Sottys et al.
Cell Communication and Signaling (2025) 23:243
https://doi.org/10.1186/512964-025-02247-3

Cell Communication
and Signaling

The intrinsically disordered AB region:

®

Check for
updates

a key modulator of the molecular properties

of human RXRy

Katarzyna Sottys' ®, Krzysztof Skowronek? Dominika Bystranowska', Krzysztof Wycisk? and Andrzej Ozyhar'

Abstract

transcriptional potential.

The human retinoid X receptor y (hRXRy) is one of three characterized RXR subtypes, transcription factors belonging
to the nuclear receptor superfamily. All RXR subtypes share nearly identical structural elements, including a con-
served DNA-binding domain, a D region, a ligand-binding domain, and an F region. However, each subtype possesses
a unique N-terminal AB region, which modulates the transcriptional activation of target genes in a cell- and promoter-
dependent manner through its ligand-independent activation function involved in protein—protein interactions.
Despite the functional significance of the AB region, its structural contributions, particularly in the context of the full-
length receptor, remain largely unexplored. Here, we uncover the role of the AB region of hRXRy in modulating

the molecular properties of the receptor. A comparative analysis of the full-length receptor (hRXRy) and a dele-

tion mutant lacking the AB region (AABhRXRy) highlights the critical role of the intrinsically disordered AB region

in modulating the structural and functional properties of hRXRy, including its ability to oligomerize, its overall stability,
and conformation heterogeneity. The AB region does not act as an independent unit but amalgamates with the rest
of the receptor, which fine-tunes the structural variability of hRXRy, making it responsive to environmental condi-
tions. These findings highlight the AB region as a critical determinant of hRXRy's structural features and, potentially, its

Keywords Nuclear receptors, Retinoid X receptor, Oligomerization, 9cRA, Stability, Intrinsically disordered regions

Background

The structural uniqueness of proteins largely determines
their biological function. Intrinsically disordered proteins
(IDPs) and intrinsically disordered regions (IDRs), unlike
structured proteins, lack a fixed three-dimensional con-
formation under physiological conditions and instead
exist as dynamic ensembles of conformations [1-4]. IDRs
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are abundant in nature and are important constituents of
many proteins. IDRs, along with IDPs, play various struc-
tural, functional and regulatory roles [1, 5]. The unique
physicochemical properties of IDPs/IDRs, particularly
structural flexibility and ability to adopt multiple con-
formations, enable a single regulatory protein to interact
with a variety of binding partners [6]. The multivalent
interactions and the dynamic nature of IDPs/IDRs are
key in driving phase separation which can lead to the
formation of various membraneless organelles (MLOs)
[7, 8]. Additionally, their conformational ensembles, and
consequently their functional output, can be finely regu-
lated by post-translational modifications [9]. Although
IDPs/IDRs lack a signature sequence motif, they can be
predicted based on their unique amino acid composition
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[10]. It has been observed that transcription factors (TFs)
are often enriched with IDRs [11-15]. This enrichment
suggests that IDRs play an important role in TF-depend-
ent gene expression regulation.

Retinoid X receptor (RXR) is a ligand-dependent tran-
scription regulator that belongs to the nuclear receptor
(NR) superfamily. As a TF modulated by lipophilic mol-
ecules, RXR controls expression of targets genes involved
in diverse physiological processes, including regulation of
development, differentiation and metabolism [16]. RXR
is an interacting partner for one-third of the 48 members
of the human nuclear receptor superfamily including per-
oxisome proliferator-activated receptor (PPAR), retinoic
acid receptor (RAR), vitamin D receptor (VDR), thyroid
hormone receptor (TR), liver X receptor (LXR), farnesoid
X receptor (FXR), and pregnane X receptor (PXR) [17].
Additionally, RXR regulates target gene expression as a
homodimer and probably also as a homotetramer [18].
Given the wide variety of processes controlled by RXR,
its dysregulation can contribute to numerous disease,
including neurodegenerative disorders, obesity, diabetes
and also cancer [19, 20].

RXR shares a conserved structural organization with
other NRs, comprising five regions labelled A through F
(Fig. 1A) [21]. The structural and functional similarities
allow the distinction of two folded domains—the DNA-
binding domain (DBD) and the ligand-binding domain
(LBD)—which are surrounded by IDRs. DBD partici-
pates in the formation of receptor dimers with either
itself (homodimer) or other NR (heterodimer) and guides
the receptor to specific DNA sequences called hormone
response elements (HREs). Most of the typical HREs for
dimers containing RXR are direct repeats (DRs) that con-
tain two hexa-nucleotide motifs A/GGGTCA separated
with one to five nucleotide spacing (DR1-DR5) [22, 23].
DBD is separated from LBD by an intrinsically disordered
hinge region (region D) (Fig. 1A). The flexibility of this
region allows rotation of both domains and adaptation
to variations in spacer lengths, facilitating DBD and LBD
dimerization [24]. LBD is the most extensively studied
fragment of RXRs. It mediates ligand binding, modulates
oligomeric state of RXR and is important for activation of
gene transcription as it contains ligand-dependent trans-
activation function (AF2). In the absence of ligand, RXR
binds co-repressors that inhibit its transcriptional activ-
ity. It is also believed that RXR may self-associate and
form transcriptionally inactive homotetramers [18, 25—
27]. The function of these higher-order oligomers of RXR
is not completely understood. The homotetramers could
serve as a reservoir for the receptor [18, 25, 26] or they
could function as structural elements capable of folding
the DNA to bring distant HREs into close physical prox-
imity [28]. Upon natural (e.g., 9-cis-retinoic acid, 9cRA)
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or synthetic ligands binding, RXR homotetramers disso-
ciate, leading to homo- and heterodimers formation [29].
The presence of ligand also allows exchange co-repressor
complexes to co-activator complexes, what stimulates
transcription activity [30].

RXR is expressed in multiple variants, including three
subtypes — RXRa, RXRP and RXRy — each of which can
give rise to different isoforms [31]. The major differences
among the subtypes lie within the AB regions, which are
located at N-terminus of RXR (Fig. 1A). The AB regions
contain an autonomous ligand-independent activation
function (AF1) and are involved in multivalent protein—
protein interactions, which are essential for modulating
the transcriptional activation of target genes in a tissue-
specific, as well as time-, stimuli- and promoter-depend-
ent manner [32]. Importantly, the functional diversity of
AB regions is not solely a consequence of their distinct
sequences but also arises from their intrinsically disor-
dered nature. This structural characteristic enables the
AB regions to adopt multiple conformations, facilitating
dynamic interactions with diverse binding partners and
broadening their regulatory potential in transcription.
Additionally, the unique properties of the AB regions
may influence the ability to form higher-order oligomers,
as subtype RXRp, unlike RXRa and RXRy, cannot form
homotetramers [18]. Despite years of structural analysis
of RXR, research has predominantly focused on RXRa,
leaving a gap in the understanding of the other subtypes.
Furthermore, numerous studies have concentrated on
isolated regions or domains, primarily due to the diffi-
culties associated with obtaining the full-length protein.
Recent studies have described the biochemical and bio-
physical properties of the AB region in RXRy [33, 34].
However, the complex structure—function relationship of
the full-length RXRy remains largely unexplored.

In this study, we successfully developed a proto-
col for the expression and purification of the full-
length human retinoid X receptor y (#RXRy), enabling
detailed investigation of its molecular properties in
comparison to a deletion mutant lacking the AB region
(AABKHRXRY). Through hydrogen—deuterium exchange
coupled with mass spectrometry, we demonstrated
that the AB region of ZRXRy, within the context of the
full-length protein, is intrinsically disordered. Biophysi-
cal characterization revealed that recombinant #ZRXRy
forms homodimers and higher-order oligomers. In
contrast, the absence of the intrinsically disordered AB
region significantly altered the molecular properties of
the receptor molecule, particularly by reducing its ten-
dency to form stable higher-order oligomers. Addition-
ally, the AB region modulates the receptor’s stability,
as evidenced by the greater resistance of AABARXRy
to elevated temperatures and proteolytic digestion.
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Furthermore, we demonstrate a direct interaction
between the AB region and AABARXRY, likely involv-
ing other structural domains of RXR, including the
globular DBD and LBD. This interaction underscores
the coordinated interplay between the AB region and
other structural elements in modulating the receptor’s
molecular properties and conformational heterogene-
ity. Collectively, our results emphasize the critical role
of the intrinsically disordered AB region in modulat-
ing the conformational states of the ZRXRy molecule,
which fine-tune the receptor’s molecular and, conse-
quently, functional properties.

