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Abstract

The central element of the molecular switch of nuclear2b-dihydroxyvitamin B (1a,25(OH)D3) signaling is the ligand-binding
domain (LBD) of the Vitamin D receptor (VDR), which can be stabilized by26(OH)D3 or its analogues in to agonistic, antagonistic
or inverse agonistic conformations. The positioning of helix 12 of the LBD is of most critical importance for these conformations, because
it determines the distance between the charge clamp amino acids K246 and E420 that are essential for VDR—coactivator (CoA) interaction.
Most VDR ligands have been identified as agonists and only a few (e.g., ZK168281 and TEI-9647) as pure or partial antagonists. Antagonists
induce corepressor (CoR) dissociation from the VDR but prevent completely or partially CoA interaction and thus transactivation. Gemini
is a lo,,25(0OH) D3 analogue with two identical side chains that despite its significantly increased volume binds to the VDR and acts under
most conditions as an agonist. Interestingly, supramolar CoR concentrations shift Gemini from an agonist to an inverse agonist, which
actively recruits CoR to the VDR and thus mediates repression @S[OH) D3 target genes. Gemini is the first described (conditional)
inverse agonist to an endocrine nuclear receptor (NR) and may function as a sensor for cell-specific CoA/CoR ratios.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction region[2]. Like the very most members of the NR super-
family, VDR contains two zinc finger structures forming
The Vitamin D receptor (VDR) is the only nuclear pro- a characteristic DNA-binding domain (DBD) of 66 amino
tein that binds the biologically most active Vitamin D acids [3] and a carboxy-terminal ligand-binding domain
metabolite, #&,25-dihydroxyvitamin B (1la,25(0OH)D3), (LBD) of approximately 300 amino acids, which is formed
with high affinity. VDR is one of the 11 members of the by 12 a-helices[4]. Ligand-binding causes a conforma-
nuclear receptor (NR) superfamily that function as classical tional change within the LBD, in which helix 12, the most
endocrine receptors, such as the receptors for the nucleacarboxy-terminak-helix, closes the ligand-binding pocket
hormones retinoic acid, thyroid hormone, estradiol, pro- via a “mouse-trap like” intramolecular foldin@] (Fig. 1).
gesterone, testosterone, cortisol, and aldosterol, that bindVioreover, the LBD is involved in a variety of interactions
their specific ligand with &gy of 1 nM or lower[1]. The with nuclear proteins, such as other NRs, coactivator (CoA)
protein-DNA complex of a NR and its specific response and corepressor (CoR) proteif§§. These ligand-triggered
element (RE) can be considered as a molecular switchprotein—protein interactions are the central molecular events
for those genes that contain such a RE in their promoter of nuclear &,25(OH)D3 signaling.
An essential prerequisite for a direct modulation of tran-
scription via Ir,25(OH)Ds-triggered protein—protein in-
Abbreviations:  1a,25(0HpDs, la,25-dihydroxyvitamin 3; CAR, teractions is the location of activated VDR close to the
constitutive androstane receptor; CoA, coactivator; CoR, corepressor; hagg| transcriptional machinery. This is achieved through

DBD, DNA-binding domain; ER, estrogen receptor; DR3, direct repeat iee A ]
spaced by three nucleotides; MD, molecular dynamics; NR, nuclear recep- the SpECIfIC blndlng of the VDR to aa125(OH)ZD3 re

tor; RE, response element; RXR, retinoid X receptor; LBD, ligand-binding SPONse element (VDRE_) in the regulatory region of a primary
domain; LPD, limited protease digestion; VDR, Vitamin Deceptor; 1a,25(0OH)D3 responding genf?]. The DBD of the VDR
VDRE, 1,25(0H)D3 response element _ _ contacts the major grove of a hexameric sequence, referred
* Presented at the 12th Workshop on Vitamin D (Maastricht, The {4 g5 core binding motif, with the consensus sequence RGK-
Netherlands, 6-10 July 2003). TCA(R=Aor G, K= G orT). The affinity of monomeric
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Fig. 1. Conformations of ligand-bound VDR. Model of the inverse agonistic, antagonistic and agonistic conformation of the LBD of the VDR. The most
important helices and their critical amino acids are indicated. Only agonists are able to stabilize via a H397-F422 interaction helix 12 inhpbsition t
creates between the charge clamp amino acids E420 and K246 a distance of 19 A that is critical for efficient interaction with the NR interaction box of CoA
proteins. The exact position of the CoA box (LXXLL) and the CoR box (LXXI/HIXXXL/I) in relation the LBD has not yet been experimentally proven.

