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The mechanism through which nuclear receptors respond differentially to structurally distinct agonists is a
poorly understood process. We present a computational method that identifies nuclear receptor amino acids that
are likely involved in biological responses triggered by ligand binding. The method involves tracing how
structural changes spread from the ligand binding pocket to the sites on the receptor surface, which makes it a
good tool for studying allosteric effects. We employ the method to the vitamin D receptor and verify that the
identified amino acids are biologically relevant using a broad range of experimental data and a genome browser.

We infer that surface vitamin D receptor residues K141, R252, 1260, T280, T287 and L417 are likely involved in
cell differentiation and antiproliferation, whereas P122, D149, K321, E353 and Q385 are linked to carcino-

genesis.

1. Introduction

The vitamin D receptor (VDR) belongs to a family of nuclear re-
ceptor transcription factors that affect nearly every aspect of human
physiology. Research has revealed that the VDR hormone 1a,25-
(OH),D3 (1,25D) performs several biological functions apart from its
basic role in calcium-phosphorous homeostasis. For example, 1,25D
and its analogs regulate cell differentiation and proliferation of tumor
cells [1,2] and affect immunological responses [3,4]. Pathways through
which the VDR regulates gene expression are remarkably complex
[5,6]. The liganded VDR forms a complex with a retinoid X receptor
(RXR) [7] that binds to DNA and recruits coregulator proteins that
boost transcription, alter biological responses and change the genome-
wide VDR binding profile [2]. Up to 80% of VDR binding sites lack the
DR3 motif, implying that many of the receptor’s functions result from
cis and trans genomic interactions [8-10]. The biological activity of
VDR ligands is likely mediated by changes in the receptor surface
[11,12,6].

The aim of this study is finding amino acids on the VDR surface that
exhibit structural variation upon binding 1,25D analogs. Identifying
these residues is of considerable interest, as they are likely to influence
VDR functions through their impact on VDR genomic targeting. We
identify subtle structure changes due to ligand-protein interactions in

VDR crystals using two programs: CCOMP [13] and MSITE [14].
CCOMP identifies residues with reoriented side chains while MSITE lists
the nearest neighbors of specified amino acids (for example neighbors
of residues which are in contact with the ligand). Paired and iteratively
applied these two programs allow for identification of VDR structure
changes caused by the substitution of a vitamin ligand. Combining this
information with a measure of residue solvent exposure from the DSSP
program [15] completes the process.

To validate our method we proceed to verify the biological re-
levance of these structurally active amino acids by looking at mutation
studies [16-19], HDX-MS (hydrogen deuterium exchange mass spec-
trometry) [20], SANS (small-angle neutron scattering) and SAXS (small-
angle X-ray scattering) [7], as well as associated genetic variants listed
in the Ensembl genome database [21]. Given that biological experi-
ments involving the VDR are not systematically conducted (Table 1),
this study contributes an efficient methodology for finding VDR amino
acids that could serve as targets for biological experiments, including
mutations and interaction with comodulators.

We conducted pairwise comparisons of twelve holoVDR complexes
with different biological activities (Table 1), holding as ligands analogs
of 1,25D modified at carbons 2, 3, 20 and 23 (Fig. 1). To isolate
functional VDR responses to ligand modifications, we compared com-
plexes involving ligands that only differ by a single structural change in
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Table 1
Differences in biological activity of ligands in compared complexes.®
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Compared complexes VDR binding  Transcription  Cell differentation  Ant'proliferation  Calcic potency” Sensitivity to p160 CoA  References for biol. data
BCM ICA
1DB1-2HB8 1 i 1 1 1 " [22,23,24,25,26]
2HB8-2HAM I I = [22,23,27]
2HAM-2HB7 M M M [22,23,27]
2HAM-2HAS 1 1 [22]
2HB7-2HAR =~ | [22,28,29]
2HAS-2HAR 1 1) [22]
3CS4-3A3Z 1 i 1 i = [30,31]
3CS6-3A40 = = = | [30,31]
1DB1-3A78 I = or | = or| ~ [32,33]
1DB1-11E9 1 " " " i [34,35,17]
3CS4-3CS6 = W | | ! = [31,30]
3A3Z-3A40 | | 1 | | [30]

@ The first ligand in every pair of complexes serves as the reference (e.g., for 2HB8-2HAM the reference complex is 2HB8). The 1 or | arrows denote higher or lower
activity of the second ligand versus the reference one. Small differences in biological functions (1.1 up to 1.9) times are denoted by =. Two arrows represent
differences in the 10-fold to 100-fold range. Differences larger than 100-fold are indicated by three arrows.

b Calcemic activity is described by elevation of a serum calcium level (BCM) and intestinal calcium transport (ICA).
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Fig. 1. Chemical structure of vitamin D ligands in studied complexes.

the A ring or side chain. The selected complexes have a high resolution
(1.5-2.0 ;\) and belong to the same space group (Table 2). In such high-
quality crystals, one can reasonably expect that changes in the inner
and surface VDR structure were induced by ligands rather than mea-
surement error. However, to minimize the risk of finding false positives,
we only consider VDR amino acids with B-factors below 40 for each of
their atoms for the computational analysis (Table S1). A detailed vali-
dation of crystal complexes we published earlier [11].

2. Experimental
2.1. CCOMP

CCOMP [13] detects ligand-induced conformational changes of the
side chains of VDR amino acids. This program automates the process of
aligning and superimposing protein structures and calculates con-
formational differences between individual amino acids. By default, all
amino acids with Ay angle differences exceeding 10° are output by
CCOMP. Considering the quality of the studied complexes (as

quantified by B and R crystallographic factors), we consider differences
exceeding 40° to be significant, and only amino acids exhibiting such
differences are discussed in this paper (Fig. 3). The main chain back-
bones of complexes compared in this study are superimposed with an
average value of C, atoms (RMSD on 250 atoms) of approximately
0.2A.

2.2. MSITE

MSITE [14] is a simple command-line program that outputs the
nearest neighbors of selected amino acids in an arbitrary number of
compared complexes. MSITE takes the names of protein structures (in
PDB format) as arguments and generates a list of residues grouped by
the input structures. It considers amino acids to be in the neighborhood
of residues specified in the input list if the distance between heavy
atoms or protons does not exceed 3.5 A.

In this study, the initial input of MSITE consisted of amino acids in
contact with the ligand (Table S2) and amino acids identified by
CCOMP as reoriented (Fig. 3) upon ligand binding. When an amino acid
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Fig. 2. Scheme of the secondary structure of the vitamin D receptor.
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The figure is based on the structure of the 1DB1 complex, VDR construct 118-425, A (165-215). Helices are marked by solid blue rectangles. The  hairpin loop
(N276-Y295) containing three sheets is marked with a bold green line. The sheets S; (F279-T280), S, (285-T287), S3 (K294-Y295) are denoted by solid purple
rectangles. Loops are represented by thin black lines and the deleted dynamic loop (165-215) is marked with a black wavy line. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article).

