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Abstract

The human vitamin D receptor (hVDR) is a member of the nuclear receptor superfamily, involved
in calcium and phosphate homeostasis; hence implicated in a number of diseases, such as Rickets
and Osteoporosis. This receptor binds 1a,25-dihydroxyvitamin D3 (also referred to as
1,25(0OH),D3) and other known ligands, such as lithocholic acid. Specific interactions between the
receptor and ligand are crucial for the function and activation of this receptor, as implied by the
single point mutation, H305Q, causing symptoms of Type Il Rickets. In this work, further
understanding of the significant and essential interactions between the ligand and the receptor
were deciphered, through a combination of rational and random mutagenesis. A hVDR mutant,
H305F, was engineered with increased sensitivity towards lithocholic acid, with an ECgg value of
10 uM and 40 + 14 fold activation in mammalian cell assays, while maintaining wild-type activity
with 1,25(0OH),D3. Furthermore, via random mutagenesis, a hVDR mutant, H305F/H397Y, was
discovered to bind a novel small molecule, cholecalciferol, a precursor in the 1a,25-
dihydroxyvitamin D3 biosynthetic pathway, which does not activate wild-type hVDR. This
variant, H305F/H397Y, binds and activates in response to cholecalciferol concentrations as low as
100 nM, with an ECgg value of 300 nM and 70 + 11 fold activation in mammalian cell assays. In
silico docking analysis of the variant displays a dramatic conformational shift of cholecalciferol in
the ligand binding pocket in comparison to the docked analysis of cholecalciferol with wild-type
hVDR. This shift is hypothesized to be due to the introduction of two bulkier residues, suggesting
that the addition of these bulkier residues introduces molecular interactions between the ligand and
receptor, leading to activation with cholecalciferol.
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1. Introduction

Nuclear receptors are ligand-activated transcription factors. Upon ligand binding, these
receptors activate the transcription of essential genes required for a number of cellular and
physiological processes including proliferation, differentiation, and development [1-3]. To
date there are 49 known human nuclear receptors [4]. These receptors bind a wide variety of
ligands, including bile acids, steroids, and non-steroidal ligands, such as 9-cis retinoic acid.
Structurally, nuclear receptors consist of a DNA-binding domain (DBD) and a ligand-
binding domain (LBD) connected by a hinge region [1, 2]. The DBD binds to short
sequences of DNA known as response elements [3, 5-7]. The LBD is a-helical nature along
with a few B-strands and includes a ligand binding pocket (LBP) responsible for binding the
small molecule ligand. While nuclear receptor DBDs share ~95% similarity, the differences
in their LBDs’ account for the diverse ligand binding profiles of these nuclear receptors,
leading to their unique structural identities and biological functions [5, 8].

As transcription factors, nuclear receptors function in a precise manner involving a series of
molecular events that lead to regulation of essential genes [1, 8, 9]. In the absence of ligand,
corepressors are bound to the nuclear receptors, leading to recruitment of histone
deacetyltransferases (HDACS) involved in chromatin remodeling; thus transcription is
repressed [8]. Upon ligand binding, a conformational change occurs in the LBD of these
receptors, recruiting coactivators and histone acetyltransferases (HATS), inducing
transcriptional activation of target genes [1, 8, 9].

The human vitamin D receptor (hVDR) is a nuclear receptor primarily involved in biological
processes such as apoptosis, immune responses, and calcium and phosphate homeostasis
[10]. In addition to its natural ligand, 1a,25-dihydroxyvitamin D3 (1,25(0OH),D3), this
receptor is known to bind a variety of 1,25(OH),D3 analogs and bile acids, such as
lithocholic acid (LCA) (Figure 1) [11-14]. The ability to activate VDR depends on a number
of biological factors, such as the uptake of ligand across the membrane and ligand
metabolism [15]. hVDR’s ligand binding domain is comprised of 303 amino acids with an
elongated binding pocket, consisting of both polar and non-polar residues. These residues
contribute essential molecular interactions between the ligand and receptor, required for
receptor activation and function. Disruption of these key interactions reduces or inhibits the
activity of a functional receptor, leading to adverse effects. An example of this is shown
with a single point mutation in the LBD of hVDR, H305Q, which causes a 10-fold decrease
in sensitivity of the receptor to 1,25(0OH),D3, causing Type Il Rickets [16].

