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Abstract The effects of 1a,25(0OH),vitamin D; on cell growth and differentiation are primarily mediated by the
nuclear vitamin D receptor (VDR). In order to study aspects of receptor function and ultimately the structural basis of
the VDR-ligand interaction, it is necessary to produce large quantities of purified VDR. To achieve this, we have
expressed the human VDR and its ligand binding domain in E. coli as fusion proteins with the maltose binding protein
using the expression vector pMal-c2. In this system high level expression of both fusion proteins in a soluble form was
achieved, whereas previous attempts to express the VDR in E. coli have resulted in an insoluble product. After affinity
purification on amylose resin, the fusion proteins were isolated with yields of 10-20 mg/| of culture. Both forms of the
recombinant receptor bound 1¢,25(OH),vitamin D; with high affinity; estimated Kq values from Scatchard analysis for
the purified full-length receptor and the ligand binding domain were 0.16 = 0.07 nM and 0.04 + 0.02 nM, respectively.
The nonhypercalcemic analogs of vitamin D, MC903 and A22-1,255,26(OH),vitamin D;, bound the recombinant
fusion proteins with a similar affinity to the native ligand, 1¢,25(OH),vitamin D;. In addition, the full-length VDR fusion
protein was shown by gel shift analysis to bind weakly to the human osteocalcin gene vitamin D response element, an
interaction greatly facilitated by addition of RXRa.. These results show that the bacterial expression system detailed here
is readily able to produce soluble and functional VDR and its ligand binding domain in high yield. These proteins are
easily purified and should be suitable for further structural and functional analysis. < 1996 Wiley-tiss, Inc.
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The hormonal metabolite of vitamin D,
1a,25(0OH),vitamin D; (1,25D;), is active in nu-
merous cell types and exhibits a wide range of
biological effects, including those involved in
calcium homeostasis and the regulation of cell
growth and differentiation [Walters, 1992;
Studzinski et al., 1993; Eisman, 1994; Bouillon
et al., 1995]. These effects are mediated primar-
ily by interaction of 1,25D; with the nuclear
vitamin D receptor (VDR), a member of the
steroid—thyroid hormone receptor superfamily
of ligand-inducible transcription factors [Mac-
Donald et al., 1994]. The binding of the VDR to
its specific DNA response elements (VDREs) to
initiate specific gene transcription is a process
involving protein-ligand, protein—protein, and
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protein—DNA interactions [Breen et al., 1994;
Kuiper and Brinkmann, 1994]. Protein—protein
interactions include formation of heterodimers
with retinoid receptors (RXR and RAR) and
thyroid hormone receptors, or homodimer for-
mation between VDR monomers [Glass, 1994;
Schrader et al., 1994a,b]. The receptor-ligand
interaction appears to influence the equilibrium
between the formation of homodimers and het-
erodimers [Cheskis and Freedman, 1994], which
differ in their response element selectivity
[Freedman et al., 1994; Nishikawa et al., 1994].

In common with other members of the hor-
mone receptor superfamily, VDR function is
mediated by discrete regions within the recep-
tor’s subunit or domain structure. Sequence
comparison to other family members and muta-
genesis studies have provided some definition of
the VDR regions involved in ligand binding,
DNA binding, receptor dimerization, and gene
transactivation [MacDonald et al., 1994]. Full
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structural definition of these regions is likely to
be achieved by X-ray crystallographic analysis.
Although DNA binding domain structures of
the glucocorticoid receptor, estrogen receptor,
retinoic acid receptor (RAR) B, and retinoid X
receptor (RXR) o [Hard et al., 1990; Luisi et al.,
1991; Katahira et al., 1992; Lee et al., 1993,
1994; Schwabe et al., 1993] and the ligand bind-
ing domain of the RXRa [Bourguet et al., 1995]
have been studied in this way or by NMR, no
such information is yet available for the VDR.

