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ABSTRACT: The vitamin D receptor (VDR) is a ligand-responsive transcription factor that forms active,
heterodimeric complexes with the 9-cis retinoic acid receptor (RXR) on vitamin D response elements
(VDREs). Both proteins consist of an N-terminal DNA-binding domain, a C-terminal ligand-binding
domain, and an intervening hinge region. The length requirements of the hinge for both transcriptional
regulation and DNA binding have not been studied to date for any member of the steroid hormone
superfamily. We have generated a series of internal deletion mutants of the VDR hinge and found that
deletion of as few as five amino acids from the C-terminus of the hinge significantly reduces transcriptional
activation in vivo. Replacing deleted residues in the C-terminus of the hinge with alanines restored activity,
indicating that this section of the hinge acts as a sequence-independent spacer. The hinge region of VDR
forms a long helix, and the geometric consequences of this structure may explain the requirement of the
hinge region for transcriptional activity. Interestingly, all of the deletion mutants, even those that do not
activate transcription, bind VDREs with equal and high affinity, indicating that the defect in these mutants
is not their ability to bind VDREs. In contrast to VDR, constructs of RXR containing deletions of up to
14 amino acids in the hinge region exhibit near wild-type transcriptional activity. The ability to delete
more of the RXR hinge may be related to the additional plasticity required by its role as the common
heterodimer partner for nuclear receptors on differing DNA elements.

The vitamin D receptor (VDR)1 (1) is a ligand-activated
transcriptional regulator belonging to the steroid and nuclear
hormone receptor superfamily that plays a key role in calcium
homeostasis and has been implicated in regulating diverse
biological functions, including cellular proliferation and
differentiation (2-5). The superfamily has 48 members in
humans, including receptors for thyroid hormone (TR) and
9-cis retinoic acid (RXR) (6, 7). Like all members of the
superfamily, the VDR protein possesses a modular config-
uration consisting of four distinct domains. The VDR
contains a very short, 23-amino acid, N-terminal AB domain,
followed by the DNA-binding domain (DBD) connected to
the C-terminal ligand-binding domain (LBD) by the hinge
region.

VDR mediates the response to 1,25(OH)2D3 by binding
as a heterodimer with the 9-cis retinoic acid receptor (RXR)
to specific vitamin D response elements (VDREs) located
upstream of target genes (8, 9). Most VDREs are bipartite,

consisting of two hexameric half-sites arranged as a direct
repeat separated by a spacer of three base pairs (DR3) (6,
10). Binding to the response element is accomplished via
the DBD that consists of a highly conserved 66-residue core
made up of two zinc-nucleated modules that fold into a
unified globular domain (11, 12). The structure of the VDR
DBD has been solved as a homodimeric complex bound to
various naturally occurring and canonical VDREs (13). The
structure of the core VDR DBD is very similar to the
previously studied hormone receptor DBDs (14-18), but the
VDR structures also provided insight into the structure of
the hinge region, or C-terminal extension (CTE), of the DBD.
In particular, residues 97-121 are observed to form a
continuousR-helix, nearly identical in trajectory to the CTE
helix of the TR DBD (14).

Classically, the DBDs of steroid and nuclear hormone
receptors are thought to recapitulate the dimerization and
DNA-binding properties of the full-length receptor. For
example, the isolated TR and RXR DBDs form a het-
erodimeric complex in the presence of a TR response
element, the same behavior as observed in the intact
receptors. The isolated DBDs of VDR and RXR do not form
a DNA-bound heterodimer in solution however (13), a
violation of these classic models. While the presence of a
strong heterodimerization interface between the ligand-bound
VDR and RXR LBDs will increase the local concentration
of the DBDs, it still seems likely that the DBDs associate to
achieve specific binding to DR3 response elements. This
hypothesis was called into question, however, with the recent
determination of the structure of a VDR DBD-RXR DBD-
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DNA complex. The structure of this complex revealed that
crystal-packing forces were capable of reversing the polarity
of the DNA-bound complex (19), with the VDR DBD bound
to the upstream half site and the RXR DBD bound
independently to the downstream half site. This reinforces
the growing notion that the RXR and VDR DBDs associate
only very weakly, if at all. This led to our current investiga-
tion of the hinge region as a possible source of additional
stability in the DNA bound heterodimeric complex.

