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ABSTRACT: Previously, we reported that 22S-butyl-25,26,27-
trinor-1a,24-dihydroxyvitamin D; 2 represents a new class of
antagonist for the vitamin D receptor (VDR). The crystal
structure of the ligand-binding domain (LBD) of VDR
complexed with 2 showed the formation of a butyl pocket to
accommodate the 22-butyl group and insufficient interactions
between ligand 2 and the C-terminus of VDR. Here, we
designed and synthesized new analogues Sa—c and evaluated
their biological activities to probe whether agonistic activity is
recovered when the analogue restores interactions with the C- agonist antagonist agonist
terminus of VDR. Analogues Sa—c exhibited full agonistic (hormone)

activity in transactivation. Interestingly, Sc, which bears a 24-

diethyl group, completely recovered agonistic activity, although 3¢ and 4c act as an antagonist and a weak agonist, respectively.
The crystal structures of VDR-LBD complexed with 3a, 4a, Sa, and Sc were solved, and the results confirmed that butyl pocket
formation in VDR strongly affects the agonistic or antagonistic behaviors of ligands.

butyl
pocket

H INTRODUCTION tives."™ "' VDR antagonism is believed to be based on an

Active vitamin D;, 1a,25-dihydroxyvitamin D; 1a (Chart 1), is unstable conformation of VDR generateq upon ligand binding.
a hormone that plays a major role in calcium homeostasis. This A VDR that. acFommgdates an antagonist would prevent the
hormone is also involved in cell differentiation and proliferation heterodimerization with RXR and/or the recruitment of
and immunomodulation.! The actions of la and its active coactivators. However, the molecular basis for VDR antagonism
analogues are mediated by the vitamin D receptor (VDR), is not clearly understood. _
which is a member of the nuclear receptor superfamily that .Recently,. we reported that 223-buty1—25,26,27-trlnor-10.1,2411-;
includes the receptors for steroid, retinoid, and thyroid dihydroxyvitamin D5 2 acts as a third type of VDR .antagonlst.
hormones.” These nuclear receptors function through a The crystal structure of the ligand bmdlgg domain (LBD) AOf
common mechanism by which the receptors regulate the VDR complexed with 2 shows theuformatlon of an extra cavity
transcription of their target genes. VDR forms a heterodimer to a}ccomrrz‘odate the buEyl group. = We have termed this extra
with retinoid X receptor (RXR), and upon ligand binding, VDR cavity the “butyl pocket”. Several research groups have .solved
changes to an active conformation that provides the activation cry stal structures of VDR-LBD complexed with a variety of
function 2 (AF2) surface to allow binding of a coactivator.’ hgands’. ' Most of the cry: stla; structures show the can.on%cal
Since the discovery of 1a, thousands of vitamin D analogues Mor.as active conﬁ?rmatlop ) of VDR-LBD and sm?llar
have been synthesized,> of which more than 10 have been architectures of the ligand binding pocket (LBP) Excegtllcé)rég
clinically used to treat metabolic bone diseases and skin are the complexl of z.ebraﬁ'sh VDR_L2}212)7 with “GEMINT, ™
diseases such as psoriasis, immune disorders, and malignant which has t"‘_’o identical side Chams’lzi and the complex of
tumors.> All these clinically used analogues are VDR agonists. VDR-LBD with 22-butyl analogue 2.™ The crystal structure of
VDR antagonists have been synthesized by several groups and the Ze.braﬁsh VD R'LBD / G.EM.INI compllex revealed. 'the
are classified structurally into two types. The first group is format.lon of a new cavity, which is an extensmn. of the .orlgmal
composed of analogues containing a bulky side chain, such as LBP, in order to accommodate the second side chain. The
carboxylic ester (ZK series) compoundsé and adamantane crystal structure of the VDR-LBD/2 complex also revealed the
compounds,” while the second group is composed of analogues
lacking a bulky side chain, such as (235)-25-dehydro-la- Received: February 21, 2012
hydroxyvitamin D;-26,23-lactone (TEI9647)° and its deriva- Published: April 18, 2012
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Chart 1. Structures of 1a and Vitamin D Analogues

c

HO™

3a (22H,240H) 4a (22H,240HDM)  5a (22H,240HDE)
3b (22SEt,240H) 4b (22SEt,240HDM)  5b (22SEt, 240HDE)
3c (22SBu,240H) 4¢ (22SBu,240HDM)  5¢ (22SBu,240HDE)

formation of a cavity similar to that of the VDR-LBD/GEMINI
complex. These observations suggest that the region around
helix 6, loop 6—7, and the N-terminus of helix 7 is somewhat
flexible. Interestingly, although both GEMINI 1b and 22-butyl
analogue 2 induce the formation of an extra cavity, 1b acts as a
VDR agonist whereas 22-butyl analogue 2 acts as a VDR
antagonist. We hypothesized that the contrasting behaviors of
1b and 2 against VDR were derived from differences in
hydrophobic interactions between the side chain terminus of
each ligand and the C-terminus of VDR.

To investigate the effects on antagonism of the induction of
the butyl pocket and of insufficient interactions of the ligand
with the C-terminus of VDR, we synthesized a series of vitamin
D; analogues with and without a 22-alkyl substituent and
evaluated their biological activities.”® We found that these
synthetic ligands show strong antagonist, partial agonist, or full
agonist activities, depending on the primary or tertiary alcohol
at the side chain terminus and on the length of the 22-alkyl
group. The results suggested that both the induction of a butyl
pocket and insufficient hydrophobic interactions with the VDR
C-terminus are necessary for VDR antagonism.

