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The distribution of dietary vitamin A/all-trans retinol/ROL throughout the body is
critical for maintaining retinoid function in peripheral tissues and for retinoid
delivery to the eye in the support of visual function. In the circulation, all-trans-
retinol bound to the RBP4 protein is transported and sequestered into target
tissues for long-term storage. Two membrane receptors that facilitate all-trans
retinol uptake from RBP4 have been proposed. While it is well established that the
membrane receptor, STRA6, binds to circulatory RBP4 for ROL transport into the
eye, the second vitamin A receptor, RBPR2, which is expressed in non-ocular
tissues, is less characterized. Based on the structural homology between these
two RBP4 receptors, published literature, and from our recent work in Rbpr2−/−

deficient mice, we hypothesized that RBPR2 might also have high-binding affinity
for RBP4 and this mechanism facilitates ROL transport. Herein, we aimed to
elucidate the membrane topology and putative RBP4 binding residues on
RBPR2 to understand its physiological function for retinoid homeostasis. Using
in silico analysis and site-directed mutagenesis, we identified a potential
RBP4 binding domain on RBPR2. We employed an in vitro cell-based system
and confirmed that mutations of these residues on RBPR2 affected its binding to
exogenous RBP4 and subsequently vitamin A uptake. Using Surface Plasmon
Resonance assays, we analyzed both the binding affinities and kinetic parameters
of wild-type RBPR2 and individual mutants affecting the RBPR2-RBP4 binding
domain with its physiological ligand RBP4. These studies not only revealed a
putative RBP4 binding domain on RBPR2 but also provided new structural,
biochemical, and critical information on its proposed role in RBP4 binding for
ROL transport and retinoid homeostasis.
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Introduction

All-trans retinol (ROL) is the major form of vitamin A found
within circulation. It is essential for normal embryonic development,
reproduction, immunity, and is critical for ocular retinoid (von
Lintig, 2012; Sun, 2012; Wassef and Quadro, 2011; D’Ambrosio
et al., 2011). Within tissues, ROL is the precursor for all-trans
retinoic acid (RA), an essential ligand for nuclear receptors such as
the retinoic acid receptor (RAR), which regulate gene transcription.
ROL is also the precursor for 11-cis retinaldehyde (RAL), the
essential visual chromophore that isomerizes through exposure to
light, and by extension allows photoreceptor cells to detect light (von
Lintig, 2012; Borel and Desmarchelier, 2017). Humans cannot
synthesize vitamin A de novo, so all vitamin A and its derivatives
in the human body, collectively called retinoids, originate from
dietary consumption of vitamin A precursors (von Lintig, 2012;
Borel and Desmarchelier, 2017). The bulk of dietary retinoids (80%–
85%) are stored within the liver as retinyl esters (RE). Under fasting
conditions, the liver is responsible for maintaining retinoic
homeostasis through the conversion of its RE storage into ROL,
and secreting ROL bound to retinol binding protein 4 (RBP4) into
the bloodstream. (Biesalski et al., 1999; Quadro et al., 1999;
Kawaguchi et al., 2007; Harrison, 2012; Lobo et al., 2012;
Amengual et al., 2014; Kelly and von Lintig, 2015; Borel and
Desmarchelier, 2017).

For retinol to perform its biological function it must first be
absorbed within cells and this requires membrane receptors specific
to the complex formed by RBP4 and retinol (RBP4-ROL) (Harrison,
2012; Lobo et al., 2012). Currently, two membrane receptors that
facilitate the uptake of retinol from circulatory RBP4-ROL have been
proposed (von Lintig, 2012; Kawaguchi et al., 2007; Kelly and von
Lintig, 2015; Amengual et al., 2014). In 2007, the Sun lab discovered
the stimulated by retinoic acid 6 (STRA6) cell membrane receptor,
which is proposed to transport retinol intracellularly from
circulatory RBP4-ROL into target tissues, such as the eye
(Kawaguchi et al., 2007). STRA6 is highly expressed in blood-
organ barrier structures and organs that require high amounts of
retinoid for proper function, such as the retinal pigment epithelium
(RPE), reproductive organs, brain, and kidney (Amengual et al.,
2014; Kelly and von Lintig, 2015) Correspondingly, Matthew-Wood
Syndrome is characterized by visual abnormalities and
developmental problems linked to mutations in the human
STRA6 gene (Golzio et al., 2007; Pasutto et al., 2007; Isken et al.,
2008). Studies from the von Lintig lab and others have genetically
confirmed in zebrafish and mouse models the importance of
STRA6 for vitamin A homeostasis of peripheral tissues, where
severe ocular defects were reported in animals lacking STRA6
(Isken et al., 2008; Berry et al., 2013; Amengual et al., 2014; Kelly
and von Lintig, 2015). To understand the importance of STRA6 in
RBP4 binding for ROL transport, the Sun lab used a large-scale
mutagenesis approach and identified an essential RBP4 binding
domain in STRA6, where they showed that mutations within
individual amino acid residues within this RBP4 binding domain
affects binding of STRA6 to exogenous RBP4, and this consequently
affected ROL transport (Kawaguchi et al., 2008a; Kawaguchi et al.,
2008b; Kawaguchi and Sun, 2010; Sun and Kawaguchi, 2011). From
these studies, it is apparent that membrane receptors that interact
with RBP4-ROL, such as STRA6, must contain one or more binding

residues/domains, which are essential for receptor binding to
circulatory RBP4 for ROL internalization into target tissues, such
as the eye (Golzio et al., 2007; Pasutto et al., 2007; Isken et al., 2008;
Kawaguchi et al., 2008a; Kawaguchi et al., 2008b; Kawaguchi and
Sun, 2010; Sun and Kawaguchi, 2011; Berry et al., 2013).

Another less studied receptor for RBP4 binding and ROL
transport is the retinol binding protein 4 receptor 2 (RBPR2)
protein, also annotated as STRA6like (Alapatt et al., 2013; Shi
et al., 2017; Lobo et al., 2018; Radhakrishnan et al., 2022a).
RBPR2 was first identified by the Graham group in 2013, where
they proposed its function in the regulation of retinol homeostasis in
the liver and in non-ocular tissues (Alapatt et al., 2013). RBPR2 is
expressed both in zebrafish and mouse liver, intestine, and other
non-ocular tissues, but not in the eye. As such, RBPR2 could act as
the RBP4-ROL receptor in these STRA6 lacking tissues, contributing
to the maintenance of proper ocular retinoid concentrations for
retinal homeostasis and visual function through the regulation of
serum retinoid homeostasis (Shi et al., 2017; Lobo et al., 2018;
Martin et al., 2021; Radhakrishnan et al., 2022a). Our recent study in
Rbpr2 knockout (Rbpr2−/−) mice showed that under vitamin A
deficient diets, Rbpr2−/− mice failed to maintain retinal function
and showed decreased systemic and ocular retinoid concentrations,
which manifested as photoreceptor phenotypes (Radhakrishnan
et al., 2022a). These Rbpr2−/− mice also displayed an imbalance in
opsin pigment synthesis and stoichiometry, resulting in decreased
visual function, when compared to control mice on similar vitamin
A diets (Radhakrishnan et al., 2022a). While the observed ocular
phenotypic changes in mice lacking a systemic membrane receptor
for RBP4-ROL are apparent, the coordination between retinol
consumption in the eye for vision and retinol supply from long-
term storage at the systemic level, is one of the less characterized
areas in understanding retinoid homeostasis. Even less characterized
is the non-ocular RBP4 receptor RBPR2 itself, its mechanisms for
RBP4 binding and ROL transport in target tissues, and its role for
retinoid homeostasis (Kelly and von Lintig, 2015; Borel and
Desmarchelier, 2017; Solanki et al., 2020; Martin et al., 2021;
Radhakrishnan et al., 2022a). In this study, we aimed to identify
putative RBP4 binding residues on the membrane receptor, RBPR2,
to establish the importance of these RBP4 binding residues on
RBPR2 for ROL transport.

Materials and methods

Materials

All chemicals, unless stated otherwise were purchased from
Sigma-Aldrich (St. Louis, MO, United States).

