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Abstract

Vitamin A is an essential nutrient necessary for numerous basic physiological functions, including 

reproduction and development, immune cell differentiation and communication, as well as the 

perception of light. To evade the dire consequences of vitamin A deficiency, vertebrates have 

evolved specialized metabolic pathways that enable the absorption, transport, and storage of 

vitamin A acquired from dietary sources as preformed retinoids or provitamin A carotenoids. This 

evolutionary advantage requires a complex interplay between numerous specialized retinoid-

transport proteins, receptors, and enzymes. Recent advances in molecular and structural biology 

resulted in a rapid expansion of our understanding of these processes at the molecular level. This 

progress opened new avenues for the therapeutic manipulation of retinoid homeostasis. In this 

review, we summarize current research related to the biochemistry of carotenoid and retinoid-

processing proteins with special emphasis on the structural aspects of their physiological actions.
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1. INTRODUCTION

Human health depends on numerous micronutrients, which serve as, or are precursors to 

essential cofactors, chromophores, and signaling molecules. Among them, fat-soluble 

vitamin A (alL-trans-retinol, ROL) plays a pivotal role throughout the vertebrate life cycle. It 

is a precursor for at least two bioactive molecules, all-trans-retinoic acid (RA) and 11-cis-

retinaldehyde [1, 2]. RA regulates a large number of physiological processes by acting as a 

highly potent agonist of nuclear retinoic acid receptors (RARs) [3]. RARs, in conjunction 

with their heterodimeric partners, retinoid X receptors, regulate the activity of diverse target 
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genes, controlling the differentiation and development of fetal and adult tissues, reproductive 

functions, immune responses, and the regulation of energy balance [4-8]. 11-cis-

retinaldehyde serves as a visual chromophore by covalently binding to rod and cone opsin 

protein scaffolds [9, 10]. Its geometric isomerization upon excitation by a photon triggers 

the activation of G protein-coupled opsins, and thus constitutes the chemical basis for the 

perception of light [11, 12].

To avoid the dire consequences of vitamin A deficiency, vertebrates have evolved specialized 

metabolic pathways that enable the efficient absorption and storage of preformed dietary 

retinoids (Fig. 1). They have also retained the metabolic ability to convert selected C40 

isoprenoid precursor molecules (carotenoids) into ROL [13-15]. From over 1100 naturally 

occurring carotenoids around 50 can be found in the human diet [16]. However, only α-

carotene, β-carotene, and β-cryptoxanthin that contain at least one unsubstituted β-ionone 

ring can be metabolized to ROL, whereas many abundant xanthophylls such as lutein and 

zeaxanthin, or acyclic lycopene are classified as nonprovitamin A carotenoids [17, 18].

The complexity of the processes involved in the absorption and metabolism of carotenoids 

and retinoids has been acknowledged by the pioneers of this field. As summarized by 

Thomas Moor in 1957 “There are many complicating factors, both chemical and 
physiological, which will make it difficult to give an account of the absorption of vitamin A, 
and its provitamins, which is both clear and reasonably comprehensive” [19]. This notion 

was reiterated by John Erdman and his colleagues in the early nineties, indicating the major 

experimental challenges associated with the study of fat-soluble vitamins [20]. However, the 

subsequent era of molecular cloning, the phenotypic characterization of genetically modified 

animal models, improvements in analytical methods, and the contribution of structural 

biology fueled rapid progress in understanding the diverse physiology of vitamin A at the 

cellular and molecular levels. Consequently, many intracellular and extracellular proteins 

have been identified that specifically interact with retinoids or carotenoids facilitating their 

uptake, protecting from chemical modification or catabolism, converting into desired 

metabolites, and transporting to the site of biological activity (Fig. 1). Unveiling the secrets 

harbored by this biological machinery is essential to identify the precipitating causes of 

pathological conditions related to impairments in retinoid homeostasis, as well as 

uncovering new avenues for therapeutic intervention. Thus, in this review, we aim to 

summarize current research related to the biochemistry of carotenoids and retinoids in 

vertebrates. We focus predominantly on the tremendous progress that has been made in 

delineating the molecular basis for absorption, transport, and metabolism of these 

compounds through advances in structural biology.

2. INTESTINAL ABSORPTION OF CAROTENOIDS

2.1 Significance of a receptor-mediated uptake

It is assumed that upon digestion, ingested carotenoids share the fate of other lipophilic 

nutrients. They are liberated from the food matrix, emulsified, and incorporated into the 

mixed micelles composed of phospholipids, cholesterol, free fatty acids, acylglycerols, and 

bile salts [21]. A fraction of carotenoids also partitions into phospholipid vesicles, liposome-

like structures composed of either single or multiple layers of phospholipids. The processes 
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of extraction and solubilization are critical for the efficient absorption of dietary carotenoids 

and often determine the overall bioavailability of these nutrients [22].

It was long believed that, similarly to preformed retinoids, the intestinal absorption of 

carotenoids occurs via passive diffusion and is not facilitated by a receptor present at the 

brush border of the enterocytes. However, this supposition failed to explain a profound 

interindividual variability in the efficiency of dietary carotenoid absorption in both animals 

and humans [23]. Also, the passive diffusion model does not account for the isomer 

selectivity of the absorption and the competition for cellular uptake between carotenoids and 

other lipids, such as phytosterols, fatty acids, or vitamin E [24-26]. It was not until the 

discovery of the role of the Drosophila melanogaster ninaD gene that the dogma shifted in 

favor of a protein-facilitated transport model of carotenoid absorption [27]. In vertebrates, 

the orthologue of this insect gene encodes a class B scavenger receptor type 1 (SCARB1). 

This multi-ligand membrane receptor was first characterized in the context of its role in the 

bidirectional transport of cholesterol or cholesterol esters between circulating high-density 

lipoproteins (HDL) and target cells [28]. SCARB1 is expressed in many mammalian tissues 

and cell types, including the small intestine. The immunoblot analysis of mouse intestinal 

cell extracts demonstrated a gradation of SCARB1 expression along the gastrocolic axis of 

the intestine [29]. The highest level of expression was observed in the proximal intestine, 

whereas minimal expression levels were detected in the distal intestine. Thus, the spatial 

distribution of SCARB1 corresponds well with the areas of the highest dietary absorption of 

carotenoids. Indeed, in addition to the impaired cholesterol homeostasis exemplified by 

reduced cholesterol in secreted bile and accelerated atherosclerosis [30, 31], studies on 

SCARB1-deficient mice (Scarb1−/−) confirmed that this receptor is required for the efficient 

uptake of β-carotene and zeaxantin [32, 33]. SCARB1 is also involved in facilitating 

systemic tissue-specific distribution of circulating carotenoids. A knockdown of SCARB1 in 

retinal pigmented epithelium (RPE) cells leads to a dramatic decrease in the cellular uptake 

of β-carotene and zeaxantin [34, 35]. Conversely, the overexpression of this receptor causes 

an increase in carotenoid uptake [33]. Consistent with these observations, the physiological 

significance of SCARB1 was confirmed in numerous other species, including silkworms, 

salmon, canaries, and most significantly in humans, where a mutation in this receptor causes 

not only an increase in high-density lipoproteins (HDL) levels, but also a decrease in the 

serum and ocular concentration of specific carotenoids [36-42]. Importantly, the function of 

SCARB1 is linked to the vitamin A status of an organism via intestinal-specific homeobox 

transcriptional factor (ISX) [43, 44]. The expression of ISX is under the control of the 

retinoic acid-response element identified in the Isx promoter region [44, 45]. The induction 

of ISX directly suppresses the transcription of Scarb1, and thus limits the intestinal uptake of 

carotenoids. This elegant negative feedback mechanism explains the molecular basis for the 

absence of β-carotene toxicity [33, 46].

2.2 Structures of class B scavenger receptors – a glance at the SCARB1 activity

Our knowledge related to the structure/function relationship of SCARB1 remains 

incomplete. Despite substantial progress in studies on the closely related members of the 

class B scavenger receptor family, such as cluster determinant 36 receptor (CD36) and 

lysosomal integral membrane protein-2 (LIMP-2), a structure of SCARB1 has not yet been 
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determined. Nevertheless, crystal structures of CD36 and LIMP-2 and a wealth of 

biochemical data provide valuable insight into the putative mechanism of carotenoid uptake 

by SCARB1 [47, 48]. Among several isoforms of SCARB1, the most abundant corresponds 

to the 509 amino acid variant of the receptor [49, 50]. It is also the most efficient in the 

selective uptake of cholesterol, lutein, and meso-zeaxanthin in tissue culture [35]. Analysis 

of the primary sequence of human SCARB1 reveals a large extracellular domain flanked by 

two single transmembrane α-helices (amino acids 7-29 and 441-463, respectively) (Fig. 2A). 

Thus, both N- and C-termini are located at the cytoplasmic side of the cell membrane. The 

extracellular domains of human LIMP-2 and CD36 shares considerable sequence homology 

with SCARB1 (33.5% and 34.4% identity, respectively), allowing for building a three-

dimensional (3D) model of this receptor with relatively high confidence. By analogy to 

LIMP-2, the polypeptide chain of SCARB1 fold into an antiparallel β-barrel core with 

several short α-helices that compose extended loops between β-strands (Fig. 2A). Three of 

these α-helices form a bundle at the top of the receptor. Two others link the soluble portion 

of the receptor with the transmembrane α-helices. Thus, the ectodomain of SCARB1 is most 

likely docked at the exofacial leaflet of the cell membrane. Significant differences in the 

length of the β-strands contribute to the irregularity of the barrel, in which one of the sides is 

noticeably elongated. This structural asymmetry forms a wide entrance to a hydrophobic 

lipid transport tunnel that traverses the entire length of the receptor and exits at the lipid 

membrane (Fig. 2A, channel entrance 1). It is believed that this structural component 

facilitates transport of the lipid molecules from mixed micelles into the phospholipid 

membrane. Remarkably, the opening of the channel is imbedded within an extended 

amphiphilic patch with predominantly positive changes that surround the entrance (Fig. 2B). 

Because lipids in the intestine are solubilized by bile acids (predominantly cholic and 

deoxycholic acids), one can argue that the molecular properties of the channel entrance favor 

the interaction of SCARB1 with the negatively charged mixed micelles, and thus facilitate 

the transfer of carotenoids into the receptor. Interestingly, the model revealed an additional 

narrower groove that is connected with the main tunnel, but opens on the opposite side of the 

ectodomain.

Although the function of this cavity is unknown, it may represent a binding site for small 

molecule modulators of lipid transport (Fig. 2A, channel entrance 2). One of the prospective 

ligands postulated for CD36 is oleic acid [51]. However, whether fatty acids can regulate 

SCARB1 activity remains an open question. Interestingly, several cysteine residues are 

conserved between LIMP-2, CD36, and SCARB1 [52, 53]. At least two intramolecular 

disulfide bonds stabilize the fold of the CD36 and SCARB1 receptors, whereas other 

conserved cysteine residues are required for the HDL binding activity or trafficking of the 

receptor to the plasma membrane [53, 54]. Moreover, the mode of action of the synthetic 

inhibitor of SCARB1, BLT-1, involves covalent modification of the Cys384 thiol group by 

thiosemicarbazone moiety of the inhibitor [55].

Despite the structural and biochemical data, the mechanism of the selective uptake of lipids 

by SCARB1 and its regulation remains elusive. This process requires the sequential coupling 

of the transient interaction of lipid-rich vesicles or micelles with the receptor, the selective 

extraction of lipid molecules, and their efficient channeling into the cell membrane. Studies 

on the uptake of cholesterol esters indicate the critical role of apolipoprotein A1 in the 
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recognition and binding of HDLs [59, 60]. However, the absence of well-defined HDLs in 

the intestinal lumen does not affect the SCARB1-mediated absorption of carotenoids. 

Moreover, the interaction with lipid vesicles is essential, but not sufficient for effective lipid 

transfer, indicating that additional factors influence the receptor’s activity. They may include 

the effectiveness of the intracellular metabolism of carotenoids that contributes to the 

chemical gradient across the cell membrane or the direct regulation of the receptor’s activity 

through dynamic posttranslational modifications. Increase of the lipid transport efficiency 

due to the phosphorylation of the C-terminal domain of SCARB1 by salt-inducible kinase 1 

provides evidence for such regulation [61]. Moreover, it has been proposed that the 

regulation of the receptor’s activity by posttranslational modifications is cell specific. Thus, 

this phenomenon represents one of the potential mechanisms by which SCARB1 function 

can be modified in a tissue-specific manner.