The present study was conducted to further confirm the
molecular basis of agonistic and antagonistic activity of a new
class of ligands that induce the formation of a butyl pocket.
Here, we report the design, synthesis, and biological evaluation
of new analogues in order to probe whether agonistic activity
increases when the analogue exhibits increased interactions
with the C-terminus of VDR. Furthermore, X-ray crystallo-
graphic analyses of VDR-LBD complexed with those analogues,
which contain or lack a 22-butyl substituent, are also reported.

B DESIGN AND SYNTHESIS

Design. Previously we showed that a 22-butyl analogue with
a 24-primary alcohol, 3¢, is a VDR ligand but does not activate
VDR whereas the corresponding 24-tertiary alcohol 4c activates
VDR, albeit weakly.”® The results implied that the introduction
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of a more hydrophobic substituent at the 24-position would
enhance VDR activation. Therefore, we designed 22-butyl
analogue Sc with a diethyl substituent instead of a dimethyl at
C(24). 22-Ethyl analogue Sb and 22-H analogue Sa, both of
which have a diethyl substituent at C(24), were also designed
as counterparts of Sc. As described in earlier paper, we selected
the 2-methylene-19-nor structure because of its superior
chemical stability, convenient synthesis, and its increased
biological activity compared to the original A-ring structure.”*>’

Synthesis of the 1,24-Dihydroxyvitamin D; Ana-
logues. As shown in Scheme 1, 1,24-dihydroxyvitamin D,
derivative Sa was synthesized from ester 6. Ester 6, prepared by
the procedure reported previously,”® was treated with ethyl-
lithium in THF to afford 24,24-diethylated compound 7.
Diethyl compound 7 was deprotected with CSA in methanol to
provide desired compound Sa. 22-Ethyl analogue Sb was
derived from 22-ethyl ester 8.**°° Ester 8 was treated with
EtMgBr to afford 24,24-diethylated compound 9. Compound 9
was deprotected with CSA in methanol to provide desired
compound Sb. 22-Butyl analogue Sc was derived from 22-butyl
ester 10.2%3° Ester 10 was treated with EtMglI to afford 24,24-
diethylated compound 11. Compound 11 was deprotected with
CSA in methanol to provide desired compound Sc.

B BIOLOGICAL ACTIVITIES

VDR Binding. Binding affinity to VDR was evaluated by a
competitive binding assay using recombinant human VDR-LBD
expressed as a C-terminus GST-tagged protein using the
pGEX-VDR vector’®*! in Escherichia coli BL21. The results are
summarized in Table 1 including previously reported results.”®
Three synthetic compounds Sa—c showed specific binding to
VDR, indicating they are ligands for VDR. In particular, Sa
showed stronger affinity than la.

Transactivation. The ability of synthetic compounds Sa—c
to induce transcription of a vitamin D-responsive gene was
tested using the mouse osteopontin luciferase reporter gene
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Scheme 1. Synthesis of Compounds Sa—c
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assay system in Cos7 cells.'> The results are shown in Figure 1,
together with the results for 3a—c and 4a—c.*® New analogues
Sa—c showed concentration-dependent transcriptional activity

and acted as potent agonists. Of the 22-butyl analogues, new

Table 1. VDR Binding Affinity of Synthetic Analogues 3—6,

I1Cs, (nM)a
. i , § OH R OH
Compd. | 1a K'\A oH |
3 4 5
aR=H [0.08]27 0.10 0.029
b: R = Et 0.88 0.72 0.38
¢ R=Bu 0.13 0.21 0.41

“Competitive binding of 1a and synthetic compounds Sa—c to the
human vitamin D receptor. Affinity of related compounds (3a—c and
4a—c) was cited from previous report28 to compare with Sa—c. The
experiments were carried out in duplicate. The ICs, values are derived
from dose—response curves and represent the compound concen-
tration required for 50% displacement of radiolabeled 1a,25-
dihydroxyvitamin D; from the receptor protein.

4375

analogue Sc completely restored full agonistic activity. In the
22-H analogues, the ECy, of transcriptional activity decreased
in the order 240H 3a > 24OHDM 4a > 240HDE Sa. In the
22-Et analogues, it is interesting that Sb acted as a full agonist
while 3b and 4b are partial agonists.

B X-RAY CRYSTAL STRUCTURE

We attempted to crystallize the VDR-LBD complex with the
22-H analogues (3a, 4a, and Sa) and 22-butyl analogues (3c,
4c, and 5c). We were able to obtain crystals in the presence of,
but not in the absence of, a coactivator peptide, which is the
same result as in our previous report.'> Good quality crystals of
VDR complexed with 3a, 4a, Sa, or Sc were obtained, but good
crystals accommodating antagonists 3c or 4c were not
obtained. As a result, we could solve the crystal structure of
the complex with 3a, 4a, Sa (Figure 2), or Sc (Figure 3) but not
the complex with 3¢ or 4c. The crystallographic analysis data
are summarized in Table 2. The overall protein structure of
VDR-LBD complexed with 3a, 4a, Sa, or Sc adopted the
canonical Moras’ active conformation observed in the complex
with 1a."® Coactivator peptide is also closely bound to the AF2

dx.doi.org/10.1021/jm300230a | J. Med. Chem. 2012, 55, 43734381
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Figure 1. Transactivation of compounds Sa—c in Cos7 cells, together
with the results of 3a—c and 4a—c previously reported.”® Transcrip-
tional activity was evaluated by the dual luciferase assay using a full-
length human VDR expression plasmid (pCMX-hVDR), a reporter
plasmid containing three copies of mouse osteopontin VDRE (SPPx3-
TK-Luc), and an internal control plasmid containing sea pansy
luciferase expression constructs (pRL-CMV) in Cos7 cells as described
previously.'” Luciferase activity of 107 M 1a was defined as 1.

surface. These results indicate that the complexes with 3¢ or 4c,
for which good quality crystals were not obtained, are difficult
to adopt the canonical Moras’ active conformation.