Homology modeling and molecular docking

Online server SWISS-MODEL (http://swissmodel.expasy.org/)
was used to generate homology based models of mouse RBPR2,
mouse STRA6, and zebrafish Stra6. The model with maximum
coverage and lowest Z score for each was selected for further
studies. The template selected (by online server SWISS-MODEL)
was the cryoEM structure of STRA6, receptor for retinol (PDB ID
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5sy1, Chain B) which showed nearly 44% sequence identity and Q
mean close to −5 for STRA6 identity; and nearly 22% sequence
identity and Q mean close to −7 for RBPR2. The structure for
RBP4 was obtained from PDB database (RSCB PDB ID: 2wqa, Chain
E). The models generated were used for docking studies to analyze
the protein-protein interactions employing the online data-driven
docking program HADDOCK. HADDOCK requires a set of
ambiguous interaction restraints (AIRs) at the binding interface
that are divided into “active” and “passive” categories where active
residues are those directly implicated in binding from experimental
data and passive residues are their near neighbors. The docking
process included a rigid body energy minimization step. The
residues S294, Y295 and L296 for mouse RBPR2 were assigned
as active residues for interaction as per the previous published
papers to be essential for binding (Alapatt et al., 2013; Chen
et al., 2016). The residues between 8 and 12 Å from these three
residues were defined as passive. HADDOCK clustered
187 structures in 11 cluster (s), which represents 93.5% of the
water-refined models HADDOCK generated for RBP4-Stra6.
HADDOCK clustered 138 structures in 12 cluster(s), which
represents 69.0% of the water-refined models HADDOCK
generated for RBP4-RBPR22. The top cluster with the minimal
haddock scores of −95.1 +/− 2.0; and lowest Z-score of −1.5 for
RBP4-RBPR2 was selected for analysis (van Zundert et al., 2016;
Waterhouse et al., 2018).

Cloning of the mouse Rbpr2 cDNA

Total RNA (~2 μg) from liver of a 2-month-old wild-type C57/
B6 mouse was reverse transcribed using the SuperScript One-Step
RT-PCR for LongTemplates system (Invitrogen, Grand Island, NY).
The full-length mouse Rbpr2 cDNA was amplified by using mouse
gene specific Rbpr2 primers with the Expand High Fidelity PCR
system (Roche, Indianapolis, IN, USA). The amplified Rbpr2 cDNA
product was cloned in frame into the pCDNA3.1 V5/His TOPO
vector (Invitrogen, Carlsbad, CA). Appropriate construction of the
wild-type Rbpr2 plasmid in the pCDNA 3.1 V5/His TOPO vector
(pRbpr2-V5) was verified by sequence analysis of both strands
(GENEWIZ, USA) and by comparing the sequences to the
reference mouse Rbpr2/Stra6like cDNA sequences deposited in
Ensembl (www.ensembl.org). The WT-Rbpr2 plasmid was used
as a template and mutagenic Rbpr2 primer pairs were used to
engineer each of the RBP4 binding residue mutants by in vitro
site-directed mutagenesis (Quick Change II XL: Stratagene/Agilent,
Santa Clara, CA), as previously achieved (Shi et al., 2017; Solanki
et al., 2020). Appropriate construction of the WT-Rbpr2 and
mutant-Rbpr2 plasmids were verified by DNA sequence analysis
of both strands using pCDNA3.1 vector primers (GENEWIZ, USA).

Generation of stable cell lines expressing
Rbpr2 and Rbpr2/lrat

Mouse NIH3T3 cells obtained from American Type Tissue
Culture (ATCC-1658) were maintained in high-glucose DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin
sulfate and cultured at 37°C with 5% CO2. NIH3T3 cells were

used in this experiment as they are a well-established cell line to
study the in vitro function of vitamin A membrane receptors for
RBP4 binding and ROL transport (Amengual et al., 2014; Shi et al.,
2017; Lobo et al., 2018; Solanki et al., 2020). To generate
constitutively expressing mouse RBPR2 in NIH3T3 cells, parental
NIH3T3 or NIH3T3/LRAT expressing cells were transiently
transfected with the pRbpr2-V5 plasmid, as described previously
(Solanki et al., 2020). Approximately 40 h post transfection, media
was replaced to contain 400 μg/mL Geneticin (G418) selection
agent. After 2 weeks of selection with G418, surviving individual
cells (n = 12) were selected by placing cloning rings around each
surviving cell. Each clonal cell was then carefully detached by adding
10 μL of trypsin into each clonal ring. Detached cells were
transferred to 6-well culture plates containing 200 μg/mL
G418 selection media. Once individual clones reached ~80%
confluence they were expanded into 100 mm dishes containing
200 μg/mL of G418 selection media. To confirm stable
integration of the Rbpr2 gene and expression in these cells, we
isolated total protein from each clone and subject them to western
blot analysis. By using the V5-primary antibody, we detected the V5-
tagged RBPR2 protein.

Indirect immunofluorescence and confocal
microscopy

Cell lines were grown on coverslips and fixed in a freshly
prepared mixture of 4% formaldehyde in 1X PBS (137 mM NaCl,
2.7 mM KCl, 10 mM sodium phosphate dibasic, and 2 mM
potassium phosphate monobasic, pH 7.4) for 30 min at room
temperature and processed as previously described (Lobo et al.,
2010; Lobo et al., 2013; Solanki et al., 2020; Solanki et al., 2021).
Parental NIH3T3 cells were transiently transfected with the pRbpr2-
V5 plasmid, as described previously (Solanki et al., 2020).
Subcellular localization of the recombinant mouse Rbpr2-V5 in
NIH3T3 cells was achieved by exposure to the anti-V5 primary
antibody (which detects the V5-tagged RBPR2) followed by the anti-
rabbit conjugated Alexa 488 secondary antibody staining
(Invitrogen, Carlsbad, CA). Cells were examined under a Zeiss
LSM 510 UV Meta confocal microscope with an HCX Plan ×
40 numerical aperture 1.4 oil immersion objective lens (Zeiss,
Jena, Germany). Images were acquired with the Zeiss confocal
software, version 2.0. All experiments were carried out in
triplicate. Approximately 55–75 cells from 7–9 fields were
imaged/counted per experiment (Lobo et al., 2010; Lobo et al.,
2013; Rohrer et al., 2021).

Exogenous RBP4 binding and retinol uptake
studies

RBP4 cDNA cloned into the pET3a bacterial expression vector
was used to express RBP4 in E.Coli as previously described (Shi et al.,
2017). Apo-RBP4 (100 μg) was loaded with retinol in 0.2 mL of PBS
by the addition of 100 μm radiolabeled retinol (American
Radiolabeled Chemicals; vitamin A alcohol [3H(N)] Retinol-
labeled, adjusted to 1 μCi/nmol specific activity by the addition of
cold retinol) and incubating for 1 h at room temperature and then
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overnight at 4°C in light-protected tubes, as previously described
(Shi et al., 2017). Stable NIH3T3 cells expressing either, RBPR2 or
RBPR2 and LRAT were plated in 10 cm dishes. Cells were grown to
70% confluence, washed thrice with 1x PBS and incubated for 1 h in
serum-free medium, at which point [3H]ROL-RBP4 was added for
60 min. Cells were washed thrice with 1x PBS and lysed in PBS
containing 1% Nonidet P-40. Lysates were homogenized and
transferred to scintillation tubes for scintillation counting.
Parental NIH3T3 incubated with [3H]ROL-RBP4 served as
controls. The RBP4-ROL binding and uptake assay was repeated
thrice, using stable cells from a different passage.

