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Isomerization and Oxidation of Vitamin A in Cone-
Dominant Retinas: A Novel Pathway for Visual-
Pigment Regeneration in Daylight

cis-retinaldehyde through a multistep pathway called
the visual cycle (Figure 1B). Most of what is known about
the visual cycle has come from the study of rod-domi-
nant species such as cattle and rodents.

Several lines of evidence suggest that rod and cone
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Los Angeles, California 90095 photopigments regenerate by different mechanisms. In

frog retinas separated from the retinal pigment epithe-3 Center for Basic Neuroscience
UT Southwestern Medical Center lium (RPE), cone opsin, but not rhodopsin, regenerates

spontaneously (Goldstein and Wolf, 1973; Hood andDallas, Texas 75235
Hock, 1973). After bleaching, isolated salamander
cones, but not rods, recover sensitivity with addition of
11-cis-retinol (Jones et al., 1989). Cultured Müller cellsSummary
isomerize all-trans-retinol to 11-cis-retinol, which they
secrete into the medium (Das et al., 1992). Müller cells,The first step toward light perception is 11-cis to all-

trans photoisomerization of the retinaldehyde chro- in addition to RPE cells, contain cellular retinaldehyde
binding protein (CRALBP), which specifically binds 11-mophore in a rod or cone opsin-pigment molecule.

Light sensitivity of the opsin pigment is restored cis-retinoids (Bunt-Milam and Saari, 1983; Saari and
Bredberg, 1987). These observations imply involvementthrough a multistep pathway called the visual cycle,

which effects all-trans to 11-cis re-isomerization of of Müller cells in the recycling of visual chromophore,
and suggest an interaction between Müller cells andthe retinoid chromophore. The maximum throughput

of the known visual cycle, however, is too slow to cones.
The response kinetics of cones are very different fromexplain sustained photosensitivity in bright light. Here,

we demonstrate three novel enzymatic activities in rods. Cones are several-hundred-fold less sensitive than
rods (Pugh and Lamb, 2000). Following light flashescone-dominant ground-squirrel and chicken retinas:

an all-trans-retinol isomerase, an 11-cis-retinyl-ester that generate similar membrane currents, cones recover
sensitivity approximately 10-fold faster than do rodssynthase, and an 11-cis-retinol dehydrogenase. To-

gether these activities comprise a novel pathway that (Baylor et al., 1979; Perry and McNaughton, 1991). The
rod photoresponse is saturated at photoisomerizationregenerates opsin photopigments at a rate 20-fold

faster than the known visual cycle. We suggest that rates above 500 per second (Baylor et al., 1984). Cones,
on the other hand, remain responsive to light at photo-this pathway is responsible for sustained daylight vi-

sion in vertebrates. isomerization rates up to 1,000,000 per second (Schnapf
et al., 1990). Thus, the maximal rate of visual-pigment
regeneration is 2000-fold higher in cones than rods.Introduction

In the current study, we investigated the mechanism
of retinoid recycling in two cone-dominant species,Light perception in vertebrates is mediated by two types

of photoreceptors, rods and cones. Rods are special- chicken and ground squirrel. We demonstrate three
novel catalytic activities in retinas from these speciesized for vision at night while cones provide high-resolu-

tion color vision in daylight. Although cones comprise that mediate the processing of visual retinoids. We pro-
pose that these activities represent enzymatic steps inonly about 5% of photoreceptors in the human retina,

they are far more important than rods for vision in day- a novel visual cycle that provides high-throughput pig-
ment regeneration in cone photoreceptors.light. With the advent of artificial lighting, people spend

most of the time under light conditions where the rod
response is saturated and sight is mediated entirely by Results
cones.

Rod and cone photoreceptors contain a light-sensi- Cone-Dominant Retinas Contain Retinyl Esters
tive structure called the outer segment, comprising a We determined the content of fatty-acyl retinyl esters
stack of membranous discs (Figure 1A). These discs are in light-adapted bovine, mouse, chicken, and ground-
loaded with rhodopsin (in rods) or cone opsin visual squirrel retina and RPE membranes by high-perfor-
pigments. The light-absorbing chromophore for both mance liquid chromatography (HPLC) (Weng et al.,
pigment types is 11-cis-retinaldehyde. Absorption of a 1999). 11-cis- and all-trans-retinyl esters were present
single photon by a visual pigment molecule results in in chicken (Nicotra et al., 1994; Rodriguez and Tsin,
11-cis to all-trans isomerization of the chromophore. 1989) and ground-squirrel retinas, but were virtually un-
This induces a conformational change in the opsin pro- detectable in retinas from cattle and mice (Figure 2A).
tein that activates the visual transduction cascade. Be- In contrast, retinyl esters were higher in RPE from cattle
fore light sensitivity can be restored to the apo-opsin, and mice compared to chicken and ground squirrels
all-trans-retinaldehyde must be converted back to 11- (Figure 2B). We determined the fatty acid composition

of each ester sample by saponification (hydrolysis in
alkali) and derivitization of the free fatty acids. Retinyl4 Correspondence: travis@jsei.ucla.edu
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Figure 1. Organization of the Retina and the Known Visual Cycle

(A) Schematic drawing of a typical vertebrate retina. Rod (R) and cone (C) photoreceptors each contain an outer segment (OS), which is the
site of photon capture and the reactions of visual transduction. Adjacent to the outer segments is the retinal pigment epithelium (RPE), which
plays a role in the processing of retinoids but is not considered part of the retina. The Müller glial cell (M) may also play a role in retinoid
processing. Second-order bipolar cells (BC) and third-order ganglion cells (GC) are shown but not discussed. (B) Visual cycle in rod-dominant
retinas. Absorption of a single photon (hv) by a rhodopsin pigment molecule in the rod outer segment induces 11-cis to all-trans isomerization
of the 11-cis-retinaldehyde (11cRAL) chromophore to form active metarhodopsin II (MII). MII rapidly decays to yield apo-rhodopsin and free
all-trans-retinaldehyde (atRAL). The all-trans-retinaldehyde is reduced to all-trans-retinol (atROL) by all-trans-retinol dehydrogenase (atRDH),
which uses NADPH as a cofactor (Lion et al., 1975; Palczewski et al., 1994; Rattner et al., 2000). The all-trans-retinol diffuses across the
narrow extracellular space and is taken up by the RPE. Lecithin retinol acyl-transferase (LRAT) catalyzes trans-esterification of a fatty acid
from phosphatidylcholine to all-trans-retinol, resulting in formation of an all-trans-retinyl ester (atRE) (Ruiz et al., 1999; Saari and Bredberg,
1989; Shi et al., 1993). Isomerohydrolase (IMH) is postulated to catalyze coupled hydrolysis and isomerization of all-trans-retinyl esters into
11-cis-retinol (11cROL) (Deigner et al., 1989). 11-cis-retinol is oxidized to 11-cis-retinaldehyde by 11-cis-retinol dehydrogenase type-5
(11cRDH5), which uses NAD� as a cofactor (Lion et al., 1975; Simon et al., 1995). In the dark, under conditions of low 11-cis-retinaldehyde
utilization, 11-cis-retinol can also be esterified by LRAT to form 11-cis-retinyl esters (11cRE). Cellular retinaldehyde binding protein (CRALBP)
binds 11-cis-retinol and 11-cis-retinaldehyde with high affinity, but not all-trans-retinol (Bunt-Milam and Saari, 1983; Saari and Bredberg,
1987). With chromophore depletion, apo-CRALBP stimulates hydrolysis of 11-cis-retinyl esters by retinyl ester hydrolase (REH) (Stecher et
al., 1999). 11-cis-retinaldehyde diffuses across the extracellular space, is taken up by the outer segment, and recombines with apo-rhodopsin
to regenerate rhodopsin.

