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Abstract

Evolving 40 times independently, eyes are striking examples of convergent evolution in that 11-cis retinaldehyde is always used

for photon capture, yet the mechanism for its regeneration may be dramatically different in between systems. In particular, insects,

cephalopods and vertebrates show varying physical separation of the cisfi trans photoisomerization and chromphore reisomer-

ization. In the vertebrate retina, these two processes are actually distributed between different cells. This compartmentalization is

made possible by the phylogenetic innovation of the two-layered optic cup of the vertebrate retina. This unprecedented design

created the subretinal space as a novel anatomical compartment allowing photoreceptors access to the retinal pigment epithelium

(RPE) and M€uuller cells, the two cell types which share the burden of 11-cis retinoid regeneration. To take advantage of this ar-

rangement, early vertebrates appear to have recruited for retinoid binding, the bba-spiral fold proven useful in enoyl-CoA isom-

erase/hydratases, and the carboxy-terminal proteases for stabilizing hydrophobic ligands. Quadruplication of this functional domain

within a single polypeptide lead to the emergence of interphotoreceptor retinoid-binding protein (IRBP). IRBP is the main soluble

component of the IPM, and is prevented from diffusing out of the subretinal space because its large size excludes it from the

photoreceptor/M€uuller cell zonulae adheretes. Despite this physical entrapment, IRBP is rapidly turned over within the IPM through

a process that coordinates secretion of the protein by the photoreceptors, and its removal from the matrix by RPE and photore-

ceptor endocytosis. The present review will summarize what is known about the structure and function of IRBP to anticipate future

avenues of research.

� 2003 Published by Elsevier Ltd.
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1. The invertebrate retinoid cycle is confined to the
photoreceptor cell

Although the term ‘‘retinoid cycle’’ in this conference

usually refers to the process of visual pigment regener-

ation in the vertebrate eye where it was first described,

an analogous process is critical to the function of the

invertebrate retina (Marmor & Martin, 1978). Insect

eyes, are typically arranged in a faceted partial sphere
consisting of as many as thousands of ommatidia, the

basic unit of these compound eyes (Land, 1980) (Fig.

1A). Each ommatidia contains eight retinula cells with

visual pigment contained in microvilli organized into

rhabdomeres analogous to vertebrate outer segments.
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In the rhabdomere of the insect retinula cells, as in
the photoreceptors of all animals, vision begins with the

photoisomerization of 11-cis retinaldehyde to all-trans

retinaldehyde. However, in insects the all-trans isomer

remains bound through its Schiff base to rhodopsin

forming a thermally stable metarhodopsin. The G pro-

tein activation is simpler for invertebrate because unlike

vertebrate rhodopsin, the active invertebrate photo-

product can be formed directly without Schiff base de-
protonation (Hara, Hara, Tokunaga, & Yoshizawa,

1981; Nakagawa, Iwasa, Kikkawa, Tsuda, & Ebrey,

1999). From this metarhodopsin, the original rhodopsin

is regenerated through the absorption of a second pho-

ton. Thus, insects have an elegant version of the visual

cycle consisting of a rhodopsin/metarhodopsin photo-

equilibrium without the apparent need of accessory

retinoid-binding proteins (Fig. 1A).
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Fig. 1. The invertebrate visual cycle is an intracellular process. (A) Left, diagram of a compound eye of an insect with a sector exposed, within the

photoreceptor cell (retinule; f in drawing), all-trans retinaldehyde photoisomerization from the 11-cis retinaldehyde remains bound to rhodopsin

through its Schiff base forming a thermally stable metarhodopsin. The active photoproduct is formed directly without Schiff base deprotonation.

Finally, the original rhodopsin is regenerated from metarhodopsin through the absorption of a second photon. Thus, the insect visual cycle consists

of a rhodopsin/metarhodopsin photoequilibrium without the apparent need of accessory retinoid-binding proteins. (B) Left, diagram of the eye of a

typical cephalopod. Although remeniscent of the vertebrate eye; the cephalopod retina (d) inverted with the photoreceptors position on the inner

surface of the retina. Unlike the insect system, cephalopod metarhodopsin is ‘‘Unstable’’ resulting in hydrolysis of the Schiff base and release of all-

trans retinaldehyde. The retinoid is picked up by retinaldehyde binding protein (RALBP) which translocates it to the photoreceptor inner segment

myeloid bodies to complex with retinochrome. There photon capture returns the chromophore to the 11-cis configuration. The 11-cis retinaldehyde is

returned to the rabdoms via RALBP regenerating the rhodopsin. Although the visual cycle retinoids are transferred via RALBP between rhodopsin

and retinochrome, the process appears confined to the photoreceptor cell. The drawings are reprinted from Duke-Elder (1958) with permission from

Elsevier.

3022 F. Gonzalez-Fernandez / Vision Research 43 (2003) 3021–3036
Like insects, the dibranchiate cephalopods, which

include squid, cuttlefish, and octopus, reform their 11-
cis chromphore photochemically, but do so using a

second visual pigment (Hara-Nishimura, Kondo, Ni-

shimura, Hara, & Hara, 1993; Hara-Nishimura et al.,

1990). These marine invertebrates, have a highly devel-

oped eye representing a classical example of convergent

evolution. The cephalopod eye appears similar to ver-

tebrate eyes in that it contains a single chamber with a

single prominent lens (Fig. 1B). However, the cephalo-
pod retina, which is composed mainly of only two types

of cells, visual and supporting cells, has an inside-out

arrangement compared to that of vertebrates (Messen-

ger, 1981). In fact, their long photoreceptor outer seg-

ments (rhabdoms) are located in the inner retina close to

the lens. In the rhabdoms, 11-cis retinaldehyde bound to

rhodopsin is photoisomerized to the all-trans isomer

forming metarhodopsin. However, unlike the insects
system, cephalopod metarhodopsin is unstable resulting

in hydrolysis of the Schiff base and release of all-trans

retinaldehyde. The retinoid is picked up by retinalde-
hyde binding protein (RALBP) which translocates it to

the photoreceptor inner segment myeloid bodies to
complex with retinochrome (Molina et al., 1992; Ozaki,

Terakita, Hara, & Hara, 1987; Terakita, Hara, & Hara,

1989). There photon capture returns the chromophore

to the 11-cis configuration (Hara et al., 1981). The 11-cis

retinaldehyde is returned to the rabdoms via RALBP

regenerating the rhodopsin (Fig. 1B).

