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ABSTRACT: Vertebrate retinas contain two types of light-detecting cells. Rods subserve vision in dim light,
while cones provide color vision in bright light. Both contain light-sensitive proteins called opsins. The
light-absorbing chromophore in most opsins is 11-cis-retinaldehyde, which is isomerized to all-trans-
retinaldehyde by absorption of a photon. Restoration of light sensitivity requires chemical re-isomerization
of retinaldehyde by an enzymatic pathway called the visual cycle in the retinal pigment epithelium. The
isomerase in this pathway uses all-trans-retinyl esters synthesized by lecithin retinol acyl transferase (LRAT)
as the substrate. Several lines of evidence suggest that cone opsins regenerate by a different mechanism.
Here we demonstrate the existence of two catalytic activities in chicken retinas. The first is an isomerase
activity that effects interconversion of all-trans-retinol and 11-cis-retinol. The second is an ester synthase
that effects palmitoyl coenzyme A-dependent synthesis of all-trans- and 11-cis-retinyl esters. Kinetic
analysis of these two activities suggests that they act in concert to drive the formation of 11-cis-retinoids
in chicken retinas. These activities may be part of a new visual cycle for the regeneration of chromophores
in cones.

Vision in vertebrates is mediated by two types of light-
sensitive cells, rods and cones. Rods are specialized for vision
in dim light, while cones provide high-resolution color vision
in bright light. Despite the preponderance of rods in the
human retina (∼95%), cones are more important for vision
in civilized mankind. With the advent of artificial lighting,
people spend most of their waking time under conditions
where the rod response is saturated and vision is mediated
entirely by cones.

The first event in light perception is absorption of a photon
by an opsin pigment molecule in the outer segment of a rod
or cone. This induces 11-cis to all-trans isomerization of
the retinaldehyde chromophore, which activates the opsin
pigment and stimulates the visual transduction cascade (1).
After a brief period, the photopigment decays to yield
apoopsin and free all-trans-retinaldehyde (atRAL).1 Before
light sensitivity can be restored, the atRAL must be re-
isomerized to 11-cis-retinaldehyde (11cRAL), which recom-
bines with apoopsin to form a new rhodopsin or cone-opsin
pigment molecule. The process of 11cRAL regeneration is
called the visual cycle (Figure 1). This multistep pathway
occurs within the retinal pigment epithelium (RPE), a single

layer of cells adjacent to the photoreceptors. The enzyme
that catalyzes the critical all-trans to 11-cis isomerization
step uses fatty-acyl esters of all-trans-retinol as the substrate
(2-4). These all-trans-retinyl esters (atREs) are generated
within the RPE by lecithin retinol acyl transferase (LRAT),
which transfers a fatty acid from thesn-1 position of
phosphatidylcholine to retinol (5, 6). Direct enzymatic
conversion of atROL to 11cROL without an atRE intermedi-
ate has never been observed in the RPE.

Several observations suggest that visual pigments in cones
may regenerate by an alternate visual cycle distinct from the
pathway depicted in Figure 1. For example, when frog retinas
were separated from RPE, cones but not rods recovered light
sensitivity spontaneously (7, 8). Isolated salamander cones,
but not rods, recovered sensitivity following a photobleach
with addition of 11cROL (9). Finally, Müller glial cells
contain cellular retinaldehyde binding protein (CRALBP),
which specifically binds 11-cis-retinoids (10, 11). Cultured
Müller glial cells were shown to isomerize atROL to
11cROL, which they secreted into the medium (12). These
observations suggest that Mu¨ller cells may function to
regenerate visual chromophore. We recently reported the
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discovery of a novel isomerase in cone-dominant chicken
and ground squirrel retinas that was independent of LRAT
and possessed kinetic properties distinct from those of the
isomerase in RPE cells (13). It has been suggested, however,
that the isomerase in chicken retinas is identical to the atRE-
dependent isomerase in RPE (14).

