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The steroid hormone, vitamin Ds3, regulates gene transcription via at least two receptors and initiates
putative rapid response systems at the plasma membrane. The vitamin D receptor (VDR) binds vitamin
D3 and a second receptor, importin-4, imports the VDR-vitamin D3 complex into the nucleus via nuclear
pores. Here we present evidence that the Homo sapiens VDR homodimer contains two transmembrane
(TM) helices (3*’E — D3#?), two TM “half-helix” (*®*K — N27%), one or more large channels, and 16

Kgywqrds: cholesterol binding (CRAC/CARC) domains. The importin-4 monomer exhibits 3 pore-lining regions (>2°E
yamin D — 1251, 768y _ G783, 8765 _ A891) and 16 CRAC/CARC domains. The MEMSAT algorithm indicates that VDR
Importin-4 and importin-4 may not be restricted to cytoplasm and nucleus. VDR homodimer TM helix-topology
Cholesterol predicts insertion into the plasma membrane, with two 84 residue C-terminal regions being extracel-

lular. Similarly, MEMSAT predicts importin-4 insertion into the plasma membrane with 226 residue
extracellular N-terminal regions and 96 residue C-terminal extracellular loops; with the pore-lining
regions contributing gated Ca?* channels. The PoreWalker algorithm indicates that, of the 427 resi-
dues in each VDR monomer, 91 line the largest channel, including two vitamin D3 binding sites and
residues from both the TM helix and “half-helix”. Cholesterol-binding domains also extend into the
channel within the ligand binding region. Programmed changes in bound cholesterol may regulate both
membrane Ca®* response systems and vitamin D3 uptake as well as receptor internalization by the
endomembrane system culminating in uptake of the vitamin Ds3-VDR-importin-4 complex into the

nucleus.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction Most of the physiological actions of vitamin D3 are thought to be

exerted through the nuclear vitamin D receptor (VDR) (cit. [2,6,7]).

Vitamin D exists as a steroid hormone precursor in two forms:
Ergocalciferol (vitamin D») which is present in plants and some
fish, and Cholecalciferol (vitamin D3) which is synthesized in the
skin from 7-dehydrocholesterol by the ultraviolet B present in
sunlight (reviewed in Refs. [1-5]). In vertebrates, a major role of
vitamin D is to maintain normal blood levels of calcium and
phosphorus. Vitamin D helps the body absorb calcium, which
forms and maintains strong bones. It has been used alone or
together with calcium to improve bone health and decrease frac-
tures. A vitamin D-binding albumin-like protein transports the
newly formed vitamin D to the liver where it undergoes hydrox-
ylation to 25(OH)D (the inactive form of vitamin D) and then to the
kidneys where it is hydroxylated to 1,25(0H),D (the active form).
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E-mail address: gene.morrill@einstein.yu.edu (G.A. Morrill).

http://dx.doi.org/10.1016/j.bbrc.2016.06.143

VDR possesses two distinct nuclear transport pathways, i.e. the
ligand-dependent and —independent pathways. Importin-4 serves
as a nuclear transport receptor and is thought to mediate docking
of the importin/substrate complex to the nuclear pore complex [8].
VDR has been shown to influence a variety of physiological func-
tions, affecting nearly every organ and tissue [9]. VDR is one of a
large (~1900) number of DNA-binding transcription factors (i.e.
proteins that sequence-specifically contact genomic DNA, cit. [10]).
VDR has at least three dimerization interfaces: 1) the first zinc
finger region, 2) the region just beyond this zinc finger, and 3) the
carboxyterminal region [11]. The first zinc finger region (residues
24—44) alone forms a homodimer with full-length VDR. The ligand
binding domain of the human VDR has been modeled based on the
crystal structure of the retinoic acid receptor [11]. In this study we
have examined the topology of the ligand-binding region in the
VDR monomer and found evidence for at least one transmembrane
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Table 1
Summary of regions of Homo sapiens vitamin D3 nuclear hormone receptor.