esters from the retinal tissues contained approximately LRAT activity in bovine and mouse RPE membranes.
First, RPE microsomes were irradiated with UV light25% unsaturated fatty acids while those from the RPE
to eliminate endogenous retinoids. Incubation with all-tissues contained predominantly saturated palmitic and
trans-retinol resulted in the rapid formation of all-trans-stearic acids. These differences reflect the distinct fatty
retinyl esters (Figures 3A and 3B). Retinyl-ester produc-acid compositions of phospholipids from each tissue
tion plateaued after several minutes incubation due to(Gulcan et al., 1993), and offer evidence that the retinas
depletion of usable phosphatidylcholine (Saari et al.,and RPE were cleanly separated during dissection. Rep-
1993), which is the fatty-acyl donor for LRAT. No 11-resentative chromatograms for retinyl esters from
cis-retinyl esters (or 11-cis-retinol) were produced byground-squirrel retinas and authentic retinyl ester stan-
bovine or mouse RPE membranes from all-trans-retinoldards are shown in Figures 2C and 2D. To confirm our
substrate during the time course of these reactions. All-identification of retinyl esters in this and all subsequent
trans-retinyl �-bromoacetate (tRBA) is a potent competi-experiments, we saponified esters from each tissue and
tive inhibitor of LRAT (Trehan et al., 1990). As expected,analyzed the resulting retinols in parallel with saponified
addition of tRBA to bovine or mouse RPE membranesester standards by HPLC. As shown for ground squirrel
blocked formation of all-trans-retinyl esters from all-in Figures 2E and 2F, the retinol products of ester hydro-
trans-retinol (Figures 3A and 3B). These data are consis-lysis were in agreement with the identified intact esters.
tent with the observation that the dominant retinyl-ester
synthase in RPE is LRAT. We observed no detectable

Novel Retinyl-Ester Synthase in Chicken formation of retinyl esters by bovine or mouse retinal
and Ground-Squirrel Retinas membranes from either all-trans-retinol or 11-cis-retinol
We began our investigation into the sources of all-trans- substrates.

Strikingly different results were obtained with RPE �and 11-cis-retinyl esters in ocular tissues by measuring
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retinol substrate (Figures 3C and 3D). Addition of tRBA
had no effect on the formation of 11-cis-retinyl esters
from all-trans-retinol by these chicken or ground-squir-
rel membranes. The rate of 11-cis-retinyl-ester synthesis
from all-trans-retinol by ground-squirrel RPE � retinal
membranes was �10-fold slower than the rate of all-
trans-retinyl ester synthesis by an equivalent sample
of bovine RPE membranes. Prior heating of ground-
squirrel or chicken RPE � retinal membranes at 100�C
for 2 min abolished the synthesis of 11-cis-retinyl esters,
confirming an enzymatic process. These data suggest
that chicken and ground-squirrel retinas contain an ad-
ditional retinyl-ester synthase distinct from LRAT.

Another potent inhibitor of LRAT is N-ethylmaleimide
(NEM) (MacDonald and Ong, 1988), which presumably
reacts with a cysteine residue in the LRAT catalytic site
(Mondal et al., 2000). Preincubation of bovine RPE mem-
branes with NEM completely suppressed synthesis of
all-trans-retinyl esters from all-trans-retinol (Figure 3E).
Preincubating ground-squirrel retinal membranes with
NEM, however, had no effect on the synthesis of 11-
cis-retinyl esters from all-trans-retinol (Figure 3F). Syn-
thesis of 11-cis-retinyl esters from all-trans-retinol by
chicken retinal membranes was similarly insensitive to
NEM (not shown). No all-trans-retinyl esters were syn-
thesized by ground-squirrel or chicken retinal mem-
branes due to the absence of LRAT, which is expressed
in RPE but not retina (Fulton and Rando, 1987). These
studies provide further evidence for a retinyl-ester syn-
thase in ground-squirrel and chicken retinas, distinct
from LRAT, that catalyzes formation of 11-cis- but not
all-trans-retinyl esters from all-trans-retinol substrate.

Synthesis of 11-cis-Retinyl Esters by
Ground-Squirrel Retinas Is Stimulated
by Palmitoyl Coenzyme A
Conversion of all-trans-retinol to 11-cis-retinyl esters
involves two chemical transformations: all-trans to 11-
cis isomerization, and fatty-acyl esterification. All-trans
to 11-cis isomerization of retinol is an endothermic reac-
tion. A possible source of the isomerization energy is
ATP hydrolysis. To test this possibility, we added exoge-
nous ATP to reaction mixtures containing all-trans-reti-
nol and chicken or ground-squirrel retinal membranes.

Figure 2. Retinyl Esters in Retina and RPE No increase in the rate of isomerization was observed
(A) Levels of 11-cis-retinyl esters (11cRE, red bars) and all-trans- with addition of ATP at concentrations up to 10 mM,
retinyl esters (atRE, gray bars) in bovine (bov), mouse (mus), chicken which rules out ATP as the energy source.
(chk), and ground squirrel (GS) retinas. (B) Levels of 11-cis-retinyl

Another potential source of energy is hydrolysis ofesters and all-trans-retinyl esters in RPE from the four species.
an activated fatty acid. We assayed membranes fromValues are shown as pmols per �g protein in microsomal mem-
chicken and ground-squirrel retinas for endogenousbranes. Error bars show standard deviations (n � 4). (C) Representa-

tive HPLC chromatogram of retinyl esters from ground squirrel ret- fatty-acyl esters of coenzyme A (CoA). Palmitoyl (16:0),
ina. (D) Representative HPLC chromatogram of the retinyl-ester myristoleoyl (14:1), and stearoyl (18:0) CoA’s were pres-
standards: 13-cis-retinyl palmitate (13cRP), 11-cis-retinyl palmitate ent at 940 � 70, 790 � 50, and 670 � 60 pmols per mg
(11cRP), and all-trans-retinyl palmitate (atRP). (E) Representative

protein, respectively. To test for dependence of retinyl-chromatogram of saponified retinyl esters from GS retina showing
ester synthesis on the presence of fatty-acyl CoA’s, we11-cis-retinol (11cROL) and all-trans-retinol (atROL). (F) Representa-
performed a dual-label experiment in which [3H]-all-tive chromatogram of saponified retinyl-ester standards showing

11-cis-retinol, 13-cis-retinol (13cROL), and all-trans-retinol. UV ab- trans-retinol and [14C]-palmitoyl CoA (palm-CoA) were
sorption at 325 nm is shown in milliabsorption units (mAU). added to ground-squirrel RPE � retinal membranes.

Levels of 11-cis- and all-trans-retinyl esters synthesized
during the incubation were determined by UV absorption
and [3H]- and [14C]-incorporation following HPLC (Figureretinal membranes from chicken or ground squirrel.