We undertook this study to characterize biochemically the
retinoid isomerase activity in chicken retinas and to resolve
this disagreement. Here we show that LRAT, while present
in RPE, is not expressed in retinas. Further, we demonstrate
the presence in chicken retinas of an enzyme activity that
isomerizes atROL to 11cROL, without an atRE intermediate.
These data suggest that chicken retinas contain an alternate
visual cycle, distinct from the pathway in RPE.

MATERIALS AND METHODS

Tissue Dissection and Preparation.All procedures were
performed at 4°C. Eyes were enucleated from the heads of
freshly slaughtered chickens and were dissected in ice-cold
Dulbecco’s phosphate-buffered saline (DPBS, pH 7.2).
Retinas were detached from the underlying RPE by injecting
DPBS into the interphotoreceptor matrix with a pasteur pipet.
Microsomal membrane fractions were prepared from retinas
and bovine RPE as previously described (13). Microsomes
were stored at-80 °C for up to 7 days before being used.
In some studies, fresh retina explants were used to determine
vitamin A processing capacity, as described below.

Retinoid Extraction and Analysis by HPLC.Tissue samples
were homogenized in a Duall glass homogenizer containing
1 mL of 0.1 M MOPS (pH 7.2) and 0.1 M hydroxylamine
with 1 mL of ethanol. Following a 15 min incubation at room
temperature, the homogenate was transferred to a 16 mm×
100 mm borosilicate tube and extracted twice with 5 mL of
hexane. The pooled organic phases were dried under a stream
of argon, and the sample was redissolved in 200µL of
hexane. Samples were analyzed with an Agilent 1100 series
high-performance liquid chromatograph (HPLC) equipped
with a photodiode array detector on an Agilent Zorbax Rx-
Sil 4.6 mm× 250 mm, 5µm column using a gradient of
dioxane in hexane at a flow rate of 2 mL/min. Spectral data
(450-210 nm) were acquired for all eluted peaks. The
identity of each eluted peak was established spectrally and
by coelution with authentic retinoid standards. Quantitation
was performed by comparison of sample peak areas to
calibration curves established with authentic retinoid stan-
dards. Analysis of radiolabeled retinoids generated during
radiometric assays was carried out on a similar HPLC system
equipped with an on-line flow scintillation analyzer (Packard
525TR). The instrument was configured to monitor3H- and
14C-labeled compounds simultaneously using energy ranges
of 0-18.6 and 18.6-256 keV, respectively.

Preparation of Apo-Cellular Retinaldehyde Binding Pro-
teins (CRALBPs).CRALBP was expressed inEscherichia
coli as previously described (15). Proteins were purified to
homogeneity using either anion exchange (DEAE) or Ni2+

affinity chromatography. After we had confirmed that the
apo-CRALBP bound 11cROL (15), the purified protein was
used immediately or stored in 20 mM MES (pH 6.5), 0.1
mM DTT, and 50 mM NaOAc at 4°C for up to 2 days.

Preparation of Apo-Cellular Retinol Binding Protein Type
I (CRBP1).CRBP1 was expressed inE. coli (16) and purified
from the bacterial culture using a previously published
method (17). The purity of the CRBP1 was>95% as
confirmed by SDS-PAGE (not shown). Samples were
aliquoted and stored at-80 °C.

Northern Blot Analysis.One microgram of poly(A)+ RNA
from bovine RPE, bovine retinas, chicken RPE, and chicken
retinas was separated electrophoretically in a 1.2% agarose-
formaldehyde gel and blotted ontoHybond-Nnylon mem-
branes (Amersham). The membranes were hybridized with
32P-labeled cDNA from bovine LRAT, as previously de-
scribed (18).

Immunoblot Analysis.Ten micrograms of microsomal
protein from bovine RPE, bovine retinas, chicken RPE, and
chicken retinas were homogenized in buffer containing 1%
â-mercaptoethanol. Samples were heated to 100°C for 2
min and separated by SDS-PAGE as previously described
(18). After the samples had been transferred to a nitrocel-
lulose membrane (Amersham), the blot was reacted with an
affinity-purified antibody against human LRAT, as described
previously (19). Protein bands were detected by using the
ECL system (Amersham).