The effect of the H305Q mutation emphasizes the importance of understanding the structure
and function relationship between the vitamin D receptor and various ligand. Previously,
structural and mutational studies with h\VDR were performed to assess the role of residues
within the ligand binding pocket, deciphering important residues for ligand binding and
activation [11, 17-25]. These findings, along with the crystal structures of hVDR with
1,25(0OH),D3 and other ligands, have provided useful preliminary information for
interactions required for ligand binding. Via alanine scanning mutagenesis, hydrogen
bonding residues were determined. Initially based on the alanine scanning results, Y143,
S237, R274, S278, H305, and H397 were found to form crucial hydrogen bonds with
1,25(0H),D3 [11, 19-22, 25, 26]. However, more recently mutational analysis has shown
that the hydrogen bonds formed between H305, H397, and 1,25(0OH),Ds are not crucial for
activation [27]. Mutating C288 to a glycine or alanine or mutating W286 to phenylalanine or
alanine was also shown to cause loss of transcriptional activation [18, 23, 24, 26].

Using a combination of structural data and previous mutational research, this work focuses
on further investigating and identifying key parameters in ligand binding and activation of
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hVDR with various ligands. Factors such as hydrogen bonding, residue size, and pocket
volume were analyzed. Using both rational design and random mutagenesis, preliminary
results of the mutational tolerance of the receptor was determined, and hVVDR was
engineered to bind and activate transcription in response to cholecalciferol, a 1,25(0OH),D3
precursor. Cholecalciferol, structurally lacks two of the hydroxyl groups present on
1,25(0OH),D3 and does not activate wild-type hVDR.

2. Methods and Materials

2.1 Ligands

Lithocholic acid, cholecalciferol, and 1a,25-dihydroxyvitamin D3 were ordered from MP
Biomedicals, LLC (Solon, OH), Sigma (St. Louis, MO), and BIOMOL (Plymouth Meeting,
PA), respectively. 10 mM stocks of lithocholic acid and cholecalciferol and a 13.3 pM stock
of 1a,25-dihydroxyvitamin D3 were made with 80% ethanol: 20% DMSO and stored at 4
°C.

2.2 Gene isolation and Yeast Expression Vector Construction

The human vitamin D receptor gene was cloned from human skin cDNA with 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’. The underlined sequences denote EcoRI and Spel restriction sites,
respectively. The VDR gene and yeast expression vector (0GBT9), which contains a Gal4
DNA binding domain, were digested, ligated, and transformed into Z-competent XL-1 Blue
E.coli cells (Zymo, USA). Fusing the hVDRLBD to the Gal4 DNA binding domain created
the pGBDhVDR plasmid, which contains a tryptophan marker. The plasmid was sequenced
for confirmation (Operon, USA).

2.3 Creating designed hVDR library

To create the hVDR insert cassette variants, eight oligonucleotides with overlapping ends,
containing degenerate base codes at the seven positions, were pieced together using overlap
extension PCR [28]. 100 ng of each oligo and 125 ng of each primer were combined in a
PCR tube and subjected to a PCR program with the following conditions: 95 °C for 1 min,
59 °C for 1 min, 72 °C for 2 min, 15 cycles, 95 °C for 1 min, 56.6 °C for 1 min, 72 °C for 2
min, 15 cycles. The resulting insert cassette was 1014 bp.

To create a background vector cassette, site-directed mutagenesis was used to insert Sacll
and Kpnl sites into pGBDhVDR 810 bp apart, resulting in the pPGBDhVDRSacllKpnl
plasmid. This plasmid was digested with the two restriction enzymes, removing 810 bp of
the wild-type VDR gene from the plasmid. A 145 bp segment of random DNA from another
plasmid, pMSCVeGFP, was digested and ligated between the Sacll and Kpnl sites
(pGBDhVDRSaclIKpnl), generating 3 stop codons in the open reading frame. The resulting
plasmid was named pGBDhVDRDbackground and confirmed by sequencing (Operon, USA).

2.4 Error-Prone PCR

pGBDhVDRH305F, the plasmid containing the hVDR mutant, was used as the template
DNA, for error-prone PCR random mutagenesis with primers: 5’-gatcctgaagcggaaggagg-3’
and 5’-
gtccaggcagggtggecagaacgggtgggeacaaaggatggactagttcaggagatctcattgccaaacacttcgag-3’. 0.5
pM of each primer, 500 uM dNTPs, 7 mM MgCl,, 20 pM MnCl,, 250 ng template DNA
(pGBDhVDRH305F), 1x Taq buffer, and 5 units of Taq polymerase (Fermentas, USA) were
used for each reaction. The PCR program used was: 95 °C for 5 min, 95 °C for 30 sec, 55 °C
for 30 sec, 72 °C for 60 sec, 20 cycles yielding ~ 1 pg of variant VDR insert cassette. The
insert cassettes were then transformed into yeast using the 1x TRAFCO protocol and tested
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in liquid quantitation assays using chemical complementation as mentioned in Schwimmer
et al. [5].

