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ABSTRACT: The vitamin D receptor (VDR) regulates a diverse set of genes that control processes including
bone mineral homeostasis, immune function, and hair follicle cycling. Upon binding to its natural ligand,
1R,25(OH)2D3, the VDR undergoes a conformational change that allows the release of corepressor proteins
and the binding of coactivator proteins necessary for gene transcription. We report the first comprehensive
evaluation of the interaction of the VDR with a library of coregulator binding motifs in the presence of
two ligands, the natural ligand 1R,25(OH)2D3 and a synthetic, nonsecosteroidal agonist LG190178. We
show that the VDR has relatively high affinity for the second and third LxxLL motifs of SRC1, SRC2,
and SRC3 and second LxxLL motif of DRIP205. This pattern is distinct in comparison to other nuclear
receptors. The pattern of VDR-coregulator binding affinities was very similar for the two agonists
investigated, suggesting that the biologic functions of LG190178 and 1R,25(OH)2D3 are similar. Hairless
binds the VDR in the presence of ligand through a LxxLL motif (Hr-1), repressing transcription in the
presence and absence of ligand. The VDR binding patterns identified in this study may be used to predict
functional differences among different tissues expressing different sets of coregulators, thus facilitating
the goal of developing tissue- and gene-specific vitamin D response modulators.

The vitamin D receptor (VDR),1 which binds 1R,25-
dihydroxyvitamin D3 (1R,25(OH)2D3), contains several func-
tional domains, including a ligand-binding domain (LBD),
that mediates ligand-dependent gene regulation (1). A critical
step in 1R,25(OH)2D3 action is the induction of a LBD
conformational change to form activation function 2 (AF-2)
(2), a hydrophobic cleft formed by three helices and a short
COOH-terminal amphipathic R-helix (H12) (3), which serves
as a binding surface for coactivators (4). Unliganded nuclear
receptor (NR) heterodimers associate with corepressors such

as the nuclear receptor corepressor (NCoR) and the silencing
mediator of retinoic acid and thyroid hormone receptor
(SMRT) (5, 6) and associated histone deacetylases (7, 8).
These proteins function as adaptors to convey a repressive
signal to the transcriptional apparatus by maintaining a closed
chromatin structure with the histone N-terminal “tails” in a
charged state tightly associated with DNA (9). Ligand
binding promotes the release of corepressors and the binding
of coactivators, enhancing the transcription of specific genes
(10). Some coactivators, such as the SRC family (11-13),
recruit other coregulators with histone acetylase activity and
remodel chromatin structure. Other coactivators, such as the
DRIP factors (14, 15), interact with the basal transcriptional
machinery. In the unliganded state, helix 12 projects away
from the globular core of the LBD, while in the liganded
state this helix contacts the LBD globular core domain to
create an AF-2 surface through which coactivator proteins
can dock (16, 17). Upon 1R,25(OH)2D3 binding, VDR
localizes at the vitamin D response elements of target genes
and recruits coactivators, which recruit histone acetyltrans-
ferase to modify histone or bridge the gap between the VDR
and the transcription machinery (18). Both coactivators and
corepressors can interact with overlapping surfaces on the
LBD (19). It has been proposed that ligand-dependent
exchange between corepressors and coactivators is caused
by a difference in the length of the interacting motifs that
can be accommodated by the two conformations of the
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binding pocket (20). Therefore, a ligand that displaces the
AF2 helix from its active position would be expected to
facilitate the interaction with corepressor proteins and to
repress transcriptional activity (21). Coactivator proteins that
bind to AF-2 contain one or more of the consensus sequence
LxxLL (L is leucine and x is any amino acid) which forms
an amphipathic R-helix (Figure 1A) (22). This helix fits into
the hydrophobic cleft of the liganded receptor (17). Receptor-
specific binding of coactivators containing the LxxLL motif
is governed by amino acid residues flanking the binding site,
including in human VDR the conserved residues E420 and
K246 (23). Mutation of these residues and adjacent hydro-
phobic amino acids abolishes both 1R,25(OH)2D3-activated
transcriptionandcoactivator interactionswith theVDR(24,25).