Expression and purification of human RBP4

Human RBP4 expression and purification from Escherichia coli
was accomplished essentially as described previously (Shi et al.,
2017). Briefly, human RBP4 (hRBP4) cDNA was cloned into a
pET3a expression vector and expressed in BL-21 DE3 cells
according to a standard protocol. Bacterial cells were harvested
and lysed by osmotic shock. Insoluble material was pelleted by
centrifugation, washed, and solubilized in 7M guanidine
hydrochloride and 10 mM dithiothreitol. After overnight
incubation, insoluble material was removed by
ultracentrifugation, and the supernatant was used for the
hRBP4 refolding procedure. hRBP4 was refolded by the dropwise
addition of solubilized material into a mixture containing 150 μCi of
[11,12-3H]ROL ([3H]ROL) (PerkinElmer Life Sciences) and non-
radiolabeled ROL (Sigma) at a final concentration of 1 mm.
Refolded holo-hRBP4 was dialyzed against 10 mM Tris/HCl
buffer, pH 8.0, and loaded onto a DE53 anion exchange
chromatography column (Whatman, Piscataway, NJ). Holo-
hRBP4 was eluted with linear gradient of NaCl (0–1M) in
10 mM Tris/HCl buffer, pH 8.0. Collected fractions were
examined by SDS-PAGE and UV-visible spectroscopy to ensure a
proper protein/retinoid ratio. Fractions containing at least 90%
holo-hRBP4 were pooled together and concentrated in a
Centricon centrifugal filter device (cut-off 10,000 Da) (Millipore,
Billerica, MA) to 5 mg/mL. [3H]ROL was quantified in a scintillation
counter (Beckman Coulter, Indianapolis, IN). Holo-hRBP4 aliquots
were stored at −80°C until used.

Western blotting

Total proteins from cells were extracted using the M-PER
protein lysis buffer (ThermoScientific, Beverly, MA,
United States) containing protease inhibitors (Roche,
Indianapolis, IN, United States). Approximately 25 μg of total
protein was electrophoresed on 4%–12% SDS-PAGE gels and
transferred to PVDF membranes. Membranes were probed with
primary antibodies against EGFR (1:1,000; ThermoFisher/
Invitrogen, Waltham, MA), HSP90 (1:2500; Invitrogen, Waltham,
MA), V5 (1:2500; Sigma/Millipore, Burlington, MA), Rbp4 (1:1,000;
Proteintech/Fisher Scientific, Pittsburg, PA), or β-Actin (1:10,000,
Sigma) in antibody buffer (0.2% Triton X-100, 2% BSA, 1X PBS).
HRP-conjugated secondary antibodies (BioRad, Hercules, CA,
United States) were used at 1:10,000 dilution. Protein expression

was detected using a LI-COR Odyssey or ChemiDoc Bio-Rad
system, and relative intensities of each band were quantified
(densitometry) using ImageJ software version 1.49 and
normalized to their respective loading controls. Each western blot
analysis was repeated thrice.

Co-immunoprecipitation assays to
determine binding of RBP4 to RBPR2

Co-immunoprecipitation (Co-IP) assays were performed with
exogenous applied human RBP4 protein in NIH3T3/LRAT cells
stably expressing V5-tagged WT-RBPR2 or individual V5-tagged
RBPR2-RBP4 mutants. Using a well-established Co-IP protocol that
determined extracellular STRA6-RBP4 interactions, we added
reduced serum medium (8 mL of OptiMEM) containing 12 μM
of purified and crosslinked T7 tagged-RBP4 to the cells and incubate
this reaction for 60 min (Kawaguchi et al., 2007). After binding
purified T7 tagged-RBP4 protein conjugated with the cross-linker to
cells expressing WT or mutant RBPR2, followed by ultraviolet (UV)
cross-linking, and membrane solubilization, cells were collected,
washed thrice with 1x PBS to remove any un-bound hRBP4. Total
protein was isolated and subjected to co-immunoprecipitation
analysis using an RBP4 antibody, followed by reciprocal western
blotting for RBPR2 (using a V5 antibody).

Mouse RBP4 expression, purification, and
quality check by circular dichroism
spectroscopy and intrinsic tryptophan
fluorescence assay

Recombinant mouse RBP4 with 6XHis Tag was expressed E.coli
expression system and extracted in Tris buffer with composition of
50 mM Tris-HCl, 1 M L-Arginine, 10% Glycerol, pH 8.0. The lysate
was purified by nickel NTA column. The msRBP4 protein quality
was monitored by western blot using anti His-tag antibody. The
structural quality of the recombinant RBP4 protein was confirmed
with Circular dichroism (CD) spectroscopy (Jasco 815 circular
dichroism, Spectramax Gemini) (Micsonai et al., 2015). The
mean residue ellipticity (θ), was calculated using the following
formula.

θ[ ] � S × mRw( )/ 10cl( )
where S represents the CD signal in mθ, mRw represents the mean
residue mass, c represents the concentration of the protein in mg/
mL, and l represents the path length in cm. The percent change in
molecules structure were calculated using BeStSel Secondary
Structure Analysis to Protein Fold Prediction by CD
Spectroscopy (https://bestsel.elte.hu), (see Supplementary
Information Supplementary Materials S1–S5). The initial
interaction quality of the recombinant RBP4 with msSTRA6,
msRBPR2, and control peptides were checked with intrinsic
tryptophan fluorescence assay. The peptides were diluted in
various micromolar concentrations and the incubated with 3 μg
RBP4 in room temperature for 5 min and excited at 290 nm and the
emission was scanned from 300 nm to 400 nm wavelength. The data
were normalized with the blank and peptide only conditions and
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plotted in GraphPad prism version 9.3. San Diego, CA,
United States. (Supplementary Figure S5).

RBPR2-RBP4 binding assays using surface
plasmon resonance (SPR) analysis

Purified RBP4 protein with >90% purity and 0.56 mg/mL
concentration was immobilized on Biacore Sensor Chip CM5
(ITDD Biacore S200 Surface Plasmon Resonance instrument at
University of Minnesota). The two-flow cell surface activated for
using one as blank and other as test. Using Amine Coupling Kit (Cat.
No. BR100050; Cytiva, Marlborough, MA, US) 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), after surface activation, the
purified RBP4 with immobilization buffer 10 mM Sodium
acetate, pH 5.0, was immobilized with target of 1,200 Response
Unit (RU) for achieving Rmax of 30RU in kinetic study. The
reaction stopped and washed with Ethanolamine. The system was
re-primed with running buffer PBST (phosphate-buffered saline
solution with a 0.05% Tween20 detergent solution). The kinetic
assay performed on the two flow cells, the blank was used as
reference cell and the active cell with RBP4 was used for the
binding study. The mouse and zebrafish RBPR2, mouse
RBPR2 mutants affecting the “SYL” binding domain, and mouse
STRA6 peptides (all containing the predicted RBP4 “SYL” binding

residues) were chemically synthesized by Biomatik Corporation,
Kitchener, ON, Canada. The peptides were serial diluted in running
buffer with range of 0.8–26.6 μM and following parameter was run
with contact time: 120 s, flowrate 30 μL/min, Dissociation time
300 s, Regeneration with Glycine-HCl, pH 2.5, contact time 30 s
flowrate 30 μL/min and temperature 25°C. The program was run
and non-specific binding on the reference cell subtracted bulk
refractive index from the active sensorgram and analyzed for the
association, dissociation and stabilization of the reads. The plot
fitted with 1:1 binding program in Biacore™ Insight Evaluation
Software, and the Graph, binding affinity plot, was plotted in
GraphPad prism version 9.3.

Results

Mouse RBPR2 contains consensus
RBP4 binding residues

Comparison of mouse (Ms) RBPR2 protein sequences to human
(Hs) STRA6 and Ms STRA6 revealed several short amino acid
segments with >40% amino acid homology, suggesting analogous
roles for these residues in the function or structural integrity of these
two proteins (Figures 1A–C) (Kawaguchi et al., 2008a; Kawaguchi
et al., 2008b; Kawaguchi and Sun, 2010; Sun and Kawaguchi, 2011;
Alapatt et al., 2013). Interestingly, a three amino acid consensus was

FIGURE 1
Proposed RBP4 binding residues on RBPR2 are conserved across species. (A) Proposed RBP4 binding residues on RBPR2 (highlighted Red; amino
acid residues S294, Y295 and L296) occurs in exon 11 of mouse RBPR2 (Alapatt et al., 2013). The multiple sequence alignment of mouse and human
STRA6, RBPR2 sequences shows conserved residues (Tamura et al., 2021). * indicates conserved residues of the RBP4 binding motif; (colon) indicates
strongly similar properties. The previously proposed RBP4 binding residues on mouse STRA6 (Tyrosine Y336, Glycine G340, and Glycine G342) are
highlighted with green box. The zebrafish STRA6 and RBPR2 sequence were not highly conserved but surprisingly had an exact topological feature
alignment with the mouse sequence to extracellular region of the receptor (https://www.uniprot.org/uniprotkb/Q9DBN1/entry#sequences). (B,C)
Computer modeling and structure homology between RBPR2 (blue) and STRA6 (yellow) proteins.
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found in the proposed RBP4 binding domain of Hs. And Ms.
STRA6, which was also found to be partially conserved in mouse
and zebrafish RBPR2. The proposed RBP4 binding residues in
mouse RBPR2 correspond to amino acids Serine294,
Tyrosine295, and Leucine296 (SYL) (Figure 1A), which have
previously been shown to be required for vitamin A transport to
the eye, in zebrafish (Shi et al., 2017; Lobo et al., 2018; Solanki et al.,
2020).

