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FIGURE 2 | Genomic view of 1,25(OH)2D3-dependent chromatin

opening. The IGV browser visualizes the loci of a VDR locus 225 kb
downstream of the CHD7 gene (±40 kb of the peak summit). The
peak tracks display data from THP-1 cells: a time course of
FAIRE-seq data [gray for EtOH-treated controls and turquoise for

1,25(OH)2D3 (1,25D) treatments for the indicated time periods] and a
VDR ChIP-seq data [red, from unstimulated cells and after 40 min
1,25(OH)2D3 treatment]. The gene structures are shown in blue and
the sequence of the DR3-type element below the summit of the
VDR peak is indicated.

(Fullwood et al., 2009) allows an assessment of the 3-dimensional
structure of chromatin. When applied for CTCF in K562 cells it
mapped more than 120,000 intra-chromosomal, CTCF-mediated
chromatin interactions (ENCODE-Project-Consortium et al.,
2012). The high conservation of CTCF binding sites allows a reli-
able extrapolation of the CTCF ChIA-PET data from K562 cells
to THP-1 cells, for which VDR ChIP-seq data is available. The
combination of both datasets suggests that in THP-1 cells there
are some 1600 chromatin domains, which contain at least one
VDR binding site (Seuter et al., 2014). When the TSS region of
a gene is within one of these chromatin regions, it may be a
primary 1,25(OH)2D3 target. In case of the CD14 gene, CTCF
ChIA-PET data from K562 cells defined a chromatin domain
spanning from 1.5 kb upstream to 57 kb downstream of the gene’s
TSS (Figure 3). This domain spans over the whole CD14 gene
and comprises two VDR binding sites 24 and 26 kb downstream
of the gene’s TSS. This provides a straightforward gene regula-
tory scenario explaining (i) the primary response of CD14 to
1,25(OH)2D3 and (ii) why the neighboring genes of CD14 do not
respond to VDR ligand treatment.

The chromatin domain of the CD14 gene is with a size of less
than 60 kb rather small (Figure 3). In contrast, one of the largest
VDR-containing chromatin domains spans over 2.3 Mb of chro-
mosome 8 and combines the MYC gene with four VDR binding
sites, of which the most prominent is 1215 kb of the gene’s TSS
(Ryynänen et al., 2013). This suggests that under the condition
of sufficiently large chromatin domains, gene regulation by VDR
can be over a distance of more than 1 Mb.

At present, there is no VDR ChIA-PET data available but
will come in the future. However, via the ENCODE exper-
iment matrix (http://encodeproject.org/ENCODE/dataMatrix/
encodeDataMatrixHuman.html) there is access to ChIA-PET data
for RNA polymerase II in HeLa human cervix carcinoma and
MCF-7 human breast carcinoma and for estrogen receptor α in
MCF-7 cells. The latter may be of special interests for the breast
cancer field.

Taken together, public ENCODE data are important tools,
which can be used in combination with genome-wide data on
VDR for an extrapolation on the 3-dimensional organization of
gene regulation by 1,25(OH)2D3.

1,25(OH)2D3 TARGET GENES AS BIOMARKERS FOR THE
VITAMIN D STATUS OF HUMAN INDIVIDUALS
In contrast to a number of other nuclear receptor ligands, such as
cortisol or estrogen, the endocrinology of 1,25(OH)2D3 does not
imply any fast changes (Deluca, 2004; Norman, 2008). Under nor-
mal circumstances, either the production in UV-B exposed skin
or the intake of from diet or supplements should provide suffi-
cient amounts of vitamin D3, in order to achieve optimal serum
25(OH)D3 concentrations. The latter vitamin D metabolite is the
widely accepted indicator of the vitamin D3 status of the human
body (Hollis, 2005). The serum 25(OH)D3 concentrations change
only in the order of weeks and months, such as the result of
seasonal variations in sun exposure (Virtanen et al., 2011). This
indicates that stimulation experiments with 1,25(OH)2D3 over a
few hours, as performed in in vitro experiments, do not represent
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FIGURE 3 | Chromatin domain containing VDR binding sites. The IGV
browser was used to display the chromatin domain around the CD14 gene.
VDR ChIP-seq data from THP-1 cells [unstimulated (−) and treated for 40 min
with 1,25(OH)2D3 (+), red] are shown in comparison with CTCF ChIP-seq