Thus, the insect and cephalopod systems both rely on

photochemical mechanisms to reform 11-cis isomer. The
difference is that cephalopods use a dual system of

photosensitive chromoproteins with rhodopsin and re-

tinochrome being stereospecific for 11-cis and all-trans

retinaldehyde respectively (Hara-Nishimura et al.,

1993). The recruitment of a retinoid-binding protein in

the cephalopod visual cycle has been interpreted to

provide a shuttle for visual cycle retinoids to traffick

between the rhadoms and inner segment myoids (Hara
& Hara, 1976; Terakita et al., 1989). Nevertheless, the

cephalopod retinoid cycle is similar to that of insects as

the entire cycle is contained within the same cell.
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2. The vertebrate retinoid cycle introduces a new chal-

lenge––retinoid trafficking between cells

The embryology of the vertebrate eye is fundamentally

different from that of invertebrates in that the eye arises

from an out-pouching of the neuroectoderm, the optic

vesicle. Involution of the vesicle results in a two-layered

optic cup. The outer layer of the optic cups remains as a
single layer of pigmented epithelium forming the outer

epithelial layer of the iris and ciliary body, and the retinal

pigment epithelium (RPE). The inner layer of the optic

cup becomes the inner pigmented layer of the iris, the

inner nonpigmented layer of the ciliary body, and the

neural retina (Fig. 2A). At the level of the iris and ciliary

body, the two epithelial layers are physically attached

through junctional complexes. However the neural retina
and RPE are separated only by the interphotoreceptor

matrix (IPM), and therefore are susceptible to detach-

ment, a not uncommon clinical problem.

The IPM provides a way that retinoids can be ex-

changed between the photoreceptors, RPE and M€uuller
cells. Furthermore, unlike cephalopods where retinal-

dehyde is shuttled between rhodopsin and retinochrome,

all-trans retinaldehyde released from vertebrate rho-
dopsin is first reduced to all-trans retinol by an outer

segment retinol dehydrogenase. The all-trans retinol

then leaves the outer segment, crosses the IPM, and then

traverses the apical RPE cell membrane. Within the

RPE, lecithin:retinol acyltransferase (LRAT) esterifies

all-trans retinol to all-trans retinyl palmitate which be-

comes the substrate for a retinol isomerohydrolase

(Rando, 1996). The product of this reaction is 11-cis
retinol and palmitate. This generation of 11-cis chro-
Fig. 2. The design of the vertebrate retina departs from that of nonvertebra

derived embryologically from the involution of the optic vesicle, provides th

(IPM). (A) In this haematoxylin and eosin stained paraffin section from the

empty spaces between the outer segments (OLN, outer nuclear layer; ELM, ex

retinal pigment epithelium; BM, Bruch’s membrane). This photomicrograph

photomicrograph of two human photoreceptors in approximate cross-secti

(asterisk) appears as an amorphous extracellular material completely surrou

Alvarado, and Weddell (1971) with permission from Elsevier.
mophore appears to be supplemented by a light depen-

dent pathway through RGR in the RPE (Chen, Hao,

et al., 2001; Chen, Lee, & Fong, 2001; Maeda et al.,

2003; Nakashima et al., 2003; Pepperberg & Crouch,

2001; Wolf, 2002). The 11-cis retinol is esterified for

storage, or oxidized to 11-cis retinaldehyde by 11-cis

retinol dehydrogenase. Finally, 11-cis retinaldehyde is

released from the RPE, crosses the IPM, and enters the
outer segments to associate with rhodopsin. The cycle is

amazing given the lability and toxicity of the visual cycle

retinoids, and the combination of extracellular, intra-

cellular and transmembrane domains that must be tra-

versed on each round-trip. Furthermore, the cycle

accommodates large ranges in chromophore flux to

operate in both dim and bright light conditions. Al-

though the rate of movement of retinoids through
aqueous compartments is rapid, the capacity for transfer

is very low given the low solubilities of retinol and ret-

inaldehyde.

To address these challenges, the vertebrate visual

cycle possesses a remarkable collection of enzymes and

retinoid-binding proteins. The enzymology of the visual

cycle is an exciting area of research and reader is re-

ferred to excellent reviews on the subject and other pa-
pers in this symposium (McBee, Palczewski, Baehr, &

Pepperberg, 2001; Saari, 1994, 2000). A collection of

mainly unrelated proteins are employed by retina to

escort the retinoids through this sophisticated enzymatic

machinery on their remarkable journey through the

photoreceptor/RPE complex. Compartmentalization is

a common theme in the distribution of these proteins.

Retinol-binding protein (RBP), which is produced in
the liver and responsible for mobilizing liver stores of
tes with the construction of a two layered system. This arrangement,

e rods and cones access to the RPE via the interphotoreceptor matrix

outer human retina, the IPM appears, due to a processing artifact, as

ternal limiting membrane; IS, inner segment; OS, outer segment; RPE,

is an unpublished image from the author’s laboratory. (B) Electron

onal orientation indicated by the slanted two sided arrow. The IPM

nding the outer (b) and inner (a) segments. This EM is from Hogan,
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vitamin A, is largely restricted to the serum and accesses

the basal surface of the RPE to release all-trans retinol

to the RPE. All-trans retinol also arrives at the apical

surface of the RPE having been released from the outer

segments and presented to the RPE by interphoto-

receptor retinol-binding protein (IRBP). How retinol

crosses either the basal or apical plasma membrane is

not known, but once in the cytoplasm it is escorted to
LRAT by cellular retinol-binding protein (CRBP). The

11-cis retinol released from the isomerohydrolase may

either be oxidized to 11-cis retinaldehyde or esterified.

How the reformed 11-cis retinaldehyde is released from

the RPE is unknown.
3. The interphotoreceptor matrix––a novel structure for
the two layered vertebrate retina

The double layered retina is an innovation bringing

into physical proximity the photoreceptors, RPE and

M€uuller cells (Bok, 1985, 1993; Mieziewska, 1996). Each
of these cells borders the subretinal compartment which

is filled with an interesting extracellular material termed

the IPM (Hageman & Johnson, 1991). The IPM is a

complex structure consisting of interphotoreceptor ret-

inoid-binding protein (IRBP) (Fig. 3), growth factors
Fig. 3. Distribution of IRBP in the adult light adapted albino xenopus

laevis retina. The primary antibody was a rabbit antixenopus IRBP

serum. (A) Immunoperoxidase localization of IRBP to the light

adapted adult albino xenopus retina. (B) Immuno-gold electron pho-

tomicrograph of the longitudinal edge of a rod outer segment. La-

beling of IRBP is restricted to the extracellular material coating the

surface of the outer segment. These images are adapted from Hessler,

Baer, Bukelman, Kittredge, and Gonzalez-Fernandez (1996) and re-

printed by permission of Wiley-Liss, Inc., a subsidiary of John Wiley &

Sons, Inc.
(Hageman, Kirchoff-Rempe, Lewis, Fisher, & Ander-

son, 1991; Hewitt, Lindsey, Carbott, & Adler, 1990),

metalloporoteases (Plantner, Smine, & Quinn, 1998),

hyaluronan and hyaluronan binding proteoglycans

(Hollyfield, 1999), and sulfated glycoaminoglycans

(Kuehn & Hageman, 1999). The IPM appears to medi-

ate many of the critical interactions between the pho-

toreceptors, RPE and M€uuller cells including retina/RPE
adhesion, outer segment phagocytosis, outer segment

structural stability, and nutrient exchange.