Regions Accession #P11473 Position of region (amino acid)

Region length residues Cavity- lining residues

Chain 1-427
3D structure database 118—427
DNA binding region 21-96
Hinge region 97-191
Ligand-binding region 192—427
Vitamin D3 binding site 227-237
Vitamin D3 binding site 271-278
MemBrain (TM half-helix) 263-275
MemBrain (TM half helix) 328—342
MEMSAT-SVM (TM helix) 328-343
CRAC/CARC 240-254
Domains 313-322
Ligand-binding 363-370
Region 399-404

427 ND?
309 91
75 ND*
94 9
235 82
11 5

8 6
12 10
14 9
15 10
14 5
10 3

8 3

6 4

2 ND: Not determined.

helix, a large channel structure that traverses the VDR molecule
and multiple cholesterol binding sites. In contrast, we find that
importin-4 contains 3 pore-lining regions known to be essential in
Ca’* uptake as well as 16 additional cholesterol binding sites. This
is evidence that the vitamin Ds—importin-4 receptor complex may
act both at the plasma membrane as well as through the nuclear
vitamin D receptor (VDR)-mediated control of target genes
(reviewed in Refs. [2,6]).

2. Material and methods

The amino acid sequences of Homo sapiens vitamin D3 receptor
(Accession #P11473) and importin-4 (Accession #Q8TEX9) were
obtained from the EXPASy Proteonomic Server of the Swiss Institute
of Bioinformatics (http://www.expasy.org; http://www.uniprot.
org). As discussed by Nugent and Jones [12], technical difficulties
in obtaining high quality crystals have led to an under-
representation of channel proteins in structural databases. These
workers have trained a support vector machine classifier to predict
TM helices (MEMSAT-SVM): (http://bioinfo.cs.ucl.ac.uk/psipred/).
Shen and Chou have developed [13] a machine-learning based
predictor, MemBrain, that demonstrates an overall improvement in
prediction accuracy and classification of transmembrane helices by
dynamic threshold: (www.csbio.sjtu.edu.cn/bioinf/MemBrain/).
The identification of the largest channel in transmembrane pro-
teins from their crystallographic structure coordinates was carried
out using PoreWalker [14]. The PoreWalker web-server is available
at http://www.ebi.ac.uk/thorntonsrv/software/PoreWalker/. Two
cholesterol recognition domains (CRAC and CARC) have been
identified (reviewed in Ref. [15]). The CARC domain is comparable
to the CRAC domain but exhibits the opposite orientation (“inver-
ted CRAC").

3. Results
3.1. Transmembrane helices in the vitamin D3 receptor (VDR)

As outlined in Table 1, Homo sapiens VDR (Accession #P11473)
contain 427 residues. Residues 21-96 have been identified as the
DNA binding region, residues 97—191 as a hinge region and
192—427 as the ligand-binding region. Much of the structural
analysis of VDR has concerned modeling of the ligand-binding
domain and not the total protein. X-ray crystallographic struc-
tural data is only available for positions 118—427. The first zinc
finger region (residues 24—44) is necessary for formation of a
homodimer but is not included in the x-ray analysis. As shown in
Fig. 1, computational analysis of the total VDR sequence predicts a

16 residue TM helix (3?8E — R*#3) within the ligand-binding domain
using the MEMSAT-SVM algorithm [12], whereas the MemBrain
algorithm [13] predicts possible two half-helices (12 and 14 resi-
dues). The second TM helix predicted by MemBrain (*2E — D3%?)
coincides with the TM helix predicted by MEMSAT. Shen and Chou
[13] define a 12-residue sequence as a “half-helix” and note that
about 5% of the TM helices in known structures are very short (<15
residues) and some may only span the membrane partially.