Ligand binding domain structural informa-
tion would be particularly useful for rational
drug design. VDR ligands, including 1,25D3, have
potential applications in a number of areas, no-
tably cancer therapy, inhibiting cell prolifera-
tion and causing the expression of a more differ-
entiated phenotype in malignant cells of various
types [Eisman, 1994]. However, a major prob-
lem with the use of 1,25D; is the associated
development of hypercalcemia. This has led to
the development of nonhypercalcemic analogs of
1,25D; [Bikle, 1992; Jones and Calverley, 1993;
Pols et al., 1994; Bouillon et al., 1995]. To de-
velop further such analogs for these or other
specialized functions, an understanding of the
structural basis for the interaction between
1,25D; or various analogs and the VDR is re-
quired, ultimately by X-ray crystallographic
analysis of the receptor-ligand complex. This
will require a plentiful supply of receptor in an
active hormone binding state. Previously, the
VDR has been produced in various expression
systems, including baculovirus [MacDonald et
al., 1991; Ross et al., 1991], yeast [Sone et al.,
1990], and adenovirus [Smith et al., 1991]. For
ease of production bacterial expression is prefer-
able, but to date the VDR has been insoluble
when expressed in E. coli, requiring the use of
denaturing conditions for solubilization and sub-
sequent purification [Kumar et al., 1992; Na-
kajima et al., 1993; Towers et al., 1993; Cheskis
et al., 1994; Elaroussi et al., 1994]. We report
here the production of the VDR receptor and its
ligand binding domain in E. coli as soluble fu-
sion proteins with the maltose binding protein
(MBP). The fusion proteins are expressed at
high level, can be readily purified from the
soluble cell extract, bind ligands with high affin-
ity and specificity, and, in the presence of RXRa,
recognize a synthetic DNA sequence correspond-
ing to the osteocalcin gene VDRE DNA se-
quence.

MATERIALS AND METHODS
Materials

1,25D4 and the nonhypercalcemic analog, A22-
1,258,26(0OH)svitamin D3, were generously sup-
plied by Dr. M. Uskokovic (Hoffmann La Roche,
Nutley, NJ). Calcipotriol (MC903) was kindly
supplied by Dr. L. Binderup (Leo Pharmaceuti-
cals, Ballerup, Denmark). 1¢,25(0H),[26,27-
3H]lvitamin Dj (1,25[3H]D;, 10 n.Ci/ml, 180 Ci/
mmol) was from Amersham International
(Buckinghamshire, UK). The anti—vitamin D
receptor monoclonal antibody (9A7) was from
Affinity BioReagents (Neshanic Station, NdJ) and
the anti-maltose binding protein antibody was
from New England Biolabs (Beverly, MA).

Construction of Plasmids

The pMal-c2 expression vector (New England
Biolabs, Beverly, MA) was used to express the
VDR and its ligand binding domain (VDRIbd) as
fusion proteins with the MBP [Maina et al.,
1988]. The full-length human VDR c¢DNA was
excised from pSP65 VDR [Baker et al., 1988] by
digestion with EcoRI and ligated into the EcoRI
site of pMal-c2, generating the plasmid pMalV-
DRfl. The VDRIbd was amplified by polymerase
chain reaction using the template VDR ¢cDNA,
incorporating 5' BamHI and Bg!II sites and a 3’
BamHI site (5’ primer, CGCGGATCCAGATC-
TAAGGAGTTCATTCTGA, 3’ primer, CCGGA-
TCCTCATAGTCAGGAGATCT) in the frag-
ment encoding VDR amino acids 91-427. This
fragment was ligated into BamHI-digested pMal-
c2, generating the plasmid pMalVDRIbd. The
correct orientation of the VDR and VDRIbd frag-
ments was confirmed by restriction endonucle-
ase digestion.

Production of Fusion Proteins

The expression vectors pMalVDRfl and
pMalVDRIbd were transformed into E. coli strain
BL21(DE3)plysS (26). For production of the fu-
sion proteins, an overnight culture was inocu-
lated into LB medium supplemented with ampi-
cillin (50 wg/ml) and chloramphenicol (34 pg/
ml), and grown to an absorbance at 600 nm of
0.4-0.5. Isopropyl-1-thio-B-D-galactopyranoside
(IPTG) was added to a final concentration of
0.05 mM. Cells were harvested after 3 hr by
centrifugation and stored at —70°C. The cell
pellet was thawed on ice, resuspended in 0.1
volumes of lysis buffer (50 mM Tris - HCI, pH
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7.4, 1.5 mM EDTA, 5 mM DTT, 50 mM NaCl,
10% glycerol, 0.5 mM PMSF), and disrupted by
sonication. The lysate was centrifuged at 35,000
g for 30 min and stored at —70°C. The produc-
tion of the fusion proteins was confirmed by

Coomassie brilliant blue staining after SDS-
PAGE of the cell lysate.