data from the ENCODE cell lines NHEK, HUVEC and K562 (orange) and CTCF
ChIA-PET data from K562 cells in the track view (light blue). The gene
structures are shown in blue and the sequence of the DR3-type elements
below the summits of the VDR peaks are indicated.

the physiological reality. In contrast, the effects of more long-
lasting changes of serum 25(OH)D3 concentrations should be
considered. On a genome-wide level, this was investigated first
with primary T cells isolated from nine human individuals with
variant serum 25(OH)D3 concentrations (Handel et al., 2013).
The number of the observed VDR ChIP-seq peaks, which varied
between 200 and more than 7000, correlated with the 25(OH)D3

levels of the individuals, i.e., the higher the circulating 25(OH)D3

concentrations, the more VDR loci were identified in T cells.
Unfortunately, the raw data of this study is not available, i.e., a
harmonized re-analysis in comparison with other published VDR
ChIP-seq data cannot be performed. However, from the 14,044
unique VDR peaks reported for the sum of the nine individuals,
only 442 (3.1%) associated with a DR3-type sequence (based on
HOMER score 7 settings).

Serum 25(OH)D3 concentrations vary widely from person to
person based on (i) varied diet and sun exposure, (ii) differ-
ent age and/or level of adiposity and (iii) genetic and epigenetic
variations (Engelman et al., 2008; Orton et al., 2008; Snellman
et al., 2009). The Institute of Medicine recommends a serum
25(OH)D3 level of 50 nM (Institute-of-Medicine, 2011), but it
is under debate, whether this is sufficient for every individual
(Holick, 2007). In fact, a substantial proportion of the world’s
population could be considered as vitamin D deficient. This con-
dition may accelerate age-related bone loss and morbidity from
falls and fractures. In addition, vitamin D insufficiency is asso-
ciated with a number of diseases, such as cancer, autoimmune
disorders and all components of the metabolic syndrome (more
details in the article by Bendik et al. in this issue).

This important medical problem guided to the question,
whether an insight into the genome- and transcriptome-wide

actions of VDR and 1,25(OH)2D3 can help in a more accu-
rate evaluation of the human individual’s responsiveness to, and
needs for, vitamin D. A first approach in this direction was
done by studying peripheral blood mononuclear cells (PBMCs)
and adipose tissue biopsies from 71 elderly, pre-diabetic indi-
viduals, which participated in a 5-month vitamin D3 inter-
vention trial (VitDmet) during Finnish winter (Carlberg et al.,
2013). The changes in the mRNA expression of the primary
1,25(OH)2D3 target genes CD14 and thrombomodulin (THBD),
which had been identified in a recent comparative study as
most reliable biomarkers (Standahl Olsen et al., 2013), in both
PBMCs and fat samples were correlated with the alterations in
the serum 25(OH)D3 levels of the 71 individuals. Interestingly,
only for a subset of individuals significant correlations between
the up-regulation of both genes and the intervention-induced
raise in serum 25(OH)D3 concentrations were obtained. This
suggests that, on a molecular level, not all study participants
benefited from the vitamin D3 supplementation, because (i)
they had already reached their individual optimal vitamin D
status before the start of the intervention, (ii) they carry a
genetic polymorphism making them less responsive to vita-
min D3 or (iii) other undefined reasons (Carlberg et al., 2013).
Interestingly, the categorization of the human individuals by
their vitamin D responsiveness unmasked a negative correla-
tion between changes in serum concentrations of 25(OH)D3 and
the inflammation marker interleukin 6, i.e., the more respon-
sive the study participants were to vitamin D3 supplementation,
the lower was their inflammatory status. At present, a num-
ber of other primary 1,25(OH)2D3 target genes, which were
highlighted in the comparison of VDR ChIP-seq data, are eval-
uated for their potential to serve as even better biomarkers
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for the vitamin D status of human individuals than CD14
and THBD.