Table 2

PDB codes of crystal VDR complexes.
PDB code Resolution in A Ligand Reference
1DB1 1.80 1 [36]
2HB8 2.00 2a [22]
2HAM 1.90 2b [22]
2HB7 1.80 2c [22]
2HAS 1.96 2d [22]
2HAR 1.90 2e [22]
3A78 1.90 3 [33]
1IE9 1.40 4 [31]
3Cs4 2.00 5 [31]
3CS6 1.80 6 [31]
3A3Z 1.72 7 [30]
3A40 1.45 8 [30]

was not part of both neighborhoods, we considered it affected by ligand
binding and appended it to the next MSITE input list. This process was
repeated until no new residues were identified. The results of compu-
tational analysis by MSITE are summarized in Figs. 4-6. It should be
noted that our analysis was limited to amino acids detected in all twelve
holoVDR complexes, specifically L120-G423, A [165-215].

2.3. SASA (solvent accessible surface area)

Since the transcription process is managed by co-activators,
knowledge of whether the reoriented residues are exposed to solvents
and capable of attracting CoA is of significant interest [6]. In this study,
values for the solvent accessible surface area (SASA) were calculated
using the DSSP program [15] and then normalized to the average amino
acid surface. The average surface value per amino acid is defined as the
surface of the central residue in a reference AXA tripeptide [56]. Table
S3 contains the normalized SASA values of hVDR residues for all ana-
lyzed complexes.

2.4. Genetic variants database

Genome browsers catalog and make vast amounts of information
about known variations in human DNA easily available. For this study,
we used the Ensembl browser [49] to examine whether any genetic
variants are present in structurally active amino acids singled out by
our computational analysis, and if so, we assessed that variant’s effect
on protein function. Ensembl provides predictions from SIFT [57] and
PolyPhen-2 [58] algorithms for variants resulting in different amino
acid sequences. Additionally, FATTHM [59] predictions are available
for all variants that appear in the Catalogue of Somatic Mutations in
Cancer [60] (COSMIC).

SIFT, which is the oldest of the three models, builds its predictions
based on the degree of conservation of amino acid residues in related
proteins. PolyPhen-2 builds predictions based on sequence, phyloge-
netic and structural information about the substitution. FATTHM uses a
machine learning approach that integrates sequence conservation
measures and genomic annotations. Unlike the previously discussed
algorithms, FATTHM provides predictions for both coding and non-
coding sequence variants.

There are 469 genetic variations on the DNA fragment coding the
VDR protein listed in the Ensembl genome database [49]. The entries
relevant for this study appear in Table S4.

3. Discussion

This study compares VDR complexes liganded with analogs of
1a,25-(OH),Dj that differed by a single structural change: carbon epi-
merization at positions 3-, 20-, and 23- or substitution at C-2 (Fig. 1).
All of the analyzed ligands show agonistic activity, and all lactones
have an S configuration at carbon 20. The most abundant biological
data exist for ligand binding with the VDR and cell differentiation.
Unfortunately, vitamin binding is not a precise predictor of the VDR-
RXR complex activity. For example, a des-C,D vitamin D analog (com-
pound 7 in [61]) with binding potency to the full-length recombinant
rat VDR 500 times lower than the natural hormone can still induce HL-
60 differentiation with potency only 100 times lower and Cyp24al
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Fig. 3. VDR residues significantly (A > 40°) changing their side chain orientation in compared complexes.

Reoriented VDR residues were identified by CCOMP. All amino acids are numbered according to the hVDR sequence. Number of reoriented residues in compared
complexes is given in parenthesis next to the name of the complex pair. The location of amino acids in the VDR structure can be found in Fig. 2. The functions of
residues depicted in the figure are based on the following references: for D137, H139 and H140 [20], K141 [18], F153 [37], D232 [20,37], 1238 [38], Q239
[37-41,20]1, M247, R252, E257 and D258 [39,38], Q259 [39,42,40,43], 1260 [38-40,20], K264 [38-40,44,20], 1271 [38,16], E277, M284, Q291, D292, V297,
T301 and L307 [20], P312 [20,45], L313 [16,20,45], K321 [39,20,45], N324, E328 and E329 [39,38,45,20], M334 [39,38], D348 [39], L351, E353, I355 and
Q364 [39,46], R368 [39,46,45], P372 [39,45], Q385 [39,47,46], D389 [39,47,20,46], L390, $392 and E395 [39,46], E396 [46], C403, F406 and Q407 [20], E420
[48,40]. SIFT and PolyPhen mutation score as well as presence in the COSMIC database are sourced from [49]. The distinction between VDRR and VDRR without

alopecia is based on [19,18].

transcriptions 250 times lower than 1,25D. It is worth noting that cell
differentiation is directly linked to the anticancer functions of D vita-
mins, which makes the COSMIC variants appearing in Figs. 3—-6 parti-
cularly interesting.

We started the comparison of VDR complexes using CCOMP (Fig. 3).
The conformational changes of side chains are subtle and occur on

approximately 11% of all protein residues. Only two reoriented amino
acids (1271, L313) are part of the ligand binding pocket (LBP). Most of
the residues with altered side chain conformations occupy the protein
surface and have significant biological relevance, as demonstrated by
the in vivo and in vitro experiments as well as the analytical and genetic
data (Fig. 3 and Table S4). Since these residues are distributed
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I =xposed more that 20% to the surface
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I protected from hydrogen exchange following binding of 1,250
interacting with cofactors
I interacting with DNA-DR3
I for which mutations are potentially carcinogenic (COSMIC database)
I with SIFT or PolyPhen tolerated mutation score
I with SIFT or PolyPhen deleterious mutation score
B which mutations are associated with VDRR
I which mutations are associated with VDRR without alopecia
which are less than 3.5 angstrom away from the ligand
which were not part of initial input

2IHAM-ZHAS (6)

throughout the LBD surface, identifying them without the help of
computer tools would be impossible. In addition, these amino acids are
predominantly hydrophilic and are therefore likely to be involved in
electrostatic interactions and recognition of protein coactivators [62].
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Fig. 4. VDR residues appearing as neighbors in MSITE analysis.
Amino acids lining the VDR binding pocket and in contact with
the vitamin ligand (distance < 3.5 i\) were used as initial input
for MSITE. All residues are numbered according to the human
VDR sequence. The location of amino acids in the VDR structure
can be found in Fig. 2. Number of residues with different
neighbors in compared complexes is given in parenthesis next to
the name of the complex pair. Residue functions shown in the
figure are based on the following references: transcription
[39,50-52,18,16], heterodimerization with RXR [39,50,18] in-
teractions with cofactors (TAFII55 [50], DRIP205 [18], SRC1
and SRC2 [38]), interactions with DNA-DR3 from [20]. Residues
protected/unprotected from hydrogen exchange following
binding of 1,25D; to unliganded VDR-LBD are listed in [20].
SIFT and PolyPhen mutation score as well as presence in the
COSMIC datasbase are sourced from [49]. The distinction be-
tween VDRR and VDRR without alopecia is based on [19,18].