mation of a stable protein—-DNA complex and thus VDR re- ification in the side chain.d,25(OH»D3 analogues have
quires formation of homo- and/or heterodimeric complexes been developed with the goal to improve the biological
with a partner NR in order to allow efficient DNA bind- profile of the natural hormone for a therapeutic applica-
ing [7]. In most cases the heterodimeric partner of VDR tion either in hyperproliferative diseases, such as psoriasis
is retinoid X receptor (RXR) and simple VDREs are often and different types of cancer, or in bone disorders, such
formed by a direct repeat of two hexameric core binding as osteoporosigl2]. Most analogues have been identified
motifs spaced by three nucleotides (DR3). However, strong as agonists, a few are antagonists (e.g., ZK159222 and
DNA binding of VDR—RXR heterodimers is also observed TEI-9647) and only Gemini and some of its derivatives
to RGTTCA motifs as a direct repeat spaced by four nu- act under restricted conditions as inverse agonists. Basi-
cleotides (DR4) or as an everted repeat with nine interfering cally, all of the analogues interfere with the molecular
nucleotides (ER9)8]. switch of nuclear &,25(OH)D3 signaling, i.e., they con-
CoR proteins, such as NCoR, SMRT, and Alien, link tact DNA-bound VDR-RXR heterodimers. Central element
non-liganded, DNA-bound VDR—-RXR heterodimers to en- of this switch is the LBD of the VDR, which can be sta-
zymes with histone deacetylase activity that cause chro-bilized by lx,25(OHpD3 analogues either in its agonistic,
matin condensatioff9]. This gives VDR intrinsic repres- antagonistic or inverse agonistic conformation.
sion properties comparable to retinoic acid and thyroid hor-  Traditional ligand-binding assays use radio-labeled lig-
mone receptors. The conformational change within VDR’s and and provide an idea of the receptor-ligand interaction
LBD after binding of &x,25(OH)D3 or one of its agonis-  affinity, but do not visualize the action of the molecu-
tic analogue results in replacing a CoR by a CoA protein lar switch, i.e., conformational changes of the receptor.
of the p160-family, such as SRC-1, TIF2, and RAB]. Therefore, in vitro assay systems, such as limited protease
These CoAs link the ligand-activated VDR to enzymes dis- digestion (LPD), ligand-dependent gel shift and supershift,
playing histone acetyl transferase activity that cause chro-were developed to get a more detailed understanding of
matin opening. Ligand-activated VDR—RXR heterodimers the response of VDR—-RXR heterodimers t©25(OH»D3
seem to change rapidly between CoAs of the p160-family and its analoguegl3]. In the LPD assay the interaction
and those of the DRIP/TRAP family. The latter are part of a of the VDR with a ligand protects its LBD in a char-
mediator complex of approximately 15 proteins that build a acteristic way against protease digestion and allows the
bridge to the basal transcription machingtg]. In this way discrimination and quantification of functional VDR con-
ligand-activated VDR—-RXR heterodimers fulfill two tasks, formations. The assay monitors, in which conformation
opening chromatin and activating transcription. the VDR was at the moment of the protease “snapshot.”
It is traditionally performed in a DNA-independent fash-
ion, but more accurate results are obtained in presence
2. Molecular evaluation of Vitamin D analogues of RXR, DNA, and cofactors (CoAs or CoR§)4]. The
ligand-dependent gel shift assay provides a quantification
More than 2000 synthetic analogues af,25(OH}D3 of the ligand-dependent VDR—-RXR-VDRE complex for-
are presently known and the majority of them carry a mod- mation and monitors receptor dimerization, DNA binding
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and ligand interaction at the same tifi®]. The supershift ~ pocket and projects its inner hydrophobic surface towards
assay is a gel shift assay in the presence of CoAs or CoRsthe bound hormone~{g. 1). Precise positioning of helix 12
and demonstrates the ligand-triggered interaction betweenvia the H397-F422 bridge creates a distance of 19 A be-
DNA-bound VDR-RXR heterodimers with cofactdfs]. tween the negatively charged E420 on the surface of helix
12 and the positively charged K246 on the surface of helix
3. This charge clamp structure is essential for contacting the

