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ABSTRACT: We have determined the crystal structures of the ligand binding domain (LBD) of the rat
vitamin D receptor in ternary complexes with a synthetic LXXLL-containing peptide and the following
four ligands: 1R,25-dihydroxyvitamin D3; 2-methylene-19-nor-(20S)-1R,25-dihydroxyvitamin D3 (2MD);
1R-hydroxy-2-methylene-19-nor-(20S)-bishomopregnacalciferol (2MbisP), and 2R-methyl-19-nor-1R,25-
dihydroxyvitamin D3 (2AM20R). The conformation of the LBD is identical in each complex. Binding of
the 2-carbon-modified analogues does not change the positions of the amino acids in the ligand binding
site and has no effect on the interactions in the coactivator binding pocket. The CD ring of the superpotent
analogue, 2MD, is tilted within the binding site relative to the other ligands in this study and to (20S)-
1R,25-dihydroxyvitamin D3 [Tocchini-Valentini et al. (2001)Proc. Natl. Acad. Sci. U.S.A. 98, 5491-
5496]. The aliphatic side chain of 2MD follows a different path within the binding site; nevertheless, the
25-hydroxyl group at the end of the chain occupies the same position as that of the natural ligand, and the
hydrogen bonds with histidines 301 and 393 are maintained. 2MbisP binds to the receptor despite the
absence of the 25-hydroxyl group. A water molecule is observed between His 301 and His 393 in this
structure, and it preserves the orientation of the histidines in the binding site. Although theR-chair conformer
is highly favored in solution for the A ring of 2AM20R, the crystal structures demonstrate that this ring
assumes theâ-chair conformation in all cases, and the 1R-hydroxyl group is equatorial. The peptide folds
as a helix and is anchored through hydrogen bonds to a surface groove formed by helices 3, 4, and 12.
Electrostatic and hydrophobic interactions between the peptide and the LBD stabilize the active receptor
conformation. This stablization appears necessary for crystal growth.

The physiologically active form of vitamin D3 is 1,25-
(OH)2D3

1 (illustrated in Figure 1, along with the analogues
discussed below). This seco-steroid hormone functions within
target cells of the bone, kidney, and intestine to maintain

circulating calcium and phosphorus concentrations at levels
required for proper skeletal mineralization and neuromuscular
function (1). The hormone has also been demonstrated to
have suppressive effects on the immune system (2), to
promote cellular differentiation, and to inhibit cellular
proliferation (3-6). 1,25-(OH)2D3 is used clinically to treat
renal osteodystrophy, vitamin D dependency rickets type I,
and X-linked hypophosphatemic rickets (7-10). As the
biological actions of 1,25-(OH)2D3 have become better
understood, this hormone and its analogues have been
intensively investigated for use in treating a variety of other
conditions and diseases, including osteoporosis, psoriasis,
autoimmune disease, and malignancies of the breast and
prostate (11-15). Clinical use of 1,25-(OH)2D3 for these
purposes has often been limited, however, because thera-
peutic doses can give rise to significant hypercalciuria and
hypercalcemia (12, 16, 17).

A multitude of vitamin D3 analogues have been synthe-
sized in recent years in an attempt to provide beneficial
therapeutic agents with low calcemic activity. Chemical
modifications of every portion of the vitamin D3 molecule
(the A, C, and D rings, the 17â-aliphatic side chain, and the
5,6,7,8-diene moiety) have been reported (18-20). Over the
past 5 years, Sicinski et al. have reported the synthesis of
several 2-substituted, 19-norvitamin D3 analogues with high
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biological activity (21, 22). One of these analogues, 2MD,
has demonstrated tremendous therapeutic potential (23). 2MD
is a highly potent stimulator of HL-60 promyelocyte dif-
ferentiation in vitro. In vivo, this analogue exhibits prefer-
ential activity on the bone, stimulating calcium resorption
from the skeleton with at least a 30-fold greater potency than
the natural hormone. Normally such high calcemic activity
might be expected to render an analogue useless for
pharmacotherapy, but unlike the natural hormone and other
vitamin D3 analogues developed to date, 2MD also promotes
the synthesis of new bone, and it does so at doses that do
not adversely affect serum calcium levels (23). At present,
this analogue is in the early stages of clinical testing for use
in the treatment of osteoporosis.

Two structural features distinguish 2MD from the natural
hormone: the A-ring methylene moiety is transposed from
C10 to C2, and the stereochemical configuration at C20 of
the side chain is inverted to that of theSstereoisomer. Very
recently, DeLuca and co-workers have prepared a series of
2-methylene, 19-norvitamin D3 analogues with shortened
aliphatic side chains (manuscript in preparation). The ana-
logue 2MbisP has the same A-ring modification and stere-
ochemical inversion as 2MD but is truncated at C23 and
contains no hydroxyl group at the end of the aliphatic chain.
2MbisP stimulates the in vitro differentiation of promyelo-
cytes with slightly less activity than 1,25-(OH)2D3. It has
no calcemic activity in either the bone or the intestine in
vivo, even at high doses, though it demonstrates in vivo
activity in its ability to suppress the level of circulating
parathyroid hormone. These findings suggest that 2MbisP
may prove useful for the treatment of proliferative diseases
and/or secondary hyperparathyroidism.

