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a  b  s  t  r  a  c  t

Nuclear  receptors  (NRs)  are  ligand-activated  transcription  factors  that  regulate  the  expression  of  genes
involved in  biologically  important  processes.  The  human  vitamin  D  receptor  (hVDR)  is a member  of  the
NR  superfamily  and  is responsible  for maintaining  calcium  and  phosphate  homeostasis.  This  receptor  is
activated by  its  natural  ligand,  1�,  25-dihydroxyvitamin  D3 (1�, 25(OH)2D3),  as  well  as  bile  acids  such
as  lithocholic  acid  (LCA).  Disruption  of  molecular  interactions  between  the  hVDR  and  its  natural  ligand
result  in  adverse  diseases,  such  as  rickets,  making  this  receptor  a good  target  for  drug  discovery.  Previous
mutational  analyses  of  the  hVDR  have  mainly  focused  on  residues  lining  the  receptor’s  ligand  binding
pocket  (LBP)  and  techniques  such  as  alanine  scanning  mutagenesis  and  site-directed  mutagenesis.  In
this work,  a  rationally  designed  hVDR  library  using  randomized  codons  at  selected  positions  provides
insight  into  the  role  of  residue  C410,  particularly  on activation  of the  receptor  by  various  ligands.  A vari-
ant, C410Y,  was  engineered  to bind  LCA  with  increased  sensitivity  (EC50 value  of  3  �M and  a  34-fold
activation)  in  mammalian  cell culture  assays.  Furthermore,  this  variant  displayed  activation  with  a  novel
small  molecule,  cholecalciferol  (chole)  which  does  not  activate  the  wild-type  receptor,  with  an  EC50 value
of 4 �M  and  a 25-fold  activation.  The  presence  of  a  bulky  residue  at this  position,  such  as  a  tyrosine  or
phenylalanine,  may  contribute  towards  molecular  interactions  that  allow  for the  enhanced  activation
with  LCA  and  novel  activation  with  chole.  Additional  bulk  at the same  end  of  the  pocket,  such  as  in the
case  of  the  variant  H305F;  C410Y  enhances  the  receptor’s  sensitivity  for these  ligands  further,  perhaps

due  to  the  filling  of  a cavity.  The  effects  of  residue  C410  on  specificity  and  activation  with  the  different
ligands  studied  were  unforeseen,  as  this  residue  does  not  line  the  hVDR’s  LBP.  Further  investigating  of  the
structure–function  relationships  between  the  hVDR  and  its  ligands,  including  the  mutational  tolerance
of  residues  within  as  well  as  outside  the  LBP,  is  needed  for  a comprehensive  understanding  of  the  func-
tionality  and  interactions  of  the  receptor  with  these  ligands  and  for development  of  new  small  molecules

rugs
as  potential  therapeutic  d

. Introduction

Nuclear receptors (NRs) are a large family of ligand-activated

ranscription factors, present in a number of organisms, including
orms, insects, and humans [1].  To date, 49 members have been

dentified in the NR superfamily in humans [2,3]. These receptors
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have been shown to bind a variety of ligands, ranging from steroids
to fatty acids and xenobiotic metabolites. Upon binding of a small
molecule ligand, NRs function as transcription regulators of essen-
tial genes involved in physiological activities, such as development,
growth, and homeostasis [4–6]. These small molecules serve either
as agonists, inducing transcription, or as antagonists, repressing
transcription [7].

Due to their roles in a complex cascade of biological processes,
the transcriptional regulation of NRs involves a series of molecular
events. In the unliganded (apo) form or in the presence of an antag-
onist, most NRs associate with corepressors which form protein

complexes comprising of histone deacetylases (HDACs), caus-
ing the condensation of chromatin over target promoter regions
[8,9]. Hence, gene expression is repressed. Upon binding of a
small hydrophobic molecule (holo-form), such as an agonist, a
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onformational change occurs leading to the association of these
eceptors with coactivator protein complexes comprising of his-
one acetyltransferases (HATs) [8,10–12]. These proteins modify
he chromatin structure over target promoter regions such that
he recruitment of general transcription machinery including RNA
olymerase is facilitated, resulting in gene activation.

Despite their ability to control a wide variety of processes, NRs
hare highly conserved sequences and modular protein structures
hat consist of several domains, with particular emphasis focused
n the DNA binding domain (DBD) and ligand binding domain (LBD)
3,13]. The DBD which consists of zinc-finger motifs is the most
onserved domain among NRs, and is responsible for binding spe-
ific DNA sequences called response elements (REs) [14,15]. The
BD’s overall structure is moderately conserved, sharing a common
hree-dimensional structure mostly composed of �-helices and a
ew �-strands, arranged in an ‘�-helical sandwich’ [16]. Within this
andwich is a predominantly hydrophobic ligand binding pocket
LBP), whose residues are involved in primary interactions with
he ligand, providing a level of diversity among the various NRs.
ne important feature of the LBD is the terminal helix, helix 12 in
ost NRs, which contains the ligand dependent activation function

omain (AF-2). The previously mentioned conformational change
hat is essential to the activation of these receptors is drastically
bserved in this helix, which forms a mobile lid over the LBP
pon agonist binding [17]. As part of its function, this domain is
lso involved in receptor dimerization and coregulator interactions
18–21].

