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Fig. 1 ( Color online ) Several conformations of nuclear
receptors!®). (a) The agonist complex form and (b) the an-
tagonist complex form of the human estrogen receptor alpha
ligand-binding domain (hERo-LBD) (PDB code 3ERD and
3ERT). (c¢) Apo forms of the human retinoid-X receptor al-
pha ligand-binding domain (RXRa-LBD, PDB code 1LBD,
Type A) and the human testicular receptor 4 ligand-binding
domain (TR4-LBD, PDB code 3P0U, Type B). These are
classified into two types, A and B, respectively.

Copyright (2016) American Chemical Society.
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Fig. 2 Active vitamin D; (hormone) and synthetic analogues's.
Copyright (2016) American Chemical Society.
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Fig. 3 (Color online) SAXS experimental curves of (a, b) apo and
(¢, d) antagonist 3 complex of VDR-LBD!®. The ex-
perimental curves extrapolated to zero concentration are
shown with black dots. The experimental curve of apo is
compared with the theoretical curves calculated from the
crystal structures of (a) agonist 2 complex (green, x2=0.89,
PDB code 5B41) and (b) ligand complex (red, x2=0.54,
PDB code 3WTQ). The experimental curve of antagonist 3
complex is also compared with the theoretical curves calcu-
lated from the crystal structures of (c) antagonist JB com-
plex (green, ¥2=0.69, PDB code 2ZXM) and (d) ligand
complex (red, x2=0.48, PDB code 3AUQ). All the theoreti-
cal curves are superimposed to each experimental data by
CRYSOL. Copyright (2016) American Chemical Society.
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Fig. 4 (Color online) Relationship between structure and x2 value!®. (a, d) SAXS experimental curves of (a) apo and
(d) antagonist 3 complex of VDR-LBD are shown with black dots. Theoretical curves of ApoMD-structure
(cyan line, x2=0.29), agonist 2 complex (green line, ¥2=0.89), AntagonistMD-structure (orange line, x2=
0.29), and antagonist JB complex (yellow-green line, ¥2=0.69) calculated using CRYSOL are fitted to ex-
perimental curves, respectively. (b, e) ApoMD-structure (cyan) and AntagonistMD-structure (orange) are su-
perimposed to (b) agonist 2 complex (green) and (e) antagonist JB complex (yellow-green), respectively. Helix
11 and loop 11-12 are shown in yellow, and helix 12 of MD and crystal structures are indicated by magenta and
gray, respectively. (c, f) Distribution of x2 values for snapshots of (¢) ApoMD structure ensemble and (f) An-
tagonistMD structure ensemble against the experimental profile of (¢) apo or (f) antagonist 3 complex on a dis-
tance map. A point represents one structure in 2000 structure ensemble, and colors show the corresponding 2
value calculated by CRYSOL. Copyright (2016) American Chemical Society.
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Fig. 5 (Color online) Results of the cross-validation (CV) analysis
for apo and antagonist 3 complex are shown in (a, b) and (c,
d), respectively!'>. (a, c) Distribution of x2 value against (a)
apo or (c) antagonist 3 complex shows on the distance map.
A point represents one structure in 2000 structure ensemble
prepared for each CV analysis. Colors show corresponding
x2 value calculated by CRYSOL. (b) Experimental curve of
apo (black dots) is fitted to theoretical curves calculated
from ApoMD-structure (red line, ¥2=0.29) and the CV
structure with y2=0.34 (green line). (d) Experimental curve
of antagonist 3 complex (black dots) is also fitted to theoret-
ical curves calculated from AntagonistMD-structure (red
line, x2=0.29) and the CV structure with ¥2=0.30 (green
line). Copyright (2016) American Chemical Society.
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ApoMD-structure Agonist 2 complex

Fig. 6 (Color online) Structural characteristics for apo VDR-LBD
in solution!¥). The color used is the same as in Fig. 4b. (a)
Superimposition of ApoMD-structure and crystal structure
of agonist 2 complex. ApoMD-structure shows that helix 11
bends to the outside and that helix 12 is put around the ca-
nonical active helix 12. (b) Magnification of the structure
from helix 10 to the end of helix 12. Hydrogen bonds and
hydrophobic interaction are shown by red dotted lines and
yellow dotted line, respectively. (c) Hydrogen bonds (red
dotted lines) between amino acid residues in the C-terminal
part and hydrophobic interactions (yellow dotted lines) bet-
ween helices 3, 4, and 12.

Copyright (2016) American Chemical Society.
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Fig. 7 (Color online) Structural characteristics of antagonist 3
complex in solution's). The color is the same as in Fig. 4e.
(a) Superimposition of AntagonistMD-structure and crystal
structure of agonist 2 complex. Helix 12 in AntagonistMD-
structure is positioned in the same area as coactivator in
agonist 2 complex. (b) Magnification of the structure from
helix 10 to the end of helix 12. Hydrogen bonds and
hydrophobic interaction are shown by red dotted lines and
yellow dotted line, respectively. (c) Interactions between
helices 7 and 10/11. The 22S-butyl group of antagonist 3
extends the distance between helices 7 and 10/11. (d) Inter-
actions between amino acid residues in helices 3 and 12 are
indicated by red dotted lines.
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Fig. 8 (Color online) Folding-door model for the conformational
change of VDR-LBD upon ligand binding!®. Helices 3 (H3,
gray), 10 (H10, gray), 11 (H11, yellow), and 12 (H12,
magenta) and loop (black) structures are represented by
cylinders and lines, respectively. Amino acid residues in-
volved in the conformational change are shown as black
dots. Red and blue dashed lines show hydrogen bonds and
hydrophobic interaction, respectively.
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Abstract Small-angle X-ray scattering (SAXS) which measures a solution sample of biological molecules
including protein is called BioSAXS in recent years, and it is widely used to obtain a molecular
rough structure in solution using ab initio modeling. In the ab initio modeling, hybrid approach is
performed combining SAXS with the computing science technique like rigid body refinement and
molecular dynamics (MD) using an atomic resolution structure acquired by molecular crystal-
lography etc. MD-SAXS is the hybrid approach combined MD and SAXS, and it can choose and
analyze an atomic-resolution structure indicating a theoretical SAXS curve with high identity
against an experimental SAXS curve from a large number of structure ensemble calculated by MD.
In this study, we analyzed the unrevealed apo and antagonist-binding structures of nuclear recep-
tor, vitamin D receptor ligand-binding domain (VDR-LBD) using MD-SAXS, and newly advocated
the ligand binding mechanism of VDR-LBD based on the revealed structure states. The validity of
the MD-SAXS approach based on the result of this VDR-LBD analysis is also described in this rev-
iew.
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