It is important to appreciate that establishing that

a protein is a component of the IPM may require

a combination of biochemical and morphological ap-

proaches. For example, biochemical extracts of the IPM

are usually contaminated by serum proteins, and pro-

teins introduced by retinal cells damaged during the
dissection. For example, the typical aqueous extract

(retina soak) of the IPM shows a numerous proteins on

Coomassie blue stained SDS-PAGE, with albumin and

other proteins often dominating the profile. However, if

the aqueous extract is obtained in a manner that does

not disrupt the tissue significantly, a more accurate

representation of the IPM protein profile may be ob-

tained. Under such controlled conditions where the
subretinal compartment is accessed by a microcannula-

tion, IRBP is found to be the most prominent soluble

component of the IPM as shown in Fig. 4. Therefore, if

a protein is thought to be present in the IPM on the

basis of typical biochemical extraction, immunohisto-

chemical methods are often required to establish that the

protein is truly localized to the IPM.
4. IRBP––an unusual retinoid-binding protein that is

sequestered within the subretinal space

Compartmentalization is typically important for
the function of retinoid-binding proteins. As discussed

above, IRBP is apparently restricted to the subretinal

space. How is this compartmentalization achieved? Al-

though we cannot completely rule out that IRBP has an

affinity for some component of the IPM, its sequestra-

tion within the IPM appears to be mainly related to its

large overall molecular size and the particular anatomy

of the outer retina. The subretinal space is bordered
posteriorly by the RPE and anteriorly by the photore-

ceptors and M€uuller cells. Adjacent RPE cells are con-

nected by zonulae occludens which prevent the passage

of all proteins. However, the zonulae adherentes sepa-

rating the photoreceptors and M€uuller cells allow the

passage of proteins with a Stokes’ radius under 30 �AA
(Bunt-Milam, Saari, Klock, & Garwin, 1985). Small

proteins such as serum-retinol binding protein (RBP)
would easily pass through the zonulae adherentes. In

contrast IRBP (Stokes’ radius ¼ 55 �AA) is larger than the

zonulae adherentes exclusion limit.



Fig. 4. Characterization of soluble interphotoreceptor matrix proteins by a gentle wash procedure. (A) A small canula is placed within the monkey

subretinal space allowing the gradual introduction of saline into the space producing a retinal detachment. The fluid is then withdrawn and subjected

to SDS-PAGE. The diagram is provided by Dr. Bruce Pefeffer and Dr. Barbara Wiggeret (the artist was Dr. John Roberts). (B) Coomassie blue

stained gel showing molecular weight markers and the matrix extract. Note that IRBP is the major soluble component of the extract. Panel B is

adapted from Pfeffer et al. (1983) and reprinted by permission of Wiley-Liss.
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IRBP is unusually large for a retinoid-binding protein

because it consists of four consecutive modules each

�300 amino acid residues in size. The gene appears to

have arisen from the quadruplication of an ancient gene

(Borst et al., 1989). Perhaps the innovation of the optic

vesicle provided an evolutionary pressure toward se-

lecting a protein that could be confined to the subretinal
space. Indeed, the four-modular IRBP appears to have

arisen early in the evolution of the vertebrate eye. Each

module contains a structural domain recruited from

enzyme systems having neither role in retinoid binding

nor in vision (see below).
5. Function of IRBP

The function of IRBP is probably related to the

structure and function of the IPM. As mentioned above,

a number of functions have been attributed to this ex-
tracellular matrix including developmental interactions

and nutrient exchange. In this context there is evidence

that IRBP may have a role in both of these functions

although most studies have focused on the latter in re-

lation to the retinoid cycle.

Role in retinal development. The development of the

vertebrate retina depends on retina-RPE interactions

(Hollyfield & Witkovsky, 1974; Stiemke, Landers, al
Ubaidi, Rayborn, & Hollyfield, 1994). IRBP accumu-

lates in the subretinal space before the retinoid cycle is

operational (Carter-Dawson et al., 1986; Carter-Daw-

son & Burroughs, 1989; Eisenfeld, Bunt-Milam, & Saari,

1985; Gonzalez-Fernandez & Healy, 1990; Hauswirth,

Langerijt, Timmers, Adamus, & Ulshafer, 1992; Hessler

et al., 1996). It is possible that IRBP may participate in

retinal development by facilitating the transport of ret-
inoids and/or other nutrients between the RPE and de-

veloping retina. The gene for IRBP is expressed early

during rodent retinal development, and is upregulated
before that of opsin (DesJardin, Timmers, & Hauswirth,

1993; Gonzalez-Fernandez & Healy, 1990; Gonzalez-

Fernandez et al., 1993; Liou, Wang, & Matragoon,

1994). Targeted disruption of IRBP results in early

photoreceptor degeneration in transgenic mice (Liou

et al., 1998). In the Xenopus embryo, IRBP is first ex-

pressed by photoreceptors in the central retina, and a
central-to-peripheral gradient of IRBP appears to be

established by diffusion of IRBP through the subretinal

space (Hessler et al., 1996). Such a gradient could allow

IRBP to transport retinoid and fatty acids from the RPE

to the developing peripheral retina.

Further surprises were noted in the developing ze-

brafish retina (Stenkamp, Cunningham, Raymond, &

Gonzalez-Fernandez, 1998). Remarkably, IRBP mRNA
is expressed not only by the photoreceptors but also by

the adult and embryonic RPE. In embryos, expression in

both retina and RPE begins in a ventronasal patch and

spreads to involve the entire eye (Fig. 5). In general,

early IRBP mRNA expression was dominated by pho-

toreceptors, but then RPE expression spread beyond the

limit of photoreceptor expression. Double in situ hy-

bridizations suggest that cones express IRBP mRNA
before they express a specific opsin, while rods may

express rod opsin prior to IRBP. These patterns of

IRBP expression by the RPE and retina are consistent

with a role in retinal development, and suggest coordi-

nation of RPE and photoreceptor differentiation. Fur-

ther studies are need to determine what is the specific

role of IRBP in retinal development.

