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Abstract

Uptake, transport, and stabilization of xanthophylls in the human retina are important components
of a complex multistep process that culminates in a nonuniform distribution of these important
nutrients in the retina. The process is far from understood; here, we consider the potential role of
interphotoreceptor retinoid-binding protein (IRBP) in this process. IRBP is thought to facilitate the
exchange of 11-c¢/sretinal, 11-c/s-retinol, and all-frans-retinol between the retinal pigment
epithelium (RPE), photoreceptors and Muller cells in the visual cycle. Structural and biochemical
studies suggest that IRBP has a variety of nonequivalent ligand binding sites that function in this
process. IRBP is multifunctional, being able to bind a variety of physiologically significant
molecules including fatty acids in the subretinal space. This wide range of binding activities is of
particular interest because it is unknown whether the lutein and zeaxanthin found in the macula
originate from the choroidal or retinal circulations. If from the choroidal circulation, then IRBP is
a likely mediator for their transport across the interphotoreceptor matrix. In this report, we explore
the binding interactions of retinoids, fatty acids, and carotenoids with IRBP using surface plasmon
resonance (SPR)-based biosensors. IRBP showed similar affinity toward retinoids and carotenoids
(1-2 uM), while fatty acids had approximately 10 times less affinity. These results suggest that
further studies should be carried out to evaluate whether IRBP has a physiologically relevant role
in binding lutein and zeaxanthin in the interphotoreceptor matrix.
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Introduction

Although there are more than 16 carotenoids in human serum, only lutein, zeaxanthin and
meso-zeaxanthin (a metabolite of lutein) are present in the macular region of the retina [1,
2]. This remarkable selectivity is achieved by a complex multi-step transport process.
Dietary carotenoids released from ingested food matrix are first incorporated into lipid
micelles before absorption by duodenal mucosal cells [3]. Carotenoids are subsequently
taken up into the mucosal cells by an apical membrane transporter, scavenger receptor class
B type | (SR-BI) protein [4, 5]. In the intestinal mucosal cells, these pigments are
incorporated into the chylomicrons towards the lymphatic, or portal circulations [3, 6]. In
the liver, carotene remnants from the chylomicrons are transported by low-density
lipoprotein (LDL) and very low-density lipoproteins (VLDL), and the xanthophylls are
mainly carried by high-density lipoprotein (HDL) to the target tissues [1, 3, 6, 7].
Ultimately, the specific carotenoid-binding proteins (GSTP1 for zeaxanthin and meso-
zeaxanthin; StARD3 for lutein) mediate the stable accumulation of these pigments in the
macula [8, 9].

It is not clear whether the lutein and zeaxanthin present in the macular region originate from
the choroidal or from the retinal circulation, but clues can be provided from the retinoids,
well characterized relatives of the carotenoids that also selectively accumulate in the
mammalian retina. It is well known in retinoid metabolism that coordinated biochemical
activity between the choroidal circulation, retinal pigment epithelium (RPE), and
photoreceptor cells is involved in the transport of retinoids in and out of the retina [10]. The
photoreceptors receive a constant supply of retinoids from the choroidal circulation via the
RPE and the interphotoreceptor matrix (IPM). Serum retinol-binding protein (RBP4)
delivers retinol from the choroidal circulation to the basal RPE surface via a STRA6
receptor in a manner similar to the reported delivery of lutein and zeaxanthin bound to HDL
via the SR-B1 receptor on the RPE [11, 12]. Within the RPE, various retinoids are bound to
specific intracellular proteins such as cellular retinol-binding protein (CRBP) and cellular
retinal-binding protein (CRALBP), and there is likewise a substantial amount of carotenoids
in the RPE/choroid [13], presumably bound to binding proteins as well.

As the most abundant protein component of the IPM, interphotoreceptor retinoid-binding
protein (IRBP) could have a role in the trafficking of carotenoids between the RPE and
retina or a role in sequestering them within the subretinal space. IRBP is a 140 kDa
extracellular glycolipoprotein thought to facilitate the exchange of visual cycle retinoids
between the RPE, rods, cones, and Mdiller glia. IRBP appears to be important for targeting
and protecting a/l-trans-retinol, 11-c/sretinol, and 11-c/s-retinal as they are exchanged
between these cells during the visual cycle [14-19]. IRBP is secreted into the IPM by both
rod and cone cells [20, 21]. The binding of retinoids to IRBP helps to protect them from
isomerization and oxidative damage [22]. IRBP is widely distributed among vertebrates, and
apart from the IPM, IRBP is expressed in the pineal gland and also is present vitreous [16,
23]. IRBP is able to bind other hydrophobic molecules such as fatty acids in a non-selective
manner [24]. If the carotenoids present in the macular region come from the choroidal
circulation, we can hypothesize that IRBP is a previously unrecognized carotenoid
transporter across the IPM.