Membranes from these combined tissues synthesized 4). Synthesis of 11-cis-retinyl esters increased more than
7-fold with addition of 100 �M palm-CoA (Figures 4A,both all-trans- and 11-cis-retinyl esters from all-trans-
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Figure 3. Retinyl Esters Synthesized by RPE
and Retinal Membranes from All-trans-
Retinol

(A) Time course of all-trans-retinyl ester
(atRE) synthesis by bovine RPE membranes
in the absence (open circles) or presence
(filled circles) of tRBA inhibitor. Arrow on the
baseline indicates the time of tRBA addition.
(B) Time course of all-trans-retinyl ester syn-
thesis by mouse RPE membranes in the ab-
sence or presence of tRBA inhibitor. (C) Time
course of all-trans-retinyl ester (circles, black
lines) or 11-cis-retinyl ester (11cRE, squares,
red lines) synthesis by chicken combined
RPE � retinal membranes in the absence
(open figures) or presence (filled figures) of
tRBA inhibitor. (D) Time course of all-trans-
retinyl ester or 11-cis-retinyl ester synthesis
by ground-squirrel combined RPE � retinal
membranes in the absence or presence of
tRBA inhibitor. (E) Time course of all-trans-
retinyl ester synthesis by bovine RPE mem-
branes plus (open circles) or minus (filled cir-
cles) pre-treatment with NEM. (F) Time course
of 11-cis-retinyl ester synthesis by ground-
squirrel retinal membranes plus (open
squares) or minus (filled squares) pre-treat-
ment with NEM. For each experiment, the in-
dicated all-trans- and 11-cis-retinyl esters
were the only retinyl esters formed, shown
as nmols per mg protein. Error bars show
standard deviations (n � 4).

4B, and 4G). This increase was accompanied by a 25% experiment using chicken RPE � retina membranes with
similar results (not shown). Three conclusions can bereduction in the synthesis of all-trans-retinyl esters, pre-

sumably representing competition of the 11-cis-retinyl drawn from these observations: (1) all-trans to 11-cis
isomerization of retinol is dependent on palm-CoA; (2)ester synthase with LRAT for all-trans-retinol substrate.

Similar stimulation of 11-cis-retinyl ester synthesis was palm-CoA serves as a fatty-acyl donor for the 11-cis-
retinyl ester synthase in chicken and ground-squirrelobserved with addition of 100 �M myristoleoyl and ste-

aroyl CoA. No stimulation was observed with addition retinas; and (3) palm-CoA is not an acyl donor for LRAT-
mediated synthesis of all-trans-retinyl esters, as pre-of acetyl CoA, however. As before, we confirmed our

identification of each ester species by saponifying the viously reported (Saari and Bredberg, 1988). The latter
two observations represent further evidence to distin-eluted esters and analyzing the released retinols by

HPLC. The radiograms generated by online analysis of guish the 11-cis-retinyl-ester synthase in cone-domi-
nant retinas from LRAT. Together, the data presented[3H]-decays per minute (dpm) were similar to the UV

chromatograms. Online analysis of [14C]-dpm showed in Figure 4 suggest that all-trans to 11-cis isomerization
of retinol is energetically coupled to palm-CoA-depen-labeling of 11-cis- but not all-trans-retinyl esters upon

addition of [14C]-palm-CoA (Figure 4F). We repeated this dent synthesis of 11-cis-retinyl esters.
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Figure 4. Synthesis of 11-cis-Retinyl Esters by Ground-Squirrel RPE � Retinal Membranes Is Stimulated by Palm-CoA

[3H]-all-trans-retinol, plus or minus [14C]-palm-CoA, were added to UV-treated, combined RPE � retinal membranes from ground squirrel.
Following incubation for 40 min, extracted retinoids were resolved by HPLC with simultaneous UV and online-radiometric analysis. Chromato-
grams are shown for 325 nm absorption (A and B), [3H]-decays per minute (dpm) (C and D), and [14C]-dpm (E and F). Note that [14C]-palmitate
is incorporated into 11-cis-retinyl esters (11cRE) but not all-trans-retinyl esters (atRE). (G) Histogram showing levels of 11-cis-retinyl esters
(red bars) and all-trans-retinyl esters (gray bars) synthesized during a 5 min incubation in the absence or presence of palm-CoA, in nmols per
mg protein. Error bars show standard deviations (n � 4).

The Isomerase in Cone-Dominant Retinas CRALBP. The highest levels of 11-cis-retinyl esters were
formed with addition of both apo-CRALBP and palm-Catalyzes Passive Interconversion

of All-trans- and 11-cis-Retinol CoA (Figure 5A). Omission of apo-CRALBP caused a
modest reduction in 11-cis-retinyl ester synthesis. Omis-The data presented in Figures 3 and 4 are consistent

with two possible mechanisms for the coupling of retinol sion of palm-CoA dramatically reduced synthesis of 11-
cis-retinyl esters, with our without added apo-CRALBP.isomerization to palm-CoA-dependent ester synthesis.

According to the first mechanism, all-trans-retinol is “ac- Very little 11-cis-retinol was produced in the absence
of apo-CRALBP, with or without added palm-CoA (Fig-tivated” by palm-CoA to form a high-energy intermedi-

ate, which decays to yield 11-cis-retinyl esters in a single ure 5B). Addition of apo-CRALBP dramatically increased
production of 11-cis-retinol. The highest levels of 11-catalytic step. According to the second mechanism,

passive isomerization of all-trans- to 11-cis-retinol is cis-retinol were produced in the presence of apo-
CRALBP and the absence of palm-CoA. We performeddriven by mass action through subsequent palm-CoA-

dependent synthesis of 11-cis-retinyl esters. Both mech- a parallel study on retinal membranes from ground squir-
rel with similar results (not shown). These data indicateanisms are consistent with the observations that no all-

trans-retinyl esters and only low levels of 11-cis-retinol that 11-cis-retinol is an intermediate in the conversion
of all-trans-retinol to 11-cis-retinyl esters, and suggestare formed during the time course of the reaction. To

distinguish between these two possibilities, we tested that the new isomerase catalyzes the equilibrium be-
tween all-trans-retinol and 11-cis-retinol. Retinol isom-the effects of apo-CRALBP, with or without added palm-

CoA, on the conversion of [3H]-all-trans-retinol to [3H]- erization and 11-cis-retinyl-ester synthesis appear to
represent distinct enzymatic steps.11-cis-retinyl esters and [3H]-11-cis-retinol by chicken

and ground-squirrel retinal membranes. As discussed,
apo-CRALBP binds 11-cis-retinol (and 11-cis-retinalde- Isomerohydrolase Activity in Chicken RPE

To compare the maximum turnover rates of all-trans-hyde) but not all-trans-retinol (Bunt-Milam and Saari,
1983; Saari and Bredberg, 1987). If all-trans-retinol is retinol isomerase in cone-dominant retinas and isomer-

ohydrolase in RPE, we performed kinetic analysis ofconverted to 11-cis-retinyl esters in a single enzymatic
step per the first mechanism, we would predict no effect isomerohydrolase activity in microsomes from chicken

RPE at increasing concentrations of all-trans-retinyl-upon addition of apo-CRALBP. However, if passive
isomerization of retinol is a distinct enzymatic step from ester substrate. Vmax for chicken isomerohydrolase was