2.5 Yeast Transformation

Using the 1x TRAFCO yeast transformation protocol [29], 100 ng of the digested
background plasmid (pGBDhVDRbackground) and 900 ng of insert cassette were
transformed into the yeast strain PJ69-4A. A plasmid containing a fusion of the human co-
activator ACTR and the Gal4 activation domain with a leucine marker was also co-
transformed [7]. Transformants were plated onto synthetic complete (SC) agar plates lacking
adenine, leucine, and tryptophan (SC-ALW) with various ligands. Transformants were also
plated onto synthetic complete agar plates lacking leucine and tryptophan (SC-LW)
containing no ligand, to determine transformation efficiency. Transformation efficiency was
calculated based on the number of colonies on the plate divided by the ug of vector cassette
that was plated onto each plate.

2.6 Liquid Quantitation Assay in Yeast

Variants were tested in liquid quantitation assays in 96-well plates with media lacking
adenine, leucine, and tryptophan (SC-ALW), with or without LCA, cholecalciferol, or
1,25(0OH),D5 at varying concentrations (ranging from 10 nM - 10 uM for LCA and
cholecalciferol, 1 nM - 1 uM for 1,25(0OH),D3). A 4:1 ratio of media (SC-ALW): cells
(yeast resuspended in water) were aliquoted into 96-well plates. Plates were incubated at
30°C, with shaking at 170 rpm. Optical density (OD) readings at 630 nm were recorded at 0,
24, and 48 hours as a measure of growth density.

2.7 Mammalian Cell Culture

HEK?293T cells (ATCC, USA) were transfected with the following plasmids: pPCMXwild-
type hVDR, pCMXH305F, pPCMXH305Y, and pPCMXH305F/H397Y. These plasmids
contain the Gal4DBD (GBD) fused to the corresponding VDR ligand binding domain
(GBD:LBD fusion under the control of a cytomegalovirus (CMV) promoter). The reporter
plasmids were p17*4TATAluc, containing the Renilla luciferase gene under the control of
four Gal4 response elements located upstream from a minimal thymidine kinase promoter,
and pCMXfgal, a plasmid containing the B-galactosidase gene under the control of the
mammalian CMV promoter. Lipofectamine 2000 (Invitrogen, USA) served as the cationic
lipid and transfection experimental details are described in Taylor et al. [30]. The ligands
were added to the wells at various concentrations ((0.01 pM- 100 uM) LCA and (0.01 pM-
32 uM) cholecalciferol). Cells were harvested and analyzed for luciferase and f3-
galactosidase activity. All data points represent the average of triplicate experiments
normalized against B-galactosidase activity. Error bars represent the standard deviation
calculated using standard deviation: ¢ = Square root (Z[(X-p)2]). Fold activation was
calculated by dividing the value at maximal activation by the value at the no ligand data
point.

2.8 Docking hVDR mutants

The structures of the hVDR mutants were prepared in silico using the program TRITON
4.0.0 (National Centre for Biomolecular Research, Czech Republic) and its external program
MODELLER (National Centre for Biomolecular Research, Czech Republic). These
programs do not include any molecular dynamics. The computational site directed
mutagenesis method, which is based on using the wild-type protein for homology modeling
was employed [31, 32]. The wild-type hVDRLBD from the crystal structure 1DB1 was used
as the template, which is missing residues 165-215for crystallization purposes [11]. These
residues were not added computationally in the modeling process.
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Variants were prepared for docking using the UCSF CHIMERA- interactive molecular
graphics program by: (1) removing the ligand and water molecules, (2) adding polar
hydrogens, and (3) assigning Gasteiger charges [33]. Ligands were created using
ChemBioDraw Ultra 11.0 and ChemBio3D Ultra 11.0 (Cambridge Soft, USA) and modified
with the AutoDockTools by adding Gasteiger charges, setting the partial charge property of
each atom [34]. AutoDock Vina was used to perform docking simulations with default
parameters [35]. In the Autodock simulations the hVVDR ligand binding domain was held
rigid while the ligand was allowed to rotate, based on quantum mechanical rotations that are
incorporated into the algorithm. For the ligands the C3-OH bond, the carbon chain
connecting the two ring systems, and the aliphatic chain extending off of C17 were allowed
to rotate freely in the simulations. The solutions with the lowest free energy of binding were
analyzed.