Our CCOMP results agree with a previous study of seventy two X-ray
structures of proteins from the serine protease family [63], which used
graph theory to show how small variations at the level of side-chain
interactions as a result of ligand binding spread to distal sites in the



W. Sicinska et al.

Journal of Steroid Biochemistry and Molecular Biology xxx (XxXX) XXX—-XXX

2HBB-2HAM 3CS4-3A32 3CS56-3A40 1DB1-11E9 3C54-3C56
- -~ @ M~
I < 9 95 D © D= o 85
b . = al O ™M < = M M
s | -2 =0 LzZJd> )
3A3Z-3A40 Colors denote amino acids ...

exposed more that 20% to the surface
important for transcription or involved in heterodimerization with RXR
protected from hydrogen exchange following binding of 1,25D
interacting with cofactors
for which mutations are potentially carcinogenic (COSMIC database)
with SIFT or PolyPhen tolerated mutation score
I vith SIFT or PolyPhen deleterious mutation score

for which solvent accessibility changes more than 10%
I hich mutations are associated with VDRR
I which mutations are associated with VDRR without alopecia

[{e]
HUERRS
885
—“aaowoQ>

Fig. 5. VDR residues appearing as new neighbors in sequential CCOMP-MSITE analysis.

This table contains only amino acids absent in Figs. 3 and 4 in the same complex pair. Amino acids identified by CCOMP as reoriented constituted the initial MSITE
input. All residues are numbered according to the human VDR sequence. The location of amino acids in VDR structure can be found in Fig. 2. Residue functions
shown in the figure are based on the following references: transcription and heterodimerization with RXR [39,53-55,16,46], interactions with cofactors [40,38],
interactions with DNA-DR3 [45]. Residues protected/unprotected from hydrogen exchange following binding of 1,25D3 to unliganded VDR-LBD are listed in [20].
SIFT and PolyPhen mutation score as well as presence in the COSMIC database are sourced from [49]. The distinction between VDRR and VDRR without alopecia is

based on [19,18].

protein.

Changes in surface amino acids in complexes with significantly
different biological activity are particularly interesting. In Fig. 3, two
pairs of complexes, (1DB1-1IE9) and (3A3Z-3A40), fulfill these condi-
tions (i.e., they contain ligands with inverted configurations at side
chain carbon 20 or 23). In the 1DB1-1IE9 pair, four amino acids ex-
posed to the surface (K141, S222, 1260, 1353) were present in the
CCOMP output only once (from this point on, we will refer to the amino
acids that appear in a table only once as unique). It is worth noting that
K141 interacts with DRIP [18] and 1260 with SRC1 (PDB code: 2HC4 in
[43]) coactivators, which affect cell arrest and differentiation [64,65].
Additionally, mutation of lysine 141 leads to hereditary vitamin D-re-
sistant rickets and is listed in COSMIC, so K141 is most likely involved
in the Wnt/p-catenin signaling pathway [44] and carcinogenesis. For

the two remaining unique amino acids, $222 and E353, Ensembl is the
only source of information (Table S4). Variants of E353 are damaging
based on predictions from all three models and are linked to cancer,
while the mutation for S222 is tolerated (Table S4).

In the 3A3Z-3A40 pair, all unique amino acids are exposed to the
surface. The change in configuration from C-23S in compound 7 to C-
23R in compound 8 reduces cell differentiation up to 10 times and
antiproliferative activity almost 100 times [30]. The unique amino
acids in 3A3Z-3A40 (E126, R252, Q291, R368, Q385, E395) do not
appear in the COSMIC database, so their mutations are unlikely to be
cancerous. However, R252 and Q385 both interact with transcription
factors: arginine 252 with TAFII55 [38], and glutamine 385 with TFIIB
[47]. Moreover R252 is known to come in contact with SRC1 in the
2HC4 complex (1,25D-zVDR-SRC1 1,0i¢) [43]. The R368 mutation might
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Fig. 6. Surface amino acids exhibiting changes in compared complexes.
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20% are listed in this figure. Biological functions of amino acids listed here are based on a

manual review of literature related to VDR complexes. All residues are numbered according to the human VDR sequence. The location of amino acids in VDR can be
found in Fig. 2. Residue functions shown in the figure are based on the following references: transcription and heterodimerization with RXR [39,41,55,16,46],
interactions with cofactors [38-41,47,12], interactions with DNA-DR3 [45]. Residues protected/unprotected from hydrogen exchange following binding of 1,25D5 to
unliganded VDR-LBD are listed in [20]. SIFT and PolyPhen mutation score as well as presence in the COSMIC database are sourced from [49]. The distinction
between VDRR and VDRR without alopecia is based on [19,18].

affect other protein functions and is predicted to be deleterious in the
SIFT and PolyPhen models. Additionally, R368 becomes stabilized upon
VDR-RXR binding to DNA [45]. We also know that Q385 binds with
SKIP [47], which is an oncoprotein, and in turn, SKIP selectively in-
teracts with holoVDR-RXR SRCs complexes to augment vitamin D

receptor-activated transcription. Arginine 252 also interacts with a
cofactor (SRC1) involved in cell differentiation and arrest. Only E126
has no known biological functions. Taken together, these results suggest
that these amino acids constitute essential elements of the mechanism
driving the biological activity of 3A3Z and 3A40 complexes.
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In complex pairs involving 1,25D analogs with 2a-substituents none
of the reoriented amino acids are unique. Lysine 321 is of particular
interest because it is the only reoriented residue in four of the compared
complex pairs. K321, similar to its neighbor N324, is exposed to the
surface and is in the area of the VDR that interacts with the basal
transcription factor-TAFII55 [38]. Extreme SIFT and PolyPhen scores
indicate that substitution of this residue is expected to affect VDR
function, while the fact that a K321 variant appears in the COSMIC
database points to a link with cancer (Table S4).

Recent years observed the publication of many articles that suggest
that not only helix 12 but also helices H6 and H7 [66] are critical for
stabilizing the receptor for efficient interactions with coactivators. Our
results are consistent with this finding. In all but two pairs of compared
complexes (3CS4-3A3Z and 1DB1-3A78) we find reoriented amino
acids from helix 6 (T301, V297) and helix 7 (L307, P312, L313, K321).
Altogether, we believe that CCOMP proves to be a suitable tool to zero
in on functionally important amino acids in the vitamin D receptor
(Fig. 7).