3. CAROTENOIDS CLEAVAGE ENZYMES

3.1 A functional link between ‘yellow pigment’ and the bioactivity of vitamin A

Early studies on the physiological function of vitamin A in vertebrates performed over 100 

years ago revealed a surprising functional relationship between “plant lipochrome pigments” 

(exemplified by carotene) and vitamin A [62-64]. Experiments in which dietary vitamin A 

deficiency could be remedied by carotene supplementation raised a fundamental question of 

“how molecules, differing so obviously as do carotene and vitamin A can be interchangeable 
in function?” [65]. Despite numerous nutritional studies, the enzymatic activity allowing for 

the production of vitamin A from β,β-carotene was reported nearly 40 years later in an 

extract from rat’s intestine and liver [66, 67]. However, it was not until 2000 that the genetic 

analysis of blind Drosophila mutants led to the identification of β-carotene-15,15’-

dioxygenase (BCDO1), an enzyme responsible for the oxidative symmetric cleavage of β-

carotene. This process yields two molecules of all-trans-retinal per β-carotene molecule [68, 

69]. Subsequently, the vertebrate orthologous genes and their protein products possessing 

equivalent enzymatic activity were cloned and characterized [70-74]. The analysis of 

BCDO1’s substrate specificity revealed that it utilizes provitamin A carotenoids with at least 

one nonoxidized β-ionone ring, such as β,β-carotene, α-carotene, and β-cryptoxanthin. 

However, this enzyme is unable to process non-provitamin A carotenoids, such as lycopene 

or zeaxanthin [71, 75]. Consequently, Bcdo1 knockout mice (Bcdo1−/−) become susceptible 

to vitamin A deficiency when kept on a diet with β-carotene as the main source of retinoids 

[76]. These mice also accumulate carotenoids in peripheral tissues, such as white adipocytes, 

the liver, and lungs as well as exhibit elevated levels of β-carotene in the blood. Importantly, 

the latter has also been reported in humans affected by a missense mutation in the BCDO1 
gene [77].

Along with the symmetric cleavage of carotenoids, early biochemical studies indicated the 

presence of an alternative enzymatic reaction that yielded apo-carotenoids (8’, 10’, or 12’), 

fueling a decade long scientific discussion about the metabolic pathway of vitamin A 

biosynthesis [78, 79]. Cloning a second representative of mammalian carotenoid cleavage 

enzymes, β-carotene-9’,10’-dioxygenase (BCDO2) provided evidence for two independent 

proteins responsible for the symmetric and eccentric cleavage of carotenoids [80, 81]. 
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Importantly, the difference between BCDO1 and BCDO2 is not limited to the position at 

which the polyene chain is split. Unlike BCDO1, the substrate specificity of BCDO2 is very 

broad. In addition to β-carotene, this enzyme preferably accepts carotenoids with assorted 

ionone rings, including xanthophylls and 4-oxo-carotenoids as well as various 

apocarotenoids [82-86]. Although BCDO2 may contribute to vitamin A production from 

specific carotenoid substrates, its biological role is more diverse. BCDO2 localizes 

predominantly in the mitochondria, where it plays an important role in preventing an 

accumulation of carotenoids in these organelles [75]. As evidenced in Bcdo2−/− mice kept 

on lutein rich diet, the absence of BCDO2 enzymatic activity adversely affected the 

mitochondrial electron transport chain, which resulted in carotenoid-induced oxidative stress 

[75, 87]. Spontaneous mutations and genetic variations in the BCDO2 gene have been 

reported to cause elevated levels of carotenoids in mammalian tissues [88-90]. In humans, 

polymorphisms in the BCDO2 gene have been linked to elevated levels of proinflammatory 

interleukin 18 associated with diabetes type 2 and cardiovascular diseases [91]. Although the 

correlation between diet, genetic variations in BCDO2, and a disease state requires further 

investigation, it is plausible that BCDO2 activity is part of a protection mechanism against 

the undesirable biological effects of dietary carotenoids that cannot be utilized for the 

biogenesis of vitamin A.

3.2 Oxygen at work – structural and mechanistic determinants of BCDOs’ activity

Mammalian BCDO1 and BCDO2 belong to a large and diverse protein family of carotenoid 

cleavage oxygenases (CCOs). Representatives of CCOs can be found in all kingdoms of life, 

except Archeobacteria, contributing not only to the metabolism of carotenoids but also to 

that of lignin-related phenylpropanoids [92-94]. Although direct structural information about 

BCDOs is not currently available, valuable insight into the mechanistic aspects of catalysis 

can be inferred from the structures of related proteins. Four different CCOs representing 

cyanobacterial apocarotenoid oxygenase (ACO), bacterial lignostilbene-α,β-dioxygenase A, 

plant VP14enzyme, and mammalian retinoid isomerase (RPE65) have been crystalized so 

far [95-98]. Despite the lack of significant sequence homology, they reveal a strikingly 

conserved 3D architecture of the protein molecules. The overall fold is composed of a well-

defined seven-bladed β-propeller (Fig. 3A) [99]. The β-strands are unequally distributed 

among the propeller. Blades I, II, IV, and V consist of four antiparallel β-strands, whereas VI 

and VII are enlarged by an additional strand. The main difference in the architecture of the 

bacterial and plant CCOs and RPE65 is seen within blade III, which contains a two-strand 

extension in the mammalian enzyme. The α-helical components of the structures form a 

dome on the top of the β-propeller that covers the iron cofactor-binding site in the catalytic 

center of these enzymes (Fig. 3A). This Fe2+ ion is coordinated by Nε atoms donated by four 

histidine residues. The second coordination sphere is formed by three glutamic acid side 

chains that hydrogen bond to three out of the four histidines involved in the iron binding 

[97]. All of these residues are absolutely conserved among CCOs [99]. Thus, in contrast to 

the heme-dependent systems, CCOs belong to the class of non-heme iron enzymes that use 

Fe2+ to activate dioxygen (O2) in the active site [100]. The exception in regards to O2 

utilization is RPE65. It acts on an ester bond of retinyl esters through the Lewis acid 

property of the iron ion, and thus does not require O2 for enzymatic catalysis [101, 102].
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Much attention has been dedicated to the elucidation of the catalytic mechanisms of CCOs. 

The heated debate has been fueled by conflicting data indicating that both monooxygenase 

and dioxygenase reaction patterns may exist within the CCO protein family [103-107]. The 

major difficulty in the interpretation of the isotopic labeling experiments in the presence of 

H2
18O and 18O2 is the use of crude cell extract, the low enzymatic activity of the enzymes, 

and the poorly controlled solvent back-exchange of the aldehyde cleavage products. 

Addressing these problems in more recent studies has shifted the experimental evidence in 

favor of the dioxygenase mechanism for the Synechocystis ACO, Novosphingobium NOV2, 

and Galleria mellonella NinaB enzymes [101, 108]. Importantly, the analogous labeling 

experiments performed on human BCDO1 also revealed the exclusive incorporation of O2-

derived oxygen atoms into the retinaldehyde (RAL) products of the reaction (Fig. 3B) [109]. 

Thus, the cleavage of carotenoids by BCDOs also occurs via the dioxygenase mechanism. 

Despite this unquestionable progress, our knowledge about the key steps of the catalysis 

remains incomplete. Particularly, experimental scrutiny requires the initial step of the 

catalysis that includes activation of O2. It may involve a single electron transfer from Fe2+ 

followed by the generation of a stabilized substrate radical intermediate [110]. Subsequently, 

electron transfer to Fe3+ would then generate a stabilized substrate carbocation intermediate. 

Alternatively, upon the formation of the enzyme-O2-substrate complex, π electron density 

from the scissile double bond can be redistributed to the iron-oxy complex to directly form a 

Fe2+-peroxo-substrate carbocation intermediate [106, 111]. Also unclear is the role of the 

ferrous iron in the decomposition of the dioxetane intermediate. Theoretical calculations 

indicate that the Fe2+-facilitated cleavage of the dioxetane O-O bond is thermodynamically 

preferable over a spontaneous collapse of this intermediate [106].

The fundamental differences in substrate specificity observed for BCDO1 and BCDO2 

define their physiological functions. Structural homology models of BCDOs as well as 

mutagenesis studies provide evidence that these differences arise from a subtle alteration in 

the architecture of the substrate-binding sites [82]. Carotenoids are relatively large lipophilic 

and nearly planar molecules that need to be channeled through a long hydrophobic cavity 

that extends beyond the catalytic center to properly align the polyene chain with respect to 

the iron cofactor (Fig. 3C, D). This substrate-binding tunnel is lined up predominantly with 

hydrophobic residues (Phe, Leu, Ile, and Met) along with the side chains of aromatic amino 

acids (Tyr and Trp). These general commonalities are less obvious towards the far end of the 

substrate-binding cavity. In comparison to BCDO1, the terminus of the tunnel in BCDO2 is 

assorted with a cluster of polar side residues represented by Gln375, His400, Ser406, and 

Glu460 (in the human sequence). Also this part of the binding side is slightly wider due to 

the substitution of a bulky Tyr332 with a Leu residue. This increase in polarity may facilitate 

the protein’s interaction with carotenoids containing an oxygen substituted ionone ring. In 

addition to the altered physiochemical properties of the binding site, the entrance to the 

cavity in BCDO2 is much wider (~9 Å in diameter) as compared to BCDO1’s (~5 A) (Figs. 

3C, D). The narrowing of the channel is attributed to the presence of the two bulky side 

chains, Leu168 and Trp270 in BCDO1, which are substituted with the smaller residues of 

glycine (Gly222) and phenylalanine (Phe319) respectively in BCDO2. Importantly, the 

functional significance of these differences was examined experimentally by generating a 

mutated BCDO1 in which Trp270 was exchanged for phenylalanine and Leu168 for glycine 
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[82]. Remarkably, this chimeric enzyme exhibited robust activity towards zeaxanthin, 

converting this substrate to all-trans-3-hydroxy-retinal, a reaction not detectable for the wild-

type BCDO1. Despite a wealth of information provided by the comparative biochemistry 

approach, the elucidation of the high-resolution structures of mammalian BCDOs will 

represent a significant step towards a comprehensive understanding of the evolution and 

functional determinants of CCO enzymatic activity.

4. REDOX REACTIONS OF RETINOIDS – AT THE CROSSROAD OF 

METABOLIC FATES

4.1 The interconversion of retinaldehyde and retinol

The enzymatic cleavage of provitamin A carotenoids and apocarotenoids by BCDOs yields 

RAL (Fig. 1). Similar to other aldehydes present in biological systems, RAL acts as a 

reactive electrophile, which readily conjugates with thiols and primary amines, forming 

adducts with proteins and phospholipids [112-115]. The high reactivity of RAL is 

responsible for the primary cytotoxicity of this compound [116-119]. Additionally, RAL is a 

direct precursor for RA, a potent signaling molecule and activating ligand of nuclear retinoid 

acid receptors [120-122]. Thus, the concentration of RAL is tightly controlled by the 

metabolic activity of numerous retinoid-processing enzymes collectively classified as 

oxidoreductases. Based on sequence homology, they are representatives of three major 

protein families: microsomal retinol dehydrogenases (RDHs) that represent the short-chain 

dehydrogenase/reductases (SDRs), cytosolic alcohol dehydrogenases (ADHs) that belong to 

the medium-chain dehydrogenase/reductase family, and selected members of aldo–keto 

reductases (AKRs) [123-127]. Each of these classes of enzymes is comprised of several 

distinct members [122, 124, 128]. Interestingly, none of these enzymes reveal exclusive 

selectivity towards retinoids. Their broad substrate promiscuity includes ketosteroids, 

ketoprostaglandins, and a variety of xenobiotic compounds [129-131]. The main evidence 

for the contribution of particular proteins to retinoid metabolism is predominantly derived 

from the phenotypic characterization of genetically modified mice. Consequently, the role of 

ADHs has diminished over the last year as they turned out to be essential only in specific 

conditions of vitamin A excess (ADH1), or deficiency (ADH4), but dispensable for 

maintaining retinoid homeostasis under normal physiological conditions [132]. Contrary to 

ADHs, the in vivo characterization of RDHs revealed their critical role in tissue-specific RA 

signaling and visual chromophore regeneration [122, 133, 134].