3.1 Chemical Complementation: A yeast selection system for protein engineering

Chemical complementation is a multi-component system in which the survival of the
Saccharomyces cerevisiae strain PJ69-4A is linked to the activation of a nuclear receptor by
aligand [5, 7, 30, 36]. The yeast strain used consists of Gal4 response elements (Gal4RE)
controlling expression of genetic selection genes (i.e. HIS3, ADE2) [37]. In chemical
complementation, a Gal4 DNA binding domain (GBD) is fused to a nuclear receptor ligand
binding domain (LBD), and a nuclear receptor co-activator (CoAc) is fused to a Gal4
activation domain (GAD). The GBD: LBD fusion protein binds the Gal4RE, and upon
ligand binding by the nuclear receptor LBD, a conformational change occurs, leading to the
recruitment of the GAD:CoAc fusion protein. Transcription of the selective genes allows
PJ69-4A to survive in media lacking these essential nutrients (Figure 2A) [5]. Thus,
chemical complementation links the survival of yeast to the binding of a small molecule to
the nuclear receptor of interest [7].

To determine the activity of the human vitamin D receptor (hVDR) in yeast, the hVDR gene
was cloned from skin cDNA into a yeast expression vector, creating a fusion protein with
the Gal4 DBD (pGBDhVDR). The resulting plasmid was tested in chemical
complementation with the steroid receptor co-activator 1 (SRC-1) fused to the Gal4
activation domain. The two plasmids were tested with 1,25(OH),D3, lithocholic acid (LCA),
and cholecalciferol. As shown in Figure 2B, growth was observed at 10 uM LCA in
histidine selective media (SC-HLW + 0.1 mM 3AT). Due to the leaky expression of the
HIS3 gene, 3-amino-1,2,4-triazole (3AT) is added to reduce the background and therefore
creates a less stringent selection marker in comparison to ADE?2 [38]. hVDR showed growth
at 10 nM 1,25(OH),D3 in adenine selective media (SC-ALW) (Figure 2C). Ligand-activated
growth was not observed with cholecalciferol at any ligand concentration (Figure 2B). This
could be due to the lack of two hydroxyl groups that are present in 1,25(0H),D3.

3.2 Creating and testing variants in yeast

To determine the mutational tolerance of the residues within the ligand binding pocket of
hVDR, a library was designed based on the crystal structure of hVDR bound to
1,25(0H),D3, as well as previous mutational analysis and sequence alignments of the
human VDR with other VDR orthologs. Using the crystal structure of wild-type h\VDR with
1,25(0OH),D3 (PDB:1DB1), residues within four angstroms of the ligand were determined
[11]. Four angstroms was chosen as the optimal range for contacts between the ligand and
receptor. Twenty amino acid residues were found within this distance range, and seven of
the twenty residues were chosen for mutagenesis (Figure 3).
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Mutations were chosen based on polarity changes, as well as the shape and volume
(bulkiness) of the residues within the pocket. L227, L230, L233, and V234 were targeted for
mutation based on their proximity to the ligand and were modified to other hydrophobic
residues, such as leucine, isoleucine, valine, phenylalanine, and methionine altering the
pocket volume. S237, forming a hydrogen bond with the 1a-hydroxyl group of
1,25(0OH),D3, was modified to the hydrophobic residues leucine, isoleucine, valine,
phenylalanine, methionine, alanine, as well as hydrogen bonding residues serine and
threonine to determine if modifying the polarity of this residue would continue to allow
binding and activation with LCA and 1,25(OH),D3 [11]. Additionally, two histidines were
also target residues: H305 which is located in a loop between helices 6 and 7, and H397
which is at the C-terminal of helix 11. Previously, the role of H305 in the LBD of hVDR
was determined to be significant for the binding of 1,25(0OH),D3, as it forms a hydrogen
bond with the 25-hydroxyl group of the ligand. As a result, it was decided that this position
would be saturated [11, 18]. In the case of H397, which also forms a hydrogen bond with the
25-hydroxyl group of 1,25(0OH),D3, selected residues (tyrosine, lysine, glutamine, and
asparagine) were chosen based on amino acid sequence alignments of various VDR
orthologs [11, 39]. Overall, the combination of these designed mutations yields a theoretical
library size (based on amino acids) of 4.5 x 106 variants.

