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Abstract

 

In the eye, hydrolysis of stored retinyl esters is cata-
lyzed by retinyl ester hydrolase (REH) activities in retinal pig-
ment epithelium (RPE) membranes. In the present study, bio-
chemical analyses were conducted to determine the substrate
specificity of these activities. Specific activities determined for
hydrolysis of various retinol isomers of retinyl palmitate (9-

 

cis

 

-,
11-

 

cis

 

-, 13-

 

cis

 

-, and all-

 

trans

 

-retinyl palmitates) indicated that
11-

 

cis

 

-retinyl palmitate is preferentially hydrolyzed (1.7 nmol/
min/mg) compared to the other isomers (0.1–0.3 nmol/
min/mg). Examination of the specificity of REH activity for
11-

 

cis

 

-retinyl esters of varied acyl chain length (-myristate,
-palmitate, and -stearate) and degree of saturation (-oleate
and -linoleate) further demonstrated that palmitate is the
preferred fatty acyl moiety. Notably, retinyl esters possessing
chain lengths which more closely approximate that of the
palmitate ester exhibited higher rates of hydrolysis. Similar
results were obtained in retinyl ester-plasma membrane fu-
sion studies in which hydrolysis took place within the mem-
brane domain rather than at the lipid–water interface. REH
substrate specificity was further assessed in competition stud-
ies in which 11-

 

cis

 

-retinyl palmitate hydrolysis was monitored
in the presence of 13-

 

cis

 

-, 9-

 

cis

 

-, or all-

 

trans

 

-retinyl palmitate.
Results show that addition of these retinyl palmitate isomers
does not affect the rate of hydrolysis of 11-

 

cis

 

-retinyl palmi-
tate. However, the hydrolytic rates associated with other reti-
nyl palmitate isomers were significantly reduced in the pres-
ence of 11-

 

cis

 

-retinyl palmitate. Finally, cholesterol ester
hydrolase activity was found to be distinct from the observed
11-

 

cis

 

-REH activity and the presence of cholesterol oleate did
not affect the rate of 11-

 

cis

 

-retinyl palmitate hydrolysis.  Col-
lectively, these data support the hypothesis that a distinct,
membrane-associated, 11-

 

cis

 

-retinyl palmitate-specific retinyl
ester hydrolase activity exists in the retinal pigment epithe-
lium.—
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The retinal pigment epithelium (RPE) of the mam-
malian eye is the primary source of 11-

 

cis

 

 retinoids which
support synthesis and regeneration of rhodopsin in the
visual cycle (1, 2). Two principal features of the visual
cycle are vitamin A isomerization and esterification.

 

These unique activities effectively detoxify vitamin A by
generating all-

 

trans

 

- and 11-

 

cis

 

-retinyl esters which are
suitable for storage as well as further processing (1).
The current theory of visual chromophore biosynthesis
accounts for the production of 11-

 

cis

 

-retinol from an
endogenous pool of all-

 

trans

 

-retinyl esters via an iso-
merohydrolase activity (3, 4). 11-

 

cis

 

-retinyl esters, which
are known to accumulate in the dark and have been
found to account for as much as 75% of total retinyl es-
ter pools in the RPE (5, 6), have also been shown to
contribute to visual chromophore biosynthesis (7–9).
However, the mechanism underlying 11-

 

cis

 

-retinyl ester
mobilization has not been completely elucidated.

As 11-

 

cis

 

-retinyl ester stores must first be hydrolyzed
to 11-

 

cis

 

-retinol in order to support regeneration of vi-
sual pigments in the retina, the participation of an 11-

 

cis

 

-retinyl ester-specific hydrolase in the visual cycle
seems inevitable and therefore predicts a prominent
physiological relevance for this enzyme (1, 2, 10–12).
The presence of retinyl ester hydrolase (REH) activities
in RPE was first reported by Blaner et al. (10). The
higher rate of hydrolysis of 11-

 

cis

 

-retinyl palmitate (in
comparison to the all-

 

trans

 

 isomer), as well as a distinct
subcellular distribution, led these investigators to sug-
gest that REH activity directed against the 11-

 

cis

 

 isomer
may be due to an 11-

 

cis

 

-specific hydrolase. Subsequent
investigations using chemical modification and inhibi-
tion studies confirmed that hydrolysis of 11-

 

cis

 

-retinyl
palmitate is distinct from hydrolase activities associated
with the all-

 

trans

 

 isomer both in the RPE and in the
liver (12, 13). Although these characterizations have
greatly advanced our understanding of REH activity in
RPE, the substrate specificity of retinyl ester hydrolysis
has not been reported in the literature. Therefore the

 

Abbreviations: REH, retinyl ester hydrolase; RPE, retinal pigment
epithelium; HPLC, high performance liquid chromatography.
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existence of an 11-

 

cis

 

-specific REH enzyme remains
contentious.