In summary, vitamin D deficiency may negatively contribute
to a number of diseases. Genome-wide insight led to the use
of mRNA expression changes of the genes CD14 and THBD as
biomarkers for a molecular evaluation of vitamin D3 supple-
mentation studies. The results allow a classification of human
individuals based on their responsiveness to vitamin D3.

CONCLUSIONS
Genome-wide data on (i) the location of transcription factor
binding sites in living cells, (ii) histone modifications and (iii)
accessible chromatin, such as provided by ChIP-seq, DNase-seq
and FAIRE-seq studies, have significantly changed the view on,
and the understanding of the regulation of the entirety of the
genes of our genome. This applies also to the transcription fac-
tor VDR, for which at present ChIP-seq data from six human cell
lines and the T cells of nine human individuals are available. The
abovementioned modern genome-wide techniques allow a more
unbiased identification of transcription factor binding sites com-
pared to previous studies, which were mostly focused on regions
a few kb upstream of a primary 1,25(OH)2D3 target gene. VDR
binding loci have now been shown to be localized equally likely
up- and downstream of TSS regions in distances of even more
than 1 Mb.

Genome-wide studies have confirmed DR3-type sequences as
the preferential binding sites for VDR (most likely as a het-
erodimer with RXR), but only one in seven of the close to 20,000
known VDR binding loci carry such a motif. This is unanimously
observed in all investigated cellular models. Therefore, there must
be other types of binding motifs and partnering proteins that
attract VDR to its genomic targets. These presently poorly under-
stood alternative binding modes may explain some of VDR’s
function in the (trans)repression of its target genes. Moreover,
the VDR cistrome seems to be largely cell-specific with only some
50 loci overlapping in all investigated models. However, these
conserved sites could be fundamental entry ports of VDR to
the human genome, which may serve as the unified core of the
various pleiotropic functions of 1,25(OH)2D3.

The 22,000 detected VDR binding loci within six cell lines
as well as the 14,000 peaks found in primary T cells from nine
human individuals may be far more than what is needed to
control the physiological actions of 1,25(OH)2D3, i.e., many
sites may represent rather “noise” than having a specific func-
tion. Therefore, different approaches to categorize VDR loci are
useful. It turned out that VDR binding sites that (i) carry a
DR3-type sequence, (ii) show ligand-stimulated VDR association,
(iii) co-locate with ligand-induced chromatin opening and (iv)
are conserved between several cellular systems may play a more
important role in mediating the functions of 1,25(OH)2D3 than
the vast majority of other VDR sites that lack most of these prop-
erties. Therefore, for a cellular system of interest, the combination
of (i) a genome-wide assessment of open chromatin by DNase-seq
or FAIRE-seq, (ii) the monitoring of genomic VDR loci by ChIP-
seq and (iii) a screening for DR3-type sequences below the peak
summits is an efficient tool for the prediction and identification
of primary 1,25(OH)2D3 target genes.