Biochemical studies have identified residues in the hinge
region as necessary for transcriptional activity and VDRE
binding. Within the context of the full-length receptor, some
hinge residues are necessary for dimerization (13), while
others play a role in DNA binding (20-22). Interestingly,
chimeric receptors that contain the DBD and hinge region
of VDR along with the hinge region and LBD of TR respond
to thyroid hormone but bind to vitamin D response elements,
demonstrating that ligand-binding and DNA-binding activi-
ties can be isolated (23). Further, this illustrates that the linker
between the DBD and LBD of hormone receptors has some
plasticity; here it can double in length while maintaining the
ability to bind DNA and activate transcription. Since the
linker could double in length and still result in receptor
activity, this raised the corollary question: What was the
minimal length requirement in the hinge regions of the hVDR
and hRXRR needed to mediate transcriptional regulation and
specific VDRE binding?

To probe the affects of hinge length on VDR and RXR
activity, we constructed VDR and RXR mutants containing
internal deletions of the hinge region. These mutants were
then tested for their ability to activate transcription in vivo
from a promoter containing a VDR or RXR response
element. Select recombinant mutant proteins were expressed
in bacteria, purified, and used to precisely determine VDRE
binding affinity using fluorescence anisotropy. These two
sets of experiments allow us to define residues of the hinge
regions that are required for activation and specific high
affinity VDRE binding. We found that even short deletions
in the VDR hinge region reduced transcriptional activity by
more than half, while deletion of up to 14 residues, half of
the hinge region, of RXR resulted in retention of greater than
60% of transcriptional activity. Remarkably, VDR and RXR
mutants that were transcriptionally inactive were able to form
heterodimers and bind VDREs with high affinity in vitro,
indicating that the defect in these mutants is not their ability
to bind to response elements.

MATERIALS AND METHODS

Cell Culture and Transfection.CV-1, COS, and HeLa cells
were maintained in minimum essential medium (MEM) plus
10% fetal bovine serum, 0.1 mM essential amino acids, and
1 mM sodium pyruvate in a humidified 37°C incubator with
5% CO2. For transient transfections, cells were split into 24-
well plates 16 h before transfection. Lipofectin (Life
Technologies, Inc.)-mediated transfection has been described
in detail previously (24). A DNA-lipofectin mixture contain-
ing a total of 3000 ng of DNA in each triplicate sample was
incubated with cells for 6 h, and transfection was stopped
by replacing the transfection mix with fresh medium (MEM
without phenol red) containing 10% charcoal-stripped serum.
Receptor ligands were added to the cells 24 h before the

assay. Luciferase andâ-galactosidase activities were mea-
sured as described (24). For a typical triplicate testing of
VDR mutant activation, CV-1 cells were transfected with
1000 ng of p24OHase-Luc reporter plasmid, 50 ng of pCMV-
hVDR expression vector, 100 ng of pCMV-âgal, and the
balance, 1650 ng, was made up using pBluescriptII. For RXR
mutant activation triplicate assays, HeLa cells were trans-
fected with 1500 ng of DR1-Luc reporter plasmid, 500 ng
of pRS-hRXRR expression plasmid, 100 ng of pCMV-âgal,
and 900 ng of pBSII. All triplicate activation assays were
performed on at least three different days; data shown are
the results of a single, representative triplicate experiment.

Western Blot Analysis.Western blotting was performed
with whole cell extracts isolated from COS cells transfected
with plasmid containing either VDR or RXR together with
pCMV-âgal for normalization purposes. Whole cell extracts
were prepared by freeze-thaw lysis of cells scraped and
resuspended in×400 buffer (20 mM HEPES pH 7.4, 20%
glycerol, 400 mM NaCl, 1 mM EDTA, 1 mM DTT, 1 mM
PMSF). After centrifugation of the sample at 16000g for 10
min, total protein concentration was determined by Bradford
assay. A total of 30µg of each extract was separated on a
12.5% SDS-polyacrylamide PhastGel (Pharmacia) and
transferred using the PhastTransfer kit to a nitrocellulose
membrane (Bio-Rad Laboratories). The blots were probed
with either rabbit anti-VDR polyclonal antibody (PA1-711,
Affinity BioReagents) or rabbit anti-hRXRR polyclonal
antibody (catalog no. 39054, Active Motif) and a rabbit anti-
âgal antibody (Cortex Biochem). The commonly used VDR
monoclonal antibody 9A7γ was not used because its epitope
lies in the hinge region and therefore would not recognize
some of the deletion mutants. The immunocomplexes were
visualized by enhanced chemiluminescence (Amersham)
according to the manufacturer’s instructions.