In the present study, we have examined the specific-
ity of REH activity in bovine RPE for retinyl ester iso-
mers possessing varied alcohol (i.e., 9-

 

cis

 

-, 11-

 

cis

 

-, 13-

 

cis

 

-,
and all-

 

trans

 

-retinyl palmitate) and fatty acyl moieties
(i.e., 11-

 

cis

 

- and all-

 

trans

 

-retinyl-myristate [14:0], -palmi-
tate [16:0], -stearate [18:0], -oleate [18:1], and -lino-
leate [18:2]). Results show that the 11-

 

cis

 

 isomer is hy-
drolyzed at a much higher rate than the other isomers
and that palmitate, the most abundant fatty acid associ-
ated with endogenous retinyl esters, is the preferred
fatty acyl moiety. The relative hydrolytic rates obtained
using the routine lipid–water interface system were
confirmed in retinyl ester–membrane fusion experi-
ments in which hydrolysis took place within the mem-
brane domain. Finally, the observed 11-

 

cis

 

-REH activity
shows no relationship to cholesteryl ester hydrolase ac-
tivity. These findings are novel and strongly support the
hypothesis that an 11-

 

cis

 

-retinyl palmitate-specific REH
activity exists in bovine RPE membranes.

MATERIALS AND METHODS

 

Materials

 

All-

 

trans

 

-retinol, sodium borohydride (NaBH

 

4

 

), pyri-
dine, dithiothreitol (DTT), disodium ethylenediamine-
tetraacetic acid (2Na-EDTA), myristoyl-, palmitoyl-,
stearoyl-, oleoyl-, and linoleoyl-chloride were purchased
from Sigma Chemical Co. [9,10-

 

3

 

H]palmitic acid (spe-
cific activity 37 Ci/mmol), [1-

 

14

 

C]palmitic acid (spe-
cific activity 50 mCi/mmol), and [1-

 

14

 

C]cholesteryl ole-
ate (specific activity 55 mCi/mmol) were purchased
from New England Nuclear (Boston, MA). Purified 11-

 

cis

 

-retinal was obtained through the generosity of Dr.
Rosalie Crouch and the NEI/NIH; 11-

 

cis

 

-retinol was ob-
tained after NaBH

 

4

 

 reduction of 11-

 

cis

 

-retinal. Purified
11-

 

cis

 

-retinyl palmitate was a kind gift from Hoffmann-
LaRoche. All synthesized retinoids were purified by
HPLC and quantified by UV-visible spectrophotometry
prior to use. Fresh bovine RPE tissue was obtained via
overnight courier from a source in Chicago, IL.

 

Methods

 

Substrate syntheses and protein preparation.

 

 Unlabeled
11-

 

cis

 

- and all-

 

trans

 

-retinyl esters (i.e., five 11-

 

cis

 

- and
five all-

 

trans

 

-retinyl esters possessing varied acyl chain
lengths and degrees of saturation) were prepared as de-
scribed by Bridges and Alvarez (14). Purity and concen-
tration for all retinyl esters was verified by HPLC with
photo-diode array detection. Four 

 

3

 

H-labeled retinyl es-

ters (i.e., 9-

 

cis

 

-, 11-

 

cis

 

-, 13-

 

cis

 

-, and all-

 

trans

 

-retinyl [9,
10-

 

3

 

H]palmitate) were prepared by reacting [

 

3

 

H]palm-
itic acid anhydride with the respective retinols accord-
ing to methods described by Mata, Tsin, and Chambers
(12). A 

 

14

 

C-labeled all-

 

trans

 

-retinyl palmitate ester (i.e.,
all-

 

trans

 

-retinyl [1-

 

14

 

C]palmitate) was similarly pre-
pared for use in retinyl ester competition studies. The
specific activity of all radiolabeled retinyl esters was ad-
justed to 

 

,

 

100 dpm/pmol by addition of unlabeled,
HPLC purified retinyl ester. The specific activity of [1-

 

14

 

C]cholesteryl oleate, used in cholesteryl ester compe-
tition studies, was adjusted to 75 dpm/pmol by addi-
tion of authentic, unlabeled cholesteryl oleate. RPE
microsomes were prepared as previously described (12).

 

Retinyl ester hydrolase activity assay (non-radiometric).

 

 Hy-
drolytic rates associated with the various 11-

 

cis

 

- and
all-

 

trans

 

-retinyl esters were determined by HPLC quan-
titation of the alcohol product of hydrolysis (either 11-

 

cis

 

- or all-

 

trans

 

-retinol) after incubation (t 

 

5

 

 10 min at
37

 

8

 

C) of RPE microsomal protein (10 

 

m

 

g) with 10 

 

m

 

m

 

of the indicated retinyl ester substrate (delivered in
EtOH; 1% v/v, relative to the reaction volume) in 50
m

 

m

 

 Tris-acetate, pH 8.0, at 37

 

8

 

C (total vol. 