Role in the retinoid-cycle. Most studies into the
function of IRBP have focused on the visual cycle

trafficking of 11-cis retinal and all-trans retinol between

the photoreceptors and the RPE. Here, IRBP has been

thought to promote the exchange of these retinoids by

several mechanisms (Crouch, Chader, Wiggert, & Pep-

perberg, 1996; McBee et al., 2001; Pepperberg, Okajima,

Ripps, Chader, & Wiggert, 1991; Pepperberg et al.,



Fig. 5. IRBP mRNA expression in embryonic zebrafish whole mounts. (A) 31 hrs post-fertilization (hpf) zebrafish hybridized with IRBP cRNA. Five

cells on dorsal midline surface of head are labeled; e, eye. (B) 53 hpf zebrafish eye, lateral view, hybridized with IRBP cRNA. Approximately 10 cells

in ventral retina are labeled; v, ventral; n, nasal. Inset shows a 53 hpf zebrafish eye, same orientation, hybridized with rod opsin cRNA; approxi-

mately 25 cells are labeled. (C) 55 hpf zebrafish eye, same orientation as in B, hybridized with IRBP cRNA. Several additional photoreceptors outside

of ventral patch (arrows) are labeled. (D) 60 hpf zebrafish eye, same orientation as B and C, hybridized with characteristic of RPE. Scale bars ¼ 50

lm; bar in B applies to C and D; Reprinted from Stenkamp et al. (1998).
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1993; Saari, 1994, 2000; Saari, Teller, Crabb, & Bred-

berg, 1985). First, since retinoids are insoluble com-

pounds, IRBP is thought to solubilize retinoids within

the IPM. Indeed, early studies emphasized the fact that
Fig. 6. High-performance liquid chromatography of retinoids ex-

tracted from IRBP. IRBP was purified from: (A) 24 h dark adapted,

and (B) 0.5 h light-adapted Rana pipien frogs. Reprinted from Lin,

Fong, and Bridges (1989) with permission from Elsevier.
IRBP contains endogenous visual cycle retinoids (Fig.

6). Second, IRBP is thought to target the delivery of all-

trans retinol to the RPE (Okajima, Pepperberg, Ripps,

Wiggert, & Chader, 1989), and promote the release of

1l-cis retinal from the RPE (Carlson & Bok, 1992, 1999;
Okajima, Pepperberg, Ripps, Wiggert, & Chader, 1990;

Sun & Ripps, 1992). The molecular mechanism involved

in these very interesting processes are unknown and

likely to involve specific interactions with IRBP.
6. New concepts regarding the potential role of IRBP in

the visual cycle

In regards to the role of IRBP in the retinoid cycle,

several new pieces to the puzzle have emerged in recent

years. First, IRBP is not completely restricted to the

IPM, but appears to be present within some of the cells

that border the subretinal space particularly the IPM.
Second, IRBP is rapidly turned over in the IPM. Third,

regeneration of cone visual pigment depends on a reti-

noid cycle involving the M€uuller cells.
IRBP is not strictly an extracellular protein. Evidence

is mounting that intracellular IRBP may have an im-

portant role in the function of IRBP. In Xenopus, the

RPE contains 34 pmol, or �20%, of the total IRBP in

the eye (Cunningham & Gonzalez-Fernandez, 2003).
This IRBP represents a fraction of IRBP that resists

saline wash (Fig. 7). Within the RPE, immuno-electron

microscopy localized IRBP to early RPE phagosomes



Fig. 7. Evidence for an intracellular pool of IRBP. (Left): Immunohistochemical localization of IRBP in the washed RPE eyecup (A–D). Transverse

sections were incubated with a rabbit anti Xenopus IRBP serum diluted 1:1000 followed by a biotinylated goat anti-rabbit IgG before treatment with

avidin:biotin peroxidase complex. The primary antibody was preadsorbed with recombinant Xenopus IRBP in the left panels (A, C). Panels A, B

corresponds to mid-light; panels C, D correspond to mid-dark. All sections were counterstained with azure blue which metachromatically stains

melanin granules blue-green (small arrows). Large arrows indicate RPE nuclei stained blue by azure blue. Calibration bar in H equals 25 lm in each

panel. (Right): IRBP content of matrix extract, RPE and retina following multiple washes. Quantitative Western blot analysis was used to determine

the relative amount of IRBP in each of 5 saline washes (A) and in the washed RPE eyecup (B) and retina (C). Washed RPE eyecups were collected

just after photoreceptor outer segment disc shedding (1 h after light onset, 1 h) and just before light offset (11 h). The IPM, RPE and retina were

found to contain �75%, 18%, and 7% of the total IRBP in the eye, respectively. The bar graph shows the Phosphorimager band densities (mean-

± SEM, n ¼ 5 pairs of eyes) for each wash and the washed RPE eyecups and retinas. The data presented here is adapted from Cunningham and

Gonzalez-Fernandez (2003) and reprinted by permission of Wiley-Liss.
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and numerous endosomes. An example of the latter is

shown in Fig. 8. These recent observations are not in-

consistent with the older literature. An earlier immuno-

electron microscopy study detected IRBP in RPE

phagosomes and cytoplasmic vesicles and occasional

myoid inner segment vacuoles in the mammalian and
amphibian retinas (Schneider, Papermaster, Liou, Fong,

& Bridges, 1986). An immunoperoxidase study of IRBP

in the Xenopus retina noted RPE cytoplasmic staining,

but could not determine whether the reaction product

represents genuine cytosolic IRBP, nonspecific immu-

noreactivity, and/or melanin particles (Fig. 4 of Hessler
Fig. 8. Immuno-electron photomicrograph of an IRBP containing apical R

albino Xenopus retinas were treated with anti-Xenopus IRBP serum followe

segment (ROS) abuts against two apical RPE villi each labeled ‘‘V’’. Betwee

ends in an endocytic pit containing immunogold labeled interphotorecepto

connection to the cell surface are marked by brackets. The calibration bar

Cunningham and Gonzalez-Fernandez (2003) with permission of Wiley-Liss
et al., 1996; adapted here in Fig. 3A). Using adsorbed

controls on intact retina and washed RPE eyecups

counter stained with azure blue, which stains melanin

granules metachromatically (Kamino & Tam, 1991), this

cytoplasmic staining was found to be immunospecific

(Fig. 7A) (Cunningham & Gonzalez-Fernandez, 2003).
A previous electron microscopy study showed that the

RPE and photoreceptors, but not M€uuller’s cells, take up
colloidal gold (CG) coated with IRBP (Hollyfield,

Varner, Rayborn, Liou, & Bridges, 1985). Interestingly,

the photoreceptors appeared to be more selective than

the RPE in that they exclude ovalbumin-CG, while the
PE endocytic pit and endosomes.Sections of undetached light-adapted

d by 10 nm gold protein A (panel A). The distal edge of a rod outer

n the two villi is a chalice shaped expansion (asterisk). The expansion

r matrix (open arrow). Two immunogold label endosomes with no

(lower left) equals 0.50 lm. The data presented here is adapted from

.