NR corepressors NCoR and SMRT encode multiple, short
receptor interaction domains composed of the sequence
ΦxxΦΦ (Φ is leucine or isoleucine and x is any amino
acid) (26, 27). This motif is predicted to form an R-helix
that is one turn longer than that formed by the LxxLL motif.
In a manner analogous to the LxxLL-containing motifs, it
has been suggested that this helix also binds the AF-2 surface
without requiring a docked helix 12 (27). Indeed, deletion
of helix 12 enhances corepressor binding (5), suggesting that
this helix does not play an active role in nuclear receptor-
corepressor recognition.

Another corepressor, Hr, is expressed primarily in brain,
epidermis, and hair follicles (28) and is known to repress
VDR-mediated transcription (29, 30). The Hr-VDR interac-
tion is of great interest because null mutations in either
protein induces alopecia in both the mouse or human (31-33).
Despite a low sequence identity with other corepressors, Hr
functions in a similar manner. For example, it mediates
moderate transcriptional repression of liganded TR but strong
repression in the case of unliganded TR (34). In contrast to
TR, Hr strongly represses VDR-mediated transcription in the
presence of ligand but moderately in the absence of ligand
(30). Hr encodes two LxxLL motifs required for Hr-RORR
interaction (35) and two ΦxxΦΦ motifs required for Hr-TR
interaction (Figure 1B) (30). In contrast to TR, VDR only
interacts physically and functionally with Hr through a region
of Hr containing a LSELL motif at position 778-782 (Hr1)
and a LDSII motif at position 816-830 (Hr2) (30). As we
show in this report only the LSELL motif (Hr1) mediates a
ligand-dependent binding. Some VDR-mediated functions,
like its control of hair follicle cycling, are ligand independent

but require Hr, suggesting a role for Hr in this VDR-regulated
function (36, 37).

Ligand selectivity of VDR may affect coregulator recruit-
ment. Published data show that VDR bound to LG190178
is able to recruit coactivator SRC2 like VDR-1R,25(OH)2D3

(38). Unlike 1R,25(OH)2D3, LG190178 does not bind to
serum vitamin D binding protein and exhibits no influence
on calcium serum levels in mice (39). Both ligands induce
HL-60 differentiation into macrophages and inhibit the
growth of SK-BR-3 and LNCaP cells. Clearly, the interplay
between ligand, receptor, and pools of potentially interacting
coregulators is important in defining the physiological activity
of VDR.

Herein we report the first comprehensive evaluation of the
interaction of VDR and coregulator NR boxes using two
different biochemical assays: (1) a fluorescence polarization
binding assay measuring the equilibrium binding of VDR
to a library of fluorescent coregulator peptides, a method
that has previously been used to profile other nuclear
receptor-coregulator interactions (40-42), and (2) a com-
petition pull-down assay measuring the ability of unlabeled,
but otherwise identical, coregulator peptides to inhibit the
interaction between VDR and full-length SRC2. Additionally,
we confirm the binding affinities of one labeled and unlabeled
coregulator peptide SRC2-3 using isothermal titration cal-
orimetry (ITC). Because of the difficulties encountered by
others in working with a full-length VDR-LBD, we used a
mutated form that has no major differences in ligand binding,
transactivation, or dimerization with RXRR (43). The binding
constants for VDR to a wide range of coregulator NR boxes
including LxxLL and LxxII motifs were determined in the
presence of 1R,25(OH)2D3 and LG190178.

EXPERIMENTAL PROCEDURES

Reagents. 1R,25(OH)2D3 (calcitriol) was purchased from
Wako Chemicals USA Inc.; LG190178 was synthesized
using a published procedure (39).