Analysis of 160 TM helices of 15 non-homologous high-resolu-
tion X-ray protein structures by Hildebrand et al. [16] indicate that
the average length of helices that span the hydrophobic part of the
bilayer is 17.3 + 3.1. Algorithms such as TMHMM do not detect TM
helices shorter than 16 residues whereas the TOPCONS method
assumes all TM helices contain 20 residues (cit. [13]). The SVM
(support vector machine-based) predictor used in Fig. 1 achieves a
topology prediction accuracy of 89% with a low false negative rate
of 0.4% [12]. The MemBrain approach integrates a number of bio-
informatics approaches including sequence representation by
multiple sequence alignment matrixes, the optimized evidence-
theoretic K-nearest neighbor prediction algorithm, fusion of mul-
tiple prediction window sizes, and classification by dynamic
threshold. MemBrain demonstrates overall high prediction accu-
racy, particularly in TM helices shorter than 15 residues [13]. In
contrast, TMHMM and Phobius did not predict TM helices when
applied to the VDR dataset. The protein prediction success rate (Vp)
is defined as the fraction of helical proteins in the data set that are
correctly predicted [17]. Vp for MemBrain was found to be 87.1%
compared to 65.7% for TMHMM and 71.4% for Phobius.

In the cell, protein synthesis is initiated universally with the
amino acid methionine which is subsequently removed by endo-
proteases (see Ref. [18]). Since x-ray crystallography methods
require large quantities of a pure protein [19,20], crystallography
“pdb” files of cell-free preparations such as those analyzed by
PoreWalker (Fig. 3) contain N-terminal methionine. The codon
initiator methionine is therefore listed in Fig. 1, although it may not
be present physiologically. A contribution by N-terminal methio-
nine to the crystallographic structure has not been evaluated.

3.2. Cholesterol-binding (CRAC/CARC) domains

Fig. 2 illustrates the amino acid sequence of Homo sapiens VDR.
The MEMSAT-SVM TM helix (3?8H — D3#3) and the MemBrain “half-
helix” (?83L — $?7°) are underlined in bold and double-underlined,
respectively. In addition to transmembrane helices, functional
protein domains such as cholesterol binding CRAC or CARC se-
quences [15] can also be identified within the VDR sequence and
are highlighted in red. CRAC is a short linear amino acid domain
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Fig. 1. Comparison of the topology of Homo sapiens Vitamin D3 Receptor (Accession #P11473) using the MemBrain algorithm (upper plot) and the support vector machine-based TM
topology predictor MEMSAT-SVM (lower plot). The transmembrane region for MEMSAT-SVM is highlighted in black. White sequences indicate predicted cytoplasmic regions; those
highlighted in orange represent extracellular regions. See Methods for details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

that mediates binding to cholesterol and stands for Cholesterol
Recognition/Interaction Amino acid Consensus sequence. An in-
verse cholesterol binding domain has also been characterized and
is termed a “CARC” domain. As shown, the VDR monomer contains
8 CARC/CARC domains (2 being contiguous; 242V — L?>*). The ligand

MEMSAT MAP

Brain defined “half-helix” (?%°L — $27°).

58

1ga
158
288

3ea
358
488

binding domain (residues 192—427 in Fig. 2) contains 4 of the 8
total CRAC/CARC domains. For comparison, the vitamin D3 binding
regions are highlighted in blue (L—S%*7; 2711-5%8%). As shown, the
second vitamin D3 binding region (*/'1-5%%8) overlaps the Mem-
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Fig. 2. Analysis of the amino acid sequence of Homo sapiens vitamin D5 receptor (Accession #P11473) for TM helices, vitamin D5 binding regions and/or protein domains. The TM
helix predicted by MEMSAT is single underlined whereas those predicted by the MemBrain algorithm are double underlined. Cholesterol-binding (CRAC/CARC) domains are
indicated in red. Vitamin D3 binding regions are highlighted in blue. For details see Methods. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

3.3. Pore-lining regions in Homo sapiens Importin-4

Importin- 4 (Accession #Q8TEX9) is proposed to function in the
nuclear protein import system as a nuclear transport receptor and
is thought to mediate docking of the importin/substrate complex to
the nuclear pore complex [21]. Nucleoporin and the VDR substrate
complex are subsequently translocated through the nuclear pore by
an energy-requiring Ran-dependent mechanism (reviewed in
Ref. [8]). As shown in Fig. 3, computational analysis of the total
importin-4 sequence predicts 3 pore-lining regions: a 25 residue
pore-lining region (**’A — E?>?) and 15 ("°M — T’®*)and 16 (/7 F —
A%3) residue pore-lining sequences within the ligand-binding
domain using the MEMSAT algorithm [12].