Methods

Chemicals

All buffers were prepared at room temperature. The
lysis buffer contained 30 mM HEPES, 150 mM NaCl,
pH 7.0. The buffer A contained 30 mM HEPES, 500 mM
NaCl, 5% (v/v) glycerol, 1 mM DTT, pH 7.0. The buffer
AB contained 30 mM HEPES, 500 mM NaCl, 5% (v/v)
glycerol, 15 mM imidazole, 1 mM DTT, pH 7.0. The
buffer B_FL contained 30 mM HEPES, 500 mM NacCl,
5% (v/v) glycerol, 500 mM imidazole, 1 mM DTT, pH
7.0. The buffer B_dAB contained 30 mM HEPES, 500
mM NacCl, 5% (v/v) glycerol, 500 mM imidazole, 1 mM
DTT, pH 7.8. The buffer SEC300_FL contained 30 mM
HEPES, 300 mM NaCl, 5% (v/v) glycerol, 1 mM DTT,
pH 7.0. The buffer SEC300_dAB contained 30 mM
HEPES, 300 mM NaCl, 5% (v/v) glycerol, 1 mM DTT,
pH 7.8. The buffer AUC_FL contained 30 mM HEPES,
300 mM NaCl, 2%(v/v) glycerol, pH 7.0. The buffer
AUC_dAB contained 30 mM HEPES, 300 mM NaCl,
2%(v/v) glycerol, pH 7.8. The buffer D_50, buffer D_150
and buffer D_300 contained 30 mM HEPES, 50/150/300
mM NaCl, 2% (v/v) glycerol, pH 7.0 (FL)/7.8 (dAB).
MST assay buffer (30 mM HEPES, 200 mM NacCl, 5%
(v/v) glycerol, 0.05% Tween 20, pH 7.0). RXR ligand —
9-cis-retinoic acid (9cRA) was purchased from Sigma-
Aldrich (R4643).

Preparation of the cDNA constructs

The E. coli strain DH5a (Thermo Fisher Scientific) was
used as the host strain for the cloning procedures. The
sequence of the full-length human RXRy (ARXRy) was
taken from UniProtKB—P48443. The ¢cDNA of #RXRy
was de novo synthetized in GeneArt® (Thermo Fisher
Scientific). The gene sequence was optimized using Gene
Optimizer software to maximize the expression of the
synthetic gene in E. coli. An optimized sequence was
used as the template for PCR to obtain the full-length
RXRy (hRXRy) and the deletion mutant that lacks the AB
region (AABARXRY). The following primers were used
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for the amplification of ARXRy - forward: GCGCGG
CCATGGGAtatggcaactatagccac; reverse: GCGCGG
GCGGCCGC ttaggtaatctgcageggagttte, and for the ampli-
fication of AABARXRy — forward: GCGCGGCCATGG
GAagcaccagtccgggtagec; reverse: GCGCGC GCGGCC
GCttaggtaatctgcageggag. The forward primers intro-
duced the Ncol, and the reverse primers the NotI restric-
tion sites. The capital letters in the sequences represent
nucleotides that are added to the coding sequences for
cloning purposes, whereas the restriction sites are under-
lined. The inserts were ligated with the pETHSu plasmid
in a frame with the sequence that encodes the N-terminal
peptide containing the polyhistidine (6 xHis) tag and
SUMO [35]. The sequence of the obtained construct was
verified by DNA sequencing.

Expression and purification of the proteins

The hRXRy and AABARXRy were expressed in the E. coli
strain ArcticExpress (DE3) (Agilent). Bacterial cells har-
boring the expression vector were grown in ZYM-5052
auto-inducing media [36] supplemented with 50 pg/ml
kanamycin. The culture was grown at 37 °C and 182 rpm
until an optical density (ODy,) reached the value of 1.0
and thereafter protein was expressed at 15 °C overnight.
The cells were harvested by centrifugation at 5,000 xg
at 4 °C for 15 min. The pellet of bacteria was suspended
in ice-cold lysis buffer containing PMSF (0.2 mg/ml) and
lysozyme (1 mg/ml), then stored at — 80 °C until use.

The frozen cell suspension supplemented with DNase
(20 pg/ml), RNase (20 pg/ml) and a fresh portion of
PMSF (0.2 mg/ml) was slowly thawed at 10 °C. The cell
lysis was improved by sonication. The cell suspension
was sonicated with 5 short bursts of 20 s, followed by
intervals of 30 s for cooling. The resulting suspension
was centrifuged at 18,000 X g at 4 °C for 1 h. The solu-
ble fractions containing ZRXRy and AABARXRY sup-
plemented with PMSF (0.2 mg/ml) were purified using
immobilized metal affinity chromatography (IMAC).
The cell lysate was incubated for 1 h at 10 °C with
Talon® Metal Affinity Resin (Clontech), which had been
previously equilibrated with lysis buffer. The resin was
washed with buffer A and AB until the absorbance at
280 nm was lower than 0.1. Next the resin was equili-
brated with buffer SEC300_FL or SEC300_dAB dur-
ing purification of ZAIRXRy or AABAZRXRY, respectively.
0.5 mg SUMO hydrolase (dtUD1) [37] was added to
the resin, gently mixed and incubated overnight at 4
°C. After overnight digestion the resin was washed
with buffer SEC300_FL or SEC300_dAB. Only a small
amount of ZARXRy and AABARXRy were present in
these fractions, as both proteins bind to the resin
after digestion with dtUD1. ARXRy and AABARXRYy
were eluted with buffer B_FL or B_dAB, and next



Sottys et al. Cell Communication and Signaling (2025) 23:243

concentrated to a total volume of 500 pl using the Ami-
con Ultracel-4 Centrifugal Filter Units (Merck Milli-
pore) with a cut-off limit of 30 kDa. Both proteins were
purified to homogeneity using Superdex 200 Increase
10/300 GL column (GE Healthcare Life Sciences) pre-
equilibrated with buffer SEC300_FL or SEC300_dAB
and connected to an AKTA Avant system (GE Health-
care Life Sciences). The purification was performed at
a 0.5 ml/min flow rate at room temperature. Fractions
containing the purified ZRXRy or AABARXRy were
combined and concentrated to 1 mg/ml using the Ami-
con Ultracel-4 Centrifugal Filter Units (Merck Milli-
pore) with a cut-off limit of 30 kDa and then aliquoted
into small volumes. These preparations were used for
subsequent experiments unless otherwise stated. The
concentration of ZRXRy and AABARXRy was deter-
mined spectrophotometrically at 280 nm. The absorp-
tion coefficients calculated according to Gill and von
Hippel [38], were 0.655 ml/(mg X cm) for ARXRy and
0.637 ml/(mg X cm) for AABARXRY. The samples were
stored at —80 °C. The molecular mass of ZRXRy and
AABKRXRy were confirmed by ESI-TOF mass spec-
troscopy (Mass Spectrometry laboratory, IBB PAS,
Warsaw). It was found to be 50 924 Da and 38 290 Da
for ARXRy and AABARXRY, respectively. Both experi-
mental values were in good agreement with the values
of theoretical mass estimated with the ProtParam tool
(50 928 Da and 38 291 Da for ZRXRy and AABARXRY,
respectively). All of the presented experiments in this
paper were performed using samples obtained from
several independent preparations. The results were
reproducible and we did not observe any variability
from different preparations.

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)

The protein samples were analyzed by SDS-PAGE using
49%/12% or 4%/15% polyacrylamide gels [39]. Electropho-
resis was performed at a constant current 20 mA/1 mm
gel. The Unstained Protein Molecular Weight Marker was
used (Thermo Fisher Scientific). After electrophoresis,
the gels were stained with Coomassie Brilliant Blue R-250
[40] and analyzed using Image Lab Software (Bio-Rad).

Size-exclusion chromatography with multi-angle light
scattering (SEC-MALS)

SEC-MALS was performed using a AKTA Purifier chro-
matography system equipped with a UV detector. Sam-
ples were monitored at a wavelength of 280 nm. The
chromatography system was connected to in-line detec-
tors: a MALS detector (DAWN 8+) and a differential
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refractometer (Optilab T-rEX). Samples for SEC-MALS
were prepared during purification by separating ZRXRy
and AABARXRYy fractions into two categories: ZRXRy
oligomer and AABAZRXRy_oligomer (first peak, smaller
elution volume), and #RXRy dimer and AABARXRy
_dimer (second peak, larger elution volume) (Fig. S1
and Fig. $2). 100 pl of protein samples (5 mg/ml) were
loaded onto a Superdex 200 Increase 10/300 column
(GE Healthcare) equilibrated with buffer SEC300_FL or
SEC300_dAB. Samples were run at room temperature
at a flow rate of 0.75 ml/min. The results were analyzed
using Astra 6 software in accordance with manufacturer’s
instructions.

Sedimentation velocity analytical ultracentrifugation
experiments (SV-AUC)

Sedimentation velocity experiments were performed at
20 °C on a Beckman Coulter ProteomeLab XL-I ultra-
centrifuge (Beckman Coulter Inc.) in an An-60 Ti rotor.
The samples for the SV-AUC experiment were prepared
in the same manner as those for SEC-MALS. During
purification, #RXRy and AABARXRy fractions were
separated into two categories: ARXRy oligomer and
AABARXRy oligomer (first peak, smaller elution vol-
ume) and ZRXRy_dimer and AABARXRy _dimer (second
peak, larger elution volume) (Fig. S1 and Fig. S2). Each
protein sample (400 ul at three concentrations: 0.2 mg/
ml, 0.4 mg/ml, or 0.8 mg/ml in buffer AUC) was loaded
into two-channel centerpieces and centrifuged overnight
at 35 000 rpm. Detection of the protein concentration
was performed using OD measurements at a wavelength
of 280 nm. The data were analyzed with SEDFIT soft-
ware using a continuous size distribution ¢(s) model to
extract the sedimentation coefficient (s) [41, 42]. The
partial specific volumes (V,,,) of AIRXRy and AABARXRY
(0.733955 ml/g and 0.735667 ml/g respectively) and the
density (1.0171 g/ml) and dynamic viscosity (0,019 mPa
xs) of the buffer at 20 °C were calculated using SEDN-
TERP software [43]. Maximum entropy regularization
with p= 0.68 was applied. The sedimentation coefficient
(s), after correction for solvent density and viscosity in
relation to the density and viscosity of water at 20 °C,
were expressed as s, .. The hydrodynamic dimensions of
hRXRy and AABARXRy were calculated by SEDFIT. The
quality of the fits was assessed using RMSD values, resid-
ual distributions and residual histograms.