Protein Expression and Purification. The VDR-LBDmt,
provided by D. Moras (43), was cloned by PCR (primers
5′-CGCGGATCCAGATCTGACAGTCTGCGGCCCAAG-
3′ and 5′-CGCGGATCCAGATCTGACAGTCTGCGGC-
CCAAG-3′) at the BamHI site of the pMAL-c2X vector
(New England Biolabs), in fusion with the maltose binding
protein (MBP). The plasmid was expressed in Escherichia
coli grown at ambient temperature in 2× LB with 2%
glucose. MBP-VDR-LBDmt protein expression was induced
with 0.2 mM isopropyl 1-thio-�-D-galactopyranoside for 16 h
at 25 °C before harvest and cell lysis by freeze-thawing
and sonication. Proteins were purified in the absence or
presence of ligand, 2 µM (1R,25(OH)2D3) or 20 µM
(LG190178), using an amylose resin column.

Peptide Library Synthesis. Coregulator peptides were
synthesized by the Hartwell Center (St. Jude Children’s
Research Hospital), purified by RP-HPLC, and analyzed by
LC/MS. The peptides containing an N-terminal cysteine were
labeled using the thiol-reactive fluorophore, Texas Red
maleimide (Molecular Probes): 3 mg of peptide was com-
bined with 1.6 mg of fluorophore in 5 mL of 50% water/
DMF. After being stirred for 3 h in the dark the reaction
mixture was purified by HPLC and analyzed by LC/MS. All
fluorescent peptides possessed purities greater than 95%.

FIGURE 1: Structural composition of coregulator SRC1 and Hr. (A)
Functional domains of SRC1 including the nuclear interaction
domain (NID) and its three nuclear receptor interaction domains
(NR boxes, SRC1-1, SRC1-2, SRC1-3). (B) Functional domains
of hairless including the three transcriptional repression domains
(RDs). RD2, comprised of a LxxLL and a ΦxxΦΦ motif, is
necessary and sufficient for Hr-VDR interaction.
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Peptide Binding Assay. MBP-VDR-LBDmt protein bind-
ing affinities, in the presence of 1R,25(OH)2D3 (2 µM) or
LG190178 (20 µM) using fluorescently labeled coregulator
peptides, were measured using a previously described assay
(40). The relative doses of 1R,25(OH)2D3 and LG190178
have been described previously (39). Two different protein
batches were used for two independent experiments, with
each carried out in triplet. Reported values reflect the mean
value with associated total error across all experiments.

CompetitiVe Binding Assay. Fluorescently labeled SRC2
was produced by in Vitro transcription-translation (TNT kit
and FluoroTect; Promega) from the plasmid pSGT-SRC2.
In a 96-well polypropylene plate (Costar 3365) eight peptides
at a time were diluted from 10000 to 1.0 µM in DMSO.
Two microliters of the diluted peptides was added to 91 µL
of buffer (25 mM HEPES, 100 mM NaCl, 1 mM DTT,
0.01% NP40, 0.1% BSA (added fresh), 0.5 µM VDRmt on
amylose beads, and 1 µM 1R,25-dihydroxyvitamin D3) in a
96-well filter plate (Millipore; Multiscreen HTS BV). After
agitation for 2 h (IKA microtiter plate shaker) at room
temperature, 7 µL of TNT solution was added to each
reaction followed by 2 h of agitation at room temperature.
The filter plate was attached to 96-well plate (Costar 3365)
and centrifuged at 50g for 3 min followed by the addition
of 100 µL of buffer (25 mM HEPES, 100 mM NaCl, 1 mM
DTT, 0.01% NP40, 0.1% BSA (added fresh)). The filter plate
was assembled with another 96-well plate (Costar 3365) and
centrifuged at 50g for 3 min. For elution of the SRC2-VDR
complex 10 µL of a 10 mM maltose solution was added.
After a 10 min incubation period the filter plate was
assembled with another 96-well plate (Costar 3365) and
centrifuged at 50g for 3 min. The elutions were treated with
3 µL of 4× SDS-PAGE loading buffer (invitrogen), sealed,
and incubated for 30 min in an oven at 70 °C. After
separation using SDS-PAGE the fluorescent bands of SRC2
were visualized using a fluorescence scanner (Typhoon; GE).
The bands were integrated using ImageQuant (Molecular
Dynamics) and analyzed using Prism (GraphPad). Three
independent experiments were carried out for each state. The
IC50 values were obtained by fitting data to the equation y
) min + (max - min)/1 + (x/Kd) Hill slope.

