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SUMMARY

The steroid cholecalciferol or vitamin D; is known to undergo a successive two-step hydroxylation,
first in the liver to give 25-OH-D; and then in the kidney to produce 1a,25-(OH),-D;. The kidney
is postulated to be the endocrine gland which produces the biologically active form of vitamin D.

The biological response to 1a,25-(OH),-D; in the target intestine is believed to occur as a consequence
of association with cytoplasmic and nuclear receptors, as is the case for other classical steroid hormones.
A steroid competition assay has been devised using receptors present in the intestinal chromatin.
A comparison of the relative competition in the assay and biological activity of a variety of analogs
has defined some of the essential structural elements required for vitamin D activity.

These structure—function relationships of analogs of 1a,25(OH),-D; are also discussed with particular
emphasis on the A-ring conformation. It is emphasized that the A-ring of these seco-steroids consist
of a pair of rapidly equilibrating chair conformers. As a consequence, different chair conformations
produce different orientations of substituent groups in the A-ring. It is proposed that the la-hydroxyl
of 1a,25-dihydroxyvitamin D, or its geometric equivalent in analogs must occupy the equatorial

as opposed to the axial orientation for optimization of biological activity.

The last decade has produced remarkable advances
in our understanding of the many parameters con-
cerned with calcium and phosphorous homeostasis.
Three of the most important of these biological regu-
lators are calcitonin, parthyroid hormone and vitamin
D. It is the purpose of this article to review some
of the recent developments that have occurred specifi-
cally with regard to our understanding of the che-
mistry, metabolism and mechanism of action of vita-
min D.

Perhaps the most striking advance has been the
recognition that the mode of action of vitamin D,
which may chemically be classified as a steroid* is
highly similar to that of many other classical steroid
hormones, such as estrogen, aldosterone, hydrocorti-
sone or testosterone [1]. Norman and Henry [2, 3]
have elaborated on the thesis that 1a,25-dihydroxy-
vitamin D; [1¢,25-(OH),-D;] is a steroid hormone pro-
duced by the kidney in response to various physiolo-
gical signals. With this concept in mind, it is possible
to identify new relationships between the molecular
topology of vitamin D; (the hormone), its secretory
organ (the kidney), its target tissues (the intestine,
skeleton and perhaps kidney), and various disease
states related to vitamin D.

It is now firmly established that vitamin D3 under-
goes an obligatory two step metabolism prior to the

* According to the International Union of Pure and
Applied Chemistry Commission on the nomenclature of
biological chemistry, vitamin Dy (cholecalciferol) may be
defined as a steroid, in particular a seco-steroid. The
chemical name is 9,10-secocholesta-5,7,10(19)-trien-3§-0l. A
seco-steroid is one where one of the rings has undergone
fission. In the case of vitamin D; this is the B ring.

production of the biologically active species, 1a,25-
(OH),-D;. First vitamin D, is transported to the liver
where it becomes hydroxylated at the end of its side
chain on carbon-25. After hydroxylation by the liver,
25-OH-D; is transported to the kidney where it un-
dergoes a second hydroxylation at carbon | to pro-
duce 12,25(OH),-D;. The 1¢,25(OH),-D; then is
transported via the plasma to the target tissues—the
intestine, bone and possibly the kidney—where the
biological responses attributable to vitamin D occur.

Our laboratory has proposed [4, 5] that the mode
of action of 1,25-dihydroxyvitamin D, is very much
akin to that of other classical steroid hormones. That
is, it produces its biological response by association
with first a cytoplasmic and then nuclear receptor
in the target cell where it stimulates a “read-out”
of genetic information which is essential to the devel-
opment of the characteristic physiological response.
As documented in Fig. 1, it has been possible to
correlate changes in the renal output of 1a,25-(OH),-
D5 and its localization in the tissue receptors in the
target intestine with coordinate changes in biological
response. The controlling signal appears to be related
to the calcium-demand of the organism. Thus, under
circumstances of a high calcium demand, there is
an increased activity of the kidney enzyme which
produces 1¢,25-(OH),-D,, an increased localization
in the intestine and a larger biological response.

