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Next-generation retinoid X receptor agonists increase ATRA
signaling in organotypic epithelium cultures and have
distinct effects on receptor dynamics
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Retinoid X receptors (RXRs) are nuclear transcription factors
that partner with other nuclear receptors to regulate numerous
physiological processes. Although RXR represents a valid ther-
apeutic target, only a few RXR-specific ligands (rexinoids) have
been identified, in part due to the lack of clarity on how rexinoids
selectively modulate RXR response. Previously, we showed that
rexinoid UAB30 potentiates all-trans-retinoic acid (ATRA)
signaling in human keratinocytes, in part by stimulating ATRA
biosynthesis. Here, we examined the mechanism of action of
next-generation rexinoids UAB110 and UAB111 that are more
potent in vitro than UAB30 and the FDA-approved Targretin.
Both UAB110 andUAB111 enhanced ATRA signaling in human
organotypic epithelium at a 50-fold lower concentration than
UAB30.Thiswas consistentwith the 2- to 5- fold greater increase
in ATRA in organotypic epidermis treated with UAB110/111
versus UAB30. Furthermore, at 0.2 μM, UAB110/111 increased
the expression of ATRA genes up to 16-fold stronger than Tar-
gretin. The less toxic and more potent UAB110 also induced
more changes in differential gene expression than Targretin.
Additionally, our hydrogen deuterium exchange mass spec-
trometry analysis showed that both ligands reduced the dy-
namics of the ligand-binding pocket but also induced unique
dynamic responses thatwere indicative of higher affinity binding
relative to UAB30, especially for Helix 3. UAB110 binding also
showed increased dynamics towards the dimer interface through
the Helix 8 andHelix 9 regions. These data suggest that UAB110
and UAB111 are potent activators of RXR–RAR signaling
pathways but accomplish activation through differentmolecular
responses to ligand binding.

Nuclear Receptors (NR) are ligand-activated transcription
factors that are key targets for drug discovery and development
* For correspondence: Matthew B. Renfrow, renfrow@uab.edu; Natalia Y.
Kedishvili, nkedishvili@uab.edu.
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due to their capabilities to directly modulate gene expression
(1–4). There are 48 NRs and approximately half of them
require heterodimerization with retinoid X receptor (RXR) to
perform their function (2, 5).

The partners of RXR can be classified as permissive (PPARs,
LXR, and FXR) or conditionally permissive (RAR, TR, VDR)
(6–11). RXR heterodimers with permissive partners can be
activated by either RXR agonists or its partner’s specific ligands,
and when both partners are activated, they act in an additive or
synergistic manner. In contrast, in conditionally permissive
heterodimers, the ligand-dependent transcriptional activity of
RXR appears “subordinated” to the binding of the ligand to its
partner (12, 13). NRs have a DNA-binding domain and a ligand-
binding domain (LBD). The DNA-binding domain binds to the
promoter region of DNA sequences of target genes (14). Rexi-
noids bind the LBD and induce a significant change in
conformation of the domain, often referred to as the trans-
conformation that involves the formation of the ligand-binding
pocket (LBP) and a surface site for coactivator binding that
promotes the recruitment of coactivator proteins. An example
of RXR coactivators are the steroid receptor coactivator family
of coactivators (15, 16). Rexinoids bind in an L-shape geometry
to the LBP which consists of helices 3, 5, 7, and 11 (17, 18). The
coactivator peptide has a LXXLL motif which interacts with
helixes 3, 4, and 12, often referred to as the AF-2 site (19).

Considering that RXRs regulate numerous physiological
processes such as differentiation and development, meta-
bolism, apoptosis, and inflammation, RXRs represent a po-
tential therapeutic target in many diseases (20). However, the
development of RXR-selective agonists has been somewhat
stifled due to the lack of understanding of the molecular
mechanism of rexinoid actions in the cells and the structural
basis for rexinoid-mediated modulation of RXR function.

9-cis-Retinoic acid (9cRA) was the first RXR agonist
discovered. 9cRA is clinically used for Kaposi Sarcoma but
treatment induces severe grade three toxicities due to its pan-
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High potency RXR-specific ligands UAB110 and UAB111
agonist activity for both RAR and RXR (21–23). Targretin
(Targretin) is a rexinoid agonist that targets RXR selectively
and is considerably less toxic than 9cRA (24–27). Even though
Targretin is selective for RXR, human patients treated with this
rexinoid develop hypertriglyceridemia (79%), hypercholester-
olemia (48%), and hypothyroidism (40%). Our group designed
the RXR-selective rexinoid, UAB30, based on the structure of
9cRA. UAB30 did not stimulate the biosynthesis of serum
triglycerides in a rat model due to its low agonist effects in the
liver (28–31). UAB30 has been demonstrated to be effective in
several model systems of cancer (28, 31).

Our previous study focused on understanding the mecha-
nism of action of UAB30 in a model of organotypic human
epithelium (32). We have found that treatment of human
organotypic epithelial skin raft cultures with UAB30 resulted
in increased levels of all-trans-retinoic acid (ATRA) and
upregulation of ATRA target genes. However, UAB30 was
significantly less potent as a transcriptional regulator than
Targretin, at least in this model. To further improve the po-
tency of rexinoids, we identified two next-generation rexi-
noids, UAB110 and UAB111 (Fig. 1). These rexinoids were
found to be effective in preventing breast cancers in an in vivo
rat model alone or in combination with tamoxifen (28). Their
design was facilitated by use of X-ray crystallography to define
the LBP and geometry of the rexinoid bound to RXRα-LBD
(33–35). The crystal structures show that UAB110 and
UAB111 fill the ligand pocket well while still preserving the L-
shaped geometry that renders the LBP. While crucial for the
design process, crystallographic structures are static snapshots
of ligand-bound proteins that exist in solution with dynamic
molecular motions.

We and others have made use of hydrogen deuterium
exchange mass spectrometry (HDX MS) to examine
rexinoid-induced structural dynamics in RXR (7, 18, 36–38).
Through this technique, we have been able to analyze
rexinoid-binding sites and binding-associated structural dy-
namics. We have shown that the binding of UAB30 and
Targretin reduces deuterium incorporation and stabilizes
peptides in the LBP of the RXRα-LBD (17, 18, 34, 35).
Furthermore, our studies showed addition of coactivator
Figure 1. RXR homodimer ligand-binding domain bound to UAB110. A, cry
rexinoids UAB110, UAB111, UAB30, and Targretin. LBD, ligand-binding domain
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LXXLL-binding motif peptide further reduces dynamics in
the LBP and at the AF-2 site.