As a first step to evaluate this hypothesis, we compared the IRBP binding affinities of
carotenoids relative to retinoids and fatty acids. A surface plasmon resonance (SPR)
biosensor platform was used for the biophysical characterization of these interactions to
provide analytical consistency because previously used fluorescence methods are not usable
with non-fluorescent carotenoids, and radiolabeled carotenoids are not readily available.
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Experimental

Reagents

Amine-coupling reagents (N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC), and 1 M sodium ethanolamine
hydrochloride, pH 8.5) were purchased from Biacore AB (Uppsala, Sweden). All chemicals
used were of the highest purity available and were purchased from Sigma Chemicals (Saint
Louis, Missouri) unless otherwise stated. Zeaxanthin was a gift from Zeavision
(Chesterfield, Missouri), meso-zeaxanthin was a gift from DSM Nutritional Products, Ltd.
(Basel, Switzerland), lutein was a gift from Kemin Health (Des Moines, lowa), astaxanthin
was a gift from Cardax Pharmaceuticals (Honolulu, Hawaii), and fatty acids were purchased
from Cayman Chemicals (Ann Arbor, Michigan).

Instrumentation

SPR analyses were conducted at 25°C using a fully automated SensiQ Pioneer optical
biosensor equipped with carboxyl modified sensor chips (SensiQ Technologies, Inc.,
Oklahoma City, OK). Using this platform, a protein surface and an unmodified reference
surface were prepared for simultaneous analysis. Immediately after chip docking, each
channel was primed with water. Prior to each interaction analysis, the biosensor detector
response was normalized by an automated procedure, and the instrument was primed five
times with freshly degassed running buffer. Data were collected at 2.5 Hz.

Protein Immobilization and Analyte Interactions

IRBP was extracted from dark adapted detached bovine retinas and purified to homogeneity
by a combination of Con-A affinity, ion exchange, and size-exclusion chromatography. The
concentration of the purified protein was determined by absorbance spectroscopy and amino
acid analysis. We chose to use bovine IRBP, as it is an easily obtainable native form of
IRBP with correct post-translational modification folding. The over all identity of bovine
and human IRBP is 84% [25], and ligand-binding characteristics are similar [26]. Although
the bovine retina does not have a macula, xanthophyll levels in the bovine retina are
comparable to human peripheral retina [27, 28].

Bovine IRBP was immobilized at 10 pg/mL in 10 mM sodium acetate (pH 4.5) on the sensor
chip surface using standard amine-coupling to obtain a density of 10-12 kRU. Each of the
five carotenoids was dissolved in DMSO to achieve a high concentration, and 10 mM PBS
(pH 7.4) with 0.01% Tween-20 and 3% DMSO was used as the running buffer. Retinoids
were prepared in a manner similar to the carotenoids. For fatty acid analysis, HEPES buffer
(pH 7.4) with 0.01% Tween-20 and 3% ethanol was used as the running buffer. Typically,
the analyte concentration series spanned 0.01-15 uM. Five of these blanks were analyzed at
the beginning of the analysis, and the remaining blanks were interspersed throughout the
analysis for double-referencing purposes. Each of the analytes was run in triplicate. The
analyte concentration series was injected as two-fold dilutions (seven dilutions) in running
buffer using the FastStep™ gradient injection mode. The details of the FastStep™ SPR
experimental method can be found elsewhere [29, 30]. For affinity and stoichiometry
determinations, SPR response data (sensorgrams) were zeroed at the beginning of each
injection and double referenced. Kinetic rate constants were extracted by globally fitting the
data using the Qdat™ analysis software (Biologic Software, Australia).