The physiological actions of 1,25-(OH)2D3 are mediated
through the VDR, a nuclear hormone receptor that functions
as a ligand-dependent transcriptional modulator. The VDR
binds 1,25-(OH)2D3 with very high affinity; reported dis-
sociation constants range from 0.01 nM (24) to 0.70 nM (25).
Binding of 1,25-(OH)2D3 promotes the formation of a

heterodimeric complex of VDR and RXR on cognate DNA
elements in the promoters of target genes (26). Hormone
binding also appears to drive a conformational transition at
the carboxy terminus of the VDR, creating a binding surface
that facilitates interaction of the receptor with coactivator
proteins that further modulate transcription through chromatin
remodeling and recruitment of the basal transcription ma-
chinery (27-29). A number of coactivators have recently
been described, including those of the p160 family and the
DRIP/TRAP complex (29). These proteins interact with the
VDR through a nuclear receptor binding motif that contains
an LXXLL consensus sequence (29, 30).

The 2-substituted vitamin D3 analogues also bind tightly
to the VDR, 2MD with an affinity that is approximately equal
to the natural hormone (21), and 2MbisP at approximately
10-fold less (manuscript in preparation). We have undertaken
the three-dimensional structural determination of the VDR
as a means of establishing whether the differences in
biological potency and tissue selectivity of these compounds
can be attributed to perturbations in the VDR structure or
its interactions with coactivators. The VDR has proven to
be one of the most difficult nuclear receptors to crystallize.
The first structural determinations of the receptor were
reported by Moras and co-workers (31, 32), who obtained
crystals of liganded complexes of the human VDR-LBD
upon removal of 50 amino acids that comprise a highly
flexible surface loop. We have created the corresponding
deletion in the LBD of the rat VDR and cocrystallized this
protein with a synthetic peptide containing the LXXLL
sequence of the coactivator DRIP 205 (33), along with the
ligands 1,25-(OH)2D3, 2MD, and 2MbisP. In addition, we
have also crystallized the LBDM‚peptide complex with
2AM20R, a 2R-methyl-substituted analogue for which the
conformational equilibrium of the A ring is shifted and highly
favors theR-chair form (21). The structural analysis of these
complexes is presented in this paper.

EXPERIMENTAL PROCEDURES

Materials. Chemically competentEscherichia coliBL21-
Codon Plus (DE3)-RIL cells were obtained from Stratagene.
Ultrafiltration membranes and centrifugal devices for protein
concentration were products of Millipore. Ni-NTA Super-
flow and SP-Sepharose Fast Flow were obtained from
Qiagen and Amersham Pharmacia, respectively. The syn-
thetic peptide used in the crystallization experiments was
prepared at the University of WisconsinsMadison Biotech-
nology Center, and each lot of peptide was purified by HPLC
and analyzed by mass spectroscopy prior to use. 1,25-
(OH)2D3, 2MD, and 2MbisP were supplied by Deltanoid
Pharmaceuticals Inc. (Madison, WI). 2AM20R was synthe-
sized by Sicinski as previously described (21).

Protein Expression and Purification. The protein used for
this investigation was expressed inE. coli BL21-Codon Plus
(DE3)-RIL cells harboring the plasmid p29LBDM. This
plasmid is a derivative of pET-29b (Novagen) and codes for
the production of the rat VDR-LBD (residues 116-423)
lacking the flexible insertion region (residues 165-211) and
containing a hexahistidine tag at the carboxy terminus. Cells
were cultured with vigorous agitation at 37°C in LB medium
supplemented with kanamycin and chloramphenicol. Once
A600 reached 0.8-1.0, the culture was rapidly chilled to∼23

FIGURE 1: Chemical structures of the ligands used for the crystal
structure determinations.
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°C. IPTG was then added to a final concentration of 50µM,
and agitation was resumed at 22-24 °C for 6 h. The cells
were pelleted by centrifugation and scooped into liquid
nitrogen. This procedure typically yielded 6 g ofcell paste/L
of culture.

All purification procedures were performed at 4°C. The
clarified extract obtained after cell lysis (sonication) and
centrifugation was incubated with 20 mL of Ni-NTA
Superflow chromatographic resin for 1 h. The slurry was
subsequently packed into a column (2.5 cm diameter), and
the resin was washed thoroughly with 50 mM Tris at pH
8.0, containing 0.5 M NaCl, 10% glycerol, 5 mMâ-mer-
captoethanol, and 10 mM imidazole. LBDM was eluted from
the resin by increasing the imidazole concentration in the
buffer to 150 mM. The eluate from the metal affinity column
was dialyzed against 20 mM sodium phosphate at pH 7.0,
containing 1 mM EDTA, 5% glycerol, and 2 mM DTT, after
which it was applied to a 2.5× 12 cm column of
SP-Sepharose Fast Flow. After a wash to remove the
nonbinding proteins, LBDM was eluted from the cation
exchange column with a gradient of NaCl that linearly
increased from 0 to 0.5 M in phosphate buffer over a total
volume of 400 mL. Fractions judged pure by SDS-PAGE
were combined and concentrated to 0.5-1.0 mg/mL by
ultrafiltration (YM10 membrane). The concentrated protein
was dialyzed against 10 mM Tris at pH 7.0, containing 10
mM DTT and 0.02% NaN3. The yield of LBDM from this
procedure was typically 2.5-3.0 mg/L of cell culture. The
ligand binding activity of the receptor was quantitated by a
modified hydroxyapatite assay with radiolabeled 1,25-
(OH)2D3 (34). Scatchard analysis of the data yielded an
equilibrium dissociation constant (Kd) of 0.37 nM (data not
shown).