As an endocrine member of the NR superfamily, the 427-amino
cid long human vitamin D receptor (hVDR) plays a major role
n maintaining calcium and phosphate homeostasis, as well as
egulating bone metabolism [22,23]. Furthermore, this receptor is
nvolved in anti-proliferative, pro-apoptotic and immunosuppres-
ive activities [24]. Mutations in the hVDR have been shown to
isrupt receptor interactions leading to insufficient receptor func-
ion; thus resulting in adverse consequences or diseases, such as
ickets [25–27].  The receptor’s LBD consists of 303 amino acids and
orms the canonical ‘�-helical sandwich’, while the elongated LBP
s 697 Å3 with the natural ligand occupying 56% of this volume
16,26]. Ligands of the hVDR include the natural ligand, 1�, 25-
ihydroxyvitamin D3 (1�,  25(OH)2D3), as well as bile acids such as

ithocholic acid (LCA) (Fig. 1a) [28]. Molecular interactions between
he hVDR and 1�, 25(OH)2D3 involve both hydrophobic and elec-
rostatic interactions that are crucial for the activation and function
f the receptor, with residues Y143, S237, R274, S278, H305 and
397, for example, forming important hydrogen bonds (Fig. 1b)

26].
Investigating the structure–function relationships between the

VDR and its ligands is of interest, specifically for further under-
tanding of the functionality of the receptor, its ability to bind
arious ligands, and for development of new small molecules as
herapeutic drugs. Previous mutational analyses of the hVDR have
ocused on alanine scanning mutagenesis and site-directed muta-
enesis of the residues lining the LBP of the receptor [29–33].  A
tudy on the hVDR residues that form hydrogen bonds with the
atural ligand showed that in general, mutations had a greater
ffect on activation than binding [34]. This work also suggested
hat maintaining proper residue packing could be more important
han maintaining hydrogen bonding interactions. Additionally, the
ecently solved crystal structure of the hVDR with 1�, 25(OH)2-
-epi-D3 has provided insight on the role of water in maintaining
ydrogen bonding interactions similar to those of the natural lig-
nd [35]. These studies and others have provided a fundamental

nderstanding of the key interactions between the hVDR and var-

ous ligands, however work on the mutational tolerance of LBP
esidues or the effects of residues outside the LBP has been lim-
ted [36–41].  Therefore, the focus of this work was to further
ry & Molecular Biology 128 (2012) 76– 86 77

investigate the structural and functional parameters of the hVDR,
through engineering of this receptor to bind and activate in
response to a novel small molecule, cholecalciferol (chole). Chole, a
precursor in the 1�, 25(OH)2D3 biosynthetic pathway lacks two  of
the three hydroxyl groups present in 1�, 25(OH)2D3 and does not
activate the hVDR, confirming the importance of precise molec-
ular interactions required for ligand activation (Fig. 1a). By using
chole as a target ligand, the receptor’s hydrogen bonding capa-
bilities are limited to one hydroxyl group, perhaps allowing for a
further assessment on the importance of hydrogen bonding for the
stability and function of the receptor (Fig. 1).

2. Materials and methods

2.1. Ligands

1�, 25-dihydroxyvitamin D3, lithocholic acid and cholecalcif-
erol were purchased from BIOMOL (Plymouth Meeting, PA), MP
Biomedicals, LLC (Solon, OH) and Sigma–Aldrich (St. Louis, MO),
respectively. A 10 �M stock of 1�, 25-dihydroxyvitamin D3 and
10 mM  stocks of lithocholic acid and cholecalciferol, were made
with 80% ethanol: 20% DMSO and stored at 4 ◦C.

2.2. hVDR gene isolation and construction of a yeast expression
plasmid

The human vitamin D receptor gene was isolated and ampli-
fied from human skin cDNA (BioChain, Hayward, CA) via PCR using
the following primers: 5′-gcc gga att cat gga ggc aat ggc ggc-3′ and
5′-gga cta gtt cag gag atc tca ttg cca aac ac-3′ (Operon, Huntsville,
AL). The underlined sequences denote EcoRI and SpeI restriction
sites, respectively. The hVDR gene and yeast expression plasmid
pGBT9, which contains the Gal4 DBD, were digested with EcoRI and
SpeI, ligated, and transformed into Z-competentTM XL-1 Blue E. coli
cells (Zymo, Orange, CA). The resulting plasmid, pGBDhVDR, con-
tained the Gal4 DBD fused to the full-length hVDR, and a tryptophan
marker. All DNA was  purified using the QIAprep® Spin Miniprep Kit
(Qiagen, Valencia, CA). The pGBDhVDR plasmid was sequenced for
confirmation (Operon, Huntsville, AL).

2.3. Creating a rationally designed hVDR library

The hVDR insert cassette variants were constructed using eight
oligonucleotides containing randomized degenerate codons at the
designated mutation sites. The synthetic oligonucleotides were
designed to have overlapping complementary ends, forming a full
insert cassette via a combination of hybridization and PCR [42].
The full insert cassette (1014 bp) was  created using 100 ng of
each oligonucleotide and 125 ng of the corresponding forward and
reverse primers (Operon, Huntsville, AL) with the following ther-
mocycler conditions: 95 ◦C 1 min, 59 ◦C 1 min, 72 ◦C 2 min, repeat
20 cycles, 95 ◦C 1 min, 56.6 ◦C 1 min, 72 ◦C 2 min, repeat 20 cycles,
72 ◦C 3 min. The full insert cassette was purified using the QIAprep®