Here, to evaluate the biological efficacy of UAB110 and
UAB111 relative to Targretin and UAB30, we examined their
effects on gene transcription in a model of stratified human
epidermis and compared their biophysical properties by HDX
MS. Our results suggest that UAB110 and UAB111 are signif-
icantly more potent than either UAB30 or Targretin and reveal
distinct responses of the RXRα-LBD to the four rexinoids.
Results

The effects of UAB110 and UAB111 on epithelial gene
expression

To compare the effects of UAB110 and UAB111 on gene
expression with those of previously characterized rexinoids,
UAB30 and Targretin, we employed organotypic skin raft
culture as a model. Skin raft cultures allow for the monitoring
of rexinoid effects on proliferation and differentiation of the
human keratinocytes through morphological changes in the
three-dimensional architecture of the epidermis. Our previous
results indicated that 2 μM UAB30 induced a visible reduction
in the cornified and granular layers of skin rafts consistent with
increased ATRA signaling (32). Therefore, we performed the
initial evaluation of UAB110 and UAB111 at 2 μM. However,
at this concentration of UAB110 and UAB111, the keratino-
cytes failed to differentiate and form stratified epithelium (data
not shown), suggesting a greater potency of the new rexinoids.

Indeed, reducing the concentration of UAB110 and UAB111
in the skin raft culture medium to 0.2 μM allowed for the
growth and differentiation of keratinocytes into spinous,
granular, and cornified layers of skin rafts (Fig. 2). Notably,
UAB30 at 0.2 μM had little or no effect on proliferation and
differentiation of keratinocytes (Fig. 2C) compared to rafts
treated with dimethyl sulfoxide (DMSO) as indicated by H&E
staining of sectioned rafts (Fig. 2A). In contrast, skin rafts
treated with UAB110 and UAB111 displayed significantly
reduced cornified and granular layers (Fig. 2, E and F),
resembling the morphology of skin rafts treated with 10 μM
UAB30 (Fig. 2D). Interestingly, at 0.2 μM, Targretin appeared
stal structure of RXR-LBD in complex with UAB110 (magenta). B, structures of
; RXR, retinoid X receptor.



Figure 2. H&E staining of skin raft cultures treated with rexinoid agonists. (A) DMSO, solvent control, human organotypic skin raft cultures were treated
with rexinoid agonists: (B) 0.2 μM Targretin, (C) 0.2 μM UAB30, (D) 10 μM UAB30, (E) 0.2 μM UAB110, and (F) 0.2 μM UAB111. The rexinoids were added to the
culture medium at the onset of organotypic skin raft formation, and the rafts were allowed to grow for 11 days. Colored lines at the left side of each panel
demarcate the layers of the epidermis: cornified (red), granular (blue), spinous (green), and basal (black).

High potency RXR-specific ligands UAB110 and UAB111
to be less potent in triggering the changes in morphology than
either UAB110 or UAB111 (Fig. 2B).

Our previous study indicated that treatment with UAB30
altered the expression of genes regulated by ATRA (32). To
determine whether UAB110 and UAB111 targeted the same
genes, we examined the gene expression pattern in skin rafts
by quantitative PCR (qPCR) (Figs. 3 and S1). The series of
targets included genes involved in ATRA biosynthesis, several
known RAR- and RXR-regulated genes, as well as known
markers of keratinocyte differentiation (FLG, SPINK5, ACER,
TGM2). Treatment with 0.2 μM UAB110 and UAB111 resul-
ted in strong upregulation of ATRA-sensitive genes LRAT,
DHRS3, DHRS9, RARγ, STRA6, and GABRP. Transcripts that
have been previously reported as downregulated by ATRA
(FLG, RDHE2) were also significantly downregulated after
treatment with UAB110 and UAB111. Importantly, the effects
elicited by UAB110 and UAB111 at 0.2 μM were comparable
to the effects produced by UAB30 at 2 μM. Thus, the next-
generation rexinoids were at least �10-fold more potent in
regulating gene expression than UAB30 and several-fold more
potent than Targretin.
RXR heterodimers regulate the expression of numerous
other genes in addition to those regulated by the RXR–RAR
pathway. To obtain a more global picture of the gene
expression changes induced by rexinoids in skin rafts, we
performed RNA-seq analysis (Fig. 4). These experiments
focused on comparing the effects of UAB30 and Targretin to
those of UAB110. Rexinoid UAB110 was shown to act as a full
and potent RXR agonist in the HEK293T cell line (33), yet the
increase in serum triglycerides in rats treated by UAB110 was
very similar to the low toxicity UAB30. In contrast, while
UAB111 was an even more potent agonist than UAB110, its
administration to rats raised triglycerides levels by 280% or
more over controls. Since UAB111 did not appear as a viable
drug candidate, it was not included in the RNA-seq study.

Principal component analysis of the biological replicates
revealed that the rexinoid treatments resulted in distinct gene
expression patterns (Fig. S2). Comparing gene expression
profiles between rafts treated with 0.2 μM UAB30, Targretin,
and UAB110 revealed many similarities and differences be-
tween the induced gene expression changes (Fig. 4A). Due to
the lower potency of UAB30, an additional dose of 1 μM
J. Biol. Chem. (2023) 299(1) 102746 3



Figure 3. QPCR analysis of gene expression in skin rafts treated with rexinoids. A–E, quantitative PCR analyses of gene expression in human skin raft
cultures were done in triplicate. Conditions used were as follows: DMSO (black circle), UAB30 (hollow blue circle), Targretin (red triangle), UAB110 (magenta
downward triangle), UAB111 (green diamond); n = 3 independent skin rafts, Ω p < 0.05 compared to DMSO control.

High potency RXR-specific ligands UAB110 and UAB111
UAB30 was included as a reference point. As suggested by the
lack of changes in skin raft morphology (Fig. 2C), treatment
with 0.2 μMUAB30 induced a significant change (FDR < 0.05)
in the expression of only one gene, MAL (Fig. 4, A and B),
which encodes an integral membrane protein implicated in the
apical transport of proteins in polarized epithelial cells. The
higher dose of 1 μM UAB30 induced much more robust
changes in gene expression, upregulating 340 genes and
downregulating 618 genes (Counts Per Million, CPM > 5,
FDR < 0.05, FC ≥ 1.5) (Fig. 4E). ATRA-sensitive genes LRAT
and STRA6 were greatly upregulated, while TGM3 was
significantly downregulated (Fig. 4H). UAB30 at 1 μM
uniquely altered the expression of 235 genes (Fig. 4A).

Treatment of skin rafts with UAB110 resulted in the largest
impact on gene expression among the three rexinoids tested,
upregulating 2311 and downregulating 2105 genes (CPM > 5,
FDR < 0.05, FC ≥ 1.5) (Fig. 4F). Among the top altered
transcripts were many ATRA-sensitive genes, such as the
upregulated MUC21, GABRP, RARRES3, and MAL and
4 J. Biol. Chem. (2023) 299(1) 102746
downregulated TGM3 (Fig. 4F). Compared to the other rexi-
noid treatments, treatment with 0.2 μM UAB110 uniquely
affected the expression of 2618 genes (Fig. 4A).