Hydrogen-deuterium exchange coupled with mass
spectrometry (HDX-MS)

Hydrogen—deuterium exchange (HDX) experiments
were performed using HDX Manager with on-line
digestion and separation using a nanoACQUITY UPLC
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System with HDX technology coupled to a SYNAPT G2
HDMS instrument (Waters). Initially, a non-deuterated
sample was prepared by mixing 15 ul of the ARXRy
protein stock (40 pM) with 35 pl of buffer SEC300_FL,
prepared in H,O. The sample was then acidified with
10 pl of 2 M glycine-HCl and 4 M Gdm-HCI (pH 2.5)
and digested on-line on an immobilized pepsin column
(Poroszyme immobilized pepsin, ABI) with 0.07% for-
mic acid in water as the mobile phase (flow rate, 200 pl/
min). The resulting peptides were captured on a 2.1 X5
mm C18 trap column (ACQUITY BEH C18 VanGuard
pre-column, 1.7 pm resin; Waters) and then directly
passed onto an ACQUITY UPLC-BEH C18 reversed-
phase column (2.1 X 50 mm, 1.7 um; Waters) and eluted
using a gradient of 10%-35% acetonitrile in 0.1% (v/v)
formic acid at a flow rate of 90 pl/min. The Manager
system (Waters) was used to strictly maintain the tem-
peratures of all fluids, valves, and columns at 0.5 °C,
except for the pepsin column, which was maintained at
20 °C inside the temperature-controlled digestion com-
partment. For protein identification, mass spectra were
acquired in MSE mode over an m/z range of 50—1950.
The spectrometer parameters were as follows: ESI in
positive mode; capillary voltage, 3 kV; sampling cone
voltage, 35 V; extraction cone voltage, 3 V; source tem-
perature, 80 °C; desolvation temperature, 175 °C; and
desolvation gas flow, 800 I/h.

For deuterated samples, 5 pl of protein stock was
diluted tenfold with 45 ul of buffer SEC300_FL, pre-
pared in D,0. The exchange reaction was performed
for 10 s, 1 min, 5 min, 25 min or 120 min and then
immediately quenched in 2 M glycine-HCI and 4 M
Gdm-HCI (pH 2.5) cooled on ice. The samples were
analyzed the same way as the non-deuterated sample,
but the C18 column outlet was coupled directly to the
ion source of the spectrometer, which, additionally, was
run in ion mobility mode. Each experiment was carried
out in triplicate.

Two control HDX-MS experiments were performed to
account for minimum and maximum exchange of pep-
tides. To obtain minimum exchange, D,O reaction buffer
was added to the quenching buffer cooled on ice prior to
the addition of protein stock. For maximum exchange,
5 ul of protein stock was mixed with 45 pl of D,O reac-
tion buffer, incubated overnight, and then mixed with
quenching buffer and analyzed as described above.

HDX-MS data analysis

Peptides were identified using ProteinLynx Global
SERVER software (PLGS, Waters). The list of identi-
fied peptides was analyzed by the DynamX 3.0 pro-
gram (Waters) with the following acceptance criteria:

Page 5 of 23

minimum intensity threshold of 3000 and minimum
products per amino acid of 0.3. The isotopic envelopes of
the peptides after exchange were analyzed using DynamX
3.0 with manual corrections wherever necessary. Percent
sample deuteration was calculated with a formula that
takes into consideration the molecular weights from the
minimum (M,0) and maximum exchange (M,,100) val-
ues of a given peptide:

(Mex - Mexo)
(Mex100 — Mex0)

D(%) = x 100%

Error bars for percent deuteration D (%) were calcu-
lated as standard deviations of three independent experi-
ments. Final graphs were plotted using OriginLab 8.5.

Circular dichroism spectroscopy (CD)

Circular dichroism (CD) spectra were recorded using the
Jasco-815 spectropolarimeter (Jasco Inc) equipped with
the Peltier temperature controller (CDF-426S/15). The
spectra were collected in a spectral range of 200—260 nm
with a scanning speed of 50 nm/min, at 20 °C, D.IT — 2
s and a 1 nm band width. The data pitch was 0.5 nm and
the final spectrum was obtained after averaging three
measurements. The spectra were measured using quartz
cuvettes with a path length of 1 mm. The concentration
of the full-length ZRXRy, AABARXRy and the AB region
were 10 uM (0.51 mg/ml, 0.38 mg/ml and 0.14 mg/ml,
respectively). All spectra were recorded in 30 mM HEPES
buffer containing 300 mM NacCl, 5% (v/v) glycerol and 1
mM DTT. For thermal-induced protein denaturation
spectra were collected at temperatures ranging from 25
°C to 65 °C. The data pitch was 5 °C and the temperature
gradient was 5 °C/min. Temperature-dependent denatur-
ation was monitored by following the changes in elliptic-
ity at 222 nm by increasing the temperature from 25 °C to
60 °C at a constant rate of 1 °C/min.

All the spectra were corrected for the effect from the
buffer and converted to molar residual ellipticity units.
The molar molecular mass per residue (MRW) for the
full-length ZRXRy, AABARXRy and the AB region are
110.0 Da, 113.6 Da and 102.9 Da respectively. Evaluation
of the secondary structure content was calculated with
CDPro deconvolution software using three algorithms:
Continll, Selon3 and Cdsstr. IBasis 4 (SPD42) was used as
the reference protein data set [44].

Fluorescence spectroscopy

8-anilino-1-naphthalenesulfonic acid (ANS) fluores-
cence measurements were performed on a Fluorolog-3
spectrofluorometer (Horiba Jobin Yvon Inc.) at 20 °C.
The concentration of the ANS stock solutions was cal-
culated using &5, = 6240 M~'x cm™! [45]. The protein



Sottys et al. Cell Communication and Signaling (2025) 23:243

samples (#ZRXRy and AAB/ZRXRy) of 2 uM containing 20
UM ANS were prepared in buffers: SEC50_FL, SEC300_
FL, SEC50 dAB or SEC300_dAB. ANS fluorescence
was excited at 351 nm and the emission spectra were
recorded at the wavelength range of 400-650 nm. The
integration time of 0.5 s, and slits with bandwidths of 4
nm, were used. Measurements were performed in a 0.3
cm path-length quartz cuvette (105-251-15-40, Hellma).

Limited proteolysis

The 0.5 mg/ml purified the full-length ARXRy and
AABARXRYy were digested with endoproteinase Glu-C
(V8) (Sigma-Aldrich) using a 1:250 (w/w) substrate-to-
protease ratio. The control reactions did not contain
enzyme. The proteolysis reactions were conducted at 25
°C in buffer D_50 and buffer D_300. The reactions in the
presence of the RXR hormone response element, Ramp2
DR1 DNA (1:2) and the RXR ligand, 9-cis-retinoic acid
(1:8), were conducted in buffer D_150. After defined
time intervals (0, 5, 15, 40, 75, 120 and 240 min), sam-
ples of 10 pl were taken, mixed with the 3 ul SDS loading
buffer and heated for 10 min at 95 °C. Cleaved peptides
were resolved using 15% SDS—polyacrylamide gels.

Microscale thermophoresis (MST)

The purified recombinant N-terminally 6 x His-tagged
AB region of nRXRy [33] was labeled using a protein-
labeling kit — His-Tag Labeling Kit RED-tris-NTA 2nd
Generation (cat# MO-L018, NanoTemper Technologies)
according to the manufacturer’s instructions. The ligand,
AABKRXRY, was prepared at a concentration of 280 pM
(13 mg/ml), then serially diluted in MST assay buffer
(30 mM HEPES, 200 mM NaCl, 5%(v/v) glycerol, 0.05%
Tween 20, pH 7.0) and mixed with the labeled protein
target to a final volume of 30 pl. The final target concen-
tration was 50 nM. The samples were incubated at room
temperature for 30 min and then loaded into MST pre-
mium coated capillaries (NanoTemper Technologies).
The samples were analyzed on a MonolithX (MM-314)
MST Instrument (NanoTemper Technologies, excitation
power 100%, medium MST power). Data was processed
with MO.Affinity.Analysis (NanoTemper). Binding con-
stants were determined using a Ky model (details about
the fitting model are available at the NanoTemper Tech-
nologies support page: https://support.nanotempertech.
com/hc/en-us/articles/19206980835345).