Reagents and Plasmids.The pCMV-hVDR plasmid was
a gift from L. Freedman, the p24OHase-Luc reporter plasmid
was a gift from J. Pike, and plasmids expressing the VDR
and RXR mutants were generated using the QuikChange site-
directed mutagenesis kit (Stratagene). 1,25(OH)2D3 and 9-cis
RA were purchased from Sigma.

hVDR Protein Purification. Wild-type and mutant
hVDR∆AB constructs, residues 16-427, were cloned into
the NdeI and BamHI sites of the pET15b expression vector
that contains an N-terminal histidine tag. Protein was
expressed inEscherichia coliBL21(DE3)pLysS cells grown
in LB media containing 100µg/mL ampicillin and 50µg/
mL chloramphenicol to an OD600 of 1.0. The temperature
was reduced to 18°C and after 1 h, the cells were induced
with 0.5 mM IPTG at 18°C for approximately 8 h. Cell
pellets were resuspended in 10 mL of lysis buffer (20 mM
Tris pH 7.6, 500 mM NaCl, 10 mMâME, 10 mM imidazole,
0.1% deoxycholate, 0.5% Triton X-100) per gram of cells
and lysed using a MicroFluidics M-110L cell cracker. After
centrifugation at 33800g for 15 min at 4°C, polyethylenimine
was added to a final concentration of 0.05% by dropwise
addition of 10% polyethylenimine solution (pH 7.0) while
stirring the solution gently. The precipitant was removed by
centrifugation at 33800g for 45 min at 4 °C, and the
supernatant was loaded onto a Ni-NTA agarose (Qiagen)
column that had been equilibrated with lysis buffer minus
detergents. The column was washed with 10 column volumes
of lysis buffer minus deoxycholate, followed by 50 column
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volumes of lysis buffer minus both detergents. Protein was
eluted with a 10 column volume 10-250 mM imidazole
gradient. Fractions containing VDR were identified by SDS-
PAGE on a 12.5% polyacrylamide PhastGel and Coomassie
blue staining. Peak fractions were pooled and concentration
determined by UV absorbance. The salt concentration of the
pooled elution was lowered to 150 mM by addition of SP
buffer (50 mM HEPES pH 7.4, 5 mM DTT). A 10% molar
excess of 1,25(OH)2D3 was added to the solution. Because
of its limited solubility in water, ligand was added in small
aliquots corresponding to no more than a 300 nM concentra-
tion of ligand for each addition. The liganded protein solution
was loaded onto an SP Sepharose (Pharmacia) column that
had been equilibrated with SP buffer containing 50 mM
NaCl. The column was washed with 5 column volumes of
SP buffer containing 50 mM NaCl and eluted with 10 column
volumes of SP buffer containing 500 mM NaCl. Fractions
containing pure protein were identified and homogeneity
assessed by SDS-PAGE. Fractions containing VDR were
pooled and concentration determined by UV absorbance.
Purified protein was stored in single use aliquots at-80 °C
after freezing in liquid N2.