In comparison to UAB110, treatment of skin rafts with
Targretin affected the expression of significantly fewer genes,
with 152 genes uniquely regulated (FDR < 0.05) (Fig. 4A) and
the overall upregulation of 439 and downregulation of 404
genes (CPM > 5, FDR < 0.05, FC ≥ 1.5) (Fig. 4G). Similar to
UAB110, ATRA-sensitive genes were among the top altered
transcripts, with the upregulation ofMUC21 andMAL and the
downregulation of TGM2 and TGM3 (Fig. 4J).

Interestingly, 184 genes were affected by all three rexinoids
(Fig. 4A). Pathway analysis performed against Reactome
version 78 showed that, in agreement with profound changes
in the morphology of skin rafts, the common genes affected
were those involved in the formation of the cornified enve-
lope and keratinization, developmental processes, activation
of matrix metalloproteases, and extracellular matrix
organization.



Figure 4. RNA-seq analysis of skin rafts treated with rexinoids. RNA-seq analysis of skin raft cultures treated with rexinoids for 11 days. A–C, volcano
plots showing significantly changing genes (CPM > 5, FDR < 0.05, FC ≥ 1.5). (A) 1 μM UAB30, (B) 0.2 μM Targretin, (C) 0.2 μM UAB110. D, UpSet plot showing
the overlaps of significantly changing genes (CPM > 5, FDR < 0.05). Intersection size represents the number of genes unique to the overlap of the rexinoid
treatments. Set size represents total size of the significantly changing genes for each rexinoid treatment. E–G, heatmaps of top 20 upregulated and
downregulated genes (CPM > 5, FDR < 0.05, FC ≥ 1.5). (E) 1 μM UAB30, (F) 0.2 μM Targretin, (G) 0.2 μM UAB110. H–J, boxplots of individual gene examples
of normalized logCPM expression. (H) MAL, (I) ACER1, (J) ABCG1. CPM, Counts Per Million.

High potency RXR-specific ligands UAB110 and UAB111
There were also notable differences in the pathways altered
by individual rexinoids. While 1 μM UAB30 primarily altered
the expression of the cornified envelope genes, 0.2 μM
UAB110 and Targretin also had substantial effects on endo-
somal/vacuolar pathway, antigen presentation, and interferon
α/β signaling, with cornified envelope pathway only in the
fourth position and seventh position, respectively, based on the
p values.
Signaling through other RXR partners was also somewhat
altered. Among the targets of the RXR–LXR pathway, the
ABCG1 gene, which regulates cholesterol transportation and
cellular lipid homeostasis, was down in rafts treated by UAB30
and UAB110, but it was up in rafts treated with Targretin
(Fig. 4D). Similarly, the RXR-PPAR target gene ACER1,
encoding a ceramidase, was downregulated after treatment
with UAB30 and UAB110 but upregulated with Targretin
J. Biol. Chem. (2023) 299(1) 102746 5



High potency RXR-specific ligands UAB110 and UAB111
(Fig. 4C). Thus, RNA-seq analysis provided a valuable insight
into the similarities and differences in the actions of rexinoids
at the level of gene transcription.
Detection of ATRA in skin rafts

Our previous study indicated that treatment with UAB30
raised the steady state levels of ATRA in organotypic skin raft
cultures (32). Since the expression of ATRA-regulated genes
was altered in skin rafts treated with UAB110 and UAB111, we
asked whether the levels of ATRA were increased in these
rafts. Skin raft cultures were treated with 0.2 μM UAB110 and
UAB111 and with 2 μM UAB30, for comparison. ATRA levels
were determined using multistage tandem mass spectrometry,
also known as multiple reaction monitoring cubed (MRM3)
which enhances selectivity in complex matrices, using an
MRM3 transition of m/z 301.1 → m/z 205.1 → m/z 159. A
calibration curve constructed from authentic standards was
used to measure the concentration as previously described (39)
(Fig. 5).

The basal levels of ATRA in vehicle-treated rafts were 3.33 ±
0.62 pmol/g tissue (Fig. 5A). In the 2 μM UAB30-treated rafts,
the concentration of ATRA rose to 6.57 ± 0.88 pmol/g tissue.
In the 0.2 μM UAB110-treated rafts, the concentration of
ATRA nearly tripled to 10.45 ± 2.28 pmol/g of tissue. And the
skin rafts treated with 0.2 μM UAB111 showed the highest
levels of ATRA at 13.72 ± 3.88 pmol/g tissue. These results
were consistent with the increasingly disordered appearance of
skin rafts treated with UAB30 < UAB110 < UAB111 and with
the increasing amplitude of changes in expression of ATRA-
regulated genes (Fig. 3). The levels of all-trans-retinol were
decreased in skin rafts treated with UAB110 and UAB111,
possibly due to enhanced conversion of retinol to ATRA
(Fig. 5B). There was no statistically significant difference in
retinyl ester content between treated and control rafts
although UAB30-treated rafts appeared to have slightly more
retinyl esters (Fig. 5C). Our previous study showed a 4-fold
increase in retinyl esters upon treatment with UAB30 (33),
Figure 5. Quantification of retinoic acid, retinol, and retinyl esters. Retinoic
chromatography with multiple reaction monitoring mass spectrometry. Treatm
circle), UAB110 (magenta downward triangle), UAB111 (green diamond). RE repre
state levels of RA were significantly elevated in skin rafts treated with UAB110 o
reduction of retinol. C, the content of RE was similar in skin rafts treated by diff
to DMSO control.
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consistent with the upregulation of LRAT. The skin rafts used
in the current study had 3-fold higher basal levels of retinyl
esters, possibly due to individual differences among neonatal
skin donors, which could mask further increase in retinyl es-
ters somewhat. In the case of UAB110 and UAB111, the
increased flux from retinol to ATRA driven by the irreversible
second step of retinaldehyde oxidation to ATRA could
potentially mitigate the increase in retinol esterification by
LRAT. Importantly, the direct measurements of retinoids in
skin rafts provided evidence that similarly to UAB30, UAB110
and UAB111 raised the cellular levels of ATRA.
HDX MS analysis of rexinoids bound to the RXRa-LBD
homodimer

To examine the structural and dynamical effects of rexinoid
binding to its receptor, we performed differential HDX MS
where RXRα-LBD homodimer with no ligand bound (apo) was
used as a reference. In-line pepsin digestions of RXRα-LBD
and LC-MS analysis reliably yield 78 peptides that cover 97%
of the primary sequence (Fig. S3 and Table S1). The deuterium
uptake results are displayed as a difference map in Figure 6. A
negative value in deuterium uptake represented a decrease in
solvent accessibility and hydrogen bonding (less dynamic/
more protection) in a given region of the LBD when bound to
rexinoid as compared to apo. A positive value represented an
increase in exchange (more dynamic/less protection). A sig-
nificant change in deuterium uptake was ±0.5 deuterium
(Fig. S6).