3. VDR agonists LXXLL motif of the NR interaction box of CoA proteins
(Fig. 1).
The central step ind,25(OH}D3 signaling is the confor- Presently, the profile of more than 100 different VDR

mational change of VDR’s LBD and the resulting exchange ligands has been compared by LPD assays. Most of these
of protein—protein interaction partners. Only those VDR lig- ligands predominantly stabilize a large fragment of the LBD
ands that cause both an efficient dissociation of CoRs from of the receptor (qlpp, from R173 to the carboxy-terminus
the receptor as well as a specific binding of CoAs finally at position 427)17]. This indicates that at the moment of
lead to transcriptional activation, i.e., act as agonists. In fact, the protease digestion “snapshot” most of the receptors were
most known &,25(OHpD3 analogues show an agonistic in the agonistic conformation. In the presence of RXR and
potential but they differ greatly in their efficiency. Some of a VDRE, k,25(0OH}D3 and its superagonists stabilize the
these agonists have been shown to be superagonists, i.e., theggonistic VDR conformation with an Eg-value of approx-
act in living cells more potent tharnJ25(OH»D3. A com- imately 0.1 nM, i.e., with the same threshold concentration
parison of some prominent superagonists, such as MC1288that was already observed in gel shift and supershift assays.
KH1060, EB1089, CB1093, and others with,25(OH)D3 All presently tested superagonists demonstrate the same
in ligand-dependent gel shift assays on DR3-type VDREs high sensitivity for stabilizing VDR within DNA-bound
showed that all of them have an Efvalue of approxi- VDR-RXR heterodimers, but with VDR monomers in so-
mately 0.1 nM for the complex formation of VDR—-RXR het- lution they show individual E€p-values in the order of
erodimers on DNAS8,16,17] Moreover, a comparison ofall  1-20nM[17]. This suggests that VDR'’s LBD reaches its
presently known DR3-type VDREs demonstrated that they full ligand sensitivity only as a component of a DNA-bound
differ in their affinity for VDR—RXR heterodimers but show VDR-RXR heterodimer.
identical molecular action, i.e., they are all activated with  Compared to the natural agonist some superagonists,
an EGy-value of approximately 0.1 nNB]. This suggests  such as EB1089, show RE selectiviR0] and others seem
that on classical DR3-type VDREs none of superagonists to differentiate more clearly between DNA-dependent and
is significantly more potent in activating VDR—-RXR het- DNA-independent &,25(OH»D3 signhaling pathways than
erodimers than the natural hormone. In GST pull-down as- the natural hormong¢l6]. However, these relative differ-
says, which are traditionally performed with monomeric re- ences in Egp-values are in maximum of a factor of 10,
ceptor in solution, the three members of the p160 CoA fam- so that promoter and pathway selectivities themselves are
ily showed identical binding to the VDR, i.e., VDR seems not sufficient to explain the improved in vivo profile of
not to have any selectivity for the members of this CoA superagonists in relation toal25(OHpD3. Interestingly,
family [16]. Supershift assays provided with the natural hor- the crystal structure of VDR’s LBD bound by MC1288 or
mone as well as with all tested superagonistg=@lues KH1060 showed that the modified side chain of both su-
in the order of 0.1nM for the interaction of DNA-bound peragonists has more contact points with the ligand-binding
VDR-RXR heterodimers with CoAs. This demonstrates that pocket than the natural agonigt8]. Moreover, KH1060
ligand-dependent gel shift and supershift assays provide thewas shown to stabilize the VDR against endogenous prote-
same quality of information about the molecular switches of olytic degradation in living cells over a longer time period
1a,25(0OH)D3 signaling. This suggests that the concentra- than Xn,25(OH)pD3 [21]. Using the LPD assay in vitro,
tion value of 0.1 nM seems to be a lower threshold for VDR several superagonists were described to stabilize the ago-
activation, which even superagonists cannot pass. nistic VDR conformation for a much longer time than the
The crystal structure of VDR’s LBD has been solved with natural agonist, i.e., the agonistic conformation showed a
the natural agoniq@] or two superagonistd 8], the 20-epi significantly longer higher half-live due to binding of a su-
analogues MC1288 and KH1060, as ligands. Contrary to peragonisf22]. This suggests that the stabilization of the
expectations the conformations of these three VDR-agonistligand-activated VDR complex over time has a significant
complexes were found to be nearly identical. This suggestscontribution to the in vivo profile of a superagonist.
that there is only one agonistic conformation of the VDR.
This agonistic conformation is characterized by a contact be-
tween the C25-hydroxyl group of25(0OHpD3 and H397 4. VDR antagonists
of the receptof4] and is supported by an additional, less
important hydrogen bond with H3(%9]. The direct ligand NR ligands that bind with reasonable affinity to the LBD,
contact of H397 enables this amino acid to contact F422 but do not allow optimal positioning of helix 12 in its ago-
of helix 12. Helix 12 forms the “lid” of the ligand-binding  nistic conformation, have the potential to act as antagonists,
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i.e., they can block their specific receptor in its normal signal and antagonists in others. For the ER, the term selective ER
transduction process. Therefore, agonism and antagonism ofnodulator (SERM) has been applied to compounds with
natural and synthetic nuclear hormones are closely relatedmixed agonist and antagonist activity, such as tamoxifen
processes. For most members of the NR superfamily severaland raloxifene[30]. Therefore, ZK159222 and TEI-9647
natural and synthetic agonists are known, but only for a few also could be referred to as selective VDR modulators.
family members, such as the estrogen receptor (ER), the pro- Molecular dynamics (MD) simulations of VDR’s LBD
gesterone receptor and the retinoic acid receptor, syntheticcomplexed with the natural agonist in comparison to
