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a b s t r a c t

Structural and sequence alignment analyses have revealed the existence of class-dependent and -inde-
pendent local motifs involved in the overall fold of the ligand-binding domain (LBD) in the nuclear recep-
tor (NR) superfamily. Of these local motifs, three local motifs, i.e., AF-2 fixed motifs, were involved in the
agonist conformation of the activation function-2 (AF-2) region of the LBD. Receptor–agonist interactions
increased the stability of these AF-2 fixed motifs in the agonist conformation. In contrast, perturbation of
the AF-2 fixed motifs by a ligand or another protein molecule led the AF-2 architecture to adopt an antag-
onist conformation. Knowledge of this process should provide us with novel insights into the ‘agonism’
and ‘antagonism’ of NRs.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

The nuclear receptor (NR) is a transcription factor that controls
many crucial biological events such as morphogenesis and homeo-
stasis. NRs constitute a superfamily and are widespread among
eukaryotes. In mammalian species, this superfamily is composed
of retinoic acid (RAR and RXR), steroid hormone (AR, ER, GR, MR,
and PR), thyroid hormone (TR), vitamin D3 (VDR), prostaglandin
or lipid mediator (PPAR), and other ligand-orphan receptors. NRs
exhibit a modular structure with five or six functionally separable
domains. Of these functional domains, the ligand-binding domain
(LBD) acts as a molecular switch functioning in a ligand-dependent
manner, i.e., the ligand-dependent activation function (AF-2) of
transcription (Bourguet et al., 1995; Renaud et al., 1995).

For the last two decades, structural information on NRs has
been rapidly accumulating through the use of X-ray crystallogra-
phy and nuclear magnetic resonance (NMR) experiments, with
over 700 three-dimensional (3D) structures of LBDs having been
reported. In addition, the 3D structures of both unliganded and
liganded LBDs have been solved for the same NRs (Bourguet
et al., 1995; Renaud et al., 1995; Egea et al., 2000; Gampe et al.,
2000b). These structures have been found to reflect important
structural changes between the apo- and holo-LBDs, wherein the
structures of their C-terminal regions (helices H11–H12), i.e., their
respective AF-2 architectures, differ significantly from each other
(Fig. 1a and b) (Wagner et al., 1995). Agonist and antagonist con-
formations of the AF-2 architecture have also been obtained for
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the same NRs in the presence or absence of a cofactor (i.e., a coac-
tivator or corepressor) fragment (Figs. 1a and c) (Brzozowski et al.,
1997; Shiau et al., 1998; Xu et al., 2002; Greschik et al., 2004). In
the case of the agonist complex, the AF-2 architecture has adopted
a so-called agonist conformation, and the resulting AF-2 core (helix
H12) simultaneously participates in the cofactor-binding site, thus
creating a coactivator-binding site (Renaud et al., 1995). In con-
trast, in the case of the antagonist complex, the AF-2 architecture
adopts a so-called antagonist conformation, in which the AF-2 core
interacts with its own cofactor-binding site composed of the heli-
ces H3, H30, and H4; this conformation of the AF-2 architecture
prevents interactions with the cofactor’s LXXLL motif (where X
can be any amino acid), which is known to be the consensus se-
quence (Nolte et al., 1998). Moreover, non-crystallographical
homo- and heterodimers showing either the agonist or antagonist
conformation of the AF-2 architecture in the presence or absence of
cofactor fragments have been obtained, and some of their dimer
interfaces have been confirmed to date (Fig. 1a) (Bourguet et al.,
1995, 2000; Brzozowski et al., 1997; Nolte et al., 1998; Shiau
et al., 1998; Williams and Sigler, 1998; Gampe et al., 2000a; Bled-
soe et al., 2002; Billas et al., 2003; Svensson et al., 2003; Watkins
et al., 2003; Williams et al., 2003; Duda et al., 2004; Greschik
et al., 2004; Xu et al., 2004; Kruse et al., 2008; Zhou et al., 2011).
The results of these previous studies suggest that the AF-2 region
is in a dynamic state, and that the formation of a receptor–ligand
complex strongly biases this equilibrium toward either an agonist
or antagonist conformation. Thus, the NR LBDs generate or degen-
erate a cofactor-binding site, and are thereby able to transmit a sig-
nal to the basal transcription machinery via the cofactor-binding
interface.

On the other hand, as a result of genome analyses of a large
variety of organisms, the number of sequences assigned to the
NR superfamily has rapidly increased, and more than 1,000 such
sequences (i.e., more than 300 variants) have been observed to
date (UniPort release 2013_07). In contrast, the 3D structures of
LBDs have been reported for only 34 species (48 variants) to date
(Protein Data Bank: Berman et al., 2000). Nonetheless, all crystallo-
graphically solved 3D structures of the LBDs have revealed the
presence of essentially only one common fold (Fig. 1), i.e., a
three-layered helical sandwich fold consisting of twelve helices
(helices H1–H12) and small, antiparallel b-sheets (sheets S1 and
S2) (Bourguet et al., 1995; Renaud et al., 1995).

Brelivet and co-workers have revealed that NRs can be
categorized into two different classes (classes 1 and 2) using a
structure-based sequence analysis of a large number of NR

sequences (Brelivet et al., 2004). Of especial interest in this
context is the finding that these two class NR LBDs can clearly be
distinguished based on the class-dependent signature motifs
related to their oligomeric behavior.

In the present study, we have attempted to reveal the conserved
local motifs (including the known signature motifs) involved in the
common overall fold of the LBDs. As a result, we have found that
these local motifs are formed by conserved amino acids at particu-
lar positions, i.e., signal amino acids. In other words, the signal
amino acids construct an individual local motif, and their assem-
blies determine the common overall fold of the LBD. In addition,
we discuss the NR ‘agonism’ and ‘antagonism’ in terms of the sta-
bility of three local motifs in the AF-2 architecture, i.e., the AF-2
fixed motifs.

2. Material and methods

2.1. Alignment analyses

All 41 (168 in Supplementary Fig. S1) sequences examined in
this study were manually aligned using both the signal and the
conserved amino acid residues of the LBDs using our program (Tsu-
ji, M., Homology Modeling Professional for HyperChem, Institute of
Molecular Function, Saitama, Japan) (Tsuji, 2007). These signal
amino acids have in part been reported by Wurtz and co-workers
(Wurtz et al., 1996). Other signal amino acids were obtained by
structural alignment (see the Extraction of Conserved Local Mo-
tifs). Sequence alignment was performed for individual NR classes
(discussed in the Results section). The class 1 NRs were aligned for
the sequence of hRXRa LBD, and the class 2 NRs were aligned for
that of hRARc LBD. Because the signal amino acids were distrib-
uted at suitable positions over the full-length LBD and were pri-
marily located at the terminal positions of the secondary
structures, these alignments could be used for exclusive identifica-
tion. The results of the sequence alignments are summarized in
Fig. 2 (see also Supplementary Fig. S1).

2.2. Extraction of conserved local motifs

The crystallographically solved 3D structures of the NR LBDs
registered in the Protein Data Bank (PDB) (Berman et al., 2000)
database were analyzed using Homology Modeling Professional
for HyperChem. Interaction analyses (partners, distances, and an-
gles) were carried out for all of the residues of each 3D structure.

Fig.1. Canonical structures of NR LBDs. (a) hRXRa holo-LBD (1FM9) (Gampe et al., 2000a) in the agonist conformation. (b) hRXRa apo-LBD (1LBD) (Bourguet et al., 1995) in
the apo conformation. c: mRXRaF318A holo-LBD (1DKF) (Bourguet et al., 2000) in the antagonist conformation.
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