hRXRR Protein Purification.Wild-type and mutant hRXRR
∆AB constructs, residues 130-462, were cloned into the
NdeI and XhoI sites of the pET28b expression vector
containing an N-terminal histidine tag. Protein was expressed
in E. coli BL21(DE3)pLysS cells grown in TB media
containing 50µg/mL kanamycin to an OD600 of 3.0. The
temperature was lowered to 20°C for 15 min, and cells were
induced with 0.5 mM IPTG at 20°C for approximately 8 h.
Cell pellets were resuspended in 10 mL of lysis buffer (20
mM Tris pH 8.0, 500 mM NaCl, 10 mMâME, 10 mM
imidazole) per gram of cells and lysed using a MicroFluidics
M-110L cell cracker. After centrifugation of the sample at
33800g for 45 min at 4°C, the supernatant was applied to
a Ni-NTA agarose (Qiagen) column equilibrated with lysis
buffer. The column was washed with 10 column volumes
of lysis buffer containing 0.1% Triton X-100, followed by
50 column volumes of lysis buffer. The protein was eluted
with a 10 column volume 10-300 mM imidazole gradient.
Fractions containing RXR were identified by SDS-PAGE
on a 12.5% polyacrylamide PhastGel and Coomassie blue
staining. Peak fractions were pooled and the salt concentra-
tion lowered by dialysis in MWCO 8,000 tubing for at least
8 h at 4°C against dialysis buffer (10 mM HEPES pH 7.4,
200 mM NaCl, 2 mM DTT). The dialyzed sample was spun
at 15000g for 20 min at 4°C, and the supernatant loaded
onto a SP Sepharose FastFlow (Pharmacia) column that had
been equilibrated with dialysis buffer. The column was
washed with 5 column volumes of dialysis buffer and eluted
with 10 column volumes of dialysis buffer containing 800
mM NaCl. Peak fractions were identified by UV absorbance
and loaded onto a Superdex 200 (Pharmacia) column
equilibrated with S200 buffer (20 mM Tris pH 8.0, 200 mM
NaCl, 1 mM DTT). The purified protein eluted in two peaks
from the column, corresponding to different oligomeric states
of the receptor. The smaller species contained the monomeric
RXR protein, and fractions from this peak were pooled and
concentration was determined by UV absorbance. Homoge-
neity was assessed by SDS-PAGE, and purified protein was
stored in single use aliquots at-80°C after freezing in liquid
N2.

In Vitro DNA Binding.DNA binding was assayed at room
temperature by fluorescence anisotropy on a Panvera Beacon-
2000 instrument, as described (25). Four read cycles were
averaged per measurement in single-blank mode. Samples
of VDR-RXR heterodimers were made by mixing stoicho-
metric amounts of each component in FA buffer (25 mM
HEPES pH 7.4, 250 mM NaCl, 10 mM DTT). Appropriate
dilutions of the heterodimeric solution were made into FA
buffer to a final volume of 180µL per sample and 20µL of
100 nM fluorescein-labeled DNA was added to each sample
(10 nM final DNA concentration). Each sample was mixed
thoroughly, transferred to a disposable cuvette, overlaid with
mineral oil (125µL) to slow oxidation of the protein, and
allowed to equilibrate overnight at room temperature. The
DNA sequence, 5′-CACAGGTCACGAAGGTCACAC-3′
(half-sites underlined) and its complement were commercially
prepared (Keck Oligonucleotide Synthesis Facility at Yale
University). The complementary sequence was synthesized
with a fluorescein label covalently linked to the free
5′-hydroxyl position of the anti-sense strand. The anti-sense
strand was prepared by precipitation in ethanol. The sense
strand was purified and detritylated on a reverse phase
column (Rainin Dynamax-300 Å PureDNA). The purified
strands were annealed by heating a stoichometric mixture
of the two strands to 95°C and slowly cooling to room
temperature. Each equilibrium binding study was performed
in triplicate, and data were fit using nonlinear least-squares
analysis. Error between triplicate measurements was at most
(3 nM.