antagonists are well characterizgt8]. For the VDR two ZK159222 and ZK168281 demonstrated that the extended
different types of antagonists have been described. These arside chain of both antagonists prevents the H397-F422
the 25-carboxylic esters ZK159222 and ZK168284,25] interaction[29]. Due to this disturbed interaction helix 12
and the 26,23-lactone TEI-96426]. Compared with the is much more flexible and will be mostly in a position, in
natural hormone, both types of compounds have relatively which the distance of the residues K246 and E420 deviates
bulky ring structures in their side chains that are assumedfrom the optimized value of 19 AFjg. 1). This decreases
to be the main structural basis of their antagonistic action. the affinity to CoAs or even makes interaction impossi-
However, ZK159222 and ZK168281 carry a much longer ble. Although the side chains of both 25-carboxylic ester
side chain than TEI-9647 suggesting that there may be differ- antagonists have the same number of atoms, the one of
ences in the molecular mechanisms of their antagonistic ac-ZK168281 is more rigid. This results in a more effective
tion. ZK159222 and ZK168281 stabilize the complex forma- disturbance of the H397—F422 interaction, drastically in-
tion of VDR—RXR heterodimers on a VDRE with the same creases the K246-E420 distance and almost completely
potency and nearly the same sensitivity than2b(OH)»D3 prevents CoA binding29], i.e., it explains why ZK168281
[24], whereas TEI-9647 shows both a reduced potency is a true antagonist. The residual agonistic potential of the
and a more than 10-fold reduced sensitiv[g7]. This partial antagonist ZK159222 results from a less effective
difference in sensitivity means that equimolar amounts of disturbance of the H397-F422 interaction, which still allows
ZK159222 or ZK168281 are able to replace nearly half of some CoA proteins to contact the VDR via the K246-E420
the VDR-bound &,25(OH)D3 molecules, whereas a more charge clamp. TEI-9647 has no extended side chain, so
than 10-fold molar excess of TEI-9647 would be required that it very unlikely that it directly disturbs the H397—F422
for obtaining the same effect. This explains the different interaction. However, the side chain of TEI-9647 is rather
antagonistic efficacy of both types of VDR antagon|2(F. bulky, so that it may disturb the correct positioning of helix
In the LPD assay all VDR antagonists stabilize a clearly 12 via other amino acid residues within the ligand-binding
lower amount of the VDR molecule pool in the agonis- pocket. MD simulations suggest the existence of various
tic conformation than the natural hormone, whereas only antagonistic conformations of helix 129], which fits with
antagonists stabilize a VDR fragment, g8 (from R173 the slightly different antagonistic conformation that are
to R402), that specifically represents the antagonistic con- stabilized by TEI-9647 and ZK1592327,28]
formation [24,25] Interestingly, the antagonist-specific ZK159222 was shown to display tissue-specific agonism
VDR fragment that is stabilized by TEI-9647 showed a [31] and is the presently best-characterized selective VDR
slight migration difference compared to that is stabilized modulator, but the exact mechanisms of this specificity are
by ZK159222[27,28] suggesting a difference between both presently not fully understood. However, it can be specu-
antagonistic conformations. In contrast to the natural hor- lated that the direct interaction of the VDR with CoA and
mone and its agonistic analogues, none of the antagonistsCoR proteins as well as with its partner receptor RXR might
are able to mediate a significant interaction of the VDR with modulate the amount of agonism mediated by ZK159222.
CoAs [27]. However, like &,25(0OH)D3, the binding of The relative amount of expression of these nuclear proteins
both types of antagonist to the VDR induces a dissociation differs between different cell types and could explain the
of CoR proteins. This suggests that antagonists stabilizecell-specific actions of ZK159222. There is no evidence that
the VDR in a conformation blocking the interaction with there are different VDR conformations in different VDR tar-
CoAs but not preventing CoR dissociati¢2?7] (Fig. 1). get tissues, but it is likely that VDR interacting proteins are
The potency of an antagonist depends on both its affinity differently effective in shifting VDR proteins from an an-
to the LBD in relation to the natural ligand as well as its tagonistic conformation to the agonistic conformatj8a].
residual agonistic activity. Under standard conditions the
remaining agonistic activity of ZK159222 and TEI-9647
showed to be approximately 20% of that of the natural lig- 5. Inverse VDR agonists
and, whereas ZK168281 displayed an agonistic potential of
only less than 5%427,29] This classifies ZK168281 as a Humans have 37 orphan NR superfamily members and
true antagonist, whereas ZK159222 and TEI-9647 are only for some of them in the past years low affinity ligands have
partial antagonists. However, the terms agonist and antago-been identified K4-value of 1uM or higher) [1]. One of
nists are often inappropriate for description of NR ligands, these “adopted” orphan NRs is the constitutive androstane
since many of them function as agonists in certain tissuesreceptor (CAR), which is an unusual member of the fam-
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ily, since it interacts in the absence of ligand with CoAs VDR (e.g., in the cytoplasma). However, even in situations
and displays constitutive activifi32]. Furthermore, the nat- when Gemini acts as an agonist, it is much more affected
ural CAR ligand androstanol acts as an inverse agonist byby higher CoR levels than other agonists, i.e., its potency
decreasing CoA interactigj33] and increasing CAR—-CoR  decreases in the presence of C4&s.
complex formation34]. This opens the question, whether
inverse agonists only exist for constitutively active NRs or
inverse agonists can be developed for other ligand-activated6. Conclusion
members of the NR superfamily, such as VDR.