Complexation with the Ligands and LXXLL-Containing
Peptide. All ligands were dissolved in absolute ethanol, and
their concentrations were determined spectrophotometrically
before use. The ligands were added to aliquots of the purified
protein in a 10-fold molar excess, in a volume that established
a final ethanol concentration of 2%. These complexes were
allowed to sit on ice for 1-2 days, after which the protein
was concentrated to 5-6 mg/mL in centrifugal concentrating
devices. The synthetic peptide, of the amino acid sequence
KNHPMLMNLLKDN -NH2, was prepared as an 8.5 mM
solution in 25 mM EPPS at pH 8.0, containing 50 mM NaCl,
2 mM DTT, and 0.02% NaN3. This peptide was added to
the concentrated LBDM‚ligand complexes in a 5-fold molar
excess over the protein. The ternary complexes were allowed
to sit on ice for at least 2 h prior to their use in the
crystallization experiments.

Crystallization of the LBDM‚Ligand‚Peptide Complexes.
Crystallization trials were conducted by the hanging drop
method of vapor diffusion at 4°C using the Crystal Screen
Lite, Crystal Screen 2, and Memb Fac crystallization
screening kits of Hampton Research. Thin diamond-shaped
crystals were obtained from several test solutions containing
PEG. The crystal habit was significantly improved by
additional screening in hanging drops at room temperature.
Crystals ultimately used for the structural analysis described
here were grown at room temperature by macroseeding from
hanging drops into small batch setups. For these experiments,
the ternary complex was quickly mixed with an equal volume

of a precipitant solution composed of 26-30% PEG 4000,
100 mM MOPS (pH 7.0), 200 mM ammonium citrate (pH
7.0), and 4% 2-propanol. Drops of 15µL were pipetted into
greased nine-well Plexiglas depression plates and carefully
seeded thereafter. Diamond-shaped crystals of various di-
mensions were obtained from these conditions in ap-
proximately 2 weeks; those employed for data collection
were typically 0.20× 0.20× 0.075 mm. These crystals were
determined to belong to the monoclinic space groupC2; unit
cell dimensions for the crystals of each complex are listed
in Table 1.

X-ray Data Collection and Processing. Prior to X-ray data
collection, the crystals were rapidly transferred in a stepwise
fashion to a cryoprotectant solution composed of 18% PEG
4000, 100 mM MOPS (pH 7.0), 200 mM ammonium citrate
(pH 7.0), 5 mM DTT, 2% 2-propanol, and 20% ethylene
glycol. The crystals were then suspended in small nylon loops
and flash cooled to-160 °C in a stream of nitrogen gas.
An X-ray data set was collected from a single crystal of each
complex. The X-rays were generated with a Bruker Nonius
FR591 generator, and the reflections were recorded on a
Bruker Nonius Proteum R CCD detector. X-ray exposure
times ranged from 1 to 2 min/deg (0.3 deg/image), with a
crystal-to-detector distance of 5.0 cm. The crystals diffracted
well in all directions to 2.0 Å resolution; anisotropic
diffraction was observed at higher resolution. The X-ray data
were processed with the programs SAINT and ProScale, from
the Proteum software suite (Bruker AXS Inc.). Relevant
X-ray data collection statistics are given in Table 1.

Computational Methods.Structural determination and
refinement of the LBDM‚ligand‚peptide complexes were
performed using programs from the CCP4 crystallographic
program suite (35). The structure of the complex containing
2MD was solved by molecular replacement with the program
MOLREP (36). The protein coordinates of the human VDR-
LBD(∆165-215)‚1,25(OH)2D3 complex served as the search
model for this procedure. The molecular replacement solution
had a correlation of 46.1% and anR factor of 49.0%. TheR
factor was reduced to 29.7% following 5 cycles of maximum
likelihood refinement with the program REFMAC (37). The
protein model was fit into the electron density map using
TURBO FRODO (38). After several cycles of refinement,
the ligand, peptide, and solvent molecules were positioned
into the map. Alternate cycles of maximum likelihood
refinement and model fitting were subsequently performed
to generate the final model of the complex. The structures
of the complexes containing 1,25-(OH)2D3, 2MbisP, and