The entire main-chain structure of the VDR-LBD/Sc
complex is similar to the complex with la or antagonist 2.
The la-, 3f-, and 25-hydroxyl groups of Sc form pincer-type
hydrogen bonds, as is the case with most vitamin D analogues
(Figure 3a). Formation of a butyl pocket to accommodate the
22-butyl group was clearly observed (Figure 3b). The residues
within 4.5 A from each ligand are summarized in Table 3; these
residues in Sc are identical with those, except Leu400, in 1a.

In the complexes with 3a, 4a, or Sa, the side chain
conformations of the amino acid residues lining the LBP are
superimposed onto those of the VDR-LBD/1a complex. In the
crystallographic analysis, ligands 4a and Sa docked in the VDR
are well-defined, whereas the electron density map of the side
chain of ligand 3a in the VDR is unclear, probably because of its
flexibility. Therefore, the side chain conformation of 3a was
tentatively determined based on the electron density map and
the conformation that allowed hydrogen bonding with His393
and/or His301. Ligands 3a, 4a, and Sa were accommodated
into the VDR-LBP in a manner similar to la. The hydroxyl
groups at the la and 3f positions form pincer-type hydrogen
bonds, evident in the VDR-LBD/la complex (Figure 2a).
Furthermore, the 24-hydroxyl group of 4a and Sa forms
hydrogen bonds with both His393 and His301, and that of 3a
forms a hydrogen bond with His393 (Figure 2a). As shown in
Table 3, compared with the complex with 1a, complexes with
3a and 4a showed reduced interactions.

B DISCUSSION

All synthetic analogues with a 24-hydroxyl group at the side
chain showed specific binding for hVDR (Table 1). Therefore,
compounds Sa—c synthesized here are true ligands for hVDR.
Interestingly, compound Sa showed stronger affinity for hVDR

\
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Figure 2. Crystal structures of VDR-LBD complexed with 1a, 3a, 4a, and Sa: (a) hydrogen bonds between VDR-LBD and 1a (green), 3a (gray), 4a
(purple), or Sa (yellow); (b) interactions between the VDR C-terminus (helix 11, loop 11—12, and helix 12) and the ligands. The C-terminus (helix
11, loop 11—12, and helix 12) is presented as a green ribbon, and the ligands are presented in the same colors as in (a). Residues within 4.5 A from

each ligand are presented.
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Figure 3. Crystal structures of VDR-LBD complexed with Sc: (a) hydrogen bonds between VDR-LBD and Sc (pink); (b) Conolly channel surface
of the ligand-binding pocket of the VDR-LBD/1a complex (left, green), VDR-LBD/2 complex (middle, cyan), and VDR-LBD/Sc complex (right,
pink); (c, d) superposition of VDR-LBD complexed with 1a (green), 2 (cyan), or Sc (pink). (a) The la-, 3f-, and 2S-hydroxyl groups of Sc form
pincer-type hydrogen bonds with Ser233 and Arg270, Tyr143 and Ser274, and His301 and His393, respectively. (b) Formation of the butyl pocket
to accommodate the 22-butyl group is clearly observed in the complex with 2 and Sc. (c) The terminal S-methyl group of Met268 in the VDR/2
complex (cyan) rotated in about 120° compared with that in VDR/1a complex (green), but that in VDR/Sc (pink) did not rotate. Leu305 in VDR/
5c (pink) adopted intermediate conformation between conformations of the complexes with 1a and 2. (d) 5c (pink) and Phe418 at helix 12 make
C—H-7 interactions. The distance between the terminal carbon of one of 24-ethyl groups in 5c and the center of the z-system (dc_y) is 3.9 A.

Table 2. Summary of Data Collection Statistics and Refinement

ligand
parameter 3a 4a Sa Sc
X-ray source KEK-PF BL-6A KEK-PFAR NW-12A KEK-PFAR NW-12A KEK-PFAR NW-12A
wavelength (&) 0.97800 1.00000 1.00000 1.00000
space group 2 2 C2 C2
unit cell dimensions
bond (A) a=15299, b =43.87, c= 4243 a=15434,b=4229, c=4221 a=154.14, b=4277,c=4212 a= 15421, b = 4321, c = 42.38
angle (deg) o =90.00, B = 9594, 7 = 90.00 a = 90.00, f = 9589, y = 90.00 a=90.00, 8 =9542,7=90.00 a=90.00, S = 9549, y = 90.00
resolution range (A)®  38.04—2.40 (2.49—2.40) 76.76—2.00 (2.11-2.00) 76.73—1.90 (2.00—1.90) 76.75—-2.40 (2.53—-2.40)
total no. of reflections 41156 56092 75735 34783
no. of unique reflections 11168 17728 20511 10065
% completeness® 99.5 (99.6) 96.4 (96.3) 94.6 (95.1) 91.9 (91.4)
Roerge™” 0.045 (0.299) 0.074 (0.308) 0.047 (0.343) 0.081 (0.336)
Refinement Statistics
resolution range (A)*  38.04—2.40 (2.49—2.40) 26.98—2.00 (2.11-2.00) 29.74—1.90 (2.00—1.90) 33.01-2.40 (2.53—-2.40)
R factor (Rgee/Ryon)™  0.273/0.225 0.279/0.219 0.248/0.209 0.256/0.218