Individual oligonucleotides (oligos) containing degenerate base codes at the specific codon
locations were designed and combined through hybridization and overlap extension PCR, to
generate a library of hVDR mutant insert cassettes [28]. These cassettes were then
transformed into yeast with a linearized vector cassette (see Materials and Methods section
for details) and subjected to chemical complementation. A library size of 1.0 x 108 variants
was achieved. Only two variants, H305F and H305Y, were found to have enhanced
sensitivity to LCA when compared to wild-type hVDR. As shown in Figure 4A, these two
variants grew in adenine selective media (|-ALW) at 1 uM LCA, whereas wild-type hVDR
showed no growth in adenine selective media. Both variants display growth at 100 nM LCA
in histidine selective media (data not shown). Wild-type hVDR and the variants H305F and
H305Y were analyzed for activation with 1,25(0OH),D3, for which growth was observed at
10 nM in adenine selective media for each (Figure 4B). Originally, based on alanine
scanning mutagenesis, H305 was thought to form a crucial bond to 1,25(0OH),D3. However,
Mizwicki et al., observed that the replacement of H305 with a non-polar romatic residue,
phenylalanine, leads to a similar activation profile with 1,25(0OH),D3 as observed with wild-
type hVDR [27, 40]. In addition this mutation was shown to turn the antagonist, MK, into a
superagonist [27, 40]. Thus, MK and LCA take up a similar amount of space in the ligand
binding pocket and therefore the assumption would be that the H305F mutation should lead
to an increase in sensitivity towards LCA. This is most likely due to the larger molar volume
of the phenylalanine (189.9 A3) and tyrosine (196.3 A3) in place of the histidine (153.2 A3),
leading to increased bulk/decreased volume in the pocket and a shift of the ligand [40, 41].

In an attempt to obtain a hVDR mutant that could bind cholecalciferol, a precursor in the
1,25(0OH),D3 biosynthetic pathway, random mutagenesis was performed with H305F and
H305Y as templates. As mentioned previously, cholecalciferol lacks the hydrogen bonding
potential of the 1,25(0OH),D3 ligand. H305F and H305Y both showed no growth in response
to cholecalciferol in adenine selective media (Figure 4C). Random mutagenesis, specifically
error-prone PCR, was chosen over rational design to determine if mutations beyond the four
angstrom bias, could lead to an ideal conformation causing activation with cholecalciferol
[42]. A library size of 4.2 x 103 variants was achieved. One hVDR mutant, H305F/H397Y,
was activated at 1 pM LCA and 10 uM cholecalciferol in adenine selective media (Figure
4). These results were surprising as previous mutational analysis had shown that this residue
forms an essential hydrogen bond with the 25-hydroxyl group of 1,25(0OH),Ds3, not present
in cholecalciferol. However, the combination of both mutations in the double variant results
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in an increase in bulk, hence decreasing the overall volume of the ligand binding pocket.
This suggests that a combination of volume changes in the pocket at residues 305 and 397
leads to the binding and activation with cholecalciferol, as seen with the H305F/H397Y
mutant. With 1,25(0OH),D3, H305F/H397Y displayed activation at 10 nM in adenine
selective media, similar to wild-type hVDR, H305F, and H305Y.

3.3 Testing variants in cell culture

To determine whether the variants discovered with chemical complementation display the
same or similar activity in mammalian cell assays, the variants were analyzed in human
embryonic kidney 293T cells (HEK293T). The hVDR mutants were cloned into a
mammalian expression vector (pCMX) containing a cytomegalovirus (CMV) promoter, with
the Gal4 DNA binding domain fused to the variant VDR ligand binding domain
(GBD:VDRLBD). This plasmid was co-transfected with a reporter plasmid containing four
Gal4 response elements controlling the expression of the Renilla luciferase gene
(p17*4TATAIluc). As shown in Figure 5, hVDR mutants, H305F and H305Y, display
activation at 3.3 UM LCA and 1 uM, respectively, in comparison to 100 uM LCA for wild-
type hVDR as was the trend seen in yeast. H305F and H305Y show 40- and 74- fold
activation, respectively, with LCA, whereas wild-type hVDR shows a 13-fold activation
with LCA and only at the highest concentration (100 uM) of ligand (Figure 5, Table 1). The
H305F/H397Y variant has a 100-fold increased sensitivity with LCA showing activation at
1 uM in comparison to 100 uM with wild-type hVDR and LCA. Additionally, H305F and
H305Y display activation at 1 uM cholecalciferol resulting in a 54- and 65- fold activation
with cholecalciferol, whereas no activation is observed with cholecalciferol and wild-type
hVDR.