Protein-ligand structural analysis confirms
the importance of the proposed
RBP4 binding residues on RBPR2 for ROL
transport

To determine the importance of proposed RBP4 binding
residues on mouse RBPR2, we first generated homology-based
models of mouse RBPR2 and human STRA6 using the online
server SWISS-MODEL (http://swissmodel.expasy.org/), using the
cryogenic electron microscopy (cryoEM) structure of zebrafish
STRA6 (PDB ID: 5sy1, Chain B) (Chen et al., 2016; van Zundert
et al., 2016; Waterhouse et al., 2018), and human RBP4 (PDB ID:
2wqa, Chain E) (Figures 1B, C; Figures 2A, B). Themodels generated
were then utilized in docking studies to analyze the STRA6-RBP4
and RBPR2-RBP4 protein-ligand interactions (docking program

HADDOCK2.2) (Chen et al., 2016; van Zundert et al., 2016;
Waterhouse et al., 2018). While the in silico binding models are
assumptions, this analysis showed that the proposed and conserved
residues SYL on mouse RBPR2 are part of an extracellular loop that
likely plays a critical role in their interaction with RBP4 (Figures
2C–F) and thus stabilizing the complex interface with hydrophobic
and hydrophilic contact. The 2D-Diagram shows the complex
stabilized by the Conventional Hydrogen bond from
Ser294 RBPR2, Pi-Cation and Pi-Alkyl from
Tyr295 RBPR2 interacting with the Arg167 on RBP4. Leu296 on
RBPR2 was not directly involved in the interaction interface, but
could play an essential role in stabilizing the interaction with RBP4.

RBPR2-mutants targeting the proposed
RBP4 binding residues show normal
trafficking to the plasma membrane

To study the importance of RBP4 binding residues on RBPR2,
we used site-directed mutagenesis to individually alter these putative
binding residues on mouse RBPR2. Using the wild-type (WT)
RBPR2-pCDNA3.1-V5 tagged vector as a template, the polar
amino acids (Ser294 and Tyr295) were mutated to hydrophobic
amino acids (Ser294Ala and Tyr295Pro), while the hydrophobic
amino acid (Leu296) was mutated to a polar amino acid (Leu296Ser)

FIGURE 2
Molecular docking analysis of RBPR2-RBP4 protein interaction. (A) RBPR2 structural alignmentwith STRA6 dimer (pdb 5SY1). (B)Heatmap indicating
varying degrees of hydrophobicity within RBPR2, showing the lipid bilayer embedded regions in a RBPR2 dimer complex. The retinol binding prediction
on RBPR2 dimer was performed by PyRX showing the possible regions of binding and internalization of retinol from extracellular matrix to cytosol, by
utilizing the receptor cavities indicated in green on the right diagram (ref BIOVIA® Discovery Studio Visualizer v21.1). (C) The docking of
RBPR2 monomer (Light grey) and RBP4 (Dark grey) structure showing the interactions. The interaction interface residues are color-coded, Cyan for
RBPR2 residues and Yellow for RBP4. To annotate the positional exposed and buried residues information the SER-294 blue and TYR-295 Red color
coded. (D,E) The interaction of residues and 2D-Diagram showing the mode of interactions by Hydrogen bonds, Pi-Cation, Pi-Alkyl and solvent
accessible surface in Red shade. (F) The surface heat map of hydrophobicity and hydrogen bond of RBP4 surface showing the SYL motif of
RBPR2 interacting in the pocket, analyzed by BIOVIA® Discovery Studio Visualizer v21.1.
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FIGURE 3
Cellular localization and expression of WT-RBPR2 and RBPR2-mutants.(A) Transient expression and staining of mouse V5-tagged WT-RBPR2 and
variants in NIH3T3 cells using the V5-antibody. Nucleus, DAPI, blue; RBPR2-V5, Green. Scale bar = 50 μm. (B) Protein expression and representative
western blot images of WT-RBPR2 and RBPR2-mutant proteins, which affect the “SYL” domain; anti-Actin = protein loading control. (C) Subcellular
fractionation of stable cells expressing WT-RBPR2 or individual RBPR2-RBP4 mutants. Stable NIH3T3/LRAT cells expressing either WT-RBPR2 or
individual RBPR2-RBP4 binding residues mutants were fractionated as outlined in the methods. Normalized portions of each extract (~30 μg) were
analyzed by Western blotting using antibodies against proteins from cytoplasmic (HSP90) and plasma membrane (EGFR).

FIGURE 4
Extracellular RBP4 binding capabilities of RBPR2 and Vitamin A uptake assays. (A,B) Co-IP experiments showed a strong interaction between wild
type (WT) RBPR2 and exogenous applied human RBP4 protein. Conversely, mutants targeting the proposed RBP4 binding sites on RBPR2, showed
weaker interaction with RBP4 (62%–73% decreased binding capability compared to WT-RBPR2; p < 0.05). (C) Compared to NIH3T3/LRAT/WT-
RBPR2 expressing cells, all NIH3T3/LRAT/RBPR2-mutant expressing cells showed decreased ability (<81% of WT-RBPR2 activity; *p < 0.05) to
uptake extracellular applied [3H]ROL bound RBP4.
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(Kawaguchi et al., 2008a; Kawaguchi et al., 2008b). WT-RBPR2 and
individual RBPR2-mutants were transiently transfected into
NIH3T3 cells, and at 72 h post-transfection, WT and mutant
RBPR2 expressing cells were subjected to both immunostaining and
western blot analysis using the V5-antibody. Confocal microscopy
analyses revealed that similar to WT-RBPR2 protein, all three single
RBPR2-RBP4 binding residue mutants trafficked properly to the
plasma membrane in transiently transfected NIH3T3 cells (green =
V5-tagged RBPR2) (Figure 3A). Western blot and densitometry
analysis further revealed that like WT-RBPR2, all three single
RBPR2-mutants were equally expressed (Figure 3B). To confirm the
specific subcellular localization of WT and mutant RBPR2 proteins, we
subjected the transfected cells to subcellular fractionation. This analysis
confirmed that individual RBPR2-mutants, like WT-RBPR2 protein,
localized predominantly within the plasma membrane fractions, with
only two RBPR2-mutants showing minimal cytoplasmic retention
(<2% of total fractionated protein), indicating that individual
RBPR2 mutants, like WT-RBPR2, trafficked properly to the plasma
membrane and was expressed in this fraction (Figures 3A, C).