A key point of control in this endocrine system
is the regulation of the output by the kidney of 1a,25-
(OH),-D;. The enzyme responsible for this hydroxyl-
ation, the 25-OH-vitamin Dj-la-hydroxylase, is
known to be structurally as well as functionally
related to other mixed-function oxidases present in
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Fig. 1. Endocrine system for the production of 1¢,25-(OH),-vitamin D;. The production of 1x,25-(OH),-
D; by the kidney is known to be regulated in a manner related to the calcium demand of the organism
[8]. Thus under conditions of high Ca demand, the specific activity of the renal 25-OH-vitamin Dj-la-
hydroxylase is elevated and the production of 14,25(OH),-D; is increased. Consequently more le,25-
(OH),-D; localizes in the target intestine resulting in an increased rate of intestinal calcium absorption.

steroidogenic tissues [6]. Such enzymes, including the
la-hydroxylase, are composed of a flavoprotein, iron-
sulfer protein (adrenodoxin) and cytochrome P-
450 [6]. The oxygen of the hydroxyl is known to
be derived from molecular oxygen [7]. Further the
concentration of the renal 25-OH-vitamin D;-1o-hyd-
roxylase is itself believed to be related to the “calcium
demand” of the organism [8]. The calcium demand
is transmitted to the kidney through changes in the
ratio of (PTH status)/(vitamin D status). As this ratio
becomes elevated, the rate of biosynthesis of the
enzyme increases, resulting in a higher steady-state
concentration of the la-hydroxylase and a higher rate
of output of 1¢,25-(OH),-D, [8]. In addition, Ca**,
phosphate and 10,25(OH),-D; can act directly on
the la-hydfoxylase as inhibitory modulators all cap-
able of reducing the output of 1a,25-(OH),-D; [6].
Thus the output of the steroid can be regulated in
accordance with the calcium demand of the
organisms.

All data obtained to date support the view that
1a,25-(OH),-D; is the molecular form of vitamin D
responsible for production of the physiological re-
sponses characteristic of this vitamin. The following
observations support this contention: (a) 1, 25-(OH),-
D; localizes primarily in the target intestine [4, 9]
and bone [10], but not in presumed non-target tissues
such as the liver or spleen; (b) it is the predominant
form of vitamin D5 found in the chick intestine after
a physiological dose of the vitamin[4]; (c) it has
a biological activity 5-10 times greater than the par-
ent vitamin D, in terms of stimulating intestinal cal-
cium transport [11] and mobilizing calcium from
bone [10]; (d) in the intestine the 10,25-(OH),-Dj; is
associated exclusively with the nucleus and its chro-
matin [4, 5, 9]; (e) the intestinal nuclear binding sites
for 12,25-(OH),-D; are selective and finite {4, 9]; (f)
the appearance of 1¢,25-(OH),-D; in the intestine
correlates well with the subsequent development of
the physiological response of an increased intestinal

calcium transport [4]; (g) actinomycin D, an inhibitor
of DNA directed RNA synthesis, blocks development
of the physiological response which normally ensues
after administration of either vitamin D3 or l«25-
(OH),-D,; [12]; and (h) 12,25-(OH),-D; stimulates
the synthesis of both RNA [13] and new species of
protein in the target intestine.

In the remainder of this article we will review the
relationship and significance of two very recent deve-
lopments in the vitamin D field to the foregoing pro-
posed steroid hormone mechanism of action of vita-
min D. These are: (a) elucidation of the molecular
topology of vitamin D and analogs in solution; and
(b) development of a steroid receptor assay for la,25-
(OH),-D;. Together these two advances permit, for
the first time in the vitamin D field, a detailed struc-
ture—function analysis.

The recognition of 12,25(OH),-D; as the active
form of vitamin D prompted this and many other
laboratories, to begin intensive efforts to chemically
synthesize this new metabolite. During the course of
our investigations, we obtained access to a 300 MHz
proton magnetic resonance [p.m.r.} spectrometer,
which, in conjunction with lanthanide induced shift
(LIS) reagent studies [ 14], vastly simplified structural
proofs of rather complex synthetic intermediates. The
p.m.r.~LIS reagent studies at 300 MHz also made it
possible to determine the dynamic molecular struc-
ture of vitamin D, and analogs of 14,25{(OH),-D;
in solution [15], which was of direct relevance to our
parallel structure-function studies. The 300 MHz
p.m.r—LIS reagent method enabled us to analyze all
of the resonances attributable to the A-ring protons
and the 6,7,98,19Z and 19E and methyl protons of
vitamin D,. What turned out to be of especial interest
was that detailed information on the dynamic solu-
tion conformation of the A-ring and seco-B ring por-
tions of vitamin Dj evolved. As shown in Fig. 2,
vitamin D was originally represented as I on the
basis of the original chemical structural studies to
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Fig. 2. Evolution of conformation representations of vita-
min D. Representation I resulted from the original chemi-