Affinity Purification of MBP-VDRfl
and MBP-VDRIbd

The MBP-VDR fusion proteins were purified
by affinity chromatography on amylose resin
(New England Biolabs, Beverly, MA). In brief,
soluble extract was diluted fivefold with column
buffer (50 mM Tris-HCI, pH 7.4, 1.5 mM EDTA,
5 mM DTT, 500 mM NaCl, 10% glycerol, 0.5
mM PMSF, 0.25% Tween 20) and allowed to mix
with amylose resin overnight at 4°C. After wash-
ing with column buffer to remove unbound pro-
teins, the amylose resin was resuspended in
elution buffer (lysis buffer plus 10 mM maltose)
and mixed for 2-3 hr at 4°C. The purified fusion
proteins were quantitated by Bradford assay or
absorbance at 280 nm, aliquoted, and stored at
—-70°C.

Ligand Binding Assays

1,25[3HID; was dried under vacuum and dis-
solved in binding buffer (50 mM Tris-HCI, pH
7.4, 1.5 mM EDTA, 5 mM DTT, 50 mM NaCl,
10% glycerol, 0.5 mM PMSF, 0.1% BSA). Bacte-
rial extracts or purified receptor preparations
were incubated with 1,25[3H]D; for 18-24 hr at
4°C. Bound 1,25[3H]D; was separated from free
ligand by charcoal absorption. Nonspecific bind-
ing was defined as binding of ligand in the pres-
ence of a 200-fold molar excess of unlabeled
ligand. For Scatchard analysis, correction for
nonspecific binding was applied using the method
of Chamness and McGuire [Chamness and Mc-
Guire, 1976], and the dissociation constant (Ky)
determined by the graphics program CA-Cricket
Graph III. Competitive binding assays were car-
ried out using a concentration of 1,25[3H]D; of
0.3 nM, with increasing concentrations of unla-
beled competing ligands, with bound and free
ligand being separated as for Scatchard analysis.
Results for K, and ICj;; are presented as mean =+
SEM, n = 3.

Gel Shift Analysis

Oligonucleotides were synthesized to repre-
sent the human osteocalcin gene VDRE and

surrounding DNA sequences 5'GCTGCCTTTG-
GTGACTCACCGGGTGAAC-GGGGGCATT-
GCGAGGC3' (nt —457/-521) [Morrison and
Eisman, 1993], and a 65 bp fragment of the
murine fibronectin gene promoter 5’-ATCAG-
CATCTCTTTTGTTCGCGGCGAACCCACC-
GTACCCCGTGACGTCACCCGGACTC-
TGGG-3' (nt —206/—145) [Polly and Nicholson,
1993]. Complementary oligonucleotides were an-
nealed and labeled with 32P-dCTP to 108 cpm/ug
by Klenow fill-in, and gel purified through a 15%
acrylamide gel. Probes (30,000 cpm/reaction)
were incubated with recombinant VDR fusion
proteins = purified RXRa-GST fusion protein
[Manglesdorf et al., 1991] or MBP-RAR« (Shen
et al., manuscript in preparation) in 10 mM
Tris - HCI/HEPES, pH 7.9, 50 mM KCl, 0.5 mM
EDTA, 2 mM MgCl;, 1 mM DTT, and 6 ug poly
dI-dC for 20 min at room temperature [Sagami
et al., 1986]. Antibody competition was per-
formed with a monoclonal rat anti-chicken VDR
antibody that recognizes the human VDR (9A7,
Affinity Bioreagents, Neshanic Station, NJ).
VDR and RXRa proteins were preincubated with
antibody (1-4 pg) for 15 min at room tempera-
ture, prior to addition of probe. Gel pre-electro-
phoresis was performed for 15 min at 4°C. The
reaction mixtures were electrophoresed at 35
mA through a 5% nondenaturing polyacryl-
amide gel containing 1.6% glycerol prepared in
0.5x TBE buffer (89 mM Tris base, 89 mM boric
acid, 4 mM EDTA, pH 7.4) [Garner and Revzin,
1981; Baldwin, 1990]. Gels were dried under
vacuum at 80°C and autoradiographed over-
night with intensifying screens at —70°C.