Spin Miniprep Kit (Qiagen, Valencia, CA).
A hVDR background plasmid was  constructed to decrease the

expression of the wild-type hVDR in the designed library. SacII and
KpnI restriction sites were introduced into the pGBDhVDR yeast
expression plasmid towards the beginning and end of the hVDR
gene, respectively, via site-directed mutagenesis (Stratagene, Santa
Clara, CA) to create the pGBDhVDRSacIIKpnI plasmid. This plasmid
was  digested with SacII and KpnI, removing 810 bp of the wild-
type hVDR gene. A 145 bp segment of random DNA (‘junk’) from

a pMSCVeGFP plasmid was  amplified via PCR, digested and ligated
between the SacII and KpnI sites in the pGBDhVDRSacIIKpnI plas-
mid. The ligation was transformed into Z-competentTM XL-1 Blue
E. coli cells (Zymo, Orange, CA). When expression of the resulting
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Fig. 1. (a) Structures of hVDR ligands and precursors. 1�, 25-dihydroxyvitamin D3 (1�,  25(OH)2D3) and lithocholic acid (LCA) are known hVDR ligands. Cholecalciferol (chole)
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s  a precursor in the 1�, 25(OH)2D3 biosynthetic pathway, lacking two  of the thre
b)  Important hydrogen bonds between the hVDR and its natural ligand, 1�, 25(O

utagenesis in the rationally designed library, along with residue H397, is also sho

lasmid, pGBDhVDRBackground, takes place three STOP codons are
ranslated, resulting in a non-functional protein. All DNA was  puri-
ed using the QIAprep® Spin Miniprep Kit (Qiagen, Valencia, CA).
he pGBDhVDRBackground plasmid was sequenced for confirma-
ion (Operon, Huntsville, AL).

.4. Yeast transformation using the PJ69-4A strain

Using the 1× TRAFCO yeast transformation protocol, 1 �g of the
ull insert cassette and 0.3 �g of the yeast expression plasmids,
GBDhVDRBackground (containing a tryptophan marker, digested)
nd pGAD10BAACTR (containing the Gal4 activation domain fused
o the ACTR human coactivator, and a leucine marker), were trans-
ormed into the PJ69-4A yeast strain [43]. Transformants were
lated onto synthetic complete agar plates lacking leucine and tryp-
ophan (SC-LW), as well as synthetic complete agar plates lacking
denine or histidine, leucine and tryptophan (SC-ALW or SC-HLW
ith 0.1 mM 3-AT) with 10 �M of various ligands. Plates were incu-

ated at 30 ◦C for 3–4 days. A library size of ∼1.6 × 103 variants with
 transformation efficiency of ∼2.9 × 104 cfu/�g DNA was  achieved.

.5. Liquid quantitation assays of chemical complementation in
east

Variants obtained from the yeast transformation were grown
vernight in non-selective media (SC-LW), at 30 ◦C with shaking at
00 rpm. A 4:1 ratio of selective media (SC-HLW with 0.1 mM 3-
T) with and without ligand at varying concentrations: cells (yeast
esuspended in water) were aliquoted into 96-well plates. Plates

ere then incubated at 30 ◦C with shaking at 170 rpm for 48 h, with

ptical density readings at a wavelength of 630 nm (OD630) taken
t 0, 24 and 48 h. All data points represent the mean of at least
uplicate experiments and the bars indicate standard deviation.
oxyl groups present in 1�, 25(OH)2D3. This molecule does not activate the hVDR.
3 (pdb: 1DB1). Bonds represented by (- - -). Residue Y401 which was  targeted for

EC50 values were calculated using GraphPad Prism and a non-linear
regression extrapolation.

2.6. Site-directed mutagenesis

Mutations were introduced into the yeast expression plasmid,
pGBDhVDR, using PCR (Stratagene, Santa Clara, CA) and the corre-
sponding mutagenic primers (Operon, Huntsville, AL). All plasmids
were purified using the QIAprep® Spin Miniprep Kit (Qiagen, Valen-
cia, CA) and sequenced for confirmation (Operon, Huntsville, AL).

2.7. Construction of mammalian expression plasmids

The Gal4 DBD fused to full-length hVDR (GBDhVDR) as well as
each of the hVDR variants; C410Y, H305F, H397Y, H305F;H397Y,
H305F;C410Y, H397Y;C410Y, and H305F;H397Y;C410Y, was
amplified from the respective pGBD yeast expression plasmid
via PCR using 125 ng of the following primers: 5′-tcc ccg cgg
atg aag cta ctg tct tct atc gaa caa g-3′ and 5′-aag gaa aaa
agc ggc cgc tca gga gat ctc att gcc aaa ca-3′ (Operon, Huntsville,
AL). The underlined sequences denote SacII and NotI restric-
tion sites, respectively. The fusion constructs and mammalian
expression plasmid pCMX, which contains a cytomegalovirus
(CMV) promoter, were digested with SacII and NotI, ligated,
and transformed into Z-competentTM XL-1 Blue E. coli cells
(Zymo, Orange, CA). The resulting plasmids, pCMXGRhVDR,
pCMXGRhVDRC410Y, pCMXGRhVDRH305F, pCMXGRhVDRH397Y,

pCMXGRhVDRH305F;H397Y, pCMXGRhVDRH305F;C410Y, pCMX-
GRhVDRH397Y;C410Y, and pCMXGRhVDRH305F;H397Y;C410Y
were purified using the QIAprep® Spin Miniprep Kit (Qiagen, Valen-
cia, CA) and sequenced for confirmation (Operon, Huntsville, AL).
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.8. Mammalian cell culture assays

Human embryonic kidney 293T cells (HEK 293T, ATCC, USA)
ere transfected with the pCMX mammalian expression plasmids
iscussed above, along with the p17*4TATAluc and pCMX�-gal
eporter plasmids as described by Taylor et al., using Lipofec-
amine 2000 (Invitrogen, Carlsbad, CA) as the cationic lipid [44].
17*4TATAluc contains the Renilla luciferase gene under the con-
rol of four Gal4 REs located upstream of a minimal thymidine
inase promoter, while pCMX�-gal contains the �-galactosidase
ene under the control of the mammalian CMV  promoter. Cells
ere harvested ∼36–48 h after the addition of ligand at varying

oncentrations, and analyzed for luciferase and �-galactosidase
ctivity. All data points represent the mean of triplicate exper-
ments normalized against �-galactosidase activity and the bars
ndicate standard deviation. EC50 values were calculated using
raphPad Prism and a non-linear regression extrapolation. Fold
ctivations were calculated by dividing the highest level of acti-
ation by the lowest level of activation in triplicate experiments.