In the LPD assay most ligands stabilize a minor portion of  DNA-bound VDR-RXR heterodimers are the molecular
the VDR molecule pool in the fragment g3 (from R173 switches in &,25(0OH)D3 signaling. The agonistic, antag-
to R391)[35], which is now interpreted as the representa- onistic and inverse agonistic conformation of VDR’s LBD
tive of the inverse agonistic VDR conformation (previously within this molecular switch explains well the functional
also called non-agonistic conformation). Interestingly, ana- profile of all three types of VDR ligands. The most critical
logues with two side chains at C20, such as Gemini and issue in this aspect is the positioning of helix 12 and the re-
its derivatives, were found to stabilize VDR even preferen- sulting interaction with either CoR or CoA proteins. There-
tially in this conformation, if they are analyzed in the ab- fore, analyzing the stabilization of VDR conformations by
sence of RXR, VDRE and CoA36]. MD simulations of 1la,25(OHYD3 analogues appears to be the most informa-
the Gemini—VDR complex demonstrated that one of the two tive way for their in vitro evaluation. The presently most
side chains of Gemini has the same location as the naturalinteresting analogue is Gemini, since it can switch from an
hormone, whereas for the second side chain two approxi-inverse agonist to a superagonist and may function as a sen-
mately equal positions were identifi¢87]. Receptor mu- sor for the cell-specific CoA/CoR ratio. Finally, for a whole
tagenesis, CoA interaction studies in vitro and functional evaluation of the profile of a VDR ligand its pharmacoki-
assays in living cells confirmed that Gemini uses both possi- netic profile, such as cellular uptake, transport and in par-
ble positions. Interestingly, in the presence of RXR, VDRE, ticular metabolic stability, should not be neglected.
CoAs and only low levels of CoRs Gemini behaves as a su-
peragonist and under these condition the analogue stabilizes
primarily the agonistic VDR conformatiofiL6,36] How- Acknowledgements
ever, in functional assays it could be demonstrated that CoR
excess shifts Gemini from an agonist to an inverse agonist The Academy of Finland (grant no. 50319) supported the
that actively recruits CoR proteins to the VDR and mediates work.
super-repressiof85,38] Amino acid F422 of helix 12 was
shown to have a critical role in this process as confirmed by
in vitro interaction studies with NCoR and conformational
analysis by LPD. MD simulations indicated that the sec-