RBPR2 mutants targeting the RBP4 binding
sites are defective in extracellular RBP4-ROL
uptake

To determine the importance of proposed RBP4 binding residues
on RBPR2 for RBP4 binding and ROL transport, we generated stable
NIH3T3/LRAT cells expressing WT-RBPR2 or individual RBPR2-
mutants (Shi et al., 2017; Lobo et al., 2018). Using both
V5 antibody, we first confirmed equal expression of all recombinant
proteins in stable cells (Figure 4A). To determine the interaction of
RBPR2 with exogenous RBP4, we performed Co-IP experiments. Stable
NIH3T3/LRAT cells expressingWT or individual RBPR2mutants were
seeded in 10 cm dishes. Upon reaching ~70% confluence, a reduced
serum medium (8 mL of OptiMEM) containing 12 μM of purified
RBP4 was added to the cells and incubated for 120 min. Cells were
collected, and total protein was isolated and subjected to co-
immunoprecipitation analysis using an RBP4 antibody, followed by
reciprocal western blotting for RBPR2 (using a V5 antibody). While
cells expressing WT-RBPR2 showed strong binding to exogenous
RBP4 protein, individual mutant RBPR2-expressing cells showed
decreased binding to RBPR2 (p < 0.005) (Figures 4A, B). To
confirm this observation, individual stable cell lines were incubated
with [3H]ROL-RBP4 and analyzed for their ability to uptake
extracellular [3H]ROL-RBP4 at the 60-minute time point through
Liquid Scintillation Counting (Shi et al., 2017; Lobo et al., 2018).
This analysis showed that control cells (NIH3T3 and NIH3T3/
LRAT cells) displayed insignificant levels of [3H]ROL-RBP4 uptake
(Figure 4C). However, [3H]ROL was evident in cells expressing WT-
RBPR2 with co-expressed LRAT (Figure 4C). In contrast, individual
RBPR2-mutant expressing cells showed significantly reduced ability
(<81%decreased activity compared toWT-RBPR2; p< 0.005) to uptake
[3H]ROL-RBP4, indicating that the amino acids Ser294, Tyr295, and
Leu296 likely encompass the RBP4 binding residues on RBPR2 that
would be crucial for ROL transport (Figure 1). Based on proper
membrane trafficking of mutant RBPR2 protein (Figure 3A), but
with decreased RBP4 binding (Figures 4A, B) and [3H]ROL-RBP4
uptake capabilities (Figure 4C), indicates the importance of these

residues on RBPR2 for extracellular RBP4 interaction/binding, which
is in turn critical for ROL transport.

Surface plasmon resonance (SPR) analysis
reveals binding kinetics of RBPR2 with its
proposed ligand RBP4

Surface Plasmon Resonance (SPR) is a common technique used
to study protein-ligand interactions. SPR can measure the binding
affinities and association/dissociation kinetics of protein to ligand
complexes in real-time. The interaction levels measured in Response
Units (RU), and real-time plot sensorgram displays the dynamics of
the analysis. The purified mouse Retinol Binding Protein, RBP4
(Supplementary Figure S1), was immobilized as the ligand, and
various concentrations of the SYL motif containing peptides as
analytes were run to measure SPR affinity and kinetics. The analytes
examined were mouse RBPR2, zebrafish RBPR2, and mouse STRA6,
known to interact with the mouse RBP4 ligand (Supplementary
Figures S2–S5). To determine the Kd (ligand concentration in which
half of the total receptor sites are occupied), the site-specific binding
fitting model described below was used.

Y � BmaxpX
Kd + X

where Bmax represents the maximum number of binding sites
(Response Unit/RU), X represents the analyte concentration, and
Y represents the binding affinity (Response Unit). Interestingly, the
binding affinity of mouse RBPR2 to RBP4 approximates to the
affinity of mouse STRA6 peptides to RBP4. The Kd of WT-
msRBPR2 peptide with msRBP4 was 25.42 ± 6.01 μM, and Bmax

was 183.17 ± 25.66 μM (mean ± S.E). The Kd of msSTRA6 peptide
with msRBP4 was 26.73 ± 5.67 μM, and Bmax was 178.45 ± 22.26
(mean ± S.E) (Figures 5, 6). The difference between the binding
affinities and dissociation rate (Koff) of msRBPR2 and msSTRA6 to
msRBP4 was not statistically significant (p < 0.99) in an unpaired
t-test, suggesting similar Kd values and binding affinities of these two
proteins for its extracellular ligand (Supplementary Figure S6). SPR
analysis was then performed on SYL mutant mouse RBPR2 with its
physiological ligand RBP4. This analysis showed that
RBPR2 mutants (S294A and Y295P), had higher Kd values of
89.33 μM and 34.91 μM respectively, while the RBPR2 mutant
(L296S) had a lower Kd value of 21.30 μM, compared to Kd value
of 25.42 μM for WT-RBPR2, dissociation rate (Koff) for mutant
msRBPR2 was significantly lower, suggesting a tighter bond
formation between the RBP4 protein and mutant peptides
(Figures 7A–C; Supplementary Figure S7).

Discussion

Given our results and those previously shown by the Sun and von
Lintig laboratories, we can speculate that evolutionary vitamin A
receptor (s) selection and distribution in a tissue-specific manner
provides an advantage in the proper transport, storage, and
utilization of all-trans retinol in the mammalian system, where
retinoids are not a product of de-novo synthesis and thus require an
active transport mechanism/membrane receptor to reach their target
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organs (Figure 8) (Chelstowska et al., 2016; Borel and Desmarchelier,
2017; Martin et al., 2021). In almost all mammalian systems, all-
trans-retinol is the most abundant retinoid in the circulation
and would serve as the probable form of retinoid delivered to
body systems and would additionally serve as the substrate for

the previously discussed membrane receptor. Due to its lipophilic
nature, all-trans-retinol requires a carrier protein to reach target organs
(Quadro et al., 1999; Chelstowska et al., 2016; Borel and Desmarchelier,
2017; Martin et al., 2021). With the discovery of the liver-secreted
protein retinol binding protein 4 (RBP4) in 1968 as the specific carrier

FIGURE 5
Surface Plasmon Resonance binding studies between RBPR2 and its ligand RBP4.Binding studies using SPR betweenmouse RBPR2 (A) and Zebrafish
RBPR2 (B) and immobilized mouse RBP4 protein is shown, together with the respective kinetic values (Kd) in the right panel. The interaction levels are
measured in response units (RU) and real time plot sensorgram display the dynamics of the analysis.

FIGURE 6
Kinetics of surface plasmon resonance binding studies between RBPR2 and its ligand RBP4. (A,B) Detailed SPR kinetics shown for mouse and
zebrafish RBPR2 and for mouse STRA6 with its immobilized ligand mouse RBP4 protein. The affinity Kd values are shown in bold.
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for retinol and subsequent investigation in Rbp4 and Stra6 deficient
mice. The mechanism of transport and uptake of retinol to specific
target organs can now be elucidated to a further degree (Quadro et al.,

1999; Kawaguchi et al., 2007; Amengual et al., 2014; Shen et al., 2016;
Borel and Desmarchelier, 2017).

In this study, we hypothesized that the second vitamin A/retinol
binding protein 4 (RBP4) receptor, RBPR2, is necessary for the systemic
facilitation of dietary retinoid uptake, storage, and transport to targeted
organs, specifically the liver and eye (Alapatt et al., 2013). We based our
hypothesis on published literature stating that RBPR2 shares amino acid
and structural homology with the well-characterized vitamin
A/RBP4 receptor, STRA6 (Alapatt et al., 2013; Chen et al., 2016). In
the circulation, vitamin A/all-trans retinol is bound to RBP4 (RBP4-
ROL/holo-RBP4), and on the binding of RBP4 to STRA6, retinol is
transported into the cell without internalization of RBP4 (Blomhoff et al.,
1990; Kawaguchi et al., 2008a; Isken et al., 2008; Kawaguchi et al., 2008b;
Kawaguchi and Sun, 2010; Sun and Kawaguchi, 2011; Sun, 2012; Zhong
et al., 2012; Alapatt et al., 2013; Breen et al., 2015; Chelstowska et al., 2016;
Shen et al., 2016; Shi et al., 2017; Borel and Desmarchelier, 2017; Lobo
et al., 2018; Solanki et al., 2020; Martin et al., 2021; Radhakrishnan et al.,
2022a). To understand themechanism(s) of RBPR2 binding to RBP4, we
first employed an in silico protein-ligand interaction approach, multiple
in vitro biochemical assays, and utilized an Rbpr2−/− deficient mouse
model to predict RBPR2-RBP4 binding characteristics, to assess its
empirical binding characteristics, and to observe the physiological
consequences of RBPR2 deletion, respectively.

