3 led to a 3-fold increase

(over controls) in 24-OHase activity as compared to the approximately
7-fold enhancement seen in the 48 hour treatment group (Fig. 5.2). On

the other hand, the LLC-PK, and LLC-MK2 kidney cells both demonstrate

1
significantly enhanced 24-OHase activities (approx. 10-fold and 4-fold,
respectively) following a 4 hour exposure to exdgenous 1,25(OH)2D3,
in culture (data not shown). It is apparent that the 1,25(0H)2D3-
mediated responses (24-OHase activities) in these four cell lines are
neither qualitatively (enhanced 24-QOHase activity) nor temporally
(Length of hormone exposure) related to the relative concentrations of
1,25(0H)2D3 receptors in these cells (i.e., GHy > LLC-PK, > MCF-7 >
LLC—MK2 = undetectable). The findings that none of these cultured
mammalian cells. (Figs. 5.2 and 5.3) produced 1,25(OH)2D3 (1-OHase ac-
tivity) was not totally unexpected since earlier reports have noted
that primary cultures of monkey kidney cells (107) and serially cul-
tured mammalian kidney cells (110) do not contain 1-OHase activity.
Whether this is a conéequence of ambient conditions (growth media)
which might tend to suppress 1l-OHase activity needs to be evaluated.
The ability to detect and monitor 24-OHase activity (via 24-
25(.0H)2[3H]D3 synthesis) in small aliquots (0.2 ml) of suspended cells
was next examined. Since authentic 24,25(OH)2[3H]D3 synthesis was

apparent in both LLC-PK. and LLC—MK2 (treated and control) cultures

1
(Figs. 5.2 and 5.3), attempts to characterize and optimize the 24-
OHase assay conditions were implemented. The two kidney-derived cell

lines were of paramount interest and subsequent investigations were
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focused on the 1,25(0H)2D3—responsive 24~-OHase activities in these sys-
tems. To assess product (24,25(OH)2[3H]D3) formation and cell viabil-
ity in these asséy suspensions (Methods), the effects of serum
concentration and incubation time on product formation were examined.
Untreated (no 1,25(OH)2D3) cultures of LLC—PK1 were removed from flasks
(75 cm2) and resuspended (107 cells/ml) in media (DMEM) containing 1%
or 5% fetal calf serum (FCS) or 0.1% BSA. Aliquots (0.2 ml) of these
cell suspensions were then incubated with 6.5 x 10-8 M radiolabeled
substrate (25(OH)[3HJD3, 77 Ci/mmole) for various times at 37°c. An
analysis of product formation in each cgll suspension is presented in
figure 5.4. The inclusion of 1% FCS in the cell suspension results .in
significant product formation for several hours under the conditions of
the assay. Furthermore, cell viability, as was monitored by direct
cell counting of the suspensions, was highest (> 90%) at all time points
in the presence of 1% FCS. Although the effects of added serum (and
BSA) show an inverse relationship between product (24,25(0H)2[3H]D3)
formation and total protein (media), cells maintained in the absence
of serum (i.e., 0.1% BSA) were the least viable (< 80% viable after 1
hour in suspension). It was therefore deemed appropriate to include 17%
serum in the LLC—PKl suspension medium, hereafter, to act as a natural
carrier (DBP) for the substrate.

When the experiment described above wasArepeated using LLC—MK2
cells, analogous results were obtained in the presence of 1% newborn
calf serum (NBCS) as is shown in Figure 5.5. Nearly linear product for-

mation occurred in either 1% NBCS or 0.1% BSA for at least 4 hours in
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Figure 5.4, Effects of serum on 24,25(OH) [3H]D3
synthesis by LLC-PKl cell sus%ensions.



Figure 5.4, Effects of serum on 24,25(0H) [ H]D synthesis
by LLC-PKl cell suspenions.

Confluent cultures of LLC -PK. (84 hours in culture) were re-~
moved from flasks (75 cm ) with trypsinl (Methods) and
resuspended in DMEM containing 1% (e) or 5% (m) FCS or

0.1% BSA (A). Aliquots (0.2 ml) of each suspension were then
assayed for 24-OHase activity in the presence of 6.5 x 10-8
M substrate (25(OH)[26,27"3H]D3 77 Ci/mmole). Each incuba~-
tion contained 1.5 x 106 cells: Assays were terminated at
the indicated times and 24,25(0H) [3H]D was quantitated as
before (Methods). Each point representg the average of
triplicate assays.
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1% NBCS

0.1% BSA

5% NBCS

24,25(0H)2[3H]D3 (fmoles/108 Cells) x 10-2
N

0 ]

2 3 4

Incubation Time
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Figure 5.5 Effects of serum on 24,25(0H) [3H]D
synthesis by LLC-MK2 cell susBensio S.
The preparation of LLC-MK, cells was performed as
described for the previou§ experiment (Fig. 5.4).
Cells were suspended in MEM containing 17 (e) or 5%
(@) NBCS or 0.1% BSA (A). Assays were performed in
tr%plicate (as in Fig. 5.4) and contained 2.2 x
10" cells in 0.2 ml of the suspension,. Product
formation was quantitated by HPLC analysis.
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the suspension assay. As before (LLC-PKl), the presence of 1% serum
resulted in a greater amount of 24,25(0H)2[3H]D3 formation (at all
times) and these cells were viable (> 90%) for the duration of the
study. Hence, intact cell suspensions containing 1% serum (NBCS)
were routinely prepared from LLC—'MK2 cultures for the subsequent assay
of 24-QHase activity, in vitro.