“Values in parentheses are for the highest-resolution shell. mee,ge STy — L))/ (X L), where (I;) is the mean intensity of all reflections
equivalent to reflection hkl. ‘R0 (Rpee) = QMFopl — IFyll/ YIF,l, where 5% of randomly selected data were used for R

than natural hormone 1a. All three analogues Sa—c showed 3b), but in contrast to 2, Sc interacts intimately with helix 12 to
potent transcriptional activity (Figure 1). 22-Ethyl analogue Sb form a stable complex with VDR. As shown in Table 3, the
acts as a full agonist, whereas 3b and 4b are partial agonists.
More surprisingly, 22-butyl analogue Sc completely restored
agonistic activity, although 2 and 3c are antagonists and 4c is a
quite weak agonist.

This drastic change in transcriptional activity was explained
by comparison of the crystal structures. As expected, Sc 2 does not. This is a primary reason why 2 is an antagonist
induced the formation of a butyl pocket similar to 2 (Figure whereas Sc is an agonist.

number of amino acid residues within 4.5 A of Sc is 27, whereas
for 2 there are only 22 residues within that distance.
Compound Sc therefore forms sufficient interactions with
VDR, and especially with helix 12, to form a stable complex, but

4377 dx.doi.org/10.1021/jm300230a | J. Med. Chem. 2012, 55, 4373—4381
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Table 3. Residues within 4.5 A from ligand

compd

1a (28 residues)”

residues within 4.5 A from ligand
Tyr143, Tyr147, Phel50, Leu223, Leu226, Leu229, Val230, Ser233, Ile264, 1le267, Met268, Arg270, Ser271, Ser274, Trp282, Cys284, Tyr291,

Val296, Ala299, His301, Leu305, Leu309, His393, Tyr397, Leu400, Leu410, Val414, Phe418

2 (22 residues)®
His301, Leu30S, Leu309, His393, Leu398

Tyr143, Tyrl47, Phel50, Leu226, Leu229, Val230, Ser233, Ile264, le267, Met268, Arg270, Ser271, Ser274, Trp282, Cys284, Tyr291, Val296,

3a (20 residues)”
His301, Leu309, His393

Tyr143, Tyrl47, Phel50, Leu226, Leu229, Val230, Ser233, lle264, 11e267, Met268, Arg270, Ser271, Ser274, Trp282, Cys284, Tyr291, Val296,

4a (24 residues)®

Val296, Ala299, His301, Leu305, His393, Tyr397, Phe418

Tyr143, Tyr147, Phel50, Leu223, Leu226, Leu229, Val230, Ser233, lle264, 1le267, Met268, Arg270, Ser271, Ser274, Trp282, Cys284, Tyr291,

5a (27 residues)®

Tyr143, Tyr147, Phel50, Leu223, Leu226, Ala227, Leu229, Val230, Ser233, Ile264, 1le267, Met268, Arg270, Ser271, Ser274, Trp282, Cys284,

Tyr291, Val296, Ala299, His301, Leu305, Leu309, His393, Tyr397, Val414, Phe418

5c (27 residues)®

Tyr143, Tyr147, Phel50, Leu223, Leu226, Leu229, Val230, Ser233, lle264, 11e267, Met268, Arg270, Ser271, Ser274, Trp282, Cys284, Tyr291,

Val296, Ala299, His301, Leu305, Leu309, His393, Tyr397, Leu410, Val414, Phe418

“Total number of residues within 4.5 A from ligand.

Interestingly, the butyl pocket of the VDR-LBD/Sc complex
is slightly smaller than that of VDR-LBD/2; this is mainly due
to the conformation of Met268 and Leu30S (Figure 3c). The
terminal S-methyl group of Met268 in the VDR-LBD/2
complex rotated in about 120° compared with that in the
VDR-LBD/1a complex, but that in VDR-LBD/Sc did not
rotate. In addition, Leu305 adopted a conformation inter-
mediate between conformations of the complexes with 1a and
2. Furthermore, we found that Sc and Phe418 in helix 12 make
C—H-x interactions (Figure 3d). The distance between the
terminal carbon of one of the 24-ethyl groups in Sc and the
center of the z-system (dc_x) is 3.9 A, indicating that this C—
H---7 interaction would contribute significantly to the overall
stability of the protein.>* The results agree well with our
hypothesis that increased hydrophobic interactions overcome
the strain caused by the formation of an extra cavity such as a
butyl pocket.

In 22-H analogues, the ECy, of transcriptional activity
decreased in the order 3a > 4a > Sa. These results are explained
by the crystal structures. Specific differences between the three
complexes are observed in the interactions between the ligand
side chain and the C-terminus of VDR-LBD. As shown in
Figure 2b, among the C-terminal residues within 4.5 A of
hormone 1a, five residues (Tyr397, Leud00, Leu410, Val414,
and Phe418), three residues (Leu400, Leu410, and Val414),
and two residues (Leu400 and Leu410) are not within 4.5 A of
3a, 4a, and Sa, respectively, indicating that interactions with
helices 11 and 12 increase in the order 3a < 4a < Sa. These
results indicate that intimate interactions with VDR reinforce
transcriptional activity.