Sequence analysis
Analysis of the /IRXRy sequence was performed using
bioinformatics tools with default settings. The ProtParam
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tool (https://web.expasy.org/protparam/) allows the com-
putation of various physical and chemical parameters
(e.g. molecular mass, theoretical pl, extinction coeffi-
cient) [46]. The prediction of disorder regions was made
using IUPred2 A (https://iupred2a.elte.hu/) [47, 48],
PONDR (http://www.pondr.com) [11] and MetaDisor-
derMD2 (https://genesilico.pl/metadisorder/) [49] pre-
dictors. Protein backbone dynamics were predicted using
DynaMine (http://dynamine.ibsquare.be) [50, 51]. The
prediction of potential sites cleaved by endoproteinase
Glu-C (V8) in hIRXRy sequence was made using a Pep-
tideCutter (https://web.expasy.org/ peptide_cutter/) [46].
Structural model was generated using AlphaFold3 [52]
and visualized with UCSF ChimeraX [53].

Results

Intrinsically disordered properties of the RXR sequence
revealed by in silico analysis and hydrogen-deuterium
exchange coupled with mass spectrometry

The amino acid sequence of the full-length ZRXRy was
analyzed to evaluate the disorder propensity of the pro-
tein. To predict the presence of IDRs, three independent
predictors were applied: IUPred2 [47, 48], PONDR [11]
and MetaDisorderMD2 [49]. The results obtained with all
the algorithms are largely consistent. As seen in Fig. 1B,
hRXRy appears to be composed of both ordered and
unordered regions. The highest propensity for ordered
structure is observed for DBD and LBD of #ZRXRy. There
are two major segments that were predicted to be disor-
dered in ARXRy, spanning: 1-130 and 180-260 amino
acid residues (Fig. 1B). These fragments correspond
to the AB region and D region of #IRXRYy, respectively
(Fig. 1A). In total, approximately 50% of the analyzed
sequence was predicted to be disordered.

Additional in silico analysis was conducted using
DynaMine algorithm, a tool that is designated for the
prediction of protein backbone dynamics [50]. Val-
ues above 0.8 indicate an ordered state (rigid regions),
whereas values below 0.69 indicate a disordered state
(flexible regions) [51]. Obtained results for DynaMine
algorithms are in good agreement with [UPred2, PONDR
and MetaDisorderMD2 predictions. In total, approxi-
mately 50% of the analyzed sequence was predicted to
be ordered. DynaMine identified also three highly flex-
ible regions in #ARXRy (approximately 25% of the ana-
lyzed sequence), spanning: 1-130, 220-233 and 460-464
amino acid residues (Fig. 1C), corresponding to the AB
region, D region and F region of ARXRy, respectively
(Fig. 1A). Notably, the AB region of ZRXRy seems to be
the most flexible. In addition, #ZRXRy contains regions
(approximately 25% of the analyzed sequence) where
the polypeptide chains exhibit context-dependent struc-
tural organization (with an S? score between 0.69 and 0.8,


https://support.nanotempertech.com/hc/en-us/articles/19206980835345
https://support.nanotempertech.com/hc/en-us/articles/19206980835345
https://web.expasy.org/protparam/
https://iupred2a.elte.hu/
http://www.pondr.com
https://genesilico.pl/metadisorder/
http://dynamine.ibsquare.be
https://web.expasy.org/
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which defines the boundary between flexible and rigid
protein regions).

To experimentally validate the IDRs in ARXRy, we
established an efficient procedure for the expression and
purification of ARXRYy (Fig. S1) and employed hydrogen—
deuterium exchange coupled with mass spectrometry

(HDX-MS). This technique allows for the estimation of
the exchange rate between deuterons in water and hydro-
gens in the protein by mass spectrometry. Hydrogen
atoms in amide groups that are buried inside the protein
or engaged in interactions exhibit much slower exchange
rates. Conversely, hydrogen atoms in disordered regions
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that are not involved in interactions exchange more rap-
idly. This allows for the experimental identification of
IDRs in the protein [54]. The HDX-MS results are pre-
sented in Fig. 2, showing the deuteration percentage in
distinct regions of ZRXRy at various time points. The
data indicate that the highest hydrogen exchange rate
was observed in the AB region. In fact, almost 100%
exchange was observed in the 1-140 amino acid resi-
due region after 10 s of incubation (Fig.2A). This finding
is consistent with the results of bioinformatic analyses,
which predicted that the AB region is highly disordered
(Fig. 1B and C). Other regions identified as disordered by
bioinformatic tools, including the 225-260 and 460—-464
amino acid residue regions, also exhibited significant
exchange after 10 s of incubation, with this effect increas-
ing further with longer incubation times. The HDX-MS
data also revealed that DBD (128-210 amino acid resi-
dues) in full-length ZRXRy exhibited faster hydrogen
exchange compared to LBD (235-460 amino acid resi-
dues), suggesting a higher degree of disorder in DBD
(Fig. 2E). This contrasts with in silico predictions, which
indicated a stronger propensity for an ordered struc-
ture in DBD compared to LBD (Fig. 1B). Interestingly,
although in silico analysis predicted a higher disorder
tendency for LBD (Fig. 1B), HDX-MS showed slower
hydrogen exchange in this region (Fig. 2E). Notably, two
regions within LBD, spanning amino acid residues 275-325
and 420-450, remained unexchanged even after 120 min.
This aligns with in silico predictions, which classified
these regions as ordered/rigid (Fig. 1B). After overnight
incubation, 100% exchange was observed for the entire
protein (Fig. 2F).

Together, the results of the in silico analysis and HDX-
MS indicate that the AB region of ZRXRy in the context
of the full-length protein is intrinsically disordered.

Analysis of the oligomerization states of hBRXRy

and AABhRXRy

RXR integrates and modulates diverse cellular processes
through its ability to form heterodimers with other NRs
[17]. Moreover, RXR can assemble into homodimers and
homotetramers [18, 25-27]. Despite its importance, the
molecular mechanisms underlying RXR’s oligomerization
and interactions remain largely unexplored. During purifi-
cation, both /RXRy and AABARXRY displayed a tendency
to oligomerization, as indicated by their elution in multiple
peaks (Fig. S1 and S2). To further investigate this tendency,
chemical cross-linking experiments followed by SDS-PAGE
were performed (data not shown). A water-soluble BS?
crosslinker, which reacts with primary amino groups on the
target protein via NHS esters to form stable amide bonds,
was selected for this analysis. Cross-linking of ZARXRy with
BS? resulted in distinct bands corresponding to monomers,

Page 9 of 23

dimers, and higher-order oligomers. In contrast, cross-link-
ing of AABARXRYy revealed mainly monomers and dimers.
These results indicate that both ARXRy and AABARXRY
can form oligomers; however, AABZRXRY assembles into
smaller oligomeric forms compared to the higher-order
oligomers observed for ZRXRy. These findings suggest that
the AB region in the full-length #ZRXRy modulates the for-
mation of higher-order oligomeric forms.

To further analyze the influence of the intrinsically dis-
ordered AB region on the oligomerization of #ZRXRY, size-
exclusion chromatography coupled with multi-angle light
scattering (SEC-MALS) was performed. This combination
of SEC for separation and MALS for analysis allows for
conformation- and shape-independent determination of
the molecular weights of analyzed macromolecules [55].
However, we encountered challenges in obtaining con-
clusive results for the sARXRy and AABARXRYy samples
prepared using the routine purification procedure (see
Methods, Fig. S1, and Fig. S2) as the complexity of the
size distribution exceeded the resolution capacity of SEC
(data not shown). Therefore, for SEC-MALS analysis, we
employed prefractionated populations of both proteins.
During the SEC purification step, ARXRy and AABARXRy
fractions were separated into two categories: ZRXRy_oli-
gomer and AABZRXRy_oligomer (first peak, smaller elu-
tion volume) and ZRXRy_dimer and AABARXRy _dimer
(second peak, larger elution volume) (Fig. S1 and Fig.
S2). Each prefractionated sample was analyzed separately
by SEC-MALS at a concentration of 5 mg/ml (Fig. 3). In
the ZRXRy_oligomer sample, there was almost exclu-
sively a higher-order oligomer, with a small fraction of
homodimers (Fig. 3A). In contrast, the ARXRy_dimer
sample contained a mixture of monomers, homodimers,
and higher-order oligomers (Fig. 3B). For both samples,
the exact size of oligomeric fraction of ZRXRy could not
be definitively determined. It might be a homotetramer,
homopentamer, homohexamer, or a mixture of these. The
SEC-MALS data were more conclusive for AABARXRY.
The analysis for the AABAZRXRy_oligomer sample
(Fig. 3C) indicated the presence of monomers and homo-
tetramers, while the AABARXRy_dimer sample (Fig. 3D)
contained monomers and homodimers

Summarizing, SEC-MALS data demonstrated that
hRXRy in solution exists as a monomer, dimer and
higher-order oligomers (likely homotetramer, homopen-
tamer, or homohexamer), whereas AABAZRXRy primar-
ily exists as a monomer, homodimer and homotetramer.
These findings confirmed the chemical cross-linking
results, indicating that the inherently disordered AB
region controls the oligomerization tendency of #ZRXRY.
While both #ZRXRy and AABARXRY can form oligomers,
hRXRy assembles into higher-order oligomers compared
to the smaller oligomeric forms observed for AABARXRY.
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Additionally, SEC-MALS analysis revealed that the AB
region acts as structural element stabilizing ZRXRy’s
higher-order oligomeric states, as ZRXRy shows a greater
tendency to form stable oligomers in solution. The intrin-
sically disordered AB region is thus a critical determinant
of the molecular properties of ZRXRy, and its deletion
significantly impacts the receptor molecule’s tendency to
oligomerize.