 

5

 

 1 ml). Re-
actions were quenched with an equal volume of ice-
cold absolute EtOH and the samples were mixed with a
vortex mixer. Retinoids were extracted from the reac-
tion mixtures with 6 ml (2 

 

3

 

 3 ml) of hexane; the ex-
tracts were evaporated to dryness under a gentle stream
of N

 

2

 

 and prepared for analysis by isocratic HPLC.
Chromatography conditions were as follows: 4.6 

 

3

 

 125
mm silica column (5 

 

m

 

m Partisphere, Whatman Co.),
10% dioxane–hexane (v/v) mobile phase at a flow rate
of 2 ml/min. Quantitation of 11-

 

cis

 

- and all-

 

trans

 

-
retinol was achieved by comparing integrated peak ar-
eas to calibration curves constructed from standards of
known concentration (System Gold, Beckman, Fuller-
ton, CA). Identification of the eluted retinoids was con-
firmed simultaneously by photo-diode array detection
(i.e., single time-point absorption spectra, 450–210
nm). Appropriate controls were included to correct for
non-enzymatic hydrolysis and thermal degradation of
the retinyl ester substrates. In determining the rates of
thermal degradation for the various substrates, assays
were conducted in the absence of protein. The retinyl
ester substrates exhibited similar degrees of degrada-
tion during the course of the REH assay (i.e., 

 

,

 

1 mol%
of the original substrate could not be recovered). Im-
portantly, the degraded pool was recovered quantita-
tively as anhydro-vitamin A, rather than as a retinyl es-
ter isomer (data not shown).

 

Retinyl ester and cholesteryl oleate substrate competition
studies.

 

Competition studies were conducted as de-
scribed above with the following modifications. Hydro-
lytic rates were measured as a function of incubation
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time (0–10 min at 37

 

8

 

C) using 10 

 

m

 

m

 

 of the primary
substrate and an equimolar amount of competing sub-
strate in a final volume of 200 

 

m

 

l. In some studies, the
ratio of primary and competing substrates was modi-
fied to reflect a 1:2 or 2:1 molar ratio. Substrates were
delivered in EtOH (

 

,

 

5% v/v). In the first series, the
liberation of [

 

3

 

H]palmitic acid from [

 

3

 

H]11-

 

cis

 

-retinyl
palmitate in the absence and presence of unlabeled all-

 

trans

 

-, 13-

 

cis

 

, and 9-

 

cis

 

-retinyl palmitate was monitored
by scintillation counting and quantified by relating the
dpm associated with the liberated [

 

3

 

H]palmitic acid to
the substrate specific activity. Similar competition stud-
ies were performed to examine the effect of substrate
competition on hydrolysis of [

 

3

 

H]all-

 

trans

 

-, -13-

 

cis

 

-, and
-9-

 

cis

 

-retinyl palmitate. This assay system was also uti-
lized to determine the specific activity for hydrolysis of
[

 

3

 

H]-9-

 

cis

 

-, -11-cis -, -13-cis -, and -all-trans -retinyl palmi-
tate in single-substrate saturation assays. In these assays,
5 mg of microsomal protein was used in a 20-min incu-
bation with increasing concentrations (0–100 mm) of
the indicated retinyl ester. Specific activity values were
obtained from a secondary transformation (Eadie-Hof-
stee plot) of substrate saturation data. In the second se-
ries of competition studies, we focused on the 11-cis-/
all-trans-retinyl palmitate competitions. In these stud-
ies, the hydrolytic activity directed against both 11-cis-
and all-trans-retinyl palmitate was quantified simulta-
neously in a dual-substrate reaction in which [3H]11-cis-
retinyl palmitate and [14C]all-trans-retinyl palmitate
were co-incubated in a time course assay (0–7.5 min at
378C) using 10 mg of microsomal protein. Radioactivity
in the reaction extracts, which contained both [3H]
palmitic acid and [14C]palmitic acid, was monitored us-
ing two-channel scintillation counting. In the final se-
ries of competition studies, the specificity of the REH
active site was further probed by assessing the effects of
cholesteryl oleate on 11-cis - and all-trans -REH activities.
These studies also utilized a two-substrate, dual-radiola-
bel protocol involving either [3H]11-cis -retinyl palmi-
tate or [3H]all-trans -retinyl palmitate and [14C]choles-
teryl oleate.