As shown in Table 1, ECsg values, the ligand concentration where 50% of the maximal
response is seen, of 10 uM for LCA and 3 uM for cholecalciferol were observed with both
H305F and H305Y, whereas, ECsq values for wild-type hVDR with both LCA and
cholecalciferol were 100 M or greater. The second generation double variant, H305F/
H397Y, shows an ECsq value similar to that of H305F with LCA (10 uM), but an ECsg
value of 300 nM is observed with cholecalciferol, in comparison to the 3 uM ECsq value for
H305F. Thus, we have engineered a variant of hVDR that is now activated by
submicromolar concentrations of cholecalciferol, along with an increased sensitivity to
LCA.

3.4 Docking of hVDR mutants

To visualize the impact of these mutations on ligand binding through in silico methods, LCA
and cholecalciferol were docked into wild-type hVDR, H305F, and H305F/H397Y using
AutoDock Vina (Figure 6) [35]. When comparing the superimposition of the docked
structures of wild-type hVDR and H305F bound to lithocholic acid (Figure 6A), a slight
shift in the ring system of the LCA towards Y143 and a small repositioning of the carboxyl
group of LCA is observed. The bulkier residues, phenylalanine or tyrosine, in the place of
histidine lead to an increase in volume at position 305. This increase seems to contribute to
the repositioning and shifting of the ligand, resulting in more efficient interactions between
residues in the pocket and LCA, specifically residues L227, L414, and V418 as previously
mentioned by Mizwicki et al.; thus, leading to the higher sensitivity with this ligand [40].

In the superimposition of wild-type hVDR and H305F with cholecalciferol, a shift upward is
observed with cholecalciferol docked to H305F (Figure 6B). Cholecalciferol, in the docked
structures, shows a 180° flip in conformation in the binding pocket when compared to the
crystal structure of wild-type hVDR and 1,25(OH),D3. Previously Yamada et al. observed a
180° shift with 3-ketolithocholic acid in the hVDR pocket, similar to the observations with
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cholecalciferol (Figure 6B) [22]. Also, in silico structures with cholecalciferol bound to
wild-type and H305F (Figure 6B), display a bent/kinked conformation of the ligand,
whereas the LCA docked structures have a more linear, bowl-shaped conformation. The
crystal structure of hVDR with 1,25(0OH),D3, and previous work with different hVDR
agonists suggests that a bowl-shaped conformation of the ligand is preferred [19-21].
Therefore, the bent/kinked conformation with cholecalciferol and wild-type hVDR may be
leading to a non-optimal conformation by not forming key contacts with R274, Y143, and
S278 (Figure 6B, Figure 3A). In the case of the double variant H305F/H397Y, the
combination of both mutations causes a drastic shift in the cholecalciferol when compared to
H305F. As seen in Figure 6C, the cholecalciferol is in a bowl-shaped conformation,
resembling the conformation of 1,25(0OH),D3 and the wild-type receptor. This shift
observed with cholecalciferol with the double variant is most likely due to the increased
bulk at 397 due to the presence of the tyrosine instead of a histidine, leading to an increase
in the bulk at that end of the pocket. This increase in bulk perhaps leads more favorable
hydrophobic van der Waals interactions between residue 397 and F422, an important residue
in the AF-2 domain of hVDR. This may be leading to a stabilizing effect, such as tighter co-
activator binding, as shown previously [27, 43].

4. Discussion

Unique characteristics of the ligand binding domains of different nuclear receptors
contribute to the variety of ligand/receptor pairs, leading to their different roles in various
regulatory pathways. Several factors, such as the volume, shape, and polarity of the ligands
and residues that are present in the pocket contribute to specific interactions that affect
ligand/nuclear receptor binding [1, 2]. As a member of the nuclear receptor superfamily,
VDR is involved in a number of biological processes and binds a variety of ligands. A
disruption of the critical network of interactions between the ligand and the receptor has
been connected to disease, such as in the case of a point mutation, H305Q, causing Type Il
Rickets, leading to a 10-fold decrease in activation with 1,25(OH),D3 [16]. To further
understand the specific molecular interactions required for binding and activation of hVDR,
a library was designed challenging the mutational tolerance of hVDR’s binding pocket.

Initially, a designed library for hVDR included mutations at seven key residues, based on
the crystal structure of hVDR with 1,25(0OH),D3, sequence alignments with VDR orthologs,
and previous mutational studies [17, 18]. Through the rationally designed library, variants
H305F and H305Y were discovered, displaying a 100-fold increase in sensitivity to LCA
over wild-type hVDR in both yeast and in mammalian cell culture, as well as displaying
growth at 10 nM 1,25(0OH),D3 as is also seen with wild-type hVDR. An ECsq value of 10
UM LCA was observed as shown in Figure 5A. It has been shown that changing residue 305
from histidine to glutamine causes a decrease in the affinity of the receptor for
1,25(0OH),D3. However, a phenylalanine or tyrosine at the same position have been shown
to have no affect on binding and activation in response to 1,25(0OH),Ds3, but does lead to
increased sensitivity to LCA (Figure 4A, 4B) [27, 40].