45 pmol/min/mg protein, which is in good agreementsynthesis of 11-cis-retinyl esters, per the second mecha-
nism, we would predict a shift in the equilibrium to favor with the published Vmax of 44.3 pmol/min/mg for isomero-

hydrolase in bovine RPE microsomes (Winston andformation of 11-cis-retinol with addition of apo-
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Figure 5. Effects of apo-CRALBP on the Synthesis of 11-cis-Retinyl
Esters and 11-cis-Retinol by Chicken Retinal Membranes

(A) Synthesis of [3H]-11-cis-retinyl esters (11cRE) from [3H]-all-trans-
retinol by chicken retinal membranes in the presence of 30 �M apo-
CRALBP (black and red bars), 100 �M palm-CoA (black and cyan
bars), or absence of both (gray bar). Shown as specific activities
(pmols [3H]-11-cis-retinyl esters per min per mg protein). (B) Synthe-
sis of [3H]-11-cis-retinol (11cROL) from [3H]-all-trans-retinol by
ground-squirrel retinal membranes in the presence of apo-CRALBP,
palm-CoA, or absence of both. Shown as specific activities (pmols
[3H]-11-cis-retinol per min per mg protein). Error bars show standard
deviations (n � 4). Note the palm-CoA dependence of 11-cis-retinyl
ester synthesis and the apo-CRALBP dependence of 11-cis-retinol
synthesis.

Rando, 1998). The KM’s were 3.91 �M for chicken and
3.66 �M all-trans-retinyl ester for bovine isomerohydro-
lase in RPE microsomes. We also performed kinetic
analysis of isomerohydrolase activity in total chicken
RPE membranes. Here, Vmax was 18.5 pmol/min/mg. The
concentration of protein in total membranes was 1.5 mg
per chicken RPE.

Figure 6. 11-cis-Retinol Dehydrogenase Activity in Ground-Squirrel
and Chicken Retinas

Novel 11-cis-Retinol Dehydrogenase Activity Microsomal membranes from ground squirrel (A) and chicken (B)
in Cone-Dominant Retinas retinas were assayed for the capacity to reduce 11-cis-retinaldehyde

(11cRAL) to [3H]-11-cis-retinol (11cROL) in the presence of [3H]-Isolated cones regenerate opsin pigment upon addition
NADH (open squares) or [3H]-NADPH (filled squares). 11-cis-retinolof 11-cis-retinol (Jones et al., 1989), suggesting that
dehydrogenase (11cRDH) activity is expressed in pmols [3H]-11-cis-these photoreceptors can oxidize 11-cis-retinol to 11-
retinol per min per mg protein. (C) Ground-squirrel retinal micro-cis-retinaldehyde. To test this possibility, we assayed
somes were assayed for the capacity to synthesize [3H]-NADPH

microsomes prepared from ground-squirrel and chicken from pro-R- or pro-S-[3H]-11-cis-retinol plus unlabeled NADP�. (D)
retinas for 11-cis-retinol dehydrogenase activity. Micro- Ground-squirrel retinal microsomes were assayed for the capacity

to synthesize [3H]-11-cis-retinol from pro-R- or pro-S-[3H]-NADPH.somes from both cone-dominant species contained an
(E) Microsomes from ground squirrel (GS), chicken (chk), bovine11-cis-retinol dehydrogenase with a preference for
(bov), and mouse (mus) retinas were assayed for the capacity toNADP� cofactor (Figures 6A and 6B). In contrast, the major
synthesize [3H]-11-cis-retinol from 11-cis-retinaldehyde and [3H]-11-cis-retinol dehydrogenase in RPE (11-cis-retinol de-
NADPH in the absence (gray bars) or presence (red bars) of 40 �M

hydrogenase type-5) uses NAD� as a cofactor (Jang et all-trans-retinaldehyde (atRAL) . Error bars show standard deviations
al., 2000). To characterize further the 11-cis-retinol dehy- (n � 4). (F) Derived Vmax/KM (catalytic efficiencies) for 11-cis-retinol

dehydrogenase in mouse, bovine, chicken, and ground-squirrel retinasdrogenase in cone-dominant retinas, we assayed the
are plotted against the percentage of cone photoreceptors in eachactivities with stereospecifically labeled [3H]-11-cis-reti-
species. Linear regression analysis revealed a correlation coefficientnol or [3H]-NADPH. The enzymes showed high specificity
(R2 ) of 0.999.for pro-S-11-cis-retinol (Figure 6C) and pro-S-NADPH

substrates (Figure 6D). To confirm the dinucleotide
specificity, we also assayed the 11-cis-retinol dehy- cis-retinol to 11-cis-retinaldehyde). Here, we observed

similar specificity for NADP�/NADPH (not shown).drogenase from ground-squirrel and chicken retinal
membranes in the “forward” direction (conversion of 11- Members of the short-chain dehydrogenase (SDR)
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DiscussionTable 1. Kinetic Parameters for Retinol Dehydrogenases in Retina

11-cis-Retinol All-trans-Retinol In the current study, we have demonstrated three novel
Dehydrogenase Dehydrogenase

catalytic activities in membrane fractions of cone-domi-
nant chicken and ground-squirrel retinas. These include:Vmax KM Vmax KM

(1) an isomerase that catalyzes direct interconversionGround squirrel 138 � 6.3 3.1 148 � 8.1 6.1
of all-trans-retinol and 11-cis-retinol; (2) a specific 11-Chicken 95 � 4.5 2.9 104 � 4.2 4.6
cis-retinyl-ester synthase that uses palm-CoA as an acylBovine 9.0 � 1.7 2.2 66 � 3.4 2.6

Mouse 3.0 � 0.7 1.5 27 � 2.5 1.0 donor; and (3) an 11-cis-specific retinol dehydrogenase
that uses NADP� as a cofactor. We propose that theseVmax in pmol/min/mg protein � standard deviations; KM in �mol/l.
activities represent catalytic steps in a novel visual cycle
that serves cones.