Preparation of [3H]retinyl ester–liposomal vesicles and in-
corporation of retinyl ester into RPE plasma membranes.
Approximately 500 nmol of phosphatidylcholine (PC)
dissolved in chloroform was added to dried residues of
11-cis-retinyl-myristate, -palmitate, or -linoleate (,6
nmol each). The samples were thoroughly mixed and
then evaporated to dryness with a gentle stream of N2.
One ml of 0.2 M KH2PO4, pH 7.2, containing 9.5 mg of
Triton WR-1339, was added to each of the dried sam-
ples. The three detergent–lipid–retinyl ester mixtures
were dispersed by sonication at room temperature (60 3
1-s pulses, power output 5 2) using a Branson Sonifier
fitted with a microtip attachment. Three separate ali-

quots of an RPE plasma membrane fraction (S2, 5 mg/
ml, for method of preparation see reference 15) were
diluted 1:5 with one of the three sonicated prepara-
tions and incubated at room temperature for 20 min.
After incubation, the mixtures were centrifuged at
150,000 gmax for 60 min and the resulting pellets were
washed twice (150,000 gmax, 60 min) in 1 ml of Tris
buffer (10 mm Tris-acetate, 1 mm DTT, 2 mm 2Na-
EDTA, pH 7.2) to remove residual 11-cis -retinyl ester
that was not incorporated into plasma membranes. The
washed plasma membrane pellets were resuspended in
Tris buffer to give a final protein concentration of 1
mg/ml. The amount of 11-cis -retinyl ester that was asso-
ciated with the pellets was determined after extraction
and HPLC analysis as described above. Importantly, the
substrate concentrations reported in Table 1 represent
the amount of membrane-associated 11-cis -retinyl ester
per assay volume (i.e., 400 ml) rather than the amount
of 11-cis -retinyl ester incorporated per membrane vol-
ume. Quantitation of the phospholipid content of the
prepared plasma membranes was performed in order
to determine the capacity of these membranes to
accommodate the [3H]11-cis -retinyl ester substrate.
Phospholipid concentration was calculated after deter-
mination of the inorganic phosphorus content using
methods described by Sokoloff and Rothblat (16).

RESULTS

Hydrolysis of retinol isomers of retinyl palmitate

In order to determine the effect of variations in the
retinol polyene tail on REH activity, the hydrolysis of
retinyl palmitates possessing different alcohol moieties
(i.e., 9-cis -, 11-cis -, 13-cis -, and all-trans -retinyl palmitate)
was examined. As shown in Fig. 1, the highest rate of
hydrolysis was associated with the 11-cis isomer (1.7
nmol/min/mg versus 0.1–0.3 nmol/min/mg for the
other isomers). The values obtained by measurement
of liberated [3H]palmitic acid were confirmed by
HPLC quantitation of the respective retinols (data not
shown). Spectral analyses of unhydrolyzed retinoid
substrates and retinol products using HPLC equipped
with photodiode array detection showed no significant
isomerization or destruction of the substrates during
the assay.

Hydrolysis of 11-cis -retinyl esters possessing
varied acyl moieties

To ascertain whether a fatty acid preference exists for
11-cis-REH activity, five 11-cis -retinyl esters, differing in
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chain length (myristate [14:0], palmitate [16:0], and
stearate [18:0]) and degree of saturation (oleate [18:1]
and linoleate [18:2]), were synthesized and used as sub-
strates in REH assays. Data from these studies clearly
demonstrate that palmitate is the preferred fatty acyl
group (Fig. 2, panel A). Although the hydrolysis of the
other retinyl esters proceeded at a lower rate, hydroly-
sis of unsaturated 11-cis-retinyl esters (18:1 and 18:2)
proceeded at a greater rate than that of the saturated
11-cis-retinyl esters (14:0 and 18:0).

Findings related to the fatty acid specificity of 11-cis -
REH activity, and the fact that all-trans -retinyl esters are
also abundant in RPE membranes, led us to examine the
fatty acid specificity of all-trans-REH activity. This analysis
was performed in the same fashion as described for ex-
amination of 11-cis -REH activity with the exception that
all-trans -retinyl-myristate, -palmitate, -stearate, -oleate,
and -linoleate were used as substrates. Results from this
study were similar to those obtained for 11-cis -REH ac-
tivity in that palmitate was the preferred fatty acyl moi-
ety. However, there was no preference for unsaturated

versus saturated all-trans -retinyl esters. In fact, the hy-
drolytic rates associated with all-trans -retinyl esters,
other than all-trans -retinyl palmitate, were nearly iden-
tical (Fig. 2, panel B).

