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Abstract

The nuclear receptor of Vitamin D can be activated by a large number of agonist molecules with a wide spectrum in their stereochemical
framework. Up to now most of our structural information related to the protein—ligand complex formation is based on an engineered ligand
binding domain (LBD) of the human receptor. We now have extended our database, using a wild-type LBD from zebrafish that confirms
the previously reported results and allows to investigate the binding of ligands that induce significant conformational changes at the protein
level.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction subfamily members reveals that VDR present a large inser-
tion domain, poorly conserved between VDRs species, at
The Vitamin D nuclear receptor (VDR) is a member the N-terminal region of the LBD in the peptide connecting
of the nuclear receptor superfamily], which are ligand- helices H1-H3. Secondary structure prediction programs
dependent transcriptional regulator controlling cell growth reveal that this region is not structured. In order to stabilize
and differentiation, homeostasis and several physiological the overall structure of the hVDR, we have engineered a
processes. Ligand binding induces a conformational changehVDR LBD mutant (hVDRA) by deleting 50 residues in
of the AF-2 helix at the C-ter of the ligand binding do- the region connecting helices H1-H3. This VDR mutant
main (LBD) that allows the recruitment of coactivator from stabilized the protein by lowering the number of confor-
the p160[2] or the DRIP/TRAP[3] families. The active mations adopted by the insertion region. The biological
form of Vitamin D, 1o,25(OH)Ds3, regulates calcium and  properties (binding, transactivation) of the mutant protein
phosphate metabolism, cell differentiation and has immuno- are similar to those of the wild-typd2,13]
suppressive effect$4]. Most analogs of &,25(0OHpD3 This hVDRA construct let us to crystallize several com-
developed to date are modified at their side chain. They plexes with agonist ligandd2,14] In all these complexes,
were synthesized with the goal to improve the biological the overall conformation of the protein is identical and
profile of the natural ligand with decreased hypercalcemic adopts the agonist conformation. The interaction between
effects for therapeutic application. the ligands and the receptor involve both hydrophobic and
VDRs have been characterized from mammi@s7], electrostatic interactions. All the ligands fit into the mold
birds [8], Xenopus laevig9], Paralichtus olivaceug10], of the ligand binding siteKig. 1). The 20-epi analogs make
zebrafish (GenBank accession number AAF21427) and re-several specific contacts with the protein as a consequence
cently from lampreyg11]. Sequence analysis of the VDR of the different path adopted by the aliphatic chain.
Packing constraints of the unique crystal form obtained
e o _ discriminates complexes with conformational changes near
Nfetﬁéer; irgsdeftlotzeulylzztgog)v_ orkshop on Vitamin D (Maastricht, The 0 igand pocket. In order to crystallize new complexes and
* Corresponding author. Tek:33-3-88-653351; fax;-33-3-88-653276. L0 validate the hVDR\ structures, we used a VDR LBD from
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Fig. 1. Ligand binding pocket of the superimposed structures of
hVDRA-1a,25(0OHpD3, hVDRA-KH1060, hVDRA-MC2100 com-
plexes. The superimposed ligands are shown in red.

the purification and crystallization of the LBD of VDR of
zebrafish bound tod,25(OH»D3 and to Gemini.

2. Materials and methods

2.1. Expression and purification

The zebrafish VDR LBD (156-453) was cloned into
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gel and Coomassie blue staining. Protein concentration was
determined by Bradford using BSA as standard. The protein
was concentrated and incubated with a three-fold excess of
ligand (Jx,25(OHRD3 or Gemini in ethanol) and SRC-1
peptide (686- RHKILHRLLQEGSPS-700).

2.2. Crystallization and X-ray data collection

Crystallization trials were carried out in 96 well plates on
a TECAN robot using vapor-diffusion method. The crystals
were then optimized in 24-well paltes by hanging drops dif-
fusion method. Typically 3l of the concentrated protein
was mixed with 3ul of the reservoir solution and suspended
from siliconized glass coverslips. Crystals were mounted in
fiber loops and flash cooled in liquid ethane at liquid nitrogen
temperature after cryoprotection with a solution containing
the reservoir solution plus 5% glycerol and 2% polyethy-
lene glycol 400. The data collection for the determination
of the crystallographic parameters was performed at 100 K
at the European Synchrotron Radiation Facility in Grenoble
(beamline BM30) and at the Swiss Light Source (beamline
PX). All data were integrated ans scaled using HKL2000
[15].