In the past, the Sun lab expanded upon the mechanism (s) of how
the membrane expressed vitamin A receptor STRA6 facilitates retinol
transport from its carrier protein, RBP4, into cells, where they used an
elegant large-scale mutagenesis approach and identified three essential
residues on STRA6 that might be essential for RBP4 binding and
subsequent ROL transport into target tissues (Kawaguchi et al.,
2008a; Kawaguchi et al., 2008b; Kawaguchi and Sun, 2010; Sun and
Kawaguchi, 2011; Chen et al., 2016). These residues (Tyr336, Gly340,

FIGURE 7
Surface plasmon resonance binding studies between mutant RBPR2 and its ligand RBP4. Binding studies using SPR between mouse RBPR2-S294A
(A), RBPR2-Y295P (B), RBPR2-L296S (C) and immobilized mouse RBP4 protein is shown, together with the respective kinetic values (Kd) in the bottom
respective panels. The interaction levels measured in Response Units (RU) and real time plot sensorgram display the dynamics of the analysis.

FIGURE 8
Schematic representation of the proposed RBP4 binding motif on
RBPR2 for retinol uptake, storage, and distribution.Shown are the
proposed RBP4 amino acid binding residues on STRA6 (YGG) and RBPR2
(SYL) that utilize a lock and key model mechanism to bind and
stabilize the extracellular RBP4-retinol complex. The interaction interface
between the membrane receptor and its’ ligand is stabilized by both
hydrophilic and hydrophobic interactions for retinol internalization. The
proposed binding residues for both RBP4-ROL receptors are color-coded
based on the property of the amino acid residues.

Frontiers in Cell and Developmental Biology frontiersin.org10

Radhakrishnan et al. 10.3389/fcell.2023.1105657

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1105657


and Gly342) on STRA6 are highly conserved among mammals and,
interestingly, are in close proximity to the proposed “SYL”RBP4 binding
domain on the less defined vitamin A receptor, RBPR2 (Figures 1A, 8)
(Alapatt et al., 2013). The SYL residues (S294, Y295 and L296) onmouse
RBPR2 were previously shown by the Graham group to be of
importance through both in vitro and CRISPR mutant zebrafish
model (s), and are critical for RBP4-ROL binding and retinol uptake
and transport, in supporting visual function (Seeliger et al., 1999;
Kawaguchi et al., 2008a; Kawaguchi et al., 2008b; Kawaguchi and
Sun, 2010; Sun and Kawaguchi, 2011; Alapatt et al., 2013; Shi et al.,
2017; Lobo et al., 2018; Martin et al., 2021).

Based on the work of the Sun Lab, we propose that a similar SYL
binding motif might also be found in RBPR2, given its similar
capability in binding RBP4-ROL (Figure 8) (Radhakrishnan et al.,
2022b). Through homology and docking studies, an SYL amino acid
consensus was found on the proposed RBP4 binding domain of mouse
RBPR2. The importance of the RBPR2 SYL domain was then
examined through the mutagenesis of individual residues in the
proposed “SYL” binding domain of RBPR2 and by overexpression
in NIH3T3 cells, where we observed that all three RBPR2-mutants, like
the WT-RBPR2, localized predominantly within the plasma
membrane. Subsequent subcellular fractions indicated that
individual RBPR2 mutants, like WT-RBPR2, trafficked properly to
the plasmamembrane (Figure 4). However, in RBP4-vitamin A uptake
experiments, all three RBPR2-SYL mutants failed to properly uptake
exogenous RBP4-ROL, indicating that these three residues likely
contribute to a specific RBP4 binding domain on RBPR2 for ROL
transport. However, we were unable to test the combined effects of
mutant RBPR2-SYL in a singlemutant peptide, as the peptide synthesis
and HPLC analysis was not optimal. The calculated binding affinity
(Kd) of RBP4 for RBPR2 peptides (encompassing the SYL domain) was
25.43 μM for mouse RBPR2 and 33.25 μM for zebrafish RBPR2. The
calculated binding affinity (Kd) of RBP4 for mouse STRA6 peptide
encompassing the previously reported Tyr336, Gly340, and Gly342

residues was 26.73 μM and this was comparable to mouse RBPR2.
The binding affinity (Kd) values for RBPR2 binding for its ligand
RBP4 were comparable to previously published values for STRA6 for
its physiological ligand RBP4 (Kd = 22.4 μM). Interestingly, we
observed a reduced binding affinity (Kd) and stronger dissociation
rate (Koff) for the RBPR2 mutants to its ligand RBP4, compared to the
WT. In our docking analysis, we observed Ser294 and Tyr295 on
RBPR2 to interact with Arg167 on RBP4, while Leu296 RBPR2was not
directly involved in the interaction. Leu296might play an essential role
in structure stabilization for the interaction; if we compare its observed
Kd values to the other RBPR2 mutants and WT-RBPR2, it becomes
evident that structural stabilization is equally important. The Kd values
for RBPR2 peptides interaction with RBP4, S294A = 89.33 μM,
Y295P = 34.91 μM, and L296S = 21.30 μM, indicating that the
S294A and Y295P mutant peptides required a higher concentration

of RBP4 for binding saturation, while the L296S mutant retained a
comparable Kd value when compared to WT-RBPR2 (Figures 2C–E;
Figures 5–7). The SYL motif on RBPR2 is crucial in RBP4 complex
formation and stabilization, with significantly reduced dissociation
rates in mutant RBPR2 peptides and RBP4 interactions. Any
changes in these residues result in lower dissociation rates,
indicating that the natural behavior of the interaction is
affected. This suggests a tighter and possibly non-specific
binding for the mutant RBPR2 to RBP4, which demands a
more detailed study (Supplementary Figure S7). Based on our
studies, it would be fascinating to study the serum kinetics of
RBP4-ROL binding and uptake in Rbpr2-KOmice (Radhakrishnan
et al., 2022a), to determine the contribution of RBPR2 for serum
and ocular vitamin A homeostasis (Martin et al., 2021). Therefore,
in the future, it would be important to determine the crystal or
cryoEM structure of RBPR2 to gain further insight into the
physiological role of this RBP4-vitamin A receptor in systemic
retinoid homeostasis and for visual function. Table 1.
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TABLE 1 Amino acid sequences of individual RBPR2 peptides used in SPR analysis. The putative mouse RBP4 “SYL” binding residues on RBPR2 and STRA6 are
shown in bold. HPLC and Mass spectrophotometry analysis confirmed purity and sizes of individual proteins.

Peptide name Peptide sequence Molecular weight HPLC-purity (%) Mass spec

msRbpr2 (42) HVRDKLDMFEDKLESYLTHMNETGTLTPIILQVKELISVTKG 4845.12 92.14 Confirms

msStra6 (40) SVVPTVQKVRAGINTDVSYLLAGFGIVLSEDRQEVVELVK 4329.94 90.84 Confirms

zebRBPR2 (34) DKLDSLKDSLEQIALSCNQTESVFTYLIPSINEF 3862.57 95.94 Confirms

Frontiers in Cell and Developmental Biology frontiersin.org11

Radhakrishnan et al. 10.3389/fcell.2023.1105657

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1105657


Acknowledgments

The authors thank Jon Hawkinson, Ph.D. and Deepti Mudaliar,
Ph.D. (University of Minnesota) for training, use of the SPR
instrumentation, and data analysis. Robyn Rebbeck, Ph.D. and
Jonathan Solberg, Ph.D. (University of Minnesota) for training, use
of the Jasco J-815 spectropolarimeter instrument, and data analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2023.1105657/
full#supplementary-material

References

Alapatt, P., Guo, F., Komanetsky, S. M., Wang, S., Cai, J., Sargsyan, A., et al. (2013).
Liver retinol transporter and receptor for serum retinol-binding protein (RBP4).
J. Biol.Chem. 288, 1250–1265. doi:10.1074/jbc.M112.369132

Amengual, J., Zhang, N., Kemerer, M., Maeda, T., Palczewski, K., and von Lintig, J.
(2014). STRA6 is critical for cellular vitamin A uptake and homeostasis. Hum. Mol.
Genet. 23, 5402–5417. doi:10.1093/hmg/ddu258

Berry, D. C., Jacobs, H., Marwarha, G., Gely-Pernot, A., O’Byrne, S. M., DeSantis, D.,
et al. (2013). The STRA6 receptor is essential for retinol-binding protein-induced
insulin resistance but not for maintaining vitamin A homeostasis in tissues other than
the eye. J. Biol. Chem. 23, 24528–24539. doi:10.1074/jbc.M113.484014