family, which includes the retinol dehydrogenases, ex-
An All-trans-Retinol Isomerasehibit low specificity with regards to alcohol substrate.
in Cone-Dominant RetinasTo exclude the possibility that the 11-cis-retinol dehy-
The isomerase activity observed in ground-squirrel anddrogenase activity observed in retinas is due to the
chicken retinas is distinct from the previously describedpromiscuous use of 11-cis-retinaldehyde substrate by
isomerohydrolase in RPE. While isomerohydrolase usesanother SDR, we added all-trans-retinaldehyde to the
all-trans-retinyl esters as a substrate (Deigner et al.,reaction mixtures at 40 �M, approximately ten times the
1989), the new isomerase uses all-trans-retinol. Isomer-Km for 11-cis-retinaldehyde. Under these assay condi-
ization of all-trans-retinol to 11-cis-retinol is accompa-tions, nonspecific utilization of 11-cis-retinaldehyde
nied by a free-energy change of �4.1 kcal/mol (Randowould be inhibited by the excess all-trans-retinalde-
and Chang, 1983). In RPE membranes, this energy ishyde. No inhibition would be expected, however, of a
thought to come from coupled hydrolysis of the carbox-dehydrogenase with true 11-cis-retinol/11-cis-retinalde-
ylate ester in all-trans-retinyl esters (�G � �5 kcal/mol)hyde specificity. The 11-cis-retinol dehydrogenase ac-
(Deigner et al., 1989). Alternatively, it has been sug-tivities in bovine and mouse retinal microsomes were
gested that retinol isomerization may be driven by masssignificantly suppressed under these stringent assay
action using the exothermic regeneration of rhodopsinconditions (Figure 6E). Only slight reductions were seen
as an energy source (Stecher et al., 1999). Neither expla-with ground squirrel and chicken. Activities measured
nation is valid, however, for the isomerization of retinolunder these stringent conditions identify an 11-cis-spe-
described here in cone-dominant retinas. As discussed,cific retinol dehydrogenase present in all four retinas.
the all-trans-retinol isomerase in retinal membranesIf this 11-cis-retinol dehydrogenase is present in
does not use all-trans-retinyl esters as a substrate andcones, we would expect the activity in retinal mem-
hence cannot utilize the energy of ester hydrolysis tobranes to vary proportionally with the percentage of
drive the reaction. Recombination of 11-cis-retinalde-cone photoreceptors in each animal species. The ratio
hyde with apo-rhodopsin to form rhodopsin is virtuallyof cones to rods is 3:97 in mouse (Carter-Dawson and
irreversible (Defoe and Bok, 1983), which is in contrastLaVail, 1979), 8:92 in bovine (Krebs and Krebs, 1982),
to the readily reversible association of 11-cis-retinalde-60:40 in chicken (Meyer and May, 1973), and 96:4 in
hyde with apo-cone opsin (Fukada et al., 1990; Kefalovground-squirrel (West and Dowling, 1975) retinas. We
et al., 2001). Thus, while regeneration of rhodopsin mayplotted the “catalytic efficiency” (Vmax/KM) of 11-cis-reti-
be a plausible driving force for all-trans to 11-cis isomer-nol dehydrogenase assayed under stringent conditions
ization of rod chromophore, the same cannot be saidagainst the percentage of cone photoreceptors in each
for the regeneration of cone photopigment. What thenretinal tissue (Figure 6F). Linear-regression analysis of
is the energy source for all-trans to 11-cis isomerizationthe data points revealed a correlation coefficient (R2 ) of
of retinol in cone-dominant retinal membranes?0.999. The tight correlation of enzymatic activity with

Synthesis of 11-cis-retinyl esters from all-trans-retinolthe percentage of cone photoreceptors in each species
by ground-squirrel membranes was strongly stimulatedsuggests that the new 11-cis-retinol dehydrogenase is
by addition of palm-CoA, which served as the acyl donorpresent in cones, or another cell type that varies propor-
for retinyl-ester synthesis (Figure 4). Fatty-acyl esterstionally with cone abundance.
of CoA were present endogenously in ground-squirrelWe also assayed retinal microsomes for all-trans-reti-
and chicken retinal membranes at micromolar concen-nol dehydrogenase activity. Table 1 shows the kinetic

parameters, Vmax and KM, for 11-cis-retinol dehydroge- trations, which explains the basal synthesis of 11-cis-
retinyl esters with no added palm-CoA. Addition of apo-nase and all-trans-retinol dehydrogenase in retinal mi-

crosomes from the four species. Higher levels of all- CRALBP to the reaction mixture strongly stimulated
synthesis of 11-cis-retinol (Figure 5). Thus, all-trans totrans-retinol dehydrogenase activity were observed in

ground squirrel and chicken compared to bovine and 11-cis isomerization was only observed under condi-
tions where the 11-cis-retinol product was removedmouse. Interestingly, the Vmax values for the new 11-cis-

retinol dehydrogenase and all-trans-retinol dehydroge- from the equilibrium reaction through esterification or
binding to apo-CRALBP. The most parsimonious expla-nase were comparable in the two cone-dominant spe-

cies. This implies similar rates for the reduction of all- nation for these data is that the new all-trans-retinol
isomerase catalyzes passive isomerization, and that thetrans-retinaldehyde and oxidation of 11-cis-retinol in

cones. production of 11-cis-retinoids is driven by mass action.
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An 11-cis-Retinyl-Ester Synthase in Retinas at a higher maximal rate than rods. These data agree
with the observed faster onset of all-trans-retinol fluo-The 11-cis-retinyl-ester synthase described here in

chicken and ground-squirrel retinas has catalytic prop- rescence in isolated salamander cones compared to
rods following a laser photobleach (Cornwall et al.,erties that are distinct from the two previously described

retinyl-ester synthases. One is LRAT, which has been 2000). Cones recover sensitivity following a photobleach
much faster than do rods. The etiology of this differencecloned (Ruiz et al., 1999). LRAT is strongly inhibited by

both tRBA and NEM. LRAT generates all-trans-retinyl in response kinetics is undoubtedly complex. However,
one factor may be faster clearance of all-trans-retinalde-esters from all-trans-retinol substrate (Saari and Bred-

berg, 1988). LRAT is present in RPE but has never been hyde in cones, as suggested by the higher Vmax values
for all-trans-retinol dehydrogenase in cone-dominantobserved in retinal tissues. Finally, LRAT uses phospha-

tidylcholine as a fatty-acyl donor (Shi et al., 1993). In retinas.
contrast, the new 11-cis-retinyl-ester synthase was not
inhibited by tRBA or NEM (Figure 3), synthesized only An Alternate Visual Cycle that Mediates Pigment
11-cis-retinyl esters from all-trans-retinol substrate, was Regeneration in Cones
present in retinal membranes, and used palm-CoA as The data presented in the current study can be inte-
an acyl donor (Figure 4). The second described retinyl- grated by the hypothesized visual cycle presented in
ester synthase is acyl-CoA:retinol acyl-transferase Figure 7. According to this model, the all-trans-retinol
(ARAT) (Saari and Bredberg, 1994). ARAT has not been isomerase and 11-cis-retinyl-ester synthase are in
purified or cloned. Similar to the 11-cis-retinyl-ester syn- Müller cells. This explains the previous observation that
thase in chicken and ground-squirrel retinas, ARAT uses cultured Müller cells take up all-trans-retinol and release
palm-CoA as an acyl donor. However, ARAT is strongly 11-cis-retinol into the medium (Das et al., 1992). We
inhibited by 1 mM dithiothreitol (DTT) (Saari and Bred- observed similar all-trans-retinol isomerase and 11-cis-
berg, 1994), while assays for 11-cis-retinyl-ester syn- retinyl-ester synthase activities in immortalized human
thase in the current study were done in the presence of Müller cells (Limb et al., 2002), consistent with the hy-
1 mM DTT. Deleting DTT reduced the long-term stability pothesized cellular localization of these enzymes (N.L.M.
of 11-cis-retinyl-ester synthase but had no effect on its and G.H.T., unpublished observations). The model pre-
catalytic activity. Also, ARAT readily acylates free all- dicts further that the new 11-cis-retinol dehydrogenase
trans-retinol to form all-trans-retinyl esters (Helgerud et is present in cones, explaining the previous observation
al., 1983), whereas the new 11-cis-retinyl-ester synthase that isolated cones, but not rods, recover light sensitivity
formed only 11-cis-retinyl esters from all-trans-retinol. following a photobleach with addition of 11-cis-retinol
Together, these observations establish the new 11-cis- (Jones et al., 1989). The likely source of substrate for
retinyl-ester synthase as a novel enzyme, distinct from the isomerase in Müller cells is all-trans-retinol released
LRAT and ARAT. by rods and cones during light exposure. Müller cells

contain the retinoid binding proteins, CRALBP (Bunt-
Milam and Saari, 1983) and CRBP (Bok et al., 1984),An 11-cis-Retinol Dehydrogenase in Retinas
observations that did not make sense until now.that Utilizes NADP�

11-cis-retinol dehydrogenase activity has never been
previously described in retina. We detected an abundant Kinetics of Retinoid Isomerization

for Rods and Cones11-cis-retinol dehydrogenase activity in microsomal
membranes from chicken and ground-squirrel retinas Vertebrates are capable of sustained vision under day-

light conditions. This capacity requires that the rate of(Figure 6). Unlike the major 11-cis-retinol dehydroge-
nase in RPE (11-cis-retinol dehydrogenase type-5), all-trans to 11-cis re-isomerization matches the rate of

11-cis-retinaldehyde photoisomerization under steady-which uses NAD� as a cofactor, the 11-cis-retinol dehy-
drogenase described here used NADP�. A minor 11- state conditions. Is there a requirement for a supplemen-

tary visual cycle, or can the previously described visualcis-retinol dehydrogenase activity that uses NADP� and
exhibits similar pro-S stereospecificity for both 11-cis- cycle in RPE cells (Figure 1B) keep up with photoisomer-

ization under daylight conditions? Cones have beenretinol and dinucleotide substrates has been observed
in RPE from rdh5�/� knockout mice (Jang et al., 2001). shown to retain light sensitivity at background photo-

isomerization rates of 1,000,000 per second (SchnapfThis may represent the same enzyme in a different tis-
sue, or contamination of rdh5�/� RPE with outer seg- et al., 1990). This level of illumination roughly corre-

sponds to bright sunshine on a field of snow (Rodieck,ments. We observed a tight correlation between the
catalytic efficiency of 11-cis-retinol dehydrogenase and 1998). The average density of photoreceptors in an adult

chicken retina is 0.15 per �m2 (Meyer and May, 1973).the percentage of cone photoreceptors in each retinal
tissue (Figure 6F). These observations suggest that this If we assume an average retinal area of 1.0 cm2, we can

estimate the total number of photoreceptors in an adultNADP�-specific 11-cis-retinol dehydrogenase is pres-
ent in cones of both rod- and cone-dominant species. chicken retina as 1.5 	 107. The rate of photoisomeriza-

tion in the entire retina at this level of illumination isWe also assayed for all-trans-retinol dehydrogenase
in retinal microsomes from the same four species. Al- 1.5 	 1013 per second or 9.0 	 1014 per minute. Dividing

by Avogadro’s number, we can express this rate asthough all-trans-retinol dehydrogenase is present in
both rods and cones (Rattner et al., 2000), we observed 1,500 pmol-photoisomerizations per minute per eye.

Can the visual cycle in RPE cells keep up with this rate?significantly higher Vmax values in the cone-dominant
compared to the rod-dominant species (Table 1), sug- We determined the Vmax for isomerohydrolase in total

chicken RPE membranes as 18.5 pmol/min/mg protein.gesting that cones can reduce all-trans-retinaldehyde
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Figure 7. Proposed Visual Cycle for Regen-
eration of Cone Opsin

Absorption of a photon (hv) induces 11-cis to
all-trans isomerization of the retinaldehyde
chromophore, resulting in activated opsin
(MII) inside a cone outer segment. Decay of
MII releases all-trans-retinaldehyde (atRAL),
which is reduced to all-trans-retinol (atROL)
by NADPH-dependent all-trans-retinol dehy-
drogenase (atRDH). all-trans-retinol released
into the extracellular space by rods and cones
is taken up by Müller cells, which contain the
novel all-trans-retinol isomerase activity. This
enzyme catalyzes passive isomerization be-
tween all-trans-retinol and 11-cis-retinol.
Müller cells also contain CRALBP, which
binds 11-cis-retinol but not all-trans-retinol

(Bunt-Milam and Saari, 1983). Isomerization of all-trans-retinol to 11-cis-retinol (11cROL) is driven by mass-action through the activity of a
novel 11-cis-retinyl ester (11cRE) synthase, which catalyzes esterification of 11-cis-retinol using palm-CoA (or other fatty-acyl-CoA’s) as an
acyl-donor. Retinyl ester hydrolase (REH) is activated by apo-CRALBP to yield 11-cis-retinol, which is released by the Müller cell and taken
up by cones. The all-trans-retinol and 11-cis-retinol within the extracellular space in transit between cones and Müller cells are bound to
IRBP. Within the cone outer segment is a new NADP�-dependent 11-cis-retinol dehydrogenase (11cRDH), which oxidizes 11-cis-retinol to 11-
cis-retinaldehyde. 11-cis-retinaldehyde combines with apo-opsin to regenerate cone opsin pigment. The novel enzymatic activities presented in
this paper are displayed in blue.

Total membranes from the RPE of one chicken eye con- nate visual cycle is also present at lower abundance in
the retinas of rod-dominant species. In fact, this path-tain 1.5 mg protein. Thus, the maximal rate of all-trans

to 11-cis isomerization catalyzed by an entire chicken way may play a more critical role in retinas that contain
only a small fraction of cones. The photon capture effi-RPE is 28 pmols per minute per eye. This rate is 50-fold

slower than the maximal rate required for full pigment ciencies of rods and cones are similar (Gupta and Wil-
liams, 1990; Makino et al., 1991). Thus, in a rod-dominantregeneration in bright daylight. However, cones operate

in bright light with a significant fraction of bleached retina under daylight conditions, the vast majority of
photoisomerization events contribute nothing to usefulphotopigments (Burkhardt, 1994). Thus, the actual rate

of chromophore delivery required by cones is probably vision. However, under these circumstances, cones
must compete with an excess of rods for the limitedlower. Still, the visual cycle in RPE is likely too slow to

sustain light sensitivity at high levels of illumination. supply 11-cis-retinaldehyde. This competition becomes
more critical when we consider that recombination ofA similar calculation can be performed for the hypoth-

esized visual cycle in retinas. Since only cones can use 11-cis-retinaldehyde with apo-rhodopsin is hugely fa-
vored thermodynamically over recombination with apo-11-cis-retinol to regenerate photopigment, we must first

correct the target rate of photoisomerization to reflect cone opsin, as discussed above. Rods thus have a
strong tendency to “steal” chromophore from cones.only photoisomerizations in cones. Chicken retinas con-

tain 60% cones, hence 0.6 	 1,500 � 900 pmol-photo- The visual cycle presented here provides a possible
mechanism for cones to escape this fierce competition.isomerizations per minute per eye. The maximal rate

of all-trans to 11-cis isomerization by chicken retinal By expressing 11-cis-retinol dehydrogenase, cones gain
access to 11-cis-retinol released by Müller cells. Thismembranes in the presence of palm-CoA and apo-

CRALBP was 430 pmol/min/mg protein (Figure 5). The represents an exclusive source of chromophore precur-
sor for cones, since rods cannot utilize 11-cis-retinol.protein content of these membranes was 1.4 mg per

chicken retina. Thus, the visual cycle subserving cone- The local formation of 11-cis-retinaldehyde in cone outer
segments would result in high regional concentrationspigment regeneration can sustain isomerization rates of