Table 1: Unit Cell Dimensions and Data Collection Statistics

ligand
1R,25-

(OH)2D3 2MD 2MbisP 2AM20R

unit cell dimensions
a (Å) 154.73 154.60 154.45 154.80
b (Å) 44.15 43.29 44.11 42.29
c (Å) 42.07 41.85 41.86 41.79
â (deg) 96.13 96.07 96.62 96.15

resolution (Å) 30.0-2.20 30.0-1.99 30.0-1.90 30.0-2.28
completeness (%) 99 (95)a 99 (96) 99 (90) 90 (70)
redundancy 5.7 4.9 4.8 3.7
aveI/aveσ(I) 10.9 (2.7) 10.8 (3.5) 20.8 (3.4) 14.1 (4.2)
Rfactor (%)b 5.2 (19.8) 5.1 (16.1) 3.2 (15.3) 4.5 (14.9)

a Values in parentheses are for the highest resolution shell.b Rfactor

) (∑|I - Ih|/∑I) × 100.
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2AM20R were solved by difference Fourier techniques, with
the protein coordinates from the LBDM‚2MD‚peptide com-
plex serving as the initial model. Relevant refinement
statistics are presented in Table 2. The stereochemical quality
of the models was assessed by use of the program
PROCHECK (39). Ramachandran plots show no significant
outliers; 94% of the residues are in the most-favored regions,
and the remainder, in allowed regions. All superpositions
described in the following section were performed with the
program LSQKAB (40).

RESULTS

OVerall Protein Structure. The four crystalline complexes
are isomorphous; thus, once the initial molecular replacement
solution was obtained, subsequent structures could easily be
solved by the difference Fourier method. A ribbon repre-
sentation of the LBDM‚2MD‚peptide complex is shown in
Figure 2a. The observed protein conformation is identical
in each complex; the main-chain atoms of the 2MD-,
2MbisP-, and 2AM20R-containing complexes superimpose
on those of the 1,25-(OH)2D3-containing complex with root-
mean-square deviations of 0.18, 0.20, and 0.23 Å, respec-
tively. In each structure, the visible electron density com-

mences at Lys 123 and terminates at Asn 420. There is a
structural break between helices 2 and 3; amino acids 160-
164 and 212-217, which flank the deletion, are disordered,
and no corresponding electron density is observed in the
maps. In the complex with 2MbisP, Gly 419 and Asn 420,
which lie just beyond helix 12, are modeled into the electron
density in two conformations. In the other complexes, the
electron density maps suggest the second conformation is
also present for these two amino acids; however, the density
is weak and is modeled with solvent molecules.

As described for the human VDR-LBD (31), the LBD
of the rat receptor folds into anR-helical sandwich, with
the ligand buried within the core. The backbone CR atoms
of the rat and human proteins superimpose with a root-mean-
square deviation of 0.53 Å. A superposition of the structures
is shown in Figure 2b. Both proteins assume the “closed”
conformation, with helix 12 positioned against the protein
such that it seals the ligand binding site, and along with
helices 3 and 4, creates a hydrophobic binding cavity for
interaction with a coactivator protein. The synthetic LXXLL-
containing peptide used in this study binds within this cavity
in each of the four complexes (Figures 2a and 5a). The
structure of the human receptor was determined in the
absence of any added peptide. In this structure, the hydro-
phobic cavity is filled by a short helix (H3n, Figures 2b and
5b) from a symmetry-related molecule.

Ligand Binding Interactions. The ligand binding sites for
2MD and 2MbisP are superimposed on that for 1,25-(OH)2D3

in parts a and b of Figure 3, respectively. Both panels of the
figure illustrate that the positions of the amino acid residues
within the binding site are virtually identical in the three
complexes. The most remarkable differences are observed
in the ligand conformations. The natural ligand binds as
previously reported for the human receptor, in an extended
conformation that is anchored byπ-π interactions between
Trp 282 and the 5,6,7,8-diene and by six hydrogen-bonding
interactions: Ser 233 and Arg 270 with the 1R-OH; Tyr 143
and Ser 274 with the 3-OH; His 301 and His 393 with the
25-OH. As compared to the natural ligand, 2MD shares a
very similar conformation for the A ring and the 5,6,7,8-
diene. The CD ring of 2MD, however, is notably tilted. The
combination of this tilting and the inverted configuration at
C20 directs the 17â-aliphatic chain along a different path
within the binding site. Nevertheless, the 25-OH moiety at
the end of the chain occupies the same position as that of
the natural ligand, and as such, all hydrogen-bonding
interactions are preserved. In contrast to 2MD, the conforma-
tion of the entire core portion of 2MbisP closely resembles
that of 1,25-(OH)2D3, with only a very slight tilt observed
for the CD ring. Carbons 22 and 23 of the truncated aliphatic
side chain occupy positions that are significantly different
from those of 1,25-(OH)2D3; however, their positioning is
accommodated within the binding pocket with no change in
the conformation of the neighboring amino acid residues.
An ordered water molecule (B factor ) 26.9 Å2) is present
in the 2MbisP binding site in the position normally occupied
by the 25-OH of the natural ligand. This water molecule
maintains the hydrogen bonds that are observed with His
301 and His 393. The distances between the hydrogen-
bonding partners in each of the binding sites are listed in
Table 3.