. . - . T [1] A. Chawla, J.J. Repa, R.M. Evans, D.J. Mangelsdorf, Nuclear

ond side _Cha_m of Gemini creates ten_SIOn within the LBD of receptors and lipid physiology: opening the X-files, Science 294
VDR, which in excess of CoR proteins can be released by (2001) 1866-1870.

References

shifting helix 12 into an inverse agonistic positidrid. 1). 2] C. Carlberg, P. Polly, Gene regulation by vitamin D3, Crit. Rev.
g g p
Gemini, therefore, seems to be a conditional inverse agonist  Eukaryot. Gene Expr. 8 (1998) 19-42.
of the VDR [38] [3] P.L. Shaffer, D.T. Gewirth, Structural basis of VDR—-DNA interactions
In the i ) L. f . helix 12 h on direct repeat response elements, EMBO J. 21 (2002) 2242-2252.
nt e Inverse ggomsuc conformation helix as not [4] N. Rochel, J.M. Wurtz, A. Mitschler, B. Klaholz, D. Moras, Crystal
moved in comparison to the apo-form of the VDR, so that structure of the nuclear receptor for vitamin D bound to its natural
the receptor is not able to contact CoA proteifgy( 1). ligand, Mol. Cell 5 (2000) 173-179.

The main difference between the antagonistic and the in- [5] D. Moras, H. Gronemeyer, The nuclear receptor ligand-binding
verse agonistic conformation is that in the latter case CoR gg?igﬁtr“cmre and function, Curr. Opin. Cell. Biol. 10 (1998)
proteins do not dissociate from the receptor, i.e., that in- [6] CK. Glass, M.G. Rosenfeld, The coregulator exchange in
teraction with a CoR protein blocks the binding of a CoA transcriptional functions of nuclear receptors, Genes Dev. 14 (2000)
protein[35]. An antagonists, such as ZK168281, can never 121-141.
convert to a superagonist, because its bulky side chains [7] ‘é-r_gsg'b\%gh '-nB?k”edr'k'TAc-) \Q’VZZarE-S _Z's;llfrn;-;é tShtUZeS”?;Ckig n;’_-nF-
- . B | , . unzi , W u | | way: Vi |
causes _sterlc hlndrar!ce to hgll_x 12. In contrast, th_e con- D. Nature 361 (1993) 657660,
ditional inverse agonist Gemini turns into an agonist or g) A Toell, P. Polly, C. Carlberg, All natural DR3-type vitamin D
even a superagonist, when VDR is exposed to lower CoR response elements show a similar functionality in vitro, Biochem. J.
levels, binds as a heterodimer with RXR to DNA and is 352 (2000) 301-309.
contacted by CoAg16]. Therefore, Gemini seems to be [®1 P Polly, M. Herdick, U. Moehren, A. Baniahmad, T. Heinzel,
ble to discriminate between the well-characterized sig- . C27°erd: VDR-Allen: a novel, DNA-selective vitamin D3
a ) . . g receptor—corepressor partnership, FASEB J. 14 (2000) 1455-1463.
naling via DNA-bound VDR-RXR heterodimers and less [10] c. Leo, J.D. Chen, The SRC family of nuclear receptor coactivators,