.9. In silico docking of wild-type hVDR and hVDRC410Y with
holecalciferol

The structure of the hVDRC410Y variant was prepared in silico
sing the program TRITON 4.0.0 (National Centre for Biomolecu-

ar Research, Czech Republic) and its external program MODELER
National Centre for Biomolecular Research, Czech Republic). A
omputational site-directed mutagenesis method, where the wild-
ype protein is used for homology modeling was  employed [45,46].
he atomic coordinates of the crystal structure of the hVDR ligand
inding domain (�165–215) were retrieved from the research col-

aboratory for structural bioinformatics (RCSB) protein data bank
PDB) (PDB ID: 1DB1) [26,47].

The wild-type hVDR and hVDRC410Y structures were prepared
or docking using the UCSF CHIMERA-interactive molecular graph-
cs program by: (1) removing the ligand and water molecules, (2)
dding polar hydrogens, and (3) assigning Gasteiger charges [48].
he three-dimensional structure of cholecalciferol was constructed
nd minimized using ChemBioDraw Ultra 11.0 and ChemBio3D
ltra 11.0 (Cambridge Soft, USA) [49]. AutoDockTools was used to
dd Gasteiger charges, setting the partial charge property of each
igand atom. Docking simulations were performed using AutoDock
ina with default parameters, such that the protein was  held rigid
nd the ligand was allowed free rotation [50]. The receptor–ligand
oses of lowest free energy of binding were analyzed further using
he PyMOL molecular graphics system (DeLano Scientific LLC, USA).

. Results

.1. Chemical complementation: a genetic selection system in
east

The function of the wild-type hVDR and the variants obtained
rom the hVDR library discussed in this work was assessed in a
enetic selection system in yeast called chemical complementa-
ion (CC). In CC the survival of yeast, Saccharomyces cerevisiae, is
inked to the binding and activation of a NR by a small molecule
igand. The activation of the NR results in the transcription of an
ssential gene, allowing CC to serve as a powerful tool for engi-
eering nuclear receptors [44,51–55].  CC involves the use of the
east strain, PJ69-4A, which contains Gal4 REs controlling the

xpression of the selection markers, HIS3 and ADE2 [56]. In CC,
he Gal4 DBD is fused to a NR LBD, the Gal4 activation domain
AD) is fused to a human coactivator, and a small molecule lig-
nd is introduced (Fig. 2a) [51,52]. Upon ligand binding, the Gal4
ry & Molecular Biology 128 (2012) 76– 86 79

AD:coactivator fusion protein associates with the NR LBD, lead-
ing to transcription of the HIS3 or ADE2 selective gene. Thus
yeast survive on media lacking the essential nutrient but contain-
ing the small molecule ligand. Overall, CC provides simple and
rapid detection of NR activation, making this selection system
useful for semi high-throughput evaluations of receptor–ligand
interactions [51,52,57].

To determine the activity of the wild-type hVDR in the chemi-
cal complementation system in yeast, the hVDR gene was isolated
and amplified from skin cDNA and cloned into a yeast expres-
sion plasmid containing the Gal4 DBD. This construct (pGBDhVDR)
along with another yeast expression plasmid, containing the
Gal4 AD fused to the ACTR (activator for thyroid and retinoid
receptors) human coactivator (pGAD10BAACTR), were tested in
liquid quantitation assays of chemical complementation with
1�, 25(OH)2D3, LCA and chole in histidine selective media. The
HIS3 gene encodes imidazoleglycerol-phosphate dehydratase, an
essential enzyme in the histidine biosynthetic pathway [58]. Due
to the known ‘leaky expression’ of the HIS3 gene, 3-amino-1,
2, 4-triazole (3-AT), an inhibitor of imidazoleglycerol-phosphate
dehydratase (HIS3 protein), was  used to reduce basal growth. Gal4
is a ligand independent transcription factor used as a positive
control, and as expected displayed growth independent of the
presence of ligand (Fig. 2b and c). As shown in Fig. 2b, ligand
activated growth at 1 nM with an EC50 = 2 nM (based on growth)
was  observed for the wild-type hVDR with 1�, 25(OH)2D3 in
histidine selective media (SC-HLW with 0.1 mM  3-AT). Ligand acti-
vated growth was also observed with LCA at 10 �M,  for which
the wild-type hVDR displayed an ∼EC50 > 10 �M,  as shown in
Fig. 2c. Growth was  not observed with chole as expected, as this
molecule is an inactive precursor in the 1�, 25(OH)2D3 biosyn-
thetic pathway (Fig. 2c). Since the EC50 values obtained in chemical
complementation with the Gal4 DBD:hVDR fusion protein cor-
related to previously reported cell culture data, CC proved to
be a suitable system for evaluating hVDR variants with various
ligands [59,60].

3.2. Rational design and construction of a hVDR library

A rational mutagenic approach was used to engineer the hVDR
to bind and activate in response to chole, while investigating
the tolerance level of residues in the receptor’s LBP for amino
acids of varying chemical and physical properties, such as vol-
ume  and hydrophobicity. The crystal structure of the hVDR with
1�, 25(OH)2D3 (PDB:1DB1) was  analyzed using Visual Molec-
ular Dynamics (VMD), a molecular graphics software program
[26,61]. Residues within five angstroms of the ligand, as well as
key molecular interactions in the hVDR’s LBP (e.g. hydrogen bonds
and Van der Waals interactions) were determined. Using previ-
ous mutational analyses, specific residues that interact directly
with 1�, 25(OH)2D3 and/or are predicted to have an effect on
stabilizing the active conformation of the receptor were chosen
as target residues [29–33].  Based on these analyses, two residues
were targeted for mutagenesis in the discussed library, H397 and
Y401.