Table 2: Refinement Statistics

ligand 1R,25-(OH)2D3 2MD 2MbisP 2AM20R

Rcryst
a 19.0 18.5 19.3 18.0

Rfree
b 24.3 24.4 22.6 21.8

RMS bond length (Å) 0.016 0.015 0.016 0.016
RMS bond angles (deg) 1.38 1.39 1.38 1.46
protein atoms 1897 1907 1922 1915
peptide atoms 91 83 84 79
ligand atoms 30 30 25 30
solvent molecules 92 133 125 68
averageB factor (Å2)

protein main chain 33.22 29.01 28.96 28.66
peptide main chain 46.78 41.70 38.82 41.46
ligand 25.53 20.64 23.54 19.74
solvent 41.03 39.30 39.16 34.06
a Rfactor values are calculated as∑|Fo - Fc|/∑|Fo|, whereFo andFc

are the observed and calculated structure factor amplitudes, respectively.
b Rfree is calculated with a test data set containing a random selection
of 5% of the observed reflections.

FIGURE 2: Molecular architecture of the rat VDR-LBD and
comparison to the human homolog. (a) Ribbon representation of
the rat LBDM‚2MD‚peptide complex. Helix numbering of the
protein is based on that for the human retinoid X and retinoic acid
receptors (28, 49). The synthetic peptide is shown in magenta, and
2MD is illustrated in stick format. (b) Superposition of the rat
LBDM ‚2MD‚peptide (green) and the human VDR-LBD(∆165-
215)‚1,25-(OH)2D3 (yellow) complexes (ligands not shown). The
orientation of the drawing is identical to that in panel a. This figure
and Figures 3-6 were produced using the program PyMOL (50).
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A distance cutoff of 4.0 Å was used to assign the
neighboring residues for each binding site. Because of the
differences in their chemical composition and binding
conformation, the 2-substituted analogues have neighbors that
differ somewhat from each other and from those of 1,25-
(OH)2D3. To fully compare the environment of the binding
sites, the superpositions in Figure 3 include the total set of
neighbors for 1,25-(OH)2D3 and the specific 2-methylene
analogue. Phe 150 and the two water molecules near the A
ring are beyond the cutoff distance in the 1,25-(OH)2D3

binding site but are included in each panel of the figure
because they neighbor the 2-methylene carbon of 2MD and
2MbisP. The methylene carbon of 1,25-(OH)2D3 is located
at position 10 of the A ring and neighbors Leu 229 and Ile
267; neither of these amino acid residues is within 4.0 Å of
2MD or 2MbisP. The tilting of the CD ring of 2MD brings
Leu 226, Ile 264, Met 268, and Leu 309 within the cutoff
range and takes Leu 305 out of neighboring distance. Leu
226 also neighbors 2MbisP, because of the slight tilt of the
ring system and the different positioning of C23. The list of
selected interatomic distances presented in Table 3 allows
further inspection of the neighbor differences. From the data,
it can be seen that despite the obvious tilt of the CD ring of
2MD, the distances between the atoms of the ring and the
nearby amino acid residues do not differ greatly from those
of 1,25-(OH)2D3 and 2MbisP. For example, the distance
between C16 of 2MD and Cγ of MET 268 is 3.82 Å; in the
1,25-(OH)2D3 and 2MbisP structures, this distance is 4.08
and 4.13 Å, respectively. The side-chain positions of the

ligands result in larger differences in the neighboring atom
distances, especially for C21 of 2MD and C21-C23 of
2MbisP.

Table 3 also lists the protein and solvent atoms within
4.0 Å of the 2-methylene carbon (C28) of 2MD and 2MbisP.
The extra carbon is accommodated without any obvious
disruption in the structure of the protein or the ordered
solvent molecules observed in the vicinity. The interactions
of the 2-methylene carbon with the neighboring atoms appear
to be limited to hydrophobic and van der Waals contacts.
The aromatic side chains of Tyr 143, Tyr 147, and Phe 150
all surround the A ring; however, none are positioned
appropriately for aπ-bond-stacking interaction with the
ligand.

Ligand A-Ring Conformation. The A ring of 1,25-(OH)2D3

and the 2-methylene-substituted analogues can assume two
chair conformations in solution. These conformers, denoted
R and â, equilibrate rapidly and are present in nearly
equimolar concentrations (21, 41). In the crystal structures,
the â conformer is observed exclusively for these ligands,
and in this conformation, the 1R-OH group is equatorial
(Figure 3). The conformational equilibrium for the 2R-
methyl-substituted analogue, 2AM20R, is shifted and pre-
dominately favors theR-chair conformation, which has an
axial 1R-OH group. (21). We prepared the crystalline
complex with this analogue in order to assess whether the
VDR is able to bind ligands with the A ring in theR
conformation. The electron density for the 2AM20R ligand
is shown in Figure 4a, and from the map, theâ conformation
of the A ring is unambiguously assigned. The 1R-OH group
is equatorial, and the 2R-methyl substituent occupies the
energetically unfavorable axial position. All hydrogen bonds
between the protein and the A-ring hydroxyl groups are
maintained in the binding site (data not shown).