cal structure determination. The first X-ray crystal-
lographic analysis indicated the presence of a single A-ring
chair conformation as shown in IIL but this was normally
simplified to that shown in II. Our recent report [14] and
this paper emphasize that in solution there is a rapid equi-
libration between the two A-ring chair conformations, as
shown in HI and IV. In structures III and IV, the (¢) and
(@) refer respectively to the equatorial and axial
orientations of the 3-hydroxy! which in both instances is
geometrically .

relate it to its precursor steroids. The X-ray crystal-
lographic analysis of Hodgkins et al. [16] indicated
the presence of a single A-ring chair conformation
with the seco-B part extended by a 180° rotation
about the single bond linking C-6 and C-7 in a “non-
steroid” like topology as shown in III. The formula
III was quickly simplified by workers in the field
to the planar perspective formula II. This simplifica-
tion unfortunately placed less emphasis on the fact
that the A-ring should be expected to exist as a pair
of chair conformers, rapidly equilibrating with one
another. The p.m.r~LIS results, recently reported
from our laboratories, can only be interpreted if such
a dynamic equilibrium is occurring between an ap-
proximately equimolar mixture of conformers, III and
IV. The spectra of the side chain analogs, vitamin
D, and octanorvitamin D; [17] revealed no change
in chemical shifts or fine structure of the resonances
assigned to the A-ring, the seco-B-ring, and the 98
protons. Thus, the side chain has no effect on the
conformation of the A- and seco-B rings.

During the course of these biochemical studies, cer-
tain structure—function relationships between the ster-
oid, 12,25{(0OH),-D, and its interaction with its bio-
logical system became apparent. Okamura et al. [18]
recently reviewed and discussed possible relationships
between the molecular topology and biological func-
tion for vitamin D. The exceptional importance of
the la-hydroxyl group of 10,25{OH),-D; to the
active form of D;, was emphasized. By way of review,

* It is convenient to class vitamin D-like molecules as
analogs of 1¢,25(OH),-D, if they possess a hydroxyl in
a position geometrically similar to the 1z-OH in 1a,25-
(OH);-Dj. Such a hydroxyl group can be of a 10-OH
or some other hydroxyl such as the 38-OH when the
A-ring has undergone 180° rotation.
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this emphasis scemed justified on the basis of the
following observations.

i 1¢,25(OH),-D; is fully active in its ability to
produce stimulation of intestinal calcium transport
in nephrectomized rats while the parent D; and its
metabolite 25-OH-D, are inactive [19].

il. 1a-OH-D;, a chemically synthesized analog of
1,25-(OH),-Dy lacking the 25-OH-group, is active
in nephrectomized rats [20].

iii. 3-D-12-OH-D,, another synthetic relative of
12,25(OH),-D; lacking both the 3f-and 25-OH
groups, is able to stimulate a greater maximal intes-
tinal calcium response than can saturating dose levels
of 12,25(OH),-D, [21].

iv. Significant biological activity is exhibited by
several pseudo-1a-hydroxyl containing analogs, which
possess carbon frameworks brought about by a for-
mal 180° rotation about the 56-bond of D,[22]
This fortuitously places the 35-OH in the same geo-
metric orientation as the 1a-OH of 12,25-(OH),-Ds,
and 3-D-1a-OH-D;. The pseudo-la-hydroxyl con-
taining analogs include DHT,, 25-OH-DHT;, 56~
trans-Ds, 25-OH-5,6-trans-D;, and isotachysterol,
(see Fig. 3).

The four points just enumerated suggested a mini-
mal planar blueprint necessary for biological activity
which incorporates a 1«-OH [or pseudo-1a-OHJ*
a side chain, R, on a seco-steroid backbone, but does
not include a 38-OH or C-19 carbon atom. The side
chain, R, requirements have clearly not been defined,
but it is definite that the nature of the side chain is
important (R. Johnson, Riverside-Unpublished obser-
vations).