RESULTS

Functional Characterization of hVDR Hinge Truncation
Mutants.To identify the minimal length of the VDR hinge
region that retains in vivo transcriptional activity, we deleted
amino acids from the C-terminal end of the hinge, creating
molecules that contained an intact DBD and LBD connected
by increasingly shorter linkers. Structures of the VDR LBD
(26-29), residues 118-427, showed that residue Arg121
hydrogen bonds to the core of the LBD and Pro122 forms
the start of helix 1. Therefore, residue Leu120 was chosen
as the C-terminal limit of these truncations. Transcriptional
activation was monitored by a luciferase based reporter gene
assay in CV-1 cells. CV-1 cells, which are derived from
African green monkey kidney cells, have little or no
endogenous VDR, but appreciable amounts of RXR (30).
As shown in Figure 1A, decreasing the linker region by five
(∆116-120), seven (∆114-120), or nine (∆112-120)
amino acids resulted in receptors with less than 50% of the
transcriptional activity of the wild-type, but still significantly
more activity than background. Deletion of 13 amino acids
(∆108-120) however results in a receptor with no activity
greater than background controls. Further truncations (∆106-
120,∆104-120,∆102-120,∆100-120) also exhibited no
detectable activity by reporter gene assay. Ligand dose
response curves indicate that the ligand binding affinity is
not altered in these mutants (Figure 2). Additionally, Western
blot analysis of whole cell extracts indicates that the wild-
type,∆114-120, and∆108-120 mutants are expressed at
the same level (data not shown). Increasing the amount of
VDR expression plasmid used in each transfection did not
alter transcriptional activity either (data not shown). Together
these indicate that differences in protein stability or degrada-
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FIGURE 1: Functional characterization of hVDR hinge truncation mutants. (A) Transcriptional activity of initial VDR hinge mutants by
luciferase reporter assay. CV-1 cells were cotransfected with p24OHase VDRE reporter plasmid, pCMV-âGAL (transfection efficiency
internal control), carrier DNA, and either wt or mutant pCMV-hVDR expression plasmid. Cells were treated with vehicle (- VD) or
1,25(OH)2D3 (10-8 M). Luciferase andâ-gal activities were measured after 24 h. A representative experiment is shown, and each data point
represents the average of triplicate determinations of normalized luciferase activity with error bars indicating the standard deviation. (B)
Transcriptional activity of∆7 VDR hinge mutants. Transcription assays were performed and analyzed as described in panel A. (C)
Transcriptional activity of alanine substitution mutants. Transcription assay were performed and analyzed as described in panel A. (D)
Summary of VDR mutant transcriptional activity. Constructs are shown schematically with the DBD and LBD as gray boxes, the hinge as
a black rectangle, deletions as a line, and alanine substitutions as a white box. Activity is relative to wild-type as follows:++++, 75-
100%;+++, 50-75%;++, 25-50%;+, 10-25%;-, 0-10%. (E) Model of full-length VDR molecule. Limits of truncations are indicated
by sequence numbering. The DBD and hinge region coordinates are from PDB 1KB4 (13) and the LBD coordinates are from 1DB1 (26).
This figure was created using Ribbons (34).
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tion are unlikely to be the source of altered activity in the
VDR deletion mutants.

In a second series of experiments, we explored deletion
of stretches of seven amino acids from other sections of the
hinge of VDR. All of these mutants had activity that was at
or below background levels (Figure 1B). The most C-
terminal of these mutants,∆121-127, deletes part of the
first helix of the LBD, a likely reason for its lack of function.
The N-terminal mutant,∆93-99, deletes residues that are
involved in DBD homodimerization and likely involved in
heterodimerization with the RXR DBD. The other mutants,
∆100-106 and∆107-113, delete basic amino acid se-
quences that have previous been described as necessary for
activation (22).

To investigate whether the length or the sequence of the
hinge was a requirement of the VDR hinge region, two final
mutants were constructed that replaced deleted VDR residues
with alanines (Figure 1D). The polyalanine substitution is
still capable of forming anR-helix, mimicking the geometry
of the wild-type receptor, while abolishing any potential side-
chain-mediated contacts. The first mutant added seven
alanines back into the VDR∆114-120 mutant to create a
protein with a full-length hinge. The second mutant took the
transcriptionally inactive VDR∆107-120 mutant and added
six alanines back to create a protein with the length of the
VDR ∆114-120 mutant. The VDR∆114-120+7Ala mu-
tant regained near wild-type transcriptional activity, indicat-
ing the hinge length, but not sequence, is required (Figure
1C). The VDR∆107-120+6Ala mutant did not regain the
activity of the VDR∆114-120 mutant, indicating that both
the length and the sequence in the 107-113 region are
necessary.

Transcriptional ActiVity of hRXRR Hinge Mutants.We also
evaluated a series of hinge region truncations mutants of
hRXRR and tested for their ability to activate transcription
as a homodimer from a DR1 response element in vivo. For
the purposes of these mutations, the C-terminal end of the
hinge was defined as residue Asp229, since Met230 packs
into the core of the LBD and Pro231 forms the start of helix
1 (31). Mutants deleting 7, 14, 21, or 28 amino acids were
tested, and the results are shown in Figure 3. Mutants lacking
7 (∆223-229,∆216-222) or 14 (∆216-229) amino acids
at the C-terminal end of the hinge retained greater than 60%
of the wild-type activity. However, all constructs with
deletion of seven or more amino acids in the N-terminal half
of the hinge, residues 202-215, (∆202-208, ∆209-215,
∆209-222,∆209-229,∆202-229) resulted in a construct

that lacked any activity above background. Western blot
analyses indicated that constructs∆216-229 and∆209-
229 are expressed at the same levels as the native protein
(data not shown).