H397 was chosen due to its known important hydrogen bond
with the 25-hydroxyl group of 1�, 25(OH)2D3, contributing to
the position of helix 11 and the folding of the receptor into
its active conformation [26,29–33].  However, chole lacks this
hydroxyl group on the aliphatic chain and therefore cannot form
the hydrogen bond that 1�, 25(OH)2D3 forms with this residue.
This generated interest in the mutational tolerance at this residue,

as well as, in determining whether the receptor would main-
tain hydrogen-bonding capability at this position even though
the target molecule lacks a functional group that would con-
tribute to this interaction. Y401, on the other hand, shares a
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Fig. 2. (a) Chemical complementation (CC) genetic selection assay in yeast. CC is a genetic selection system, in which the survival of yeast is linked to the activation of a
nuclear receptor (NR) by a small molecule ligand. The PJ69-4A yeast strain contains the genetic selection genes HIS3 and ADE2 under the control of Gal4 response elements
(REs).  In this system, the Gal4 DNA binding domain (DBD):NR ligand binding domain (LBD) fusion protein binds Gal4 REs and an agonist binds the NR LBD leading to the
recruitment of the corresponding Gal4 activation domain (AD):coactivator fusion protein and the transcriptional machinery. Thus resulting in the expression of the HIS3 or
ADE2  gene. Transcription of the regulated gene allows the yeast strain to produce its own histidine or adenine and survive on media lacking that nutrient. Therefore, only
ligand activated NRs will result in the survival of yeast. Quantitation assays of wthVDR and hVDRC410Y in histidine selective media with (b) 1�, 25(OH)2D3. Ligand activated
growth  is observed for wild-type hVDR and C410Y at 1 nM.  (c) LCA and chole. Ligand activated growth is observed for wild-type hVDR at 10 �M LCA, however growth is not
observed with chole. Ligand activated growth is observed for C410Y at 100 nM LCA and 10 �M chole. Gal4 is a ligand independent transcription factor and was  used as a
positive  control. Optical density readings were taken at a wavelength of 630 nm (OD630), measuring cell growth based on turbidity.
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ydrophobic interaction with helix 12 and contributes to the fold-
ng of the AF-2 surface [26,29–33].  Due to the role this residue
lays in mediating receptor–coactivator/corepressor interactions
ith the natural ligand, interest was generated in determining

he tolerance of this residue for other amino acids when the tar-
et molecule, in this case chole, is smaller in volume compared to
�, 25(OH)2D3. Mutations at each of the two residues targeted for
utagenesis were designed based on amino acid properties (e.g.

olarity, shape and volume), sequencing alignments of the hVDR
ith other NRs, and evolutionarily conserved and non-conserved

esidues [38,62].
The library of hVDR variants was constructed using oligonu-

leotides with randomized degenerate codons at residues H397
nd Y401. These oligonucleotides also contained overlapping
omplementary ends with the former and latter oligonucleotide
n sequence, thus a full insert cassette was created via a
ombination of hybridization and PCR [42]. The ends of the
ull insert cassette also contained complementary sequences
o a plasmid containing the Gal4 DBD. Once transformed
nto the PJ69-4A yeast strain, through homologous recombina-
ion, the insert cassettes and the Gal4 DBD plasmid generate

east expression vectors containing hVDR variants fused to
he Gal4 DBD. Colonies from selective plates containing lig-
nd were tested in liquid quantitation assays of chemical
omplementation.
3.3. Variant hVDRC410Y in yeast and mammalian cell culture
assays

A variant containing an undesigned mutation at the C410 posi-
tion to a tyrosine (C410Y) was  discovered, and exhibited a ligand
activated growth profile similar to that of the wild-type hVDR with
1�, 25(OH)2D3, with growth at 1 nM and an EC50 ≈ 2 nM,  in his-
tidine selective media (SC-HLW with 0.1 mM 3-AT) (Fig. 2b). As
shown in Fig. 2c the variant displayed ligand activated growth
with LCA, with growth at 100 nM and an EC50 = 29 nM,  drastically
showing approximately a 100-fold increase in sensitivity compared
to the wild-type receptor. Furthermore, this variant showed lig-
and activated growth with a novel small molecule, cholecalciferol
(chole), in the same media at 10 �M with an ∼EC50 > 10 �M (Fig. 2c).

To determine whether the C410Y results obtained in yeast with
chemical complementation were consistent with mammalian cell
culture assays, the variant and wild-type hVDR (fused to the Gal4
DBD) were cloned into a mammalian expression plasmid contain-
ing a cytomegalovirus (CMV) promoter. Human embryonic kidney
cells (HEK 293T) were transfected with the receptor and a reporter
plasmid containing the Renilla luciferase gene under the control

of four Gal4 REs (p17*4TATAluc), and tested with 1�, 25(OH)2D3,
LCA and chole. As shown in Fig. 3a the wild-type hVDR and C410Y
showed similar activation profiles with 1�, 25(OH)2D3, displaying
EC50 values of 5 nM and 1 nM,  and 198- and 76-fold activations,
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Fig. 3. Variant hVDRC410Y is activated by a novel small molecule: activity of wthVDR and hVDRC410Y in mammalian cell culture assays using human embryonic kidney
c 10Y, 
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ells  (HEK 293T) with (a) 1�, 25(OH)2D3 (b) LCA and (c) chole. A hVDR variant, C4
nd  that is also activated by the novel small molecule, cholecalciferol, was  engineer
uciferase activity and normalized against �-galactosidase activity. See Table 1 for E

espectively (Table 1). As expected, C410Y showed an EC50 value of
 �M and a 34-fold activation with LCA, displaying approximately a
00-fold increase in sensitivity compared to the wild-type receptor
hich has previously been shown to display activation at 100 �M

Fig. 3b and Table 1). Consistent with results from chemical com-
lementation and as shown in Fig. 3c, C410Y showed an EC50 value
f 4 �M and a 25-fold activation with chole (Table 1).