Fig. 9. Circadian expression of IRBP mRNA in the zebrafish retina.

(A) Northern analysis of IRBP at noon (N) and midnight (M) under

cyclic light. Top: autoradiogram of transfer, probed with 32P-labeled

zebrafish IRBP cDNA. On the basis of phosphoimage analysis, the

radioactivity of the IRBP band (arrowhead) at noon is four times

greater than at midnight. Bottom: ethidium bromide stained agarose

gel showing the ribosomal subunits (dashes). 7 lg of total RNA was

loaded in each lane. Lane S corresponds to skeletal muscle. (B) IRBP

mRNA expression under cyclic and constant conditions. Zebrafish

were entrained under a 12 h:12 h L:D cycle and were killed at 3 h

intervals beginning at light onset. Other zebrafish, maintained for 8

days in constant dark (DD) or constant light (LL), were killed at

subjective noon. For each time point and constant condition, six pairs

of eyes were separately extracted and dotted. The ratio of [32P]IRBP

cDNA hybridization to that of each dot reprobed with a [32P]18S

ribosomal RNA cDNA is compared in each experimental condition.

The inset is a representative autoradiogram of dots probed with the

IRBP cDNA. Bar under graph: open, light; filled, dark. Error bars are

standard errors of the mean, N ¼ 6. Adapted from Rajendran et al.

(1996).
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RPE internalized both IRBP- and ovalbumin-CG. The

investigators provided evidence that IRBP internalized

by the photoreceptors is targeted for degradation

(Hollyfield et al., 1985).

The endocytic uptake of IRBP may be related to its

function(s). One possibility is that uptake is part of a

mechanism to clear IRBP damaged during retinoid

protection. IRBP is rapidly turned over in the Xenopus

IPM (half-life, 10.7 h) (Cunningham, Yang, & Gonz-

alez-Fernandez, 1999). This is interesting in view of the

fact that IRBP, as discussed above, cannot freely diffuse

out of the IPM (Bunt-Milam et al., 1985). Although it is

plausible that IRBP is enzymatically degraded within

the IPM, proteolytic fragments are generally not ob-

served on Western blots of matrix extracts. Further-

more, neither rat or human RPE-conditioned media has
activity in degrading native bovine IRBP (Padgett, Lui,

Werb, & LaVail, 1997). More likely, IRBP is removed

from the IPM by a mechanism of uptake by the RPE

and/or photoreceptors. Some IRBP may be removed

during photoreceptor outer segment disc shedding

(Cunningham & Gonzalez-Fernandez, 2003). Never-

theless, a recent study suggests that uptake during

phagocytosis cannot account for the turnover of IRBP
in the zebrafish retina (Cunningham & Gonzalez-Fer-

nandez, 2000). Nonphagocytic RPE endocytosis could

also contribute to the turnover of IRBP. IRBP was

found in numerous endosomes near the apical RPE

surface. Although RPE endosomes in Xenopus have not

previously been described in detail, the structures de-

scribed here are similar to those in the mammalian RPE

(Akeo, Hiramitsu, Kanda, Yorifuji, & Okisaka, 1996;
Heth & Bernstein, 1991; Hunt, Dewey, & Davis, 1989;

Orzalesi, Fossarello, Carta, Del Fiacco, & Diaz, 1982;

Perlman, Piltz, Korte, & Tsai, 1989). In zebrafish, where

the expression of the IRBP mRNA is under circadian

control (Fig. 9), the production and turnover of IRBP

appears to be synchronized to achieve a constant

amount of matrix IRBP throughout the light/dark cycle

(Cunningham & Gonzalez-Fernandez, 2000).
Could the turnover of IRBP be linked to a function

of the protein? We are currently considering two possi-

bilities. The first, is that turnover may be part of a

mechanism to clear damaged IRBP. As discussed below,

IRBP may function to protect visual cycle retinoids

from degradation. In fact, IRBP is particularly effective

in protecting visual cycle retinoids from isomeric and

oxidative degradation (Crouch et al., 1992). Interest-
ingly, IRBP protects retinoids at the expense of its own

integrity. Fedorovich, Semenova, Grant, Converse, and

Ostrovsky (2000) showed that IRBP is damaged fol-

lowing irradiation by visible light in the presence of

bound all-trans retinal. This damage involves photo-

sensitization by the all-trans retinal, which is in turn

protected from degradation. It is plausible that damaged

IRBP would be continuously removed and replaced with
new IRBP. It is therefore plausible that the rapid turn-

over of IRBP in the eye reflects an endocytic uptake

mechanism to clear photodamaged IRBP from the IPM.
A second possibility is that IRBP endocytosis is

linked to retinoid delivery or release from the RPE.

Many known extracellular nutrient transport proteins

deliver their cargo to target cells via endocytic mecha-

nisms that are often receptor-mediated. In any event,

ongoing research should not only view IRBP as an ex-

tracellular protein, but should also consider its potential

interaction and uptake by the cells that border the IPM.
IRBP a candidate for participation in the cone/M€uuller

cell retinoid cycle. It has long been known that IRBP

carries endogenous 11-cis retinol, however little atten-

tion has been given to that finding compared to the

presence of bound 11-cis retinaldehyde and all-trans

retinol. Nevertheless, the amount of bound 11-cis retinol

is significant as shown in Fig. 6. The appreciation that

vertebrate cones employ a private visual cycle separate
from that used by rods may explain the presence of 11-

cis retinol bound to IRBP.
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An early suggestion that M€uuller cells have a role in

the cone visual cycle was the finding that CRALBP

(cellular retinaldehyde-binding protein) and CRBP are

located in the M€uuller cell in addition to the RPE (Bok,

1993; Bunt-Milam & Saari, 1983; Saari, Bunt-Milam,

Bredberg, & Garwin, 1984). M€uuller cell CRBP like that

of the RPE carries endogenous all-trans retinol. Inter-

estingly, M€uuller cell CRALBP carries both 11-cis reti-
naldehyde and 11-cis retinol at a 3:1 ratio (Saari,

Bredberg, & Garwin, 1982). In contrast, RPE CRALBP

carries only 11-cis retinaldehyde (Saari et al., 1982).

Cones appear to utilize an isomerase that converts all-

trans retinol directly to 11-cis retinol employing fatty

acyl-coenzyme A as an energy source (Mata, Radu,

Clemmons, & Travis, 2002). The location of the isom-

erase used in the cone cycle has not been established,
however, isolated M€uuller cells can take up exogenous

all-trans retinol and covert it to all-trans and 11-cis

retinyl palmitate, and release 11-cis retinol into the

culture medium (Das, Bhardwaj, Kjeldbye, & Gouras,

1992). The 11-cis retinyl esterase appears to be distinct

from RPE LRAT (Mata et al., 2002).

