












1 mM oxidized glutathione, RPE microsomes
±interphotoreceptor retinoid-binding protein (IRBP;
equimolar with CRALBP), proteases (matrix
metalloproteinases 2 or 9), and anti-CRALBP (threefold
molar excess; Garwin and Saari, results not shown). CRALBP
is an eponymous member of the CRAL_TRIO family of
proteins whose lipid-binding domain was derived from that of
the yeast SEC14 protein [32]. SEC14 mediates transfer of PC
and PI between Golgi and plasma membranes and is necessary
for secretion in yeast. Thus, the evolutionary origins of
CRALBP led us to consider whether glycerophospholipids
might be capable of releasing 11-cis-retinal from the protein.

The lipid-immunoblot assay employed in this study
clearly demonstrated that CRALBP bound to a select set of
lipid surfaces. Specificity was evident at two levels. First, of

the lipids tested, CRALBP only bound to acidic lipids. This
eliminated the possibility that binding was an artifact caused
by denaturation of CRALBP on the lipid surface. Second,
CRALBP bound to some acidic lipids more avidly than to
others with an apparent order of binding affinity PA >
PI(3,4,5)P3 > PS. This suggested that binding was mediated
by spatial recognition and not simply by the charge of the lipid.
It is all the more remarkable that CRALBP binds to acidic
surfaces because its overall charge is acidic at neutral pH (pI
~5).

Incubation of CRALBP·11-cis-retinal with SUVs of PC
plus other glycerophospholipids demonstrated specificity for
release of 11-cis-retinal. As observed in the binding assay, PA
was the most effective lipid of those we tested in releasing 11-
cis-retinal from CRALBP. The order of efficacy for release

Figure 6. Electrostatic surface potential
of CRALBP. The structural model of
cellular retinaldehyde-binding protein
(CRALBP; PDB entry 1XGH) is that of
Liu et al. [40]. Surface regions in red
have negative electrostatic potential and
are acidic. Those in white have neutral
electrostatic potential and those in blue
have positive electrostatic potential and
are basic. A: The two frames form a
stereo pair of the basic face of CRALBP.
The basic recess (blue) between the
upper and lower lobes of CRALBP is
approximately 10 Å in diameter. An
Arg-Ala-Arg (RAR) sequence,
conserved throughout the CRAL_TRIO
protein family, is shown (small patch of
circled residues). The retinoid-binding
site is covered by the lipid exchange
loop (large patch of circled residues).
The basic recess may mediate
interactions of CRALBP with specific
acidic lipids. B: The two images form a
stereopair of the acidic face of the
protein. Note the (negative) acidic patch
(red).
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matched the order of effectiveness of binding to lipid surfaces,
suggesting that the release mechanism may be related to
binding of CRALBP to anionic lipids in the SUV. However,
other mechanisms are possible as discussed in this section,
including direct binding of the lipid in the 11-cis-retinal–
binding site. It should also be noted that the lipid-blot assay
we employed is qualitative and many parameters remain to be
established. For instance, retention of the lipids on the
nitrocellulose membrane during washings and incubations
could vary from lipid to lipid and the state of the lipid adsorbed
to the membrane has not been characterized. Nonetheless, the
results were useful in identifying lipids that were active in
releasing 11-cis-retinal from CRALBP.

The acidic glycerophospholipids we identified here are
the first physiologic compounds found that affected the
affinity of CRALBP for 11-cis-retinal. Which one, if any, of
the acidic glycerophospholipids is relevant in RPE cells
remains to be determined. Phosphoinositides are important in
mammalian signaling because their synthesis can be
stimulated and because they can be recognized by various
protein motifs [38]. However, in most membranes they are
minor lipids (<0.1 mol%) and would appear poorly suited for
stoichiometric processes. For instance, the level of
PI(3,4,5)P3, the most active phosphoinositide in our study, is
0.005 to 0.0005 that of PI [38,43]. In contrast, PS and PA are
the main acidic phospholipids of mammalian cells.
Concentrations of PS in the inner leaflet of the plasma
membrane can reach 25 mol% [38]. PA, in particular, has
recently attracted a great deal of attention because of its unique
properties [34,35,44]. Localization in the cytoplasmic leaflet
of the plasma membrane [38] and generation in response to

activation of various signaling pathways [37,45] provide
rationales for its ability to control the activity or subcellular
localization of various proteins [46,47].

Models of CRALBP structure show a cluster of basic
residues on a face of the protein adjacent to the “ligand
exchange helix.” Binding of the protein to acidic lipid surfaces
may occur via this patch, a hypothesis that can be tested
through site-generated mutagenesis. It is interesting to note
that several disease-causing missense mutations involve basic
residues (R150Q, R150W, R233W, R234W/R103W
compound heterozygote) [48]; however, of these only R150
appears to contribute to the basic recess. We do not understand
the significance of the acidic patch on another face of the
protein (Figure 6B). However, its presence emphasizes the
nonrandom distribution of acidic and basic residues and
further suggests that CRALBP might interact with other
proteins or substances via this acidic patch.