Aside from conformational change, the switching of ligands also
affects the neighborhood composition of amino acids lining the receptor
binding pocket. The analysis of vitamin D-VDR complexes by MSITE
traces transmission pathways of these neighborhood changes and
identifies where they would be reflected on the protein’s surface. Most
changes (84%) seen in Fig. 4 occur on amino acids from the receptor’s
interior. In this study, we focus on changes to surface amino acids be-
cause these residues interact directly with comodulators involved in
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Fig. 7. VDR residues significantly (Ax > 40°) chan-
ging their side chain conformations in compared
complexes. Amino acids in magenta (E126, E127,
Q129, D137, H140, K141, R158, S222, Q239, M247,
R252, E257, 1260, K264, E277, M284, Q291, D292,
V297, T301, L307, P312, K321, N324, E328, D348,
1351, E353, Q364, R368, P372, Q385, D389, S392,
E395, E396, C403, F406, Q407, E420) are exposed to
the receptor’s surface and presented as spheres. They
can interact with cofactors regulating biological re-
sponses of vitamin D ligands. Black solid circles denote
burried residues (Q128, H139, F153, P156, E220,
D232, 1238, D258, Q259, 1271, 1313, E329, M334,
D348, 1355, L390). The name and number of amino
acids linked to cancer are in red. (For interpretation of
the references to color in this figure legend, the reader
is referred to the web version of this article).

transcription and specific biological responses. Surface amino acids
found by MSITE that are not present in the initial input are of particular
interest (H139H1, D149H2, T280[51, T287[32, Y293g25_6, 1310). Three of
them, specifically T280, T287, and Y293, encircle the amide bond of
T286, which is the central amino acid in the VDR pocket. It is known
from previous studies [67] that this (-hairpin region (F279-Y295) is
important for the growth-inhibitory properties of 1,25D3, so these re-
sidues could be responsible for cell arrest. The variant on 1310 has a
deleterious SIFT score, although it is not confirmed by PolyPhen. In
contrast to B-hairpins, isoleucine 310 surrounds the end of the vitamin’s
side chain.

The rate of amide hydrogen exchange with deuterium is highly
dependent on local fluctuations in protein structure. Slower proton
exchange is indicative of local stiffening of the molecule. Recent HDX-
MS studies [20,45,68] revealed which parts of the VDR are stiffened by
ligands. In Fig. 4, these amino acids (gray background) are very heavily
represented, which confirms the validity of our method for tracking the
transfer of structure changes from the pocket of the receptor to its
surface.

Sequential analysis of CCOMP — MSITE found 32 distinct amino
acids, 44% of which are exposed to the surface, namely L129yjyge,
P1224inge. 111, D137m1, $222p130, M247413, B277 5.1, V297416, T301 346,
S$306y7, N361g9, R368yo, C36919, Q407 0:p11.112, and L4177, They
are distributed throughout the VDR surface and could not have been
identified without computational analysis. Fig. 5 lists amino acids that
were not found by CCOMP and MSITE alone. Of those six amino acids,
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Fig. 8. VDR surface residues found by MSITE (yellow circles): D144, D149,
T280, T287, Q407 and sequential CCOMP-MSITE analysis (magenta circles):
S306, N361, C369, L417. The name and number of D149 linked to cancer is in
red. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).

L120Hinge’ PlzzHinge-Hl; 53061.[7, N361H9, C369H9, and L417H12 are
exposed to the surface. We limited our focus to amino acids involved in
cell differentiation and carcinogenic activity in human cells. Leucine
L417 interacts with DRIP and takes part in Wnt/B-catenin signaling
because its mutation to serine impairs VDR-[3-catenin interaction [44].
Proline 122 appears in COSMIC and has a pathogenic FATHMM score,
whereas C369 is deleterious based on the SIFT model.

This result indicates that the rotation of side chains induced by
changing ligands also affects the neighborhoods of amino acids, which
are not on the “direct” transmission path from the binding pocket to the
outer parts of the VDR and expand the possibilities for ligands to in-
fluence the VDR surface as well as the type of coactivators that bind
with it (Fig. 8).

In Fig. 6, we collect amino acids from Figs. 3-5, filtering out amino
acids that do not have at least 20% of their surface accessible to sol-
vents. In this manner, we focus attention on amino acids that may in-
teract with cofactors and modulate the biological responses of the re-
ceptor. The results from Fig. 6 are depicted in Figs. 7 and 8.

4. Summary

Uncovering the network of amino acids that are responsible for the
dissemination of ligand-induced changes in the vitamin D receptor is a
major challenge. A comparison of our twelve chosen crystallographic
structures shows that a ligand exchange in the VDR cavity primarily
leads to the reorientation of amino acid side chains (Fig. 3 vs. Fig. 4).

Most residues found by CCOMP and MSITE are involved in the
processes leading to transcription of genes controlled by the vitamin D

Journal of Steroid Biochemistry and Molecular Biology xxx (XxXX) XXX—-XXX

receptor. We found (Fig. 3) that vitamin ligands induce reorientation of
side chains in less than 11% of the receptor residues. Only two of these
amino acids (1271, L313) are part of the ligand binding pocket. Most of
them occupy the protein’s surface and have significant biological re-
levance, as demonstrated by in vivo/in vitro experiments, genetic variant
data and HDX-MS analytical data. Almost 5% of the VDR amino acids
experience changes in neighborhood composition when the ligands are
switched (Fig. 4). These residues are mostly buried and are positioned
mainly on helices Hy,s, H; and Ho; they probably lie on the pathway
between LBP and the biologically active outer surface residues. Se-
quential analysis by CCOMP and MSITE revealed an additional eighteen
residues, which indicates that rotation of side chains induced by ligand
replacement also disturbs amino acid vicinities away from the LBP and
the direct pathway to the VDR surface (Fig. 5). The results presented in
Figs. 6-8 show that amino acids sensitive to ligand exchange are found
all over the receptor surface and could not be spotted by visual in-
spection of crystal structures.

We believe that this study convincingly establishes links between
ligand binding and the topology of the protein surface. We hope that
our three-step method for finding active centers in holoVDR crystalline
complexes can provide meaningful insight into global structural re-
organization upon ligand/cofactor binding. In particular, this work can
inform the selection of mutation candidates. Richer data on the effects
of mutations on coactivator binding could help establish the sequence
in which coactivators interact with the VDR and, consequently, de-
termine the sources of selective activity of vitamin D analogs.

Acknowledgements

Special thanks are addressed to dr Mateusz Kurcinski and
Aleksandra Dawid for their help with manuscript preparation.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jsbmb.2018.06.016.

References

[1] K. Colston, U. Berger, R.C. Coombes, Possible role for vitamin D in controlling
breast cancer cell proliferation, Lancet 333 (1989) 188-191, http://dx.doi.org/10.
1016/S0140-6736(89)91204-X.

[2] C. Carlberg, What do we learn from the genome-wide perspective on vitamin D3?
Anticancer Res. 35 (February) (2015) 1143-1151.

[3] D.R. Booth, N. Ding, G.P. Parnell, F. Shahijanian, S. Coulter, S.D. Schibeci,

A.R. Atkins, G.J. Stewart, R.M. Evans, M. Downes, C. Liddle, Cistromic and genetic
evidence that the vitamin D receptor mediates susceptibility to latitude-dependent
autoimmune diseases, Genes Immun. 17 (2016) 213-219, http://dx.doi.org/10.
1038/gene.2016.12.