Pore-lining regions form bundles central to the function of all
ion channels and their conformational rearrangements dictate
channel gating [21]. The importin-4 monomer contains at least 16
cholesterol (CRAC/CARC) domains, two of which overlap two of the
three pore-lining regions. The MEMSAT-SVM MAP represents the
topology of the protein involved in partitioning across the plasma
membrane, or alternatively, across the nuclear plug. In the latter
case, the orange residues indicate cytoplasmic regions whereas the
white residues are nucleoplasmic. Fig. 3 predicts that a large 500
plus residue loop (*?°K to V’%9) extends into the nucleoplasm.
MEMSAT also suggests that importin-4 may insert into the plasma
membrane with the N-terminal 224 residues of the ligand-binding
region and a 107 residue loop in the C-terminal ligand region being
extracellular.

3.4. Characterization of channels and/or pores

Pellegrini-Calace et al. [13] have developed an improved
computational approach (PoreWalker 1.0) for the identification and
characterization of channels in transmembrane proteins based on
their three-dimensional structure. Given a set of 3D crystallography
coordinates, this method can detect and identify the pore centers
and axis using geometric criteria, identifying the biggest and
longest cavity/channel through the protein. Typically, channel
proteins contain a cavity (or pore) which spans the entire mem-
brane protein with an opening on each side of the membrane. Pore
features, including diameter profiles, pore-lining residues, the size,

shape and regularity of the pore are used to provide a quantitative
and visual characterization of the channel. However, it should be
noted that: 1) the crystals represent only a single low energy state
under the crystallization conditions, and 2) crystallization of inte-
gral membrane proteins involves removal of bound lipids such as
cholesterol (rev. [15]). Since pore-forming proteins interact with
lipid bilayers to generate ‘proteolipidic’ pores [22], the “crystal
structure” of the membrane protein may not reflect the physio-
logical cavity/channel.

Fig. 4 illustrates and compares the PoreWalker output for the
VDR ligand binding domain (LBD) complexed to vitamin D3 (1DB1)
and identifies and characterizes the biggest and longest channel.
1DB1 is the 1.8 A resolution crystal structure of the complex be-
tween D3 and a VDR LBD (residues 118—427) lacking the highly
variable insertion domain. The crystallographic data indicates that
the truncated VDR molecule forms monomers, not the dimer re-
ported for the complete VDR structure [10]. The upper graph il-
lustrates the pore diameter profile, the middle is an image of the
cavity, and the lower structure features of the cavity. The protein
structure is colored in green. The red spheres represent pore cen-
ters at given pore heights and their diameters are proportional to
the pore diameter calculated at that point. The section in the lower
image was obtained by cutting the protein structure along the XY
plane. The upper and middle images indicate a cavity in the C-
terminal region of the VDR. The lowest coordinate along the x-axis
is at the bottom and illustrates the respective pore in the XY-plane
section, Z > 0 coordinates only. As can be seen, a channel extends
across the LBD and may correspond to the Ca®* and/or phosphate
channel.