.4. Mutational tolerance of residue C410 in the hVDR
Naturally, the fact that residue C410 was not targeted in
he designed library and that the mutation C410Y resulted in a
nique activation profile with both LCA and chole led to further

able 1
C50, fold activation and maximum activation values for the hVDR constructs in mammal

hVDR construct 1�, 25(OH)2D3 LCA 

EC50 Fold
activation

Maximum
activation
(RLU)

EC50

wthVDR 5 nM 198 ± 83 35,139 >32 �M 

C410Y  1 nM 76 ± 57 17,311 3 �M 

H305F  4 nM 135 ± 30 39,406 ∼10 �M 

H397Y 9 nM 201 ± 88 21,540 >32 �M 

H305F;H397Y 4 nM 75 ± 31 16,934 ∼10 �M 

H305F;C410Y <1 nM 54 ± 25 20,513 0.3 �M 

H397Y;C410Y 4 nM 119 ± 22 24,651 ∼10 �M 

H305F;H397Y;C410Y C.A. <5 9529 C.A. 

C50 values were calculated using GraphPad Prism and a non-linear regression extrapola
he  lowest level of activation in triplicate experiments. C.A. indicates constitutive activity
activated by LCA with enhanced sensitivity in comparison to the wild-type hVDR,
tivity was measured in relative light units (RLU) derived from the measurement of

old activation and maximum activation values.

investigation of this position. The C410 residue is located in the loop
between helices 11 and 12 of the hVDR’s LBD and is not known to
make any direct contacts with the natural ligand (approximately
eight angstroms from the 25-hydroxyl group of 1�, 25(OH)2D3)
(Fig. 4a) [26]. To determine whether the enhanced C410Y activ-
ity was specifically due to the presence of a tyrosine or whether
another amino acid would display similar activation profiles to
those of the C410Y variant, this residue was  mutated to amino
acids of varying polarity, shape and volume (e.g. phenylalanine,

alanine, serine, asparagine, tryptophan, histidine, leucine, methio-
nine, threonine and lysine) via site-directed mutagenesis. Although
supported by previous work, such as that of Carlberg, Ishizuka, and
Mizwicki, drastic changes in the activation profiles of the resulting

ian cell culture assays using HEK 293T cells with 1�, 25(OH)2D3, LCA and chole.

Chole

Fold
activation

Maximum
activation
(RLU)

EC50 Fold
activation

Maximum
activation
(RLU)

<10 539 >32 �M <10 2241
34 ± 7 8138 4 �M 25 ± 5 9043

103 ± 22 22,955 2 �M 98 ± 31 20,494
<10 177 >32 �M <10 488
38 ± 3 9629 0.3 �M 42 ± 9 12,268
28 ± 13 10,801 0.2 �M 14 ± 12 5846
99 ± 41 23,866 3 �M 32 ± 13 7552
<5 11,134 C.A. <5 8448

tion. Fold activations were calculated by dividing the highest level of activation by
.
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Fig. 4. (a) Cysteine 410 does not make direct contacts with the natural ligand (pdb: 1DB1). Hydrogen bonds and distance measured represented by (- - -) and (· · ·), respectively.
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n  silico docking of (b) wthVDR and (c) hVDRC410Y with Cholecalciferol. Ligand and 

nd  the repositioning of neighboring residues (e.g. Y401) contributes to the filling o

ariants with various ligands would not necessarily be expected
ue to the location of the residue in the LBD. However, in look-

ng at the hVDR crystal structure, the presence of a cavity at the
nd of the pocket containing residues H305, H397, Y401 and C410
as observed. In silico docking of the wild-type hVDR and C410Y

ariant with cholecalciferol using Auto-dock Vina, suggests that the
ncrease in bulk at the C410 position contributes to the filling of this
avity and possibly leading to the molecular interactions necessary
or the enhanced and novel activation observed with LCA and chole,
espectively (Fig. 4b and c) [50].

When tested in liquid quantitation assays of chemical comple-
entation with 1�, 25(OH)2D3, LCA and chole in histidine selective
edia (SC-HLW with 0.1 mM  3-AT), most of the C410 variants

ehaved similar to the wild-type hVDR (Fig. 5a–c). More specif-
cally, with 1�, 25(OH)2D3 ligand activated growth was observed
or C410F, C410A, C410S, C410N, C410H, C410L, C410M, C410T, and
410K at 10 nM with an ∼EC50 > 10 nM,  as shown in Fig. 5a, indicat-

ng a wide range of tolerance at this position for different types of
esidues. Ligand activated growth was not observed with C410W,
hich could imply that excessive bulk is not tolerated at this posi-

ion (Fig. 5a). Overall, position C410 is fairly tolerant of mutations
ith the variants studied displaying profiles similar to that of the
ild-type receptor (and C410Y) but with a 10-fold decrease in sen-

itivity when tested with 1�, 25(OH)2D3.
When tested with LCA, similar to the C410Y variant, C410F

xhibited ligand activated growth at 100 nM with an EC50 = 54 nM
Fig. 5b). As shown in Fig. 5b, similar to the wild-type hVDR, ligand
ctivated growth at 10 �M with an ∼EC50 > 10 �M was  observed for
he rest of the C410 variants. C410W, which did not show growth
ith the natural ligand, also displayed ligand activated growth with
CA at 10 �M (∼EC50 > 10 �M),  indicating that the increase of bulk
nd packing of the cavity at this end of the pocket contributes to
ctivation with LCA (Fig. 5b). When tested with chole, C410F once
gain exhibited a ligand activated growth profile similar to that of
residues shown in cyan and magenta, respectively. The increase in bulk with C410Y
ity at that end of the pocket.