Results and Discussion

IRBP is believed to play an important role in the visual cycle and in retinal physiology by
binding and protecting retinoids and fatty acids within the IPM [23]. There is controversy
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regarding the number and affinity of IRBPs various ligand binding sites. For example, the
reported number of sites in bovine IRBP for retinol and fatty acids has ranged from one to
three [22, 31, 32]. These studies utilized either intrinsic fluorescence of the ligand
(retinoids), fluorescent analogs (fatty acids), or radioligand binding assays to determine
ligand binding stoichiometry and affinity. Fluorescence-based assays would be difficult to
apply to lutein and zeaxanthin because these carotenoids have almost no intrinsic
fluorescence, and synthesis of fluorescent analogs would be likely to alter their interaction
with the ligand binding site. Radioligand methods are cumbersome, expensive, and difficult
to obtain kinetic data, and radioactive carotenoids are not readily available. We therefore
chose surface plasmon resonance (SPR) to study the interaction of IRBP with its ligands
based on our successful studies of the specific carotenoid-binding proteins of the human
macula, GSTP1 (zeaxanthin and /meso-zeaxanthin) and StARD3 (lutein) [8, 9]. Furthermore,
SPR techniques have recently been used to study retinoid-binding proteins [33, 34]. One of
the major advantages of the SPR approach is that we are able to monitor the interactions in
real-time, and all classes of analytes (retinoids, fatty acids, and carotenoids) can be studied
using a single immobilized protein chip; thus, the sample-to-sample preparation variability
is very low, and all affinity values are obtained from the same surface. Since SPR is a label-
free method, we can use the native analytes as opposed to fluorescent analogs [35, 36]. This
can eliminate many artifacts that may arise from these analog molecules and assist in
mimicking physiological conditions. The double referencing method with blank buffer used
in the SPR assays avoids potential artifacts from non-specific binding [37].

Our SPR studies revealed that IRBP was able to bind all tested retinoids, fatty acids, and
carotenoids with moderate affinity and relatively low selectivity. Figure 1 displays the SPR
sensorgrams of the interaction of IRBP with carotenoids. As shown in Table 1, lutein and -
carotene had relatively tight binding with a Kp close to 1 pM. Zeaxanthin, meso-zeaxanthin,
and astaxanthin had weaker affinities in the 2 uM range. These Kp values are close to those
of human serum albumin and p-lactoglobulin that we have reported previously for
carotenoids [30]. Figures 2 and 3 show the SPR sensorgrams of the interaction of retinoids
and fatty acids with IRBP, respectively. As tabulated in Table 1, 11-c¢/s-retinal had an
affinity close to 1 uM followed by a/-tfrans-retinol, retinal, and retinoic acids, while fatty
acids in general exhibited relatively lower binding affinity compared to both carotenoids and
retinoids. The average affinities of retinoids, carotenoids, and fatty acids are graphically
represented in Figure 4. As shown in Table 1, ligand-binding stoichiometry slightly over 3:1
was observed for retinoids and carotenoids whereas for fatty acids it was close to 4:1. This
observation is consistent with the idea that different classes of ligand-binding sites exist and
that homologous sites in each module are not equivalent. Structural evidence for a restrictive
hydrophobic cavity and a shallow hydrophobic cleft have been obtained from structural and
site directed mutagenesis studies [38—40]. Ongoing studies will determine the site(s)
responsible for carotenoid binding site, and whether this site is unique or shared by IRBP’s
other physiological ligands.

The interaction affinities that we observed indicate that IRBP is a non-selective hydrophobic
binder of retinoids, fatty acids, and carotenoids. This non-selective nature is important
because of the strategic location of IRBP in the eye where shuttling, buffering, and
protection of a variety of small hydrophobic molecules is needed. This is not to say that
IRBP does not have ligand-binding sites tailored for the above classes of physiological
ligands, however. Future studies using site directed mutagenesis guided by structural data
from X-ray crystallography studies will be done to evaluate specific ligand-binding domains
within IRBP.

IRBP could protect retinoids and xanthophylls from breakdown, and it also could protect the
membranes lining the IPM from any disruptive membranolytic effects of these molecules. In
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normal conditions, the retina is very close to the RPE, making it difficult to quantify the
concentrations of molecules present in the IPM. Future studies will determine the amount of
carotenoids that can be extracted from the IPM and whether these are bound to IRBP. In
pathological conditions such as rhegmatogenous retinal detachment, the space between the
RPE and the retina fills with sub-retinal fluid (SRF) which can be analyzed. Several reports
confirm the presence of retinoids, carotenoids, and IRBP in SRF [41, 42].

Figure 5 shows a schematic diagram of the flow of pigments between the RPE and
photoreceptors in the mammalian visual cycle. In a physiological system, there are scenarios
where a single protein can bind more than one hydrophobic ligand non-covalently [11]. Our
results suggest that IRBP is such a protein. Since IRBP is present in high concentration in
the IPM, and its affinities toward pigments are relatively strong, we hypothesize that IRBP
acts as a key transporter protein in a reaction cascade between the RPE and the retina.