Vitamin A Processing in Chicken Retina Explants.Freshly
dissected, light-adapted chicken retinas were placed in 1 mL
of MEM culture medium. The samples were transferred to
darkness and preincubated for 5 min at 37°C. [3H]atROL
was added in 2µL of DMSO (0.1 µM, 52 Ci/mmol), and
incubation was resumed for up to 40 min with gentle
agitation. Individual retinas were removed from the culture

FIGURE 1: Visual cycle for regeneration of rhodopsin. The light-
sensitive protein in rods is rhodopsin, located in the membranes of
outer-segment disks. 11-cis-Retinaldehyde (11cRAL) is coupled to
a lysine residue in rhodopsin through a protonated Schiff base
linkage. Absorption of a photon (hV) induces 11-cis to all-trans
isomerization of retinaldehyde to yield metarhodopsin, which
activates the visual transduction cascade. The all-trans-retinaldehyde
(atRAL) subsequently dissociates from apoopsin and is reduced to
all-trans-retinol (atROL) by all-trans-retinol dehydrogenase (atRDH),
which uses NADPH as a cofactor. The atROL diffuses from the
outer segment and is taken up by an RPE cell, where it is esterified
with a fatty acid from phosphatidylcholine (PC) in a reaction
catalyzed by lecithin retinol acyl transferase (LRAT), yielding an
all-trans-retinyl ester (atRE) and lysophosphatidylcholine (lyso-
PC). The atRE is converted to 11-cis-retinol (11cROL) and a free
fatty acid (FFA) by the isomerase (Rpe65). The 11cROL is oxidized
by an 11cROL dehydrogenase (11cRDH), which uses NAD+ as a
cofactor, to yield 11cRAL. The 11cRAL diffuses back to the outer
segment where it combines irreversibly with aporhodopsin to form
a new rhodopsin pigment molecule.
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medium at the indicated incubation times and transferred to
a new 24-well culture plate containing 1 mL of ice-cold PBS.
The retinas were washed with three exchanges of 1 mL of
PBS, placed in 1.5 mL cryo tubes, and snap-frozen in liquid
nitrogen. Retinoids were extracted from the frozen retinas
as described above.

Isomerase Assay.The isomerase assay was performed as
previously described (13) with minor modifications. Reaction
mixtures consisted of 10 mM Tris-HCl (pH 8.0), 1 mM DTT,
2 mM CaCl2, 2 mM MgCl2, 1% BSA, and protein, giving a
final concentration of 0.5-1.0 mg/mL (150µL final volume).
Samples were preincubated at 37°C for 2 min, and [14C]-
palmitoyl-coenzyme A ([14C]palm-CoA) (20 000 dpm/nmol)
was added in 5µL of 50 mM NaOAc (pH 6.5) (100µM)
followed by [3H]atROL (40 000 dpm/nmol in 1µL of
DMSO, 10-20 µM). At the indicated times, reactions were
quenched with 150µL of ice-cold ethanol and the products
extracted into 750µL of hexane. Apo-CRALBP (20-30µM)
and apo-CRBP1 (55µM), where indicated, were added to
the assay buffers. Extracts were analyzed by HPLC as
described above.

Kinetic Analyses.Apparent kinetic constants (KM andVmax)
for utilization of atROL, 11cROL, and palm-CoA were
determined using the isomerase assay described above with
the following modifications. Reaction mixtures contained
increasing concentrations of either atROL (0-50 µM),
11cROL (0-50 µM), or palm-CoA (0-100µM). Retinoids
were delivered in dimethylformamide [final concentration
of 0.5% (v/v)], and palm-CoA was delivered in 5µL of 50
mM NaOAc (pH 6.5). Palm-CoA was present at 100µM in
reaction mixtures containing atROL and 11cROL. atROL
was present at 50µM in assays examining activity depen-
dence on palm-CoA. Apo-CRALBP was present in all
reaction mixtures at 30µM. Samples were preincubated at
37 °C for 2 min, and chicken retinal membranes (200µg)
were added to give a final reaction volume of 150µL. KM

andVmax values were obtained from the rate data following
Eadie-Hofstee transformation.