well-understood DNA-independent regulatory actions of the Gene 245 (2000) 1-11.



232 C. Carlberg/Journal of Seroid Biochemistry & Molecular Biology 89-90 (2004) 227-232

[11] C. Rachez, B.D. Lemon, Z. Suldan, V. Bromleigh, M. Gamble, A.M. [25] M. Herdick, A. Steinmeyer, C. Carlberg, Antagonistic action of a 25-

Naar, H. Erdjument-Bromage, P. Tempst, L.P. Freedman, Ligand- carboxylic ester analogue o&125-dihydroxyvitamin B is mediated
dependent transcription activation by nuclear receptors requires the by a lack of ligand-induced vitamin D receptor interaction with
DRIP complex, Nature 398 (1999) 824-828. coactivators, J. Biol. Chem. 275 (2000) 16506-16512.

[12] R. Bouillon, W.H. Okamura, A.W. Norman, Structure—function [26] K. Ozono, M. Saiti, D. Miura, T. Michigami, S. Nakajima, S.
relationships in the vitamin D endocrine system, Endocr. Rev. 16 Ishizuka, Analysis of the molecular mechanism for the antagonistic
(1995) 200-257. action of a novel &,25-dihydroxyvitamin 3 analogue toward

[13] C. Carlberg, M. Quack, M. Herdick, Y. Bury, P. Polly, A. Toell, vitamin D receptor function, J. Biol. Chem. 274 (1999) 32376-32381.
Central role of VDR conformations for understanding selective [27] A. Toell, M.M. Gonzalez, D. Ruf, A. Steinmeyer, S. Ishizuka, C.
actions of vitamin [@ analogues, Steroids 66 (2001) 213-221. Carlberg, Different molecular mechanisms of vitamig BEeceptor

[14] M. Quack, C. Carlberg, The impact of functional vitaming D antagonists, Mol. Pharmacol. 59 (2001) 1478-1485.
receptor conformations on DNA-dependent vitamig Bignaling, [28] C.M. Bula, J.E. Bishop, S. Ishizuka, A.W. Norman, 25-Dehydse-1
Mol. Pharmacol. 57 (2000) 375-384. hydroxyvitamin 3-26,23S-lactone antagonizes the nuclear vitamin D

[15] M. Quack, C. Carlberg, Ligand-triggered stabilization of vitamin D receptor by mediating a unique noncovalent conformational change,
receptor/retinoid X receptor heterodimer conformations on DR4-type Mol. Endocrinol. 14 (2000) 1788-1796.
response elements, J. Mol. Biol. 296 (2000) 743-756. [29] S. Véisanen, M. Perékyld, J.I. Kéarkkdinen, A. Steinmeyer, C.

[16] M. Herdick, Y. Bury, M. Quack, M. Uskokovic, P. Polly, C. Carlberg, Carlberg, Critical role of helix 12 of the vitamindreceptor for the
Response element- and coactivator-mediated conformational change partial agonism of carboxylic ester antagonists, J. Mol. Biol. 315
of the vitamin B receptor permits sensitive interaction with agonists, (2002) 229-238.

Mol. Pharmacol. 57 (2000) 1206-1217. [30] D.P. McDonnell, The molecular pharmacology of SERMs, Trends

[17] M. Quack, C. Carlberg, Selective recognition of vitamin D receptor Endocrinol. Metab. 10 (1999) 301-311.
conformations mediates promoter selectivity of vitamin D analogs, [31] M. Herdick, A. Steinmeyer, C. Carlberg, Carboxylic ester antagonists
Mol. Pharmacol. 55 (1999) 1077-1087. of la,25-dihydroxyvitamin B show cell-specific actions, Chem.