[4] G. Gallone, W. Haerty, G. Disanto, S.V. Ramagopalan, C.P. Ponting, A.J. Berlanga-

Taylor, Identification of genetic variants affecting vitamin D receptor binding and

associations with autoimmune disease, Hum. Mol. Genet. 26 (2017) 2164-2176,

http://dx.doi.org/10.1093/hmg/ddx092.

T.S. Lisse, M. Hewison, J.S. Adams, Hormone response element binding proteins:

novel regulators of vitamin D and estrogen signaling, Steroids 76 (2011) 331-339,

http://dx.doi.org/10.1016/j.steroids.2011.01.002.

[6] C. Carlberg, F. Molnar, Vitamin D receptor signaling and its therapeutic implica-
tions: genome-wide and structural view, Can. J. Physiol. Pharmacol. 93 (2015) 1-8,
http://dx.doi.org/10.1139/cjpp-2014-0383.

[7] N. Rochel, F. Ciesielski, J. Godet, E. Moman, M. Roessle, C. Peluso-iltis, M. Moulin,

M. Haertlein, P. Callow, Y. Mély, D.I. Svergun, D. Moras, Common architecture of

nuclear receptor heterodimers on DNA direct repeat elements with different spa-

cings, Nat. Struct. Mol. Biol. 18 (2011) 564-570, http://dx.doi.org/10.1038/nsmb.

2054.

P.K. Singh, P.R. van den Berg, M.D. Long, A. Vreugdenhil, L. Grieshober, H.M. Ochs-

Balcom, J. Wang, S. Delcambre, S. Heikkinen, C. Carlberg, M.J. Campbell,

L.E. Sucheston-Campbell, Integration of VDR genome wide binding and GWAS

genetic variation data reveals co-occurrence of VDR and NF-KB binding that is

linked to immune phenotypes, BMC Genom. 18 (2017) 1-18, http://dx.doi.org/10.
1186/512864-017-3481-4.

[9] S.V. Ramagopalan, A. Heger, A.J. Berlanga, N.J. Maugeri, M.R. Lincoln, A. Burrell,
L. Handunnetthi, A.E. Handel, G. Disanto, S. Orton, C.T. Watson, J.M. Morahan,
G. Giovannoni, C.P. Ponting, G.C. Ebers, J.C. Knight, A ChIP-seq defined genome-
wide map of vitamin D receptor binding: associations with disease and evolution,

[5

[8



W. Sicinska et al.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Genome Res. (2010) 1352-1360, http://dx.doi.org/10.1101/gr.107920.110.

C. Carlberg, M.J. Campbell, Vitamin D receptor signaling mechanisms: integrated
actions of a well-defined transcription factor, Steroids 78 (2013) 127-136, http://
dx.doi.org/10.1016/j.steroids.2012.10.019.

W. Sicinska, P. Rotkiewicz, Structural changes of vitamin D receptor induced by 20-
epi-1a,25-(OH),D3: an insight from a computational analysis, J. Steroid Biochem.
Mol. Biol. 113 (2009) 253-258, http://dx.doi.org/10.1016/j.jsbmb.2009.01.007.
W. Sicinska, M. Kurcinski, MSITE: a new computational tool for comparison of
homological proteins in holo form, J. Steroid Biochem. Mol. Biol. 121 (2010)
34-42, http://dx.doi.org/10.1016/j.jsbmb.2010.04.006.

W. Sicinska, M. Kurcinski, MSITE: A new computational tool for comparison of
homological proteins in holo form, J. Steroid Biochem. Mol. Biol. 121 (2010)
34-42. doi:10.1016/j.jsbmb.2010.04.006. CCOMP, (n.d.). http://biocomp.chem.
uw.edu.pl/tools/ccomp.

W. Sicinska, M. Kurcinski, MSITE: A new computational tool for comparison of
homological proteins in holo form, J. Steroid Biochem. Mol. Biol. 121 (2010)
34-42. doi:10.1016/j.jsbmb.2010.04.006. MSITE, (n.d.). http://biocomp.chem.uw.
edu.pl/tools/msite.

W. Kabsch, C. Sander, Protein secondary structure: pattern recognition of hydrogen-
bonded and geometrical features, Biopolymers 22 (1983) 2577-2637.

K. Yamamoto, Y. Inaba, N. Yoshimoto, M. Choi, H.F. DeLuca, S. Yamada, 22-Alkyl-
20-epi-1a,25-dihydroxyvitamin D3 compounds of superagonistic activity: synth-
eses, biological activities and interaction with the receptor, J. Med. Chem. 50
(2007) 932-939, http://dx.doi.org/10.1021/jm060889f.

S. Yamada, M. Shimizu, K. Yamamoto, Structure-function relationships of vitamin D
including ligand recognition by the vitamin D receptor, Med. Res. Rev. 23 (2003)
89-115, http://dx.doi.org/10.1002/med.10023.

P.J. Malloy, R. Xu, A. Cattani, M.L. Reyes, D. Feldman, A unique insertion/sub-
stitution in helix H1 of the vitamin D receptor ligand binding domain in a patient
with hereditary 1,25-dihydroxyvitamin D-resistant rickets, J. Bone Miner. Res. 19
(2004) 1018-1024, http://dx.doi.org/10.1359/jbmr.2004.19.6.1018.

N. Rochel, F. Molndr, Structural aspects of vitamin D endocrinology, Mol. Cell.
Endocrinol. 453 (2017) 22-35, http://dx.doi.org/10.1016/j.mce.2017.02.046.

J. Zhang, M.J. Chalmers, K.R. Stayrook, L.L. Burris, R.D. Garcia-ordonez,

B.D. Pascal, T.P. Burris, J.A. Dodge, P.R. Griffin, Hydrogen/deuterium exchange
reveals distinct agonist/partial agonist receptor dynamics within vitamin D re-
ceptor/retinoid X receptor heterodimer, Struct. Des. 18 (2010) 1332-1341, http://
dx.doi.org/10.1016/j.str.2010.07.007.