In situ hydrolysis of 11-cis-retinyl esters

In a recent study, we identified a pronounced 11-cis -
REH activity, and 11-cis -retinyl esters, in RPE plasma
membranes. Although all-trans -REH activity was also

Fig. 1. Specificity of REH activity for different isomers of retinyl
palmitate. The hydrolysis of four retinyl palmitate isomers (i.e., 9-
cis -, 11-cis -, 13-cis -, and all-trans -retinyl [3H]palmitate) was exam-
ined using the radiometric REH assay (i.e., 5 mg of microsomal
protein, 20 min incubation at 378C). In this series of experiments,
the specific activity against each isomer was obtained from a sec-
ondary transformation (Eadie-Hofstee plot) of the substrate satu-
ration (0–100 mm) rate data. REH specific activities are expressed
as the molar amount of [3H]palmitic acid liberated minute–1 mg–1

microsomal protein. The data shown are one representation of
two independent determinations analyzed in triplicate. Fig. 2. Fatty acid specificity of 11-cis - and all-trans -REH activities.

Five 11-cis - and five all-trans -retinyl esters possessing varied acyl
chain lengths and degrees of saturation (i.e., 11-cis - and all-trans -
retinyl-myristate [14:0], -palmitate [16:0], -stearate [18:0], -oleate
[18:1], and -linoleate [18:2]) were synthesized and used as sub-
strates in the non-radiometric REH assay. In these analyses, the
liberation of 11-cis -retinol (panel A) or all-trans -retinol (panel B)
from the respective retinyl ester substrates was quantified by
HPLC after 10 min incubation with 10 mg microsomal protein.
Specific activities are expressed as a percent value relative to the
hydrolysis of 11-cis - or all-trans -retinyl palmitate (16:0), which is
shown as 100% REH activity in panels A and B, respectively. The
values shown for each retinyl ester are one representation of two
independent determinations analyzed in triplicate.
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present, all-trans -retinyl esters were not present in RPE
plasma membranes (N. L. Mata and A. T. C. Tsin, un-
published results). This finding prompted us to deter-
mine the hydrolytic rates for 11-cis and all-trans -retinyl
palmitate in the plasma membrane domain. Consistent
with our previous observations of 11-cis - and all-trans -
REH activities in RPE microsomes (12), 11-cis -REH
specific activity in RPE plasma membranes was approxi-
mately 7-times greater than that determined for all-
trans -REH activity. Thus, the differential hydrolytic
rates were not due to undefined physical interactions at
the lipid–water interface inherent to the routine REH
assay. In the present investigation, we wished to deter-
mine whether the hydrolytic rates determined for the
different 11-cis -retinyl esters was a manifestation of the
undefined properties of the lipid–water interface in
our assays. We reasoned that this uncontrolled element
may affect presentation of the 11-cis -retinyl esters to the
membrane-bound REH enzyme(s). Accordingly, we pre-
pared separate 11-cis -retinyl ester liposomes for 11-cis -
retinyl-myristate, -palmitate, and -linoleate and fused
them with separate aliquots of an RPE plasma mem-
brane preparation. The hydrolytic rate (determined via
quantitation of liberated 11-cis -retinol) was then deter-
mined and compared to that obtained using an EtOH
vehicle for substrate delivery. Results from this study
are shown in Table 1. The fact that hydrolytic activity
directed against the examined substrates is comparable
in both substrate delivery modes suggests that unde-
fined interactions of enzymes and substrates at the
lipid–water interface cannot account for the differ-
ences observed regarding hydrolysis of saturated versus
unsaturated 11-cis -retinyl esters.

Competition of 11-cis -retinyl palmitate with retinyl-
and cholesteryl-ester substrates

To assess the specificity of the REH active site, a se-
ries of experiments were conducted to determine
whether the hydrolysis of [3H]11-cis -retinyl palmitate
was affected by the presence of equimolar quantities of
other retinyl esters. Upon addition of unlabeled 9-cis -,
13-cis -, or all-trans -retinyl palmitate, the rate of hydroly-
sis of [3H]11-cis -retinyl palmitate was unchanged from
control values (i.e., in the absence of competing sub-
strate, Fig. 3, upper left-hand panel). In contrast, the
rates of hydrolysis of [3H]all-trans - (upper right-hand
panel), [3H]13-cis - (lower left-hand panel), or [3H]9-
cis - (lower right-hand panel) retinyl palmitate were
significantly reduced in the presence of equimolar
quantities of unlabeled 11-cis -retinyl palmitate or other
competing retinyl esters. It is interesting to note that
the hydrolysis of [3H]all-trans -retinyl palmitate is re-
duced to the same extent in the presence of each com-
peting ester (,33% inhibition). This result suggests