[18] G. Tocchini-Valentini, N. Rochel, J.M. Wurtz, A. Mitschler, D. Biol. 7 (2000) 885-894.

Moras, Crystal structures of the vitamin D receptor complexed to [32] |. Tzameli, D.D. Moore, Role reversal: new insights from new ligands
superagonist 20-epi ligands, Proc. Natl. Acad. Sci. USA 98 (2001) for the xenobiotic receptor CAR, Trends Endocrinol. Metab. 12
5491-5496. (2001) 7-10.

[19] S. Vaisanen, S. Ryhénen, J.T. Saarela, M. Perékylda, T. Andersin, [33] T. Andersin, S. Vaisadnen, C. Carlberg, The critical role of
P.H. Maenpéaa, Structurally and functionally important amino acids carboxy-terminal amino acids in ligand-dependent and -independent
of the agonistic conformation of the human vitamin D receptor, Mol. transactivation of the constitutive androstane receptor, Mol.
Pharmacol. 62 (2002) 788—794. Endocrinol. 17 (2003) 234-246.

[20] S. Nayeri, C. Danielsson, J.P. Kahlen, M. Schrader, |.S. Mathiasen, [34] M.M. Gonzalez, C. Carlberg, Cross-repression, a functional
L. Binderup, C. Carlberg, The anti-proliferative effect of vitamin D3 consequence of the physical interaction of non-liganded nuclear
analogues is not mediated by inhibition of the AP-1 pathway, but may receptors and POU domain transcription factors, J. Biol. Chem. 277
be related to promoter selectivity, Oncogene 11 (1995) 1853-1858. (2002) 18501-18509.

[21] G.-J.C.M. van den Bemd, H.A.P. Pols, J.C. Birkenhager, J.P.T.M. [35] M. Herdick, C. Carlberg, Agonist-triggered modulation of the
van Leeuwen, Conformational change and enhanced stabilization of activated and silent state of the vitamiry Beceptor by interaction
the vitamin D receptor by the 1,25-dihydroxyvitaming analog with co-repressors and co-activators, J. Mol. Biol. 304 (2000) 793—
KH1060, Proc. Natl. Acad. Sci. USA 93 (1996) 10685-10690. 801.

[22] Y. Bury, D. Ruf, C.M. Hansen, A.M. Kissmeyer, L. Binderup, [36] Y. Bury, M. Herdick, M.R. Uskokovic, C. Carlberg, Gene regulatory
C. Carlberg, Molecular evaluation of vitaminzDeceptor agonists potential of .x,25-dihydroxyvitamin B analogues with two side
designed for topical treatment of skin diseases, J. Invest. Dermatol. chains, J. Cell. Biochem. 81 (2001) 179-190.

116 (2001) 785-792. [37] S. Vaisdnen, M. Perakyla, J.I. Karkkainen, M.R. Uskokovic, C.

[23] M. Schapira, B.M. Raaka, H.H. Samuels, R. Abagyan, Rational Carlberg, Structural evaluation of a vitamin D analogue with two
discovery of novel nuclear hormone receptor antagonists, Proc. Natl. side chains, Mol. Pharmacol. 63 (2003) 1230-1237.

Acad. Sci. USA 97 (2000) 1008-1013. [38] M.M. Gonzalez, P. Samenfeld, M. Perakyld, C. Carlberg, Corepressor

[24] Y. Bury, A. Steinmeyer, C. Carlberg, Structure—activity relationship excess shifts the two side chain vitamin D analogue Gemini from
of carboxylic ester antagonists of the vitamirg Deceptor, Mol. an agonist to an inverse agonist of the vitamin D receptor, Mol.

Pharmacol. 58 (2000) 1067-1074. Endocrinol. 17 (2003) 2028-2038.



	Ligand-mediated conformational changes of the VDR are required for gene transactivation
	Introduction
	Molecular evaluation of Vitamin D analogues
	VDR agonists
	VDR antagonists
	Inverse VDR agonists
	Conclusion
	Acknowledgements
	References