The universal redox carriers for oxidoreductases are the oxidized or reduced forms of 

dinucleotides NAD(H) or NADP(H). Because the redox reactions of ROL to RAL 

conversion are fully reversible, their net direction is determined by the substrates’ 

availability and the enzymes’ specificity for binding either NAD(H) or NADP(H). In 

eukaryotic cells, the concentration of NAD+ is a thousand times higher as compared to its 

reduced form (NADH), whereas the NADP+/NADPH ratio is 1:100 [135, 136]. Thus, the 

oxidoreductases that bind NADP(H) can contribute significantly only to RAL reduction. 

Conversely, the enzymes that prefer NAD(H) catalyze the oxidation of ROL.
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In ADHs and RDHs the nucleotide cofactors are bound by a classic Rossmann fold [137]. 

This is one of the most common structural elements composed of 6 to 7 twisted central 

parallel β-strands flanked by 3–4 α-helices from each side (Fig. 4A) [138, 139]. This 

structural motif contains a highly variable Gly-rich sequence (GXXXGXG) responsible for 

its structural integrity and binding of the diphosphate portion of the nucleotide cofactors. An 

acidic residue interacting with the 2′ and 3′ hydroxyls of the adenine ribose and located 

downstream of the Gly-rich motif is responsible for NAD(H) specificity, whereas NADP(H) 

binding is dictated by the presence of a basic residue within the Gly-rich segment [139, 

140]. Interestingly, the common mode of cofactor binding does not result in identical 

mechanisms of catalysis. The active site of RDHs contains a catalytic Tyr residue, whose 

hydroxyl group donates or accepts a proton from the substrate (Fig. 4B). Lowering the pKa 

of this hydroxyl by nearly 3 units is facilitated by the interaction of the hydroxyl with the ε-

amino group of an adjacent Lys residue. Additional hydrogen bonding between the Lys 

residue and the 2′- and the 3′-hydroxyl groups of the cofactor’s ribose defines the 

orientation of the nicotinamide with respect to the catalytic residues, allowing exclusively 

for a 4-pro-S hydride transfer [141, 142]. For the oxidation reaction, the deprotonated Tyr 

residue acts as a catalytic base. The hydride ion, extracted from the substrate hydroxyl 

group, is then transferred to position 4 of the nicotinamide ring. In addition to the interaction 

with the nicotinamide ring of the cofactor, the reaction intermediate is stabilized by the 

hydroxyl group of an adjacent serine residue. Thus, the active site of RDHs comprises a 

catalytic triad of conserved Ser-Tyr-Lys residues [143].

Despite the presence of the common nucleotide-binding motif, ADHs depend on a catalytic 

Zn2+ ion. In the absence of a substrate, it is coordinated by a water molecule and the side 

chains of two Cys and a His residues. Displacing water by the substrate’s oxygen atom in 

the zinc coordination shell enables the transfer of a proton to the solvent, resulting in 

alkoxide reaction intermediate. The transfer of a hydride to the oxidized cofactor finalizes 

the catalysis, yielding an aldehyde product [144, 145].

AKRs represent an interesting example of the convergent evolution of oxidoreductase 

enzymatic activities. Their single-domain structure does not comprise the canonical 

Rossmann fold. Instead, it adopts a TIM barrel motif with (α/β)8 topology [146, 147]. This 

difference determines the stereospecificity of the hydride transfer, making AKRs 4-pro-R 

enzymes. Nevertheless, the overall catalytic mechanism of AKRs is very similar to that 

found in RDHs, with an active site Tyr and assisting Lys residue that enable the general acid-

base catalytic mechanism [148].

It is important to note that the majority of the mechanistic aspects of RDH function are 

derived from structural studies on SDRs that do not utilize retinoids as substrates. In fact, 

RDHs turned out to be difficult targets for structural studies, thus none of the vertebrate 

representatives of RDHs have been crystalized so far. One of the major obstacles to the 

successful purification and crystallization of these enzymes is their amphiphilic character 

needed for their interaction with lipid membranes. However, since there is no well-defined 

and conserved membrane domain in these enzymes, the mode of membrane binding and 

topology seems to vary between specific RDHs [12, 125]. For example, according to 

biochemical studies, RDH1 is anchored in endoplasmic reticulum (ER) membranes with the 
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catalytic domain facing the cytoplasm [149]. The N-terminal residues are essential for the 

membrane localization and topology of this enzyme, whereas the C-terminus was postulated 

to be involved in the stabilization of the protein’s membrane orientation. A similar role for 

the N-terminal segment was postulated for RDH11 [150, 151]. Contrary to these models, the 

presence of endoglycosidase H-sensitive N-linked sugar oligosaccharides on RDH12 suggest 

a luminal orientation for this enzyme [152]. An alternative mode of RDHs-membrane 

interaction involves the posttranslational lipidation of the enzymes as exemplified by RDH8. 

Studies on the localization of this protein in transgenic Xenopus implied that its membrane 

association was mainly mediated by the fatty acid acylation of the C-terminal Cys residues 

[153]. Yet other models indicate that the hydrophobic stretch of the catalytic domain in 

RDH11 and RDH4 can contribute to the membrane binding [151, 154]. This fact is 

supported by the structure of photoreceptor RDH from Drosophila melanogaster, the only 

crystalized representative of retinoid-processing SDRs (Fig. 4A) [155]. In the structure of 

this enzyme, the entry to the putative retinoid binding site is enclosed by a hydrophobic 

patch that most likely associates with the lipid membrane interface, whereas the hydrophilic 

entrance for the cofactors is localized at the opposite site of the catalytic domain [155]. This 

arrangement allows a membrane-residing substrate, such as RAL, to have access to the 

enzyme’s catalytically active site independently from the water soluble NAD(H).

4.2 Unidirectional production of retinoic acid

The enzymatic reduction of RAL into ROL is necessary for the efficient transport, storage, 

and tissue-specific distribution of vitamin A (Fig. 1). However, RAL also serves as a direct 

substrate for the biosynthesis of RA. It is impossible to overestimate the significance of this 

regulatory molecule for the physiology and pathophysiology of vertebrates as it is involved 

in the transcriptional regulation of over 500 different genes [5, 156-159]. Thus, it is 

intriguing that the production of RA is accomplished by representatives of a promiscuous 

class of enzymes belonging to the aldehyde dehydrogenase (ALDH) protein family. There 

are 19 functional members of ALDHs found in the human genome classified into 11 families 

and 4 subfamilies [160]. They are predominantly involved in the clearance of all kinds of 

potentially cytotoxic endobiotic and xenobiotic aldehydes [161-163]. However, three 

members of the ALDH1A family have been shown to be critical for the production of RA. 

ALDH1A2 (also known as RALDH2) is the primary enzyme responsible for the synthesis of 

RA during embryogenesis [164, 165]. Consequently, the genetic ablation of this enzyme 

leads to prenatal death due to defects in heart development. The role of closely related 

ALDH1A3 (RALDH3) in RA production has also been documented in vivo. Although 

Aldh1a3 null mice are born alive, they succumb to fatal defects in their nasal cavities shortly 

after [166]. Less dramatic is a deficiency in ALDH1A1 (RALDH1). Although, this enzyme 

is not essential for embryogenesis, it contributes to retinoid homeostasis as evidenced by 

diminished retinoic acid synthesis in the livers of Aldh1a3−/− mice [167, 168]. Importantly, 

deregulation of RA signaling is one of the hallmarks of carcinogenesis and autoimmune 

diseases [169, 170]. In this context, ALDHs activity may be considered not only as a 

prognostic marker but also as a potential therapeutic target [171-174]. In fact, compelling 

evidence indicates the ALDHs involvement in regulation of cell proliferation, survival, and 

chemoresistance of cancer stem cells [175, 176]. Moreover. RA inhibits differentiation of 

naive T cells but induces regulatory T cells and gut-specific homing of activated T cells. 
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Imbalance in RA biosynthesis has been associated with autoimmune pathologies, such as 

inflammatory bowel disease, rheumatoid arthritis, systemic lupus erythematosus, and 

multiple sclerosis [177, 178]. Therefore, restoring the retinoid homeostasis in autoimmune 

diseases has been of increasing interest in the development of therapeutics against these 

conditions.

The high sequence homology between RALDHs (reaching ~70% of identity) is reflected in 

the structural similarities between these enzymes. All RALDHs form functional 

homotetramers in both solution and crystal forms. Each monomer acts independently as an 

autonomous catalytic unit. There are three distinct domains in each protomer: the N-terminal 

NAD+-binding domain, the catalytic domain, and the oligomerization domain (Fig. 4C). The 

architecture of the cofactor binding domain and the catalytic domain resembles a βαβ 
polypeptide topology, similar to a canonical Rossmann fold. The recent determination of the 

structure of human RALDH3 in complex with NAD+ and RA significantly contributed to 

our understanding of the substrate-enzyme interactions as well as dynamic changes within 

the protein domains that are associated with the catalysis [179]. The tunnel leading to the 

active site is located in-between the NAD+-binding and catalytic domains. The side chains 

of the residues from both domains contribute to the hydrophobic environment found inside 

this binding pocket. Similarly to BCDOs, the substrate specificity of RALDHs is most likely 

determined by subtle changes in the amino acid composition of the binding site. However, 

rigorous mutagenesis studies verifying this stipulation have not yet been conducted. The β-

ionone ring of the substrate is shelled from the solvent by making van der Waals contacts 

with conserved hydrophobic residues at the entrance to the tunnel. In the closed, catalytic 

competent conformation, the carboxylic carbon of RA (equivalent of the carbonyl carbon in 

RAL) is 3.1 Å away from the thiol group of the catalytic Cys314 residue. The presence of 

Cys at the active site defines the mechanism of catalysis that is distinct from RDHs. The 

NAD+-dependent oxidation of RAL is initiated by the Glu280-mediated abstraction of a 

proton from the sulfhydryl group of Cys, which acts as a nucleophile that attacks the carbon 

on the carbonyl group of the substrate (Fig. 4D) [180, 181]. The resulting thiohemiacetal 

with a negatively charged oxygen atom is stabilized by the side chain of an Asn residue. The 

spontaneous transfer of the hydride ion from the thiohemiacetal to the cofactor is 

accompanied by formation of a thioester bond between the aldehyde and the catalytic Cys 

residue. The activation of a water molecule by the Glu residue enables the hydrolysis of the 

covalent thioacyl-enzyme intermediate and release of the RA product. Interestingly, the 

trapping of multiple conformations of NAD+ and RA in the active site of RALDH3 led to 

the discovery that both the cofactor and substrate molecules can move in a concerted 

manner, either towards the active site Cys residue, facilitating the catalysis, or outwards 

promoting the post-reaction release of the products [179].

5. NOT ONLY TRANSPORT AND STORAGE – THE ROLE OF RETINYL 

ESTERS

5.1 Physiological significance of retinol esterification

Molecules of ROL derived from carotenoids or preformed retinoids share a common 

metabolic fate (Fig. 1). They are efficiently esterified in the enterocytes by the action of two 

Widjaja-Adhi and Golczak Page 11

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



enzymes: lecithin:retinol acyltransferase (LRAT) and diacylglycerol O-acyltransferase 1 

(DGAT1) [182]. The formation of highly hydrophobic and chemically inert long-chain fatty 

acid esters of ROL serves two main functions: the creation of a mass-action that drives the 

absorption of retinoids, and the facilitation of retinyl ester packaging into vesicles that are 

secreted into the lymphatic system as chylomicrons. Approximately 90% of acyltransferase 

activity towards ROL is attributed to LRAT, whereas the remaining 10% is contributed by 

DGAT1 [183]. These two acyltransferases belong to unrelated classes of enzymes. DGAT1 

depends on a pre-activated form of fatty acids carried by acyl-CoAs and reveals broad 

substrate specificity as it catalyzes the esterification of variety of abundant mono- and 

diacylglycerols in addition to ROL [184]. On the contrary, LRAT’s substrate specificity is 

limited to ROL and its derivatives such as endogenous apo-carotenoids or xenobiotic 

retinylamine [185-187]. Also, LRAT does not require acyl-CoA. Instead, it utilizes 

phosphatidylcholine as a direct acyl donor [185, 188-190]. Importantly, only the acyl chain 

at the sn-1 position of the phospholipid substrate can be transferred, thus retinyl palmitate is 

the predominant form of esterified ROL found in vivo [185, 191].