HO DHT [[]
B CHz
{a}
R R
P {0}
== 56-1-D [2]
OH (e)
(e "
R R
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~—— 3-D-lg-OH-D [3}
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Fig. 3. Conformations of equilibrating chair forms of
dihydrotachysterol [DHT] (top row, 5,6-trans-D[5,6-t-D,]
(second row), 3-deoxy-lx-OH-vitamin D, [3-D-12-OH-
D;] (third row), and 12-OH-D; or 14,25<{(OH),-D; (bot-

tom row).
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The usefulness of the p.m.r.—LIS studies for deter-
mining dynamic 3-dimensional structures in solution
suggested studies of other vitamin D-like molecules.
Our attention focused first on dihydrotachysterols,
because of its high biological activity [23]. Our
recently reported p.m.r.-LIS results established that
the A-ring exists nearly completely in the single chair
form (Fig. 3) with both the C-10 methyl and C-3
hydroxyl equatorially oriented as expected. A semi-
quantitative conformational analysis of the two chair
conformers of DHT; (or DHT,) indicates that the
observed conformer should be favored over its diaxial
counterpart by ca. 22 kcal. Thus the equilibrium mix-
ture should contain x97% of the observed equatorial
conformer at 25°C. The presence of the pseudo-la-
hydroxyl group in DHT; appears essential for bio-
logical activity and now, it has been shown that this
hydroxyl in DHT]; is equatorially oriented.

Another analog, 5,6-trans-D,, differs from DHT;,
only in the oxidation state of the C-10-C-19 bond. In
DHT;, the C-10-C-19 bond is an o-oriented
single bond and in 56-t-D; the C-10-C-19 bond
is a double bond. How should this structural differ-
ence affect the orientation of the pseudo-loa-hydroxy
of 5,6-t-D3? The two chair-like conformers (2a and
2b, Fig. 3) of the latter should be more nearly equal
in energy and again a semi-quantitative analysis of
2a and 2b suggests that their free energy difference
should be ca. 0-4 kcal with the e-form preferred (66%).

A close relative of DHT; is a compound known
as DHV-IV. It differs from DHT, only in that it
has the opposite configuration at C-10, that is its
methyl group is f. This has the consequence that
the predominant A-ring conformer in solution should
exist with its pseudo-la-hydroxyl ca. 91% in the axial
configuration. It is also significant that DHV-IV has
little or no biological activity [24].

In summary, of the three psuedo-la-hydroxyl con-
taining analogs (DHT3,5,6-t-D; and DHV-1V), DHT;
appears to be the most biologically active. The A-ring
of each member of this triad can exist as a pair
of dynamically interconverting chair conformers. In
one of these, the pseudo-la-hydroxyl assumes an
equatorial orientation and in the other it is axial.
The relative proportions of these conformers depend
upon the nature and/or sterochemistry of the C-10-
C-19 bond as described above. We recently pro-
posed [ 18] that the conformer with the la-hydroxyl
or pseudo-la-hydroxyl equatorial is the preferred bio-
logically active form. Thus, it is predicted that the
biological activities and the relative amount of the
conformer with the pseudo-la-hydroxyl equatorial
should follow the same order for the trio of com-
pounds discussed above: DHT; > 5,6-t-D3; > DHV-IV.

With these initial considerations in mind, it was
instructive to analyze the A-ring conformations avail-
able to 1a,25-(OH),-D; and other putative analogs
(see Fig. 3). It seems possible to design analogs which
would possess high biological potency and which
would provide further critical tests of our new theory.
For our initial exercise, we considered 1a-OH-D; and
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the molecule produced by removing its 3-OH, which
is named 3-deoxy-la-hydroxyvitamin D, (3-D-lo-
OH-D;). For 1a¢-OH-D;, the A-ring should exist as
a nearly equimolar mixture of the two conformers.
There can only be an equatorial-axial or axial-equa-
torial combination of the two hydroxyls in this mole-
cule and the environment of the axial hydroxyl com-
ponent is nearly identical in each conformer (the free
energy difference should be ca. 0 kcal/mol). By remov-
ing the 38-OH of 1a-OH-D; to give 3-D-1a-OH-D,,
it is readily predicted on the basis of our new theory
that the latter should be more active. In the A-ring
of 3-D-1¢-OH-D,, which contains only the single hy-
droxyl, the equatorial form should be favored by
about ca. 04 kcal (~66% equatorial). We have in
fact synthesized 3-D-1a-OH-D; and have compared
its biological activity with D5, 1o-OH-Dj, and 1a,25-
(OH),-D,. At saturating dose levels of the latter three
substances, they were able to elicit the same maxi-
mum stimulation of intestinal calcium transport [21].
This is reasonable since the first two substances are
apparently metabolized to the third so their identical
biological activities are expected.