Thirty-five years ago it had been observed that cones

and not rods can regenerate visual pigment in detached
retinas isolated from the RPE (Goldstein, 1967, 1970;

Goldstein & Wolf, 1973). Nevertheless, cones are not

self-sufficient in this process since they cannot regenerate

when dissociated from other retinal cells (Liebman &

Entine, 1964). A further difference between the receptor

types, is the fact that bleached cones but not rods can

regenerate visual pigment from exogenously applied 11-

cis retinol (Jin, Jones, & Cornwall, 1994; Jones, Crouch,
Wiggert, Cornwall, & Chader, 1989). This property was

recently explained by the identification of a cone specific

11-cis retinol dehydrogenase and an all-trans retinol

isomerase, and 11-cis retinyl-ester synthase thought to

reside in the M€uuller cell (Mata et al., 2002). Further

support for the existence of an alternative retinoid cycle

in cones is the finding that RPE65, an enzyme essential

for the formation of 11-cis retinol by the RPE (Red-
mond et al., 1998), is also found in cones but not in rods

(Znoiko, Crouch, Moiseyev, & Ma, 2002). Given these

observations, is plausible that IRBP plays a role in the

cone retinoid cycle by transporting and protecting all-

trans retinol and 11-cis retinol as they are exchanged

between the cone and M€uuller cells.
7. Beyond carrier proteins

More than simple carriers serving to solublize reti-

noids, an emerging concept is that the central role of

retinoid-binding proteins in the visual cycle is to achieve
tight control of retinoid concentration, and to ensure

their stability while protecting the retinal cells from the

toxicity of free retinoids (Stenkamp & Adler, 1994).
Role of RALBP in the cephalopod retinoid cycle may

be more than simply solubilizing retinoids. As discussed

above, the cephalopod and vertebrate visual cycles have

departed from that of insects in separating the processes

of the cis/trans and trans/cis isomerizations. In both

systems a soluble retinoid-binding protein is thought to

be critical to transporting the visual cycle retinoids be-

tween the site of photoisomerization, and the site of
chromophore regeneration. RALBP and IRBP have

been thought to mediate these processes in the cepha-

lopod and vertebrate retina respectively. In fact, early

studies, which found an apparent cross reactivity of

antibodies to IRBP with RALBP, suggested that the two

proteins might be homologous (Fong et al., 1988).

However, it is now clear that RALBP is a unique hy-

drophobic ligand-binding protein that is not similar to
any known retinoid-binding protein including those in-

volved in the vertebrate visual cycle (Ozaki et al., 1994).

In cephalopods, RALBP is thought to transport 11-

cis and all-trans retinaldehydes between rhodopsin in the

rabdomeres and retinochrome in the receptor inner

segments. This may be an oversimplification of a more

complicated process involving interesting light depen-

dent changes in the distribution of the key proteins. In a
detailed scanning confocal microscopy study, Robles

et al. (1995) showed that in addition to rhodopsin, re-

tinochrome is present in the rhabdomal compartment.

In the dark, opsin and retinochrome co-localize at the

base of the rhabdomal microvilli. In the light, opsin

redistributes itself along the length of the microvillar

membranes, and retinochrome appears to become ex-

tracellular. The studies suggest that the metapigments
can be close to one another, making possible the direct

exchange of chromophore between the pigments. This

raises the question as to what is the exact function of

RALBP. Perhaps RALBP functions to transport addi-

tional chromophore from the inner segments, or to

buffer retinoids unbound to either rhodopsin or retino-

chrome.

Transgenic and knock-out mouse models. Elegant
biochemical and physiological studies have shown that

the visual cycle is not interrupted in IRBP )/) mice

(Palczewski et al., 1999). These interesting observations

suggest that, if IRBP has a role in the retinoid cycle, we

need to rethink what that role might be. Indeed, such

negative results in other systems has helped to provide

new important insights into physiology of the studied

system. In fact, deletion of a single protein considered
important to a physiological process, often reveals little

phenotypic change (Garry, Meeson, Yan, & Williams,

2000; Gottesman, Quadro, & Blaner, 2001; Grange

et al., 2001). This is illustrated by transgenic animals

lacking a variety of proteins including transcription

factors (Rudnicki, Braun, Hinuma, & Jaenisch, 1992;

Weintraub, 1993) and ligand-binding proteins, for ex-

ample myoglobin.
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It is interesting that mice carrying a null mutation in

cellular retinoic acid-binding protein appear indistin-

guishable from wild-type mice (Gorry et al., 1994;

Lampron et al., 1995). Surprisingly, neither humans

carrying mutations in RBP (Biesalski et al., 1999; See-

liger et al., 1999), the major carrier of all-trans retinol in

the serum, nor transgenic mice lacking this protein al-

together, have any disease, or severe visual deficits
(Quadro et al., 1999). One explanation is that alternative

pathway(s) are employed to carry the ligand. Although

less efficient, the alternative mechanism may work under

most conditions, particularly when the system is not

stressed or particularly challenged.

Particularly instructive are the studies of Quadro et al.

(1999) who noted that although RBP )/) animals are

viable, fertile and have normal vision as adults, they
cannot mobilize hepatic retinol stores (mobilization of

retinol stored in the liver requires hepatocytic secretion

of all-trans retinol bound to RBP). As a result, the vi-

tamin A status is extremely tenuous and dependent on a

regular vitamin A intake. Interestingly, although retinal

function is impaired in young RBP )/) mice, the ani-

mals acquire normal vision by 5 months of age although

blood retinol levels remain low. These observations may
be explained by the existence of alternative pathway(s)

which carry retinol to target tissues. Evidently, the al-

ternative route(s) are less efficient as ocular retinol stores

(retinyl ester) remain low in adult RPB )/) animals.

These observations suggest that RBP is not simply a

carrier to solubilize retinol in the blood, but is part of

mechanism to ensure adequate availability of retinol in

times of inadequate vitamin A intake (Quadro et al.,
1999).

In the IRBP )/) mouse it is possible that another

protein present in the IPM takes over the function of

binding retinoids. Ripps (2001) suggested that albumin,

could serve as such a surrogate. In fact, albumin is often

detected by protein electrophoresis in the aqueous ex-

tracts of IPM of postmortem human retinas (Adler &

Edwards, 2000). Furthermore, albumin mRNA can be
detected in the mouse neural retina by reverse trans-

criptase PCR (Dodson et al., 2001). Recent studies from

the author’s laboratory have sought to define the loca-

tion of albumin in the mouse eye. These studies, which

employed immunofluorecence and immunohistochemi-

cal approaches, failed to identify albumin in the IPM in

either wildtype or IRBP )/) mice (Liao & Gonzalez-

Fernandez, in revision). Thus, albumin does not accu-
mulate in the subretinal space as would be expected if it

were to be IRBP’s surrogate in IRBP )/) mice.