In addition to the enterocytes, LRAT is robustly expressed in hepatic stellate cells. This 

subset of liver cells plays a central role in the storage and mobilization of hepatic vitamin A 

as they contain over 90% of total liver retinoids [192-194]. To maintain this reservoir of 

retinoids, the majority of the circulating chylomicrons are uptaken by the liver in an 

apolipoprotein E cell surface receptor-dependent manner [195]. Upon being internalized to 

hepatocytes, retinyl esters undergo rapid hydrolysis and the resulting ROL molecules are 

subsequently transported to adjacent stellate cells [196, 197]. Although this process is not 

fully understood on the molecular level, studies on Lrat−/− mice clearly indicate that the 

accumulation of retinyl esters in stellate cells depends exclusively on LRAT’s enzymatic 

activity [183, 194]. Notably, the size of the retinyl ester droplets strongly correlates with the 

dietary supply of vitamin A and carotenoids, indicating the regulatory role of the stellate 

cells in maintaining retinoid homeostasis [194].

The esterification of ROL is an efficient mechanism that supplies a readily available pool of 

retinoids that can be mobilized during dietary deficiencies. In fact, the ability of vitamin A 

to be stored in hepatic cells makes it unique among the fat-soluble vitamins [14, 197, 198]. 

Importantly, retinyl esters also play a direct role in the biosynthesis of key vitamin A 

metabolites. In the RPE cells, LRAT provides a direct substrate for the production of 11-cis-

retinol, a precursor of visual chromophore (11-cis-retinylaldehyde) [12]. The geometric 

isomerization of the polyene chain is catalyzed by RPE65 [102, 199, 200]. This enzyme 

combines the O-alkyl cleavage of all-trans-retinyl esters (mostly palmitate) with a trans to 

cis geometric conversion of the polyene chain [97, 201]. Such an unusual mode of ester 

cleavage gives rise to the formation of intermediate retinyl cation and provides energy for 

the thermodynamically unfavorable trans to cis isomerization [202, 203]. Consequently, 

LRAT-deficient mice as well as humans affected by LRAT mutations are blind and undergo 

progressive retinal degeneration due to the inability to provide photoreceptor cells with 

visual chromophore [183, 204]. Importantly, the analysis of the phenotype of Lrat−/− mice 

revealed not only the lack of cis isomers, but also the general absence of retinoids within the 

retina and RPE cells [205]. This observation led to yet another important conclusion that 

Widjaja-Adhi and Golczak Page 12

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ROL esterification is needed for the efficient cellular uptake of circulating vitamin A in 

peripheral tissues, a phenomenon described in detail in the following chapters.

Acyl-CoA-dependent ROL esterification has been proposed to be a part of the cone-specific 

visual chromophore regeneration pathway [206-208]. In contrast to mice or rats, the retinas 

and RPE cells of cone-dominant species accumulate predominantly 11-cis-retinyl esters 

[209, 210]. Moreover, chicken and ground squirrel retina homogenates exhibit robust 

retinoid isomerase activity that, unlike RPE65, converts ROL directly into its 11-cis isomer 

[211, 212]. This reaction is driven by the subsequent esterification of newly produced 11-

cis-retinol. Notably, DGAT1 activity does not contribute to the formation of 11-cis-retinyl 

esters [188, 213]. Based on biochemical analysis, the specific esterification of 11-cis-retinol 

was attributed to acyl-CoA wax alcohol acyltransferase 2 (AWAT2), also known as 

multifunctional O-acyltransferase (MFAT), a distinct member of the DGAT2 protein family 

[214]. Although the substrate preference of AWAT2 toward cis-retinols has been 

independently verified, the role of this enzyme in the regeneration of cone light sensitivity 

awaits verification in vivo [215].

5.2 Catalysis at the lipid membrane/water interface

Membrane associated enzymes constitute a challenging target for structural studies. This is 

particularly true for the members of DGAT1 and DGAT2 protein families. Currently, even 

the most fundamental information about the architecture of these proteins is not available. 

The main obstacle in structural studies on these enzymes is their amphiphilic character. The 

hydrophobic domains seem not to localize within the defined transmembrane segment, but 

spread throughout the protein molecule. Consequently, these enzymes are anchored to the 

lipid membrane by one or two transmembrane α-helices and multiple secondary protein-

lipid interactions facilitated by hydrophobic patches on the catalytic domains [216, 217]. 

Thus, the stabilization of the tertiary structure of DGATs outside of a phospholipid 

environment becomes problematic.

Substantially more is known about the molecular organization of LRAT. Located in the 

endoplasmic reticulum, this enzyme adopts a bitopic membrane topology with a 

transmembrane helix at the C-terminus and an additional amphiphilic domain present at the 

N-terminus (Fig. 5A) [218, 219]. LRAT belongs to an ancient NlpC/P60 thiol peptidase 

protein superfamily that includes seven representatives encoded in the human genome: two 

neurological sensory proteins (NSE1-2), and five H-ras-like tumor suppressors 

(HRASLS1-5) [220, 221]. They predominantly act as phospholipases, cleaving the ester 

bonds at the sn-1 or sn-2 positions. However, in the presence of a proper substrate, the 

esterase activity is accompanied by a transfer of the acyl moiety onto enzyme-specific 

substrates, including phosphatidylethanolamine and short chain alcohols, but not ROL 

[222-225]. The functional difference between HRASLSs and LRAT is surprising as they 

share a high degree of sequence similarity and use the same catalytic machinery, derived 

from a common cysteine peptidase ancestor [225, 226]. The reconciliation of these 

functional differences led to the designing of chimeric enzymes, where an LRAT-specific 30 

amino acid sequence was inserted into the catalytic domains of HRASLS2, 3, and 4. 

Remarkably, this short insertion was sufficient for these artificial enzymes to acquire 
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reaction specificity similar to that of authentic LRAT [191]. The mechanistic explanation of 

this phenomenon was inferred from the crystal structure of the HRASLS3/LRAT chimeric 

enzyme, which revealed dramatic structural changes as compared to the native HRASLS3 

[191, 225]. The LRAT-specific domain folds into a β-hairpin structure (two subsequent 

antiparallel strands) that provides a primary dimerization interface, and when paired with a 

β-strand of the catalytic domain causes the swapping of an adjacent α-helix (Fig. 5B). This 

arrangement resulted in a mixed catalytic triad whereby the two His residues are contributed 

from one protomer and the catalytic Cys from the other. Thus, unlike the native HRASL3, 

the chimeric enzyme and presumably LRAT act as functional homodimers [191, 227]. 

Additionally, the LRAT-specific domain forms a central, highly lipophilic patch that is 

probably important for attracting membrane-dissolved ROL to the active site. The structure 

of the HRASLS3/LRAT chimera revealed the thioester intermediate of the enzymatic 

reaction, providing ultimate proof for the previously postulated mechanism of catalysis by 

LRAT [228-230]. The catalytic triad is composed of two His residues that assist in the 

deprotonation of the sulfhydryl group of the catalytic Cys side chain (Fig. 5C). Thus, Cys 

serves as a nucleophile attacking the carbonyl carbon of an sn-1 ester bond of 

phosphatidylcholine, leading to the formation of a tetrahedral intermediate [12]. The 

collapse of this intermediate results in the transient acylation of the protein by the formation 

of a thioester bond at the Cys sulfhydryl group and the liberation of the first product of the 

reaction, lyso-phosphatidylcholine. Limited water access to the catalytic thiol nucleophile is 

the key structural adaptation that enables efficient acyl transfer by blocking competing 

hydrolysis. The thioester is surprisingly stable in the absence of ROL [191]. The lack of 

measurable hydrolytic activity suggests that LRAT persists in the cells in an acylated form. 

In the second stage of the reaction, the His-mediated deprotonation of the hydroxyl group on 

the ROL molecule permits nucleophilic attack of the activated hydroxyl group followed by 

the decomposition of the thioester intermediate and transfer of the acyl group from the 

enzyme onto its retinoid acceptor to yield retinyl ester [134].

The overall topology of LRAT and the orientation of its active site, facing the lipid/water 

interface, suggest that the retinoid substrate is acquired directly from the membranes [198]. 

Thus, it remains unclear what factors dictate the narrow substrate specificity of this enzyme 

[187]. Also, the kinetic data indicate that the enhanced esterification of ROL delivered by 

cellular retinol-binding proteins (CRBPs) cannot be explained by the chimeric structure 

[231-233]. However, one cannot exclude the possibility that the N-terminal α-helix or the 

catalytic domain of LRAT absent in the chimeric enzyme may assist in the release of ROL 

from holo-CRBPs near the esterification site.

6. CARRIER PROTEINS INTEGRATE RETINOID METABOLIC PATHWAYS

Retinoids and carotenoids are lipophilic compounds that contain a system of conjugated 

double bonds. These physiochemical properties limit their ability to diffuse in an aqueous 

environment and make them susceptible to various catabolic reactions. To alleviate the 

barriers in the transport and biological utilization of retinoids, several specialized carrier 

proteins have evolved. Their main function is to sequester and protect labile retinoids as well 

as facilitate their systemic and intracellular transport. Therefore, they play a critical role in 

interconnecting compartmentalized metabolic and signaling pathways of retinoids.
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6.1 RBP4 facilitates the systemic transport of vitamin A

Absorbed retinoids are stored in large quantities in form of hepatic retinyl esters that can be 

mobilized depending on physiological needs. It is astonishing that despite its physiological 

significance, a mechanism responsible for sensing the vitamin A level in the organism and 

mobilizing hepatic retinyl esters has not yet been discovered. Nevertheless, it is clear that 

this process is not simply a reversal of the hepatic retinoid absorption pathway. The 

recruitment of ROL requires the hydrolysis of stellate cell retinyl esters. Despite substantial 

research efforts to identify the specific enzyme responsible, none of the examined 

hydrolases, esterases, or lipases exhibited a limiting or regulatory role in this process [197]. 

At the same time, the example of hormone-sensitive lipase in adipose tissues suggests that it 

is unlikely that numerous redundant enzymes carry out the hydrolysis of retinyl esters. Thus, 

the discovery of cell and function specific retinyl ester hydrolases remains one of the key 

challenges in the field.

After the cleavage of retinyl esters, the liberated ROL needs to become available to 

extrahepatic tissues. For this purpose, ROL is transported to the hepatocytes where it forms a 

complex with a specific 21-kDa protein called retinol-binding protein 4 (RBP4) [234-236]. 

The holo-RBP4 is subsequently secreted into systemic circulation (Fig. 1). Notably, over 

95% of the total ROL present in the blood serum during fasting is bound to RBP4. Thus, the 

carrier protein-dependent transport of vitamin A is exclusively responsible for delivering 

ROL from liver storages to extrahepatic tissues. RBP4-deficient mice are viable and fertile, 

but develop progressive retinal dysfunction due to inadequate vitamin A supplementation of 

the ocular tissues [234]. In humans, mutations in the RBP4 gene have been identified as a 

precipitating cause of RPE and retinal atrophy [237, 238]. They may also lead to 

developmental eye defects as exemplified by a dominant-negative mutant, which increased 

the affinity of RBP4 to its cellular receptor (as discussed in the next section of this review) 

[239].

RBP4 is the earliest discovered and the most studied protein involved in retinoid 

metabolism. It belongs to a widespread and diverse group of transport proteins that are 

collectively referred to as lipocalins [240]. This class of carrier proteins evolved to facilitate 

the transport of small hydrophobic molecules, including steroids, fatty acids, and retinoids. 