Our conformational model as embodied in the 3-
dimensional blueprint has certain implications for
several facets of the multi-stepped action of vitamin
D. It is possible to envision that the active site of
the renal 25-OH-vitamin Dj;-la-hydroxylase forms
the covalent bond between C-1 and the oxygen of
the incoming hydroxyl so that it is inserted not only
with the necessary la-configuration, but also with
only an equatorial or axial orientation. Whichever
conformer is formed would then rapidly equilibrate
once the product was released from the la-hydroxy-
lase.

A more important problem concerns the conse-
quences of our new hypothesis in terms of the interac-
tion that must occur between the steroid hormone,
1a-25-(OH),-D; or its analog, and the target intestine
with its receptors. It is known that steroid hor-
mones 25, 26], including 1o, 25-(OH),-D; [5], elicit
biological response by multi-stepped processes. First
the steroids bind to a cytoplasmic receptor protein
which then becomes “activated” so that the steroid-
receptor complex may move to the nucleus and as-
sociate in a specific fashion with the chromatin. Then,
in some as yet undefined processes, the production
of new RNA and protein ensues leading to the devel-
opment of the biological response. Shown in Fig.
4 are some data supporting the existence of such
a system for the interaction of 1a,25{(OH),-D; in
the intestine.

The results of a dose-response study in which in-
creasing quantities of [*HJ-14,25(OH),-D; were
administered intracardially to rachitic chicks are pre-
sented in Fig. 4a. Three hours after receiving the
indicated doses of steroid, the birds were sacrificed
and intestinal chromatin fractions prepared by our
standard procedures [5]. A nonionic detergent, Triton
X-100, was used to wash the chromatin fraction free
of nonspecifically bound steroid. These data provide
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Fig. 4. Evidence for the existence of a cytoplasmic receptor and saturable chromatin receptor for
12,25-(OH),-D5 in the intestine. (A) Saturation of intestinal chromatin receptor in vivo 3 h after intracar-
dial administration of doses of [*H]-1¢,25-(OH),-Dj. (B) Saturation of intestinal chromatin after incuba-
tion in vitro of [*H]-1e,25-(OH),-D, with homogenates of intestinal mucosal (from vitamin D-deficient
chicks), followed by subsequent isolation of the chromatin. (C) Tissue specificity of cytoplasmic and
chromatin binding of 14,25-(OH),-D;. Cytosol protein (100,000 g supernatant) was obtained from
different chick tissues and preincubated with [*H]-1,25-(OH),-D5. An intestinal crude nuclear fraction
(600 g pellet) was then added to the “labelled cytosol” during a second incubation. Next the Triton-X-
100-washed chromatin was prepared. In 4a, b and c the chromatin was isolated by the procedure of
Tsai et al.[5].

evidence for a finite number of binding sites for 1,25-
(OH),-D; in the chromatin fraction.

In an effort to duplicate under in vitro circum-
stances the results obtained from doses of 1o,25-
(OH),-D; given in vivo, the radioactive steroid was
initially incubated with homogenates of intestinal
mucosa [5] at 25° for 60 min. The purified intestinal
chromatin fraction was then isolated and the radioac-
tivity determined. As shown in Fig. 4b, saturation
of the chromatin fraction was achieved at a level
of ca. 11-12 pmol of specifically bound steroid per
chick intestinal chromatin. This result is in excellent
agreement with previous results obtained under in vivo
conditions where ca. 14 pmol of steroid was found
in the chromatin fraction following the administration
of a saturating dose of [*H]J-12,25<{OH),-D;.