"To characterize the substrate-dependency of 24,25(0H)2[3H]D3
synthesis in the suspended-cell assay, LLC-MK2 cells were first ex-

amined. Cultures of LLC-MK, were treated with 10 nM 1,25(0H)2D3 for

2
16 hours or left untreated (ethanol only) prior to preparation and
suspension of the cells in ﬁedia (MEM) containing 1% serum (NBCS).
Aliquots (0.2 ml) of the suspension weré then added to tubes contain-
ing various amounts of substrate (25(0H)[26,27-3H]D3; 20 Ci/mmole or

2 Ci/mmole). The incubations were allowed to proceed for 30 minutes at
37°C and individual assays were terminated, extracted and quantitated
as described in the Methods. Substrate-dependent product formation is
illustrated in Figure 5.6 for treated (1,25(0H)2D3) and untreated (con-
trol) cultures of LLC—MKZ. Although control cells display virtually
linear product (24,25(0H)2[3H]D3) formation over the entire range of
substrate concentrations, the treated cultures do not. However, at
substrate concentrations in excess of 10-7 M, treated cells synthesize
product in a linear, substrate-dependent fashionf In the LLC--PKl cell
line (not shown) very similar kinetics are observed, except that in-

creased product synthesis by treated cells is even more dramatic at

the higher (> 10_7 M) substrate concentrations. Therefore, a substrate
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Figure 5.6 Substrate -~ dependent synthesis of 24,25(0H)2—
[3H]D3 by LLC-MK, cells.
Confluent cultures of LLC-MK, were prepared as described
previously., Treated (10 nM E,ZS(OH) D, for 16 hours) or
control cell suspensions (in 1% seruii) were incubated with
the indicated concentrations of substrate (25(0H)[26,27-3H]-
D_, 20 Ci/mmole or 2 Ci/mmole) for 30 minutes at 37°c. Sam-
pies were extracted and 24,25(0H)7 [3H]D3(product) synthesis
was quantitated as before. Each point represents the average
of triplicate assays. Treated cells (o), control cells (e).
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‘concentration of 5 x 10-7 M was selected as optimal for comparative
studies since in both cell lines, this concentration is within the
linear region of substrate-dependent product formation.

It is not clear why these cells (LLC-PK1 and LLC—MKZ) do not
display strict linearity of product (24,25(0H)2[3H]D3) synthesis as a
function of substrate concentration (Fig. 5.6). It is certainly pos-
sible that the presence of serum in the incubations limits substrate
availability to the mitochondrial enzyme complex at lower concentra-

tions (10-7

M). This hypothesis would also be supported by the ob-
servations that the enzyme activity, in either cell line, could not

be saturated-even at 5 x 10—6 M substrate, a concentration which is

in excess of the reported Km (0.3 - 2.0 x 16-6 M) for 24-OHase reac-
tions, in vitro (77,78), and in serum-free cell .culture (323). How-
ever, Bikle (78) also noted that saturation of the 24-OHase enzyme did
not occur at higher substrate concentrations (> 10_6 M) using renal
mitochondrial preparétions,_ig_ziggg. It also is not presently clear
whether this escalating synthesis (nonlinear) of 24,25(0H)2[3H]D3
might result from substrate activation of the 24-QOHase enzyme or if
there are more than one class (with different substrate requirements)
of enzymes present, Al?ernatively, the possibility that,l,25(0H)2D3
alters (i.e., lowers) the apparent Km for substrate or its availabil-
ity to the 24-OHase enzyme complex, cannot be ruled out. It is clear
that treatment of LLC-PKl and LLC-MK2

sults in a significant increase in the net formation of 24,25(0H)2-

cultures with 1,25(0H)2D3 re—

[3H]D3 when compared to untreated cells.
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The time course of 24,25(0H)2[3H]D3 synthesis was next examined

under the standardized (optimal) assay conditions previously deter-
mined. Treated (10 nM 1,25(0H)2D3'for 8 hours) and untreated (control)
cultures of LLC-PK; amd LLC-MK,

Aliquots (0.2 ml) of each treatment group (cell suspensions) were in-
7

were prepared for assay as before.
cubated in the presence of 5 x 10 M 25(0H)[?H]D3 (20 Ci/mmole) for
various times at 37°C. Reactions were terminated and 24,25(0H)2f3H]D3
was extracted and quantitated as before (Methdds). These data are
presented in Figure 5.7. GControl cultures of LLC—PKl (left panel) and
LLC-MK, (right panel) exhibit very similar, linear levels of product
formation over the entire assay time course. However, the treated

cells differ markedly in their respective levels of product synthesis
over the time course. The Li.C-PK1 cells (left panel) treated with 1,25~
(OH)2D3 demonstrate significantly enhanced (approx. 20-fold at 30 min.
assay time) 24-QHase activity relative to control cells. However, it

is apparent from the data (Fig. 5.7, left panel) that the total amount
of 24,25(0H)2[3H]D3 in the treated cell-incubations is gradually de-
creased after 30 minutes incubation time. This indicates that the
initial product (24,25(0H)2[3H]D3) is being further metabolized by
LLC—PKl cells. These experiments were repeated several times with
virtually identical results. In no instance did the concentration of

24,25(OH)2[3H]D3 in the LLC-PK. cell suspensions (treated cells) ex-

1
ceed 4 x lO_8 M. Although the inclusion of exogenous, radioinert 24,-
25(OH)2D3 (10"6 M) in the assay incubations reduced the subsequent net
conversion of 25(OH)[3H]D3 to 24,25(0H)2[3H]D3, this apparent '"product

inhibition" was not observed at lower (i.e., 10_8 M) concentrations
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Figure 5.7. Assay time course for 24,25(0H) [3H]D3-5ynthesis in

LLC-PK1 and LLC-MK2 cells; effects of 1,25(0H)2D3.
Confluent cultures of LLC-PK., and LLC-MK,A were treated with 10 nM
1,25(0H) ,D,, for 8 hours prior to assaying as previously described.
Assay infubations contained 5 x 10~7 M 25(0H)[26,27-3H]D3 (20 ci/
mmole) and approximately 2 x 108 cells in 0.2 ml of 1% sérum-
containing media. Incubations were terminated at the indicated
assay times and extracted as before. Product formation was assessed
by HPLC and each point is the average of triplicate assay determina-
tions. (e), cells treated with 1,25(0OH),D.; (o), control (untreated)
cells, 23
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(data not shown). Thus, it is possible that 1,25(OH)2D3—treatment of

LLC-PK, cells stimulates a mechanism(s) which cauSES‘24,25(0H)2[3H]D3

1
to be further metabolized. Repeated attempts to isolate and idéﬁtify
other radiolabeled products were unsuccessful. Indeed, if the radio-
labeled substrate for this metabolic pathway (24,25(0ﬁ)2[3H]D3) is
metabolized without loss of the C-26 and C-27 tritium (BH) labels,
then the compound(s) migrates on HPLC as a product more polar than
1,25(0H)2D3. A number of potential products which could arise from
- the further hydroxylation (i.e., 23~OHase and 26-OHase) of 24,25(OH)2-
D3 or by lactone formation must be considered since these enzymatic
processes are also known to be stimulated by 1,25(0H)2D3 (80~83).