Study of the hydrodynamic properties of hARXRy

and AABhRXRy by analytical ultracentrifugation

To further evaluate the effect of the AB region on the
oligomerization propensity of RXR, the hydrodynamic
properties of the prefractionated populations—/ARXRy_
oligomer, AABARXRy_ oligomer, ARXRy_ dimer and
AABARXRy_dimer—were analyzed using sedimenta-
tion velocity analytical ultracentrifugation (SV-AUC).
This biophysical method enables the study of pro-
teins and their interactions in solution based on their

mass- and shape-dependent migration in a centrifugal
field [56]. Each sample (ARXRy_oligomer, #”RXRy_dimer,
AABARXRy_oligomer, and AABARXRy_dimer) was ana-
lyzed at three different concentrations: 0.8 mg/ml, 0.4
mg/ml and 0.2 mg/ml. Data analysis for all three con-
centrations yielded a good fit (RMSD; Table 1, Fig. S3).
No significant dependence of the sedimentation coef-
ficient (s,,,,) on the protein concentration was observed
(Table 1). The collected frictional ratio (f/f;) data enabled
to define the character of the analyzed proteins. Globu-
lar proteins are characterized by values of approximately
1.2-1.25, which do not change a lot with an increase of
molecular mass (f/f, ratios are 1.19-1.25 for the 20 — 200
kDa globular proteins) [57, 58]. The calculated f/f; ratio
for four analyzed samples is 1.2 (Table 1), which classified
hRXRy and AABARXRY as globular proteins.
Sedimentation coefficient distributions calculated
from the SV-AUC data indicated that the ZRXRy_oli-
gomer species have sedimentation coefficients (s,,)
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Table 1 Hydrodynamic properties of hRXRy and AABhRXRy obtained by SV-AUC analysis

Protein c[mg/ml] RMSD f/f, MW [kDal R, [A] Sow) [S]
hRXRy 0.2 0.007920 1.219780 88.0 36.0 5.753
‘oligomer” 259 515 11.827
04 0.007786 1.229020 87.3 36.1 5679
257 51.8 11.678
0.8 0.008308 1.219780 88.0 36.0 5.753
259 515 11.827
hRXRy 0.2 0.008700 1.212412 97.9 370 6.215
“dimer” 249 50.6 11.590
04 0.008976 1.232288 101 38.0 6.249
242 50.9 11.192
0.8 0.010549 1.238849 106 39.8 6421
237 508 10.977
AABhRXRy 0.2 0.008059 1.209588 80.7 34.7 5435
“oligomer” 238 49.7 11.181
04 0.008496 1.192068 874 351 5817
236 4838 11.276
0.8 0.009450 1.201445 93.0 36.1 6.015
230 488 11.000
AABhRXRy 0.2 0.008813 1.210089 95.1 36.6 6.067
“"dimer” 228 49.0 10.865
04 0.009382 1.196605 114 384 6.904
0.8 0.010962 1.210319 122 399 7.173

of approximately 5.7 S and 11.8 S, respectively (Fig. 4A,
Table 1). The estimated molecular masses (88 kDa and
259 Da) were close to the theoretical values of homodi-
mer (101 kDa) and homopentamer (254 kDa). Simi-
lar results were obtained for the ZRXRy_dimer sample
(the sedimentation coefficients (s,,,) of approximately
6.3 S and 11.2 S were observed) (Fig. 4B, Table 1). The
estimated molecular masses (102 kDa and 243 Da)
were also close to the theoretical values of homodimer
and homopentamer. Although both analyzed ARXRy
samples appeared to contain the same two main spe-
cies, their proportions differed. The dominant species
in the ARXRy_oligomer sample was homopentamer,
whereas in the ZARXRy_dimer sample, it was homodimer.
Under the same conditions, the SV-AUC analysis of the
AABARXRY_oligomer sample, identified two species with
the sedimentation coefficients (s,,,) of approximately
5.7 S and 11.1 S, respectively (Fig. 4C, Table 1). The esti-
mated molecular masses (87 kDa and 235 Da) were close
to the theoretical values of homodimer (76.6 kDa) and
homohexamer (230 kDa). The major population of mol-
ecules in the AABARXRy_oligomer sample existed as
homohexamer. The sedimentation coefficient distribu-
tions calculated from the SV-AUC data indicated two
species in the AABAZRXRy_dimer sample, with sedimen-
tation coefficients (s, ,,) of approximately 6.7 S and 10.9
S, respectively (Fig. 4D, Table 1). Although the estimated
molecular masses (110 kDa and 228 kDa) were close to

the theoretical values of homotrimer (115 kDa) and
homohexamer (230 kDa), the low resolution and over-
lapping peaks suggest that the main species could also
be homodimer, with a tendency to form higher-order
oligomers.

In conclusion, the ZRXRy_oligomer and AABARXRY_
oligomer samples predominantly contained higher-order
oligomeric forms, which appeared to be stable once
formed. In contrast, the ZRXRy_dimer and AABARXRy_
dimer samples exhibited a dynamic equilibrium, particu-
larly noticeable in the AABAZRXRy_dimer sample. This
finding highlights distinct oligomerization tendencies
in AIRXRy and AABARXRY, which are dependent on the
presence of the AB region.

Impact of ionic strength on the secondary and tertiary
structures of hARXRy and AABhRXRy

To evaluate the effect of the AB region on the molecu-
lar properties of ZRXRy, both the full-length protein
(hRXRy) and the deletion mutant (AABARXRY), pre-
pared using the routine procedure (see Methods), were
examined under varying ionic strength conditions using
circular dichroism (CD) spectroscopy [59, 60]. The sec-
ondary structures of ZRXRy and AABAZRXRy were ana-
lyzed at two NaCl concentrations: 50 mM and 300 mM.
In all cases, the CD spectra (Fig. 5) displayed character-
istic deep negative maxima at approximately 208 and
222 nm, indicative of ordered secondary structures [61].
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Although both ZRXRy and AABARXRYy exhibited a high
percentage of ordered structures at 50 mM and 300 mM
Na(l, differences in their spectra were observed. To esti-
mate the content of secondary structures in ZRXRy and
AABARXRy at both NaCl concentrations, the CDPro
software package was used with the Continll, Selon3 and
Cdsstr algorithms [44]. The obtained and averaged results
are summarized in Table 2. While the CD data were col-
lected down to 205 nm due to buffer absorbance limita-
tions, this spectral range was sufficient to observe clear
and reproducible trends in secondary structure content
across conditions and constructs. At 50 mM NacCl, the
predominant ordered structure in ZRXRy was a-helix (38
+2.1%). The B-strand content was estimated at 16 +1.8%.
The analysis also indicated the presence of a significant
number of unordered regions (31 +2.0%). The content
of the turns was determined to be 15 +1.2%. Increasing

the NaCl concentration to 300 mM altered the secondary
structure composition of ZRXRYy, resulting in a decrease
in a-helix content to 30 +2.8%, accompanied by increases
in B-strand (18 +2.9%), turns (19 +£2.0%), and unordered
regions (33 +1.4%).

The analysis of AABARXRy at 50 mM NaCl revealed
an a-helix content of 20 +2.1% and a P-strand content
of 27 +4.8% (Table 2). Additionally, the content of turns
and unordered regions was estimated at 20 +0.7% and
33 +6.3%, respectively. Higher (300 mM) NaCl concen-
tration led to a significant increase in a-helix (36 +3.0%)
content of AABARXRy. A simultaneous decrease in the
B-strand (20 +4.1%), turns (16 +1.1) and unordered
(28 +4.8%) content of AABARXRy (50 mM NaCl) was
observed. These changes were the opposite to those
observed for sRXRy, where an increase in ionic strength
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Fig. 5 lonic strength-induced changes in the secondary structure of hARXRy and DABhRXRY.Far-UV spectra of hRXRy and DABhRXRy recorded
at different NaCl concentrations (50 mM NaCl - dashed lines; 300 mM NaCl - solid lines). Protein concentrations were 10 uM, and spectra were

measured at 20 °C

Table 2 Estimation of secondary structure content in hRXRy and AABhRXRy derived from CD spectra

protein a-helix [%] B-strand [%] turns [%] unordered [%]
regular distorted total regular distorted total
hRXRy_50 21+14 17+£0.7 38421 8+09 8+09 16+£1.8 15+£12 31+20
hRXRy_300 17£22 13+£0.6 3028 11+£10 719 18 +29 19+20 33+14
AABARXRy_50 12+04 8+1.7 20+2.1 12+£29 15+19 27 +4.8 20+0.7 33+63
AABhRXRy_300 20+2.1 16 £09 3630 12+£23 8+19 20+£4. 16+1.1 28 +£48
mixture (AB region and AABARXRy) 23 +2.7 21+05 44 £32 8+13 16 +£0.9 23+2.2 15+13 18+£20
sum (AB region and AABhRXRy) 21 +£09 2712 48 £2.1 6+1.7 613 12+£3.0 12+£28 28 3.7

led to a decrease in a-helix content, accompanied by an
increase in B-strand, turns, and unordered structures.