Daniel R Zerbino, Premanand Achuthan, Wasiu Akanni, M Ridwan Amode, Daniel
Barrell, Jyothish Bhai, Konstantinos Billis, Carla Cummins, Astrid Gall, Carlos
Garcia Girén, Laurent Gil, Leo Gordon, Leanne Haggerty, Erin Haskell, Thibaut
Hourlier, Osagie G Izuogu, Sophie H Janacek, Thomas Juettemann, Jimmy Kiang
To, Matthew R Laird, Ilias Lavidas, Zhicheng Liu, Jane E Loveland, Thomas Maurel,
William McLaren, Benjamin Moore, Jonathan Mudge, Daniel N Murphy, Victoria
Newman, Michael Nuhn, Denye Ogeh, Chuang Kee Ong, Anne Parker, Mateus
Patricio, Harpreet Singh Riat, Helen Schuilenburg, Dan Sheppard, Helen Sparrow,
Kieron Taylor, Anja Thormann, Alessandro Vullo, Brandon Walts, Amonida Zadissa,
Adam Frankish, Sarah E Hunt, Myrto Kostadima, Nicholas Langridge, Fergal J
Martin, Matthieu Muffato, Emily Perry, Magali Ruffier, Dan M Staines, Stephen J
Trevanion, Bronwen L Aken, Fiona Cunningham, Andrew Yates, Paul Flicek;
Ensembl 2018, Nucleic Acids Research, Volume 46, Issue D1, 4 January 2018, Pages
D754-D761, https://doi.org/10.1093/nar/gkx1098 https://www.ensembl.org.

S. Hourai, T. Fujishima, A. Kittaka, Y. Suhara, H. Takayama, N. Rochel, D. Moras,
Probing A water channel near the A-ring of receptor-bound 1a,25-dihydrox-
yvitamin D3 with selected 2a-substituted analogues, J. Med. Chem. 49 (2006)
5199-5205, http://dx.doi.org/10.1021/jm0604070.

Y. Suhara, K.I. Nihei, H. Tanigawa, T. Fujishima, K. Konno, K. Nakagawa, T. Okano,
H. Takayama, Syntheses and biological evaluation of novel 2a-substituted 1a,25-
dihydroxyvitamin D3 analogues, Bioorg. Med. Chem. Lett. 10 (2000) 1129-1132
http://www.ncbi.nlm.nih.gov/pubmed/10843234.

K. Konno, T. Fujishima, S. Maki, Z. Liu, D. Miura, M. Chokki, S. Ishizuka,

K. Yamaguchi, Y. Kan, M. Kurihara, N. Miyata, C. Smith, H.F. DeLuca, H. Takayama,
Synthesis, biological evaluation, and conformational analysis of A-ring diaster-
eomers of 2-methyl-1,25-dihydroxyvitamin D3 and their 20-epimers: unique ac-
tivity profiles depending on the stereochemistry of the A-ring and at C-20, J. Med.
Chem. 43 (2000) 4247-4265, http://dx.doi.org/10.1021/jm000261j.

K. Nakagawa, M. Kurobe, K. Ozono, K. Konno, T.O. Toshie Fujishima,

Hiroaki Takayama, Novel ring A stereoisomers of 2-methyl-1a, 25- dihydrox-
yvitamin D3 and 2-methyl-20-epi-1a,25- dihydroxyvitamin Dj: transactivation of
target genes and modulation of differentiation in human, Biochem. Pharmacol. 59
(2000) 691-702.

K. Nakagawa, M. Kurobe, K. Konno, T. Fujishima, Structure-specific control of
differentiation and apoptosis of human promyelocytic leukemia (HL-60) cells by A-
ring diastereomers of 2-methyl-1a,25-dihydroxyvitamin D3 and its 20-epimer,
Biochem. Pharmacol. 60 (2000) 1937-1947.

Y. Suhara, K. Nihei, M. Kurihara, A. Kittaka, K. Yamaguchi, T. Fujishima, K. Konno,
N. Miyata, H. Takayama, Efficient and versatile synthesis of novel 2a-substituted
1a,25-dihydroxyvitamin D3 analogues and their docking to vitamin D receptors, J.
Org. Chem. 66 (2001) 8760-8771.

N. Saito, Y. Suhara, M. Kurihara, T. Fujishima, S. Honzawa, H. Takayanagi,

T. Kozono, M. Matsumoto, M. Ohmori, N. Miyata, H. Takayama, A. Kittaka, Design
and efficient synthesis of 2a-(w-hydroxyalkoxy)-1a,25-dihydroxyvitamin D5 ana-
logues, including 2-epi-ED-71 and their 20-epimers with HL-60 cell differentiation
activity, J. Org. Chem. 69 (2004) 7463-7471, http://dx.doi.org/10.1021/
jo0491051.

A. Kittaka, Y. Suhara, H. Takayanagi, T. Fujishima, M. Kurihara, H. Takayama, A

10

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Journal of Steroid Biochemistry and Molecular Biology xxx (XxXX) XXX—-XXX

concise and efficient route to 2a-(w-hydroxyalkoxy)-1a,25- dihydroxyvitamin Ds:
remarkably high affinity to vitamin D receptor, Org. Lett. 2 (2000) 2619-2622.

P. Antony, R. Sigiieiro, T. Huet, Y. Sato, N. Ramalanjaona, L.C. Rodrigues,

A. Mourifio, D. Moras, N. Rochel, Structure — function relationships and crystal
structures of the vitamin D receptor bound 2a-methyl-(20S,235)- and 2a-methyl-
(20S,23R)-epoxymethano-1a,25-dihydroxyvitamin D3, J. Med. Chem. 53 (2010)
1159-1171, http://dx.doi.org/10.1021/jm9014636.

S. Hourai, L.C. Rodrigues, P. Antony, B. Reina-San-Martin, F. Ciesielski,

B.C. Magnier, K. Schoonjans, A. Mourifio, N. Rochel, D. Moras, Structure-based
design of a superagonist ligand for the vitamin D nuclear receptor, Chem. Biol. 15
(2008) 383-392, http://dx.doi.org/10.1016/j.chembiol.2008.03.016.

S. Hatakeyama, S. Nagashima, N. Imai, K. Takahashi, J. Ishihara, A. Sugita, T. Nihei,
H. Saito, F. Takahashi, N. Kubodera, Synthesis and evaluation of a 3-position dia-
stereomer of 1a,25-dihydroxy-23-(3-hydroxypropoxy)vitamin D3 (ED-71), Bioorg.
Med. Chem. 14 (2006) 8050-8056, http://dx.doi.org/10.1016/j.bmc.2006.07.039.
F. Molndr, R. Sigiieiro, Y. Sato, C. Araujo, I. Schuster, P. Antony, J. Peluso,

C. Muller, A. Mourifo, D. Moras, N. Rochel, 1a,25(0H)»-3-epi-vitamin D3, a natural
physiological metabolite of vitamin Dj: its synthesis, biological activity and crystal
structure with its receptor, PLoS One 6 (2011) e18124, , http://dx.doi.org/10.
1371/journal.pone.0018124.

W. Yang, L.P. Freedman, 20-Epi analogues of 1,25-dihydroxyvitamin D3 are highly
potent inducers of DRIP coactivator complex binding to the vitamin D3 receptor, J.
Biol. Chem. 274 (1999) 16838-16845, http://dx.doi.org/10.1074/jbc.274.24.
16838.

H.F. DeLuca, 20(S)-25-hydroxy vitamin D compounds, 5,840,938, 1998.