Effect of CRBP1 on Vitamin A Processing.The effect of
CRBP1 on vitamin A metabolism in chicken retinas was
determined using the isomerase assay described above
without palm-CoA. Briefly, homogenates of chicken retinas
were preincubated with or without 55µM apo-CRBP1 for
30 min at 4°C. Following the preincubation, aliquots of the
protein samples (250µg) were added to reaction mixtures
containing assay buffer and 20µM holo-CRBP1 (150µL
final volume). The samples were incubated at 37°C for 0-24
min. At the indicated time, reactions were quenched and
retinoids extracted as described above.

RESULTS

Synthesis of Retinyl Esters by Chicken Retina and BoVine
RPE Membranes.RPE from cone-dominant chickens con-
tains retinoid processing activities similar to that of RPE from
rod-dominant cattle and mice (13). For this reason, we
separated chicken retinas from RPE before attempting to
detect new retinoid processing activities. Figure 2 shows a
representative chicken retina after dissection from the RPE-
containing eyecup. The absence of visible pigmentation in
this tissue indicates negligible RPE contamination.

We prepared microsomal membranes from isolated bovine
RPE and chicken retinas and incubated them with atROL
(10 µM) and palmitoyl-CoA (palm-CoA) (100µM). At
different incubation times, we extracted the membranes and
analyzed the retinoids by normal-phase HPLC. We confirmed
identification of each retinoid species by UV spectral
analysis. Bovine RPE membranes synthesized predominantly
atREs from atROL substrate (Figure 3A). The small amount
of 11cREs synthesized by bovine RPE membranes appeared
after synthesis of significant atREs. In contrast, chicken retina
membranes synthesized significantly more 11cREs than
atREs from the atROL substrate (Figure 3B). In this tissue,
synthesis of 11cREs preceded the appearance of atREs.

Synthesis of Retinoids by Chicken Retina Explants.To
analyze retinoid synthesis in a more native system, we
incubated freshly dissected chicken retinas in medium
containing [3H]atROL but no exogenous acyl donor. Fol-
lowing incubation, we homogenized the retina explants in
hydroxylamine to protect the retinaldehydes, and extracted
total retinoids for HPLC analysis. Figure 4A shows the levels
of 3H-labeled 11cREs, 11cROL, 11cRAL, and atREs at the
indicated incubation times. Representative chromatograms
from the 5 and 40 min incubations are shown in Figure 4B.
UV absorption spectra for each identified retinoid are shown
in the insets. 11cROL and 11cRE levels peaked at 5 min
and subsequently declined as the level of 11cRAL increased
throughout the incubation period (Figure 4A). Here again,
synthesis of 11-cis-retinoids preceded formation of atREs.

FIGURE 2: Chicken eyecup and retina following dissection. The
left panel shows the RPE-containing eyecup following dissection.
Patches of the pigmented RPE were rinsed away during removal
of the retina. The right panel shows a chicken retina after dissection
from the posterior eyecup. Note the absence of melanin pigment,
indicating clean separation from the RPE.