Finally, the appreciation that cones have a separate

retinoid-cycle may have a bearing on the interpretation

of the findings using the IRBP )/) mice. Mata et al.

(2002) proposed a new function for IRBP, namely to

mediate the exchange of retinoids between the cones and

M€uuller cells. This would explain why IRBP typically
contains significant quantities of bound endogenous 11-

cis retinol (Fig. 6). In this role, IRBP would be expected

to carry all-trans retinol and 11-cis retinol (Mata et al.,

2002). Mata et al. (2002) pointed out that the physical

distances between the cone outer segments and M€uuller
cell villi are greater than that between the rod outer

segment tips and the RPE. Biochemical studies are

needed in the IRBP )/) mice that evaluate the cone
retinoid-cycle.
8. Other functions for IRBP

IRBP may have a guardian role in the retinoid cycle

rather than a strictly transport role. In fact, the transfer
of all-trans-retinol between liposomes, and rod outer

segment membranes can be accomplished rapidly via the

aqueous phase. Furthermore, IRBP and not albumin

retards rather than facilitates the transfer (Ho, Massey,

Pownall, Anderson, & Hollyfield, 1989). Finally, not

only is the visual cycle intact in IRBP )/) mice but dark

adaptation recovery rates are even more rapid than

those of IRBP +/+ mice (Ripps et al., 2000). This ob-
servation is consistent with the slowed in vitro interve-

sicle transfer of retinol (Ho et al., 1989). These findings

suggest that IRBP has a buffering function.

In this connection, Crouch et al. (1992) made the

interesting observation that IRBP has significant activ-

ity in preserving the isomeric and oxidation state of

retinol. The mechanism of this activity is not known.

However, it does appear that IRBP protects retinoids at
the expense of its own integrity. Fedorovich et al. (2000)

showed that IRBP is damaged following irradiation by

visible light in the presence of bound all-trans retinal.

This damage involves photosensitization by the all-trans

retinal, which is in turn protected from degradation.
9. The structure of IRBP reveals the recruitment of an

ancient hydrophobic ligand-binding domain for the verte-

brate retina

Generating crystals of full length native bovine IRBP

has been problematic. Post-translational modifications

of the native protein may have interfered with crystal
growth. IRBP is known to be glycosylated (Taniguchi,

Adler, Mizuochi, Kochibe, & Kobata, 1986) and con-

tains covalently and noncovalently bound fatty acids

(Bazan, Reddy, Redmond, Wiggert, & Chader, 1985).

Furthermore, the protein may exist in multiple confor-

mational states as ligand is known to have a significant

effect on its overall structure (Adler, Stafford, & Slayter,

1987). These considerations probably hindered early
attempts to produce useable crystals of native IRBP.

To circumvent these problems, initial crystallo-

graphic work has focused on a single module of IRBP



Fig. 10. X-ray crystal structure of the functional unit module of IRBP,

and prediction of the retinoid-binding site(s). (A) Structure of the 2nd

module of Xenopus IRBP (X2IRBP). Helices are in purple, and b
strands are in yellow. The module can be divided into domains A and

B according to truncation studies (Baer et al., 1998) (Appendix F).

Those studies place the hydrophic ligand-binding site in Domain B.

Indeed, domain B contains the bba-spiral fold (asterisk). This fold,

which binds hydrophobic ligands in CptA and crotonases, is the can-

didate retinoid-binding site (diagram adapted from Loew & Gonzalez-

Fernandez (2002) and reprinted with permission from Elsevier). (B)

Expanded view of the X2IRBP structure showing the predicted hy-

drophobic ligand-binding domains for all-trans retinol (in red). Com-

puter docking suggests two possible hydrophobic domains. We have

shown that retinol binding quenches tryphtophan fluorescence in

IRBP (Baer et al., 1998). The candidate tryptophan residues (arrows)

are shown in blue. The molecular docking studies favor all-trans reti-

nol to be located in the bba-spiral fold near tryptophan 272 (arrow),

rather than in a small hydrophobic crater near tryptophan 135 (arrow

head). This prediction is based on modeling using computer docking

programs (diagram adapted from Gonzalez-Fernandez (2002) with

permission from the Society For Endocrinology).
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(Loew, Baer, & Gonzalez-Fernandez, 2001). This was a

reasonable place to start since, as discussed above, the

modules of IRBP, which each consist of �300 amino

acid residues, appear to represent the basic fundamental

unit of the protein. For example, each of the modules

binds 1 to 2 mole equivalents of all-trans retinol or 11-cis

retinaldehyde (Baer, Retief, Van Niel, Braiman, &

Gonzalez-Fernandez, 1998; Nickerson et al., 1998;
Gonzalez-Fernandez et al., 1998). These biochemical,

and phylogenetic data suggest that the protein modules

represent the functional unit of the protein, and that

IRBP arose through the quadruplication of an ancestral

monomeric binding protein (Borst et al., 1989; Liou

et al., 1989; Rajendran et al., 1996).

The structure of an individual module of IRBP was

recently solved (Loew & Gonzalez-Fernandez, 2002).
The module, which is referred to as X2IRBP because it

corresponds to the second repeat of Xenopus IRBP, is an

elongated molecule consisting of two domains separated

by a hydrophobic cleft (Fig. 10). Interestingly, this cleft

and a second potential retinoid binding site are both

restricted to the Exon 2–4 region shown previously to

contain the module’s ligand-binding activity (Baer et al.,

1998).
The structural data revealed a homology between

IRBP and two diverse protein families, namely the C-

terminal transferases (CPTases) and the crotonases.

Even before structural information was available, Gen-

Bank data-base searches had identified a similarity be-

tween IRBP and the CPTases (Baer et al., 1998).

Although this similarity appeared limited to the C-

terminal region of the CPTases, X-ray crystalographic
analysis of IRBP revealed a more extensive similarity

that included the N-terminus (Loew et al., 2001).

Photosystem II D1 C-terminal processing protease

(D1P), a prototype CTPase whose structure has been

solved (Liao, Qian, Chisholm, Jordan, & Diner, 2000), is

involved in the process of renewal of the photosytem II

D1 protein (Blankenship, 2002). The photosynthetic

system must address the challenge of excess photons
that can create damaging intermediates. Although the

photosynthetic apparatus can often divert this energy to

the antenna system, and has scavenging pathways to

deal with oxygen free radicals, damage to the photo-

synthetic apparatus still takes place. The damage is

largely confined to the D1 complex, the main protein

component of the photosystem II reaction center. To

address this problem, a repair system exists in which the
photosynthesis complex is disassembled and the dam-

aged D1 protein is replaced with new protein. A final

step in this process is that D1P catalyzes the C-terminal

cleavage of the D1 protein. This catalysis is an essential

event for the assembly of a manganese cluster and

consequent light-mediated water oxidation.