Two mechanisms for release of 11-cis-retinal appear
likely. 1) Direct binding of the acidic glycerophopholipid in
the 11-cis-retinal binding pocket should be considered
because the ligand-binding domain of CRALBP is derived
from the glycerophospholipid-binding domain of SEC14. It is
possible that CRALBP has retained some of the
gycerophospholipid-binding properties of its ancestor. In this
mechanism, dissociation of 11-cis-retinal from CRALBP
would be followed by binding of the acidic lipid. However,
the mechanism implies that the acidic lipid has an affinity for
the protein equal to or greater than that of 11-cis-retinal and
CRALBP, purified from RPE homogenates in the absence of
exogenous retinoid, was nearly completely saturated with 11-
cis-retinal [14] even though the homogenates contained

Figure 7. Hypothesis for release of
retinal by glycerophospholipids.
Cellular retinaldehyde-binding protein
(CRALBP) binds to sodium hydrogen
exchanger regulatory factor type 1
(NHERF1) via interactions with post
synaptic density 95-discs large-zonula
occludens (PDZ1), and perhaps PDZ2
[9,51,52]. NHERF1 binds to ezrin, an
actin-binding scaffold protein.
NHERF1, ezrin, actin, and CRALBP are
found in retinal pigment epithelium
apical processes. We suggest that
binding of CRALBP to this or a similar
complex restricts the diffusion of
CRALBP in the vicinity of acidic
glycerophospholipids of the inner
leaflet of the plasma membrane or
perhaps a vesicular membrane. Image
modified from Nawrot et al. [52].
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abundant amounts of glycerophospholipids. Determination of
the amount of radioactivity associated with CRALBP after
incubation with PC-SUVs doped with [14C] PA should resolve
this issue. 2) It is also possible that the ligand-binding domain
of CRALBP is perturbed when CRALBP binds to acidic lipids
in SUVs experimentally or the plasma membrane in vivo,
resulting in diminished affinity and release of the ligand. The
basic recess of CRALBP appears immediately below the
ligand-binding domain of the protein (Figure 6A).
Neutralization of the basic charges on the protein by acidic
lipids could be followed by a structural rearrangement, which
would decrease the affinity of CRALBP for 11-cis-retinal. A
first step in analyzing this mechanism would be to determine
whether CRALBP binds to SUVs or other suitable membrane
surrogates doped with acidic glycerophospholipids.

The role of the SUVs in these release experiments has not
yet been established. They could mimic a membrane surface
and provide a docking site for CRALBP via an acidic lipid as
discussed in the previous section. Alternatively, the SUVs
could simply provide a vehicle for solubilization of PA or
other acidic lipids, which could then bind to CRALBP in the
basic recess or in the retinoid-binding site. The average
number of glycerophospholipids/SUV is approximately 2,300
[49]. Thus, the SUV concentration in our experiments
(90 μM ÷ 2300) is 39 nM—154 fold lower than the
concentration of CRALBP·9-cis-retinal. This rules out a
mechanism involving stoichiometric binding of CRALBP to
an SUV unless the complex dissociates after release of the
retinal. However, the results appear consistent with the SUVs
simply solubilizing PA or another acidic lipid and delivering
the lipid to CRALBP. Even at 10 mol%, the lowest mol% of
PA in the SUVs, the input concentration of PA is greater than
the concentration of CRALBP·9-cis-retinal. Results from the
additional experimental approaches to the mechanism are
needed to decide the issue.

It is clear from these studies that PA and other acidic
lipids release 11-cis-retinal from CRALBP. However, there
are many other naturally occurring acidic substances that
could also be active, including fatty acids, acidic peptides, or
acidic motifs/domains of other proteins. Further
experimentation is necessary to determine the potential roles
of these substances.

The rate of release of 11-cis-retinal from CRALBP in the
experiments described here appears to be too slow for the
process to be a factor in a physiologic mechanism. In addition,
the 50 mol% PA used in most of the experiments here is much
higher than reported in naturally occurring membranes.
However, it is possible that mechanisms exist in vivo to
accelerate the rate of release with a lower concentration of PA.
For instance, we noted that 9-cis-retinal was released much
more rapidly by PA from rCRALBP than from the native
protein (t1/2 approximately 30 min compared to several hours,
respectively; results not shown). rCRALBP has a sequence of

nine histidines at its N-terminus [50], which could bind to PA-
doped SUVs and increase the concentration of PA in the
vicinity of the basic recess or ligand-binding domain. Previous
studies have established that CRALBP binds to the post
synaptic density95-discs large-zonula occludens (PDZ)-
domain protein sodium-hydrogen exchanger regulatory factor
type 1 (NHERF1) via interactions with PDZ1 and perhaps
PDZ2 [51,52]. NHERF1 in turn, can bind to ezrin, an actin-
binding scaffold protein [53]. All of these components are
found in RPE apical processes [50]. Formation of a complex
with CRALBP, NHERF1, ezrin, and actin in RPE apical
processes could increase the concentration of the binding
protein in the vicinity of the inner leaflet of the plasma
membrane and thus increase the rate of release of 11-cis-
retinal (Figure 7). This hypothesis could be approached
experimentally by determining whether PA released 11-cis-
retinal from CRALBP in isolated complexes with NHERF1,
or NHERF1 and ezrin [52].

In summary, we have demonstrated that CRALBP bound
strongly to PA and more weakly to a restricted set of acidic
lipids. PA, presented as a component of an SUV, released 11-
cis- or 9-cis-retinal from CRALBP more effectively than any
other of the major acidic lipids tested and in general, the order
of efficacy for release matched that for binding. A recess lined
with basic (positively charged) residues was found on a
surface of a model of CRALBP and could mediate binding of
acidic (negatively charged) lipids and their ability to release
11-cis-retinal. Acidic glycerophospholipids are the first
naturally occurring substances discovered that release 11-cis-
retinal from CRALBP.
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