Structural modification of the secondary structure of a
protein by the binding of a small molecule such as a ligand, a
substrate, or an inhibitor is difficult, but modification of a loop
region would be possible. Our synthetic compounds with a 22-
butyl substituent, 2 and Sc, push out the loop region, as
observed in the crystal structures. This study suggests that
modification of the three-dimensional structure of a protein at a
flexible loop region by a ligand binding is a novel strategy for
the discovery of new drugs that have the desired selectivity.

Bl CONCLUSIONS

We designed and synthesized analogues Sa—c bearing a diethyl
substituent at C(24) and evaluated their biological activities.
The crystal structures of VDR-LBD complexed with 3a, 4a, Sa,
or Sc were solved and the results confirmed the following. First,
analogues with a 22S-butyl group, such as 2 and Sc, induce
butyl pocket formation to accommodate the butyl group.
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Second, among ligands that induce butyl pocket formation (2,
3¢, and 5¢), a ligand acts as an antagonist when it does not
interact with the C-terminus of VDR, whereas a ligand acts as
an agonist when it interacts intimately with the C-terminus of
VDR. Third, ligands that do not induce an extra cavity like a
butyl pocket (3a, 4a, and Sa) increase agonistic activity when
the ligand increases interactions with the C-terminus of VDR.
Thus, butyl pocket formation in VDR strongly affects the
agonistic or antagonistic behavior of ligands. These results
indicate that structural modification of a target protein at a
flexible region such as loop region may be an important strategy
for the discovery of new drugs for the treatment of various
diseases.

B EXPERIMENTAL SECTION

All reagents were purchased from commercial sources. Unless
otherwise stated, NMR spectra were recorded at 300 MHz for 'H
NMR and 75 MHz for *C NMR in CDCI, solution with TMS as an
internal standard, and the chemical shifts are given in 6 values. High
and low resolution mass spectra were obtained with JEOL JMS D-300,
JEOL AccuTOF LC-plus JMS-T100LP, and JEOL JMS-HX110A
spectrometers. Relative intensities are given in parentheses in low
mass. IR spectra were recorded on a Shimadzu FTIR-8400S
spectrophotometer, and data are given in cm™'. UV spectra were
recorded on a Beckman DU7500 spectrophotometer. All air and
moisture sensitive reactions were carried out under argon or nitrogen
atmosphere. Purity was determined by HPLC [PEGASIL silica SP100,
4.6 mm X 150 mm, hexane/CHCIl;/MeOH (100:25:8), flow rate 1.0
mL/min] and was >95% for all compounds tested.
6-[(1R,3R,7E,17p)-1,3-Bis{[tert-butyl(dimethyl)silyl]Joxy}-2-
methylidene-9,10-secoestra-5,7-dien-17-yl]-3-ethylheptan-3-
ol (7). To a solution of ester 6 (54.6 mg, 0.0867 mmol) in THF (1
mL) at —78 °C was added EtLi (870 uL of 0.5 M benzene/
cyclohexane (90/10) solution, 0.435 mmol), and the mixture was
stirred for 1 h. The reaction was quenched with saturated NH,Cl, and
the mixture was extracted with AcOEt. The organic layer was washed
with brine, dried over MgSO,, and evaporated. The residue was
chromatographed on silica gel (AcOEt/hexane = 5/95) to afford 7
(30.4 mg, 0.0462 mmol, 53%). "H NMR § 0.02, 0.05, 0.06, 0.08 (each
3 H, 5, SiMe), 0.55 (3 H, s, H-18), 0.80—0.96 (6H, m, CH,CH; X 2),
0.86, 0.89 (each 9 H, s, t-Bu), 0.94 (3 H, d, ] = 6.1 Hz, H-21), 2.80 (1
H, m, H9), 442 (2 H, m, H-1, 3), 492, 496 (each 1 H, s, -C=
CH,), 5.83 (1 H, d,J = 11.1 Hz, H-7), 6.21 (1 H, d, ] = 11.1 Hz, H-6).
BC NMR 6§ —5.1, —4.9, —4.8 (2 C), 7.7, 7.9, 12.0, 18.1, 18.2, 18.9,
22.2, 23.4, 25.7 (3 C), 25.8 (3 C), 27.7, 28.7, 29.2, 30.9, 31.1, 34.2,
36.5, 38.6, 40.6, 45.6, 47.6, 56.2, 56.3, 71.7, 72.5, 74.7, 106.2, 116.1,
122.4, 132.7, 141.1, 152.9. MS (EI) m/z (%): 658 (M, 2), 526 (26),
508 (8), 366 (20), 234 (14), 147 (15), 73 (100). HRMS (EI) calcd for
CoH:,0,8i, 658.5177, found 658.5196. IR (neat) 2954, 2856, 1461,
1251, 1101, 1072, 835 cm™’. UV (hexane) A, 246, 254, 264 nm.
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2-Methylidene-26,27-dimethyl-19,24-dinor-1a,25-dihydrox-
yvitamin D; (5a). A solution of 7 (29.4 mg, 0.0447 mmol) and
camphor sulfonic acid (39.0 mg, 0.168 mmol) in MeOH (1 mL) was
stirred at room temperature for 0.5 h. Aqueous NaHCO; was added,
and the mixture was extracted with AcOEt. The organic layer was
washed with brine, dried over MgSO,, and evaporated. The residue
was chromatographed on silica gel (AcOEt/hexane = 1/1) to afford Sa
(17.0 mg, 89%). 'H NMR § 0.55 (3 H, s, H-18), 0.86 (6H, td, ] = 2.0,
7.4 Hz, CH,CH, X 2), 0.95 (3 H, d, ] = 6.0 Hz, H-21), 447 (2 H, m,
H-1, 3), 5.09, 5.11 (each 1 H, s, -C=CH,), 5.88 (1 H, d, J = 11.2 Hz,
H-7), 636 (1 H, d, ] = 11.2 Hz, H-6). *C NMR 6§ 7.7, 7.8, 12.1, 18.9,
22.3,23.5,27.6,29.0,29.1, 30.9, 31.1, 34.2, 36.4, 38.1, 40.4, 45.8 (2 C),
56.2, 56.3, 70.6, 71.8, 74.7, 107.7, 115.3, 124.2, 130.5, 143.4, 152.0. MS
(EI) m/z (%): 430 (M*, 40), 383 (36), 365 (25), 285 (32), 187 (20),
175 (30), 161 (46), 147 (57), 135 (75), 119 (55), 69 (100). HRMS
(EI) caled for C,gHy40; 430.3447, found 430.3462. IR (neat) 3377,
2941, 2875, 1658, 1612, 1452, 1145, 1074, 1045, 977, 912, 756 cm™.
UV (EtOH) A, 245, 254, 263 nm.