In contrast to the LLC-PKl cells, treated cultures of LLC-MK,
(Fig. 5.7, right panel) synthesize 24,25(0H)2[3H]D3 in a near linear
fashion for the duration of the assay. Although further metabolism of

24,25(0H)2[3H]D3 is not apparent in the treated LLC-MK, cells, this

2
cannot be ruled out entirely since strict linearity of product forma-
tion is not observed. Also, as with the LLC—PK1 cultures, slight
product inhibition was noted when 10-6 M 24,25(0H)2D3 (radioinert) was
present during the assay (not shown). This may account for the curvi-
linear results depicted in Figure 5.7 (right panel). Based on these
studies, an assay time of 30 minutes was selected for further compari-
sons of 24-OHase activity and regulation thereof in both LLC—PKl and

LLC-MK2 cell lines.
Since the routine preparation of cell suspensions (Methods)
yields somewhat variable concentrations of cells in the final suspen-

sions, it was necessary to examine 24,25(OH)2[3H]D3 synthesis as a
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funétion of cell number in the assay system. For this purpose, LLC—MK2
cell cultures were treated with 1,25(0H)2D3 (10 oM) for 8 hours, in situ
(as before), and a stock cell suspension (107 cells/ml) was prepared.
Aliquots (0.05 - 0.4 ml) of this suspension were centrifuged to sedi-
ment the intact cells and the pellets were then gently resuspended in
0.2 ml of medium (MEM) containing 1% serum (NBCS). The samples were
then added to assay tubes containing 100 pmoles of 25(0H)[26,27—3H]D3
(20 Ci/mmole) to achieve a substrate concentration of 5 x 10_7 M.

Assay incubations were performed for 30 minutes at 37°C and were then
terminated and analyzed for 24,25(0H)2[3H]D3 synthesis as previously
described. The effects of various cell concentrations €0.5-4.0 x 106
cells/0.2 ml) on product formation are presented in Figure 5.8. At
cell concentrations betwegn 1.0 and 3.0 x_lO6 cells per assay (0.2 ml),
a linear relationship to product synthesis was observed. Since in all
assays performed (herein), the cell concentrations (in suspension) were
within this range, all results can be expressed on the basis of viable
cells (i.e., product*synthesis/lo6 cells). Furthermore, since these
cell suspensions were routinely counted (in triplicate) prior to assay,
the viable cell population offers a more reliable constant than either
protein or nucleic acid (DNA) content, since the latter would‘include
serum and dead cell constituents, respectively.

To summarize some of these basic parameters and characteristics
of the suspended-cell assay procedure for 24,25(0H)2[3H]D3 synthesis,
the following points are noteworthy; 1) Product formation is optimal
in 1% serum-containing media, 2) a substrate (25(0H)[26,27—3H]D3) con-

centration of 5 x 10—7 M was observed to be optimal, albeit not
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Figure 5.8. Effects of cell concentration (LLC-MKZ) on 24,25-
(OH)2[3H]D3 synthesis.

LLC-MK,_ cell cultures were treated with 10 nM 1,25(0H)2D for 8
hours Eo induce 24-OHase activity. A stock cell suspenszon (107
cells/ml) was then prepared in MEM containing 1% NBCS (Methods).
Various aliquots containing the indicated number of cells were
sedimented via centrifugation and resolubilized in 0.2 ml of the
suspension medium (above). These samples were then incubated
with 100 pmoles of 25(0H)[26,27—3H]D3 (20 Ci/mmole) for 30 min.
at 37°C. Product formation was assessed as previously described.
Each point is the average of triplicate determinations and the
ranges are indicated in the figure.
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1

saturating, 3) a 30 min. assay incubation (37°C) vields maximal product

formation in LLC-PK, and is within the linear, time-dependent region of

1

product formation in LLC-MK, cells, 4) both LLC-PK. and LLC-MK,6 cells

2 1 2

remain viable (in suspension) under the assay conditions for at least
3 hours and 5) product formation is dependent on cell number. Hence,
the use of this rapid and sensitive assay under the optimal conditions
described, provides a useful means for studying the regulation of 24-
OHase activity in cultured cell systems.

It was previously shown (Figs. 5.2, 5.6 and 5.7) that 1,25(0H),~

D, elicits a dramatic increase in the capacities for 24,25(0H) [3H]D
2 3

3

synthesis by LLC-PKl and LLC-MK2 cells. The underlying mechanism(s)

responsible for this effect are not clear but the abseénce of specific

receptors for 1,25(OH)2D3 in the LLC—MK2 cell line indicates that in

this system, 1,25(OH)2D3—dependent—induction of 24-OHase activity is
not receptor-mediated. However, a detailed comparison of the effects of
1,25(0H)2D3 on the 24-OHase activities in LLC—PKl and LLC—MK2 cultures
indicates that a number of similarities exist. The remaining experi-
ments (below) were performed to characterize these similarities and to
illustrate significant differences between these two mammalian cell
lines and their respective responses (24-OHase activity) to the active
hormone, 1,25(0H)2D3.

An investigation of the time course for 1,25(0H),D,-mediated

273

induction of 24-0OHase activity in LLC-PK, and LLC-MK, cultures reveals

1 2

a markedly different onset and duration of the enhanced enzyme activ-

ities between these systems (Fig. 5.9). Confluent cultures of each cell
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Figure 5.9. Time course of 1,25(0H) D, - mediated induc-
tion of 24-OHase activi%y.