Calorimetric Studies. The thermodynamics of the interac-
tion between the SRC2-3 peptides and VDR-LBD were

determined using a VP-ITC instrument (Microcal, Northamp-
ton, MA). Therefore, a solution of either unlabeled or Texas
Red labeled SRC2-3 peptide (0.42 µM) in the syringe was
titrated into a solution of VDR (25 µM) in the cell. Two
microliters of the titrant was first injected followed by 25
injections of 10 µL each, with a 300 s delay between
injections. The experiments were performed at 25 °C in a
buffer containing 20 mM HEPES, pH 7.5, and 150 mM
NaCl. The binding data were fit to a 1:1 binding model using
Origin software (Origin Laboratory, Northampton, MA).

RESULTS

Coregulator Peptide Library. To evaluate VDR coregu-
lator recruitment, the binding between the VDR-LBD and a
library of known coregulator peptides consisting of a central
LxxLL or ΦxxΦΦ sequence plus up to eight additional
flanking residues at each terminus was measured (Figure 2).
To allow attachment of the fluorescent label, a non-native
cysteine was introduced at the N-terminus of each peptide.
Additionally, a cysteine-serine exchange was employed in
the case of SRC3-1 and Hr1 to prevent double labeling. Hr1
contains a second cysteine residue at the -3 position of the
LxxLL motif which was used for labeling. All peptide probes
were synthesized in parallel using Fmoc (9-fluorenylmethyl-
oxycarbonyl) protective group and purified by RP-HPLC.
Identity and purity were confirmed using HPLC and MALDI-
TOF or LCMS and were greater than 95%.

Initial Validation of CoactiVator Peptide Binding Assay.
Initial peptide binding studies were carried out with SRC2-2
in the presence of 1R,25(OH)2D3 with both MBP-VDR-
LBDwt and MBP-VDR-LBDmt, from the construct devel-
oped by D. Moras (43). Control experiments using a MBP
protein alone showed no interaction with SRC2-2 (data not
shown). SRC2-2 binds to both MBP-VDR-LBDwt and MBP-
VDR-LBDmt in a similar saturable dose-dependent manner,
with somewhat higher affinity for MBP-VDR-LBDmt ob-
served than for MBP-VDR-LBDwt (Supporting Information).
We used MBP-VDR-LBDmt for further studies because it
was soluble at higher concentrations, which was essential
to determine the binding constants (Kd) using fluorescence
polarization. To exclude potential perturbing interactions
between the label attached to the peptide and MBP-VDR-

FIGURE 2: Amino acid sequence of coregulator peptides. Sequence alignment of the coregulator peptides with the N-terminal cysteine label
indicated in yellow, the NR box motif LxxLL in red, and the ΦxxΦΦ corepressor motif in green. Note: cysteine-serine exchange was
employed in the case of SRC3-1 (7) and Hr1 (2) to prevent double labeling.
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LBDmt, we measured the binding affinity Kd values for
labeled and unlabeled coregulator peptide SRC2-3 using
isothermal titration calorimetry (ITC) (Table 1 and Support-
ing Information). The Kd values observed for the Texas Red
labeled and unlabeled peptide SRC2-3 were 285 and 174
nM, respectively. To demonstrate the ability of unlabeled
peptides to inhibit the interaction between VDR-LBD and
full-length SRC2 exhibiting three LxxLL motifs, we per-
formed pull-down competition assays. In these assays the
native peptides (LxxLL) blocked this interaction, whereas
altered peptides (LxxAA) did not affect this binding (Figure
3D). To verify that binding of Hr-1 is not compromised by
cysteine-serine (C/S) exchange, a competitive fluorescence
polarization experiment was carried out showing that Hr-
1wt and Hr-1C/S equally inhibited the binding between
SRC2-3 Texas Red and MBP-VDR-LBDmt (Supporting
Information).