Although members of the lipocalin protein superfamily share very little primary sequence 

homology, they all contain similar 3D architectures known as lipocalin folds. The main 

structural component of these carrier proteins is an antiparallel β-barrel composed of 8 to 10 

β-strands (Fig. 6A). It forms a single binding pocket the size and hydrophobicity of which is 

defined by the side chains of the amino acids lining the interior of the β-barrel. Thus, the 

lipocalin fold serves as a universal and highly modifiable platform for numerous carrier 

proteins. Along with RBP4, the representative members of this class of proteins in the 

human genome are fatty acid-binding proteins, CRBPs, and cellular retinoic acid-binding 

proteins (CRABPs) [241]. RBP4 accommodates one molecule of ROL with the β-ionone 

ring positioned in the center of the β-barrel with the isoprene tail extending along the barrel 

axis toward the entrance to the binding pocket [242]. The contacts between the protein and 

retinoid moiety involve predominantly hydrophobic alkyl and van der Waals interactions 

with a single hydrogen bond between the hydroxyl group of the ligand and the main chain 
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Gln98 (in the human sequence) [243]. The comparison of the apo- and holo-forms of RBP4 

did not reveal major conformational changes upon ligand binding, with the exception of a 

loop that includes amino acids 33-36 [244]. This portion of the protein exerts a significant 

functional role, acting as a molecular sensor of the ligand binding. To avert rapid clearance 

by glomerular filtration, holo-RBP4 binds to a tetramer (dimer of dimers) of transthyretin 

(TTR) [236, 245]. The maximum stoichiometry of the complex revealed by in vitro studies 

is 4:2. However, due to the limited concentration of RBP4 in the plasma, the complex 

isolated from the serum contains only one holo-RBP4 per four molecules of TTR [246]. The 

binding interface involves the open end of the RBP barrel and includes amino acids 33-36 

[246, 247]. Importantly, the conformation of these residues in the apo-protein does not 

favorably interact with TTR, explaining the observed four-fold diminished affinity of apo-

RBP for this protein [248].

Although ROL is the major physiological ligand for RBP4, the orientation of the retinoid 

moiety in the binding site and the lack of specific interaction with the hydroxyl group 

prohibits a high selectivity towards just one class of retinoid ligands. Consequently, RBP4 

has been shown to bind RAL, RA, and retinyl acetate with affinities comparable to ROL 

[249-252]. However, these ligands have never been found bound to RBP4 purified from 

human or bovine serum. On the contrary, more recent studies unambiguously identified long 

chain fatty acids as endogenous and physiologically relevant binding partners for RBP4 

[253]. The protein isolated from human urine or amniotic fluid carried predominantly 

palmitic acid, but also palmitoleic, oleic, and stearic acids. As evidenced by X-ray 

crystallography, these new ligands compete with ROL for the same binding site. Similarly to 

ROL, the polar group of the fatty acids is exposed to the surface of the protein molecule, 

whereas their hydrophobic tails are buried inside the β-barrel. Importantly, the interaction 

with fatty acids does not trigger the conformational changes at the 33-36 loop characteristic 

for binding of ROL, leading to a diminished affinity for TTR. Thus, it is reasonable to 

assume that the ROL-free fraction of RBP4 is in fact saturated with free fatty acids. 

However, the physiological significance of this finding awaits further investigation. 

Nevertheless, RBP4 should not be considered a specific transporter of ROL, but rather as a 

lipid binding protein with specificity that has yet to be completely evaluated. As argued in 

the next section, this notion might also be true for other representatives of retinol-binding 

proteins.

The manipulation of the vitamin A metabolism by acting on RBP4 appears to be an 

attractive method for the treatment of diseases that involve the deregulation of RA signaling 

or an imbalance in retinoid homeostasis. They include certain types of breast cancers and 

lymphomas as well as retinal degenerative disorders such as Stargardt disease [254]. 

Although somewhat conflicting, recent years have provided data for an association between 

elevated RBP4 blood levels and insulin resistance, obesity, and metabolic syndrome, making 

RBP4 a potentially important therapeutic target [255-260]. Several small molecule 

antagonists of RBP4 have been developed, including the oldest fenretinide (N-(4-

hydroxyphenyl)retinamide) as well as highly potent non-retinoid compounds such as A1120 

(2-(4-(2-(trifluoromethyl)phenyl)piperidine-1-carboxamido)benzoic acid), and BPN-14136 

2-((3aR,5r,6aS)-5-(2-(trifluoromethyl)phenyl)octahydrocyclopenta[c]pyrrole-2-

carboxamido)benzoic acid [258, 261, 262]. They all exert their biological activity by 
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disrupting the retinol-induced RBP4-TTR interactions through a combination of steric 

hindrance and changes in the polypeptide chain conformation at the TTR binding interface. 

The net result is the enhanced clearance of RBP4, lower concentrations of circulating ROL 

and its accessibility to peripheral tissues. Although this mechanism of action has been well 

documented in animals, the efficacy of the RBP4 antagonist in the treatment of human 

conditions still remains to be rigorously validated.

6.2 Diverse functions of homologous cellular retinoid-binding proteins

A subclass of intracellular lipocalins exhibits high specificity for ROL and RAL. They have 

been classified as cellular retinoid-binding proteins (CRBPs). Four representatives of CRBPs 

are encoded in the human genome (CRBP1-4) [263-266]. The tissue distribution and relative 

expression levels differ among these carrier proteins. The most widely expressed is CRBP1 

with the highest abundance in the liver, kidneys, lungs, and RPE cells. In contrast, CRBP2 is 

present exclusively in the enterocytes of the small intestine, where it constitutes ~1% of total 

soluble proteins [267-270]. The concentrations of CRBP3 and CRBP4 are much lower. Their 

expression is apparent in several organs, including the kidneys, liver, heart, white adipocytes, 

and mammary glands [263, 264, 266]. In addition to diverse tissue distribution, CRBPs 

reveal significant differences in their affinity for retinoid ligands. The highest affinity was 

reported for CRBP1. The dissociation constant (Kd) was estimated to be between 0.1 and 20 

nM depending on the measurement methodology [271-273]. A similar affinity (~11 nM) was 

calculated for CRBP2, whereas the interaction of ROL with CRBP3 and CRBP4 is 

significantly weaker (Kd of ~60 and 200 nM, respectively) [263, 264, 274].

These differences in expression and binding affinities are reflected in the diverse 

physiological functions of CRBPs. In addition to serving as chaperones for labile retinoids, 

CRBP1 plays an important role in the regulation of vitamin A uptake and metabolism. 

CRBP1-deficient (Rbp1−/−) mice revealed a lower rate of retinyl ester synthesis associated 

with 6-fold increase in retinoid turnover [275]. Consequently, retinyl ester storage in RPE 

and hepatic stellate cells was diminished by 50% as compared to wild-type mice. This 

aberration in retinoid homeostasis makes Rbp1−/− mice more susceptible to vitamin A 

deficiency and causes a 2-fold reduction in the rate of visual chromophore regeneration 

[275, 276]. This phenotype is in agreement with the postulated role of CRBP1 in the 

intracellular transport of ROL, enabling its efficient esterification by LRAT [233, 277, 278]. 

However, the involvement of CRBP1 in controlling the concentration of RAL and the 

biosynthesis of RA remains more controversial. Unfortunately, biochemical studies often 

yielded contradictory results that did not allow for a final conclusion [122, 279-281]. It is 

possible that the function of CRBP1 in this matter may strongly depend on the type of tissue 

and available enzymatic partners. This notion is supported by in vivo studies. Although 

Rbp1−/− mice do not reveal the developmental abnormalities characteristic of an imbalance 

in RA signaling, the absence of CRBP1 disrupts RA homeostasis in the mammary tissue of 

adult animals, resulting in microenvironmental defects similar to those observed in the early 

stages of tumorigenesis [282].

Consistent with its localization, CRBP2 is critical for the uptake and channeling of newly 

absorbed ROL to LRAT [283, 284]. However, the abundance of CRBP2 may also play an 
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important role in protecting enterocytes against RA toxicity by sequestering RAL produced 

by the cleavage of dietary pro-vitamin A carotenoids and facilitating its reduction to ROL 

[281, 285]. The biological functions of CRBP3 and CRBP4 are less understood. The 

deletion of the CRBP3 gene in mice does not cause adverse health problems. These animals 

are vital and healthy, but reveal significantly reduced levels of retinyl esters in breast milk 

[286]. This relatively mild phenotype is most likely a consequence of the compensatory 

overexpression of CRBP1 in selected tissues that allows for the maintenance of retinoid-

dependent functions [286]. Interestingly, when fed a high-fat diet CRBP3-deficient mice 

were less susceptible to developing hepatic steatosis, had lower concentrations of serum 

fatty acids and decreased adiposity, suggesting the involvement of CRBP3 in the regulation 

of lipid homeostasis [287]. However, it is currently unclear whether this function is related 

to retinoid signaling or reflects the ability of CRBP3 to interact with other classes of 

endogenous lipids.

Although CRBPs and RBP4 belong to the lipocalin protein family and bind to the same 

ligand, the topological organization of the secondary structures of these proteins is largely 

dissimilar [288]. The β-barrel that constitutes the binding cavity in CRBPs is composed of 

two additional β-strands (ten total) as compared to RBP4 (Fig. 6B). Additionally, the 

entrance to the binding site in CRBPs is guarded by two short α-helices and two extended 

hairpin loops between β-strands. These α-helices and turns constitute a so-called ‘portal 

region’ [289-291]. This part of CRBPs exhibits significant conformational flexibility, 

providing a passageway for ROL to enter the binding site. The interaction with the β-ionone 

ring of the ligand greatly affects the conformation of the portal region, prompting a change 

in the orientation of several side chains that otherwise protrude into the binding cavity in the 

apo-protein [273]. This mode of interaction with the retinoid moiety implies an inverted 

orientation of ROL as compared to RBP4 (Fig. 6B). The polyene chain reaches deep into the 

binding pocket where the hydroxyl group of ROL is imbedded into a polar patch at the base 

of the cavity. It forms hydrogen bonds with the side chain of Lys and Glu residues in CRBP1 

and CRBP2 or Lys and His in CRBP3 and CRBP4. Consequently, the β-ionone ring of the 

ligand is located at the entrance to the pocket. It is protected from the aqueous environment 

by the side chain of the portal region. These binding characteristics ensure a high specificity 

for ROL and RAL, limiting the affinity of CRBPs for other retinoids.

The discovery of the interaction of CRBP2 with the canonical endocannabinoid, 2-

arachidonoylglycerol and the endocannabinoid-like 2-lineoylglycerol, 2-oleoylglycerol, as 

well as other monoacylglycerols opened a new chapter in studies on CRBPs. As evidenced 

by the X-ray crystallography, these endogenous lipids compete with ROL for the same 

binding site (PDB # 6BTH and 6BTI). Moreover, their affinities for CRBP2 are comparable 

to that observed for vitamin A. Interestingly, the same phenomenon is not true for CRBP1. 

The extensive screening for alternative endogenous binding partners for this protein has 

proved its high selectivity for ROL [292]. It is therefore possible that each of the CRBPs 

may selectively bind a different subset of lipids. Notably, the electron density for a retinoid 

moiety has never been observed in the structures of CRBP3 or CRBP4. This fact, in 

conjunction with the metabolic phenotype of CRBP3-deficient mice suggests the existence 

of alternative endogenous ligands for these carrier proteins. Although more studies are 

needed to clarify the ligand specificity, the classification of CRBPs as strictly retinoid-
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binding proteins is deceptive and may conceal alternative physiological functions of some 

these proteins.

6.3 CRABPs in the signaling and catabolism of retinoic acid

Two highly homologous intracellular proteins are specialized for sequestering RA: CRABP1 

and CRABP2 [293, 294]. Similar to CRBPs, they differ only in their expression profiles and 

cellular functions. CRABP1 is expressed ubiquitously, whereas CRABP2 is found only in 

tissues that synthesize high levels of RA, such as the ovaries, uterus, skin, and choroid 

plexus [295-299]. Based on enzyme kinetic studies, it has been postulated that both 

CRABPs facilitate the oxidative catabolism of RA by delivering RAL substrate to CYP 

enzymes, particularly CYP2B1 [300, 301]. Despite the uncertainty over whether the carrier 

proteins interact directly with the CYP enzymes, the Km values for holo-CRBPs were ~3-

fold lower than for “free” RA. The evidence supporting the channeling of RA for catabolism 

comes from studies on tumorigenic cell lines. The overexpression of CRABP1 in F9, AMC-

HN-7 or A-498 carcinoma lines alleviated the anti-proliferative effect of RA [302-304]. 