The RXRα-LBD with rexinoid bound displayed overall
reduced dynamics in regions that are part of the LBP, as we
have previously shown (Fig. 6, shades of blue) (18). The LBP
involves regions from H3, H5, β-sheet, H7, and H11. These
same regions showed the greatest difference between the four
rexinoids (Figs. 6, 7A, and S7). The binding of UAB111 caused
the greatest reduction in dynamics for the LBP peptides in the
H3, the H5/β1 region, and to a lesser extent H11 (Fig. 6 dark
shades of blue). For UAB110 binding, the H3 region had
acid (RA), retinol (ROL), and retinyl esters (RE) levels were assessed by liquid
ents of skin rafts were as follows: DMSO (black circle), UAB30 (hollow blue
sent the storage form of ROL. ROL is the metabolic precursor of RA. A, steady
r UAB111. B, skin rafts treated with UAB110 or UAB111 displayed significant
erent rexinoids (n = 8 to 10 of skin rafts, *p < 0.05; ****p< 0.0001 compared



Figure 6. Deuterium incorporation difference maps of RXRα-LBD in complex with different rexinoids. HDX MS analysis of four rexinoids with six on-
exchange time points (15, 30, 60, 300, 900, and 3600 s) organized into a difference map. Results are reported as an increase (shades of red) or decrease
(shades of blue) in deuterium in different regions of the RXR–LBD–rexinoid complex relative to apo-RXR-LBD. All four complexes displayed reduced dy-
namics in regions of the LBP with UAB111 resulting in the greatest reduction of dynamics in H3. RXR-UAB110 and RXR-Targretin complexes revealed
increased dynamics in the C-terminal end of H3, H8, and H9. Significance was established via volcano plots (Fig. S5). LBD, ligand-binding domain; LBP,
ligand-binding pocket; RXR, retinoid X receptor.

High potency RXR-specific ligands UAB110 and UAB111
reduced dynamics for all time points but to a lesser extent than
UAB111. In contrast, upon UAB30 or Targretin binding, only
the early time points displayed lowered dynamics. For the H5/
β1 peptides, UAB111 binding to RXRα-LBD reduced dynamics
in this region across all time points, whereas the other three
rexinoids only displayed protection in the latter time points.
The difference in the H11 region between rexinoids was more
gradual moving from less protection to more protection with
UAB30, Targretin, UAB110, and then UAB111.

Beyond the LPB, there were two regions of the RXRα-LBD
that displayed increased dynamics for UAB110 and Targretin
(Fig. 6, shades of red). These were the C-terminal portion of
H3 and the H8/H9 region including the loop between the two
helices. RXR in complex with UAB30 or UAB111 did not
induce significant changes in deuterium incorporation for
these regions (Fig. S7).

The rate of exchange was examined within the HDX MS
data of the RXRα-LBD. The majority of our HDX MS data on
RXRα-LBD displayed EX2 kinetics (Fig. S8). Within EX2 ki-
netics, the rate of exchange eventually reaches equilibrium
between the open and close state and was observed through a
gradual shift in the peptide isotopic distribution (40). An
example of EX2 kinetics was displayed in Figure 7B in the first
column and in Fig. S8. In EX1 kinetics, the rate of exchange
reflects a different unfolding pattern that was identified in the
H3 peptide, A271ADKQFTL279 (Fig. 7B) (41, 42). The EX1 on-
exchange kinetics for H3 was manifested through two pop-
ulations of isotopic distributions in several of the on-exchange
time points (Fig. 7B, second, third, and fourth columns). The
first population had undergone a slower opening and closing
event and a second population had exposed a significant
portion of the H3 region for rapid exchange. The two pop-
ulations of isotopic distributions (bimodal distributions) were
observed for RXRα-LBD bound to Targretin, UAB110, and
UAB111. For either UAB110 or UAB111 in complex with
RXRα-LBD, the bimodal distribution was seen until 3600 s.
Targretin only displayed a bimodal distribution at 15 s. By
3600 s, each rexinoid bound to RXRα-LBD showed a single
population of fully exchanged H3 peptides.

Based on this range in deuterium exchange for H3, we
examined its correlationwith themeasured binding affinities for
the various rexinoids. We have previously made use of differ-
ential scanning calorimetry (DSC) to determine the extent of
thermostabilization caused by agonist binding at both physio-
logical and elevated temperatures (43). UAB110 and UAB111
have been shown to stabilize the RXRα-LBD homodimer more
significantly than UAB30 with differences in free energy of
stabilization (ΔΔG), reaching 7 to 8 kJ/mol. In addition, the
increase in thermal unfolding temperature (ΔTm) of the holo-
homodimers bound with different agonists, with regard to the
apo-homodimer, is directly proportional to the ΔΔG values.

Here, we measured the unfolding Tm of RXRα-LBD bound
with Targretin by DSC and directly compared it with the Tm

values of those bound with the UAB rexinoids Fig. S4A). Sub-
sequently, we looked for a correlation with the H3 peptide
deuterium uptake to see if the H3 region served as a leading
indicator of binding affinity. When plotted (Fig. S4B), a trend
between the decrease in number of deuterium incorporations by
H3 and the increase in ΔTm is observed. Such correlation has
been noted for other proteins (44). Overall, this analysis further
confirmed the significant role of H3 in binding of rexinoids.
HDX MS analysis of rexinoids + GRIP-1 coactivator bound to
the RXRa-LBD homodimer

In our previous analysis of UAB30 and Targretin, we also
analyzed the RXRα-LBD by HDX MS in the presence of rexi-
noid and a coactivator peptide, GRIP-1. The GRIP-1–binding
J. Biol. Chem. (2023) 299(1) 102746 7



Figure 7. RXRα-LBD ligand-binding pocket Helix 3 demonstrates the highest extent of HDX MS variation when bound to different rexinoids. H3 is
involved in both the ligand-binding pocket and the formation of the AF-2 coactivator binding site. A, Deuterium uptake versus time for the H3 peptide
A271ADKQLFTL279

2+ when bound to UAB30 (blue), Targretin (red), UAB110 (magenta), and UAB111 (green) relative to apo-RXRα-LBD. UAB111 binding lowers
the deuterium uptake for this region the most. B, the HDX MS raw spectral data for the H3 peptide for the 0, 15, 300, and 3600 s time points. As the
deuterium is incorporated over time, the isotopic envelope increases in mass. For UAB30 bound, the population of peptide ions shifts higher as a whole.
When the other rexinoids are bound, a separation of the H3 peptide ion populations can be seen at the 15 s time point that indicates two populations of
tightly bound versus more deuterium accessible forms of the RXR-LBD in this region. This separation in the peptide ion populations is still visible in the
UAB110- and UAB111-bound raw data at the 300 s time points with both ligands still showing less overall deuterium incorporation at 3600 s (broader
isotopic envelope). These HDX MS bimodal distributions for UAB110 and UAB111 demonstrate the differential interactions of the various rexinoids with H3
and H3’s “sensitivity” to differential ligand binding. Other ligand-binding pocket regions of the RXR-LBD do not show this distinction in the data when the
various rexinoids are bound. A similar plot of a Helix 7 peptide D347 RVLTEL353 (1+) (also part of the ligand-binding pocket) is provided (Fig. S8). HDX MS,
hydrogen deuterium exchange mass spectrometry; LBD, ligand-binding domain; RXR, retinoid X receptor.
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site is comprised of H3, H4, and H12. This work helped in the
correlation between the observed dynamics and the existing
X-ray crystallography structures. Thus, we performed similar
HDXMS experiments with the ternary complex of RXRα-LBD-
rexinoids-GRIP-1 with the two potent rexinoids, UAB110 and
UAB111. The ternary complexes displayed reduced dynamics
in the coactivator-binding site (Fig. 8). Compared to the HDX
MS analysis of the RXRα-LBD:UAB110 or UAB111 complexes,
GRIP-1 binding resulted in further suppressions in deuterium
incorporation for regions involved in the LBP (Fig. 8).