Biesalski, H. K., Frank, J., Beck, S. C., Heinrich, F., Illek, B., Reifen, R., et al. (1999).
Biochemical but not clinical vitamin A deficiency results frommutations in the gene for
retinol binding protein. Am. J. Clin. Nutr. 69, 931–936. doi:10.1093/ajcn/69.5.931

Blomhoff, R., Green, M. H., Berg, T., and Norum, K. R. (1990). Transport and storage
of vitamin A. Science 250, 399–404. doi:10.1126/science.2218545

Borel, P., and Desmarchelier, C. (2017). Genetic variations associated with vitamin A
status and vitamin A bioavailability. Nutrients 9, 246–251. doi:10.3390/nu9030246

Breen, C. J., Martin, D. S., Ma, H., McQuaid, K., O’Kennedy, R., and Findlay, J. B.
(2015). Production of functional human vitamin A transporter/RBP receptor (STRA6)
for structure determinationPMCID:PMC 25816144. PLoS One 10 (3), e0122293. doi:10.
1371/journal.pone.0122293

Chelstowska, S., Widjaja-Adhi, M. A. K., Silvaroli, J. A., and Golczak, M. (2016).
Molecular basis for vitamin A uptake and storage in vertebrates. Nutrients 8, 676–686.
doi:10.3390/nu8110676

Chen, Y., Clarke, O. B., Kim, J., Stowe, S., Kim, Y. K., Assur, Z., et al. (2016). Structure
of the STRA6 receptor for retinol uptake. Science 353 (6302), aad8266. doi:10.1126/
science.aad8266

D’Ambrosio, D. N., Clugston, R. D., and Blaner, W. S. (2011). Vitamin Ametabolism.
An update. Nutrients 3, 63–103. doi:10.3390/nu3010063

Golzio, C., Martinovic-Bouriel, J., Thomas, S., Mougou-Zrelli, S., Grattagliano-
Bessieres, B., Bonniere, M., et al. (2007). Matthew-Wood syndrome is caused by
truncating mutations in the retinol-binding protein receptor gene STRA6. Am.
J. Hum. Genet. 80 (6), 1179–1187. doi:10.1086/518177

Harrison, E. H. (2012). Mechanisms involved in the intestinal absorption of dietary
vitamin A and provitamin A carotenoids. Biochim. Biophys. Acta. 1821, 70–77. doi:10.
1016/j.bbalip.2011.06.002

Isken, A., Golczak, M., Oberhauser, V., Hunzelmann, S., Driever, W., Imanishi, Y.,
et al. (2008). RBP4 disrupts vitamin A uptake homeostasis in a STRA6-deficient animal
model for Matthew-Wood syndrome. Cell Metab. 7 (3), 258–268. doi:10.1016/j.cmet.
2008.01.009

Kawaguchi, R., and Sun, H. (2010). Techniques to study specific cell-surface receptor-
mediated cellular vitamin A uptake.Methods Mol. Biol. 652, 341–361. doi:10.1007/978-
1-60327-325-1_20

Kawaguchi, R., Yu, J., Wiita, P., Honda, J., and Sun, H. (2008). An essential ligand-
binding domain in the membrane receptor for retinol-binding protein revealed by large-
scale mutagenesis and a human polymorphism. J. Biol. Chem. 283 (22), 15160–15168.
doi:10.1074/jbc.M801060200

Kawaguchi, R., Yu, J., Wiita, P., Ter-Stepanian, M., and Sun, H. (2008). Mapping the
membrane topology and extracellular ligand binding domains of the retinol binding
protein receptor. Biochemistry 47 (19), 5387–5395. doi:10.1021/bi8002082

Kawaguchi, R., Yu, J., Honda, J., Hu, J., Whitelegge, J., Ping, P., et al. (2007). A
membrane receptor for retinol binding protein mediates cellular uptake of vitamin A.
Science 315, 820–825. doi:10.1126/science.1136244

Kelly, M., and von Lintig, J. (2015). STRA6: Role in cellular retinol uptake and efflux.
Hepatobiliary Surg. Nutr. 4, 229–242. doi:10.3978/j.issn.2304-3881.2015.01.12

Lobo, G. P., Amengual, J., Palczewski, G., Babino, G., and von Lintig, J. (2012).
Mammalian carotenoid-oxygenases: Key players for carotenoid function and
homeostasis. Biochim. Biophys. Acta. 1821, 78–87. doi:10.1016/j.bbalip.2011.
04.010

Lobo, G. P., Hessel, S., Eichinger, A., Noy, N., Moise, A. R., Wyss, A., et al. (2010). ISX
is a retinoic acid-sensitive gatekeeper that controls intestinal beta,beta-carotene
absorption and vitamin A production. FASEB J. 24, 1656–1666. doi:10.1096/fj.09-
150995

Lobo, G. P., Jaume, A., Diane, B., Ramesh, A. S., and Derek, T. (2013). Genetics and
diet regulate vitamin A production via the homeobox transcription factor ISX. J. Biol.
Chem. 288, 9017–9027. doi:10.1074/jbc.M112.444240

Lobo, G. P., Pauer, G., Lipschutz, J. H., and Hagstrom, S. A. (2018). The retinol-
binding protein receptor 2 (Rbpr2) is required for photoreceptor survival and visual
function in the zebrafish. Adv. Exp. Med. Biol. 1074, 569–576. doi:10.1007/978-3-319-
75402-4_69

Martin, A. N., Leung, M., Radhakrishnan, R., and Lobo, G. P. (2021). Vitamin A
transporters in visual function: A mini review on membrane receptors for dietary
vitamin A uptake, storage, and transport to the eye. Nutr. 13 (11), 3987. doi:10.3390/
nu13113987

Micsonai, A., Wien, F., Kernya, L., Lee, Y. H., Goto, Y., Réfrégiers, M., et al. (2015).
Accurate secondary structure prediction and fold recognition for circular dichroism
spectroscopy. Proc. Natl. Acad. Sci. U. S. A. 112 (24), E3095–E3103. doi:10.1073/pnas.
1500851112

Pasutto, F., Sticht, H., Hammersen, G., Gillessen-Kaesbach, G., Fitzpatrick, D. R.,
Nürnberg, G., et al. (2007). Mutations in STRA6 cause a broad spectrum of
malformations including anophthalmia, congenital heart defects, diaphragmatic
hernia, alveolar capillary dysplasia, lung hypoplasia, and mental retardation. Am.
J. Hum. Genet. 80 (3), 550–560. doi:10.1086/512203

Quadro, L., Blaner, W. S., Salchow, D. J., Vogel, S., Piantedosi, R., Gouras, P., et al.
(1999). Impaired retinal function and vitamin A availability in mice lacking retinol-
binding protein. EMBO J. 18, 4633–4644. doi:10.1093/emboj/18.17.4633

Radhakrishnan, R., Dronamraju, V. R., Leung, M., Gruesen, A., Solanki, A. K.,
Walterhouse, S., et al. (2022a). The role of motor proteins in photoreceptor protein
transport and visual function. Ophthalmic Genet. 26, 285–300. doi:10.1080/13816810.
2022.2062391

Radhakrishnan, R., Walterhouse, S., Roehrich, H., Fitzgibbon, W., Kondkar, A. A.,
Biswal, M., et al. (2022b). Mice lacking the systemic vitamin A receptor RBPR2 show
decreased ocular retinoids and loss of visual function. Nutrients 14 (12), 2371. doi:10.
3390/nu14122371

Rohrer, B., Biswal, M. R., Obert, E., Dang, Y., Su, Y., Zuo, X., et al. (2021). Conditional
loss of the exocyst component Exoc5 in retinal pigment epithelium (RPE) results in RPE
dysfunction, photoreceptor cell degeneration, and decreased visual function. Int. J. Mol.
Sci. 22 (10), 5083. doi:10.3390/ijms22105083

Seeliger, M. W., Biesalski, H. K., Wissinger, B., Gollnick, H., Gielen, S., Frank, J., et al.
(1999). Phenotype in retinol deficiency due to a hereditary defect in retinol binding
protein synthesis. Invest. Ophthalmol. Vis. Sci. 40, 3–11.