FUTURE PERSPECTIVES
Although historically 1,25(OH)2D3 was understood to be a hor-
mone controlling calcium homeostasis and bone formation, to
date the genome-wide the actions of VDR are best understood
and monitored in cells of the hematopoietic system. This empha-
sizes the impact of 1,25(OH)2D3 on the function of innate
and adaptive immunity. There are first indications that the core
actions of 1,25(OH)2D3 and its receptor VDR can be extrapo-
lated from hematopoietic cells to other tissues and cell types of the
human body (Carlberg et al., 2013). If this holds true, the vitamin
D status and responsiveness of a human individual can be derived
from the response of, for example, PBMCs. Technically, various
types of leukocytes can be collected far easier from blood samples
than any other tissue biopsy. Like a glucose tolerance test is used
to monitor the functionality of the carbohydrate metabolism of
an individual, there may be in the future a higher dose vitamin
D3 challenge test, where the (epi)genomic and transcriptomic
profiles of leukocytes before and after supplementation are mea-
sured. Routine measurements of healthy individuals may also in
the future more likely be based on a few selected biomarkers, such
as CD14 and THBD, while more complex scenarios in disease set-
tings, such as cancer or autoimmune diseases, will be assessed
genome- or transcriptome-wide. In the same way, basic research
on 1,25(OH)2D3 and VDR will shift more and more from cell cul-
ture models to primary tissues and cell types and will eventually
reach the single cell level.
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Crystal structures represent the static picture in the life of a molecule giving a sneak
preview what it might be in reality. Hence, it is very hard to extrapolate from these
photos toward dynamic processes such as transcriptional regulation. Mechanistically VDR
may be considered as molecular machine able to perform ligand-, DNA- and protein
recognition, and interaction in a multi-task manner. Taking this into account the functional
net effect will be the combination of all these processes. The long awaited answer to
explain the differences in physiological effects for various ligands was one of the biggest
disappointment that crystal structures provided since no substantial distinction could be
made for the conformation of the active VDR-ligand complexes. This may have come
from the limitation on the complexity of the available ligand-VDR structures. The recent
studies with full length VDR-RXRα showed somewhat more comprehensive perspective
for the 3D organization and possible function of the VDR-RXRα-cofactor complex. In
addition to in vitro approaches, also computational tools had been introduced with the
aim to get understanding on the mechanic and dynamic properties of the VDR complexes
with some success. Using these methods and based on measurable descriptors such as
pocket size and positions of side chains it is possible to note subtle differences between
the structures. The meaning of these differences has not been fully understood yet but
the possibility of a “butterfly effect” may have more extreme consequences in terms
of VDR signaling. In this review, the three functional aspects (ligand-, DNA- and protein
recognition, and binding) will be discussed with respect to available data as well as
possible implication and questions that may be important to address in the future.

Keywords: VDR, crystal structure, molecular dynamics, molecular mechanism, cofactors, response elements,

ligand-binding

INTRODUCTION
One way of understanding life at molecular level is to obtain the
three-dimensional (3D) structures of the molecules. Such struc-
tural views represent a static picture in the life of a molecule giving
a sneak preview what it might be in reality. For the understanding
of the functional implication of vitamin D (VD) signaling it is also
important to look at various structural complexes of the vitamin
D receptor (VDR), which may outline its possible dynamics and
mechanics. VDR is able to perform the ligand-, DNA- and protein
recognition, and interaction in a multi-task manner thus can be
viewed as molecular machine which will regulate gene expression
with the combination/sum of all these particular functions.

Before the year 2000 people in the VD field were only guessing
how may the 3D structure of VDR look like. Some implications

Abbreviations: 1,25D3, 1α, 25-dihydroxyvitamin D3; 3D, three-dimensional;
3Klca, 3-keto lithocholic acid; 9-cis RA, 9-cis retinoic acid; aa, amino acids; cryo-
EM, cryo-electron microscope; Cyp27b1, 25-hydroxyvitamin D3 1α-hydroxylase;
D.rerio, Danio rerio; DBD, DNA-binding domain; DNA, deoxyribonucleic acid;
DR, direct repeat; DRIP, vitamin-D-receptor interacting protein; h, human; H.
sapiens, Homo sapiens; HDX, H/D exchange; LBD, ligand-binding domain; LBP,
ligand-binding pocket; LCA, lithocholic acid; MD, molecular dynamics; OH,
hydroxyl; P. marinus, Petromyzon marinus; PXR, pregnane X recptor; RAR,
Retinoic acid receptor; r, rat; R. norvegicus, Rattus norvegicus; RE, response element;
RID, receptor interaction domain; RXR, retinoid X receptor; SAXS, short angle X-
ray scattering; TR, thyroid hormone receptor; VD, vitamin D; VDR, vitamin D
receptor; VDRE, VD response element; z, zebrafish.