3. Results and discussion

Freshwater teleost zebrafisBgnio rerio) is a popular
model for studying the roles of the various genes in devel-
opment. Furthermore among the VDRs characterized so far,
zebrafish, the second evolutionary most distant nuclear re-
ceptor from the human vertebrate, exhibits 100% identity in

the pET28b (Novagen) vector as hexahisdines-tagged pro-the LBP lining residuesHig. 2). Its transactivation potency

tein and expressed i&. coli BL21 (DE3) (Novagen). A
200ml LB preculture containing 2Q0y kanamycin/ml
was grown overnight at 37 and 25ml aliquots of the
preculture were used to inoculate 11 LB culture contain-
ing 200pg kanamycin/ml. Cells were grown at 3C to

is 50% of that of hVDR[16]. This is consistent with other
observations made with Xenopus VDR or lamprey VDR,
which show 50%9] and 25%][11] activity of the hVDR,
respectively. The zVDR LBD exhibits 69% identity and
79% similarity in its sequence with the hVDR LBD, while

an absorbance at 600nm of 0.6, and were allowed to the insertion region (191-252 of zZVDR) exhibits only 34%

grow for 12 h at 15C after induction by addition of 1mM
IPTG (isopropylp thiogalactoside). Cells were harvested

identity and 47% similarity.
The optimization of the purification procedure led to

by centrifugation and the pellets were frozen and kept at the obtention of pure and homogenous protein in two
—80°C. The cell pellet from 11 culture was resuspended chromatographic steps. The first affinity chromatography
in 25ml buffer containing 5mM imidazole, 20mM Tris removed the majority of the contaminants and the second
pH 8.0, 250 mM NacCl, 5% glycerol, 1mM PIC and 1 mM step, gel filtration, removed aggregates. The zVDR LBD
B-mercaptoethanol. The cells were lysed by sonication. The behaves as a monomeric species on gel filtration. The pro-
crude extract was loaded on an immobilized metal affinity tein was 95% pure as judged from the Coomassie stained
column (Talon, Clontech) and eluted with imidazole. The gel (Fig. 3). One to two milligrams of pure protein for 11
fractions of interest were pooled and digested with bovine of culture were obtained. The first crystals were obtained

thrombine (1 unit per mg of protein) overnight at@ in
presence of 5mM Caglto remove the histidine tag. The

from a screen on a TECAN crystallization robot. Then crys-
tals of the complexes of zVDR LBD withal25(OHpD3

protein was loaded on a gel filtration Superdex 75 16/60 or Gemini were optimized at 24 using vapor diffusion

(Pharmacia) equilibrated in 10mM Tris pH 7.0, 100 mM
NaCl, 10 mM DTT (di-thio-threitol). The protein purity was

in hanging drops. Reservoir solutions contained Bis—Tris
0.1 M pH 6.5, lithium sulfate 1.6 M and magnesium sulfate

analyzed by SDS-PAGE on a 12.5% polyacrylamide gel 50 mM. The crystalsKig. 4) grew as hexagonal bipyramids
and Native-PAGE on an 8-25% gradient polyacrylamide of 200pum x 100pm x 100pm within 2 days. Carefully
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RHVDR = i oo it oSt e oo o MEAMAASTSLPDPGDFDRNVPRICGVCG
zVDR MLTENSAVNSGGKSKCEAGACESTVNGDATSLMDLMAVSTSATGQDQFDRNAPPICGVCG
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hVDR DRATGFHFNAMTCEGCKGFFRRSMKRKALFTCPFNGDCRITKDNRRHCQACRLKRCVDIG
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Homology *:************************** *******:* *****************:***
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Homology ***:******:**:::****:**. *:** :.*******:***:***:*********:**
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Homology Kkkkkkhhkkkk . kkKhkhkhokk  Kkk . hkkk . Lk Kk kkkkk kA kK
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hVDR LADLRSLNEEHSKQYRCLSFQPECSMKLTPLVLEVFGNEIS
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Homology ****************_****** **:*********i_*:*
Domains :A/B C D E KXXXXX 1insertion domain

Fig. 2. Sequence alignment of zZVDR vs. hVDR.