CoactiVator Binding Assays. The fluorescence polarization
assay was executed by maintaining a constant concentration
of fluorescently labeled coactivator peptide (10 nM) and a
variable concentration of VDR-LBDmt from 0.002 to 199
µM in the absence and presence of 1R,25(OH)2D3 or
LG190178. The data were fit to a sigmoidal dose-response
curve, and Kd values with 95% confidence intervals are

summarized in Figure 4. The competition pull-down assay
was carried out with labeled SRC2, solid-supported VDR-
LBDmt, and unlabeled coregulator peptides. Displaced
fluorescent SRC2 was removed by washes, and residual
SRC2 was quantified after separation by SDS-PAGE
(Figure 3D). The data were fit to a sigmoidal dose-response
curve, and Kd values with 95% confidence intervals are
summarized in Figure 4 and Supporting Information.

Coregulator Peptides Bind VDR-LBDmt in the Absence
or Presence of Ligand in Three Different Modes. Binding
isotherms for coregulator peptides exhibited three behaviors:
saturable binding with a clear high dosage plateau, clear
interaction without saturation, and no interaction. The higher
affinity group of peptides bound in a ligand-dependent, dose-
dependent, and saturable manner where a plateau was
reached within the protein concentration range studied
(Figure 3A, 9). The Kd values for this class in the presence
of ligand were lower than 20 µM as determined by fitting
the data to a sigmoidal dose-response curve. Nine coacti-
vator peptides exhibited this mode: SRC1-2, SRC1-3, SRC2-
2, SRC2-3, SRC3-2, SRC3-3, DRIP205-2, RIP140-5, and
Hr1 (Figure 4, green and dark green color code). The binding
affinities of these peptides in the absence of ligand were dose
dependent but exhibited no plateaus at higher protein
concentrations (Figure 3A, 2). Because of the missing
isotherm saturation we labeled these interactions as weak or
no binding (Figure 4, gray color code, and Supporting
Information). The IC50 values determined by an independent
competition pull-down assay were similar to Kd values in
the presence of ligand measured by FP.

Table 1: Isothermal Titration Calorimetry Using VDR-LBD and
Coregulator Peptide SRC2-3 or SRC2-3 Labeled with Texas Red

interaction Kd (nM) n ∆H (kcal/mol)

VDR-SRC2-3 174 ( 37 1.02 ( 0.02 -6.7 ( 0.3
VDR-SRC2-3 Texas Red 285 ( 18 0.93 ( 0.04 -2.2 ( 0.12

FIGURE 3: VDR-coactivator binding isotherms in the presence and absence of 1R,25(OH)2D3: (9) 1R,25(OH)2D3; (2) no ligand. (A)
High-affinity binding between VDR and SRC2-3 in the presence and absence of 1R,25(OH)2D3. (B) Low-affinity binding between
SRC3-1 and VDR in the presence and absence of 1R,25(OH)2D3. (C) Weak or no binding between SRC1-1 and VDR in the presence
and absence of 1R,25(OH)2D3. (D) SRC2 full-length binding to VDR-LBD is blocked by increasing concentration of SRC2-2 peptide
(LxxLL) but not by the mutated SRC2-2 peptide (LxxAA). Quantified SDS-PAGE converted into the binding isotherm to determine
the IC50 value of SRC2-2.
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The lower affinity group included peptides exhibiting dose-
dependent binding in the presence of ligand but did not
display a plateau at the highest protein concentrations used.
In comparison with the binding isotherm in the absence of
ligand we observed a clear shift indicating ligand-dependent
binding (Figure 3B). For this group of peptides we suggest
a Kd value higher than 20 µM, and the group includes SRC3-
1, DRIP-1, and P300 (Figure 4, light green color code). The
binding constants in the absence of ligand exhibited high
values indicative of very weak binding (Figure 4, gray color
code, and Supporting Information). Inhibition of binding
between SRC2 and VDR was observed at concentrations of
these peptides greater than 50 µM.

The third group of peptides showed identical dose-
dependent binding in the presence and absence of ligand and
did not display saturation at higher concentrations of peptide.
This group included SRC1-1 and SRC2-1 bearing an LxxLL
motif and corepressor peptides NCoR, SMRT, and Hr2 with
LxxIIxxxL/V motifs (Figure 3C). The mode of binding of
these peptides was indicated as weak binding or no binding
(Figure 4, gray color code, and Supporting Information).