In silico docking showed that the mutations, H305F and H305Y, cause a shift in the position
of LCA in the ligand binding pocket. We hypothesize that this ligand shift may be due to the
change in volume of the side chains of tyrosine or phenylalanine, compared to histidine. The
decrease in the overall volume of the pocket may possibly be leading to closer interactions
between LCA and the residues in the pocket, not only by the upward shift of LCA but also
the repositioning of the carboxyl group of LCA [40, 41]. The lack of potential hydrogen
bonding for H305 in the H305F variant indicates that polarity at this position may not be as
crucial for activation as a modification in the shape and/or volume of the pocket seems to be.
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When H305F was subjected to random mutagenesis using error-prone PCR in an attempt to
discover a variant capable of binding cholecalciferol, a double variant, H305F/H397Y,
displayed LCA activation profiles similar to those of H305F but a ~10-fold increased
sensitivity towards cholecalciferol, displaying an ECsq of 300 nM in mammalian cells
(Figure 4, Figure 5). In silico docking of cholecalciferol to the H305F variant using
AutoDock Vina displays a similar conformation to that of cholecalciferol docked to the
wild-type receptor (Figure 6B) [35]. However, the increased bulk of the phenylalanine is
most likely leading to increased contacts cholecalciferol and therefore displaying ligand-
activation in mammalian cells. In the double variant, when comparing the spacefill of
histidine and tyrosine at 397, the bulkier tyrosine results in a shift to a more bowl-shaped
conformation of the cholecalciferol in the pocket, perhaps allowing for more favorable van
der Waals interactions between cholecalciferol and the surrounding residues. In the docked
structures, the hydroxy! group of cholecalciferol does not seem to be within hydrogen
bonding distance of the histidine (6.09 A) or tyrosine (6.59 A) of the variants. However, this
could be an artifact of the docking program as the protein is held rigid during docking;
therefore, the residues may be in a different conformation and may be able to form a
hydrogen bond with cholecalciferol. In addition, water molecules are known to form
hydrogen bonds with ligands, such as in the case of rat VDR [22, 44]. Thus, a water
molecule may be present in the ligand binding pocket capable of forming a hydrogen bond
with H397Y and cholecalciferol [22]. As previously mentioned, H397Y also leads to
increased favorable van der Waals interactions with F422, possibly leading to tighter co-
activator binding and improved activation [27, 43].

In conclusion, more insight into the relationship and crucial interactions between hVDR and
various ligands has been determined. Single point mutations at position 305, H305F and
H305Y, result in an increased sensitivity with LCA and cholecalciferol. A hVDR mutant
H305F/H397Y, is able to bind cholecalciferol at submicromolar concentrations in
mammalian cells, whereas wild-type hVDR does not display activation with this ligand. The
addition of the H397'Y mutation in combination with H305F, introduces a modification in
the volume of the pocket, leading to activation with cholecalciferol. Future work, including
in vitro binding studies, as well as additional mutational analysis, to determine if the
tyrosine is necessary for maximal activation with cholecalciferol will be performed. This
will allow a more comprehensive understanding of the dynamic interactions between the
wild-type hVVDR and these variants with their potential ligands.
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Figure 1. Structures of hVDR ligands and precursors
1a,25-dihydroxyvitamin D3 (1,25(0OH),D3) and lithocholic acid (LCA) are known hVVDR
ligands. Cholecalciferol is a precursor in the 1,25(0OH),D3 biosynthetic pathway.
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Figure 2. hVDR analysis

(A) Chemical complementation is a genetic selection assay that links the survival of yeast to
the presence of a small molecule ligand. The yeast strain that is used, PJ69-4A, contains
Gal4 response elements controlling the expression of the ADE2, HIS3, and lacZ genes. A
nuclear receptor ligand bind domain (LBD) is fused to a Gal4 DNA binding domain (GBD).
This fusion protein is able to bind the Gal4 response element (Gal4RE), controlling
expression of the ADE2 gene, required for adenine biosynthesis. Ligand binding by the
nuclear receptor LBD leads to the recruitment of the corresponding co-activator (ACTR)
fused to a Gal4 activation domain (GAD). Subsequent transcription of the regulated gene
allows yeast to survive in media lacking adenine. (B) Results of chemical complementation
of wild-type hVDR with LCA and cholecalciferol. Gal4 is a ligand independent transcription
factor and is used as a positive control. Ligand-activated growth is observed with hVDR at
10 pM lithocholic acid. No ligand activated growth is observed for wild-type hVDR with
cholecalciferol (Chole). Readings were taken at OD 630, measuring cell growth based on
turbidity. (C) Results of chemical complementation of wild-type hVDR with 1,25(0OH),Ds.
Growth is observed at 10 nM 1,25(0OH),D3.
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Figure 3. hVDR library design

The crystal structure of wild-type hVDR with its natural ligand 1,25(0OH),D3 (PDB:1DB1).