Studies of the tissue specificity of the cytoplasmic
receptor for 1¢,25-(OH),-D; were performed and the
results summarized in Fig. 4c. These data indicate
that there is a discrete requirement for the presence
of the intestinal cytoplasm fraction for transfer of
the 10,25(OH),-Djto the chromatin. As shown in
the histogram (Fig. 4c), only 19% of the maximum
chromatin localization occurs when 1a,25(OH),-D;
is incubated with purified intestinal nuclei alone.
Further, the cytosol of the target tissue, the intestine,
is the best mediator for the transfer of 1,25-(OH),-
D, to the nuclei of intestinal mucosa.

In toto, these data support the conclusion that
10,25(OH),-D; must first bind with a specific recep-
tor protein present in the cytoplasm of the target
intestinal mucosa cells, and then this is followed by

movement of the steroid into the nuclei where it asso-
ciates with a finite number of specific chromatin
receptor sites.

The ability to duplicate, in vitro, the conditions
which permit the binding of 14,25-(OH),-D; to its
specific chromatin receptor has enabled us to develop
a receptor binding assay for the steroid. The experi-
mental protocol includes preparing the receptor sys-
tem by isolating Triton-X-100-washed chromatin
from a homogenate prepared from the intestines of
rachitic chicks, and then recombining it with the cyto-
sol fraction of the same intestinal homogenate (see
the legend to Fig. 5).

As shown in Fig. 5, the addition of cold 1«,25-
(OH),-D; to the assay mixture results in a propor-
tional decrease in the maximal amount of labelled
steroid bound to the chromatin. This decrease in
radioactivity bound is due to a dilution of the pool
of radioactive steroid such that 50% of the maximal
radioactivity bound occurs at a ratio of [cold 1¢,25-
(OH),-D;]/[labelled 1a,25(OH),-D;] equal to I.
Thus, this assay provides a very useful tool for assay-
ing 14,25-(OH),-D;.

With the development of a receptor assay for 1a,25-
(OH),-Ds, it became possible to screen various struc-
tural analogs for their ability to compete with 1,25-
(OH),-D; for its receptor system. Studies of this
nature afford an excellent opportunity to obtain data
which help define the essential structural elements
required for the association of 1¢,25-(OH),-D; with
its chromatin receptor. The results of these studies,
as shown in Fig. 5, indicate that both 25-OH-D;
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Fig. 5. Competition curves for structural analogs of 1a,25-
(OH),-D; binding to the intestinal chromatin receptor.
Chromatin and the cytosol fraction prepared from the
same 40°% homogenate of intestinal mucosa obtained from
rachitic chicks were recombined such that there was 0-05
chick chromatin per m! of cytosol. One ml volumes of
the reconstituted mixture were then added to incubation
tubes containing 20 pmol of [*H]-1,25-(OH),-D5 and cold
analog dissolved in 100 ul of ethanol. Following an incuba-
tion for 60 min at 25°C, the chromatin was isolated and
washed twice with 0-5% Triton-X-100 in 0-01 M Tris, pH
8-5. Specifically bound 1,25(OH),-D; was extracted with
a 2:1 mixture of methanol and chloroform and the radioac-
tivity determined. The value 100% maximal radioactivity
bound is defined as that amount of radioactivity bound
to the chromatin in the absence of cold analog.

and 1a-OH-D; and 1a-OH-D; are the most effective
of the analogs tested in competing with 1a,25-(OH),-
D; for the receptor system, but that a 900-fold excess
concentration of these analogs is required for a 50%;
decrease in the maximal binding of 10,25-(OH),-Ds.
The compound, 3-D-12-OH-Dj is required in a 5000-
fold greater concentration than !e,25<(OH),-D; to
decrease the binding of the steroid by 50%. The
pseudo-la-hydroxyl analogs 5,6-t-D; and DHT, as
well as D; do not effectively compete with 1a,25-
(OH),-D; even at concentrations 10,000 times greater
than that of 1a,25(OH),-D;.