DISCUSSION

In this study, we examined the binding of VDR-LBD to
a range of target motifs within potential VDR coregulators.
Because of the difficulties encountered by others in working
with wild-type VDR-LBD, we used a mutated form, which
lacks a domain with no apparent function and little homology

to other NRs (43-46). Native VDR-LBD and VDR-LBDmt
have been shown to function similarly with respect to ligand
binding, transactivation, or dimerization with RXRR LBD
(43). We confirmed these results by showing that SRC2-2
bound to VDR-LBDmt with high affinity in a ligand-
dependent manner. We observed that VDR-LBDmt exhibited
higher affinity for SRC2-2 than did native VDR-LBD,
possibly due to the higher solubility of the former construct
under our assay conditions.

Our results verify that VDR binds LxxLL motifs from
numerous coactivators in a selective fashion. The Kd values
measured for the absolute binding of coregulator motifs to
the VDR are similar to those observed for binding to other
nuclear receptors (40, 47). In contrast to the estrogen receptor
and thyroid receptor, which have the highest affinity for the
second NR box of each SRC, VDR binds to the second and
third NR box with higher affinities than to the first NR box.
Considering all NR boxes of each SRC, we observed the
same affinity between VDR/SRC1 and VDR/SRC2. In
contrast, SRC3 exhibited a stronger interaction between
SRC3-1 and VDR in comparison with SRC1-1 and SRC2-
1, whereas SRC3-2 has a weaker interaction with VDR in
comparison with SRC1-2 and SRC2-2. This may suggest that
SRC3 dominates binding to VDR relative to SRC1 or SRC2.
SRC3 has been previously described as a more “general”
coactivator, but our results may reveal selectivity for VDR
for this protein (48).

FIGURE 4: Coregulator binding patterns and specificity determinants. The equilibrium binding constants (Kd values) for the binding of VDR
to coregulator peptides (SRC1, SRC2, SRC3, DRIP205, P300, RIP140-5, NCoR, SMRT, and Hr) in the presence and absence of 1R,25(OH)2D3

or LG190178 were determined by fluorescent polarization. IC50 values of peptides determined by a competition pull-down assay employing
VDR-LBD and full-length SRC2 in the presence of 1R,25(OH)2D3. The Kd and IC50 values are color coded: dark green (<3 µM), green
(3.1-20.0 µM), light green (>20 µM), and gray (>50 µM, weak or no binding).
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It has been reported that amino acid residues N-terminal
to the LxxLL motif have a major impact on the binding
affinities of coregulator peptides (22, 49, 50). In particular,
coregulator peptides bearing hydrophobic amino acids at the
-1 position of the LxxLL motif exhibited high affinities for
ER, PPAR, TR, and VDR (22, 40, 51, 52). In the case of
the peptides investigated in this study we observed the same
correlation. In contrast, we showed that coregulator peptides
missing a hydrophobic amino acid residue at the -1 position
like SRC1-1, SRC2-1, SRC3-1, P300, NCoR, and SMRT
exhibited a low binding affinity toward VDR with the
exception of Hr1. The crystal structure of SRC1-2 bound to
VDR-LBD illustrates the importance of the isoleucine residue
in contact with the hydrophobic surface of AF-2 (Figure 5A)
(53). In overlay, the SRC1-1 structure exhibits a protonated
lysine residue destabilizing the interaction between coregu-
lator and VDR. Zella et al. (52) reported that VDR agonist
derived LxxLL peptides, originated from a phage display
screening, have the proposed sequence LxE/HxH/FPL/M/I.
Because of the sequence similarity with DRIP peptides we
observed a binding constant of 1.6 µM (Figure 4) for DRIP-2
following the proposed paradigm of a HPMLxxLL sequence.
In contrast DRIP-1, bearing a NPILxxLL sequence, has a
weak interaction with VDR. DRIP205 is known to interact
directly with ligand-activated VDR/RXR heterodimers mostly
through the second motif, although both motifs are equally
required for VDR-mediated transcription in cells (54).