These results mimicked what we saw in our previous anal-
ysis where GRIP-1 binding significantly stabilized the RXRα-
LBD into the active conformation. Interestingly, the increased
dynamics observed for the C-terminal end of H3 and the H8/
H9 plus loop region when UAB110 alone was bound to the
homodimer were not observed when GRIP-1 was added to the
complex (Fig. 8, B and C). While the addition of GRIP-1
provides context for comparison of HDX MS results to
existing X-ray crystal structures, the rexinoid distinguishing
8 J. Biol. Chem. (2023) 299(1) 102746
characteristics were best observed in complexes that did not
include the coactivator peptide.
Evaluating the positive RXRα-LBD dynamics and homodimer
interface for the bound rexinoids

Based on the differences observed in the HDX MS profiles
for each rexinoid bound to RXRα-LBD, we mapped the HDX
MS deuterium incorporation results onto the X-ray crystal
structures of RXRα-LBD homodimers in complex with
UAB110 (PDBid: 4RMD) and UAB111 (PDBid: 4RME) (Figs. 8
and S10). By mapping the HDX MS results onto the X-ray
crystal structures, we observed a connecting allosteric path of
increased RXRα-LBD dynamics when UAB110 or Targretin
were bound that seemed to move towards the homodimer
interface based on the increased dynamics (shades of red) in
the C-terminal portion of H3 and the adjacent H8-loop-H9
region. Correspondingly, the lack of these positive dynamics
for UAB111 and UAB30 created a stark contrast.



Figure 8. HDX MS analysis of RXR ternary complexes demonstrates
potency of UAB110 and UAB111. A, the HDX MS difference map of RXRα-
LBD in complex with UAB110 or UAB111 and GRIP-1 coactivator peptide.
When the HDX MS results for the two potent rexinoids are painted onto
X-ray crystal structures, the patterns of deuterium uptake can be visualized
and shown how UAB110 binding (B, magenta) and UAB111 binding
(D, green) to RXRα-LBD result in different patterns of dynamics. The regions
shaded in blue show the extent of decreased dynamics for regions that are
part of RXR ligand-binding pocket. There are positive dynamics observed in
H3 and H8/H9 (shades of red) when UAB110 is bound. When UAB111 alone
is bound (D) to the RXRα-LBD, the extent of decreased dynamics nearly
matches the HDX MS results for the ternary complexes of UAB110 (C) or
UAB111(E) bound plus the GRIP-1 coactivator peptide (black). Each potent
rexinoid induces unique in solution dynamics for the RXRα-LBD. HDX MS,
hydrogen deuterium exchange mass spectrometry; LBD, ligand-binding
domain; RXR, retinoid X receptor.
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Based on these observations, we then evaluated the dimer
interface of all four RXRα-LBD-rexinoid-GRIP-1 X-ray struc-
tures by use of the Proteins, Interfaces, Structures, and As-
semblies (PISA) server (45). Through this analysis, we
identified RXRα-LBD homodimer interface contacts that are
distinct when UAB111 and Targretin are bound (Fig. S9).
Specifically, Lys417 in H10 forms a salt bridge with Glu390 in
H9 of the opposite monomer when UAB111 is bound. There is
a second salt bridge that is formed between Lys417 in H10 and
Glu394 in H9 of the opposite monomer. There is a one unique
Targretin-induced interaction between Lys405 in Helix 9 and
Glu401 in H9 that is not seen in the other ligands. The unique
and common interactions in the various homodimer interfaces
identified by the PISA algorithm are listed in Fig. S9. This
evaluation of the ternary complex X-ray crystal structures
indicated that the rexinoids may induce unique dimer interface
interactions even in the presence of a GRIP-1 coactivator.

Overall, both our biological and biophysical analyses
demonstrated that UAB110 and UAB111 are more potent
agonists of RXR than either UAB30 or Targretin. These studies
demonstrated that the potencies of each of these rexinoids
were distinct and likely followed unique RXR activation
mechanisms with UAB111 being too toxic for therapeutic use.
This leaves UAB110 as a uniquely potent rexinoid that does
not induce toxicity and thus merits further investigations as a
viable cancer chemopreventive agent.
Discussion

RXR agonists can have pleiotropic effects on gene tran-
scription due to the role of RXR in heterodimerization with
several nuclear transcription factors (46). Still, RXR remains a
target for drug development based on the potential for eluci-
dating selective RXR transcriptional response in certain tissues
and different disease states such as cancer (3, 4, 20, 28). This
study makes use of both an in vitro model of human epidermis
and biophysical analysis to demonstrate the higher potency of
two RXR-selective agonists, UAB110 and UAB111. We iden-
tify similarities and differences in (1) how these two rexinoids
influence RXR ligand-mediated signaling in terms of activation
of ATRA-related transcriptional profiles in the human
epidermis and (2) how they influence the structural dynamics
of the RXRα LBD as observed in the differential HDX MS
analysis.

In our current work, at just 0.2 μM concentration, both
UAB110 and UAB111 triggered changes in the epidermal
stratification pattern similar to those observed in skin rafts
treated with 10 μM UAB30. The differences observed in the
histology of skin rafts treated with rexinoids correlated to the
gene activation levels and steady state levels of ATRA. Previ-
ously, we proposed that UAB30 would raise ATRA levels in a
two-step mechanism. First, UAB30 potentiates the transcrip-
tional activity of existing cellular ATRA bound to RXR-RAR
heterodimers. This upregulates the ATRA-sensitive genes
which include STRA6 (47) and LRAT (48) required for the
uptake and retention of retinol. Then, the increased influx of
retinol promotes the biosynthesis of ATRA and increases in its
cellular levels, leading to further upregulation of RXR-RAR
signaling. While the increased cellular levels of ATRA pro-
vide direct support for this mechanism, it is possible that some
of the stimulation of RAR-related genes could arise from low-
level binding of the rexinoids to RAR itself. We and others
have reported on the low-level stimulation of rexinoids in RAR
reporter assays. We would presume that once stimulation of
ATRA synthesis occurs, any low affinity binding of RAR by the
rexinoids would be displaced by ATRA. Future studies need to
include direct assessment of rexinoid binding to RAR alone or
in the presence of RXR as a heterodimer as well as in the
presence or absence of ATRA.