The PoreWalker method identifies the residues lining the cavity
or channel. As shown in Table 1, 15 of the 38 residues associated
with the CARC/CARC domains as well as 11 of the 19 residues
associated with vitamin D binding are cavity lining residues.
Similarly, 29 of the 42 residues associated with both TM helix and
“half -helix” structures also line the channel/cavity. Thus 55 of the
82 channel residues estimated to line the ligand-binding region
are contributed by vitamin D binding sites, cholesterol binding
sites, and both TM helices and "half-helices”. As summarized in
Table 1,11 of 19 D3 binding residues line the channel, whereas 10 of
12 half-helix residues detected by MemBrain and 10 of 16 residues
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of the TM helix detected by MEMSAT-SVM are contributed to the 4. Discussion

channel. As also shown, 15 residues are contributed by the CRAC/

CARC domains, indicating that all 4 cholesterol-binding domains Table 1 summarizes the positions, lengths and number of pore-
play an important role in movement of ions through channels. lining residues associated with the major channel identified within
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the Homo sapiens vitamin D3 receptor (VDR) molecule. Of the 91
cavity lining residues predicted by PoreWalker (Fig. 4) in the
118—427 residue 3D structure, 19 were associated with the two
vitamin D3 binding sites and 75 with the pore-lining residues of the
ligand binding region. Ten cavity-lining residues were contributed
by the TM helix identified by MEMSAT-SVM algorithm and another
10 residues were within half-helices identified by the MemBrain
algorithm (Fig. 1). Clusters of 38 contact points are contributed by
the 4 cholesterol (CRAC/CARC domains) binding sites lining the
cavity/channel.

It is important to recognize that the plasma membrane system
described here is largely concerned with “cytoplasmic” uptake of
vitamin D3 and Ca2* that in turn leads to nuclear uptake of the D3-
VDR complex by importin-4 [20]. Uptake of the D3-VDR-importin-
4 complex culminates in D3 regulation of gene transcription. It
should be noted that uptake of Ca®* ions is also linked to the VDR-
D3 complex [23], and that pore-lining regions such as those in
importin-4 are central to the function of all ion channels [20]. The
VDR-D3-importin-4 complex may regulate Ca>* and PO, uptake by
cells including osteoblasts. MEMSAT topology of VDR indicates
that the D3-VDR complex may be inserted into the plasma mem-
brane, with the N-terminal 326 residues of the ligand-binding
region being extracellular (Fig. 1). The N-terminal 126 residues
contain vitamin D3 binding sites and serve as an uptake route for
vitamin D3 into the cytoplasm via the endomembrane system [24].
Similarly, MEMSAT predicts 3 pore-lining regions in importin-4;
one 26 residue and two 16 residue pore-lining regions. Each
VDR-importin-4 heterotetramer would thus involve 6 pore-lining
regions. As noted by Dai and Zhou [25], the pore-lining regions
are central to the function of all ion channels, and may be a key to
Ca®* and POz movement in vitamin Ds-dependent systems.
Lippincott-Schwartz and Phair [24] have discussed how mem-
brane lipids and cholesterol may act as regulators of traffic in the
endomembrane system.

As shown by Nishikawa et al. [25], VDR exists as a homodimer.
Fig. 1 indicates that the VDR homodimer may contain a total of 2 TM
helices and 2 half-helices, which would constitute a total of 58
channel lining residues (Table 1). The TM helices and half-helices
within the homodimer may merge, under certain physiological
conditions, to form a channel as predicted by Hildebrand et al. [16].
Four vitamin D3 binding sites, within the homodimer, also line the
channel indicating that the channels serve both as vitamin D3 up-
take pathways and as calcium conduits. Levitan et al. [26] suggest
that cholesterol interacts primarily with hydrophobic residues in
the non-annular regions of the channels embedded between TM
helices. Based on the Levitan model, multiple cholesterol binding
sites within the ligand binding domain are associated with the
major channel and regulate the ion channels by altering the phys-
ical properties of the lipid bilayer, which in turn affects protein
function. As described here, vitamin D is both synthesized from
cholesterol and utilizes cholesterol in its receptor-response system.
Our finding that cholesterol may be essential for vitamin D receptor
function suggests that clinical regimens lowering or depleting
cholesterol should be reconsidered.
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