that the remaining activity may be due a distinct all-
trans -REH enzyme. Alternatively, the remaining activity
may be due to the activity of other “non-specific” es-
terases. In order to address this issue, we conducted
two additional substrate competition assays in which
the hydrolysis of [3H]11-cis -retinyl palmitate and
[14C]all-trans -retinyl palmitate were simultaneously
monitored over time. In the first analysis, the [3H]11-
cis -retinyl palmitate: [14C]all-trans -retinyl palmitate mo-
lar ratio was 1:2, in the second the molar ratio was 2:1.
Consistent with our previous competition analyses, the
hydrolysis of [3H]11-cis -retinyl palmitate, assessed by
quantitation of liberated [3H]palmitic acid, was not af-
fected by the inclusion of [14C]all-trans -retinyl palmi-
tate (Fig. 4, panels A and C). However, hydrolysis of
[14C]all-trans -retinyl palmitate was significantly re-
duced in the presence of [3H]11-cis -retinyl palmitate in
a dose-dependent manner (Fig. 4, panels, B and D).
Taken together these findings suggest that the observed
all-trans-REH activity may be due to “non-specific” hy-
drolase activities. Evidence to further support this
hypothesis was obtained from an additional series of
competition studies in which the effects of [14C] choles-
teryl oleate on [3H]11-cis- and -all-trans-retinyl palmi-
tate hydrolysis was determined. The data show that in-
clusion of [14C]cholesteryl oleate significantly reduces
[3H]all-trans-retinyl ester hydrolysis (Fig. 5, panel C).
Similarly, [3H]all-trans -retinyl palmitate significantly re-
duces [14C]cholesteryl oleate hydrolysis (Fig. 5, panel

TABLE 1. Hydrolysis of 11-cis-retinyl esters using two
methods of substrate delivery

Relative Specific Activity

Substrate EtOH Membrane

11-cis -retinyl palmitate 1.0 1.0
11-cis -retinyl linoleate 0.6 0.6
11-cis -retinyl myristate 0.4 0.3

Hydrolysis of the indicated 11-cis -retinyl esters was examined us-
ing two different methods of substrate delivery. In the first method
(EtOH), each 11-cis -retinyl ester was delivered to the reaction mix-
ture in an ethanol suspension ([S] 5 10 mm each). In the second
method, the 11-cis -retinyl esters were incorporated into plasma mem-
brane protein and REH activity was quantified using aliquots of the
retinyl ester-containing plasma membrane protein ([S] < 15 mm). In
this second approach, the indicated substrate concentration repre-
sents the amount of membrane-associated 11-cis -retinyl esters, as de-
termined by extraction and HPLC analysis of the recovered 11-cis -ret-
inyl ester, in the assay volume (i.e., 400 ml). Quantitation of the
phospholipid content of RPE plasma membranes (0.4 mg phospho-
lipid/mg plasma membrane) confirmed the capacity of RPE plasma
membranes to accommodate the 11-cis -retinyl ester substrate. For each
method of substrate delivery, the specific activity of 11-cis-retinyl palmi-
tate hydrolysis (<300 pmol min21 mg21 for each delivery method) is
taken as 1.0; the specific activities associated with hydrolysis of 11-cis -
retinyl-linoleate and -myristate are shown relative to this value. The
data shown are representative of two independent experiments ana-
lyzed in duplicate.
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D). These observations, and the fact that all-trans -reti-
nyl palmitate and cholesteryl oleate are hydrolyzed at
similar rates, suggests that these substrates may be
hydrolyzed at the same non-specific catalytic site. Interest-
ingly, inclusion of [14C]cholesteryl oleate in [3H]11-cis-
retinyl palmitate assays did not affect the rate of 11-
cis-REH activity (Fig. 5, panel A) and the rate of [14C]
cholesteryl oleate hydrolysis was also unaffected (Fig. 5,
panel B). Thus, it is very likely that 11-cis -retinyl palmi-
tate and cholesteryl oleate are hydrolyzed at discrete
catalytic sites.

DISCUSSION

Retinyl esters represent a substantial proportion (up
to 99%) of the total vitamin A found in the eye (6, 17–
19). The fatty acid composition of retinyl esters in bo-
vine RPE has been determined to be 57% palmitate,
25% stearate, 10% oleate, 1.1% myristate, and 0.6%
linoleate (20). Eleven-cis -retinyl esters represent a sub-
stantial pool, up to 75%, of the endogenous retinoids
in RPE (5, 8, 21). Therefore, an enzymatic activity

responsible for mobilizing 11-cis-retinol from 11-cis-retinyl
ester stores is likely to play a vital role in the visual sys-
tem. However, information regarding substrate specific-
ity of REHs in the RPE is not available in the literature.