RESULTS

Expression of the Full-Length Vitamin D Receptor
and Its Ligand Binding Domain

The full-length human vitamin D receptor
and the ligand binding domain, including the
receptor hinge region [MacDonald et al., 1994],
were produced as fusion proteins with MBP by
insertion of the respective ¢cDNAs into the
pMal-c2 bacterial expression vector [Maina et
al., 1988]. This vector utilizes the IPTG-induc-
ible P,,. promoter and results in cytoplasmic
expression of the recombinant fusion proteins.
Bacterial cultures transformed with the plas-
mids pMalVDRfl and pMalVDRIbd were induced
with IPTG at 37°C and incubated at this tem-
perature for 3 hr to enable accumulation of the
induced fusion protein. Samples from the in-
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Fig. 1. Expression of MBP-VDRfl and MBP-VDRIbd fusion proteins. A: Coomassie blue—stained SDS-
PAGE gel. B: Western blot of samples prepared from bacteria induced at 37°C. Lanes 7—4: Samples from
pMalVDRfl induction. Lanes 5-8: Samples from pMalVDRIbd induction. Lanes 1 and 5: uninduced total
cell extract. Lanes 2 and 6: Induced total cell extract. Lanes 3 and 7: soluble cell extract. Lanes 4 and 8:
Insoluble cell extract. Arrows identify the MBP-VDR(fl and MBP-VDRIbd fusion proteins. The Western blot
was probed with an anti-VDR monoclonal antibody (9A7).

duced cells analyzed by 10% SDS-PAGE (Fig.
1A) indicated high level production of fusion
proteins, evidenced by new protein products at
80-90 kDa (Fig. 1A, lane 2) and 70-80 kDa (Fig.
1A, lane 6) representing the MBP-VDRfl and
MBP-VDRIbd products, respectively. The larger
molecular weight product in the case of both
fusion proteins corresponds to the correct mo-
lecular weight for the complete VDR (48 kDa) or
the VDRIbd (40 kDa) fused to the MBP (42
kDa). All induced protein products visible by
Coomassie blue staining were immunoreactive

with a monoclonal antibody specific for the VDR
(Fig. 1B). Lower molecular weight immunoreac-
tive species produced upon IPTG induction of
pMalVDRfAl and pMalVDRIbd possibly result
from in vivo proteolysis or premature termina-
tion of transcription or translation. Comparison
of soluble and insoluble induced cell extracts by
SDS-PAGE (Fig. 1A) and Western analysis (Fig.
1B) indicate that the MBP-VDRIbd protein is
more soluble than the MBP-VDRA protein when
produced at 37°C. To maximize the level of
soluble protein, the effect of temperature and
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TABLE 1. Optimization of pMalVDRfl
Induction Conditions*

Specific binding
Induction conditions (pmoles 1,25[*°H]D 3)
37°C/0.4 mM IPTG 14
30°C/0.4 mM IPTG 60
30°C/0.1 mM IPTG 74
30°C/0.05 mM IPTG 86

*Bacteria transformed with pMalVDRSfl were induced with
varying concentrations of IPTG at either 30°C or 37°C.
Expression levels of soluble VDRl were obtained by deter-
mining the specific binding of 1,25[3H]Dj3 in 0.5 ul of bacte-
rial extract.

IPTG concentration on the level of production
of MBP-VDRfl was investigated. Binding of
1,25[3H]D; to induced bacterial cell extracts was
used to monitor the level of soluble protein. The
results (Table I) indicate that a temperature of
30°C and an IPTG concentration of 0.05 mM are
optimal, with temperature being a more impor-
tant factor than IPTG concentration in deter-
mining the level of soluble protein. A further
decrease in either of these induction parameters
gave no further increase in specific 1,25D; bind-
ing (data not shown). These optimal conditions
were used for the production of recombinant
VDR in all subsequent experiments.