N. Rochel, J.M. Wurtz, A. Mitschler, B. Klaholz, D. Moras, The crystal structure of
the nuclear receptor for vitamin D bound to its natural ligand, Mol. Cell 5 (2000)
173-179, http://dx.doi.org/10.1016/51097-2765(00)80413-X.

A.Y. Belorusova, J. Eberhardt, N. Potier, R.H. Stote, A. Dejaegere, N. Rochel,
Structural insights into the molecular mechanism of vitamin D receptor activation
by lithocholic acid involving a new mode of ligand recognition, J. Med. Chem. 57
(2014) 4710-47109.

A. Lavigne, G. Mengus, J. Wurtz, I. Davidson, Human TAF;;55 interacts with the
vitamin D3 and thyroid hormone receptors and with derivatives of the retinoid X
receptor that have altered transactivation properties, Mol. Cell. Biol. 19 (1999)
5486-5494.

C.H. Jin, S.A. Kerner, M.H. Hong, J.W. Pike, Transcriptional activation and di-
merization functions in the human vitamin D receptor, Mol. Endocrinol. 10 (1996)
945-957, http://dx.doi.org/10.1210/Me.10.8.945.

J.L. Vanhooke, M.M. Benning, C.B. Bauer, J.W. Pike, H.F. DeLuca, Molecular
structure of the rat vitamin D receptor ligand binding domain complexed with 2-
carbon-substituted vitamin D3 hormone analogues and a LXXLL-containing coacti-
vator peptide, Biochemistry 43 (2004) 4101-4110, http://dx.doi.org/10.1021/
bi036056y.

C.M. Perakyla, F. Molnar, C. Carlberg, A structural basis for the species-specific
antagonism of 26,23-lactones on vitamin D signaling, Chem. Biol. 11 (2004)
1147-1156, http://dx.doi.org/10.1016/j.chembiol.2004.05.023.

G.K. Whitfield, J.C. Hsieh, S. Nakajima, P.N. MacDonald, P.D. Thompson,

P.W. Jurutka, C. Haussler, M.R. Haussler, A highly conserved region in the hor-
mone-binding domain of the human vitamin D receptor contains residues vital for
heterodimerization with retinoid X receptor and for transcriptional activation, Mol.
Endocrinol. 9 (1995) 1166-1179, http://dx.doi.org/10.1210/mend.9.9.7491109.
F. Ciesielski, N. Rochel, D. Moras, Adaptability of the vitamin D nuclear receptor to
the synthetic ligand Gemini: remodelling the LBP with one side chain rotation, J.
Steroid Biochem. Mol. Biol. 103 (2007) 235-242, http://dx.doi.org/10.1016/j.
jsbmb.2006.12.003.

S. Shah, M.N. Islam, S. Dakshanamurthy, I. Rizvi, M. Rao, R. Herrell, G. Zinser,
M. Valrance, A. Aranda, D. Moras, A. Norman, J.E. Welsh, S.W. Byers, The mole-
cular basis of vitamin D receptor and B-catenin crossregulation, Mol. Cell 21 (2006)
799-809, http://dx.doi.org/10.1016/j.molcel.2006.01.037.

J. Zhang, M.J. Chalmers, K.R. Stayrook, L.L. Burris, Y. Wang, S.A. Busby,

B.D. Pascal, R.D. Garcia-Ordonez, J.B. Bruning, M.A. Istrate, D.J. Kojetin,

J.A. Dodge, T.P. Burris, P.R. Griffin, DNA binding alters coactivator interaction
surfaces of the intact VDR-RXR complex, Nat. Struct. Mol. Biol. 18 (2011) 556-563,
http://dx.doi.org/10.1038/nsmb.2046.

R.A. Wells, L.S.A. Chan, Cross-talk between PPARs and the partners of RXR: a
molecular perspective, PPAR Res. 9 (2009) 1-9, http://dx.doi.org/10.1155/2009/
925309.

J.B. Barry, G.M. Leong, W.B. Church, L.L. Issa, J.A. Eisman, E.M. Gardiner,
Interactions of SKIP/NCoA-62, TFIIB, and retinoid X receptor with vitamin D re-
ceptor helix H10 residues, J. Biol. Chem. 278 (2003) 8224-8228, http://dx.doi.org/
10.1074/jbc.C200712200.

A.W. Norman, D. Adams, E.D. Collins, W.H. Okamura, R.J. Fletterick, Three-di-
mensional model of the ligand binding domain of the nuclear receptor for 1a,25-
dihydroxy-vitamin D3, J. Cell. Biochem. 74 (1999) 323-333, http://dx.doi.org/10.
1002/(SICI)1097-4644(19990901)74:3 < 323::AID-JCB2 > 3.0.CO;2-V [piil.

Daniel R Zerbino, Premanand Achuthan, Wasiu Akanni, M Ridwan Amode, Daniel
Barrell, Jyothish Bhai, Konstantinos Billis, Carla Cummins, Astrid Gall, Carlos
Garcia Girdn, Laurent Gil, Leo Gordon, Leanne Haggerty, Erin Haskell, Thibaut
Hourlier, Osagie G Izuogu, Sophie H Janacek, Thomas Juettemann, Jimmy Kiang
To, Matthew R Laird, Ilias Lavidas, Zhicheng Liu, Jane E Loveland, Thomas Maurel,
William McLaren, Benjamin Moore, Jonathan Mudge, Daniel N Murphy, Victoria
Newman, Michael Nuhn, Denye Ogeh, Chuang Kee Ong, Anne Parker, Mateus
Patricio, Harpreet Singh Riat, Helen Schuilenburg, Dan Sheppard, Helen Sparrow,
Kieron Taylor, Anja Thormann, Alessandro Vullo, Brandon Walts, Amonida Zadissa,
Adam Frankish, Sarah E Hunt, Myrto Kostadima, Nicholas Langridge, Fergal J



W. Sicinska et al.

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Martin, Matthieu Muffato, Emily Perry, Magali Ruffier, Dan M Staines, Stephen J
Trevanion, Bronwen L Aken, Fiona Cunningham, Andrew Yates, Paul Flicek;
Ensembl 2018, Nucleic Acids Research, Volume 46, Issue D1, 4 January 2018, Pages
D754-D761, https://doi.org/10.1093/nar/gkx1098. Release 91, VDR in Ensembl,
(n.d.). http://useast.ensembl.org/Homo_sapiens/Transcript/ProtVariations?g =
ENSG00000111424r=12:47841539-47905031;t=ENST00000229022.

D.M. Kraichely, J.J. Collins, R.K. DeLisle, P.N. MacDonald, The autonomous
transactivation domain in helix H3 of the vitamin D receptor is required for
transactivation and coactivator interaction, J. Biol. Chem. 274 (1999)
14352-14358, http://dx.doi.org/10.1074/jbc.274.20.14352.,

K. Kristjansson, A.R. Rut, M. Hewison, J.L.H. O’Riordan, M.R. Hughes, Two muta-
tions in the hormone binding domain of the vitamin D receptor cause tissue re-
sistance to 1,25 dihydroxyvitamin D3, J. Clin. Invest. 92 (1993) 12-16, http://dx.
doi.org/10.1172/JCI116539.