washed crystals were analyzed by SDS-PAGE to check theindicate that thé6522 was the correct space group. The pro-

integrity of the protein in the crystals. gram CNS-SOLVH17] was used throughout structure deter-
Crystals of zZVDR-&,25(0OHpD3 complex have a prim-  mination and refinement calculations. The electron density
itive hexagonal Laue lattice with unit cell parameters- are clear for all residues from the last two Histag residues to

b = 6584 A andc = 26484 A. They diffract X-rays to a  the C-terminal part except for the insertion region (191-252)
resolution limit of 2.2 A. The systematic absences indicated and the last residue (453) which are missing in the final
eitherP6,22 orP6522 space group. The data between 20 and refinement. The model of zZVDRed25(0OH)D3 refined at
2.2 A resolution was 99.0% complete with a Rsym of 4.8%. 2.2 A with a cutoff of 2r comprises 234 residues (156-190;
In the last resolution shell (2.28-2.20 A) Rsym was 32.7 and 253-452), 10 residues of the SRC-1 peptide (687—696), the
the completeness was 99.5%. Initial phase estimates werdigand and 94 water molecules. The resulting refinement pa-
obtained by molecular replacement using the structure of therameters ar&k = 22.0% and Rfree= 25.1%. For the crys-
hVDRA LBD as a starting model and a rigid body refine- tals of the complex of zVDR-Gemini, the space group is
ment to correctly position the molecule. The best solution P6522 with the unit cell parameteis = b = 65.86 A and
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Fig. 3. Coomassie stained SDS gel of the zVDR LBD gel filtration
fractions corresponding to the peak. MW molecular markers in kDa.

c = 26502 A. The data between 20 and 2.6 A resolution
was 85.5% complete with a Rsym of 4.2%. In the last reso-
lution shell (2.69-2.60 A) Rsym was 19.1 and the complete-
ness was 68.5%. The final model of zVDR-Gemini refined at
2.6 A with a cutoff of 2r comprises 234 residues (156—190;
2.53_452)’ 10 residues of the SRC-1 pEptld_e (687_696)’ theFig. 5. Overall view of the structure of zZVDR LBD«]25(OHpD3. The
ligand and 38 water molecules, and the refinement parame-~pr is shown in blue and the SRC-1 peptide in pink. The ligand is
ters areR = 20.4% and Rfree= 26.0%. shown in gray with the oxygen atoms in red. The zZVDR missing loop
The zVDR LBD is in the canonical active conformation ends are marked by stars.
and binds to the SRC-1 peptide in the classical 8]
(Fig. 5). The structures of the zVDR and hVRLBDs An additional important advantage of this new crystal
are similar with a root mean square deviation of 0.72A packing is that the most flexible part of the LBD that involves
over 236 main chain atoms. The insertion region deleted in the Joop H2—H3 notably H8in hVDRA crystal structure
the hVDRA construct and present in the crystals of ZVDR s not involved in the crystal packing interactions. Any con-
LBD is not visible in the electron density map reflecting formational change that would affect this part of the protein
its disorder. Helix H8 observed in the hVDR structure is  goes not prevent crystallization. Therefore we used this new
missing in the ZVDR. The binding pocket is identical and crystal form to screen the crystallization of several com-
the natural ligand adopts the same conformation and formsplexes and obtain crystals of the zVDR bound to Gemini, an
the same interactions with the protein in the two struc- jnteresting ligand with two identical side chains at carbon
tures. This structure of a wild-type VDR thus validates our c20[19]. This ligand with an unusual stereochemistry shows
previous conclusions made on the hVBRtructures. a 25% increase in volume compared to the natural ligand.
In this complex, the protein adapts to the synthetic ligand
while preserving the agonist conformatidfig. 6 shows the

Fig. 6. Superimposition of the zZVDR LBD«125(OH)D3 (blue) and the
Fig. 4. Crystals of zZVDR-d,25(OHpD3. The crystals were obtained zVDR LBD-Gemini (green) in the region differing the most. The Gemini
in Bis—Tris 0.1 M pH 6.5, lithium sulfate 1.6 M and magnesium sulfate is shown in gray with the oxygen atoms in red. The zZVDR missing loop
50 mM. The size of the largest crystals were 200x 100pm x 100pm. ends are marked by stars.
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