Elevated levels of CRABPs have also been associated with a poor prognosis in several other 

types of cancer [305, 306]. The precise effect of these proteins on cancer cell proliferation 

and migration is likely tumor specific and involves the roles CRABPs in the redistribution of 

RA into nuclei. Both proteins were found to translocate to the nucleus [298, 307]. However, 

only CRABP2 increased the transcription rates of genes dependent on RA response elements 

[308, 309]. Thus, the function of CRABP1 might be to sequester excess RA, whereas 

CRABP2 acts as a specific delivery carrier for apo-RA receptors. Surprisingly, the 

disruption of either gene in mice did not affect development, fertility, life span or general 

behavior [310]. This lack of apparent phenotype was not due to the compensatory effect of 

CRABPs since Crabp1−/−/Crabp2−/− double-knockout mice also appeared to be essentially 

normal [310]. The possibility that other lipid-binding proteins may compensate for the 

absence of CRABPs has not yet been verified experimentally.

The tertiary structures of CRBPs and CRABPs are completely superimposable with Rmsd = 

1.5 Å [288]. Despite the high overall structural similarity, the organization of binding sites in 

CRABPs differs dramatically. In fact, none of the ligand-interacting residues are conserved 

between these classes of proteins. Consequently, the spatial position of the RA molecule in 

CRABPs does not overlap with ROL bound to CRBPs (Fig. 6C). RA binds much shallower, 

persisting near the entrance of the barrel. The portal region does not completely fold over the 

β-ionone ring, which is partially exposed to the solvent [311]. This phenomenon explains 

the ability of CRABPs to accommodate 4-oxo- and 2-hydroxo retinoic acids [312, 313]. 

Because the retinoid moiety is shifted upwards, the polar patch inside the binding site that 

accommodates the carboxyl group of RA is arranged differently than in CRBPs. The 

carboxyl oxygen atoms form an extended network of hydrogen bonds. These interactions 

directly involve the side chains of Arg and Tyr residues, as well as the ordered water 

molecules present in the binding site. The striking differences in the modes of interaction 

between retinoid ligands within the same structural scaffold prove the high universality and 

plasticity of the common lipocalin fold.
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6.4 Specialized ocular retinol-binding proteins

The primary function of vitamin A metabolism in the eye is to support the perception of 

light by providing visual chromophore, 11-cis-retinaldehyde [11, 12]. 11 -cis retinoids are 

produced enzymatically via the canonical visual cycle or by light-induced trcms to cis 
isomerization [12, 314, 315]. However, regardless of the mechanism of biosynthesis, the 11-

cis isomers require specialized binding proteins to facilitate their intra- and intercellular 

transport. Two retinoid-binding proteins are specifically expressed in the eye: cellular 

retinaldehyde-binding protein (CRALBP) and interphotoreceptor retinol-binding protein 

(IRBP) [316].

CRALBP is found predominantly in the RPE and Muller cells of the retina [317, 318]. This 

protein binds specifically 9- or 11-cis-retinol and RALs with low nanomolar affinities in 
vitro. However, only 11-cis isomers are associated with CRALBP isolated from natural 

sources [319-321] . In RPE cells, CRALBP sequesters 11-cis-retinaldehyde produced by the 

consecutive action of LRAT, RPE65, and RDH5. The bound ligand is protected from 

thermal re-isomerization or side reactions, and thus can be efficiently delivered to the plasma 

membrane for transport to the photoreceptors [322, 323]. This role of CRALBP was 

supported by in vivo studies. Although, Rlbp1−/− mice show no spontaneous retinal 

degeneration, the rate of visual chromophore regeneration after exposure to light was 10-fold 

slower than in the wild-type [324]. The effect of CRALBP-deficiency on cone function 

seems to be more complex, mostly due to our insufficient understanding of the cone 

regeneration process. The knockout mice revealed premature M-cone cell death, aberrant 

localization of M-opsin, and changes in M-cone cell dark adaptation rate [325]. This 

phenotype partially recapitulates rod/cone dystrophies observed in humans affected by 

mutations in the RLBP1 gene [326-328]. Importantly, M-cone sensitivity was restored upon 

viral-driven expression of CRALBP in Müller glia, but not in RPE cells, indicating the 

functional significance of Müller cells in the ocular retinoid metabolism [325].

CRALBP is not structurally related to lipocalins. Instead, it is a founding member of a 

family of carrier proteins containing the CRAL–TRIO domain, which is also present in 

proteins that bind non-retinoid lipids such as tocopherol, squalene, and phosphatidylinositol 

[329, 330]. There are two distinct domains within the CRALBP structure, the α-helical N-

terminal and the binding site containing αβα sandwich domain at the C-terminus (Fig. 7A) 

[331]. The cis retinoids-binding cavity is defined by the convex side of the β-sheet and the 

four adjacent helices. It adapts a curved shape, which is complementary to the 11-cis- and 9-

cis-configurations. When bound to CRALBP, the retinoid moiety is completely isolated from 

the bulk solvent. The β-ionone ring and the polyene chain is immobilized by multiple van 

der Waals interactions with the surrounding hydrophobic side chains. The carbonyl oxygen 

of 11-cis-retinaldehyde is positioned within hydrogen bonding distance from the side chains 

of Tyr and Glu residues (residues 180 and 220 in the human protein, respectively). The 

hydroxyl group of Tyr serves as a hydrogen donor for the carbonyl oxygen of the ligand, 

whereas the acidic oxygen of the Glu becomes a hydrogen acceptor for the hydroxyl of 11-

cis-retinol.

The second eye-specific retinoid-binding protein is IRBP. This relatively large (143 kDa) 

glycoprotein is secreted by photoreceptor cells into the intercellular space, where it 
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constitutes the majority of soluble proteins [332]. IRBP is thought to be involved in the 

transport and buffering of visual cycle retinoids, and thus facilitates metabolic interactions 

between the neural retina and the RPE. In this model, IRBP promotes the release of 11-cis-

retinaldehyde from the RPE and the re-uptake of ROL from rod outer segments [333, 334]. 

Surprisingly, although Irbp−/− mice show a progressive loss of photoreceptor nuclei and 

changes in the structure and organization of the receptor’s outer segments, they do not 

exhibit acute problems with vision or dark adaptation [335, 336]. These findings suggest that 

IRBP plays a subtler role, buffering the potentially cytotoxic effects of retinoids released 

from photoreceptors. It is also possible that IRBP is not explicitly involved in trafficking of 

retinoids. The lack of geometric specificity for the ligands, a relatively low affinity for 

retinoids (>100 nM), as well as the ability to interact with numerous other lipids, including 

fatty acids, α-tocopherol, and cholesterol indicates the more complex involvement of this 

protein in lipid transport [337-340].

A complete high resolution structure of IRBP has yet to be reported. The early biochemical 

and electron microscopy data indicate that the protein folds into four distinct modules of 

significant homology [340-342]. The polypeptide chain adopts a flexible, elongated shape, 

which undergoes conformational rearrangement upon saturation with ROL [341]. Each of 

the modules represents a functional unit as 3 to 4 independent binding sites have been 

postulated within IRBP [343, 344]. Partial information about the molecular organization of 

this protein can be inferred from the crystal structure of an individual module of Xenopus 
laevis IRBP [345]. This functional unit is composed of two domains (A and B) and a 

lipophilic hinge region (Fig. 7B). Interestingly, the two domain architecture as well as α-β-α 
sandwich motif present in IRBP resembles the structure of CRALBP (Figs. 7A, B). Two 

putative binding sites were identified within this structure, one in the hydrophobic cleft at 

the hinge region, the second within the α-β-α-fold of domain B. An additional smaller 

cavity can be seen in the β-β-α-spiral of domain A. Unfortunately, the lack of clear electron 

density for a retinoid ligand does not allow for the precise identification of the site of 

interaction. However, the crystal structure of a single module of related IRBP from zebrafish 

clearly indicated the presence of a single molecule of oleic acid that occupied the cavity 

within domain A [346]. The fluorescence titration of IRBP with ROL in the presence of fatty 

acids indicated only partial competition for the binding. Thus, retinoids and fatty acids 

interact with the protein simultaneously utilizing distinct binding sites. This finding only 

adds to the complexity of IRBP’s role in ocular lipid transport and requires further 

investigation.

6.5 A quest for carotenoid-binding proteins in vertebrates

Carotenoid-binding proteins (CBPs) have been identified and extensively studied in plants 

and cyanobacteria, where they are involved in the fundamental processes of light harvesting 

and protection against photo- and free radical-driven cell damage [347-349]. Representatives 

of CBPs have also been characterized in invertebrates. Crustacyanin isolated from the 

exoskeleton of a lobster, Homarus gammarus, is a carotenoprotein biological pigment (Fig. 

8A) [350, 351]. The interaction of astaxanthin with the protein scaffold causes a 

bathochromic shift in the absorbance spectrum of this carotenoid that gives a deep blue color 

to the lobster’s shell [352]. A lutein-specific binding protein was identified in the silkworm, 
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Bombyx mori [353]. This StART domain-containing protein has been genetically and 

functionally identified as an intracellular carrier involved in the facilitated intestinal uptake 

of carotenoids [354]. Despite these well-studied examples, relatively little information is 

available about specific CBPs in vertebrates. Yet, similarly to retinoid-binding proteins, they 

are likely to play a pivotal role in carotenoid absorption, transport between cellular 

organelles, and tissue-specific deposition. A great example of the latest is the selective 

accumulation of lutein and zeaxanthin in the macula of human and primate eyes. The 

concentration of these carotenoids in the foveal region of the macula exceeds 1 mM and is 

100-fold higher than in the peripheral retina [355, 356]. Notably, the amount of lutein and 

zeaxanthin present in the macula is dynamic and depends on the dietary intake of these 

carotenoids [357-359]. This phenomenon suggests a specific mechanism for the deposition 

of selected non-provitamin A xanthophylls that might be driven by CBPs.

So far, the quest for vertebrate CBPs has not been decisive. Attempts to purify CBPs from 

livers isolated from ferrets or quails failed to report the amino acid sequences of the 

candidate proteins [360, 361]. Other studies indicated that ubiquitous albumin, β-

lactoglobulin, or α-actinin can serve as non-specific carrier proteins for carotenoids 

[362-364]. Because of the high selectivity and enhanced deposition of carotenoids in the 

retina, this tissue becomes a source of putative CBPs. The fractionation of proteins 

associated with xanthophylls from human macula led to identification of glutathione-S-

transferase P1 isoform (GSTP1) as a putative zeaxanthin-binding protein [365]. However, it 

seems controversial that this ubiquitous enzyme of established physiological significance 

can act as a specific zeaxanthine binding partner in the ocular tissue. GSTP1 is a small (~24 

kDa) globular protein with a single glutathione-binding site located within the thioredoxin-

like domain [366]. Thus, the accommodation of large planar ligands such as zeaxanthins 

might be problematic without exposing a large portion of the hydrophobic ligand to the bulk 

solvent. Even more so at the proposed carotenoid/protein stoichiometry of 2:1 [365]. Also, 

human GSTP1 is readily crystallizable as evidenced by dozens of PDB depositions. Thus, 

the determination of the specificity of this protein’s interaction with zeaxanthins at the 

atomic level is achievable and awaits ultimate structural verification.

Interestingly, the isolation of carotenoid-rich fractions from human retina revealed an 

additional protein associated with lutein that immunologically cross-reacted with antibodies 

against the silkworm lutein-binding protein [367, 368]. This finding led to the identification 

of human steroidogenic acute regulatory domain protein 3 (StARD3) as a lutein-binding 

protein in the retina. Unlike GSTP1, StARD3 contains a canonical StART domain that 

serves as a versatile binding interface for lipids common in plants and animals [369, 370]. 

The main structural feature of StARD3 is the helix-grip fold with a nine-stranded curved β-

sheet and three α-helices enclosing a large, predominantly hydrophobic tunnel that extends 

through nearly the entire length of the protein (~24 Å) (Fig. 8B) [371, 372]. The most 

unusual feature of StARD3 as compared to others StART domain proteins is that the binding 

cavity is accessible by two openings at each end of the molecule. Unfortunately, attempts to 

co-crystallize StARD3 with lutein did not reveal the electron density for this ligand [372]. 