Hr1 is part of the coregulator hairless which represses
VDR-mediated transcription in the presence and absence of
1R,25(OH)2D3 (30). Hairless interacts with VDR predomi-
nantly through the 750-864 domain, exhibiting a coactivator
LxxLL motif (Hr1) and a corepressor LxxIIxxxV motif (Hr2)
(Figure 1B). Our investigation of these motifs separately
showed that Hr2 exhibits a weak affinity toward VDR in
the presence and absence of ligand in contrast to Hr1 which
exhibited a 1R,25(OH)2D3-dependent VDR-LBD binding of
5.9 µM (Figure 4). Because Hr1 is bearing a serine residue
at the -1 N-terminal position of LxxLL (Figure 5B), this is
the first reported coregulator peptide binding to VDR and
bearing a polar residue at this particular position. Peptides
with a similar sequence to Hr1 were identified by Zella et
al. (52) in the presence of the VDR antagonist ZK15922,
but binding of these peptides could not be confirmed by a
two-hybrid assay (52). The binding affinities for Hr1

measured in the presence of agonist 1R,25(OH)2D3 and
LG190178 were similar for VDR. We can conclude that Hr1
is supporting the interaction between VDR and Hr in the
presence of ligand. This was a surprise. Our previous findings
in keratinocytes with full-length molecules showed that VDR
and hairless bind to each other in the absence of ligand and
that this binding is partially displaced by addition of
1R,25(OH)2D3 (29). This suggests that results at least for
hairless obtained with peptides recapitulate only partially the
binding properties of full-length proteins.

Like Hr2, corepressor SMRT and NCoR peptides exhibited
weak interactions with VDR in the presence and absence of
ligand, although stronger interactions have been reported for
full-length proteins (55, 56). The length of a polypeptide has
a strong influence on its three-dimensional structure which
determines binding affinity and solubility. Lower affinities
of small peptide mimics in comparison with full-length
proteins are not uncommon. The nature of the FP assay does
not allow reliable Kd measurements of lower affinity probes
due to light scattering caused by protein aggregation at high
concentrations. In contrast, high-affinity probes exhibiting a
saturated signal at higher protein concentrations do not suffer
from this interference. Moreover, a recent study showed that
NCoR- and SMRT-dependent repression of 1R,25(OH)2D3-
mediated transcription by VDR/RXR heterodimer is achieved
through their recruitment by RXR but not by VDR (56),
suggesting that further studies involving VDR/RXR hetero-
dimers are needed to determine the affinity of these co-
repressors for these nuclear receptors.

In the presence of synthetic agonist LG190178, VDR
adopts an agonistic conformation, recruiting all investigated
coregulators with the same affinities as VDR/1R,25(OH)2D3.
This result is supported by the fact that, in the case of VDR,
crystal structures with different vitamin D3 analogues in the
presence of coregulator peptide exhibit an unaltered AF-2
domain (23, 53, 57, 58). We can conclude that the signal
transduction mediated by VDR is similar regardless of which
of the two ligands is bound.

The IC50 values determined by a competition pull-down
assay confirmed the Kd values determined by the FP
measurements. We reported a similar behavior for TR (59),
suggesting that although full-length SRC2 exhibits multiple
NR boxes, no assisted binding among them occurs in this
biochemical assay.

FIGURE 5: VDR-coactivator interaction. (A) Crystal structure of VDR-SRC1-2 (57) and docked SRC1-1; -1 N-terminal residue of LxxLL
is K (SRC1-1) and I (SRC1-2). (B) Crystal structure of VDR-DRIP2 (53) and docked Hr1; -1 N-terminal residue of LxxLL is M (DRIP2)
and S (Hr1).
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Presumably there are additional factors that influence NR
recruitment of coregulators such as posttranslational modi-
fications, structural determinants arising from specific DNA
response elements, cooperativity, cellular environment, and
additional interaction surfaces on the NR and coregulator
proteins, needing more complex models to fully dissect
NR-coregulator interactions. These binding patterns draw
a first picture of potential functional differences for different
ligands in tissues with different sets of coregulators. The use
of more ligands should allow us to predict these functional
differences, thus facilitating the goal of developing tissue-
and gene-specific vitamin D response modulators.
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