Confluent cultures of LLC—PK1 and LLC-MK, were treated (in
situ) with 10 nM 1,25(0H)2D for the ind%cated times. At the -
appropriate intervals, cont%ol and treated cultures of each
‘cell line were prepared (as before) for assay. Assays were
performed for 30 min. under optimal conditions (previously
dgscribed) and were extracted and quantitated for 24,25(0H),-
[“H]D, synthesis by HPLC analysis. The data are expressed

- as thg difference between control and treated cultures of
LLC-PK. (o) and LLC-MK, (e). Each point represents the

average of triplicate,“independent assay determinations.
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+ line were incubated with 1,25(0H)2D3 (10 nM) as before for various
times prior to the preparation and assay of these cultures for 24-OHase
activity. Control (untreated) cultures were also pfepared at each time

point and the results (Fig. 5.9) are expressed as the difference be-

tween treated and control cells (i.e., 1,25(OH)2D3-dependent 24,25(0H)2

[3H]D3 synthesis). In the LLC-PK, cell line, 1,25(0H)2D3 elicits a

1
very rapid (< 2 hours) increase in the 24-OHase activity which is maxi-
mal by 4 hours of hormone treatment. An independent experiment (not
shown) revealed that substantial (approx. 2-fold) stimulation of 24—
OHase activity can be detected within 1 hour following the addition of
1,25(OH)2D3 (10 nM) to LLC-PKl cultures. In contrast, LLC—MK2 cells
demonstrate a more delayed onset of increased 24-QHase activity (> 2
hours) following exposure to exogenous 1,25(OH)2D3. In these kidney
cells (LLC—MKZ), maximal induction of 24-OHase activity is observed at
8 hours whereafter this activity steadily declines. Although a decay
in enzyme activity is also noted in the LLC-PKl cells, between 4 and 8
hours, there appears to be a sustained level of 1,25(0H)2D3-dependent
24-OHase activity for at least 24 hours after hormone treatment.

These results (Fig. 5.9) indicate that the onset of 24-OHase induction
is more rapid and of longer duration in the LLC-PK, cell line than in

1

LLC-MK, cells.

2
Although it is difficult to compare the results of 1,25(0H)2D3-
mediated effects from one system to amother, a number of interesting

parallels exist. 1In cultured (primary) chick kidney cells (324), 1,25-

(OH)2D3 elicits increased 24-OHase activity within 2 hours and this
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effect is maximal by 20 hours following the addition of'l,25(0H)2D3 to '
the culture medium (serum-free). Since the primary culture system
(above) represents a heterogeneous mixture of remal cell types, it is
not surprising that these cells would react differently than the homo-
geneous, serially cultured cell lines described herein. However, the
onset of increased enzyme activity (24-0Héée) is similar between the
LLC-PKl cell line (Fig. 5.9) and the chick kidney cell system, which
may infer a common mechanism(s) of induction. Perhaps a more classic
example of a 1,25(0H)2D3-dependent response is that of calcium trans-
location in the intestine. Calcium uptake studies in cultured chick
duodenum (144) indicate that 1,25(0H)2D3 stimulates calcium uptake after
5 hours of hormone exposure and the response continues to increase for
up to 24 hours. Furthermore, in this system, the ability of vitamin D
analogs (metabolites) to stimulate calcium uptake ‘generally parallels
their relative affinities as receptor ligands. Similar results have
been obtained by Corradino (325) using cultured chick intestine and
measurements of both calcium uptake and CaBP synthesis as markers for
biological responses té 1,25(0H)2D3. In this system (325), CéBP syn-
thesis preceded calcium uptake with the latter being maximal after 6
hours of 1,25(0H)2D3 treatment. Both of these responses to 1,25(0H)2-
D, (calcium uptake and CaBP synthesis) are considered to result from
a receptor-mediated, nuclear action of 1,25(0H)2D3 on the target cell
(intestinal epithelium) genome. However, calcium uptake (accumulation)
is only the first step in the net transepithelial transport of calcium

and this brush border flux of calcium (intestine) has been shown to
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occur within 2 hours of 1,25(0H)2D3 treatment and does not require pro-
tein synthesis (326). Therefore, caution must be used when inferring a
receptor-mediated response(s) based upon correlations between biological

responses and the presence of 1,25(0H)2D receptors. This is further

3
evidenced by the time course of 1,25(OH)2D effects on 24-0OHase activit-

3
ies in the LLC—PKl (receptor positive) and LLC—MK2 (receptor negative)
cell lines (Fig. 5.9) since a "maximal' response was noted at 4 and 8
hours, respectively. .

In order to assess the sensitivity of 24-OHase induction by 1,-
25(0H)2D3, dose-response experiments were performed in both LLC—PK1 and
LLC—MK2 cultures. An important aspect of these experiments relates to
the mode of sterol (1,25(0H)2D3) introduction to the cell cultures, in
situ. It was noted earlier that 1,25(0H)2D3 is routinely (unless other-
wise stated) added to the original growth medium (containing serum) in
ethanol such that the total (final) ethanol concentration is 0.1% (v/v).
The decanted "spent" media (containing sterol) is then returned to the
cultures and incubated for the desired times. This procedure satisfies
two important criteria; 1) vitamin D sterols are readily solubilized in
the presence of serum and 2) delivery of sterol(s) to the cells is more
physiologic in the presence of serum (and the DBP transport protein).
Furthermore, independent experiments (not shown) indicate that 1,25(0H)2—
D3 is rélatively insoluble in growth media in the absence of serum. These
factors are important considerations when interpreting data concefning
1,25(OH)2D3 actions on cultured cell systems in general.

In Figure 5.10, the induction of 24-OHase activities by various

are presented for the LLC-PK. and LLC-MK

concentrations of 1,2§(OH)2D 1 )

3
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Figure 5.10. Dose -~ dependent induction of 24-
OHase activity by 1,25(0H)2D3.



Figure 5.10. Dose - Dependent induction of 24-OHase
activity by 1,25(0H)2D3.