Affinity Purification of MBP-VDR{]
and MBP-VDRIbd Fusion Proteins

The recombinant fusion proteins MBP-VDRfl
and MBP-VDRIbd were purified from bacterial
cell extracts by amylose affinity chromatogra-
phy. Soluble cell extracts were incubated with
amylose affinity resin overnight and, after wash-
ing to remove nonspecifically bound proteins,
the MBP fusion proteins were eluted by compe-
tition with 10 mM maltose. The eluted proteins
were analyzed by SDS-PAGE and Western blot
(Fig. 2). The purified MBP-VDRAfl product mi-
grated as a single band of 90 kDa and a doublet
of 80-85 kDa. Similarly, the purified MBP-
VDRIbd product migrated as a single band of 90
kDa and a doublet of 70-75 kDa. All these
products were immunoreactive, both to a polyclo-
nal antibody specific for the MBP and to a mono-
clonal antibody specific for the VDR (Fig. 2B).
Between 1 and 2 mg of protein was recovered
from 1 ml of amylose resin after incubating the
resin with the equivalent of 10 ml of induced

bacterial cell extract. This corresponds to a level
of production of soluble fusion protein of 10-20
mg/1 of induced bacterial culture.

Ligand Binding Analysis

Saturation binding analysis was conducted
with 1,25[°HID; on soluble extracts from in-
duced bacteria and compared with 1,25[3H]D,
binding to the purified MBP-VDRfl and MBP-
VDRIbd proteins (Fig. 3). Both the full-length
receptor and the ligand binding domain fusion
proteins exhibited specific, high affinity, satu-
rable binding of 1,25[3H]Dj3. The purified recep-
tors exhibited a similar binding affinity to the
unpurified receptors in the soluble cell extract,
with the Kys for the cell extract and purified
MBP-VDR{l protein being 0.08 = 0.01 nM and
0.16 = 0.07 nM, respectively, and the K s for the
cell extract and purified MBP-VDRIbd being
0.02 = 0.01 nM and 0.04 = 0.02 nM, respec-
tively. The addition of hRXRaq, either as the
purified protein or as the GST fusion protein in
a bacterial cell extract, had no effect on the
ligand binding affinity or capacity of the MBP-
VDR fusion proteins (data not shown).

Competition by Nonhypercalcemic
Vitamin D Analogs

The ligand binding properties of the purified
MBP-VDRfl and MBP-VDRIbd proteins were
further analyzed by competitive displacement
experiments with nonhypercalcemic analogs of
vitamin D (Fig. 4). The nonhypercalcemic ana-
log MC903 competed as efficiently for VDR bind-
ing as the natural ligand 1,25D3, both in the case
of the full-length fusion protein MBP-VDRAl
and the ligand binding domain MBP-VDRIbd.
The 1Cs, values for 1,25D3 and MC903 binding
to MBP-VDRfl were 1.4 = 0.4 nM and 0.8 + 0.2
nM, respectively. The ICy, values for binding to
MBP-VDRIbd for 1,25D; and MC903 were 0.7 =
0.2 nM and 0.5 = 0.03 nM, respectively. The
trihydroxylated derivative, A22-1,255,26(0OH);
vitamin D;, demonstrated a similar ability to
compete for binding to the full-length VDR as
1,25D;, with an ICy, value of 2.1 nM (n = 2). A
slight decrease in efficiency of binding of the
A22-1,258,26(0H); vitamin D; analog was de-
tected when binding to the MBP-VDRIbd pro-
tein, an ICj, value of 2.7 nM (n = 2) being
measured.
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Fig. 2. Affinity-purified MBP-VDRfl and MBP-VDRIbd. A: Coomassie blue—stained SDS-PAGE gel of
MBP-VDRf! (lane 7) and MBP-VDRIbd (fane 2) purified by affinity chromatography on amylose resin. B:
Western blot of purified MBP-VDRIl (fanes 2 and 4) and MBP-VDRIbd (/anes 7 and 3). Lanes 1 and 2 were
probed with a polyclonal anti-MBP antibody and lanes 3 and 4 were probed with the anti-VDR monoclonal
antibody 9A7. Arrows identify the MBP-VDRfl and MBP-VDRIbd full-length products.