There have been investigations of the substrate speci-
ficity of an hepatic all-trans -REH activity (22). In fact,
the numerous characterizations of all-trans -REH activity
in liver (reviewed in ref. 11) have led to the purification
of an all-trans -REH enzyme that shares a high homol-
ogy with a previously cloned carboxylesterase from rat
liver (23). Thus, retinyl esters stored in liver are likely
to be mobilized to extrahepatic target tissues via an all-
trans-REH isozyme of carboxylesterase. Characterizations
of all-trans -REH activity in liver have clearly advanced
our understanding of all-trans -REH activities in RPE
(13). However, these studies are of limited usefulness in
attempting to understand biochemical properties of
11-cis-retinyl ester hydrolysis. For example, it is not
clear whether the 11-cis- and all-trans -REH activities
characterized in RPE membranes (10, 12) are distinct
enzymes with definite substrate preferences or whether
cis and trans substrates can be similarly accommodated
by a single nonspecific catalyst. Information obtained

Fig. 3. Effect of substrate competition on REH
activities. The liberation of [3H]palmitic acid
from [3H]11-cis -retinyl palmitate (10 mm) in the
absence and presence of equimolar concentra-
tions of unlabeled all-trans -, 13-cis -, and 9-cis -reti-
nyl palmitate is shown in the upper left-hand
panel. Similar competition studies were per-
formed to examine the effect of substrate compe-
tition on hydrolysis of [3H]-all-trans - (upper right-
hand panel), -13-cis - (lower left-hand panel), and
-9-cis- (lower right-hand panel) retinyl palmitate.
REH assays were performed using 10 mg of mi-
crosomal protein and reaction mixtures were
quenched at either 2.5, 5.0, 7.5 or 10.0 min. Con-
trol values are represented by a solid line in each
panel. REH activities in the presence of added
unlabeled substrates are shown as indicated in
the figure legend given for each panel. The data
shown is one representation taken from three in-
dependent studies which yielded nearly identical
results.
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regarding retinyl ester utilization in the RPE will clearly
advance our knowledge concerning the roles of retinyl
ester metabolizing enzymes in visual chromophore bio-
synthesis and will therefore have profound implications
on our understanding of the mammalian visual system.
In efforts to address this important facet of the visual
cycle, we have sought to determine the substrate speci-
ficity of REH activity in RPE membranes. Our initial ap-
proach was to ascertain which portion of the retinyl
ester substrate (i.e., retinol or fatty acyl moiety) is nec-
essary for maximal hydrolysis. We first determined the
specific activity for hydrolysis of four retinyl palmitate
isomers possessing varied polyene chain lengths (9-cis -,
11-cis -, 13-cis -, and all-trans -retinol). Our decision to use
retinyl palmitate isomers in this initial study was due
largely to the fact that palmitate is the principal fatty
acid associated with endogenous retinyl esters. The
data show that REH activity was greatest against the 11-
cis isomer; hydrolysis of the other isomers was approxi-
mately 6-fold lower than that of 11-cis -retinyl palmitate.
Analysis of the fatty acyl chain specificity of 11-cis -REH
activity revealed a trend that approximated the retinyl
ester–fatty acid composition in RPE cells. Thus, the
preference of 11-cis -REH activity for different fatty acyl
groups was as follows: palmitate . oleate 5 linoleate .

myristate 5 stearate. The finding that the unsaturated
11-cis-retinyl esters exhibited higher rates of hydrolysis
compared to the saturated 11-cis -retinyl esters was a
novel finding and was not observed in a similar study
using all-trans -retinyl esters. Regarding the all-trans -
REH studies, although palmitate was still the preferred
fatty acid, there was no preference for unsaturated ver-
sus saturated all-trans -retinyl esters. It is known that the
presence of double bonds in unsaturated, trans fatty
acids reduces the overall chain length relative to satu-
rated, trans fatty acids (24). This effect is most pro-
nounced when the fatty acid chain is in a cis con-
formation (25). Thus, the increased rate of hydrolysis
associated with the unsaturated, cis esters may be due to
a decrease in molecular size which has the effect of more
closely approximating the length, and dimensional space,
of the preferred 16-carbon, retinyl palmitate.

Results from the 11-cis -REH fatty acid specificity stud-
ies led us to explore the possibility that the observed ef-
fects might be due to undefined physical interactions at
the lipid–water interface which permit a more or less
effective presentation of a given retinyl ester to the
REH enzyme(s) (11). Thus, 11-cis -retinyl esters com-
posed of short (11-cis -retinyl myristate) and unsatur-
ated (11-cis -retinyl linoleate) acyl chains were incorpo-