These results highlight a distinct difference in how
hRXRy and AABARXRYy respond to changes in ionic
strength. Our data suggest that the AB region contributes
to the conformational behavior and ionic sensitivity of
the structured domains (DBD and LBD) in #RXRy. This
effect is reflected in a reduction in a-helix content, most
likely within these domains. In contrast, the increase
in a-helix content observed in AABAZRXRy at 300 mM
NaCl suggests that the absence of the AB region allows
for enhanced structural ordering under these conditions.
These findings underscore the role of the AB region as a
critical modulator of the conformational states of ZRXRy
and its responsiveness to environmental factors, such as
ionic strength.

Far-UV spectra of ZARXRy and AABARXRy recorded
at different NaCl concentrations (50 mM NaCl — dashed

lines; 300 mM NacCl - solid lines). Protein concentrations
were 10 puM, and spectra were measured at 20 °C.

To further evaluate the impact of the AB region on the
molecular properties of RXR, the effect of temperature
on the secondary structures of ARXRy and AAB/ZRXRy at
50 mM and 300 mM NaCl was analyzed using far-UV CD
spectroscopy (Fig. 6 and Fig. S4). Heating of the ZRXRy
sample from 25 to 65 °C in the presence of 50 mM (Fig.
S4 A) and 300 mM NaCl (Fig. S4B) resulted in a thermally
induced conformational transition, characteristic of the
typical unfolding process observed in ordered globular
proteins. Thermal denaturation was also monitored by
CD spectroscopy at 222 nm, a wavelength characteris-
tic of a-helical content (Fig. 6A). The main temperature
transitions for ZRXRy were observed at 41 °C and 42 °C
for 50 mM and 300 mM NacCl, respectively. Notably, the
denaturation process for sRXRy exhibited a multipha-
sic profile, particularly evident at low ionic strength (50
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plots display the first-order derivatives of ellipticity at 222 nm with respect to temperature, measured over a range of 30 to 70 °C (d[q] w22/
dT). Protein concentrations were 10 uM. The curves represent hRXRy at 50 mM NaCl (black dashed line) and 300 mM NaCl (black solid line),

and DABAhRXRy at 50 mM NaCl (blue dashed line) and 300 mM NaCl (blue solid line)

mM NaCl), in the first-order derivative plot of the melt-
ing curves (Fig. 6A), reflecting the multidomain nature of
RXR. These results indicate that increased ionic strength
provides enhanced stability to the secondary structure of
hRXRy, as demonstrated by the slightly higher transition
temperature at 300 mM NaCl.

The effect of temperature on the conformation of
AABKRXRy was also investigated by CD analysis over
a temperature range of 25 to 65 °C (Fig. S4 C and S4D).
Structural changes induced by increasing temperature
were observed at both 50 mM (Fig. S4 C) and 300 mM
NaCl (Fig. S4D). Like ARXRy, AABARXRy exhibited
increased stability at higher ionic strength. However, the
main transition temperatures for AABARXRy were 51
°C and 53 °C at 50 mM and 300 mM NaCl, respectively
(Fig. 6B). The results indicate that AABARXRY, lacking
the AB region, was more resistant to higher temperatures
than ZRXRy, as its transition temperature was at least
10 °C higher. The denaturation process for AABARXRy
also exhibited a multiphasic profile, similarly as it was
observed to ZRXRy.

Thus, the AB region appears to act as a critical factor
modulating the stability and conformational states of
hRXRy. The presence of the AB region reduces the ther-
mal stability of ZRXRY, likely due to its association with
the rest of the protein. This suggests that the AB region
does not function as an independent entity but rather
integrates into the overall ARXRy structure, influencing
its folding and stability.

First-order derivative plot of the melting curves for
hRXRy (A) and AABAZRXRYy (B). The plots display the

first-order derivatives of ellipticity at 222 nm with
respect to temperature, measured over a range of 30 to
70 °C (d[0]prwa00/dT). Protein concentrations were 10
uM. The curves represent ZRXRy at 50 mM NaCl (black
dashed line) and 300 mM NaCl (black solid line), and
AABKRXRy at 50 mM NaCl (blue dashed line) and 300
mM NaCl (blue solid line).

After establishing the secondary structures of ZRXRy
and AABARXRy at 50 mM and 300 mM NaCl, ANS
fluorescence spectroscopy experiments were employed
to further investigate the molecular properties of both
proteins (Fig. 7). By measuring the fluorescence inten-
sity and emission maxima of ANS under different ionic
strength conditions, additional insights into the hydro-
phobicity and potential structural changes of ZRXRy and
AABHKRXRY, which might not be captured by CD alone
were obtained. Free ANS exhibits a fluorescence spec-
trum characterized by a low emission maximum at 525
nm. Upon binding to the hydrophobic surfaces of pro-
teins, the fluorescence of ANS significantly increases [62].
As shown in Fig. 7, upon the addition of proteins, the flu-
orescence intensity of ANS increased 5.8-fold for ZRXRy
and 21.8-fold for AABARXRy at 50 mM NaCl. The posi-
tion of the fluorescence maxima blueshifted from 526
to 463 nm and 457 nm, respectively, due to association
of the probe to the proteins. These findings suggest that
AABHKRXRY has distinct molecular properties, with more
hydrophobic surfaces exposed than AZRXRy, which is
likely linked to the AB region. Moreover, a slight decrease
in fluorescence intensity was observed upon increas-
ing the NaCl concentration to 300 mM (Fig. 7), with
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Fig. 7 Fluorescence spectra of hRXRy and DABhRXRy. Fluorescence spectra of ANS binding to hRXRy and DABhRXRy at 50 mM (dashed black
and blue lines, respectively) and 300 mM (solid black and blue lines, respectively) NaCl concentrations. The spectra of free ANS (solid and dashed
grey lines) are also shown. Protein samples (hRXRy and AABARXRY) were prepared at a concentration of 2 pM with 20 uM ANS

fluorescence intensity values of 4.5-fold for ZRXRy and
16.4-fold for AABARXRy. Concomitantly, an additional
blue shift of 5 nm and 1 nm in the emission maxima was
observed, for ARXRy and AAB/ZRXRY, respectively. This
suggests more extensive structural rearrangement in the
hydrophobic regions of ARXRY.

These data complement the secondary structure analy-
sis and allow for the evaluation of the impact of the AB
region on molecular properties of ARXRYy. The increased
exposure of hydrophobic residues, as revealed by ANS
fluorescence experiments, contributed to the enhanced
thermal stability of AABARXRy. Hydrophobic interac-
tions are known to play a significant role in maintaining
protein structure, and their increased presence could
help stabilize the protein’s conformation at elevated
temperatures [63, 64]. In contrast, the presence of the
AB region in ZRXRy alters hydrophobicity, leading to
decreased stability at elevated temperatures. This effect
can be attributed to both the integration and interaction
of the AB region with the rest of the protein, which likely
alters parts of the hydrophobic surfaces and weakens
their stabilizing interactions.

Fluorescence spectra of ANS binding to ZRXRy and
AABARXRy at 50 mM (dashed black and blue lines,
respectively) and 300 mM (solid black and blue lines,
respectively) NaCl concentrations. The spectra of free
ANS (solid and dashed grey lines) are also shown. Pro-
tein samples (ARXRy and AABARXRy) were prepared at a
concentration of 2 uM with 20 uM ANS.

Impact of ionic strength, hormone response element

and ligand on the structure of RXR investigated

with limited proteolysis

Limited proteolysis experiments were used to delineate
the further structural differences between the AZRXRy
and AAB/ZRXRY;, as well as to highlight the role of the AB
region as a critical modulator of the receptor’s structure
(Fig. 8). The digestion of both ZRXRy and AABARXRy
was performed at 50 mM (Fig. 8A and E) and 300 mM
(Fig. 8B and F) NaCl and additionally in the presence of
the RXR hormone response element, Ramp2 DR1 DNA
(Fig. 8C and G) and RXR ligand, 9-cis-retinoic acid
(Fig. 8D and H). The glutamyl endopeptidase Glu-C (V8)
from Staphylococcus aureus [65], which preferentially
cleaves at the C-terminus of either Glu or Asp residues,
was utilized. The ZRXRy sequence analysis using a Pep-
tideCutter [46] indicated that there are 29 putative cleav-
age sites for V8 (AB region: 1; DBD: 2; D region: 7; LBD:
19). V8 is stable and its activity does not change in the
presence of tested conditions. -RXRy and AABARXRY,
either alone or under specific conditions, remained sta-
ble during a 4-h incubation period (Fig. 8A-H, lane 10).
hRXRy in the presence of 50 mM NaCl (#RXRy 50 mM)
was the most sensitive to protease V8 digestion (Fig. 8A).
The band corresponding to the intact protein completely
disappeared after 2 h of incubation (Fig. 8A, lane 8). In
contrast, the cleavage sites of ZRXRy in the presence of
300 mM NaCl (hRXRy 300 mM) were less accessible to
protease (Fig. 8B). After 2 h, the band corresponding to
the intact protein was still detectable (Fig. 8B, lane 8).
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Fig. 8 Effect of ionic strength, DNA and ligand on the proteolysis of h(RXRy and DABhRXRy by V8 protease. SDS-PAGE analysis of limited proteolysis

products at different NaCl concentrations (A-B) and (E-F), in the presence of DNA (C) and (G) and in the presence of ligand (D) and (H). Both hRXRy
and DABhRXRy were incubated with V8 protease at 25 °C at an enzyme-to-substrate ratio of 1:250 (w/w). The control reactions (KO and K4) did

not contain enzyme. The molecular weight marker is shown on the left of each gel in kDa. The aliquots were taken at 5 min, 15 min, 40 min, 75 min,
120 min and after 240 min after the addition of enzyme



Sottys et al. Cell Communication and Signaling (2025) 23:243

These results indicate that under higher ionic strength,
the ZRXRy protein was more resistant to digestion.