Binding of Recombinant VDR
to a Synthetic VDRE

Gel shift analysis of the binding of MBP-
VDRAfl to a 3?P-dCTP-labeled double-stranded
oligonucleotide, corresponding to VDRE se-
quences of the human osteocalcin gene pro-
moter, showed the formation of a protein~DNA
complex (complex a) using either bacterial ly-
sate containing MBP-VDRAl (Fig. 5, lane 4) or
amylose affinity—purified MBP-VDRAfl (Fig. 5,
lane 8) in the presence of purified RXRa-GST
fusion protein. Complexes in approximately the
same position were also present with VDRfl
alone or in the presence of MBP-RARa, but
could be seen only after prolonged exposure and
thus are not apparent in Figure 5 (lanes 2, 3, 6,
7). Two other major complexes were formed
(complexes b, ¢), but these are likely to be nonspe-
cific protein~-DNA complexes as they were pre-
sent in all lanes where protein was present in-
cluding lanes containing the MBP-VDRIbd,
which does not have receptor sequences respon-
sible for specific DNA binding (lanes 5, 9). The
identity of the complex in lane 8, presumed to
represent the VDRfl-RXRa heterodimer, was
confirmed with an anti-VDR antibody, which at
4 pg/reaction was able to inhibit complex forma-

tion (Fig. 6, lane 6, complex a). Other, nonspe-
cific, complexes were unaffected. Only these non-
specific complexes were observed in gel shifts
with RXRa-GST alone (not shown).

In contrast, MBP-VDRfl showed significant
levels of binding to an oligonucleotide corre-
sponding to VDRE sequences of the murine
fibronectin gene promoter, even in the absence
of RXRa (Fig. 7, lane 2, complex a). Addition of
RXRa-GST (lane 5) had little effect on the inten-
sity of this complex in comparison to its effect on
the binding of VDR to the osteocalcin sequence.
MBP-RAR« (lane 6) was also unable to promote
VDR binding. The presence of VDR in complex a
was confirmed by competition with 9A7 anti-
body (not shown). These results are consistent
with preferential binding of the VDR homodimer
by the fibronectin promoter VDRE sequence.

DISCUSSION

In this report we describe the high level expres-
sion of the full-length human vitamin D recep-
tor and its ligand binding domain as soluble
fusion proteins with maltose binding protein in
E. coli. The presence of the MBP in the recombi-
nant products enabled a simple and efficient
purification of the fusion proteins by binding to
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amylose resin. Produced in this manner, the
VDR and its ligand binding domain can be puri-
fied under native conditions with yields of 10-20
mg/1 of bacterial culture. Previous protocols for
the production of the VDR from various species
in E. coli have all necessitated the use of denatur-
ants or detergents to solubilize the receptor
prior to purification [Kumar et al., 1992; Na-
kajima et al., 1993; Towers et al., 1993; Cheskis
et al., 1994; Elaroussi et al., 1994]. Other success-
ful approaches to overexpression of soluble VDR
have included adenoviral [Smith et al., 1991],
yeast [Sone et al., 1990], and baculoviral [Mac-

Donald et al., 1991] expression systems, al-
though yields were comparatively low. High level
expression of soluble rat VDR has been achieved
in a baculovirus system [Ross et al., 1991). How-
ever, the bacterial expression system described
here is considerably simpler in terms of produc-
tion and purification of the receptor protein.

A fusion protein, approximately 10 kDa
smaller, is also produced upon induction of ei-
ther pMalVDRfl or pMalVDRIbd. These pro-
teins are possibly carboxy-terminal truncated
fusion proteins (perhaps resulting from proteoly-
sis or premature termination of translation) as
they react with both the MBP-specific antibody
and the anti-VDR monoclonal antibody, the epi-
tope of which is located at the amino-terminus
of the ligand binding domain (amino acid resi-
dues 89-105) [McDonnell et al., 1989]. Further-
more, these fusion proteins copurify with the
full-length products on the amylose resin. A
similar result has been reported during the ex-
pression and purification of the RAR receptor
as a maltose binding protein fusion [Lombardo
et al.,, 1994]. In the case of the VDR fusion
proteins reported here, the presence of trun-
cated products is unlikely to affect the analysis
of ligand binding; e.g., by altering affinity, as
removal of as little as 5 kDa of sequence from
the carboxy-terminus of the VDR destroys li-
gand binding [Allegretto et al., 1987; McDonnell
et al., 1989; Nakajima et al., 1994].