were coming from already known crystal structures e.g., recep-
tors for retinoids such as retinoid X receptor (RXR) (Bourguet
et al., 1995) and retinoic acid receptor (RAR) (Renaud et al.,
1995). Not until exactly 14 years ago the structure of VDR-1α,25-
dihydroxyvitamin D3 (1,25D3) complex has been solved (Rochel
et al., 2000) and a long journey started in understanding the
binding of various VDR analogs and the structure-based analog
design. Within the first 5 years more structures have been solved
(Tocchini-Valentini et al., 2001, 2004; Eelen et al., 2005) but the
long awaited answer to explain the differences in physiological
effects for various ligands was one of the biggest disappointment
that crystal structures provided since no substantial distinction
could be made for the conformation of the active VDR-ligand
complexes.

Compared to the beginning of the last decade a huge number
of X-ray crystal structures are available for VDR. In detail, there
are VDR LBDs from three different species H. sapiens (34), R.
norvegicus (40) and D. rerio (13) and four DBD-DNA complexes
from H. sapiens. The basic information about these complexes is
summarized in Table 1. This data makes also possible to analyze
orthologous molecules with reflection to functional and struc-
tural differences. However, to understand this aspect well it would
be beneficial to have more data from numerous organisms. In
this review evolutionary aspects and species-specific difference
will be not discussed in depth. More space will be given to
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general domain organization, binding mode of natural ligands
and recognition of DNA by VDR. Some data coming from molec-
ular dynamics (MD) simulations will be also discussed since this
approach represents a compromise in obtaining 3D structural
models and have been proven to be well aligned with the wet
lab data. At last, recent data from small-angle X-ray scattering
(SAXS), cryo-electron microscopy (cryo-EM) and H/D exchange
(HDX) experiments will be discussed with some perspectives
highlighted.

WHAT DO VDR STRUCTURES TELL US?
From functional and structural organization point of view VDR
is formed by DNA-binding domain (DBD:24–89 aa; domain C),
ligand-binding domain (LBD:126–427 aa; domain E), a connec-
tive hinge (domain D) between them and a short A/B domain
located at the N-terminus. Compare to RXR it completely lacks
the F domain, which is the very last part of the LBD after helix 12.
The LBD is formed by a three layer anti-parallel α-helical sand-
wich (Figures 1A,B highlighted in green, blue and red). Based of
the particular structure it contains all together 11–13 α-helices
(Li et al., 2003) (Figure 2A). The internal structure of the LBDs
of the respective nuclear receptors (NRs) shows a high simi-
larity with specialized diversity based on functional properties
of the particular receptor. In VDR, the LBD is responsible for
active ligand recognition and interaction with partnering proteins

such as coregulators, and RXR to form the functionally active
RXR-VDR heterodimer. In particular, helices 3, 4, and 10–12 are
involve in the interaction with protein partners. Interestingly, to
date all solved VDR crystal structures show very ubiquitous and
conserved organization of the of overall structural fold not reflect-
ing the divergent nature of the bound natural or synthetic ligands.
What are in fact the differences in structures that reflect various
physiological effects of the particular ligands? Allegedly there will
not be a simple answer to this question since we may face the
limitation on the complexity of the available ligand-VDR struc-
tures or have to allow the possibility that the subtle differences
between the structures may cause a “butterfly effect” that have
more extreme consequences in terms of VDR signaling than ini-
tially thought. By all means there are important differences in the
metabolism of various synthetic ligands and a possible unique
coactivator recruitment may also play its role. However, none of
these possibilities can be fully explored using the available VDR
crystal structures. Nevertheless, what we may agree on is that
all VDR crystal structures show agonistic conformation, surpris-
ingly even in case of antagonists, that is canonically represented
by a closed conformation of the helix 12 providing a docking
platform for the recruitment of coactivators. This may be due to
the shifted equilibrium that drives VDR for closed helix 12 with
minimal energy conformation. In addition, the VDR structures
do tell us the binding mode, anchoring points and subtle changes

FIGURE 1 | VDR shows similarity to canonical NR structural

organization. (A) The overall surface depiction of the VDR showing
the three layers sandwich-like molecule where the layers are

highlighted in green, blue and red. (B) Numbered helices belonging to
different layers are shown and they are highlighted similarly as in
surface representation.