FIGURE 3: Synthesis of retinyl esters from atROL and palm-CoA
by chicken retina and bovine RPE. (A) atREs and 11cREs produced
by bovine RPE microsomes at the indicated times following
incubation with 10µM atROL and 100µM palm-CoA. (B) atREs
and 11cREs produced by chicken retina microsomes under similar
incubation conditions. Error bars show standard deviations (n )
4). Note the predominant synthesis of atREs by bovine RPE. Also
note the synthesis of 11cREs by chicken retina after a 1 min
incubation, before the appearance of atREs.
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LRAT Is Expressed in RPE but Not in Retina.We
attempted to identify the retinyl ester synthase responsible
for the observed formation of 11cREs and atREs from atROL
in chicken retinas. To test for LRAT, we analyzed RNA from
bovine and chicken retinas and RPE by Northern blotting
with an LRAT probe. As expected, we observed hybridiza-
tion signals in the RPE samples from both species (Figure
5A). A second hybridizing band was present in the chicken
RPE lane, possibly resulting from alternative polyadenylation
of the lrat mRNA. However, we observed no LRAT
hybridization in the lanes containing bovine or chicken retinal
RNA. We also did immunoblot analysis of protein homo-
genates from the same four tissues with antisera against
human LRAT. Immunoreactive bands with the predicted
mass [25 kDa (18)] were detected in the lanes containing
bovine and chicken RPE but not retina (Figure 5B). These
data establish that LRAT either is not expressed in retina or
is expressed at a much lower level than in RPE.

Kinetics of Retinol Isomerization and Retinyl Ester Syn-
thesis by Chicken Retina Membranes.A second retinyl ester
synthase activity, called acyl CoA:retinol acyltransferase
(ARAT), has been observed in several tissues (20), but never
purified or cloned. Unlike LRAT, ARAT uses palm-CoA as

an acyl donor (21). To analyze the substrate dependence of
retinol isomerization and ester synthesis by chicken retina
membranes, we measured the initial reaction velocity (V0)
at different concentrations of atROL, 11cROL, and palm-
CoA (Figure 6A-C). Eadie-Hofstee analysis of these data
(Figure 6D-F) yielded the kinetic parametersVmax andKM

for each activity (Table 1). The synthesis of 11cREs and
atREs was critically dependent upon the presence of palm-
CoA (Figure 6C). This result, combined with the observation
that LRAT is undetectable in chicken retinas (Figure 5),
suggests that the dominant retinyl ester synthase in chicken
retinas is ARAT. Unexpectedly, the rate of 11cRE synthesis
from atROL was much higher than the rate of atROL-
dependent synthesis of atREs (Figure 6A and Table 1) or
11cROL-dependent synthesis of 11cREs (Figure 6B and
Table 1). TheKM values of the four ester synthase reactions
for retinols were similar (13.5, 12.1, 10.9, and 13.0µM),
suggesting that they are catalyzed by a single enzyme. These
values are also similar to the reportedKM (15µM) for atROL-
dependent synthesis of atREs by ARAT in mammary gland
(20) and lipocytes (22).

FIGURE 4: Synthesis of retinoids from [3H]atROL by chicken retina explants. (A) Time course of [3H]retinoids synthesized at the indicated
incubation times from 0.1µM [3H]atROL added to the culture medium. Error bars show standard deviations (n ) 4). (B) Representative
UV chromatograms at 340 nm of retinoids after 5 min (‚‚‚) and 40 min (s) incubations. Extracts were incubated with hydroxylamine to
protect the aldehydes during analysis. 11cRAL and atRAL were measured as the correspondingsyn- andanti-oximes (s- or a-11cROX and
s- or a-atROX). Insets show UV spectra of representative peaks from the 5 and 40 min chromatograms.

FIGURE 5: LRAT expression in RPE and retina. (A) Northern blot
of RNA from chicken and bovine RPE and retinas probed with a
cDNA for bovine LRAT. Each lane contained 1µg of poly(A)+
RNA from the indicated tissue source. The mobilities of RNA size
markers are shown on the left in kilobases. (B) Immunoblot of
protein extracts from chicken and bovine RPE and retinas, reacted
with an antibody to human LRAT. Each lane contained 10µg of
total protein from the indicated tissue source. The mobilities of
protein size markers are shown at the left in kilodaltons.