The MBP-VDRfl and MBP-VDRIbd fusion pro-
teins exhibited specific, high affinity binding of
1,25D,, with a Ky for the purified proteins of
0.16 = 0.07 and 0.04 = 0.02, respectively. The
measured binding affinity for 1,25D; of both
recombinant forms of the VDR did not signifi-
cantly alter upon purification. Further, the li-
gand binding of the purified receptor prepara-
tion was stable over a period of at least 3 months
at —70°C. The measured affinities for the puri-
fied MBP-VDRfl and MBP-VDRIbd proteins are
comparable or higher than those for the VDR
produced in other expression systems, which
have exhibited a K, ranging from 0.7 nM for
baculoviral [MacDonald et al., 1991] and adeno-
viral VDR [Smith et al., 1991] to 0.2 nM for the
VDR produced in yeast [Sone et al., 1990]. Na-
tive VDR extracted from tissue sources has
yielded a receptor with a measured K, of 0.01—
0.2 nM [MacDonald et al., 1994], these higher
affinities perhaps reflecting the influence of ac-
cessory proteins. In our study the K4 measured
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Lane 1 2 3 4 5 6 7 8 9
MBP-VDR(] (soluble cell extract) - + + + - - - - -
MBP-VDRIbd (soluble cell extract) - - - - + - - - -
MBP-VDR{] (purified) - - - - - + + + -
MBP-VDRIbd (purified) - - - - - - - - +
MBP-RAR0. - - + - - - . - M
RXRa-GST - - - + _ _ _ . -
h . =
b ——-
a —m
c
free
probe —
1 2 3 4 5 6 7 8 9
Fig. 5. Gel shift analysis of binding of MBP-VDRfl to a vitamin D receptor DNA response element.

MBP-VDR fusion proteins were incubated with a radiolabeled oligonucleotide sequence corresponding to
the VDRE of the human osteocalcin gene promoter + recombinant MBP-RAR« or RXR-GST fusion proteins,
and the reactions subjected to nondenaturing 5% polyacrylamide gel electrophoresis. Complex a is the
VDR-RXR heterodimer; complexes b and ¢ are nonspecific.

for the ligand binding domain of the VDR has
consistently indicated a 4—5-fold higher binding
affinity for 1,25D; compared to the full-length
receptor. This implies that the conformation of
the ligand binding domain is altered when the
rest of the molecule is present. If this is the
situation for the VDR, it does not seem to be so
for the retinoic acid receptors (RARs), where we
have found that the ligand binding domains
exhibit a similar binding affinity for ligand as
the full-length receptors (Shen et al., manu-
script in preparation).

Previously, it has been reported that overex-
pressed VDR from bacterial and baculoviral
sources does not exhibit saturable, high affinity
binding of ligand, unless rat liver nuclear ex-
tract is included in the ligand binding assays
[Nakajima et al., 1993]. It was suggested that a

component of the rat liver nuclear extract, possi-
bly RXRs, was necessary to enable the recombi-
nant VDR to bind ligand with high affinity. Our
resuits demonstrate saturable, high affinity
1,25D; binding to an E. coli-expressed VDR with-
out the addition of any additional factors, such
as RXRs. Further, the addition of hRXRg, either
as the purified protein or as the GST fusion
protein in a bacterial cell extract, had no effect
on ligand binding by the MBP-VDR fusion pro-
teins. Possibly the recombinantly expressed VDR
in these other systems is inherently unstable
with regard to ligand binding activity because of
incorrect folding, and proteins in nuclear ex-
tracts that interact with the VDR such as the
RXRs are able to stabilize the protein. In the
case of the MBP-VDR fusion proteins, the pres-
ence of the MBP may serve a similar function to
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Lane 1 2 3 4 5 6
MBP-VDRfl (purified) - + o+ o+ o+ o+
RRa-GST - - - o+ 4+
9A7 (1ul) - - o+ - 4+ -
9A7 (4ul) - - - - - 4

free »
probe

Fig. 6. Inhibition of binding of MBP-VDR{l to a vitamin D
receptor DNA response element by an anti-VDR antibody.
Purified MBP-VDR(l fusion protein was incubated with a radio-
labeled oligonucleotide sequence corresponding to the VDRE
of the human osteocalcin gene promoter. To promote forma-
tion of a specific DNA binding complex, purified RXRa-GST
fusion protein was included in some lanes; the presence of VDR
in this complex is shown by inclusion of the VDR monoclonal
antibody 9A7 in the reaction mix, inhibiting complex formation.
Reactions were subjected to nondenaturing 5% polyacrylamide
gel electrophoresis. Complex a is the VDR-RXR heterodimer;
complexes b and ¢ are nonspecific.

stabilize the ligand binding properties of the
VDR.