L227, L230, L233, V234, S237, H305, and H397 were the residues chosen for the rationally
designed library. (---) shows residues with hydrogen bonding potential in the library design.
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Figure 4. Testing variants with Chemical Complementation

Chemical complementation in adenine selective media (-ALW) with wild-type h\VDR and
hVDR mutants. The variants tested are H305F, H305Y, and H305FH397Y. Gal4 is a ligand-
independent transcription factor used as a positive control. All variants were tested for
growth in the presence of LCA (A), 1,25(0H),D3 (B), and cholecalciferol (C) with ligand
concentrations ranging from 1079 M — 10> M. With lithocholic acid all three variants
display growth at 1 M, whereas with cholecalciferol growth is only observed with H305F/
H397Y at 10 pM. All of the variants and wild-type hVDR show growth at 10 nM
1,25(0H),D3. The 10710 M data point actually contains no ligand.
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Figure 5. Mammalian Cell Culture

Dose response curves for the activation of wild-type VDR and VDR mutants (H305F,
H305Y, and H305F/H397Y) in response to LCA (A) and cholecalciferol (B). Activity is
measured in relative light units (RLU) derived from the measurement of luciferase activity
and normalization against a B-galactosidase internal standard. The three variants show an
ECsq value of 10 uM with LCA (A) and 3 pM with cholecalciferol for H305F and H305Y,
whereas H305F/H397Y shows and ECsgq of 300 nM with cholecalciferol (B) in comparison
to an ECgq of 100 uM or greater with LCA (A) and cholecalciferol (B) with wild-type VDR.
The 10710 M data point indicated on the graph does not contain ligand.
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Figure 6. Results of docking lithocholic acid and cholecalciferol to wild-type hVDR and variants
Wild-type docked structures are green (residues) and cyan (ligand). Variant docked
structures are pink/blue (residues) and purple/pink (ligand). In A, as shown with the arrows,
an upward shift in the pocket and a change in position of the carboxyl of LCA, places the
carboxyl group into closer proximity to the phenylalanine, which may be responsible for the
increased activity of H305F with LCA. In B, cholecalciferol is flipped 180° from the
conformation seen for 1,25(0OH),D3 in the wild-type crystal structure (Figure 3). This
flipped conformation is also observed when 3-keto lithocholic acid is docked to hVDR [22].
The arrow shows a slight shift of the cholecalciferol bound to H305F (pink) when compared
to wild-type (cyan). C shows a spacefill of H397 (blue) and H397Y (purple) in order to
show the difference in volumes leading to a drastic shift of the cholecalciferol to a more
bowl-shaped conformation in the pocket in H305F/H397Y (cyan) in comparison to H305F
(pink). The distance between the hydroxyl group of cholecalciferol and the hydrogen
bonding atom on residue 397 (H and Y) is annotated. The binding energies are as follows:
wild-type hVDR/LCA (—9.7 kcal/mol), H305F/LCA (—9.6 kcal/mol), wild-type hVDR/
cholecalciferol (—10.4 kcal/mol), H305F/cholecalciferol (—10.6 kcal/mol), and H305F/
H397Y/cholecalciferol (—10.2 kcal/mol).
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Table 1
ECsqs and fold activation (FA) of wthVVDR and variants

Lithocholic Acid Cholecalciferol

HEK293T HEK293T
Variant ECso FA ECsg FA
Wild-Type 100uM  13+7  >100 uM 3+1
H305F 104M  40+14  3uM  54+11
H305Y 0puM  74+25 3uM 65+6

H305F/H397Y 10uM 84+14 03uM 70+11

ECs( values, which are based on activation, and fold activation represent the average of two experiments in triplicate using HEK293T cells. EC50

values were extrapolated two ways. Method one used the best fit line of the raw data. Method two used a non-linear regression from GraphPad
Prism. The fold activation was calculated by taking the highest level of activation and dividing this by the basal (no ligand) activation level. The

error was obtained by calculating the standard deviation: ¢ = Square root (Z[(X-u)z]).

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2012 July 1.