FIGURE 6: Substrate kinetics of retinoid synthesis by chicken retina
microsomes. (A) Retinoids synthesized following 2 min incubations
at the indicated concentrations of atROL. Palm-CoA (100µM) was
added to each reaction mixture. (B) Retinoids synthesized following
2 min incubations at the indicated concentrations of 11cROL. Palm-
CoA (100µM) was added to each reaction mixture. (C) Retinoids
synthesized following 2 min incubations at the indicated concentra-
tions of palm-CoA. atROL (50 µM) was added to each reaction
mixture. Data are expressed as initial reaction velocities (V0). The
Vmax andKM constants derived from Eadie-Hofstee transformations
of these data are presented in Table 1.
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Chicken Retina Homogenates Synthesize 11cROL from
atROL without Formation of Retinyl Esters following Pre-
incubation with Cellular Retinol Binding Protein Type I
(CRBP1). CRBP1 specifically binds atROL (23) and is
present in RPE cells (24). Apo-CRBP1 is a potent competi-
tive inhibitor of LRAT (17). To investigate the effects of
apo-CRBP1 on the isomerase and ester synthase activities
in chicken retina, we preincubated chicken retina homoge-
nates with 55µM apo-CRBP1 and assessed the time-
dependent formation of 11cREs, atREs, and 11cROL from
atROL. Interestingly, we observed significant conversion of
atROL to 11cROL without formation of new 11cREs or
atREs (Figure 7A). As a control, we assayed chicken retina
homogenates under similar conditions without apo-CRBP1.
Here we observed early synthesis of 11cREs with delayed
formation of 11cROL (Figure 7B), as previously observed
with the retina explants (Figure 4A). No atREs were

synthesized during these reactions. These data suggest that
the palm-CoA-dependent retinyl ester synthase in chicken
retinas is inhibited by apo-CRBP1 while the isomerase is
not. Further, synthesis of 11cROL from atROL without
formation of atREs or 11cREs shows that the isomerase and
ester synthase are independent catalytic activities.

DISCUSSION

Regeneration of visual pigments following a photobleach
requires re-isomerization of the chromophore. In rod-
dominant retinas, this process occurs in the RPE and has
been well-described. Previous studies suggest that cone visual
pigments regenerate by an alternate pathway (7-9, 13). In
the study presented here, we investigate the enzymology of
retinoid processing in cone-dominant chicken retinas. Our
results can be summarized by four observations. (i) Mi-
crosomes from isolated chicken retinas synthesized predomi-
nantly 11cREs from atROL, while bovine RPE microsomes
synthesized predominantly atREs from the same substrate
(Figure 3A,B). (ii) LRAT, although abundantly present in
RPE from cattle and chickens, was undetectable in retinas
from these species (Figure 5A,B). Further, the synthesis of
retinyl esters by chicken retina microsomes was strongly
dependent on palm-CoA (Figure 6C). The latter two obser-
vations implicate an ARAT-like activity as the major ester
synthase in chicken retinas. (iii) Synthesis of 11-cis-retinoids
from atROL by chicken retina explants preceded formation
of atREs (Figure 4A), ruling out atREs being the substrate
for this isomerase. Besides atROL-dependent synthesis of
11cREs, we also observed atROL-dependent synthesis of
atREs and 11cROL-dependent synthesis of 11cREs by
chicken retina microsomes (Figure 6A,B). TheKM values
for the three ester synthesis reactions were similar (Table
1), suggesting a single catalytic activity. TheVmax for atROL-
dependent synthesis of 11cREs was severalfold higher than
theVmax for the other ester synthase reactions (Table 1). This
was unexpected since atROL-dependent synthesis of 11cREs
involved both all-transto 11-cis isomerization and fatty acyl
esterification of the retinoid, while the latter two reactions
involved simple esterification. (iv) Finally, chicken retina
homogenates preincubated with apo-CRBP1 converted atROL
to 11cROL with no net synthesis of 11cREs or atREs (Figure
7A).