IRBP does not possess this enzymatic activity, be-

cause it lacks the D1P PDZ domain. Each module of
IRBP is structurally similar to D1P domains A and C

which correspond to N- and C-terminal X2IRBP do-

mains respectively. The PDZ domain is inserted between
D1P domains A and C. Because X2IRBP lacks the PDZ

domain it exhibits no D1P like protease activity (Bruce

Diner, personal communication). Why has the retina

recruited the ligand binding fold but not the enzymatic

activity? The answer to this question is not clear but may

be related to the fact that the fold is suited for binding

the hydrophobic C-terminus of D1 protein and therefore

perhaps was adapted for binding hydophobic ligands in
the retina.

A completely unexpected finding was that the C-ter-

minal domain B of X2IRBP and domain C of D1P

exhibit a significant structural homology with the

enoyl Co-A hydratase/isomerase superfamily (Loew &
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Gonzalez-Fernandez, 2002) as represented by the known

structures of dienoyl-CoA isomerase, (Modis et al.,

1998) chlorobenzoyl-CoA dehydrogenase, and enoyl-

CoA hydratase (Engel, Mathieu, Zeelen, Hiltunen, &

Wierenga, 1996). X2IRBP shares with these enzymes a

structural core composed of three helices and the large 5

stranded beta-sheet in domain B. These elements are

arranged in a topological identical order in spite of pe-
ripheral insertions/deletions. However, none of the cat-

alytic residues of the crotonase family appear to be

conserved in IRBP. This unexpected topological simi-

larity had not been predicted previously in published

alignments of the primary structure.

Enoyl-CoA hydratase/isomerases, which are also

known as the crotonase family, have a low sequence

identity, but adopt the same overall fold (Engel et al.,
1996). Both crotonases and CTPases utilize the same

fold to stabilize unique ligands. The location of the

hydrophobic bba-spiral is indicated by the asterisk in

Fig. 10. In the case of CTPases such as D1P the fold is

used to stabilize the hydrophobic C-terminal end of a
Fig. 11. Phyleogenetically conserved residues suggest a functional domain dis

and zebrafish IRBPs calls attention to conserved regions of the primary st

highlighted in green and purple, respectively. Highly conserved regions are bo

are similar or identical (adapted from Rajendran et al. (1996)). (B) Ribbon s

degrees in the horizontal plane compared to Fig 10 to reveal that highly co

surface positively charged surface domain. The relationship of these residue

interactions is under study in our laboratory.
protein substrate. Substrate binding is mediated through

the presence of an additional PDZ domain. This specific

domain, which supports its proteolytic activity, is not

present in either IRBP or the crotonases. In the case

of dienoyl-CoA isomerase, the fold confers an ability

to isomerize fatty acids to allow entry into the beta-

oxidation pathway.

Although the active site of the crotonases is known,
an IRBP structure with bound ligand is not yet available.

Superposition of X2IRBP with one of the crotonase

superfamily members suggests a similar ligand-binding

domain. Interestingly, such comparisons place the li-

gand binding domain between the two domains of

X2IRBP in the bba-spiral. Furthermore, an equivalent

superposition of 2-enoyl-CoA hydratase with D1P

protease also places the ligand into the known active site
of D1P. Although the catalytic residues and the function

between the crotonase superfamily and CTPases are not

conserved, the location of the substrate binding domain

is. The structural homology between X2IRBP, croton-

ases and CTPases suggests that at least one binding site
tinct from the retinoid-binding sites. (A) Sequence alignment of human

ructure. Sequences corresponding to the second and third exons are

xed in red. Chemically similar residues are indicated when five of the six

tructural diagram of the fourth module of Xenopus IRBP rotated �90

nserved arginine residues (red arrows in A) appear to participate in a

s to the remainder of the protein, and possible role in intramolecular
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in X2IRBP is predicted to be located in the bba-spiral
fold. Computer docking studies are consistent with this

prediction (Fig. 10B). In addition to the bba-spiral fold,
the docking studies suggest the existance of a second

hydrophobic domain which could explain why the in-

dividual module binds >1 ligand equivalent in vitro. Site

directed mutagenesis of nearby tryptophans (arrows in

Fig. 10B) combined with crystal structures of the protein
containing bound ligand will help to define the location

of the retinoid-binding site, and which residues partici-

pate in stabilizing the bound ligand.

Previous sequence alignments have called attention to

regions highly conserved between each of the modules of

teleost, amphibian, and mammalian IRBPs (Baer et al.,

1998; Rajendran et al., 1996) (Fig. 11A). Interestingly,

most of these residues are located on the solvent exposed
surface of the large b-sheet in domain B (Fig. 11B). The

presence of both basic and acidic residues suggests that

this cluster may represent a domain for intra- or inter-

molecular interactions. Since we do not yet know how

each of the modules ‘‘fit’’ together, the above ‘‘surface’’

domain may represent sites through which the modules

interact. Alternatively, the sites could be domains for

docking with other proteins involved in the retinoid
cycle, cell surface receptors, or components of the IPM.

To date, IRBP has not been identified in any inver-

tebrate retina. Furthermore, we have not been able to

identify the IRBP gene in the drosophila genomic da-

tabase. The early suggestion that RALBP and IRBP are

homologous (Fong et al., 1988) did not turn out to be

correct (Ozaki et al., 1994). The lack of similarity with

retinal proteins taken together with the homology to the
CPTase and crontonase families suggests that IRBP

represents the recruitment of a hydrophobic binding

domain for a new function. The recruitment appears to

be a solution to deal with the problem of intercellular

retinoid trafficking required by the vertebrate retina.

Hence, an ‘‘old gene for new eyes’’ (Nilsson, 1996).
10. Summary

Recent years have seen a shift away from viewing

IRBP as simply a carrier that serves only to solubilize

visual cycle retinoids in the IPM. The current need is to
uncover detailed molecular mechanisms for how IRBP

achieves specific interactions with the RPE, outer seg-

ments and possibly the IPM. Of particular importance is

to evaluate the role of IRBP in the cone/M€uuller cell

retinoid cycle. At the same time, other functions for

IRBP outside of the retinoid cycle such as support of the

photoreceptor maintenance and function should be

considered. The structure of IRBP’s ligand-binding do-
mains, potential cooperative interactions between the

modules, and identification of domains that mediate

interactions with other players in the cycle, comprise the
pieces of the puzzle that are yet missing. Uncovering the

specific role of IRBP in the retinoid cycle will require

open collaborations between disciplines of structural

biology, retinal physiology, cell and molecular biology,

and retinoid biochemistry.
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