(55,6R)-6-{1-[(1R,3R,7E,17$)-1,3-Bis{[tert-butyl(dimethyl)-
silylloxy}-2-methylidene-9,10-secoestra-5,7-dien-17-yllethyl}-
3,5-diethylheptan-3-ol (9). To a solution of ester 8 (118.9 mg, 0.18
mmol) in THF (3 mL) at room temperature was added EtMgBr (530
uL of 1.0 M THEF solution, 0.53 mmol), and the mixture was stirred
for 3 h. The reaction was quenched with saturated NH,Cl, and the
mixture was extracted with AcOEt. The organic layer was washed with
brine, dried over MgSO,, and evaporated. The residue was
chromatographed on silica gel (AcOEt/hexane = 3/97) to afford 9
(104.0 mg, 0.15 mmol) in 86% yield. "H NMR & 0.03, 0.04, 0.06, 0.08
(each 3 H, s, SiMe), 0.53 (3 H, s, H-18), 0.83 (3 H, J = 6.3 Hz, d, H-
21), 0.84—0.94 (9H, m, CH,CHj; X 3), 0.86, 0.89 (each 9 H, s, t-Bu),
2.82 (1 H, m, H-9), 442 (2 H, m, H-1,3), 4.92, 496 (each 1 H, s,
—C=CH,), 5.84 (1 H,d, ] = 11.1 Hz, H-7), 621 (1 H, d, ] = 11.1 Hz,
H-6). >*C NMR 6 —4.8, —4.69, —4.66, —4.63, 8.2, 8.3, 12.2, 13.5, 13.8,
18.4, 18.5, 22.3, 22.4, 23.7, 26.0 (3 C), 26.1 (3 C), 27.7, 29.0, 31.0,
32.0, 37.4, 38.9, 39.9, 40.3, 40.9, 45.9, 47.8, 54.8, 56.5, 71.9, 72.6, 75.8,
106.5, 1163, 122.6, 133.0, 141.5, 153.2. MS (APCI) m/z (%):711 (M
+ Na*, 1), 429 (45), 234 (35), 220 (25), 202 (100), 167 (95). HRMS
(APCI) calced for C,,H,90,Si,Na 710.5465, found 710.5462. IR (neat)
3489, 2955, 2930, 2883, 2856, 1730, 1655, 1618, 1472, 1462, 1256,
1101, 935, 897, 835, 775, 667 cm™'. UV (hexane) A, 246, 255, 265
nm.
22S-Ethyl-2-methylidene-26,27-dimethyl-19,24-dinor-
1a,25-dihydroxyvitamin D; (5b). In a manner similar to that for
the synthesis of Sa from 7, target compound 5b (55.0 mg, 0.120
mmol) was obtained from 9 (83.8 mg, 0.122 mmol) in 98% yield. 'H
NMR § 0.53 (3 H, s, H-18), 0.81 (3 H, ] = 6.3 Hz, d, H-21), 0.81—
0.93 (9H, m, CH,CH; X 3), 2.81 (1 H, m, H-9), 444 (2 H, m, H-1,3),
5.06, 5.08 (each 1 H, s, -C=CH,), 5.87 (1 H, d, J = 11.1 Hz, H-7),
633 (1 H, d, J = 11.1 Hz, H-6). 3C NMR § 7.9, 8.0, 12.1, 13.3, 13.6,
222 (2 C), 23.6,27.4,29.0, 30.8, 31.7, 37.2, 38.1, 39.5, 40.0, 40.6, 45.8
(2 C), 546, 56.3, 70.6, 71.8, 75.7, 107.7, 115.3, 124.1, 130.6, 143.3,
152.0. MS (APCI) m/z (%): 481 (M + Na*, 100), 437 (52), 429 (23).
HRMS (APCI) caled for CyyHgO;Na 4813658 found 481.3664. IR
(neat) 3390, 2961, 2939, 2874, 1715, 1651, 1614, 1462, 1456, 1381,
1074, 1045, 978, 912, 756, 667 cm™". UV (EtOH) 4, 246, 254, 264
nm.
(55)-4-{1-[(1R,3R,7E,17p)-1,3-Bis{[tert-butyl(dimethyl)silyl]-
oxy}-2-methylidene-9,10-secoestra-5,7-dien-17-yl]ethyl}-3-
ethylnonan-3-ol (11). To a solution of EtMgl in Et,0 (2 mL)
prepared from EtI (91 L, 1.13 mmol) and magnesium turnings (27.3
mg, 1.13 mmol) was added ester 10 (37.8 mg, 0.054 mmol) in Et,O (1
mL) at room temperature, and the mixture was stirred for 3.5 h. The
reaction was quenched with 1 N HCI, and the mixture was extracted
with AcOEt. The organic layer was washed with saturated NaHCO,
and brine, dried over MgSO,, and evaporated. The residue was
chromatographed on silica gel (AcOEt/hexane = 5/95) to afford 11
(26.7 mg, 0.0374 mmol) in 69% yield. "H NMR § 0.03, 0.04, 0.06, 0.08
(each 3 H, s, SiMe), 0.53 (3 H, s, H-18), 0.83 (3 H, d, ] = 6.6 Hz, H-
21), 0.80—0.94 (9H, m, CH,CHj, X 3), 0.86, 0.89 (each 9 H, s, t-Bu),
2.82 (1 H, m, H-9), 442 (2 H, m, H-1, 3), 492, 497 (each 1 H, s,
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—C=CH,), 5.83 (1 H, d,J = 11.1 Hz, H-7), 621 (1 H, d, ] = 11.1 Hz,
H-6); *C NMR 6 —5.1, —4.9, —4.8 (2 C), 7.9, 8.1, 12.0, 13.5, 14.2,
18.1, 18.2, 22.1, 23.3, 23.5, 25.7 (3 C), 25.8 (3 C), 27.5, 28.8, 29.4,
307, 30.9, 31.7, 35.1, 38.6, 39.5, 40.6, 40.7, 45.6, 47.5, 54.5, 56.2, 71.7,
724, 75.6,106.2, 116.1, 122.4, 132.7, 141.2, 152.9. MS (EI) m/z (%):
714 (M*, 2), 582 (36), 564 (10), 366 (35), 351 (10), 257 (11), 234
(12), 197 (10), 147 (15), 73 (100). HRMS (EI) calcd for C,,Hg,0,Si,
714.5802, found 714.5804. IR (neat) 3487, 2954, 2927, 2856, 1726,
1658, 1620, 1461, 1251, 1101, 1072, 835, 775 cm™". UV (hexane) A,
246, 255, 264 nm.