One conclusion of these results is that the mechanism of
retinoid isomerization is different in chicken retinas and
bovine RPE. An important difference is the substrate for
isomerization. In RPE, the substrates are atREs (2-4).
However, since 11-cis-retinoids are synthesized in the
absence of atREs, these cannot be the substrates for the
isomerase in chicken retinas. Instead, chicken retinas appear
to catalyze the direct conversion of atROL to 11cROL. This
poses a thermodynamics problem. Isomerization of retinol,

Table 1: Kinetics of Retinoid Synthesis for atROL, 11cROL, and Palm-CoA Substratesa

Vmax (nmol min-1 mg-1) KM (µM)

substrate 11cREs 11cROL atREs atROL 11cREs 11cROL atREs atROL

atROL 0.82 0.19 0.28 - 13.5 10.1 10.9 -
11cROL 0.17 - 0.04 0.14 12.1 - 13.0 35.0
palm-CoA 0.99 0.23 0.27 - 34.4 28.5 13.2 -

a Determinations for atROL and 11cROL were carried out at 100µM palm-CoA. Determinations for palm-CoA were carried out at 50µM
atROL.

FIGURE 7: Effect of apo-CRBP1 on retinoids synthesized from
atROL by chicken retinal homogenates. (A) Chicken retina homo-
genates were preincubated with 55µM CRBP1 before addition of
20µM holo-CRBP1 (atROL substrate with CRBP1). Retinoids were
extracted and analyzed by HPLC at the indicated incubation times.
(B) Chicken retina homogenates were incubated under conditions
similar to those used for panel A without apo-CRBP1 preincubation.
Results are shown for each retinoid detected as nanomoles per
milligram of protein. Error bars show standard deviations (n ) 4).
Note the synthesis of 11cROL from atROL with no net synthesis
of atREs or 11cREs in panel A.
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from the planar all-trans to the sterically constrained 11-cis
form, is endothermic with a free energy change of+4.1 kcal/
mol (25). In RPE, the energy of isomerization comes from
coupled hydrolysis of the carboxylate ester in an atRE (∆G
) -5 kcal/mol) (26). This energy source is unavailable if
atROL is the substrate. What then is the driving force for
retinoid isomerization?

We suggest that in chicken retinas, the isomerase reaction
is driven by palm-CoA-dependent esterification of the
11cROL product. According to this model, the isomerization
energy comes from hydrolysis of the thio ester in palm-CoA
(∆G ) -7.5 kcal/mol). In support of this model, the major
11-cis-retinoids formed from atROL by chicken retinas were
11cREs, not 11cROL (Figures 4A and 6A). Oxidation of
11cROL to 11cRAL may also drive the synthesis of 11-cis-
retinoids in chicken retinas. We observed formation of
significant 11cRAL during incubation of chicken retina
explants with atROL (Figure 4A), suggesting that oxidation
also plays a role.

A model for integrating the results presented here is shown
in Figure 8. We suggest that the isomerase machinery
consists of two catalytic activities. One is an isomerase that
catalyzes the passive interconversion of atROL and 11cROL.
The second is a palm-CoA-dependent retinyl ester synthase.
These enzymes operate in two catalytic modes. In the first
mode, which probably involves formation of a physical
complex, the enzymes are catalytically coupled. 11cROL
produced by the isomerase is esterified by the synthase to
yield an 11cRE. This is the dominant catalytic mode, since
addition of atROL to chicken retina explants or microsomes
results mainly in the formation of 11cREs (Figures 4A and
6A). For convenience, we have named this catalytic activity
“isomerosynthase”. In the second mode, the enzymes work
independently. For the isomerase, this mode is exemplified
by the formation of 11cROL from atROL in total retina
homogenates where retinyl ester synthesis is inhibited with
apo-CRBP1 (Figure 7A). It is also exemplified by the reverse
isomerization of added 11cROL to form atROL (Figure 6B).
For the ester synthase, this second mode is represented by
atROL-dependent synthesis of atREs (Figure 6A) and
11cROL-dependent synthesis of 11cREs (Figure 6B). The
higherVmax for atROL-dependent synthesis of 11cREs versus
the other ester synthase reactions (Table 1) indicates
enhanced catalytic efficiency for the enzymes operating in
the first mode.