C.M. Bula, J.E. Bishop, A.W. Norman, Conservative mutageneic perturbations of
amino acids connecting helix 12 in the 1a,25(0OH),D; receptor (VDR) to the ligand
cause significant transactivational effects, J. Steroid Biochem. Mol. Biol. 103 (2007)
286-292, http://dx.doi.org/10.1016/j.jsbmb.2006.12.043.

F. Barletta, L.P. Freedman, S. Christakos, Enhancement of VDR-mediated tran-
scription by phosphorylation: correlation with increased interaction between the
VDR and DRIP205, a subunit of the VDR-interacting protein coactivator complex,
Mol. Endocrinol. 16 (2002) 301-314, http://dx.doi.org/10.1210/mend.16.2.0764.
S. Vaisdnen, M. Perdkyl4, J.I. Karkkédinen, M.R. Uskokovic, C. Carlberg, Structural
evaluation of the agonistic action of a vitamin D analog with two side chains
binding to the nuclear vitamin D receptor, Mol. Pharmacol. 63 (2003) 1230-1237,
http://dx.doi.org/10.1124/mol.63.6.1230.

K. Yamaoka, M. Shindo, K. Iwasaki, I. Yamaoka, Y. Yamamoto, H. Kitagawa,

S. Kato, Multiple co-activator complexes support ligand-induced transactivation
function of VDR, Arch. Biochem. Biophys. 460 (2007) 166-171, http://dx.doi.org/
10.1016/j.abb.2006.07.015.

C. Chotia, The nature of the accessible and buried surfaces in proteins, J. Mol. Biol.
105 (1976) 1-12, http://dx.doi.org/10.1016/0022-2836(76)90191-1.

Kumar P, Henikoff S, Ng PC. Predicting the effects of coding non-synonymous
variants on protein function using the SIFT algorithm. Nat Protoc. 2009;4(7):1073-
81. http://sift.jevi.org/ Sorting Intolerant from Tolerant.

PAdzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P,
Kondrashov AS, Sunyaev SR. Nat Methods 7(4):248-249 (2010). http://genetics.
bwh.harvard.edu/pph2/, Polymorphism Phenotyping v2.

FShihab HA, Gough J, Cooper DN, Day INM, Gaunt, TR. (2013). Predicting the
Functional Consequences of Cancer-Associated Amino Acid Substitutions.
Bioinformatics 29:1504-1510. http://fathmm.biocompute.org.uk/, FATHMM:

11

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Journal of Steroid Biochemistry and Molecular Biology xxx (XxXX) XXX—-XXX

Functional Analysis through Hidden Markov Models.

Simon A. Forbes, David Beare, Harry Boutselakis, Sally Bamford, Nidhi Bindal, John
Tate, Charlotte G. Cole, Sari Ward, Elisabeth Dawson, Laura Ponting, Raymund
Stefancsik, Bhavana Harsha, Chai Yin Kok, Mingming Jia, Harry Jubb, Zbyslaw
Sondka, Sam Thompson, Tisham De, Peter J. Campbell; COSMIC: somatic cancer
genetics at high-resolution, Nucleic Acids Research, Volume 45, Issue D1, 4 January
2017, Pages D777-D783 http://cancer.sanger.ac.uk, COSMIC, (n.d.). doi:10.1016/
S0140-6736(89)91204-X.

K. Plonska-Ocypa, 1. Sibilska, R.R. Sicinski, W. Sicinska, L.A. Plum, H.F. Deluca,
13,13-Dimethyl-des-C,D analogues of (205)-1a,25-dihydroxy-2-methylene-19- nor-
vitamin D3 (2MD): total synthesis, docking to the VDR, and biological evaluation,
Bioorg. Med. Chem. 19 (2011) 7205-7220, http://dx.doi.org/10.1016/j.bmc.2011.
09.048.

K. Yamagishi, H. Tokiwa, M. Makishima, S. Yamada, Interactions between
1a,25(0H),D3 and residues in the ligand-binding pocket of the vitamin D receptor:
a correlated fragment molecular orbital study, J. Steroid Biochem. Mol. Biol. 121
(2010) 63-67, http://dx.doi.org/10.1016/].jsbmb.2010.03.028.

A. Sukhwal, M. Bhattacharyya, S. Vishveshwara, Network approach for capturing
ligand-induced subtle global changes in protein structures, Acta Crystallogr. Sect. D
Biol. Crystallogr. 67 (2011) 429-439, http://dx.doi.org/10.1107/
50907444911007062.

N. Urahama, M. Ito, A. Sada, K. Yakushijin, K. Yamamoto, A. Okamura,

K. Minagawa, A. Hato, K. Chihara, R.G. Roeder, T. Matsui, The role of transcrip-
tional coactivator TRAP220 in myelomonocytic differentiation, Genes Cells 10
(2005) 1127-1137, http://dx.doi.org/10.1111/j.1365-2443.2005.00906.x.

G. Eelen, L. Verlinden, M. Van Camp, F. Claessens, P. De Clercq, M. Vandewalle,
R. Bouillon, A. Verstuyf, Altered vitamin D receptor-coactivator interactions reflect
superagonism of vitamin D analogs, J. Steroid Biochem. Mol. Biol. 97 (2005) 65-68,
http://dx.doi.org/10.1016/j.jsbmb.2005.06.009.

M.A. Maestro, F. Molnar, A. Mourino, C. Carlberg, Vitamin D receptor 2016: novel
ligands and structural insights, Expert Opin. Ther. Pat. 26 (2016) 1291-1306,
http://dx.doi.org/10.1080/13543776.2016.1216547.

T. Kaya, N. Swamy, K.S. Persons, S. Ray, S.C. Mohr, R. Ray, Covalent labeling of
nuclear vitamin D receptor with affinity labeling reagents containing a cross-linking
probe at three different positions of the parent ligand: structural and biochemical
implications, Bioorg. Chem. 37 (2009) 57-63, http://dx.doi.org/10.1016/j.bioorg.
2009.01.001.

M.W. Carson, J. Zhang, M.J. Chalmers, W.P. Bocchinfuso, K.D. Holifield,

T. Masquelin, R.E. Stites, K.R. Stayrook, P.R. Griffin, J.A. Dodge, HDX reveals un-
ique fragment ligands for the vitamin D receptor, Bioorg. Med. Chem. Lett. 24
(2014) 3459-3463, http://dx.doi.org/10.1016/j.bmcl.2014.05.070.



	Mutation goals in the vitamin D receptor predicted by computational methods
	Introduction
	Experimental
	CCOMP
	MSITE
	SASA (solvent accessible surface area)
	Genetic variants database

	Discussion
	Summary
	Acknowledgements
	Supplementary data
	References