Docking experiments exposed several limitations that might prevent the efficient interaction 

of carotenoids with this carrier protein. The binding site is significantly shorter than 

zeaxanthin, which stretches over 30 Å long. Thus, it would be impossible to completely fit 
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the entire molecule into the cavity, exposing ionone rings to the solvent. However, this mode 

of binding has its precedence in recently discovered small helical carotenoid proteins from 

cyanobacteria [373]. Nevertheless, the preferred orientation of the zeaxanthin moiety in 

StARD3 incurs at least 14 steric clashes with atoms of the protein scaffold, which is 

unprecedented in other carotenoid binding proteins [372, 374, 375]. Also, the binding pocket 

features a large polar side chain of Arg351 that potentially restricts a ligand from penetrating 

the binding pocket. StARD3 has been extensively studied in the context of cholesterol 

binding and intracellular trafficking [376, 377]. Notably, Arg351 has been proposed to serve 

as the main hydrogen bonding contact for cholesterol’s 3-hydroxyl group [371]. However, 

like zeaxanthin, StARD3 has never been co-crystalized with a sterol ligand. In the light of 

inconclusive biochemical data, the future phenotypic examination of Stard3−/− mice in the 

context of carotenoid uptake and accumulation seems to be a rational approach for verifying 

the function of this protein in vivo [378].

7. RECEPTOR-FACILITATED CELLULAR UPTAKE OF CIRCULATING 

VITAMIN A

7.1 STRA6 represents a unique class of cell surface receptors

The main benefit of a complex system of vitamin A absorption and liver storage is the ability 

to maintain retinoid homeostasis independently from a varying amount of dietary vitamin A 

intake. The concentration of circulating holo-RBP4 is highly regulated and remains constant 

(2-3 μM), except in cases of extreme vitamin A deficiency or certain physiological 

abnormalities [379-381]. However, the accessibility of the vitamin A released by the liver 

does not explain the mechanism or specificity of ROL uptake by selected cell types. 

Although earlier studies indicated the existence of an RBP4-specific receptor on the surface 

of epithelial cells, its role has remained controversial for over three decades [382-384]. 

Finally, a biochemical approach using the photo-cross-linking method resulted in the 

identification of a candidate protein that constituted an integral membrane protein encoded 

by the STRA6 (stimulated by retinoic acid 6) gene [385]. The subsequent analysis of 

STRA6 activity revealed that this receptor facilitated the binding of holo-RBP4 to the cell 

surface, catalyzed the release of ROL from the binding protein, and promoted ROL partition 

into the plasma membrane [386]. Interestingly, the mechanism by which STRA6 exerts its 

biological function escapes the traditional classification of cellular receptors. STRA6’s 

action does not depend on endocytosis, does not require energy, and it is not driven by 

cotransport or an electrochemical gradient [387]. Instead, this receptor functions in 

association with two other proteins, CRBP1 and LRAT, the biological activities of which 

facilitate vitamin A uptake into a cell [387, 388]. Apo-CRBP1 stimulates STRA6’s activity 

by increasing retinol-binding capacity in the cytoplasm. However, the main factor is the 

esterification of ROL by LRAT, which creates a chemical gradient preventing the premature 

saturation of uptake [205, 385, 387, 388]. Remarkably, the action of STRA6 is bidirectional. 

In the presence of apo-RBP4, STRA6 promotes the efflux of ROL through loading of this 

carrier protein with the ligand as shown in vitro and in tissue culture assays [386, 388]. 

Thus, STRA6 can be considered as a founding member of a new class of cell-surface 

receptors [389].
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Concomitantly with the identification of STRA6 as a RBP4 receptor, independent studies 

show that mutations in STRA6 cause Matthew–Wood syndrome [390, 391]. This rare 

inherited disease is associated with the combination of developmental abnormalities that 

affect the eyes (microphthalmia), heart and lungs. Additionally, brain anomalies, mental 

retardation, and malformations of the kidneys have been reported in affected individuals 

[392, 393]. The clinical manifestations of Matthew–Wood syndrome strongly suggests a link 

between the STRA6 gene and retinoid homeostasis. The spectrum of developmental 

abnormalities may reflect not only the severity of particular mutations, but also differences 

in maternal vitamin A status [394]. The effects of a loss of Stra6 function in Strct6−/− mice 

are less severe, and limited predominantly to the ocular tissues. When kept on a vitamin A 

sufficient diet, these mice show a slightly smaller eye diameter and shortened outer segments 

of photoreceptor cells [395-397]. Retinoid levels in the RPE and retina were dramatically 

reduced, impairing phototransduction; however, this phenotype can be partially reversed by 

giving the effected mice pharmacological doses of vitamin A [396]. Notably, the 

concentration of retinoids in other tissues was no different than in wild-type mice. The 

physiological role of STRA6 was best illustrated during dietary vitamin A restriction. In 

Stra6−/− mice, ocular vitamin A content dropped below detection level after 4 months, 

whereas the same dietary restrictions resulted in an increase of retinoid amount in wild-type 

mice [396]. This finding indicates that STRA6 is mandatory for ocular vitamin A uptake 

from circulating holo-RBP4.

Although the role of STRA6 in extrahepatic retinoid hemostasis is established, much less is 

known about the re-uptake of circulating retinol from holo-RBP4 by the liver. Despite the 

lack of expression of STAR6 in liver cells, hepatocytes reveal a high affinity for RBP4 and 

are capable of the efficient uptake of retinol bound to RBP4 [398, 399]. These initial 

observations led to the hypothesis that there is a liver-specific receptor for RBP4 [400]. It 

has been identified 25 years later as a product of the 1300002K09Rik gene and named RBP4 

receptor-2 (Rbpr2) [401]. Consistently with its proposed function, RBPR2 is highly 

expressed in the liver and to a lesser degree in the small intestine, spleen, and the adipocytes 

of mice. While RBPR2 shares overall low sequence homology with STRA6, it has a similar 

molecular mass (70.1 kDa) and a predicted membrane topology that closely resembles that 

of STRA6 [401, 402]. Interestingly, RBPR2 is a single polypeptide chain protein in 

vertebrates with exception of human and other primates, where the protein is encoded by 

two separate genes located on chromosome 9. This unusual arrangement implies a need for 

the posttranscriptional assembly of the two unequal parts of the receptor into a functional 

unit. So far, the RBPR2-dependent uptake of retinol was confirmed in tissue culture 

experiments and in zebrafish models. The deletion of rbpr2 in zebrafish impaired the 

transport and distribution of retinol from the yolk of developing larvae, leading to 

developmental defects associated with vitamin A deficiency such as microphthalmia, 

hydrocephaly, and cardiac edema [403]. Because of the specificity of the zebrafish model, 

these results cannot be directly translated into the physiological function of RBPR2 in 

mammals. Therefore, the characterization of the phenotypic consequences of RBPR2 

deficiency in mice is necessary to definitely elucidate the physiological role of this receptor.
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7.2 A functional dimer of STRA6 is a gatekeeper for vitamin A entering the cells

In the absence of structural information, the intriguing mechanism by which STRA6 

acquires vitamin A bound to RBP4 remained controversial. Initial attempts to crystalize the 

receptor failed despite highly purified, functional, and monodisperse protein preparations 

[402, 404]. More recent screening for stable orthologs of mammalian STRA6, however, has 

led to the selection of the zebra fish form of this receptor for further research. Cryo-electron 

microscopy images of the zebrafish receptor allowed for determination of the molecular 

architecture of this receptor [402]. STRA6 assembles as an intricate, symmetric dimer with a 

large surface area (4,811 Å2) buried at the promoter interface (Fig. 9A). The dimer is 

anchored in the phospholipid membrane by 18 transmembrane (nine per monomer) and two 

horizontal intramembrane α-helices. The first five N-terminal α-helices of STRA6 fold into 

a distinct bundle that is separated from the rest of the structure by an intracellular domain. 

Long α-helices 6 and 7 extend above the plane of the lipid membrane at the extracellular 

side. Interacting with the same structural motif of the neighboring protomer they form a 

“dome” towering above an extensive hydrophobic cleft (Fig. 9A). Mutagenesis studies 

identified the apex of the dome-like structure as a putative site for holo-RBP4 binding [405]. 

Thus, it is reasonable to assume that holo-RBP4 interacts with this portion of the dome, 

which in turn weakens its affinity for ROL, leading to the deposition of ROL into the 

STRA6 outer cleft [402]. Interestingly, the cleft does not extend across the lipid bilayer, but 

rather ends about halfway through with a lateral exit window (Fig. 9B). This finding 

confirmed the previously observed phenomenon that ROL diffuses from holo-RBP4 via 

STRA6 into the phospholipid membrane [387]. However, it remains to be determined 

whether ROL release is achieved through conformational changes in RBP4 or by the 

enforced proximity of ROL to the highly hydrophobic interface of STRA6. The structure of 

a complex between holo-RBP4 and its receptor would definitely be informative, bringing 

new insights into this aspect of STRA6 function.

It is established that STRA6 is regulated transcriptionally in a retinoic acid-dependent 

manner [396, 406, 407]. Unexpectedly, the structure of STRA6 suggests alternative modes 

of regulation that can directly affect STRA6 activity. The receptor was found to co-purify 

with calmodulin, which binds tightly to the C-terminal cytoplasmic site of STRA6 (Fig. 9A) 

[402]. This Ca2+-dependent interaction occurs in a noncanonical manner. Importantly, the 

residues forming the STRA6/calmodulin interface are conserved across all species. In fact, 

the co-purification of calmodulin with STRA6 was also observed in the bovine proteins 

(communication by Dr. Hui Sun at the FASEB meeting 2013). Moreover, the peptide derived 

from the human receptor interacts with Ca2+-loaded calmodulin, forming a stable complex 

that readily crystalized [402]. Despite the structural data, the role of calmodulin in STRA6 

function remains elusive. Possible scenarios of regulation may include calmodulin-induced 

conformational changes in the receptor that in turn affect ROL diffusion or block interaction 

with other cytoplasmic partners. Although two polymorphisms in human STRA6 

(Arg655/Cys and Thr644/Met) located at the calmodulin binding interface are associated 

with Matthew-Wood syndrome, there is no experimental evidence showing a functional 

relationship between Ca2+ signaling and ROL uptake [390]. Another intriguing feature of 

STRA6 are two well-defined cavities within the N-terminal domain that constitute potential 

allosteric ligand binding sites (Fig. 9A). The larger pocket is located inside the bundle of α-
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helices and can be accessed from the extracellular side of the receptor, whereas a much 

smaller cavity is found on the cytoplasmic side. A potential ligand interacting at these 

binding sites has not yet been identified. Although, it is unclear whether the activity STRA6 

can be modulated by small molecule compounds, studies in this direction could lead to 

establishing STRA6 as a potential pharmacological target for treating diseases related to an 

imbalance in retinoid homeostasis.

8. CONCLUSIONS AND FUTURE PROSPECTS

The past two decades have brought unprecedented progress in our understanding of 

carotenoid and retinoid metabolism at the molecular level. The advances in structural 

biology reveal the details of the atomic organizations of key receptors, enzymes and 

transport proteins, providing a mechanistic explanation for their physiological functions. 

High-resolution structures in combination with modern experimental approaches have also 

verified old assumptions and became the basis for new data-driven hypotheses. Although a 

lot has already been accomplished, it is important to keep this momentum, as there are still 

many fundamental aspects of vitamin A biochemistry that require further investigation. We 

list a few subjective areas of interest, in which progress will be impactful on the field.

While the facilitated uptake of carotenoids by SCARB1 is well documented, the principles 

of the activity and selectivity of this receptor cannot be fully understood without structural 

data. The recent successful crystallization of the related CD36 and LIMP-2 receptors 

suggests that the determination of a high-resolution structure for SCARB1 is not out of 

reach [47, 48]. Such a structure in complex with a lipid molecule would be particularly 

interesting. Observing the electron density of a carotenoid within the receptor’s cavity would 

provide insightful knowledge about the pathway channeling hydrophobic molecules from 

the food matrix into enterocytes and potential methods of controlling the bioavailability of 

carotenoids.