Peptide Binding Interactions. The amino acids of the
LXXLL-containing peptide (KNHPMLMNLLKDN-NH2)
are identical to amino acids 625-637 of the coactivator DRIP
205 (33), and for simplicity, the peptide is assigned the same
sequence numbering. This sequence contains the second
nuclear receptor-interacting motif of the coactivator (the
“NR-2 box”) and effectively competes with DRIP 205 for
interaction with the VDR (33). Electron density is observed
for the peptide in each complex between Asn 626 and Lys
635. The peptide folds as a short helix and, as indicated
earlier, binds in a surface groove formed by helices 3, 4,
and 12. This interaction buries approximately 507 Å2 of the
receptor’s surface area [calculated with the CCP4 routine
SURFACE (42, 43), using a probe sphere radius of 1.4 Å].
A close-up view of the peptide in the binding pocket is
depicted in Figure 5a. Binding-site interactions are contrib-
uted by Ile 238, Lys 242, Phe 247 (helix 3), Ser 252, Gln
255, Ile 256, Leu 259, Lys 260 (helix 4), Pro 412, Leu 413,
and Glu 416 (helix 12). The carboxylate oxygens of Glu 416
accept hydrogens from the main-chain amides of Met 629
(2.89 Å) and Leu 630 (2.87 Å), and theε-amino group of
Lys 242 donates a hydrogen to the main-chain carbonyl of
Leu 633 (3.23 Å). These interactions form a “charge clamp”
analogous to that previously described for the interaction
between the nuclear receptor PPARγ and the coactivator
SRC-1 (44). The side chains of leucines 630, 633, and 634
of the LXXLL motif are buried within the pocket and
surrounded by hydrophobic amino acids. The nonspecific

Table 3: Comparison of Selected Interatomic Distances

atomic distance (Å)

atom neighbor 1,25-(OH)2D3 2MD 2MbisP

1R-OH Ser 233 OG 2.76 2.76 2.61
Arg 270 NH1 2.83 2.90 2.89

3-OH Tyr 143 OH 2.67 2.72 2.81
Ser 274 OG 2.95 3.04 2.89

25-OH His 301 NE2 2.85 2.70
His 393 NE2 2.70 2.76

wat3a His 301 NE2 2.83
His 393 NE2 2.80

C19 Leu 229 CG 3.97
Leu 229 CD1 3.95
Ser 233 OG 3.42
Ile 267 CG2 3.66

C28b Tyr 143 CE2 3.85 3.83
Phe 150 CZ 3.98 3.88
Arg 270 NH1 3.61 3.67
wat1 3.76 3.73
wat2 3.51 3.65

C11 Leu 226 CD2 4.26 3.99 3.99
C16 Met 268 CG 4.08 3.82 4.13

Leu 309 CD2 4.24 3.89 4.07
C18 Val 230 CG2 3.53 3.72 3.57
C21 Ile 264 CD1 5.41 3.93 4.78

Leu 305 CD2 3.72 4.10 3.98
His 393 CD2 4.22 3.84 3.95

C22 His 301 CD2 4.73 4.40 3.88
C23 Leu 226 CB 5.72 6.04 3.98

Val 230 CG2 4.28 4.10 3.87
His 301 NE2 3.64 3.60 4.24
His 301 CD2 3.84 3.90 4.01
His 393 NE2 3.93 3.66 5.81
His 393 CD2 4.27 3.94 6.00

a wat3 is the designation of the solvent molecule between His 301
and His 393 in the 2MbisP structure.b C28 is the designation assigned
to the 2-methylene carbon of the analogues.
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amino acids of the motif, Met 631 and Asn 632, are directed
away from the binding cavity and out toward the solvent.
This type of orientation for the LXXLL region is also
observed in the PPARγ‚SRC-1 crystal structure (44).

In the crystal structure of the human VDR-LBD, the
coactivator binding pocket is filled by a short helix contrib-

uted by a protein molecule that is related by crystallographic
symmetry. This helix, denoted H3n, has the sequence S216-
VTLELSQL224, and its interaction in the binding pocket is
presented in Figure 5b for comparison. The H3n helix is
anchored through a charge clamp with Glu 420 and Lys 246,
which correspond to Glu 416 and Lys 242 in the rat VDR.
One of the carboxylate oxygens of Glu 420 forms a hydrogen
bond with the side-chain hydroxyl group of Ser 216 (2.48
Å). The other is positioned to accept a hydrogen from either
the side-chain hydroxyl group or the main-chain amide
nitrogen of Thr 218 (the distances of these interactions are
2.79 and 2.67 Å, respectively). Theε-amino group of Lys
246 donates a hydrogen to the main-chain carbonyl oxygen
of Ser 222 (2.78 Å). From the structural comparison, it is
determined that the sequence corresponding to L630MNLL 634

is T218LELS222. Cγ of Thr 218 and the aliphatic side chain
of Leu 221 are directed into the binding pocket and mimic
several of the hydrophobic interactions of Leu 630 and Leu
633. None of the hydrophobic interactions of Leu 634 are
available for the side chain of Ser 222, and it is directed
away from the surface of the binding pocket.