It is well known that vitamin A deficiency leads to an
increased development of spontaneous and chemically
induced tumors (49), whereas dietary vitamin A supplemen-
tation appears to decrease chemically induced tumor inci-
dence. ATRA prevents tumor development by inhibiting
proliferation (50–52), stimulating differentiation (53), inducing
apoptosis (54, 55), or combinations of these mechanisms. We
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have shown that the expression of ATRA-sensitive genes is
altered in UVB-irradiated mouse skin and in mouse models of
UVB-induced basal cell carcinoma and squamous cell carci-
noma, suggesting that exposure to UVB lowers the levels of
bioactive ATRA (32). The reduced ATRA signaling can be
rescued by ATRA supplementation. Additionally, organ-
transplant recipients are at a higher risk of developing UVB-
induced nonmelanoma skin cancers because of the drugs
required to maintain their grafted tissue. Currently, ATRA is
used in combination with other chemotherapeutic agents for
the treatment of Acute Promyelocytic Leukemia in adults and
of Neuroblastoma in children (56). Limitations in ATRAs’
therapeutic potential include rapid first-pass metabolism and
poor aqueous solubility (57). One way around these limitations
is to induce physiological ATRA biosynthesis through treat-
ment with rexinoids. However, bexatorene, the only rexinoid
approved by the FDA, is dose limited due to its known
hyperlipidemia toxicity. A clear alternative would be UAB
rexinoids. As shown in the present study, at 0.2 μM concen-
trations, UAB110 and UAB111 significantly upregulated the
expression of STRA6 and LRAT resulting in 3- to 4-fold in-
crease in ATRA concentrations. The high potency and low
toxicity of UAB110 make it an attractive chemopreventive
agent that could be used at much lower doses than UAB30 to
raise ATRA levels in conditions and disease states known for
reduced ATRA signaling. It should be noted that at a ten-fold
lower concentration, UAB110 has a much broader impact on
gene expression than UAB30. This could be due to the 1.6-fold
higher concentration of ATRA in UAB110-treated skin rafts
than UAB30-treated rafts, resulting in a visibly greater impact
of UAB110 on epidermal stratification pattern. In addition,
UAB110 could produce off-target effects, independent of RXR.
This possibility will be investigated in a follow-up study.

X-ray crystal structures have provided critical details of the
active conformation of the RXR-LBD in complex with rexi-
noids; however, these structures do not reveal dynamic re-
sponses that we have shown to be important both in ligand
binding and in coactivator recruitment (17, 18, 43). In the
crystal structures of RXR bound to these rexinoids, there were
no significant differences in the overall structure of the LBD;
however, through HDX MS, we observed how ligand binding
induced rexinoid-specific dynamics in the RXRα-LBD. The
HDX MS data revealed that between the four rexinoids,
UAB110 and UAB111 protect the LBP structural elements
from deuterium uptake to a larger extent than UAB30 and
Targretin. This observed increased protection correlates well
with their binding affinities and thermodynamic properties we
have previously reported (33). The HDX MS data allowed for
the determination of where the higher affinity binding was
occurring within the RXRα-LBD. The dynamics of H3 were
reduced significantly more for RXRα-LBD in complex with
UAB110 or UAB111 than UAB30 or Targretin. The UAB110
in complex RXRα-LBD had a different response to binding
compared to UAB111 (Fig. 6). RXR-UAB110 and RXR-
Targretin complexes both displayed increased dynamics of
the C-terminal end of H3 and the H8/H9 region. When
mapped onto the homodimer structure, these positive
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dynamics appear to move in the direction of the homodimer
interface. Similar dynamics profiles in the C-terminal end of
H3 and the H8/H9 regions were reported for two LXR
agonists–bound complexes in a HDX MS study of 17 different
LXR-specific ligands (58). While this effect was not highlighted
in the study, our RXRα-LBD-UAB110 biophysical data provide
corroborating evidence that this can be a known response to
some but not all ligands for NRs. Interestingly, H3 is the only
region directly involved in both the LBP and in the formation
of the coactivator-binding site. Given that RXR–UAB110 and
RXR–UAB111 complexes had bimodal distributions with the
largest portion displaying the slower exchange rate, it infers
that UAB110 and UAB111 had higher affinity binding but also
that H3 is making significant conformational changes upon
ligand binding.

Upon addition of GRIP-1 coactivator peptide, the HDX MS
profiles are nearly identical. Our data suggests the differences
in RXR response due to UAB110 or UAB111 binding are
occurring prior to coactivator binding. Based on previous re-
ports of the toxicity of UAB111 and our current results from
our in vitro organotypic skin raft cultures (morphology, qPCR,
and RNA-seq), we could interpret the biophysical HDX MS
results for UAB111 binding as demonstrating what a full RXRα
agonist profile would look like or even some form of ligand-
induced hyperactivation of RXR-mediated transcription. In
fact, it is notable how similar the HDX profiles for RXRα-LBD-
UAB111 and the ternary complex of RXRα-LBD-UAB110-
GRIP-1 are (Figs. 6 and 8). For UAB111 bound, it is as if the
coactivator is already there to lock in the active conformation
of RXRα-LBD. Our HDX MS data provides a better explana-
tion for UAB111’s toxicity than other forms of biophysical
analysis can.

The two distinct RXRα-LBD biophysical responses to potent
rexinoids in the context of our in vitro biological data raises
questions as to how the observed LBD dynamics manifest in
the molecular mechanism of RXR-mediated transcriptional
signaling. Specifically, our data demonstrate these potent
rexinoids are inducing RXR-RAR–mediated transcription and
increased steady state levels of ATRA. In the case of UAB110
binding, do the positive RXRα-LBD dynamics in H3 and H8/
H9 exert an allosteric influence on the RXR homodimer pro-
moting dissociation for (RAR) heterodimer association? Or do
they contribute an allosteric role in RAR heterodimer signaling
that would not occur in other RXRα heterodimer complexes?
H9 is a significant part of the RXRα-LBD homodimer interface
and also a part of the RXR-RAR heterodimer interface (59).
Alternatively, given H3’s dual role as part of the LBP and the
AF-2 coactivator-binding site, could the increased H3 dy-
namics influence the extent of coactivator binding? Would
increased dynamics of the AF-2 site influence full-length RXR
coactivator binding? GRIP-1 (also known as TIF2) has three
LXXLL motifs and has been proposed to have a cooperative
binding mechanism that includes the coactivator interacting
with both LBD’ AF-2 sites in an RXR-RAR heterodimer (60).
In the context of a full-length GRIP-1 coactivator, the
increased dynamics of UAB110 bound to RXRα could influ-
ence this dual binding. With the range of biological and
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biophysical responses we have demonstrated with these rexi-
noids in our model systems, all of these questions could be
addressed going forward with focus on heterodimer and
coactivator interactions. Our experiments demonstrate a
unique combination of tools to understand the molecular
mechanisms of differential rexinoid signaling in skin. Impor-
tantly, our work demonstrates the potential of UAB110 as a
potent nontoxic anticancer agent.