225-Butyl-2-methylidene-26,27-dimethyl-19,24-dinor-
1a,25-dihydroxyvitamin D; (5¢). In a manner similar to that for the
synthesis of Sa from 7, target compound Sc (16.6 mg, 0.0342 mmol)
was obtained from 11 (26.7 mg, 0.0374 mmol) in 91% yield. 'H NMR
50.54 (3H,s,H-18),0.82 (3H,d,J= 6.3 Hz, H-21),0.86 (6 H, t, ] =
7.4 Hz, 2 X CH; of Et), 0.90 (3 H, t, ] = 6.8 Hz, CHj, of Bu), 447 (2
H, m, H-1, 3), 5.09, 5.11 (each 1 H, s, —-C=CH,), 5.88 (1 H, d, ] =
11.2 Hz, H-7), 6.35 (1 H, d, ] = 11.2 Hz, H-6). *C NMR § 7.9, 8.0,
12.1,13.5, 142, 22.1, 23.3, 23.5, 27.4, 29.0, 29.4, 30.8 (2 C), 31.6, 35.1,
38.1, 39.3, 40.5 (2 C), 45.8 (2 C), 54.5, 56.3, 70.6, 71.8, 75.6, 107.7,
1152, 124.2, 130.4, 143.4, 152.0. MS (EI) m/z (%): 486 (M*, 31), 439
(15), 421 (10), 384 (22), 315 (18), 285 (20), 269 (10), 251 (12), 231
(10), 173 (20), 153 (60), 135 (95), 119 (40), 105 (70), 91 (70), 81
(75), 69 (100). HRMS (EI) caled for C;,Hg,O; 486.4072, found
486.4073. IR (neat) 3388, 2933, 2871, 1712, 1658, 1612, 1456, 1380,
1076, 910, 754 cm™". UV (EtOH) A, 246, 254, 263 nm.

Competitive Binding Assay, Human VDR. The human
recombinant VDR ligand-binding domain (LBD) was expressed as
an N-terminal GST-tagged protein in E. coli BL21 (DE3) pLys S
(Promega).®" The cells were lysed by sonication. The supernatants
were diluted approximately 500 times in 50 mM Tris buffer (100 mM
KCl, S mM DTT, 0.5% CHAPS, pH 7.5) containing bovine serum
albumin (100 pg/mL). Binding to GST-hVDR-LBD was evaluated
according to the procedure reported.>® The receptor solution (570
uL) in an assay tube was incubated with [*H]-1¢,25-dihydroxyvitamin
D; (specific activity, 5.85 TBq/mmol, ~2000 cpm) together with
graded amounts of each vitamin D analogue (0.001—100 nM) or
vehicle for 16 h at 4 °C. The bound and free [*H]-1a,25-
dihydroxyvitamin D; molecules were separated by treating with
dextran-coated charcoal for 30 min at 4 °C. The assay tubes were
centrifuged at 1000g for 10 min. The radioactivity of the supernatant
was counted. Nonspecific binding was subtracted. These experiments
were done in duplicate.