DISCUSSION

From the data presented here, we conclude that the
differences in the biological activity of the 2-carbon-modified
analogues are not reflected in the three-dimensional structure
of the LBD of the VDR. The binding cavity for the ligand
is quite large, and the protein accepts the structural modifica-

FIGURE 3: Stereoviews of superpositions comparing the binding site of 1,25-(OH)2D3 with that of 2MD (a) and 2MbisP (b). 1,25-(OH)2D3
is depicted in yellow in both panels; 2MD and 2MbisP are slate blue and green, respectively. Hydroxyl moieties of the ligands are colored
red. In each panel, amino acid residues located within 4.0 Å of either 1,25-(OH)2D3 or the analogue are shown in a ball-and-stick format,
with carbons of the residues in the 1,25-(OH)2D3 binding site colored light gray and those in the analogue sites colored dark gray. Two
water molecules (wat1 and wat2) neighbor the 2-substituent of the analogues; these molecules are shown as red spheres, and the corresponding
water molecules in the 1,25-(OH)2D3 binding site are shown in pink. The additional water molecule (wat3) observed in the 2MbisP binding
site between H301 and H393 is also displayed in panel b as a red sphere.

FIGURE 4: Ligand A-ring conformation in the LBDM‚2AM20R‚
peptide complex. (a) 2Fo - Fc electron density for 2AM20R,
contoured at 1σ. The 1R-OH, 3-OH, and 2R-CH3 groups are
indicated with arrows. (b) Structure and solution equilibrium of
the A-ring conformers of 2AM20R.

4106 Biochemistry, Vol. 43, No. 14, 2004 Vanhooke et al.



tions at C2 and in the aliphatic side chain without any
conformational disruption. This conclusion is not unlike that
reached by Moras and co-workers in their study of the human
VDR-LBD. The crystal structures of the human receptor
with 1,25-(OH)2D3 and the side-chain-modified analogues
MC1288 (20S-1R,25-dihydroxyvitamin D3) and KH1060
(1R,25-dihydroxy-(20S)-22-oxa-24,26,27-trihomovitamin D3)
also revealed that the receptor conformation is unaffected,
with differences observed only in the ligand orientations (32).

The 17â-aliphatic side chain is permitted substantial
flexibility within the binding site, which allows the 25-OH
of 2MD, MC1288, and KH1060 to establish the same
hydrogen bonds that are observed for the natural ligand, even
though the chains course different paths. It is interesting to
note here that while the side chains of 2MD and MC1288
have the same stereochemical configuration and chemical
composition, some of the torsion angles along the chains
differ significantly. This difference arises because of the
increased tilting of the CD ring of 2MD relative to MC1288
and is illustrated in Figure 6. These analogues exert similar
effects on cellular differentiation, but 2MD is much more
active on bone than MC1288 (23, 45). It is tempting to
speculate that the increased bone activity of 2MD arises from
the different positioning of the side chain brought on by the
CD-ring tilt, but the currently available data provide no
structural proof.

The fact that 2MbisP is capable of binding to the VDR
establishes that the interactions of the 25-OH are not essential
for ligand binding. The difference in the biological activity
between 2MD and 2MbisP suggests, however, that these
interactions may be a determinant of tissue selectivity and/
or potency. The hydrogen bonds formed between the 25-
OH and the binding-site histidines assist in positioning the
aliphatic side chain and limiting its motion. This action helps

to define the hydrophobic interactions between the side chain
and the protein. The side chain of 2MbisP is shorter and has
fewer restrictions upon its motion. As a result, hydrophobic
contacts that could be important for biological activity may
not be fully realized.

We are, at present, unable to assign a unique function for
the 2-methylene moiety of 2MD and 2MbisP. Computational
docking experiments with theE isomer of 2-ethylidene-19-
nor-1R,25-dihydroxyvitamin D3 suggested that the A ring

FIGURE 5: Close-up stereoviews of the coactivator binding pockets of the rat and human VDR-LBDs complexed with 1,25-(OH)2D3. (a)
Interaction between the synthetic LXXLL-containing peptide and the rat receptor. (b) Interaction between the H3n helix and the human
receptor. In both panels, the peptide is shown in Corey-Pauling-Koltun-colored sticks, with the individual amino acid residues labeled in
red. The receptors are shown as ribbons, with side chains of the amino acid residues located within 4.0 Å of the peptide displayed and
labeled in black. Water molecules neighboring the peptide in panel a are shown as red spheres. Key hydrogen bonds that position the
peptides are denoted with dotted lines.

FIGURE 6: Comparison of the CD-ring tilting and side-chain
conformations of 2MD and MC1288. (a) Superposition of 1,25-
(OH)2D3 and 2MD. (b) Superposition of 1,25-(OH)2D3 and
MC1288. These figures were generated after superimposing the
protein coordinates of the 2MD- and MC1288-containing structures
on those of the rat receptor with the natural ligand. The bottom
portion of the figure lists the torsion angles of the 17â-aliphatic
side chain in each of the crystal structures.
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of this ligand is shifted such that the double bond of the
ethylidene group is oriented parallel to the aromatic side
chain of Phe 150, allowing increased stabilization of the
bound ligand through aπ-bond-stacking interaction. The A
ring and its surrounding amino acids occupy the same
position in each of the crystal structures reported here. With
this arrangement, the double bond of the methylene group
is unable to form theπ-π interaction with Phe 150 that is
predicted by the docking simulations.