Under the same conditions, digestion of AABAZRXRy
resulted in the presence of a significant amount of the
intact protein in the reaction mixture (Fig. 8E and F). The
band corresponding to the intact protein remained, to
some extent, unaffected even after 240 min of incubation
(Fig. 8E, lane 9 and Fig. 8F, lane 8). This result is particu-
larly interesting, as the AB region contains only a single
cleavage site for V8 protease, yet its presence in ZRXRy
appears to enhance the accessibility of cleavage sites out-
side this region. These observations align with ANS fluo-
rescence data, which revealed that the AB region reduces
the accessibility of hydrophobic residues, potentially by
interacting with the structured domains such as DBD
or LBD, thereby influencing V8 protease susceptibility.
By interacting with the rest of the protein, the AB region
appears to destabilize it, possibly introducing numerous
transient interactions that induce a range of conforma-
tional states, including those that expose otherwise pro-
tected residues to V8 protease.

The digestion in the presence of DNA (ZRXRy + DNA)
and ligand (ARXRy +ligand) appeared to be greatly
retarded, with the ZRXRy protein still present in the reac-
tion mixture after 4 h (Fig. 8C and D, lane 9). Interest-
ingly, the digestion patterns of ZARXRy in the presence of
DNA (Fig. 8C) and ligand (Fig. 8D) appeared to be simi-
lar but different compared to the patterns obtained for
the unbound protein (Fig. 8A and B). Upon DNA/ligand
binding, RXR underwent structural rearrangements
and turned out to be more resistant to the V8 diges-
tion. Additionally, ZRXRy protein turned out to be more
resistant to the digestion in the presence of ligand in
comparison to the presence of DNA (Fig. 8C and Fig. 8D,
lane 9) as the band corresponding to intact protein was
more intense. Still ARXRy in the presence of DNA and
ligand was more susceptible to proteolysis in comparison
to AABARXRy under the same conditions (Fig. 8G, lane 9
and Fig. 8H, lane 8). The band corresponding to the intact
protein is more intense. Additionally, in the presence of
DNA and ligand, distinct band patterns were observed
for ARXRy and AABARXRY, likely reflecting variations in
their conformational states.

Limited proteolysis enabled the detection of structural
rearrangements induced by ionic strength, DNA, and
ligand binding. The results provide further evidence that
the AB region modulates conformation of the structured
domains, including DBD and LBD. DNA or ligand bind-
ing stabilizes the structured core of the protein, which,
in turn, influences the communication and interaction
between the structured core and the intrinsically disor-
dered AB region, redefining their conformational states.
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SDS-PAGE analysis of limited proteolysis products at
different NaCl concentrations (A-B) and (E-F), in the
presence of DNA (C) and (G) and in the presence of
ligand (D) and (H). Both ZRXRy and AABARXRy were
incubated with V8 protease at 25 °C at an enzyme-to-
substrate ratio of 1:250 (w/w). The control reactions (KO
and K4) did not contain enzyme. The molecular weight
marker is shown on the left of each gel in kDa. The ali-
quots were taken at 5 min, 15 min, 40 min, 75 min, 120
min and after 240 min after the addition of enzyme.

Binding of the AB region to AABhRXRy induces
conformational changes

The results presented above demonstrated that the AB
region modulates the molecular properties of ZIRXRy. We
decided to examine whether this is solely a consequence
of the presence of this fragment within the #ZRXRy pol-
ypeptide or if it also results from its interaction with
another part of the protein. IDRs are known to regulate
the activity of TFs through intramolecular interactions
with structured domains [11, 12]. For steroid nuclear
receptors, physical intramolecular associations between
the N-terminal (AB region) and C-terminal domains
(LBD) have been reported [66—68].

To explore whether such interaction may occur in
hRXRy, we analyzed the AlphaFold-predicted struc-
ture of the full-length receptor (Figure S5). The model
suggests a potential for transient intramolecular con-
tacts between the AB region and the rest of the protein.
Although AlphaFold has limitations in modeling the
dynamic behavior of IDRs, the prediction indicates a pos-
sible spatial proximity between the AB region and LBD—
reminiscent of intramolecular interactions reported
for steroid receptors. To further investigate the poten-
tial interaction between the intrinsically disordered AB
region and the globular AABARXRY, CD experiments
were performed. The CD spectra of AABARXRY, the AB
region of ZRXRy, and a mixture of the two were recorded
(Fig. 9). The AB region spectrum displayed a pronounced
minimum at 205 nm (Fig. 9), characteristic of disordered
regions, and was consistent with previously published
spectra of the AB region [33]. To evaluate the interac-
tion between the AB region and AABARXRy, an addi-
tive spectrum was calculated by summing the individual
spectra of the two proteins. This calculated spectrum was
then compared with the spectrum of the mixed sample.
Notable differences between the mixed sample and the
additive spectrum (Fig. 9) suggest that the interaction
between the AB region and AABAZRXRy induces confor-
mational changes in one or both proteins.

The secondary structure content of the mixed sample
and the calculated additive spectrum was analyzed using
the CDPro software package (Table 2). The mixed sample



Sottys et al. Cell Communication and Signaling (2025) 23:243

Page 18 of 23

"
M
4
o
§
X -84
e
[&]
x 124
()]
()
=,
S 189 . —— AB region
‘; \ —— AABARXRy
é 204 —— AB region + AABhRXRy
= - - —sum of spectra
— hRXRy
-24 T T T T T T T T 1
210 220 230 240 250 260 270
A [nm]

Fig. 9 Far-UV CD spectroscopy reveals the interaction between the AB region of hRXRy and DABhRXRY. CD spectra of hRXRy, DABhRXRYy, the AB
region of hRXRy, mixture of DABARXRy and the AB region of hRXRy, and the additive CD spectrum calculated from their individual spectra. All
protein samples were prepared at a concentration of 10 uM. The spectra were recorded at 20 °C

showed a predominant a-helical content (44 +3.2%), with
B-strand, turns, and unordered structures comprising
23 £2.2%, 15 £1.3%, and 18 +2.0%, respectively. In con-
trast, the calculated additive spectrum indicated higher
a-helical (48 +2.1%) and unordered content (28 +3.7%)
but lower B-strand (12 +£3.0%) and turn (12 +2.8%)
content.

Taken together, our findings demonstrate that the AB
region and AABAZRXRYy interact, with the nature of this
interaction differing between isolated fragments and
when they are part of a single polypeptide chain. The
intrinsically disordered AB region plays a pivotal role in
modulating these interactions, as evidenced by the differ-
ences observed in the CD spectrum of full-length ZRXRy
compared to the additive spectrum of the AB region
and AABARXRy. While interaction occurs, the resulting
structure does not fully replicate the native conformation
of the intact protein. These results emphasize the impor-
tance of protein folding during synthesis in achieving the
proper tertiary structure of the full-length receptor.

CD spectra of iRXRy, AABARXRY, the AB region of
hRXRy, mixture of AABARXRy and the AB region of
hRXRy, and the additive CD spectrum calculated from
their individual spectra. All protein samples were pre-
pared at a concentration of 10 uM. The spectra were
recorded at 20 °C.

To determine the thermodynamic parameter of
AB region — AABARXRy interactions, microscale

thermophoresis (MST) was performed (Fig. 10) which
can also modulate the transcriptional). MST is a biophys-
ical method for the quantitative characterization of inter-
molecular interactions in solution [69, 70]. A variation
in the fluorescence signal correlates with the binding of
a ligand to the fluorescent target thus, MST can be used
to determine equilibrium dissociation constants (Kj). The
purified recombinant N-terminally 6 X His-tagged AB
region of KRXRy [33] was first labeled using a His-Tag
protein-labeling kit and then mixed with serially diluted
AABHKRXRYy (ligand). AB region of ZRXRy showed poten-
tial to interact with AABAZRXRY, as K was estimated to
be 11.1 uM £5.6.

Thus, MST analysis demonstrated a direct interac-
tion between two fragments of AIRXRy — the AB region
and AABARXRY, a result that aligns with the structural
arrangement proposed by AlphaFold modeling. As
shown by CD analysis, as well as the limited proteolysis
and ANS fluorescence experiments presented above, this
interaction plays a key role in defining the conformation
of the full-length RXR protein.