C410Y with growth at 10 �M and an ∼EC50 > 10 �M (Fig. 5c). Like
the wild-type hVDR and as shown in Fig. 5c, the rest of the C410
variants (including C410W) did not display ligand activated growth
with chole.

3.5. Enhancing the sensitivity of variant hVDRC410Y further

Previously in our lab via random mutagenesis, a hVDR vari-
ant, hVDRH305F;H397Y, was engineered to activate in response
to cholecalciferol [55]. Interestingly, both of the residues mutated
in this variant and residue C410 are positioned on the same end
of the hVDR’s LBP, near the cavity previously mentioned (Fig. 4).
To determine whether the effects of the H305F, H397Y and C410Y
mutations on ligand activation would be additive, different com-
binations of these mutations were introduced into the hVDR. The
resulting variants were tested in cell culture assays using HEK 293T
cells with 1�, 25(OH)2D3, LCA and chole.

The variants H305F and C410Y showed EC50 values of 4 nM
and 1 nM with 1�, 25(OH)2D3, and ∼10 �M and 3 �M with LCA,
respectively. The variant H305F;C410Y displayed slightly higher
sensitivity for 1�, 25(OH)2D3 and enhanced sensitivity for LCA
(∼10-fold compared to C410Y), compared to the other vari-
ants tested with an EC50 < 1 nM and a 54-fold activation and an
EC50 = 0.3 �M and a 28-fold activation, respectively (Fig. 6a and b,
and Table 1). With chole, the variants H305F and C410Y showed
EC50 values of 2 �M and 4 �M,  respectively. H305F;H397Y and
H305F;C410Y shared the same enhanced sensitivity for chole
(∼10-fold compared to C410Y), with an EC50 = 0.3 �M and a
42-fold activation and an EC50 = 0.2 �M and a 14-fold activa-
tion, respectively (Fig. 6c and Table 1). Interestingly, the variant

H305F;H397Y;C410Y displayed constitutive activity, indicating
that the receptor is in an active conformation, with activation
observed in the absence of an exogenous small molecule ligand
(Fig. 6a–c).
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Fig. 5. Mutational tolerance of residue C410 in the hVDR: variant hVDRC410F behaves like hVDRC410Y. Quantitation assays of wthVDR and hVDRC410 variants in histidine
selective media with (a) 1�, 25(OH)2D3. Ligand activated growth is observed for wild-type hVDR and C410Y at 1 nM.  Ligand activated growth is observed for C410 F, A, S, N,
H,  L, M,  T, and K at 10 nM.  Growth is not observed for C410W. (b) LCA. Ligand activated growth is observed for wild-type hVDR and most hVDRC410 variants at 10 �M.  Ligand
activated growth is observed for C410Y and F at 100 nM.  (c) chole. Ligand activated growth is observed for C410Y and F at 10 �M.  Gal4 is a ligand independent transcription
factor  and was used as a positive control. Optical density readings were taken at a wavelength of 630 nm (OD630), measuring cell growth based on turbidity.

Fig. 6. Enhancing the sensitivity of variant hVDRC410Y further: activity of wthVDR and hVDR variants in mammalian cell culture assays using HEK 293T cells with (a) 1�,
25(OH)2D3 (b) LCA and (c) chole. Variant hVDRH305F;C410Y displays slightly higher sensitivity for 1�, 25(OH)2D3 and enhanced sensitivity for LCA, compared to the rest of
the  hVDR constructs tested. hVDRH305F;H397Y and hVDRH305F;C410Y share the same enhanced sensitivity for chole. Activity was  measured in relative light units (RLU)
derived  from the measurement of luciferase activity and normalized against �-galactosidase activity. See Table 1 for EC50, fold activation and maximum activation values.
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. Discussion

Due to their role as transcription factors, of regulating genes
nvolved in all physiological activities upon ligand binding, under-
tanding the general structural features of nuclear receptors is
ssential. However, equally as important is gaining knowledge of
pecific molecular interactions that occur between a receptor and
ts ligand(s), as they contribute towards the activation or repres-
ion of target genes. In the case of the human vitamin D receptor
hVDR), insight into the role and tolerance of specific residues
ithin the receptor’s ligand binding pocket (LBP) helps elucidate

tructural and functional parameters of the receptor and its lig-
nds. For example, the crystal structure of hVDRH305Q (bound
o the natural ligand), a variant associated with hereditary vita-

in  D-resistant rickets (HVDRR) was recently solved, providing
nsight on how the protein adopts the active conformation despite
he structural effects of the H305Q mutation, as well as serving
s the basis for the rational design of ligands for the treatment of
VDRR [63]. To date, mutational assessments of the hVDR have

ocused on alanine scanning and residues typically lining the LBP
nd that are involved in direct interactions with the ligand, such
s hydrogen bonds. A comprehensive analysis of the tolerance
f these residues in the binding and activation of the receptor
y its ligands has not been performed. Furthermore, residues
ot in contact with the ligand or that do not line the LBP can
lso play an important role in determining the activation profiles
bserved for nuclear receptors, and therefore need to be explored
urther.