The cloning of BCDO1 and BCDO2 and the establishment of their role in retinoid 

production provided a molecular explanation for the vitamin A-like biological activity of 

certain carotenoids first reported nearly 100 years ago [17, 69]. Although the activity of 

these enzymes has been characterized in detail, the molecular principles for their substrate 

specificity and Fe2+-dependent catalysis await further investigation. Also, BCDOs have 

tremendous significance for carotenoid and retinoid homeostasis. Ongoing and future studies 

on the effects of polymorphisms in human BCDO1 and BCDO2 genes may have important 

consequences for understanding the complex role of carotenoids in the health status of a 

population [15].

The molecular identification and structural determination of the architecture of STRA6 

greatly improved our knowledge of how vitamin A is distributed between tissues [385, 402, 

408]. However, the interaction of holo-RBP4 with the receptor, as well as the details of ROL 

channeling through STRA6 remain to be clarified. In this context, the trapping and cryo-EM 

imaging of a complex between RBP4 and STAR6 would be of particular interest. Such a 

structure may also shed new light on the role of TTR in docking of holo-RBP4 at the 

receptor surface. It remains to be determined whether the regulation of STRA6 activity is 
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due to interaction with calmodulin or some other small molecule modulators since the 

transcriptional regulation of STRA6 expression by RA seems not to be the only mechanism 

that governs the cellular uptake of vitamin A.

Although CRBPs are one of the most studied classes of proteins involved in retinoid 

trafficking, it remains unknown how they acquire ROL and which factors allow for the 

liberation and effective delivery of this ligand to retinol-processing enzymes. It is clear that 

this cannot be a stochastic event, but rather a controlled process facilitated by specific 

interactions with phospholipids or protein binding partners. Unfortunately, meaningful clues 

about the functional dynamics of CRBPs cannot be inferred directly from their structures. 

This important aspect of vitamin A biochemistry needs to be revisited using a combination 

of biophysical techniques and more advanced methods for detecting and stabilizing transient 

protein-protein or protein-lipid membrane interactions. Another emerging aspect of retinoid-

binding protein activity is their ability to bind endogenous non-retinoid lipids, as this has 

been recently shown for RBP4 and CRBP2 [253]. This previously unanticipated competition 

between lipids may have important consequences for the absorption and trafficking of 

retinoids.

Finally, the components of a feedback loop that functionally links the concentration of ROL 

in the blood with the mobilization of retinoids stored in the liver are currently unidentified. 

Any progress in the matter would open new research avenues for a better understanding of 

retinoid biology and, in the long term, could provide key insight into the effects of an 

imbalance in retinoid homeostasis on the health of humans.
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Abbreviations:

3D three-dimensional

ALDH aldehyde dehydrogenase

AKRs aldo–keto reductases

AWAT2 acyl-CoA wax alcohol acyltransferase 2

BCDO1 β-carotene-15,15’-dioxygenase; BCDO2 β-carotene-9’,10’-

dioxygenase
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CCOs carotenoids cleavage oxygenases

CD36 cluster determinant 36 receptor

CRABPs cellular retinoic acid-binding proteins; CRALBP, cellular 

retinaldehyde-binding protein

CRBPs cellular retinol-binding proteins

DGAT1 diacylglycerol O-acyltransferase 1

GSTP1 glutathione-S-transferase P1 isoform

HDL high-density lipoproteins

HRASLS H-ras-like tumor suppressor

IRBP interphotoreceptor retinol-binding protein

LIMP-2 lysosomal integral membrane protein-2

LRAT lecithin:retinol acyltransferase

MFAT multifunctional O-acyltransferase

NSE neurological sensory protein

RA all-trans-retinoic acid

RAL all-trans-retinaldehyde

RARs retinoic acid nuclear receptors

RBP4 retinol-binding protein 4

RBPR2 retinol-binding protein receptor-2

RDHs retinol dehydrogenases

ROL all-trans-retinol

SDRs short-chain dehydrogenase/reductases

SCARB1 class B scavenger receptor type I

StARD3 steroidogenic acute regulatory domain protein 3

STRA6 stimulated by retinoic acid 6

TTR transthyretin
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Figure 1–. Schematic representation of vitamin A uptake, transport, and metabolism.
Dietary retinyl esters (REs) and provitamin A carotenoids (pCars) are absorbed by 

enterocytes and converted into all-trans-retinol (ROL). The subsequent esterification of ROL 

enables the effective packaging and transport of REs by chylomicrons (represented by 

yellow spheres). Circulating chylomicrons deliver REs to the peripheral tissues, including 

the liver, where upon hydrolysis of REs resulting ROL is transported to hepatic stellate cells, 

re-esterified and stored. The mobilization of the hepatic pool of retinoids requires the 

hydrolysis of REs, transport of ROL back to the hepatocytes, and binding to RBP4. The 

complex of RBP4 and TTR is subsequently secreted to the blood stream. The effective 

uptake of ROL bound to RBP4 is achieved by the interaction of holo-RBP4 with its cell 

surface receptor, STRA6. Inside the peripheral tissues, ROL can be enzymatically oxidized 

to all-trans-retinaldehyde (RAL) and all-trans-retinoic acid (RA). In specialized RPE and 

photoreceptor cells, ROL can be utilized for the production of visual chromophore (11-cis-

RAL) via the visual cycle metabolic pathway. Each step of the vitamin A metabolic 

pathways is accompanied by a set of specialized receptors, enzymes, and binding proteins. 

Those with known 3D structures are represented by colored cartoon structures. Proteins for 

which detailed molecular architectures remain unknown are depicted as grey colored 

models. Abbreviations used are the following: BCDO1, β,β-carotene-15,15-dioxygenase; 

CRABPs, cellular retinoic acid-binding proteins; CRBP1, cellular retinol-binding protein 1; 

CRBP2, cellular retinol-binding protein 2; CRBPs, cellular retinol-binding proteins; LRAT, 

lecithin:retinol acyltransferase; RALDHs: retinaldehyde dehydrogenases; REHs, retinyl 

ester hydrolases; RBP4, serum retinol-binding protein; SCARB1, scavenger receptor class B 

type 1; SDRs, short-chain dehydrogenases/reductases; STRA6, stimulated by retinoic acid 6; 

TTR, transthyretin.
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Figure 2–. Molecular model of SCARB1 receptor.
(A) A putative membrane topology of SCARB1. The model of the human receptor was built 

based on the crystal structure of CD36 (PDB #5LGD) using SWISS-MODEL on the 

ExPASy web server and further optimized in CHIMERA [56, 57]. The central core channel 

present in SCARB1. The cavity spanning across the receptor involved in lipid transport is 

marked in red. Channel entrance 1 represents a site where a transported lipid molecule is 

acquired from mixed micelles, whereas channel entrance 2 may correspond to an interaction 

site with small molecule modulators of the receptor’s activity. The CavityPlus server was 

used for the identification of the intermolecular surface of the channel and the entry and exit 

sites [58]. (B) The vicinity of the entrance to the channel. The channel opens into a partially 

positively charged amphiphilic patch (marked by a yellow oval) that may facilitate 

interaction with intestinal mixed micelles. The color scheme represents charge distribution 

on the surface of the soluble part of the receptor. Negative charges are shown in red and 

positive charges in blue.
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Figure 3–. Structure and enzymatic function of mammalian BCDOs.
(A) The overall molecular organization of BCDOs represented by a homology model of 

human BCDO1. The model was built based on the crystal structure of RPE65 (PDB #4F2Z). 

The side chains of conserved histidine residues involved in the coordination of an iron ion 

are shown in the center. (B) A proposed mechanism for the enzymatic cleavage of 

carotenoids by BCDOs. The dioxygenase mechanism is supported by the incorporation of 

both oxygen atoms derived from O2 into the products of the reaction. Panels C and D 

represent structural models and reactions catalyzed by BCDO1 and BCDO2, respectively. 

The channels leading to the active sites of the enzymes are marked in red. Marked residues 

are responsible for the difference in the aperture of the binding cavities and thus contribute 

to the enzymes’ substrate selectivity. An alternative position of a double bond in the 

substrates for BCDO2 are marked with a dashed line.
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Figure 4–. Structure and catalytic mechanisms of RDHs and ALDHs.
(A) A cartoon representation of RDH from Drosophila melanogaster (PDB # 1B2L). The 

labeled amino acids correspond to key residues involved in the catalysis. A putative 

orientation of the retinoid substrate is marked by a phenol molecule present in the structure 

(green and red). The secondary structures that constitute the Rossmann fold are colored blue 

(β-strains) and purple (α-helices). (B) The reversible transfer of hydride from the S4-face of 

the nucleotide cofactor to RAL to produce pro-R-ROL. (C) The structure of human 

ALDH1A3 in complex with RA (PDB #5FHZ). Residues essential for the catalysis are 

contoured and labeled. RA molecule is shown in green and red. The secondary structures 

corresponding to the Rossmann-like fold are indicated as in panel A. The catalytic domain is 

colored orange, whereas the dimerization domain is shown in salmon. (D) The catalytic 

mechanism of RAL oxidation to RA involves the transient covalent addition of the retinoid 

moiety to the catalytic cysteine residues in the form of a thioester.
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Figure 5–. Structural model of human LRAT.
(A) Ribbon representations of the enzyme in a dimeric form positioned at the lipid 

membrane. Each protomer contains an N-terminal amphiphilic α-helix (AH) as well as a 

transmembrane one (TMH) at the C-terminus. The acyl moieties forming thioester bonds 

with the catalytic cysteine on each monomer are represented with atomic spheres. The model 

was built using the SWISS-MODEL server based on PDB # 4Q95. (B) Zoomed in view of 

the architecture of the catalytic domain of LRAT. Each active site is formed by residues 

donated by both protomers. The labeled histidine and serine residues constitute the catalytic 

triad. (C) A schematic representation of the acyl transfer catalyzed by the enzyme indicating 

the transient thioester intermediate of the reaction.
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Figure 6–. Structures of retinoid-binding proteins involved in extra- and intracellular transport.
(A) A complex of holo-RBP4 with a tetramer of TTR (PDB # 3BSZ). ROL molecules bound 

to RBP4 are shown in green. (B) The molecular architecture of human holo-CRBP1 (PDB # 

5H8T). Labels indicate the parts of the protein that form the portal region. (C) A crystal 

structure of CRABP2 in complex with RA. The bound ligand is colored blue. Analogously 

to panel B, parts of the protein corresponding to the portal region are marked.
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Figure 7–. Structures of eye-specific retinoid-binding proteins.
(A) CRALBP in complex with 11-cis-retinaldehyde (PDB # 3HY5). The location of the 

retinoid molecule within the binding pocket is shown in orange. (B) The structure of module 

2 from Xenopus laevis IRBP (PDB #1J7X). Two cavities that represent binding sites are 

marked in red, whereas a lipophilic hinge region is colored purple. The CavityPlus server 

was used to identify the intramolecular cavities and binding sites [58].
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Figure 8–. Carotenoid-binding proteins.
(A) The mode of astaxanthin binding by β-crustacyanin from Homarus gammarus (PDB # 

1GKA). The accommodation of the relatively large ant stiff carotenoid ligand is achieved by 

the homodimerization of the protein. Notably, the protein environment at each end of the 

carotenoid molecule is dissimilar. (B) A crystal structure of human StARD3 (PDB # 5I9J). 

The large internal cavity representing the lipid-interaction site is shown in blue.
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Figure 9–. Molecular architecture of STRA6 in complex with calmodulin.
(A) The cryo-EM dimeric structure and lipid membrane topology of the receptor. An 

individual protomer is shown in color. The numbers indicate transmembrane helices present 

within the protein. Calmodulin interacting at the intracellular site of STRA6 is shown in 

pink. Two cavities that represent putative small molecule-binding sites are colored in red. 

IMH – intramembrane helix. (B) A surface representation of STRA6. Colors from blue to 

red indicate increasing hydrophobicity. The location of the binding site for holo-RBP4 and a 

hydrophobic outer cleft as well as the presence of a well-defined lateral window suggest a 

putative ROL transfer pathway from the binding-protein to the plasma membrane (indicated 

with green arrows).
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