Frontiers in Cell and Developmental Biology frontiersin.org12

Radhakrishnan et al. 10.3389/fcell.2023.1105657

https://www.frontiersin.org/articles/10.3389/fcell.2023.1105657/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2023.1105657/full#supplementary-material
https://doi.org/10.1074/jbc.M112.369132
https://doi.org/10.1093/hmg/ddu258
https://doi.org/10.1074/jbc.M113.484014
https://doi.org/10.1093/ajcn/69.5.931
https://doi.org/10.1126/science.2218545
https://doi.org/10.3390/nu9030246
https://doi.org/10.1371/journal.pone.0122293
https://doi.org/10.1371/journal.pone.0122293
https://doi.org/10.3390/nu8110676
https://doi.org/10.1126/science.aad8266
https://doi.org/10.1126/science.aad8266
https://doi.org/10.3390/nu3010063
https://doi.org/10.1086/518177
https://doi.org/10.1016/j.bbalip.2011.06.002
https://doi.org/10.1016/j.bbalip.2011.06.002
https://doi.org/10.1016/j.cmet.2008.01.009
https://doi.org/10.1016/j.cmet.2008.01.009
https://doi.org/10.1007/978-1-60327-325-1_20
https://doi.org/10.1007/978-1-60327-325-1_20
https://doi.org/10.1074/jbc.M801060200
https://doi.org/10.1021/bi8002082
https://doi.org/10.1126/science.1136244
https://doi.org/10.3978/j.issn.2304-3881.2015.01.12
https://doi.org/10.1016/j.bbalip.2011.04.010
https://doi.org/10.1016/j.bbalip.2011.04.010
https://doi.org/10.1096/fj.09-150995
https://doi.org/10.1096/fj.09-150995
https://doi.org/10.1074/jbc.M112.444240
https://doi.org/10.1007/978-3-319-75402-4_69
https://doi.org/10.1007/978-3-319-75402-4_69
https://doi.org/10.3390/nu13113987
https://doi.org/10.3390/nu13113987
https://doi.org/10.1073/pnas.1500851112
https://doi.org/10.1073/pnas.1500851112
https://doi.org/10.1086/512203
https://doi.org/10.1093/emboj/18.17.4633
https://doi.org/10.1080/13816810.2022.2062391
https://doi.org/10.1080/13816810.2022.2062391
https://doi.org/10.3390/nu14122371
https://doi.org/10.3390/nu14122371
https://doi.org/10.3390/ijms22105083
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1105657


Shen, J., Shi, D., Suzuki, T., Xia, Z., Zhang, H., Araki, K., et al. (2016). Severe ocular
phenotypes in Rbp4-deficient mice in the C57BL/6 genetic background. Lab. Invest. 96
(6), 680–691. doi:10.1038/labinvest.2016.39

Shi, Y., Obert, E., Rahman, B., Rohrer, B., and Lobo, G. P. (2017). The retinol binding
protein receptor 2 (Rbpr2) is required for photoreceptor outer segment morphogenesis and
visual function in zebrafish. Sci. Rep. 7, 16207–16217. doi:10.1038/s41598-017-16498-9

Solanki, A. K., Biswal, M. R., Walterhouse, S., Martin, R., Kondkar, A. A., Knölker, H.
J., et al. (2021). Loss of motor protein MYO1C causes rhodopsin mislocalization and
results in impaired visual function. Cells 10 (6), 1322. doi:10.3390/cells10061322

Solanki, A. K., Kondkar, A. A., Fogerty, J., Su, Y., Kim, S. H., Lipschutz, J. H., et al.
(2020). A functional binding domain in the Rbpr2 receptor is required for vitamin A
transport, ocular retinoid homeostasis, and photoreceptor cell survival in zebrafish.Cells
9 (5), 1099. doi:10.3390/cells9051099

Sun, H., and Kawaguchi, R. (2011). The membrane receptor for plasma retinol-
binding protein, a new type of cell-surface receptor. Int. Rev. Cell Mol. Biol. 288, 1–41.
doi:10.1016/B978-0-12-386041-5.00001-7

Sun, H. (2012). Membrane receptors and transporters involved in the function and
transport of vitamin A and its derivatives. Biochim. Biophys. Acta 1821, 99–112. doi:10.
1016/j.bbalip.2011.06.010

Tamura, K., Stecher, G., and Kumar, S. (2021). MEGA11: Molecular evolutionary
genetics analysis version 11. Mol. Biol. Evol. 38 (7), 3022–3027. doi:10.1093/molbev/
msab120

van Zundert, G. C. P., Rodrigues, J. P. G. L. M., Trellet, M., Schmitz, C., Kastritis, P. L.,
Karaca, E., et al. (2016). The HADDOCK2.2 web server: User-friendly integrative
modeling of biomolecular complexes. J. Mol. Biol. 428, 720–725. doi:10.1016/j.jmb.
2015.09.014

von Lintig, J. (2012). Metabolism of carotenoids and retinoids related to vision. J. Biol.
Chem. 287, 1627–1634. doi:10.1074/jbc.R111.303990

Wassef, L., and Quadro, L. (2011). Uptake of dietary retinoids at the
maternal-fetal barrier: In vivo evidence for the role of lipoprotein lipase and
alternative pathways. J. Biol. Chem. 286, 32198–32207. doi:10.1074/jbc.M111.
253070

Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gummienny,
R., et al. (2018). SWISS-MODEL: Homology modelling of protein structures and
complexes. Nucleic Acids Res. 46, W296–W303. doi:10.1093/nar/gky427

Zhong, M., Kawaguchi, R., Kassai, M., and Sun, H. (2012). Retina, retinol, retinal and
the natural history of vitamin A as a light sensor. Nutrients 19, 2069–2096. doi:10.3390/
nu4122069

Frontiers in Cell and Developmental Biology frontiersin.org13

Radhakrishnan et al. 10.3389/fcell.2023.1105657

https://doi.org/10.1038/labinvest.2016.39
https://doi.org/10.1038/s41598-017-16498-9
https://doi.org/10.3390/cells10061322
https://doi.org/10.3390/cells9051099
https://doi.org/10.1016/B978-0-12-386041-5.00001-7
https://doi.org/10.1016/j.bbalip.2011.06.010
https://doi.org/10.1016/j.bbalip.2011.06.010
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1016/j.jmb.2015.09.014
https://doi.org/10.1016/j.jmb.2015.09.014
https://doi.org/10.1074/jbc.R111.303990
https://doi.org/10.1074/jbc.M111.253070
https://doi.org/10.1074/jbc.M111.253070
https://doi.org/10.1093/nar/gky427
https://doi.org/10.3390/nu4122069
https://doi.org/10.3390/nu4122069
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1105657

	Mapping of the extracellular RBP4 ligand binding domain on the RBPR2 receptor for Vitamin A transport
	Introduction
	Materials and methods
	Materials
	Homology modeling and molecular docking
	Cloning of the mouse Rbpr2 cDNA
	Generation of stable cell lines expressing Rbpr2 and Rbpr2/lrat
	Indirect immunofluorescence and confocal microscopy
	Exogenous RBP4 binding and retinol uptake studies
	Expression and purification of human RBP4
	Western blotting
	Co-immunoprecipitation assays to determine binding of RBP4 to RBPR2
	Mouse RBP4 expression, purification, and quality check by circular dichroism spectroscopy and intrinsic tryptophan fluoresc ...
	RBPR2-RBP4 binding assays using surface plasmon resonance (SPR) analysis

	Results
	Mouse RBPR2 contains consensus RBP4 binding residues
	Protein-ligand structural analysis confirms the importance of the proposed RBP4 binding residues on RBPR2 for ROL transport
	RBPR2-mutants targeting the proposed RBP4 binding residues show normal trafficking to the plasma membrane
	RBPR2 mutants targeting the RBP4 binding sites are defective in extracellular RBP4-ROL uptake
	Surface plasmon resonance (SPR) analysis reveals binding kinetics of RBPR2 with its proposed ligand RBP4

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