Confluent cultures of LLC-PK; and LLC-MK; were incubated
with depleted growth media containing the indicated
concentrations of 1,25(0H)2D3. Incubation of LLC-PK]
cultures were for 8 hours and LLC-MKy cultures for 16
hours in the presence of 1,25(0H)2D3. The preparation
of cell suspensions and assay of 24,25(0H)2[3H]D3
synthesis was previously described. Each point
represents the average of triplicate assay determina-
tions and the results are expressed as 1,25(0H)D3-
dependent 24-OHase activity (100%=control levels).
(o), LLC—PKl; (o), LLC—MKZ.
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cell lines, Cultures of each cell line were incubated with the indi-
cated concentrations of 1,25(OH)2D3 as described in the figure legend
(Fig. 5.10). The results indicate that treatment of LLC-PKl cells
with as little as 0.1 nM 1,25(OH)2D3 elicits a significant (approx.
3-fold) increase in 24-OHase activity relative to untreated control
(controls=100%) cultures, This response is maximal (approx. 12-fold
stimulation) at 1.0 nM hormone concentration but decreases with in-
creasing (> 2 nM) concentrations of 1,25(OH)2D3 (Fig. 5.10). The
LLC--MK2 24-0Hase activity responds to 1,25(OH)2D3 treatment in a
nearly dose-dependent fashion which is virtually max}mal at 2 nM 1,25~
(OH)2D3 but is clearly less sensitive to the hormone than LLC—PKl cell
24-0Hase activity. As calculated from these data (Fig. 5.10), the

concentrations of 1,25(0H)2D required for half-maximal stimulation

3
of 24-OHase activities in LLC-PK. and LLC-MK, are approximately 0.15

1 2
nM and 1.0 nM, respectively. In contrast, 3.2 nM 1,25(0H)2D3 was re-
quired for the half-maximal stimulation of calcium uptake by cultured
embryonic chick duodenum (144) and approiimately 20 nM 1,25(0H)2D3 for
half-maximal stimulation of 24-OHase activity in primary cultures of
chick kidney cells (324). It is interesting that in both examples
cited (above), the hormone was introduced in the absence of serum.
Whether the inclusion of serum (10%) in the media (herein) facilitates
1,25(0H)2D3 delivery and/or action in cultured cell systems remains an
important yet unresolved question. It is also unclear as to why the
inclusion of > 2 nM 1,25(0H)2D3 in LLC-PKl cultures elicits a lesser

degree of 24-OHase stimulation than the 1.0 nM concentration. One

possible explanation for this.is that other enzyme systems (previously
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described) which metabolize 25(OH)D3 are induced by these higher con-
centrations of 1,25(OH)2D3. However, this also remains to be demon-

strated in LLC—PKl cells.

Further evidence that in LLC-PK_. cells 1,25(0H)2D3 stimulates

1
the metabolism of 25(0H)D3 to products other than 24,25(OH)2D3 is

presented in Figure 5.11. LLC—i’K1 cultures were treated for 2 hours
with 1,25(OH)2D3 prior to assaying these cells for 25(OH)[3H]D3 meta-
bolism (see figure legend). Analysis of these assay-extracts via HPLC
reveals a 1,25(OH)2D3—mediated alteration in the distribution of radio-
active metabolites (Fig. 5.11). From the treated cell extracts, about
46 pmoles of the total (88.5 pmoles) radioactivity present, is not
recovered (unknown) as initial substrate (25(0H)[3H]D3) or as 24,25~
(OH)2[3H]D3. convergely, this amount of "unknown" or unrecovered '
tritium (3H) is much less (8.5 pmoles) in the control cell extracts,

It is also apparent that this "lost" fraction is derived from the
substrate pool in the treated cell extracts. Whether 24,25(OH)2-
[3H]D3 is an intermediate in this metabolic sequence cannot be deter-
mined from this experiment but as previously mentioned (Fig. 5.7),

24,25(0H)2[3H]D3 may be further metabolized in 1,25(0H)2D3—treated LLC-

PK1 cells., Pertinent in this respect is the recent report of several

new metabolites of vitamin D, in the blood of chicks given large doses

3
of vitamin D3 (327). These metabolites include 23,24,25-trihydroxy-

vitamin D 24,25,26~trihydroxyvitamin D_, 24-keto-25~-hydroxyvitamin

3? 3’

D3, and 23-dehydro-25-hydroxyvitamin D3 (327). Several of these meta-

bolites could logically be formed from 24,25(OH)2D3. It is not known
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Figure 5,11, Distribution and recovery of radioactivity from
1,25(0H) 2D, -treated LLC-PK, cells; analysis of
25(OH)[3H] 3 metabolism. :

Confluent cultures of LLC—PKl cells were treated (as before)
with 1,25(0H) D, (10 nM) for™ 2 hours (in situ). Suspensions

of treated ana éontrol (untreated) cells (0.2 ml/assay) were
incubated with 100 pmoles of 25(0H)[26,27-3H]D (20 Ci/mmole)
for 30 min. (as described previously), extractgd and analyzed
for vitamin D, metabolite synthesis. A portion (10%) of each
sample was qugntitated for total radioactivity and the
remainder (907%) was applied directly to HPLC for isolation

and quantitation of metabolites. A) total radioactivity in
sgmple; B) 25(OH) [“H]D3 recovered in each sample; C) 24,25(0H)2-
[YH]D, recovered in each sample. The column heading [A-(B+C)]
repregents that portion of the total radioactivity (A) not
recovered as 25(OH)[3H]D or 24,25(0H) [3H]D . Duplicate
samples from treated (+)~ and control (6) LLCQPK cells were
analyzed and the results are the average of theSe independent
determinations.
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Whether these metabolites are also synthesized by LLC—PKl cells in

response to 1,25(0H)2D ~-treatment and as such, represent the unidenti-

3
fied or "lost" fraction of radioactivity (Fig. 5.11).

To gain insight as to the molecular mechanism(s) whereby 1,25~
(bH)ZD3 enhances 24-OHase activity, the effects of actinomycin D on
this hormone-dependent response were examined. One of the classic
features of a transcriptionally-mediated (steroid hormone) blological
response is the sensitivity of that response to inhibitors of RNA
synthesis. Actinomycin D has been used extensively for this purpose
since the compound binds to deoxyguanosine residues in DNA, inhibiting
DNAfdirected RNA synthesis (transeription) (328). As discussed prev-
iously (Ch. 1) there is abundant evidence to suggest that 1,25(OH)2D3
action in the intestine (i.e., calcium transport) is mediated through
a nuclear mechanism reqﬁiring translocation of the hormone via its
specific receptor component. If indeed this mechanism ultimately
leads to the expression of new genetic information through de novo
transcription (RNA synthesis) and protein synthesis, then it should
be possible to block 1,25(OH)2D3 action at either or both levels. Al-
though most experiments designed to evaluate this question have yielded
equivocal results, studies in embryonic chick duodenum (134,135) have
suggested that 1,25(0H)2D3-dependent calcium uptake can be blocked by
inhibitors of RNA and protein synthesis. These experiments have
provided an important corollary between 1,25(OH)2D3 action on the

intestinal transport (uptake) of calcium and classic gene expression.