Quantification of VDRE Binding Affinity of wt and Mutant
VDR/RXR Heterodimers.Several of the VDR and RXR hinge
truncation mutants were cloned into bacterial expression
vectors and purified fromE. coli (Figure 4). VDR mutants
∆107-120 and∆114-120 were cloned into a VDR con-
struct lacking the insertion domain of the LBD, residues
165-215. This region has previously been shown to be
unnecessary for in vivo transcriptional activation (32), a result
that was recapitulated in the current system (data not shown).
The VDR construct lacking just the insertion domain was
also tested in these experiments to investigate its in vitro
VDRE binding properties. During the purification of the
VDR constructs 1,25(OH)2D3 was added to the protein.
Stoichometric amounts of purified RXR and purified,
liganded VDR were mixed together. These proteins formed
a heterodimeric complex, as described previously (33) and
confirmed by gel filtration chromatography (Figure 5). This
heterodimeric complex was used in fluorescence anisotropy

FIGURE 2: VDR hinge mutations do not affect ligand binding.
Assays were performed as described in Figure 1. Cells were treated
with increasing concentrations (10-12-10-8 M) of 1,25(OH)2D3.

FIGURE 3: Functional characterization of hRXRR hinge mutants
by luciferase reporter assay. HeLa cells were cotransfected with
DR1-Luc reporter plasmid, pCMV-âGAL, carrier DNA, and either
wt or mutant pRS-hRXRR expression plasmid. Cells were treated
with vehicle (- RA) or 9-cis retinoic acid (10-7 M). Luciferase
and â-gal activities were measured after 24 h. A representative
experiment is shown, and each data point represents the average
of triplicate determinations of normalized luciferase activity with
error bars indicating the standard deviation.

FIGURE 4: Schematic diagram of the hVDR and hRXRR constructs
purified. Constructs VDR1-4 and RXR1-4 were purified from
bacterial cells for use in VDRE binding assays. All constructs lack
the AB domain. The insertion domain (ID) in the LBD of VDR
was deleted in all hinge truncation mutants.
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experiments to determine the complex’s binding affinity for
DR3 DNA, an idealized VDRE. Examples of the binding
isotherms generated in these experiments are shown in Figure
6 and the binding constants for the various combinations of
RXR and VDR constructs are summarized in Table 1. All
combinations of RXR and VDR, including, surprisingly,
mutants that were nonfunctional in vivo, were found to have
binding constants between 64 and 92 nM. By contrast, RXR
or VDR alone were found to haveKD values greater than
500 nM, indicating that the RXR/VDR heterodimeric com-
plex is the high-affinity species, as expected. There is a small

trend of slightly weakened binding with constructs of
mismatched linkers, such as RXR∆AB with
VDR∆AB∆165-215∆107-120 or RXR ∆AB∆209-
229 with VDR ∆AB∆165-215. However, these binding
constants differ by less than a factor of 2 and can thus be
considered equivalent. Thus, the similarity in DNA binding
constants indicates that all the mutants, even those that fail
to activate transcription in reporter gene assays, are able to
bind to DR3 response elements. We therefore conclude that
the defect that abrogates transcriptional regulation is not loss
of DNA binding affinity.

DISCUSSION

The Entire Hinge Region of hVDR Is Required for Full
Transcriptional ActiVation. Truncation of the hinge region
of hVDR and hRXRR was used in the current experiments
to gain insight into the specific residues that are necessary
for in vivo transcription activation and in vitro VDRE
binding. Comparing the sequence of the hinge region of VDR
from various species reveals that this region is highly
conserved, supporting the concept that this region is impor-
tant to receptor function and more than merely a linker
between the DBD and LBD (Figure 7). In contrast, the
insertion domain of the LBD of VDR (residues 165-215 in
the human sequence) is not conserved in sequence or length,
suggesting that while VDR is found only in higher eukary-
otes, sufficient time has passed for evolutionary divergence.
The hypothesis that the hinge region is more than a flexible
linker is supported by the current research because deletion
of as few as five amino acids from the hinge region of VDR
results in a construct that has significantly impaired ability
to drive transcriptional activation.