Frontiers in Physiology | Integrative Physiology June 2014 | Volume 5 | Article 191 | 23

http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive


Molnár Structural data for VDR

FIGURE 2 | General view of the VDR. (A) Ribbon representation of the
VDR with annotated helices. The very last helix (helix 12) is highlighted
in red color. (B) The binding mode of the 1,25D in the ligand-binding

pocket (LBP). The important anchoring residues and their location in the
VDR structure is depicted. Hydrogen bonds are shown in blue (for details
see the text).

in the position of residues that may be effectively used for de
novo design of superagonist such as AMCR277A (PDBID:3CS4)
(Hourai et al., 2008). The frequently mentioned subtle changes
that are characteristic for the ligand-binding pocket (LBP) may
be further analyzed and can explain some of the binding differ-
ences between various ligands in correlation to their functional
and biological properties.

THE INNER CIRCLE: LOOKING INTO THE VDR POCKETS
The “lower part” of the LBDs of all ligand-activated NRs con-
tains a LBP which volume size range between 400 and 1400 Å3

(Figures 2A,B light-brown mesh) (Nagy and Schwabe, 2004). It
is not quite different in case of VDR where LBP primarily serves
for effective recognition of various natural ligands such as 1,25D3

and its metabolites or bile acids. In addition, this is one of the
most important parts to modulate VDR’s activity via various syn-
thetic compounds. The VDR pocket can be placed in the middle
range of the volume scale showing rather high dynamic plasticity
toward various ligands.

The first VDR crystal structure confirmed the conserved con-
tact or anchoring points for the interaction of VDR with 1,25D3

(Rochel et al., 2000) (Figure 2B). The residues involved in the
positioning of the 1,25D3 in the LBP are Y143 (helix 1) and S278
(helix 5) that contact the 1,25D31α-hydroxyl (OH) group, S237
(helix 3) and R274 (helix 5) contact 3β-OH, and H305 (loop 6–7)
and H397 (helix 11) interact with 25-OH. In most of the cases if
these anchoring point are disrupted a decrease in the activation
potential of the ligand can be observed. Besides these residues the
interior surface of the VDR LBP is formed of about 40 mostly
non-polar amino acids. An interesting approach is to look how
the LBP is changed upon ligand-binding especially its volume
or how much volume (%) is occupied by the ligand. A rather

straightforward example is the comparison of the 1,25D3 and
MC1288 LBPs. Although the volumes of these ligands are highly
comparable 434 Å3 and 427 Å3 (probe radius 1.9 Å), respectively,
the volumes of the LBP show slight differences 776 Å3 and 643 Å3

(same probe radius) leading to ratio of 56 and 66% of ligand
occupancy of the LBP volume (Molnár et al., 2006). When a lig-
and occupancy is higher compared to 1,25D3 then it increases
the stability of VDR. This factor holds true for ligands that show
high structural similarity and binding mode to 1,25D3. It seems
to some extend that the ratio of the ligand to LBP volume can be
a good descriptor of the ligands’ activation potential. In addition,
the actual shape of the cavity also reflects differences in the bind-
ing of various ligands which is illustrated in Figure 3. There are
slight differences in the shapes of the LBP depending on the
bound ligand. The red arrow shows the part where the shape is
conserved well. Topologically this is the place where the 1,25D3