To prevent reverse isomerization, the 11cROL product of
11cRE hydrolysis must be released into a cellular compart-

ment discrete from the isomerase. This compartment may
comprise apo-CRALBP, which specifically binds 11-cis-
retinoids (10, 11). 11-cis-Retinyl ester hydrolase (11cREH)
is located in the plasma membrane of RPE cells (27). A
similar distribution of 11cREH in isomerase-containing
chicken retina cells would facilitate delivery of 11cROL to
interphotoreceptor retinoid-binding protein (IRBP) (28-30)
in the extracellular space. This would deny access of the
isomerase to 11cROL and prevent back-isomerization.
11cREH is activated by apo-CRALBP in RPE (31). In
chicken retinas, this regulatory mechanism may prevent
reverse isomerization by inhibiting hydrolysis of 11cREs
when CRALBP is saturated with its 11cROL ligand.

In a recent publication, Gollapalli and Rando asserted that
the isomerase in chicken retinas uses atREs, not atROL, as
the substrate (14). However, they used chicken eyecups,
containing both retina and RPE, as an enzyme source for
their isomerase assays. They also used BSA as an acceptor
protein for the 11cROL. BSA is a nonspecific binding protein
with equal affinity for atROL and 11cROL (N. L. Mata,
unpublished observation). Thus, BSA has no effect on the
isomerization equilibrium. BSA works as an 11cROL ac-
ceptor for the isomerase in RPE (32) where the energy of
isomerization comes from hydrolysis of atREs. BSA is
ineffective, however, as an 11cROL acceptor for the chicken
retina isomerase, which uses mass action to drive production
of 11-cis-retinoids. The isomerase in chicken retinas requires
either a specific 11cROL acceptor, such as apo-CRALBP,
or an activated fatty acid as a substrate for the coupled ester
synthase. Most experiments conducted by Gollapalli and
Rando were carried out on mixed eyecup preparations
without apo-CRALBP or palm-CoA. Since their assay
conditions only supported the atRE-dependent isomerase
activity in RPE, it is hardly surprising that this activity was
detected. Interestingly, in one experiment where palm-CoA
was added to the assay mixture without BSA, they observed
dramatic production of 11cRP (14). This important observa-
tion was not discussed. In brief, Gollapalli and Rando
prepared membranes from chicken retinas with RPE, assayed
these membranes under conditions that supported the isomerase
activity in RPE but not in chicken retinas, observed this RPE
isomerase activity, and concluded that the isomerase in
chicken retinas is identical to the RPE isomerase.

Cultured Müller cells from chicken retinas were previously
shown to take up atROL and release 11cROL into the
medium (12). These cells were also shown to contain
CRALBP (10, 12). It is likely therefore that the retinol

FIGURE 8: Hypothesized isomerosynthase and alternate visual cycle in chicken retinas. Schematic drawings of the retinol isomerase and
palm-CoA-dependent retinyl ester synthase in chicken retinas. The isomerase catalyzes passive interconversion of atROL and 11cROL.
The ester synthase uses palm-CoA as an acyl donor to catalyze formation of an atRE or 11cRE from 11cROL or atROL, respectively. In
the isomerosynthase catalytic mode (depicted here as a complex between these enzymes), the 11cROL product of isomerization is directly
esterified to drive the formation of 11-cis-retinoids. This results in higher catalytic efficiency than for uncoupled atROL-dependent synthesis
of atREs or 11cROL-dependent synthesis of 11cREs.
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isomerase and palm-CoA-dependent retinyl ester synthase
described here are located in Mu¨ller cells. Previously, we
described an NADP+/NADPH-dependent 11cROL dehydro-
genase (11cRDH) activity in cones (13). Together, these
observations suggest the existence of an alternate visual cycle
in chicken retinas. This cycle may function, in conjunction
with the visual cycle in RPE cells, to provide cones with
visual chromophore at the very high rates required in
daylight.
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