Models of a RXR-VDR DBD complex based on the
structure of the TR/RXR DBD heterodimer bound to a DR4
DNA target hypothesized that the CTE helix of VDR adopts
a different trajectory from TR to bind to the shortened DR3
geometry of a VDRE (14). To accomplish this rearrangement
and also to expose residues thought to be involved in
heterodimerization, the authors of that study remodeled the
protein backbone in the T-region (residues 90-97) of VDR.
Since that TR/RXR study was published, we have solved
the crystal structure of the VDR DBD homodimer (13) and
a reverse-polarity VDR/RXR heterodimeric complex (19),
both bound to DR3 DNA elements. These structures of the
VDR DBD show that residues 97-121 form a continuous
R-helix (13) that is nearly identical to the CTE helix observed

FIGURE 5: Formation of VDR/RXR heterodimers. (A) Analysis of
VDR/RXR interaction using size exclusion chromatography. VDR
∆AB∆165-215∆114-120, RXR∆AB alone or as a mixture were
incubated on ice and separated on a Superdex 200 16/60 gel
filtration column. The protein elution was monitored by absorbance
at 280 nm. Traces are VDR alone (a), RXR alone (b), and a mixture
of VDR and RXR at a 1:1 molar ratio (c). (B) SDS-PAGE analysis
of the protein(s) in each of the eluted peaks. Lane 1, peak from
trace (a); lane 2, peak from trace (b); lane 3, peak from trace (c).

FIGURE 6: Fluorescence anisotropy measurements of VDR/RXR
heterodimeric binding to DR3 DNA. Various purified, liganded
VDR hinge truncations mutants, in complex with purified RXR
∆AB, were used to titrate a fluorescently labeled DR3 DNA duplex.
Anisotropy measurements were taken at room temperature in 25
mM HEPES pH 7.4, 250 mM NaCl, 10 mM DTT. The concentra-
tion of DR3 DNA in each sample was 10 nM. Each point represents
the average of three independent experiments with error bars
indicating the standard deviation. The data were fitted using
nonlinear least-squares analysis.

Table 1: Summary of VDRE Binding Constants of VDR/RXR
Heterodimersa

VDR construct

VDR∆AB
VDR∆AB
∆165-215

VDR∆AB
∆165-215
∆114-120

VDR∆AB
∆165-215
∆107-120

RXR construct VDR1 VDR2 VDR3 VDR4

RXR∆AB RXR1 71 68 70 86
RXR∆AB

∆223-229
RXR2 66 70 68 78

RXR∆AB
∆216-229

RXR3 79 68 71 64

RXR∆AB
∆209-229

RXR4 92 88 71 71

a Binding constants (nM) were determined in 250 mM NaCl at room
temperature and are the average of three measurements.
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for TR. Moreover, in contrast to the TR-based modeling
study, the structure of the T-region, outside the core DBD,
is in fact invariant. In every VDR DBD structure as well as
in several other DBD complexes on direct repeat elements
including RXR homodimeric (16) and RXR/RAR het-
erodimeric (15) complexes on a DR1 elements, it forms a
single turn of helix. Given that RAR, RXR, VDR, and TR
adopt the same conformation in this region, the rearrange-
ment suggested for VDR in the model of the heterodimeric
complex is unlikely. Interestingly, the VDR and TR CTE
helices adopt nearly identical trajectories, contrary to the
model based on the TR structure. These trajectories do not
prevent binding to a DR3 response element, eliminating the
rationale for rearrangement of the T-region in the DR3
model. Finally, the conformation of the VDR hinge region
has been observed in three independent crystal settings;
upstream and downstream in the homodimeric complex, as
well in the nonphysiological heterodimeric complex. In each
of these cases, the hinge has adopted an identical conforma-
tion, indicating this is not an artifact of its environment within
the protein-DNA complex or crystal.

While the entire VDR hinge region is necessary for full
transcriptional activity, three distinct sections can now be
delineated. The most N-terminal section of the hinge, residues
90-97, consists of the T-region. As mentioned above, this
region adopts a conserved fold and also contains residues
that are necessary for dimerization. In particular, residues
Glu92 and Phe93 participate in the VDR DBD homodimer
interface and residues Glu92, Phe93, and Ile94 have been
identified by mutagenesis as necessary for heterodimerization
with the RXR DBD (20, 21). Because of the conserved
structure and role in dimerization, this region is necessary
for VDRE binding and activation.