600 pmols per minute per eye. Although 20-fold faster and a short mean diffusion path to apo-cone opsin.
These effects would protect cones from “chromophorethan the maximal rate of isomerization in RPE from the

same species, even the alternate pathway can only pro- theft” by rods.
vide chromophore at two-thirds the theoretical maxi-
mum rate of photoisomerization in brightest daylight. Reciprocal Retinol Oxio-Reduction in Cones
This final difference in isomerization rates may be made The hypothesized visual cycle offers an additional ad-
up by RGR opsin, which has been shown to effect all- vantage to cones. Since reduction of all-trans-retinalde-
trans-retinaldehyde to 11-cis-retinaldehyde “reverse” hyde and oxidation of 11-cis-retinol must occur with
photoisomerization at high light intensities (Chen et al., 1:1 stoichiometry, the presence of reciprocal NADP�/
2001; Hao and Fong, 1999). NADPH-specific dehydrogenases in cones (Figure 7) af-

fords a self-renewing supply of dinucleotide substrate
at all rates of photoisomerization. The similar Vmax valuesCompetition for Chromophore between

Rods and Cones for the 11-cis- and all-trans-retinol dehydrogenases in
cone-dominant retinas (Table 1) suggests that these en-Although the all-trans-retinol isomerase and 11-cis-reti-

nyl-ester synthase activities were only observed in the zymes operate with similar turnover rates in vivo. Elimi-
nating the need for energy-dependent synthesis oftwo cone-dominant retinas, we suggest that the alter-
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preparations, the retina and RPE were removed together from theNADPH may remove the metabolic “bottleneck” of all-
sclera of sectioned eyeballs. Dissected tissues were centrifuged attrans-retinaldehyde reduction observed in rods (Saari
10,000 	 g, 10 min and the pellets disrupted in a glass-to-glasset al., 1998).
homogenizer in 25 mM Tris-HCl (pH 7.2), 1 mM EDTA, 1 mM DTT,
10 �M leupeptin, and 250 mM sucrose. Total membrane fractions

A Novel Role for Interphotoreceptor Retinoid were prepared from the tissue homogenates by centrifugation at
125,000 	 g, 60 min. Microsomal-enriched fractions were preparedBinding Protein
by differential centrifugation, as described (Mata et al., 1992). Mem-Interphotoreceptor retinoid binding protein (IRBP) is the
brane proteins were suspended in 10 mM Tris-HCl (pH 7.5), 2 mMmajor extracellular retinoid binding protein in retinas
CaCl2, 2 mM MgCl2, 1 �M leupeptin, 1 mM DTT (protein buffer), and(Chen and Noy, 1994; Lai et al., 1982). It has been sug-
stored at �80�C.

gested that the primary function of IRBP is to bind all-
trans-retinol and 11-cis-retinaldehyde during transloca- UV Treatment
tion of these retinoids between rod outer segments and Membrane fractions (2–3 mg protein per ml) in 500 �l aliquots were

irradiated for 2–5 min in quartz cuvettes on ice with 365 nm lightthe RPE. If true, we would predict delayed recovery
from a Spectroline Model EN-140L UV light source to destroy endog-of rhodopsin regeneration following a photobleach in
enous retinoids.knockout mice that lack IRBP. Rod function, however, is

virtually normal in irbp�/� mice (Palczewski et al., 1999).
Preparation of Apo-CRALBP

Might IRBP be playing another role? The endogenous Recombinant apo-CRALBP was expressed in E. coli and purified
ligands of IRBP have been studied. In light-adapted frog to homogeneity by anion exchange (DEAE) or Ni2� affinity chroma-
and bovine retinas, IRBP contains, in addition to all- tography, as described (Crabb et al., 1998).
trans-retinol, higher levels of 11-cis-retinol than 11-cis-

Analysis of Endogenous Retinoidsretinaldehyde (Adler and Spencer, 1991; Lin et al., 1989).
Retinoids were extracted from 1–3 mg of microsomal protein, asThe mean distance between apical processes of Müller
described (Saari and Bredberg, 1988; Weng et al., 1999). Samplescells and cone outer segments is much greater than the
were analyzed on an Agilent 1100 series liquid chromatograph

mean distance between apical processes of RPE cells equipped with a photo-diode array detector. Spectral data (450–210
and rod outer segments (Young, 1971). These observa- nm) were acquired for all eluted peaks. Retinyl-ester fractions were

chromatographed on a Supelcosil LC-Si column (4.6 	 250 mm, 5tions suggest that the critical function of IRBP may not
�m) using 0.3% ethyl acetate in hexane at a flow rate of 1 ml/min.be exchange of all-trans-retinol and 11-cis-retinalde-
Retinols were chromatographed on an identical column using 4%hyde between rods and RPE cells, as previously as-
dioxane in hexane at 1 ml/min. Identity of the eluted peaks wassumed, but rather exchange of all-trans-retinol and 11-
established spectrally and by co-elution with authentic retinoid stan-

cis-retinol between cones and Müller cells. A prediction dards. The identity of the retinyl-ester isomers was further confirmed
of this alternate role for IRBP is reduced cone sensitivity by saponification of the retinyl-ester peaks in 2% KOH in methanol

and re-analysis in the retinol mobile phase. Quantitation was per-in light-adapted irbp�/� mice.
formed by comparison of sample peak areas to calibration curvesThe number of Müller cells is similar in rod-dominant
established with authentic retinoid standards.rat and cone-dominant ground-squirrel retinas (Ras-

mussen, 1975). Thus, the large observed differences
Analysis of In Vitro Synthesized Retinoids

between rod- and cone-dominant species in all-trans- Analysis of [3H]- and [14C]-labeled retinoids was performed on the
retinol isomerase and 11-cis-retinyl-ester synthase ac- same HPLC system with an online flow scintillation analyzer (Pack-
tivities are not correlated with the number of Müller cells ard 505TR) to monitor radioactivity in the eluted peaks. The instru-

ment was configured to monitor [3H]- and [14C]-labeled compoundsin each retina. Instead, we suggest that these activities
simultaneously using the energy ranges 0–15 keV and 18–256 keV,are induced by the presence of cones. Utilization of 11-
respectively. In these analyses, cis and trans isomers of retinyl es-cis-retinol may stimulate expression of the pathway.
ters, retinaldehydes, and retinols were separated on a Microsorb Si
column (4.6 	 250 mm, 5 �m) during gradient elution (0.2%–10%

Summary dioxane in hexane at 2 ml/min). Quantitation was performed as
We present evidence in this paper for an alternate visual described above using either sample peak area units or peak height

dpm and the appropriate calibration curve.cycle that augments pigment regeneration in cones.
Analysis of retinoid turnover reveals that the previously

Endogenous Fatty-acyl CoA’sdescribed visual cycle in RPE cells my be too slow to
Fatty-acyl esters of CoA were extracted and purified from ground-keep up with chromophore demand under daylight con-
squirrel and chicken retinal membranes according to described pro-

ditions. In contrast, the retinoid pathway presented here cedures (Deutsch et al., 1994; Tardi et al., 1992). Analysis of the
is capable of keeping up with cone photoisomerization eluted acyl-CoA esters was performed by HPLC on a 4.6 	 150 mm
in all but the brightest of light conditions. The new enzy- Source 5RPC ST column (Amersham Pharmacia Biotech) using a

gradient elution system consisting of 25 mM KH2PO4 (pH 4.9), andmatic activities that define this pathway were observed
acetonitrile, flow � 1 ml/min. The column was equilibrated with 80%in two phylogenetically divergent cone-dominant spe-
25 mM KH2PO4/20% acetonitrile. The proportion of acetonitrile wascies. This suggests that these activities are correlated
then increased to 45% over 8 min, then to 60% over the next 22

with a high percentage of cones and are not a peculiarity min followed by re-equilibration to the initial starting conditions over
of a particular animal species. We suggest that this path- 2 min. Three to four sample extracts were independently analyzed
way permits sustained vision in vertebrates under day- and data were quantified by relating sample peak area to calibration

curves established with authentic acyl CoA esters.light conditions.