Similarly, actinomycin D and cycloheximide have been shown to block the
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l1,25(0H)2D3—mediate—d induction of 24—0ﬁése activity in cultured chick '
kidney cells (324). These results infer that 1,25(0H)2D3 alters 24~
OHase activity (but not l-OHase) in a fashion requiring both RNA and
protein synthesis. The effegts of actinomycin D on 1,25(0H)2D3—

dependent 24-0OHase activities in LLC—PKl and LLC-MK, cells are pres-

2
ented in Figure 5.12. Cultures of both cell lines Qere treated with
1,25(OH)2D3 (10 nM) in the presence or absence of actinomycin D

(5uM) for 4 hours prior to assay. Although the concentration of
inhibitor used herein (5 x 10_6 M) was lower than that (10-'5 M)

used by Henry (324), a total block of the 1,25(0H)2D3—mediated in-
duction of 24-OHase activity was observed (Fig. 5.12) in both cell
lines. The rapidity of this inhibition (within 4 hours) rules out
potential nonspecific effects which might be brought about by longer
exposure to the toxic antibiotic, This qualification was further sub-
sténtiated by experiments which demonstrated an identical actinomycin
D inhibition of 24-OHase activity induction within 2 hours of con-
comitant 1,25(OH)2D3-treatment in LLC—PK1 cells (not shown). Further-
more, lowering the inhibitor concentration to 5 x 10-9 M achieved

only a partial block of the 1,25(0H)2D3—dependent 24-0Hase activity

(not shown). Clearly, in both LLC-PK and.LLC—MKz, actinomycin D

1
inhibits the action of 1,25(0H)2D3 (stimulation) on the 24-OHase
enzyme, Although this effect would be consistent with a receptor-
mediated nuclear event in the LLC—PKl cells, it is unlikely in the
LLC-MK,_ cell line, Thus, it is difficult to envision a conventional

2
mechanism(s) for the action of 1,25(OH)2D3 on the 24-OHase enzyme
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Figure 5.12. 1,25(0OH) D3 - dependent 24-0OHase activity
in LLC-PR,3and LLC-MK. cells; actinomycin
D sensitivity and ste%ol specificity.

Cultures of LLC-PK; and LLC-MK2 were treated (in situ)
with 10 nM 1,25(0H) D, in the absence or presence of
actinomycin D (5uM) GSr-with 10 nM 24(S),25(OH) D3 for 4
hours prior to assay. Assays were performed %n triplicate
as described previously.
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which encompasses the '"classic steroid hormone" dogma. There are a
number of observations which suggest that 1,25(OH)2D3 may exert a
direct and specific effect on various tissues and cells by actions at
the membrane level. Calcium entry at the intestinal brush border
membrane (326) is one example of a rapid (< 2 hours) effect of 1,25-
(OH)2D3 which may not be dependent on protein or RNA synthesis as was
reported by others (134,135)., A recent report (329) has demonstrated
that vitamin D stimulates absorption of D-glucose in cultured embryon-
ic chick intestine (jejunum and ileum) by a specific action on the Na-
dependent transport system in the brush border membrane. Furthermore,

this induction of D-glucose transport by either vitamin D, or 1,25-

3
(OH)ZDB was blocked by RNA and prétein synthgsis inhibitors. However,
a careful examination of the data (329) reveals that the presence of
either actinomycin D or cycloheximide in the culture media inhibits
D-glucose transport irrespective of sterol administration. This
suggests that both inhibitors are acting directly on the membrane
transport system to alter (inhibit) D-glucose transport. Whether a
similar effect(s) of actinomycin D is responsible for the apparent
block of 1,25(OH)2D3—dependent 24-0Hase induction is not clear. It

is known that extracellular calcium and phosphate concentrations,
independent of vitamin D or related metabolites, can dram;tically
alter the relative activities of the 1l-OHase and 24-OHase enzymes in
cultured cell systems (107,315) as well as in vivo (Ch. 1). It is

conceivable that direct membrane effects of 1,25(OH)2D3 (i.e., cal-

cium flux) are responsible for the enhanced 24-OHase activities
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,observed herein. Such a mechanism has been proposed by Rasmussen et
al, (330) who suggest that the direct effects of 1,25(0H)2D3 are
mediated by a primary change in the lipid structure of the membrane
(i.e., brush border) and that this change in the lipid structure, by
modifying the function(s) of membrane proteins, is the proximate
cause for the change in calcium transport, This "liponomic regulation
might be relevant to the hormone's

3

ability to regulate the renal metabolism of vitamin D

of protein function by 1,25(0H)2D
3° Although such
a mechanism would presumably elicit an immediate response, the onset
of 1,25(0H)2D3—dependent 24-OHase activity is slower in the LLC—MK2
cell line (Fig. 5.9). Nevertheless, it must be remembered that 24-
OHase activity is mitochondrial in origin and that the direct effects
of 1,25(0H)2D3 (above) are occurring at the plasma membrane level.
Even £hough the underlfing mechanism of 1,25(0H)2D3 action is
not clear, it is particularly significant that the induction of 24-
OHase activity is specific for the hormonal vitamin D3 metabolite.
This specificity is demonstrated by a lack of 24-0OHase induction in
the presence of 10 nM 24(8),25(OH)2D3,. a synthetic isomer of the
natural metabolite, 24(R),25(0H)2D3 (Fig. 5.12). This compound was
selected because it should not result in any inhibition of 24-QHase

activity (i.e., product inhibition) since 24(R),25(0OH) represents

203
".the natural product of this enzymatic reaction. On the other hand,

like 1,25(0H),D,,

potentially mimic the hormone's action. However, neither cell line

"it is a dihydroxylated metabolite which could

responded to the presence of this analog as is indicated by the
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appropriate 24-OHase activities (Fig. 5.12). A further assessment of

this induction specificity in LLC-PK. cells is presented in Figure 5.13.