The conformational flexibility of the A ring and its effect
on biological activity have been the focus of several
structure-function studies over the past few decades. The
1R-hydroxyl group on the A ring is essential for receptor
binding and biological activity, and Okamura et al. proposed
early on that vitamin D dependent calcium regulation requires
that this hydroxyl group occupy an equatorial position on
the ring (46). Our structural determination with the confor-
mationally restricted analogue 2AM20R demonstrates that
the ligand binding pocket does indeed exhibit a distinct
preference for the equatorially oriented 1R-OH. This finding
underscores the importance of the hydrogen-bonding interac-
tions of the 1R-OH with Ser 233 and Arg 270, interactions
which would be disrupted with the alternate A-ring confor-
mation. The A-ring strain imposed on 2AM20R by the 2R-
methyl group restricts the amount of theâ conformer in
solution to 6% of the total free ligand. Saturation of the
receptor with this conformer is undoubtedly slower than that
observed for 1,25-(OH)2D3; however, the equilibrium dis-
sociation constant for 2AM20R is only 4.6-fold less than
that of the natural ligand (21), indicating that once bound,
the â conformer is held tightly within the binding pocket.
On the basis of our structural analysis with 2AM20R, we
believe that any ligand possessing a structural modification
that completely precludes the formation of theâ-chair
conformer will not bind to the VDR.

Though the effect of the 2-carbon-substituted ligands on
the molecular interaction between the VDR and an intact
coactivator protein remains unknown, our studies demon-
strate that the nature of the interaction between the receptor
and the LXXLL-containing peptide remains constant in each
of the complexes. The electrostatic and hydrophobic interac-
tions with the peptide provide significant stabilization of the
active receptor conformation, which is evidenced by our
inability to grow crystals of the rat VDR-LBD in the
absence of the peptide. In the case of the human protein,
the active conformation is stabilized by the interaction with
the H3nR helix. Though strong hydrogen bonds anchor this
helix to the cavity, the hydrophobic contacts within the cavity
are less extensive. The ability of this helical peptide to inhibit
the binding of known coactivators to the VDR has not been
established. The S216VTLELSQL224 sequence of the H3n
helix corresponds to S212VTLDLSPL220 in the rat protein.
This latter sequence is disordered in the crystal structures
of the rat LBD and does not make the analogous interaction
in the coactivator binding pocket. Peptides must bind in the
coactivator pocket in a helical conformation so that the
necessary hydrophobic and electrostatic interactions are able
to form. Our failure to observe an interaction between the
S212VTLDLSPL220 sequence and the coactivator binding
cavity is likely due to the presence of the proline residue at
position 219. It is reasonable to expect that this imino acid
might disrupt the structure of the helix, which could in turn

prevent the formation of a hydrogen bond between the main-
chain carbonyl oxygen of Ser 218 and the side chain of Lys
242. Lys 242 and Glu 416 are highly conserved in the ligand
binding domain of nuclear receptors (47, 48), and their
electrostatic interactions with the main-chain atoms of the
coactivator helix appear to be essential for optimal coacti-
vator binding and transactivation. The necessity of these two
amino acids for coactivator interaction has been borne out
previously by mutagenesis studies with the retinoic acid and
estrogen receptors (47, 48).

It has been postulated that the specificity of nuclear
receptor-coactivator interactions is determined by the amino
acid residues adjacent to the LXXLL sequence (30, 44). In
their structural analysis of the PPARγ‚SRC-1 complex, Nolte
et al. propose that the interaction between the LBD of PPARγ
and a coactivator is optimized when a large hydrophobic
amino acid is present in the-1 position of the LXXLL
sequence (44). The side chain of this particular residue binds
in a hydrophobic pocket formed by Pro 467 and Leu 468 in
helix 12 of the PPARγ-LBD. This type of interaction may
also be a determinant for optimal binding to the VDR, since
a similar pocket is formed by Pro 412 and Leu 413. The
side chain of Met 629, the-1 amino acid of the DRIP 205
NR-2 sequence, is located within this pocket in our crystal
structures. The side chain of Val 217, the-1 amino acid in
the H3n helix, points into the corresponding pocket in the
human VDR (formed by Pro 416 and Leu 417). Because of
its small size, Val 217 does not extend as far into this binding
pocket, and its interaction is expected to be weaker as a result
(the reader should note here that Pro 416 is not displayed in
Figure 5b because its distance from Val 217 is greater than
4.0 Å). The nature of the amino acid in the-3 position may
also be important for the VDR-coactivator interaction. His
627 occupies this position in DRIP 205, and the crystal
structures with the synthetic DRIP 205 peptide show that
Nε of this residue is approximately 2.6 Å from Nú of Lys
260. This observation suggests that amino acids that can
function as hydrogen-bond acceptors may be preferred in
this position.

Though we have gained valuable insight into ligand and
coactivator binding, the mechanism of action of 2MD and
2MbisP remains a mystery. However, we have examined
only a small fraction of a very large signaling complex. The
effect of these ligands on the structure and function of the
VDR-DBD is still unknown. Likewise, we do not yet
understand how these analogues affect the molecular interac-
tions between the VDR and RXR. These structural deter-
minations are currently being pursued in our laboratory as
part of our ongoing effort to delineate the intricate details
of vitamin D dependent gene regulation.
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