A-ring is located e.g., helices 1, 3, and 5. The more plastic part is
the one where the 1,25D3 side chain is found with helices 6, 7, and
11. This region shows the highest variation between the ligand-
bound structures and is indicated with green arrow Figure 3. In
addition, small changes can be also detected for instance the part
highlighted with green circle. Very interesting in the difference
between the two Gemini structures 2HCD and 4IA1, where the
largest difference for the two side chains is that “C17–20 threo
20S—Gemini” has the hydrogens in its methyl groups substituted
with deuterium. Interestingly, in this case the pocket shows more
compact shape in the region with the double side chains and the
volume of the location highlighted with green circle is decreased,
which may be due to modification of the A-ring. Another interest-
ing question is the maximum volume to which the VDR LBP can
be stretched. MD simulations showed that by docking a Gemini
with fluorinated methyls groups, (CF3)2-Gemini, the LBP could
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FIGURE 3 | Shapes of the zebrafish VDR ligand-binding pockets (LBPs) with various compounds (source PDBID: 2HC4, 2HCD, 3DR1, 4G1Y, and 4IA1).

be expanded by 1/3 of the 1,25D3 LBP volume. In proportion
to this, the compound’s volume in the pocket is also increased
about 30%.

An appealing view opens up when a comparison of the VDR
structure with one of its closest relative pregnane X receptor
(PXR) is made (Watkins et al., 2001). As for VDR there are plenty
of PXR crystal structures available and it can extend its LBP
to very large volume (∼1400 Å3) to accommodate various com-
pounds. The published VDR structures lack the insertion domain
(�166–216 aa), but even without it the LBP as discussed earlier is
as large as 700–800 Å3 with MD simulations showing that it can
expand beyond 1000 Å3, which is already comparable to PXR’s
LBP. This may suggest that VDR is able to accommodate variety
of other compounds in addition to 1,25D3 such as LCA/3-keto-
LCA (Makishima et al., 2002). The later have been crystallized
with rVDR and will be discussed in this review. The indications
for binding additional compounds besides 1,25D3 are coming
also from P. marinus (sea lamprey) where despite of lack of the

calcified skeleton and teeth it may serve as a xenobiotic activator
for detoxification by regulating P450 enzymes (Whitfield et al.,
2003; Krasowski et al., 2005). However, it is yet to be determined
whether there are existing other ligands that bind to VDR. One
part of the LBD, which may allow the binding of these compounds
is the insertion domain. Although its clear functional role has not
been identified and it seems that it is not directly required for
the binding of the 1,25D3 (Rochel et al., 2001), it may play some
other roles. A mutation C190W was reported in patients that
results in loss of 1,25D3 binding (Malloy et al., 1999), though this
may be due to the disruption of the VDR structure by introduc-
ing a large bulky tryptophan residue. Secondly, the homologous
part of PXR (142–431 aa) especially the occurrence of the two β-
strands and the associated coiled regions are responsible for the
expandability of the PXR’s LBP thus an analogous role cannot
be out ruled in case of VDR as well. There has been also pro-
posed that an alternative pocket, which can be considered as an
enlargement of the original pocket, is formed in the VDR that
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extends toward the helix 2/β-sheet region of the LBD (Mizwicki
et al., 2004). Especially this can be observed with covalently locked
1,25D3-derived compounds such as 1,25(OH)2-lumisterol, which
has been showed by in silico docking studies.

Due to the space limitation this review cannot address and
discuss all the VDR-ligand complexes, for some more details
see text below or recent reviews (Carlberg and Molnár, 2012;
Carlberg et al., 2012), but some of the structures with nat-
ural ligands will be discussed in more details. One of them
is 3-epi-1α,25-dihydroxyvitamin D3 (3-epi-1,25D3) a 1,25D3

metabolite that has been shown to exhibit tissue specific activities
comparable to 1,25D3 (Norman et al., 1993; Reddy et al., 2000).
The structural analysis showed a binding mode very similar to
that of 1,25D3 with interesting compensation for the lacking
S278-3α-OH hydrogen bond for the epimer using water mediated
contacts Figure 4 (Molnár et al., 2011). Interestingly, the same
water channel is present in the 1,25D3 complex and was observed
with other complexes as well (Tocchini-Valentini et al., 2001;
Hourai et al., 2006).