Experimental Procedures Enzyme Assays
LRAT
In vitro synthesis of retinyl esters by RPE membranes was deter-Tissue Dissection and Preparation

Retinas and RPE were dissected from fresh bovine, mouse, chicken, mined following published procedures (Saari and Bredberg, 1988,
1989). For the LRAT inhibitor studies, tRBA was synthesized (Mataand ground-squirrel eyes in PBS on ice. For combined RPE � retina
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et al., 1992) and added at 10 �M to retinyl-ester synthesis reaction noise and spectral sensitivity of rods of the monkey Macaca fascicu-
laris. J. Physiol. 357, 575–607.mixtures in 1 �l of DMF 1 min after addition of [3H]-all-trans-retinol.

To determine the effects of NEM on retinyl-ester synthesis, mem- Bok, D., Ong, D.E., and Chytil, F. (1984). Immunocytochemical local-
brane proteins (100 �g/ml) were treated with either NEM (5 �M) in ization of cellular retinol binding protein in the rat retina. Invest.
dimethylsulfoxide (DMSO) or DMSO alone for 60 min at 4�C on a Ophthalmol. Vis. Sci. 25, 877–883.
nutator. Membrane proteins were separated from the unreacted

Bunt-Milam, A.H., and Saari, J.C. (1983). Immunocytochemical local-NEM and DMSO by several centrifugations (250,000 	 g, 30 min)
ization of two retinoid-binding proteins in vertebrate retina. J. Celland rehomogenization of the pellets in protein buffer. The washed
Biol. 97, 703–712.membrane proteins at 350 �g/ml were used in retinyl ester synthesis
Burkhardt, D.A. (1994). Light adaptation and photopigment bleach-assays.
ing in cone photoreceptors in situ in the retina of the turtle. J.All-trans-Retinol Isomerase
Neurosci. 14, 1091–1105.Production of 11-cis-retinyl esters from all-trans-retinol by chicken

or ground-squirrel membranes was monitored in the presence or Carter-Dawson, L.D., and LaVail, M.M. (1979). Rods and cones in
absence of palm-CoA. Reaction mixtures consisted of 100 mM Tris- the mouse retina. I. Structural analysis using light and electron mi-
HCL (pH 8.0), 1 mM DTT, 2 mM CaCl2, 2 mM MgCl2, 1% BSA, croscopy. J. Comp. Neurol. 188, 245–262.
and protein to give a final concentration of 0.25–0.50 mg/ml (final Chen, Y., and Noy, N. (1994). Retinoid specificity of interphotorecep-
volume � 988 �l). Samples were pre-incubated at 37�C for 2 min tor retinoid-binding protein. Biochemistry 33, 10658–10665.
and [14C]-palm-CoA (100 �M, 40,000 dpm/nmol) was added in 10 �l

Chen, P., Hao, W.S., Rife, L., Wang, X.P., Shen, D.W., Chen, J.,of 25 mM NaOAc (pH 6.5) followed by [3H]-all-trans-retinol (10 �M;
Ogden, T., Van Boemel, G.B., Wu, L.Y., Yang, M., and Fong, H.K.W.1–2 	 105 dpm/nmol) in 2 �l DMF. Reactions were quenched and
(2001). A photic visual cycle of rhodopsin regeneration is dependentthe products were extracted as described above. In some experi-
on Rgr. Nat. Genet. 28, 256–260.ments, 30 �M apo-CRALBP was included in the assay buffer in the
Cideciyan, A.V., Haeseleer, F., Fariss, R.N., Aleman, T.S., Jang, G.F.,absence and presence of palm-CoA.
Verlinde, C.L., Marmor, M.F., Jacobson, S.G., and Palczewski, K.Isomerohydrolase
(2000). Rod and cone visual cycle consequences of a null mutationThe assay for production of 11-cis-retinol was performed as pre-
in the 11-cis-retinol dehydrogenase gene in man. Vis. Neurosci. 17,viously described (Winston and Rando, 1998) with modifications to
667–678.determine the apparent kinetic constants at different concentrations

of in situ synthesized all-trans-retinyl-ester substrate. Retinoids Cornwall, M.C., Poitry, S., Tsacopoulos, M., Wiggert, B., and Crouch,
were extracted and analyzed by HPLC as described above. Values R.K. (2000). Spatial and temporal resolution of retinol fluorescence
for Vmax and Km were obtained by secondary transformation (Eadie- in salamander rods and cones. Invest. Ophthalmol. Vis. Sci. 41,
Hofstee) of the calculated specific activities. S598.
Retinol Dehydrogenase

Crabb, J.W., Carlson, A., Chen, Y., Goldflam, S., Intres, R., West,
Stereospecifically labeled [3H]-dinucleotide and [3H]-retinol sub-

K.A., Hulmes, J.D., Kapron, J.T., Luck, L.A., Horwitz, J., and Bok,
strates were prepared as described (Cideciyan et al., 2000; Jang et

D. (1998). Structural and functional characterization of recombinant
al., 2000). Retinol dehydrogenase assays were performed on micro-

human cellular retinaldehyde-binding protein. Protein Sci. 7,
somal membranes from the indicated retinal tissues, as described

746–757.
(Jang et al., 2000). Dinucleotide substrate specificities were deter-

Das, S.R., Bhardwaj, N., Kjeldbye, H., and Gouras, P. (1992). Mullermined by monitoring formation of [3H]-11-cis-retinol during incuba-
cells of chicken retina synthesize 11-cis-retinol. Biochem. J. 285,tions of 11-cis-retinaldehyde (0–8 �M) with either [3H]-NADH or [3H]-
907–913.NADPH (40 �M). Dinucleotide stereospecificities were determined

by monitoring formation of [3H]-11-cis-retinol during incubations of Defoe, D.M., and Bok, D. (1983). Rhodopsin chromophore ex-
11-cis-retinaldehyde (60 �M) with either pro-S- or pro-R-[3H]- changes among opsin molecules in the dark. Invest. Ophthalmol.
NADPH (0–40 �M). Retinoid stereospecificities were determined by Vis. Sci. 24, 1211–1226.
monitoring formation of [3H]-NADPH during incubation of NADP�

Deigner, P.S., Law, W.C., Canada, F.J., and Rando, R.R. (1989).
(40 �M) with either pro-S- or pro-R-[3H]-11-cis-retinol (0–8 �M). Membranes as the energy source in the endergonic transformation
Specificities of the 11-cis-retinol dehydrogenase reactions were de- of vitamin A to 11-cis-retinol. Science 244, 968–971.
termined as described above with addition of all-trans-retinaldehyde

Deutsch, J., Grange, E., Rapoport, S.I., and Purdon, A.D. (1994).(40 �M) as a competing substrate.
Isolation and quantitation of long-chain acyl-coenzyme A esters in
brain tissue by solid-phase extraction. Anal. Biochem. 220, 321–323.Acknowledgments
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