1
Incubation of confluent cultures with the various sterols was performed
in the presence of media containing 0.17% BSA (as carrier) to negate
potential differences in sterol uptake or availability due to serum
DBP. The results (Fig. 5.13) indicate that 1,25(0H)2D3 is the most
efficacious'metabolite in the induction of 24-0OHasé activity eliciting
a 15-fold increase in the prevailing activity of the enzyme. However,
both 24(R),25(OH)2D3 and 25(0ﬁ)D3 caused a slight (approx. 2-fold)
stimulation of 24-OHase activity relative to controls., This sterol-
specific nature of 24-OHase induction in the LLC—PK1 cell line is
reminiscent of the relative receptor-ligand specificities described
in Chapter 4 for the purified rat kidney receptor. Again, caution
must be used in the interpretation and correlation of these independent
observations. Further studies using a variety of analogs and monitor-
ing their respective effects in both LLC—PKl'aﬁd LLC-MK, cells will be
required to establish a relevant correlation between metabolite action
(i.e., 24-OHase induction) and receptor-ligand (LLC-PKl) locaiization
in the nucleus. Also, the temporal relationships between nuclear
actions (if present) and responses need to be evaluated in detail.

The 1,25(0H)2D3—dependent induction of 24-OHase activity in
LLC—PKl cells cannot presently be dissociated from a potential

receptor-mediated event. Many features of this biological response

are similar to those observed for 1,25(OH)2D -dependent calcium absorp-

3

tion (net) in the intestine and intestinal CaBP synthesis, in vivo and
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Sterol Treatment

Figure 5.13. Sterol specificity of 24-0OHase induction in
LLC—PKl cells.
Cultures of LLC-PKl cells were grown to confluency in DMEM
containing 10% FCS™(Methods). The growth medium was then
replaced with serum-free DMEM containing bovine serum albumin
(0.1%) and the indicated vitamin D, metabolites (10 nM).
Cultures were then incubated in thg absence (control) or
presence of these metabolites (indicated) for 4 hours (37 C)
prior to assay. The results represent the averages of
triplicate assay determinations.
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in vitro. If ome examines the uptake of 1,25(OH)2[3H]D3 by LLC-PK;
cells, in suspension, rapid and saturable specific binding is evident
(Fig. 5.14). Specific binding of 1,25(0}1)2[3}1]1)3 (1.0 nM) is maximal
by 1 hour in cell suspensions containing 1% serum (Fig. 5.144A). A
saturation analysis of this rapid hormone uptake under identical con-
ditions reveals very high affinity, sfecific ligand association with
the LLC—PK1 1,25(0H)2D3 receptor component (Fig. 5.14, B and C). It
is evident that intact LLC—PKl cells, in suspensions containing serum
(1% FCS), readily internalize 1,25(0H)2[3H]D3. It is also clear from
the results (Fig. 5.14 C) that the presence of serum and intact cells
alters the relative affinity'of receptor-complex formation (Kd = 8.8 x
10_lO M) as compared to ligand interactions, in vitro (Ch. 4, Fig. 4.19).
The value obtained herein may be a more physiologic one but this may
also be significantly different from the affinity of receptor-hormone
complex formation, in vivo. However, thg number of binding sites per
cell (N max) is consistent by either determinaéion (Fig. 5.14 vs Fig.
4.19).

A comparison of the specific binding data (Fig. 5.14) with the
dose-related induction of 24-0OHase activity (Fig. 5.10), indicates
that a 1.0 nM concentration of 1,25(OH)2D3 is sufficient to saturate
both parameters. However, the saturationm of specific binding (Fig.
5.14) was performed on suspended cells in the presence of 17 serum

while 1,25(0H)2D3—treatment of LLC-PK. cells, in situ, is routinely

1

performed in the presence of 107% serum—containing media. For this

reason, an analysis of the nuclear uptake (via receptor) of
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Figure 5.14. Internalization, saturation and Scatchard analysis
of l,25(OH)2[3H]D3 binding by LLC-PK, cells (in
situ).

Confluent cultures of LLC-PK. cells were suspended in DMEM containing
1% FCS at a concentration of 107 cells/ml.

A) Time course of 1,25(0H) [3H]D binding at 27°C. Cells (2 x 106)
were incubated with 1.0 nM ,25(03)2[3H]D (120 Ci/mmole) in the
absence (total, &) or presence (nonspecif%c, o) of a 100-fold molar
excess of radioinert 1,25(0H)2D . After the indicated incubation
times, cells were washed with DﬁEM containing 1% BSA, sonicated in
hypertonic buffer (0.3 M KCl) and cytosols prepared (Ch. 4, Methods).
Determination of total (A) and nonspecific (o) binding was by DEAE -
filtration (as before). Each time point represents the average of
triplicate determinations. Specific binding (e) is the difference
between total and nonspecific binding (NS).

B) Saturation analysis of 1,25(0H)2[3H]D binding at 37%. cell

preparations were identical to thosé in (R). Incubations were

performed for 1 hou§ at 37°C and contained the indicated concentra-

tions of 1,25(0H), [ H]D., (120 Ci/mmole) in the presence (nonspecific)

or absence (totalg of a3100-fold molar excess of radioinert 1,25(OH) D3.

Bound 1,25(0H)2[3H]D was determined as in (A). Specific binding (o%

is the differefice begween total (A) and nonspecific (o, NS) binding.

All incubations were performed in triplicate and the data are the
average of these independent determinationms.