While studying the interaction of fatty acids and IRBP, Putilina et al (1997) concluded that
binding sites of IRBP primarily involve the C-10 area of the fatty acid analog [31]. Since the
interaction is based on a specific short portion of these fatty acids, their binding sites on
IRBP could accommodate a variety of fatty acids with different chain length [31]. Noy et al
(1996) found that binding of fatty acids to IRBP could change the binding affinity of
retinoids with IRBP [43]. They proposed that binding of a fatty acids such as
docosahexaenoic acid (DHA) could act as a “switch” that will promote IRBP to release
retinoids at the proper target, based on the concentration gradient of DHA that occurs
between photoreceptor cells and RPE [23]. Further studies are needed to see whether
carotenoid binding to IRBP is regulated in a similar manner.

Conclusion

Although IRBP may function as a key extracellular transporter of multiple hydrophobic
molecules important in visual function, study of its ligand-binding properties has been
limited to cumbersome radio-ligand assays and fluorescence spectroscopy. The latter
requires that the ligand is fluorescent and able to quench protein tryptophans. Therefore,
binding studies of visual cycle retinoids to IRBP have relied primarily on all-#rans-retinol,
due to its favorable fluorescent properties. Nevertheless, such assays sometimes require
unrealistic assumptions regarding the equivalency of the quantum yield at different binding
sites.

Here, we show that SPR can be used to conveniently study non-fluorescent ligands such as
the carotenoids to obtain rate equilibrium constants of their interactions with IRBP. Our SPR
studies revealed that IRBP is able to bind a variety of carotenoids at an affinity comparable
to the retinoids and with much stronger affinity than any fatty acid tested. Although we
cannot rule out direct delivery of lutein and zeaxanthin to the macula via the retinal
circulation, IRBP’s high concentration in the IPM and its ability bind a variety of
carotenoids with micromolar affinity lend support to the hypothesis that IRBP serves as a
physiologically relevant carrier of carotenoids from the RPE to the retina across the IPM.
Future studies will continue to evaluate this interesting new function for IRBP.
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Figure 1.

SPR sensorgram responses of the interaction of IRBP with carotenoids. Carotenoids were
tested at 10 pM concentrations with a 7-step serial dilution using FastStepTM injections.
The orange line shows the model fit.
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SPR profiles of retinoid binding to IRBP. IRBP was tested at 5 pM concentrations with a 7-
step two-fold dilution using FastStep™ injections. Orange line shows the model fit.
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line shows the model fit.
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Figure 5.

Possible transport of pigments between RPE and retinal cells in the mammalian visual cycle.
Choriocapillaris (CC); Bruch’s membrane (BM); retinal pigment epithelium (RPE);
interphotoreceptor matrix (IPM); photoreceptor outer segment (POS).
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Table 1
Ligand binding parameters determined at 25°C .

Analyte ka (M~1s71) kg (571 Kp (M) | Stoichiometry
(n=3) (No. of sites)
Astaxanthin 2.68+0.9x104 | 0.04+£0.5 | 1.64+0.06 3.4
B-carotene 1.22+0.2x105 | 0.11+0.8 | 0.92+0.10 3.1
Lutein 4.90+09x104 | 0.05+0.4 | 1.06+0.20 3.4
meso-zeaxanthin 5.16 + 0.8 x10* | 0.09+0.6 | 1.85+0.30 3.2
Zeaxanthin 3.30+0.1x104 | 0.05+05 | 1.64+0.50 33
all-trans-retinol 6.20+0.1 x10% | 0.08+0.8 | 1.31+0.30 35
all-trans-retinal 447 +0.3x10% | 0.09+0.4 | 2.18+0.20 3.2
11-cis-retinal 1.10+0.1 x10° | 0.11+0.9 | 1.00+0.20 3.1
all - trans -retinoic acid 4.00+0.1x10* | 0.14+0.2 | 3.50+0.10 3.4
Arachidonic acid 240+0.3x10% | 0.24+0.3 | 10.0+0.10 3.8
Arachidic acid 2.80+0.1x10° | 28+0.10 | 10.2+0.70 3.7
Docosahexaenoic acid (DHA) | 2.00 + 0.2 x104 | 0.2+0.20 | 10.0 +0.10 3.4
Eicosapentaenoic acid (EPA) 3.00+0.2x104 | 0.28+0.4 | 9.40+0.70 34
Linoleic acid 2.30+0.4 %104 | 0.26+0.4 | 11.0+0.20 3.7
Oleic acid 150 +0.2x10% | 1.10+0.3 | 7.30£0.70 36
Palmitic acid 3.60+02x10° | 0.40+0.1 | 11.1+0.70 3.7
Stearic acid 320+ 0.4 x104 | 0.23+0.6 | 7.03+£0.10 3.7

Errors represent the residuals from the model fit.

KD Equilibrium dissociation constant

kg Association rate constant

kd Dissociation rate constant
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