Competition displacement studies with nonhy-
percalcemic analogs of vitamin D and the MBP-
VDR fusion proteins further suggest that the
ligand binding pocket of the MBP-VDRA and
MBP-VDRIbd proteins is correctly formed. The
analog MC903 competed for the binding of
1,25[3H1D; to the MBP fusion proteins with a
similar efficiency to the native ligand, 1,25D;.
The analog A22-1,255,26(OH); vitamin D; dem-
onstrated a slightly reduced ability to compete
for the binding of 1,25[°*H]D3; to MBP-VDRIhd,
compared to 1,25D;. Previous studies [Binderup
and Bramm, 1988; Pols et al., 1991; Colston et
al., 1992] have indicated that the analog MC903

has a similar ability to bind to the VDR as does
1,25D5. Our study confirms this for a recombi-
nantly produced VDR and indicates that, like
1,25D;, the ability of the analog MC903 to bind
to the VDR is not dependent on the presence of
an auxiliary factor such as an RXR.

Functional analysis of MBP-VDRAl using gel
shift analysis showed that the protein binds its
cognate DNA response element, an interaction
greatly facilitated in the presence of RXRa, pre-
sumably through heterodimer formation. The
presence of VDR in this complex was demon-
strated by inhibiting its formation with the
chicken VDR monoclonal 9A7 antibody. This
antibody recognizes the hinge region between
the DNA binding and ligand binding domains
[Pike et al., 1982] and would thus be expected to
interfere with DNA binding. Similarly, 9A7 abol-
ished the binding of a baculovirus-expressed
human VDR to the rat osteocalcin VDRE se-
quence [MacDonald et al., 1991], although in
that system a small quantity of a supershifted
species appeared, which we did not observe. Our
results are also consistent with other studies
showing that in vitro binding of recombinant
VDR, produced by a variety of methods, to the
human osteocalcin VDRE and related sequences
is much enhanced in the presence of auxiliary
nuclear factors including RXRs [Sone et al.,
1990; Yu et al., 1991; Freedman et al., 1994;
Nakajima et al.,, 1994]. However, Carlberg’s
group found that in vitro—translated VDR binds
human osteocalcin sequences preferentially in
the homodimeric form and that binding is not
enhanced by RXRa [Carlberg et al., 1993;
Schrader et al., 1994a]. These contrasting re-
sults may perhaps be explained by variations in
gel shift methodologies or the VDRE sequences
used, although the possibility that differences
between recombinant VDR proteins are respon-
sible cannot be discounted. The ability of MBP-
VDR1] to discriminate between various VDREs
has been preserved, however, as we have shown
that the murine fibronectin gene DR6-type
VDRE preferentially binds MBP-VDRAl as a ho-
modimer and not as a VDR-RXRa heterodimer,
in agreement with results obtained using in
vitro—translated VDR and RXRa [Polly et al., in
press].

In conclusion, the MBP bacterial fusion pro-
tein expression system described here provides
an efficient method for the recombinant produc-
tion of the human VDR. This material can be
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Lane 1 2 3 4 5 6
MBP-VDRfl e
MBP-RARq S
RXRa-GST - - + - + -
- -

1 2

3

«—a

« free probe

4 5 6

Fig. 7. MBP-VDR fusion proteins were incubated with a radiolabeled oligonucleotide sequence corre-
sponding to the VDRE of the murine fibronectin gene promoter = recombinant MBP-RARa or RXR-GST
fusion proteins, and the reactions subjected to nondenaturing 5% polyacrylamide gel electrophoresis.

Complex a is the VDR-VDR homodimer.

rapidly purified by amylose affinity chromatogra-
phy with yields of 10-20 mg of soluble protein
reproducibly obtained from 1 1 of bacterial cul-
ture. The product retains ligand binding and
DNA binding activities comparable to the native
receptor. This material has already been used to
demonstrate that accessory proteins are not re-
quired for high affinity ligand binding and to
confirm that the human osteocalcin and murine
osteocalcin VDREs preferentially bind VDR-
RXRa heterodimers and VDR homodimers, re-
spectively. It is likely that this system will be
suitable for the production of the quantities of
pure VDR necessary for structural studies.
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