MST dose-response curve for the labeled 6Xx His-
tagged AB region of ZRXRYy titrated against AABARXRY.
The resulting curve was fitted to a binding model to
determine the K. Measurements were performed in trip-
licate, and error bars represent the standard deviation.
MST experiments were conducted using medium MST
power and 100% LED power.
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Fig. 10 Interaction between the AB region of hRXRy with DABARXRY. MST dose-response curve for the labeled 6xHis-tagged AB region of hRXRy
titrated against DABARXRY. The resulting curve was fitted to a binding model to determine the K;. Measurements were performed in triplicate,
and error bars represent the standard deviation. MST experiments were conducted using medium MST power and 100% LED power

Discussion

The retinoid X receptor (RXR), as common partner for
other representatives of the nuclear receptor family, is
involved in a diversity of cellular process [17]. However,
RXR can also act alone as homodimer or probably by
forming higher-order oligomers like homotetramers [18,
71]. Knowledge of the structural features of RXR that
mediate oligomer formation and its dynamics is essen-
tial for understanding sequence-specific DNA recogni-
tion, ligand-binding mechanisms, and their functional
outcomes. The crystal structures (of isolated domains
or of the multidomain complexes of RXR) [72] indicate
that two RXR domains — DBD and LBD - are implicated
in governing dimer formation. These two well-ordered
globular fragments are flanked by flexible regions —
the AB region, the D region and the F region (Fig. 1A),
which can also modulate the transcriptional activity of
the receptor [73, 74]. The non-conserved AB region of
hRXRy plays a crucial role in determining the subtype-,
cell type-, and gene-specific functions of RXR. Notably,
the unique AB region sequence of each RXR subtype and
isoform is a key factor underlying the significant func-
tional differences among RXR variants. The biochemical
and biophysical properties of the recombinant isolated
AB region of human RXR subtype y (#RXRy) have been
described recently, indicating that the sequence exhibits
the structural and functional characteristics of the pre-
molten globule-like (PMG-like) group of intrinsically
disordered proteins (IDPs) [33]. However, in the context
of the full-length protein, the structural role of the AB
region is not understood. To investigate the structural

and functional role of the AB region of #ZRXRy within
the context of the full-length RXR, we examined molecu-
lar properties of both the full-length ZRXRy and a dele-
tion mutant lacking the AB region (AABAZRXRY). As an
initial step, we determined to what extent the AB region
remains disordered within the full-length ZRXRy. Both in
silico analysis and HDX-MS experiments defined the AB
region in ARXRYy as intrinsically disordered.

As noted above, RXR functions as a heterodimeric
partner for approximately one-third of the members
of the human nuclear receptor superfamily. Notably, it
can also independently form homodimers and higher-
order oligomers such as homotetramers [18, 71]. During
purification procedures, both ZRXRy and AABARXRy
exhibited a pronounced tendency to oligomerize, a find-
ing further confirmed by chemical cross-linking experi-
ments. Additional experimental approaches, including
SEC-MALS and SV-AUC, were employed to assess the
ability of ZARXRy and AABARXRY to form higher-order
oligomers in solution. These experiments revealed that
the intrinsically disordered AB region acts as a structural
element that stabilizes higher-order oligomeric states
of KIRXRy. However, it is important to emphasize that
it does not function as a classical stabilizing domain, as
seen in well-folded, globular proteins. Crystallographic
studies of ZRXR subtypes, both of isolated domains and
multidomain complexes, indicate that dimerization is
primarily mediated by DBD and LBD. These structured
domains provide the key interfaces responsible for stable
dimer formation and can therefore be considered the ini-
tial driving force for oligomerization. In contrast, the AB
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region is intrinsically disordered and does not oligomer-
ize on its own [33]. Its deletion in AABARXRY leads to a
noticeable reduction in the formation of higher-order oli-
gomeric states. This suggests that the AB region contrib-
utes to the stability of these assemblies, possibly through
transient interactions that are characteristic of IDRs.
Such regions are known to influence protein assembly
via dynamic modulation of interdomain interactions and
conformational flexibility. This observation leads us to
propose, that is not a classical oligomerization interface
nor a driving force, it likely stabilizes and fine-tunes the
oligomeric behavior of ARXRy.

Our results highlight specific signaling pathways of
hRXRYy, which contribute to the cell and promoter speci-
ficity of receptor action, driven by the presence of the
inherently disordered AB region. The variety of higher-
order oligomers formed by ZRXRy appears to be sub-
type-specific, as RXRB does not form such complexes
[18], while only homodimers and homotetrames have
been observed for RXRa [27]. The propensity of RXR
to undergo spontaneous self-assembly in the absence of
HREs or ligands does not appear to result in a transcrip-
tionally silent reservoir of the receptor [18, 75]. Instead,
the formation of higher-order oligomers provides a
broad range of states that RXR can adopt, each offering
different regulatory possibilities. These multiple oligo-
meric variants enable interactions with various proteins,
ligands and HREs [27]. The higher-order oligomers of
RXR may allow the recognition of DNA sequences that
are not recognized by homodimers, thus contributing to
subtype-specific promoter utilization. Additionally, the
physiological significance of these higher-order oligom-
ers of RXR might relate to the receptor’s ability to inter-
act with different ligands.

The presence of the AB region defines the molecu-
lar properties of the full-length ARXRy, as demon-
strated by its impact on protein stability through CD,
ANS fluorescence spectroscopy, and limited prote-
olysis experiments. ZRXRy and AABARXRy exhibit
varying secondary structure content, which changes
in response to ionic strength variations from 50 to
300 mM. In ARXRy, a decrease in o-helical content
is accompanied by an increase in [-strands, turns,
and unordered regions. Conversely, in AABARXRYy,
a-helical content increases at the expense of other
structural elements. This differential sensitivity of
hRXRy and AABAZRXRY to ionic strength suggests that
the AB region integrates with the rest of the protein,
supporting a model in which ZRXRy functions as an
interrelated entity rather than as a simple assembly of
independent regions. The resulting #ZRXRy conforma-
tion likely reflects the AB region’s role in modulating
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the overall structural heterogeneity of the receptor,
influencing its molecular properties in a manner that
cannot be attributed solely to the properties of its iso-
lated regions. This effect was further demonstrated by
the observation that the presence of the AB region in
hRXRy modifies the protein’s hydrophobicity, leading
to reduced stability at elevated temperatures. Struc-
tural rearrangements in ZRXRy make it less resistant
to higher temperatures compared to AABARXRYy, as
the transition temperature for ZRXRy is at least 10 °C
lower than for the deletion mutant. Limited proteolysis
also revealed that the AB region, potentially influenc-
ing the overall structure of the RXR protein, as certain
sites are more accessible in the full-length #ZRXRy than
in AABhRXRY, reflecting differences in the molecular
properties of the full-length receptor compared to the
deletion mutant. These findings underscore the role of
the AB region in modulating the structure and stability
of ARXRY.

In many cases, full transcriptional activation by NRs
requires a physical intramolecular association between
ligand-independent activation function (AF1) located in
AB region and ligand-dependent transactivation function
(AF2) located in the LBD. This N-terminal/C-terminal
interaction has been well-documented for steroid NRs,
including the androgen receptor (AR), estrogen receptor
(ER) and progesterone receptor (PR) [66, 68, 76]. Interest-
ingly, a similar interaction has also been observed in the
non-steroid nuclear receptor Ultraspiracle from Helicov-
erpa armigera, a homolog of mammalian RXR, where it
facilitates the formation of scorpion-like structures that
stabilize dimers [77]. Recently, the AB region of ZRXRy
has been shown to promote liquid-liquid phase separa-
tion (LLPS) [33, 34] and the formation of AB region liquid
condensates significantly influences the rest of the recep-
tor. Specifically, these condensates recruit AABARXRYy
into the droplets [34]. Building on these findings, our
study used circular dichroism spectroscopy and micro-
scale thermophoresis to demonstrate a direct interaction
between the AB region and AABhRXRYy, with the K esti-
mated at 11.1 uM +5.6. While there is currently no direct
evidence of full-length ZRXRy promoting LLPS in vitro
or in cell, we propose that LLPS could represent an addi-
tional mechanism by which ZRXRy function is regulated.
This hypothesis warrants further detailed investigation, as
intermolecular interactions are likely critical in this pro-
cess. It appears that both intramolecular and intermolec-
ular interactions play crucial roles in the functions of NRs.

Taken together, our findings provide a cohesive pic-
ture of how the intrinsically disordered AB region shapes
the structural organization of #ZRXRy. This region not
only modulates the receptor’s oligomerization states and
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conformational heterogeneity, but also integrates with the
structured core domains to define its stability and respon-
siveness to environmental cues. Overall, this study reveals
its critical role as a structural and regulatory element—
one that expands the conformational repertoire of /RXRy
beyond what is encoded in its folded domains alone.

Conclusions

Our findings offer new insight into the structural com-
plexity of ARXRy and highlight the relevance of disor-
dered regions in nuclear receptor molecular architecture.
Comparative analysis of the full-length receptor (#RXRy)
and its deletion mutant (AAB/ZRXRy) demonstrated that
the AB region is essential for regulating higher-order oli-
gomerization, stability, and conformational heterogene-
ity. Rather than functioning as an independent unit, the
AB region interrelates with the rest of the receptor, fine-
tuning its structural flexibility. These findings not only
expand our understanding of ZRXRy quaternary struc-
ture regulation but also underscore the broader signifi-
cance of disordered regions within nuclear receptors.
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SV-AUC Sedimentation velocity analytical ultracentrifugation
TFs Transcription factors

TR Thyroid hormone receptor

Usp Ultraspiracle protein

VDR Vitamin D receptor
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