Previous hVDR structure–function analyses were used to
ationally design a library of hVDR variants, in quest of explor-
ng how chemical and physical changes within the LBP affect
eceptor–ligand interactions, thus receptor function. Cholecalcif-
rol (chole), a precursor in the 1�, 25(OH)2D3 biosynthetic pathway
acks two of the three hydroxyl groups present in 1�, 25(OH)2D3,
he receptor’s natural ligand, and does not activate the wild-type
eceptor (Figs. 1a and 2c).  This small molecule was  chosen as the
arget ligand for engineering of the hVDR, as binding and activa-
ion of a variant could indeed provide insight into the molecular
nteractions necessary and/or that contribute to unique activation
rofiles.

Despite the fact that a hVDR library was designed to assess the
utational tolerance of two residues in helix 11, H397 and Y401,

 variant C410Y, which displayed a 100-fold increase in sensitiv-
ty towards lithocholic acid (LCA) in comparison to the wild-type
VDR (EC50 = 29 nM)  was discovered using chemical complementa-
ion in yeast (Fig. 2c). This variant was also activated by chole with
n ∼EC50 > 10 �M,  whereas the wild-type hVDR is not (Fig. 2c). The
resence of a tyrosine at the C410 position resulting in enhanced
ctivity with LCA and novel activation with chole led to interest
n determining whether a physical or chemical property of the
esidue was responsible for these activation profiles; in this case
ncreased bulkiness and hydrogen bonding capability were to be
onsidered.

When residue C410 was further assessed for its tolerance
o varying amino acids and tested with the natural ligand, 1�,
5(OH)2D3, most of the C410 variants (F, A, S, N, H, L, M,  T,
nd K) showed a 10-fold decrease in sensitivity compared to
he wild-type hVDR and C410Y variant (Fig. 5a). Despite residue
410’s distance from 1�, 25(OH)2D3, the fact that this posi-
ion tolerated a wide range of amino acids including alanine
as surprising, indicating that perhaps this residue does not

ontribute to the activation of the hVDR by its natural ligand;

s seen with the rat VDR (rVDR) where the presence of an
sparagine at this position results in comparable activation with
�, 25(OH)2D3. However, there seems to be some limitation to
his tolerance, as observed with C410W, which did not display
ry & Molecular Biology 128 (2012) 76– 86

any growth (Fig. 5a). Tryptophan has the largest volume among
all amino acids, 227.8 Å3, and the significantly increased bulki-
ness at the C410 position may  disrupt residue packing within the
LBD [64].

Despite the fact that with 1�, 25(OH)2D3 a range of tolerance
is observed at the C410 position, the same trend does not seem
to be observed with other ligands. As a matter of fact, the C410
residue along with C403, has been implicated to be involved in
mediating opposing effects in two  species of the VDR (e.g. the
antagonistic effect of TEI-9647 on the hVDR vs. the agonistic effect
of TEI-9647 on the rVDR) [65–67].  Recent crystal structures and
MALDI-TOF MS  studies of various hVDR/rVDR complexes with TEI-
9647 provided insight on the structural mechanism underlying
these species-specific effects [68]. Interestingly, as shown in this
work, the presence of a tyrosine at the C410 position results in a
novel activation profile with both LCA and chole in comparison to
the wild-type hVDR. In addition to the tyrosine, the same activation
profiles are observed with C410F, emphasizing the importance of
bulkiness for activation with both ligands, as well as suggesting that
the presence of a hydrogen bonding residue versus a hydrophobic
one at C410 does not seem to affect the overall activity obtained
with these ligands (Fig. 5b and c). Both LCA and chole have reduced
molecular volumes compared to the natural ligand, 1�, 25(OH)2D3.
As a result, the increased bulkiness at the C410 position (volumes:
cysteine 108.5 Å3, phenylalanine 189.9 Å3 and tyrosine 193.6 Å3)
may  contribute additional contacts by decreasing the overall vol-
ume  of the hVDR’s LBP, and filling the cavity present at that end
of the pocket as suggested by in silico docking results (Fig. 4b
and c) [64]. However, as shown by the H305F;H397Y;C410Y vari-
ant, a drastic decrease in the volume of the LBP can result in
constitutive activity, potentially due to an ‘over-stabilized’ active
conformation and/or significantly enhanced hVDR–coactivator
interactions (Fig. 6a–c).

Overall, this work seems to support the VDR ensemble model
over the conventional two-state, induced-fit model. In the ensem-
ble model apo-VDR exists in multiple conformations and contains
two  distinct but overlapping ligand binding pockets, and the vary-
ing activation profiles such as those observed in this work for
different ligands are likely a result of shifts in the distribution of
these VDR conformations [69–72].  Additionally, the VDR ensem-
ble model proposes that helix 12 can exist in a closed, holo-like
orientation in the absence of ligand suggesting the possibility of
a constitutively active VDR construct to be engineered, as was
observed in this work with the H305F;H397Y;C410Y variant.

Overall, a better understanding of the structural and functional
relationships between the human vitamin D receptor (hVDR) and
its ligands was achieved. A variant with a mutated residue (C410)
that does not line the receptor’s ligand binding pocket (LBP) and
as a result does not make direct contacts with the natural lig-
and, was observed to display enhanced activation with a known
hVDR ligand (lithocholic acid) as well as activation with a novel
small molecule (cholecalciferol). When combined with an addi-
tional mutation on the same end of the LBP, H305F, the receptor’s
sensitivity for these ligands was  enhanced further, emphasizing
the importance of bulkiness at this end of the pocket for activa-
tion with both ligands. Previous work on the hVDR has focused on
residues lining the receptor’s LBP; however the effects of mutat-
ing residue C410 not only serve as an example of the significant
impact distant residues can have on receptor activation with dif-
ferent ligands but also emphasize the important role physical
properties of residues, such as volume, can play for specific ends
of the LBP compared to chemical properties. Future work inves-

tigating the effects of C410Y on ligand binding and coactivator
interactions would provide additional insight into the ligand-
specific effects of this mutation on the activity profiles of the
hVDR.
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