Experimental procedures

Materials

UAB30, UAB110, and UAB111 were synthesized at the
University of Alabama at Birmingham according to previous
methods (33). Dr Clinton Grubbs at UAB provided Targretin.
The coactivator, GRIP-1, was synthesized by Thermo Fisher
Scientific (686KHKILHRLLQDSS698) with a molecular mass of
1574.86 Da. The purity and structures of the rexinoids and
coactivator were confirmed by LC-MS and NMR.

Preparation of organotypic skin rafts and treatment with
rexinoids

Neonatal foreskins were obtained from the Newborn
Nursery of the University of Alabama at Birmingham Hospital
in compliance with the University of Alabama at Birmingham
Institutional Review Board (IRB) regulations. As determined
by the institutional IRB, the use of discarded unidentifiable
foreskin tissue met the requirements for an exemption from
IRB approval. Epidermal raft cultures were prepared as
described previously (61, 62). Briefly, primary human kerati-
nocytes were isolated from freshly collected neonatal foreskins
and cultured in DermaLife calcium-free medium (Lifeline Cell
Technology). Primary human keratinocytes were seeded onto a
dermal equivalent consisting of collagen with embedded Swiss
3T3 J2 fibroblasts. After 3 days, skin equivalents were lifted
onto stainless steel grids and cultured at the medium-air
interface using raft culture medium prepared from Dulbec-
co’s modified Eagle’s medium, Ham’s F12 medium, and 10%
fetal bovine serum (Atlanta Biologicals), which was supple-
mented with cholera toxin, insulin, apo-transferrin, hydro-
cortisone-21, and human epidermal growth factor, as
described previously (61, 62). The raft culture medium was
supplemented with rexinoids at specified concentrations from
DMSO stocks, beginning from the day the skin equivalents
were lifted onto the grids until harvest. The raft cultures were
allowed to stratify and differentiate for 11 days, whereupon
they were harvested for analysis.

H&E staining

The rafts were fixed in 10% buffered formalin for 45 min
and embedded in paraffin. Paraffin-embedded skin rafts were
cut into 5-μm sections, mounted on Superfrost/Plus slides
(Thermo Fisher Scientific). Sections were deparaffinized and
rehydrated by a series of washes in decreasing concentrations
of ethanol (95, 85, 70, 50, and 30%), processed for Harris he-
matoxylin (Thermo Fisher Scientific) and eosin (Thermo
Fisher Scientific), and mounted with Permount (Thermo
Fisher Scientific). All sections were analyzed using an Axi-
oImager A2 microscope equipped with an AxioCam camera
and AxioVision image capture software (Carl Zeiss Micro-
Imaging, Inc).

Quantitative analysis of gene expression

Each rexinoid treatment group included three rafts. Gene
expression in skin rafts was analyzed by qPCR. RNA from
mouse tissues was extracted with TRIzol (Life Technologies),
treated with DNase I (Promega), and re-extracted with TRIzol
according to the manufacturer’s protocols. Two micrograms of
RNA was reverse-transcribed in 20 μl reactions using the
Superscript III kit (Life Technologies). Real-time PCR was
performed in duplicates for each sample in a LightCycler 480
instrument (Roche Diagnostics) using LightCycler 480 SYBR
Green I Master Mix (Roche Applied Science) with 0.5 μm
primers and 2.5 μl of 5- or 15-fold dilution of reverse tran-
scription reactions in the final volume of 10 μl. Levels of
transcripts were determined using a relative quantification
method (63) and normalized to the geometric mean of tran-
script levels of three reference genes (β-Actin, Gapdh, and
Hprt and Ppia). Sequences of the primers are available by
request. PCR without complementary DNA (cDNA) templates
did not produce significant amplification products. The spec-
ificity of the primers was verified by amplification of a single
PCR product, which was determined by observing a single
dissociation curve from each tissue. The primer sequences are
available upon request.

Analysis of endogenous retinoid content

Skin raft samples were frozen upon collection and kept at −80
�C until assay. Extraction of retinoids was carried out under
yellow light and all retinoids were handled with glass syringes
and containers during extraction and quantification proced-
ures. For retinoid quantification, one skin raft per replicate was
assayed. Skin rafts were homogenized in 0.9% normal saline as
described previously prior to extraction (64, 65). A two-step
liquid-liquid extraction procedure was used to extract reti-
noids as described previously in detail (39, 64–68). Briefly, the
first extraction was done by mixing skin raft lysates with 1 ml
0.025 M KOH in ethanol, followed by 10 ml hexane, respec-
tively. The mixture was vortexed and subjected to centrifuga-
tion at 1000g for 30 s. The hexane phase containing retinol and
retinyl esters was transferred to a new tube and put on ice. For
the second extraction, the tissue lysates were mixed with 85 μl
4 M HCl followed by 10 ml hexane, respectively. The mixture
was vortexed and centrifuged at 1000g for 30 s. The solvent
from the second hexane phase containing retinoic acid was
transferred to a new tube and put on ice. All samples were then
placed under a gentle stream of nitrogen with heating at 30 �C
until dry. Samples were then resuspended in 60 μl acetonitrile,
placed in HPLC vials outfitted with low-volume deactivated
glass inserts, and stored at −20 �C until analyzed. As internal
standards, each cell or tissue lysate sample was mixed with all-
trans-4,4-dimethyl-RA (internal standard for RA) and retinyl
acetate (internal standard for retinol and retinyl ester).
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ATRA levels were quantified using liquid chromatography-
multistage-tandem mass spectrometry using a Shimadzu
Prominence UFLC XR liquid chromatography system (Shi-
madzu) coupled to an AB Sciex 6500 QTRAP hybrid triple
quadrupole mass spectrometer (AB Sciex) using atmospheric
pressure chemical ionization operated in positive ion mode as
described previously in detail (39). RA quantification was
performed using an injection volume of 20 μl, and the chro-
matographic column was maintained at 25 �C. Data were
analyzed using Analyst v 1.7.2 (AB Sciex), and RA content in
each sample was normalized to skin raft weight. Levels of
retinol and RE were quantified by HPLC-UV using a 30 μl
injection volume on a Waters H-Class UPLC system equipped
with a photodiode array detector operated in single wavelength
detection mode at 325 nm according to previously published
methodology (32, 65, 67). HPLC-UV chromatograms were
acquired and analyzed using Waters Empower Software v3.
Total retinol and RE were normalized to skin raft weight.