Fig. 4. Examination of 11-cis- and all-trans-retinyl
palmitate substrate competition. Studies were
conducted to examine the specificity of 11-cis -
and all-trans -retinyl palmitate catalytic sites. In or-
der to facilitate quantitation of the palmitic acid
reaction products from both substrates simulta-
neously, [3H]11-cis -retinyl palmitate and [14C]all-
trans-retinyl palmitate substrates were prepared
and then co-incubated in the REH assay at differ-
ent molar concentrations using 10 mg of microso-
mal protein. In panels A and B, the [3H]11-cis -:
[14C]all-trans -retinyl palmitate molar ratio is 1:2
(i.e., 10 mm versus 20 mm, respectively). In panels
C and D, the [3H]11-cis -:[14C]all-trans -retinyl
palmitate molar ratio is 2:1 (i.e., 20 mm versus 10
mm, respectively). In the figure, solid symbols rep-
resent control values obtained in the absence of
added retinyl palmitate isomer, while open sym-
bols represent values obtained with added retinyl
palmitate isomer. The values shown represent the
mean 6 s from three independent experiments
analyzed in triplicate. Asterisks indicate a statisti-
cally significant group mean difference, at the in-
dicated time-point, relative to values obtained in
the absence of competing substrate (Student’s t-
test, a 5 0.05). The break in the y-axis shown in
panel D is utilized to facilitate clarity of the figure
legend.
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rated into RPE plasma membranes using liposomal
fusion and the hydrolytic rates were compared to that
of plasma membrane-bound 11-cis -retinyl palmitate.
Plasma membranes were utilized for this study as we
have recently discovered that 1) 11-cis -REH activity is
largely recovered in plasma membranes and 2) the dif-
ferential rates of 11-cis - and all-trans -retinyl palmitate
hydrolysis observed in vitro were also observed when
these substrates are bound within the membrane. The
relative rates of hydrolysis of 11-cis -retinyl esters in this
study were essentially identical to those obtained when
the hydrolytic rates were determined using the routine
(lipid–water interface) REH assay. Thus, the observed
results were not due to undefined interactions at the
lipid–water interface.

Additional evidence that supports the existence of an
11-cis-specific REH activity comes from substrate com-
petition studies. In these studies, the rate of 11-cis-retinyl
palmitate hydrolysis was not affected when other ret-
inol ester isomers were included in the reaction mix-
ture. Thus, these isomers were not able to displace 11-
cis -retinyl palmitate from the active site. In contrast, be-
cause the hydrolysis of 9-cis -, 13-cis -, and all-trans -retinyl
palmitate were all significantly inhibited regardless of
the combination of primary and competing substrate,

we conclude that these activities are nonspecific in na-
ture and could be due to the activity of nonspecific es-
terases (e.g., cholesteryl ester hydrolase). The finding
that cholesteryl oleate is not able to inhibit the rate of
11-cis -retinyl palmitate hydrolysis and vice versa, indi-
cates not only that the 11-cis -REH is specific, but also
that the two substrates are hydrolyzed at discrete cata-
lytic sites. In contrast, when the same competition assay
was conducted with all-trans -retinyl palmitate, the hy-
drolysis of both cholesteryl oleate and all-trans -retinyl
palmitate was significantly diminished. This finding is
consistent with the initial competition studies which in-
dicate a relatively non-specific active site for all-trans
retinyl palmitate hydrolysis. Moreover, these data also
strongly suggest that the hydrolysis of all-trans retinyl
palmitate and cholesteryl oleate occurs at the same, or
biochemically similar, active site(s). Finally, recent bio-
chemical analyses of the 11-cis -REH active site have
further substantiated our finding of a strict preference
for 11-cis retinyl palmitate as neither 11-cis -retinol nor
palmitic acid is able to displace 11-cis -retinyl palmitate
from the active site (data not shown).

In summary, findings of the present study provide
strong evidence for the existence of a highly specific
REH activity in the RPE that is maximal when palmitate

Fig. 5. Effect of cholesteryl oleate on 11-cis- and
all-trans -REH activities. The contribution of “non-
specific” esterase activities to the observed 11-cis -
and all-trans -REH activities was examined in a
substrate competition study in which the hydroly-
sis of [3H]11-cis - or [3H]all-trans -retinyl palmitate
(10 mm) was monitored in the absence and pres-
ence of [14C]cholesteryl oleate (10 mm) using 10
mg of microsomal protein. In panels A and B, the
reaction products from [3H]11-cis -retinyl palmi-
tate and [14C]cholesteryl oleate hydrolysis, re-
spectively, are shown. In panels C and D, the reac-
tion products from [3H]all-trans -retinyl palmitate
and [14C]cholesteryl oleate hydrolysis, respectively,
are shown. The values shown are representative of
two independent experiments analyzed in tripli-
cate. Asterisks indicate a statistically significant
group mean difference, at the indicated time-
point, relative to values obtained in the absence of
competing substrate (Student’s t -test, a 5 0.05).
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is the fatty acid and the cis bend in the conjugated dou-
ble bond system of retinol is at C-11. Although it is clear
that 11-cis -retinyl esters contribute to visual chromo-
phore biosynthesis in vivo, the mechanism underlying
utilization of the endogenous 11-cis -retinyl ester pool
has remained enigmatic. Data from our studies support
the hypothesis that a substrate-specific retinyl ester hy-
drolase is the physiological mechanism responsible for
11-cis -retinyl ester mobilization.
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