C) Scatchard plot of specific binding (from B).
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.1,25(0H)2[3H]D3 by LLC-PK, cells, in situ, is presented in Figure 5.15;

1
LLC~-PK. cells were grown to confluency in 4 cm2 culture wells (400,000

1
cells/well) in DMEM containing 10% FCS. Various concentrations of
1,25(0H)2[3H]D3 (120 Ci/mmole) were then added (in 0.1% ethanol) to
the cultures and incubated for 90 minutes (37°C).- The sterol-
containing media was then decanted and the cells were washed with
DMEM containing 0.1% BSA to remove residual hormone. Cold (400) HPB
buffer (10 mM Tris-HC1l, pH 7.5, 2 mM EDTA, 0.5 mM EGTA, 0.5 mM
spermidine, 0.15 mM spermine, and 5 mM dithiothreitol) was then added
(0.5 ml) to each culture well for 10 minutes prior to removing the
cells. Each group of cells (from individual wells) were then sus-
pended in 1.0 ml of hypertonic buffer (HPB buffer containgng 1% Triton
X~-100 and 0.3 M KC1) for 30 minutes (4°C) to extract the hormone-
receptor complexes from the cells, These mixtures were then diluted
with 8.0 ml of 1% Triton X-100 (pH 7.5) and applied to DEAE~filters
as previously described (Ch. 4, Methods). This technique for recep-
tor recovery is virtually quantitative and importantly, cells labeled
with 1,25(OH)2[3H]D3 in this fashion (in situ) exhibit 957 of the
internalized, specifically-bound hormone as nuclear hormone-receptor
complexes (J. W. Pike, manuscript in preparation). The results of
this experiment are depicted in Figure 5.15 and demonstrate that under
identical conditions (in situ) as those used to stimulate 24-OHase
activity (i.e., 10% serum~containing media and monolayer cultures)
that nuclear association of the hormone-receptor complex is evident.

Furthermore, concentrations of 1,25(0H)2D3 which are effective in
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Figure 5.15. Nuclear binding of 1 25(OH) [ H]D
complex in LLC-PKl cells (1n situ?

Confluent cultures of LLC~PK; were prepared in 4 cm2 plastic
culture wells (400,000 cells/well) in DMEM containing 10% FCS.
Individual wells were treated with the indicated concentrations
of 1,25(0H), [ H]D (120 Ci/mmole) or with the inclusion of a
100-fold moiar extess of radioinert 1,25(0H) D for 90 min. at
37°C. The preparation and extraction of nuc%ear hormone-receptor
complexes is described in the text., Specific nuclear binding
represents the difference between total and nonspecific binding
as assessed by DEAE-filtrationm.

- receptor
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1 cells (0.5 and 1.0 nM) re-

sult in detectable nuclear localization of 1,25(OH)2[3H]D3 as well.

stimulating 24~OHase activity in the LLC-PK

It is difficult to quantitate the relative extent of nuclear binding
(since saturation was not achieved even at 5.0 nM 1,25(OH)2[3H]D3) and
in turn, correlate this level with a concomitant response (i.e., 24-
OHase induction). However, at 1.0 nM 1,25(OH)2D3, a concentration
giving maximal 24-OHase induction (Fig. 5.10), only 1 femtomole
(fmole) of specific nuclear binding (1500 molecules/cell) is observed
(Fig. 5.15). Based on previous estimates of the total receptor con-
tent in LLC-PK1 Cells (5300 molecules/cell), about 307 qf these
receptors ‘are located in the nucleus as a rgsult of exposure to 1.0
nM hormone concentrations., It is not clegr why the total nuclear
capacity for receptors (i.e., > 6 fmoles/well) is in excess of the

estimated receptor content in LLC-PK At any rate, based on these

1°
results (Figs. 5.10, 5.14 and 5.15), a receptor-mediated effect on
1,25(OH)2D3—dependent 24~-0Hase activity cannot be ruled out in the
LLC—PKl cell line. A comparative summary of LLC-PKl and LLC—MK2 cells
and their respective responses to 1,25(OH)2D3 (i.e., 24-OHase activity)
is presented in Table 5.1.

In summary, this chapter has evaluated the role of 1,25(0H)2D3
in the induction of 24-0OHase activity in several cultured cell sys-
tems. Although 1,25(0H)2D3 does not enhance 24,25(0H)2[3H]D3 syn-
thesis in all of the cells which contain 24-OHase activity (i.e., GH3),
it is a potent stimulator of this enzyme activity in others. There

is an obvious lack of correlation between 1,25(OH)2D3-dependent 24~

OHase induction and the presence of specific receptors for 1,25(0H)2D3.



Table 5.1. Comparative summary of 24-QHase responses in LLC—PK1 and LLC-MK

9 cell lines.

Parameter LLC~-PK

LLC-MK

1 2
A. 1,25(0H)2D3 receptors + (5300/cell) Undetectable (< 25/cell)
B. 24-0OHase activity Present Present
1,25(0H)2D3—dependent stimulation + +
Onset timeA <1 hr > 2 hr
Maximal response timeB 4 hr 8 hr
Duration timeC > 24 hr <24 hr
Actinomycin D-sensitivity + +
Half-maximal response (1,25(0H)2D3)D 0.15 mM 1.0 mM
Nuclear occupancyE at (D) 4-57% Undetectable

ATime after hormone exposure required to elicit response
B . .
Time after hormone exposure for maximal stimulation

CLength of time stimulation observed after hormone treatment
D

Concentration of 1,25(0H)2D3 required to elicit half-maximal response
E

Nuclear 1,25(0H)2D3—receptor complex localization (%) at (D)

€7¢
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Many aspects of this enzyme induction are reminiscent of a classic ster-
oid hormone action, particularly with respect to sterol specificity,
actinomycin D sensitivity and, in LLC—PK1 cells, 1,25(0H)2D3 localiza-
tion in the nucleus via receptor translocation. However, the induc-

tion of 24-0OHase activity in LLC-MK, cells is clearly not a receptor-—

2

mediated event. Hence, it is postulated that the hormone may influence
24~0Hase activity by a direct action on the cell membrane (LLC—MKZD but
that the receptor component may also be involved in accelerating or

sustaining this specific response (LLC-PKl). Since the LLC—MK2 cell

line represents, to my knowledge, the only 1,25(0H) -responsive sys-

203
tem which is devoid of 1,25(0H)2D3 receptors, it affords a unique

system in which direct and nuclear actions of 1,25(0H)2D may be dis-

3
sociable. Hopefully, the studies detailed herein have helped to eluc-
idate the complex mechanism(s) whereby 1;25(0H)2D3 regulates the renal

metabolism of vitamin D3.
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