A widely accepted fact is that precursor 25-hydroxyvitamin D3

(25D3) and its metabolite 24R,25-hydroxyvitamin D3 (24,25D3)
does not posses significant biological activities. However, it has
been shown that in Cyp27b1−/− cells, that are unable to pro-
duce actively 1,25D3, the VD signaling may be primary mediated
via 25D3 (Lou et al., 2010). It stays a matter of discussion that
under physiological condition how much of the VD signaling is
mediated via 1,25D3 vs. 25D3. 24,25D3 shows only weak potency
of influencing VD signaling at concentration 500nM although
an enhancement for human osteoblast differentiation has been
shown at concentration 1 μM (van Driel et al., 2006). Docking
and subsequent MD simulations have been done to see the

FIGURE 4 | Binding mode of 1α, 25-dihydroxyvitamin D3 and

3-epi-1α,25-dihydroxyvitamin D3 in the LBP of human VDR (source

PDBID: 1DB1 and 3A78). 1,25D3 and 3-epi-1,25D3 are highlighted in green
and blue color, respectively. The hydrogen bonds are in green and blue
dashed lines.

binding mode of these compounds and it has been confirmed
that the position of residues mediating the anchoring hydrogen
bonds are conserved with the exception of R274 which is located
further than 3.5 Å from 24,25D3 Figure 5. Another residue that
is unable to make a binding contribution is S237, but its posi-
tion in the pocket is maintained. The void created by the missing
R274 increases the LBP and lowers the occupancy factor for this
compound. The analysis of the simple binding mode confers the
activity range from 1,25D3 > 25D3 > 24,25D3. This also shows
in general the importance of the 1α-OH group for the potency of
the VDR agonist.

Recently, the crystal structures for another group of natural
ligands have been solved. From the identification of secondary
bile acids as VDR agonist (Makishima et al., 2002) the interest-
ing question remained how these compounds bind to VDR. From
the structural data it is evident that the litocholic acid (LCA)
and 3-keto litocholic acid (3kLCA) are located in the opposite
orientation than 1,25D3 (Figure 6). The 24-carboxyl group faces
the β-turns of VDR, the β-region of the steroid backbone the
helix 6–7/11 region and the A-ring is in the direction of helix 12.
The S274 (hVDR S278) and Y143 hydrogen bonds are conserved

FIGURE 5 | Binding mode of 1α, 25-dihydroxyvitamin D3,

25-hydroxyvitamin D3 and its metabolite 24R,25-hydroxyvitamin D3 in

the LBP of human VDR (source MD simulation Lou et al., 2010). 1,25D3

and 25D3/24,25D3 and are highlighted in green and blue color, respectively.
The hydrogen bonds are in green and blue dashed lines.
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FIGURE 6 | Binding mode of 1α, 25-dihydroxyvitamin D3, lithocholic acid and 3-ketolitocholic acid in the LBP of rat VDR (source PDBID: 1RK3, 3W5P,

and 3W5Q). 1,25D3 and LCA/3kLCA and are highlighted in green and blue color, respectively. The hydrogen bonds are in green and blue dashed lines.

in all structures (Figure 6). The difference for this part of the
ligand-binding comes from the water mediated contacts with
both R270 (hVDR R274) and S233 (hVDR S237). These con-
tacts seem to be weaker compare to 1,25D3 but not so weak as
in case of 25D3 and 24,25D3, where in fact they are missing due
to lack of 1α-OH group. The opposite part of the bile acids shows

also weaker hydrogen bonding network than for the previously
discussed VD metabolites including 1,25D3. The structural com-
parison between the two bile acids shows a less complex, more
straightforward binding mode for 3kLCA with only one water
molecule involved. Whereas, for LCA there are no direct con-
tacts with H301 (hVDR H305) and H393 (hVDR H397). All these
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