Transfection and Transactivation Assay. COS-7 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 5% fetal bovine serum (FBS). Cells were seeded
on 24-well plates at a density of 2 X 10* per well. After 24 h, the cells
were transfected with a reporter plasmid containing three copies of the
mouse osteopontin VDRE (5-GGTTCAcgaGGTTCA, SPPx3-TK-
Luc), a wild-type or mutant hVDR expression plasmid (pCMX-
hVDR), and the internal control plasmid containing sea pansy
luciferase expression constructs (pRL-CMV) by the lipofection
method as described previously.'> After an 8 h incubation, the cells
were treated with either the ligand or ethanol vehicle and cultured for
16 h. Cells in each well were harvested with a cell lysis buffer, and the
luciferase activity was measured with a luciferase assay kit (Promega,
WI, U.S.). Transactivation measured by the luciferase activity was
normalized with the internal control. All experiments were done in
triplicate.

Protein Expression. The rat VDR-LBD (residues 116—423,
A165-211) was subcloned as an N-terminal Hise-tagged fusion
protein into the pET-28a vector. E. coli Rosetta 2 (DE3) was freshly
transformed with the plasmid and grown in four flasks containing 0.75
L of 2xTY medium with kanamycin, 34 yg/mL, and chloramphenicol,
50 pug/mL, at 37 °C until an OD of 0.8 was obtained. The cultures
were then induced with 0.5 mM isopropyl-f-p-thiogalactopyranoside
and further incubated at 23 °C for 18 h. Cells were harvested and
resuspended in SO mL of lysis buffer (50 mM Na/K phosphate, pH
8.0, 10 mM imdazole, S00 mM NaCl, 5% glycerol, 1% Tween 20, 1
mM TCEP, 1 mM PMSF). Cells were lysed by sonication, and the
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soluble fraction was isolated by centrifugation (18000g for 20 min).
The supernatant was applied to Ni-NTA agarose (Qiagen, Santa
Clarita, CA), and the resin was thoroughly washed in wash buffer (50
mM Na/K phosphate, pH 8.0, 20 mM imdazole, 500 mM NaCl, 5%
glycerol, 1% Tween 20, 1 mM TCEP, 1 mM PMSF). The rat VDR-
LBD was eluted with elution buffer (150 mM imidazole, S0 mM Na/K
phosphate, pH 8.0, 500 mM NaCl, 5% glycerol, 1% Tween 20, 1 mM
TCEP, 1 mM PMSF). The protein was dialyzed overnight against
dialysis buffer A (20 mM Na/K phosphate, pH 7.0, 5% glycerol, 1 mM
EDTA, 0.5 mM DTT) and then loaded onto a HiTrap SP HP (1 mL)
column (GE Healthcare) equilibrated with buffer A. The elution was
performed by NaCl gradient buffer from 0 to 1.0 M. His-tag of the
protein in elution mixture (17 mL) was cleaved by addition of 70 units
of thrombin and subsequent incubation at 23 °C for 18 h. Then NaCl
(1.96 g) was added to the digested mixture (17 mL), and the resulting
mixture was passed through a HiTrap benzamidine FF (1 mlL)
columun (GE healthcare). The flow-through was further purified by
Superdex S7S gel filtration (25 mL) column (GE Healthcare) with a
buffer (100 mM NaCl, Tris-HCl, pH 7.0). Purified rat VDR-LBD was
concentrated in buffer B (10 mM Tris-HCL pH 7.0, 2 mM NaNj, 10
mM DTT, 0.5 mM PMSF) to 7.5 mg/mL, which was estimated by UV
absorbance at 280 nm.

X-ray Crystallographic Analysis. A ligand (~10 equiv) was
added to the rVDR-LBD, and then coactivator peptide (H,N-
KNHPMLMNLLKDN-CONH,) derived from DRIP20S in buffer C
(25 mM Tris-HCl, pH 8.0; 50 mM NaCl; 10 mM DTT; 2 mM NaN,)
was added. The mixture of VDR-LBD/ligand/peptide was allowed to
crystallize by the vapor diffusion method using a series of precipitant
solutions containing 0.1 M MOPS-Na (pH 7.0) or 0.1 M MES-Na
(pH 7.0), 0.05—0.4 M sodium formate, 12—22% (w/v) PEG4000, and
5% ethylene glycol. Droplets for crystallization were prepared by
mixing 1 uL of complex solution and 1 L of precipitant solution, and
droplets were equilibrated against 300 yL of precipitant solution at 20
°C. Prior to diffraction data collection, crystals were soaked in a
cryoprotectant solution containing 0.1 M MOPS-Na, pH 7.0, or 0.1 M
MES-Na, pH 7.0, 005-0.3 M sodium formate, 12—22% (w/v)
PEG4000, and 5% ethylene glycol. Diffraction data sets were collected
at 100 K in a stream of nitrogen gas at beamline BL-6A of KEK-PF or
NW-12A of KEK-PFAR (Tsukuba, Japan). Reflections were recorded
with an oscillation range per image of 1.0°. Difflections data were
indexed, integrated, and scaled using the program iMOSFLM>**° The
structures of ternary comglex were solved by molecular replacement
with the software Phaser®® in the CCP4 program®” using a rat VDR-
LBD coordinates (PDB code 2ZLC), and finalized sets of atomic
coordinates were obtained after iterative rounds of model modification
with the program Coot®® and refinement with refmac5.**”* The
coordinate data for the structures were deposited in Protein Data Bank
with accession numbers 3VRT (VDR-LBD/3a complex), 3VRU
(VDR-LBD/4a complex), 3VRV (VDR-LBD/Sa complex), and
3VRW (VDR-LBD/Sc complex).

Graphical Manipulations and Ligand Docking. Graphical
manipulations were performed using SYBYL 8.0 (Tripos, St. Louis).
The atomic coordinates of the crystal structure of rVDR-LBD
complexed with 1a were retrieved from Protein Data Bank (PDB)
(entry 2ZLC).2*
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