The results from these competition studies support
the conclusion that the receptor system is highly spe-
cific for 12,25(OH),-D;. In terms of the structural
elements required for interaction with the receptor
system, it is apparent that hydroxyl groups at both
the 1o and 25 positions play an important role. Com-
petition studies employing 25-OH-D; and 1a-OH-D,
indicate that the loss of an hydroxyl group at either
the la or 25 position, respectively, results in an analog
with a greatly diminished ability to compete with
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10,25-(OH),-D;. The inability of D, to successfully
compete with 10,25-(OH),-D; even at excessively
great concentrations further emphasizes the impor-
tance of hydroxyl groups at the 1« and 25 positions.
It can also be argued that a hydroxyl group at the
38 position is not as important as a hydroxyl at
the lo-position since 3-D-1a-OH-D; will compete
with 10,25{OH),-D; at a concentration that D; will
not. In addition, the inability of either DHT}; or 5,6-t-
D; to compete with 1[a,25(OH),D; at a con-
centration that 3-D-1¢-OH-D; will compete suggests
that a cis geometry of the A-ring is preferred over
a trans geometry.

Summarized in Table 1 are the results of the com-
petition studies and also the relative biological activi-
ties of the analogs compared to 1a,25-(OH),-D;. The
much greater relative amounts of these analogs
required to cause a 50% decrease in the binding of
12,25-(OH),-D; to its chromatin receptor, in vitro,
than that required for 509, of the maximal biological
response, suggests that these analogs probably do not
interact directly with the chromatin receptor under
in vive conditions. Rather, it seems likely that these
analogs are further metabolized to compounds with
a greater ability to bind to the chromatin receptor.
The well known metabolism of Dy and 25-OH-D,
to 10,25-(OH),-D; certainly is consistent with this
proposal. By the same token, it seems reasonable
that 12-OH-D; may be further metabolized via a hy-
droxylation at the 25 position in the liver to give the
active metabolite 1a,25-(OH),-D;. In the case of 3-D-
1a-OH-D;, which lacks hydroxyls at both the 38 and
25 positions, this analog may be further hydroxylated
in the liver to yield 3-D-12,25-(OH),-D3. This com-
pound, by virtue of now possessing hydroxyl groups
at the two most critical positions, namely the la and
25 positions, should have a greater ability to bind
to the chromatin receptor. The pseudo-la-hydroxyl
analogs 5,6-t-D; and DHT; may also be further hy-
droxylated at the 25 position to generate products
which should be better able to interact with the 1«,25-
(OH),-D; receptor system.

From the foregoing it is apparent that there is
a requirement for both the intestinal cytosal and nuc-
leus for transfer of 16,25-(OH),-D; to the highly spe-

Table 1. Structure—Function relationships for analogs of 1x,25-(OH),-D;

Relative activity*

Intestinal Intestinal
chromatin calcium
Compound Missing hydroxyl receptor transport}

10,25-(OH),-D5 None 1-0 : 1-0
la-(OH)-D;, 25-OH 900 24
25-OH-D, la-OH 900 4-8
3-D-12-OH-D, 38-OH,25-OH 5000 347
5,6-trans-D Pseudo-35-OH,25-OH > 10,000 7000
DHT, Pseudo-34-OH,25-OH > 10,000 194
D, 1a-OH,25-OH > 10,000 67

* Relative activity is defined as the concentration relative to 1a,25-(OH),-D; required to produce 50%; of the maximum
attainable biological response or competition in the intestinal steroid-receptor assay.
+ Intestinal calcium transport was determined by the method of Hibberd and Norman[23].
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Fig. 6. Proposed two-step mode of action of 1a,25{OH),-
Dj; in the intestine. S = 16,25-(OH),-D;; R = CRP = cy-
toplasmic receptor protein.

cific receptors in the chromatin. A necessary conse-
quence of this general model for steroid hormone
action with regard to our proposed three-dimensional
blueprint for biological activity is that some aspect
or component of the system must discriminate or
differentiate between the axial and equatorial con-
formers of this compound. An example of how this
might occur in the intestinal system is presented in
Fig. 6. This is necessary to explain the preferential
biological activity of steroids which exist primarily
in the equatorial form.

It remains to the future to delineate the detailed
biochemical and chemical facets of the proposed hor-
monal mode of action of vitamin D. The concept
of conformational optimization of biological activity
of vitamin D-like compounds, as proposed in this
paper, is clearly one which should be further exam-
ined.
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