RNA isolation, library construction and sequencing

The quality of total RNA samples was checked on Agilent
BioAnalyzer using Eukaryotic Total RNA Nano Kit according
to the manufacturer’s protocol. Samples with RNA integrity
number value >5 were accepted for library preparation pro-
cess. RNA-Seq libraries were prepared from total RNA using
Ultra II RNA Sample Prep kit (New England BioLabs)
according to the manufacturer’s protocol. Briefly, poly-A
RNAs were captured by oligo-dT–conjugated magnetic
beads, then the mRNAs were eluted and fragmented at
94-Celsius degree. First strand cDNA was generated by
random priming reverse transcription and after second strand
synthesis step, double stranded cDNA was generated. After
repairing ends, A-tailing, adapter ligation steps, and adapter
ligated fragments were amplified in enrichment PCR and
sequencing libraries were generated. Sequencing runs were
executed on Illumina NextSeq 500 instrument using single-
end 75 cycles sequencing.

RNA-seq mapping and gene expression quantification

Sequencing quality of the single-ended mRNA reads was
evaluated by FastQC software and were aligned to the human
reference genome (hg19) using HISAT2 (69) with default pa-
rameters. Genes were quantified using featureCounts (70).
Genes with at least 5 CPM mapped read were considered
expressed. Statistically significant difference was considered
with FDR < 0.05 and fold change > 1.5 using edgeR (71)
package in R. Visualization of the results were performed in R.

Protein expression and purification

hRXRα-LBD (Thr223 – Thr462) was expressed and purified
according to Moras and Egea (72) and Xia et al. (17). The
expression of the His6-tagged hRXRα-LBD fusion protein was
done in BL21 (DE3) Escherichia coli (Invitrogen). The bacteria
were grown in LB medium at 20 �C. One millimolar IPTG was
used to induce protein expression. The cells were first treated
with 0.5 M NaCl, 20 mM Tris (pH 8.0), cOmplete ULTRA
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tablets, and DNAse. A French press was used to lyse the cell
(1500 p.s.i.) and then centrifuged at 25,000 rpm for 30 min.
The His6-tagged hRXRα-LBD was eluted from a nickel-
chelating column (GE Healthcare) using a 10 mM Tris (pH
8.0) buffer containing 500 mM NaCl and 300 mM imidazole.
The fractions with hRXRα-LBD were then dialyzed in 10 mM
Tris buffer (pH 8) containing 2 mM DTT, 0.5 mM EDTA, and
50 mM NaCl. α-thrombin (Novagen) hydrolyzed the His6-tag
at 4 �C. The hRXRα-LBD homodimers and tetramers were
separated at 4 �C using a hiLoad Superdex 75 gel filtration
column (SEC, GE Healthcare) with 1.0 ml/min flow rate.
MALDI mass spectrometry and SDS-PAGE were used to
establish a purity of >97% and mass of the monomers (m/z =
26,433.1 Da). Native PAGE and UV confirmed that the isolated
fractions were hRXRα-LBD homodimers and the concentra-
tion of the fractions. Samples were then flash frozen and stored
at −80 �C.

Differential scanning calorimetry

Calorimetry experiments were performed in a VP-Capillary
DSC (Malvern Instruments) in 0.130 ml cells at a heating rate
of 2 �C/min. An external pressure of 2.0 atm was maintained
using a nitrogen tank to prevent possible degassing of the
samples on heating.

For the protein, the dimeric peak freshly eluted from SEC
was used, and the SEC buffer was used as the matching buffer.
In the cases where a ligand was used, a 10 mM stock of the
ligand in degassed DMSO was prepared and stored at −80 �C
protected from light. Prior to each set of experiments, the
ligand stock was diluted in DMSO to 100 times the final
desired concentration and then diluted 100-fold into the
protein sample or matching buffer. The samples were incu-
bated at 22 �C for 10 to 15 min and then transferred into the
DSC sample loading plate. The sample was stored at 5 �C at
least 1 h prior to the DSC runs depending on their position in
the queue. DSC data analysis was carried out using the built-in
analysis modules in Origin 7 (OriginLab) provided by the DSC
manufacturer as described (43).

Automated HDX and data analysis

Solution phase HDX experiments were performed using an
automated LEAP Technologies Twin PAL RTC LEAP Tech-
nologies). Experiments were performed as previously
described. Thirty picomole of hRXRα-LBD homodimer is
mixed with 10 times the concentration of ligand or vehicle
(DMSO) with or without coactivator peptide and incubated at
room temperature for 1 hour (18). The protein mix is then
dispensed into a mixing tray where it is then diluted with 54 μl
of deuterated buffer (or protonated buffer for control experi-
ments). Following on-exchange time points (20 �C), 50 μl of
the sample was aspirated and dispensed into 50 μl of quench
buffer (3 M Urea, 1% TFA, 50 mM TCEP, 2 �C). Samples were
taken at 15 s, 30 s, 60 s, 300 s, 900 s, and 3600 s and performed
in triplicate. Samples were digested for 120s on an enzymatic
Waters pepsin column (2 �C). Sample loading, digestion, and
desalting were driven with a Shimadzu UPLC pump at
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100 μl min-1. Peptic peptides were desalted on an Acclaim
PepMap C18 trap column (Thermo Fisher Scientific), followed
by an Acquity BEH C18 reverse-phase column (1 mm x
50 mm; Waters). A gradient of 5 to 90% acetonitrile, 0.1%
formic acid over 16 min was used to elute the peptides directly
into the SYNAPT G2-Si at 100 μl min-1 with a dual electro-
spray ionization source. Spectra were acquired over the scan
range of 300 to 1500 m/z.

PLGS program (Waters) was used for peptide selection.
Seven MsE runs were collected and peptides that were repli-
cated in five of the seven MsE runs were used for analysis.
HDX MS raw files were processed and visualized by the use of
HDExaminer software (Sierra Analytics). In total, 78 peptides
represent 96.7% amino acid sequence coverage of the RXRα-
LBD. The average length of peptides was 11.2 amino acids with
an average redundancy of 3.6. Differential HDX perturbation
values were calculated by taking the observed number of
deuterium incorporated from ligand binding in the RXRα-
LBD:rexinoid at a specific peptide and subtracting it by the
number of deuterium incorporated in the apo state from that
same peptide, at each of the seven time points. HDX pertur-
bations greater than ± 0.5 deuteriums were considered sig-
nificant as described previously (41). Observed RXRα-LBD
HDX MS peptides were manually curated across all time
points to ensure consistent T0 peptide ion identification and
subsequent shifting peptide ions as deuterium is incorporated
across the time points. The deuterium versus time plots for all
RXRα-LBD peptides were visualized in HDExaminer to ensure
reproducibility across time points. Each RXRα–LBD complex
evaluated was performed at least twice. HDX MS results were
then collated into the plots shown in Figures 6 and 8 based off
of changes in deuterium incorporation relative to apo-RXRα-
LBD. The results were also painted onto existing X-ray crys-
tallographic structures and described in Results section.
Data availability

Sequencing data sets performed in this study are available at
the NCBI GEO under accession numbers: GSE199381. GEO
token ‘yxyrwwcylbmblwd’ is generated for reviewer access.
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