The middle section of the hinge, residues 98-113, contains
two stretches of three basic amino acids in a row, residues
102-104 and 109-111, that had been shown to be necessary
for transcriptional activation and VDRE binding by alanine
mutagenesis (22). However, in that study, these residues have
a much larger impact on transcriptional activity than on
VDRE binding. We have confirmed and extended part of
these observations here, as the VDR mutants lacking any
part of this region were transcriptionally inactive. However,
these mutants were able to bind VDREs. This suggests that
these residues have a role in VDR function beyond simple
modulation of DNA affinity. Further, adding alanines back
into the deletion restores length, but does not restore
transcriptional activity, indicating that the authentic sequence
is required. Interestingly, the side chains of these residues
are largely disordered in the crystal structure of the VDR
DBD, suggesting that they are mobile, and do not make
specific contacts with the DNA. However, the exact role

these residues play in transcriptional activation has yet to
be determined.

The C-terminal section of the hinge, residues 114-120,
is the primary focus of this investigation, and our results
show that it forms a sequence-independent spacer. These
residues can be replaced by an equal number of alanines
without significant effect on transcriptional activation.
Because these residues are not required for VDRE binding,
the purpose of this section is not likely to be DNA clearance
or direct interaction. Instead, it appears that the purpose of
this region is to establish a specific binding geometry
between the DBD and LBD that is necessary for co-regulator
interactions. Deletion of these residues disrupts this geometry
and subsequent interactions.

Significant Regions of the RXR Hinge Can Be Deleted
While Maintaining in ViVo ActiVity. Unlike VDR, the hinge
region of RXR can be truncated significantly without
impairment of transcriptional regulation. The RXR DBD that
has been used in crystal structures to date has not included
most of the hinge region, so the structure of this region is
unknown. However, insight can be drawn from the biological
role of RXR as the common binding partner of many nuclear
hormone receptors on numerous direct repeat response
elements with widely varying spacing between the half-sites
(6). The hinge region in RXR is likely to be more flexible
to accommodate various binding geometries, and this flex-
ibility may allow for deletion of significant portions of the
hinge without drastic reduction in transcriptional activation.

The Hinge Region of TR Is Likely To Be Necessary for
ActiVity. The hinge region of TR adopts a long helix that is
nearly identical in structure and trajectory to the helix
observed in the VDR structures. This similarity in structure
of the VDR and TR CTE helices suggests that they might
serve a similar role. On the basis of this structural similarity,
it is likely that even short truncations of the TR hinge will
result in receptors with severely impaired transcriptional
regulation, as seen in VDR. Interestingly, there are several
stretches of basic amino acids in the CTE of TR, some of
which have been shown to make base or backbone contacts
in the minor groove of the response element. However, these
basic stretches do not align in sequence or structure with
the basic residues in VDR, suggesting that while these basic
residues in TR might be necessary for function, they may
play different roles in transcriptional activation.

VDR and RXR Mutants Form Heterodimers and Bind DNA
with High Affinity.In the presence of 1,25(OH)2D3, the LBDs
of VDR and RXR form a high-affinity, stoichometric
complex (33). While the heterodimeric interface in the LBDs
drives assembly of the complex, DNA-binding affinity and
specificity are dictated by interactions of the DBDs and hinge
regions. Extensive truncation of the hinge region of RXR

FIGURE 7: Comparison of the amino acid sequence of the hinge region of VDR from various species. Sequences begin with the universally
conserved “GM” amino acid pair at the end of the core DBD and extend through the first four residues of helix 1 in the LBD.
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and VDR results in receptors that are still capable of forming
heterodimers and binding DNA with high affinity, even
though they cannot activate transcription in vivo. Therefore,
it appears that the defect in these receptors that prevents full
activity is not formation of a heterodimer or that het-
erodimer’s ability to bind DNA. Further, the role of the mid-
hinge region between residues 108 and 114 lies beyond
merely linking, separating, or positioning of the DBD and
LBD, as replacement of the authentic sequence with alanines
does not restore activity. The reason for this sequence
requirement in the middle section of the VDR hinge has yet
to be determined, but might indicate that the hinge region
makes significant interactions with transcriptional co-regula-
tors.
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