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Membranes as the Energy Source in the Endergonic
Transformation of Vitamin A to 11-cis-Retinol

PETER S. DEIGNER, WING C. LAw, FRANCISCO ]J. CANADA,
RoOBERT R. RANDO*

The eye needs to biosynthesize 11-cis-retinoids because the chromophore of rhodopsin
is 11-cis-retinal. The critical metabolic step is the endergonic isomerization of free all-
trans-retinol (vitamin A) into 11-cis-retinol. This isomerization process can take place
in isolated membranes from the retinal pigment epithelium in the absence of added
energy sources. Specific binding proteins probably do not serve as an energy source,
and since all of the reactions in the visual cycle are shown here to be reversible, trapping
reactions also do not participate in the isomerization reaction. One previously
unexplored possibility is that the chemical energy in the bonds of the membrane itself
may drive the isomerization reaction. A group transfer reaction is proposed that forms
a retinyl ester from a lipid acyl donor and vitamin A. This transfer can drive the
isomerization reaction because the all-trans-retinyl ester is isomerized directly to 11-
cis-retinol. Thus, the free energy of hydrolysis of the ester is coupled to the
thermodynamically uphill trans to cis isomerization. The prediction of an obligate C—
O bond cleavage in the vitamin A moiety during isomerization is borne out. Although
the natural substrate for isomerization is not known, all-trans-retinyl palmitate is
processed in vitro to 11-cis-retinol by pigment epithelial membranes.

HE ISOMERIZATION OF FREE ALL-
trans-retinol (vitamin A) into 11-cis-
retinol in the retinal pigment epithe-
lium provides the visual chromophore and
closes the visual cycle. In the absence of this

oids accumulate to account for up to 40% of
the total retinoids (4). The conversion oc-
curs in the absence of added energy sources
such as adenosine 5'-triphosphate, guano-
sine 5’-triphosphate, and palmitoyl coen-

agents does not stimulate 11-cis-retinoid
production, suggesting that soluble cofac-
tors are not required for the isomerization
(4) and that the energy source is membrane
associated.

Three possible mechanisms could account
for the formation of the high-energy retin-
oids. (i) An irreversible reaction removes the
11-cis-retinoids as they are formed. (ii) Spe-
cific binding proteins sequester the 11-cis-
retinoids. (iii) An energy-transducing isom-
erization reaction uses a membrane constitu-
ent as the thermodynamic energy source.
We now show that only the last alternative
can account for the experimental results, and
we provide a mechanism for this process.

We investigated whether the membranes
act catalytically in the isomerization reaction
or have a limited capacity to form 11-cis-
retinoids. A membrane preparation was in-
cubated with saturating all-trans-retinol until
no further 1l-cis-retinoid accumulated. A
control membrane preparation was incubat-
ed in the absence of all-frans-retinol. The two
samples were then briefly irradiated with
ultraviolet (UV) light and washed with so-
lutions containing bovine serum albumin
(BSA) to remove the remaining retinoids.
The UV illumination back isomerizes and
eliminates the 11-cis-retinoids without di-

process vertebrate vision would be impossi-
ble, because 11-cis-retinoids are produced
only in the eyes of image-forming animals
and are not dietary constituents. The 11-cis-
retinoids are approximately 4 kcal/mol high-
er in free energy than their all-trans conge-
ners, and thus account for only 0.1% of
the equilibrium mixture (7). Yet in an ani-
mal adapted to darkness, 11-cis-retinoids
can account for ~75% of the retinoids (2).
Hence, an energy-requiring step seems to be
necessary.

A membrane fraction from the retinal
pigment epithelium has been isolated that
can process exogenous all-trans-retinol to 11-
ds-retinol, 11-cis-retinal, and 11-cis-retinyl
esters (3). The process is saturable with a
Michaelis constant (Ky) of 0.5 pM and a
basal maximal velocity (Vmax) of 5 pmol
hour™! mg™! of protein, and 11-cis-retin-
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zyme A. Likewise, the addition of these

Table 1. The esterification-deesterification reactions are reversible. Amphibian (3) or bovine (11)
plgmcnt cpithelial membranes (1 ml at a protein concentration of 2 to 3 mg/ml) were incubated with
[11, 12-*H]all-trans-retinol (Amersham) or its 11-cis congener (0.01 mCi at a concentration of 1 pM in
50 pl of 10% BSA) for 15 min at 25°C. The mixtures were then centrifuged at 200,000g for 15 min at
4°C, and the pellets were washed and suspended in the original volume of buffer (3). Greater than 80%
of the radioactivity remained associated with the membranes. One-half of the membrane preparation
was removed, and the retinoid composition was analyzed by standard methods (3). In the case of the
amphibian, the other half of each membrane preparation was incubated for 3 hours at 25°C with 25 ul
of 10% BSA and 50 pl of a solution containing NAD* and NADP*, each at a concentration of 10 mM,
before retinoid analysis. In the bovine case, the membrane preparations were incubated for 1 hour at
37°C with 25 ul of 10% BSA and 50 wl of 10 mM each of NAD* and NADP™* for 1 hour at 37°C
before analysis of the retinoids. All quoted errors are SEM with n = 3 to 5.

Retinoid composition (%)

Membrane preparation .
prep Retinol Retinal Retinyl
ester

Amphibian

All-trans-retinol 53+20 43+04 90.3 £2.0

All-trans-retinol, NAD™, and NADP* 54+1.7 495+ 46 45.0 + 3.1
Bovine

All-trans-retinol 6.3 +22 39+35 899 + 1.3

All-trans-retinol, NAD™*, and NADP™* 6.0 = 3.0 49.7 + 4.1 444 + 77

11-cis-retinol 122 0.0 39+0.1 84.0 £ 0.1

11-cis-retinol, NAD*, and NADP* 109 = 0.6 71.1 £ 0.8 175 £ 0.1
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rectly affecting the isomerizing capability of
the membranes. The membrane samples
were then incubated with saturating [11,
12-*Hall-trans-retinol again until no further
11-cis-retinoid accumulated. The ™ mem-
branes treated with all-trans-retinol had an
average of 55 + 11% (mean * SE; n = 3)
of the capacity of the control membranes to
form 11-cis-retinoids. This result suggests
that a nonreplenishable energy source can be
depleted in the membranes and that specific
binding proteins are probably not involved
in the isomerization. This view is consistent
with the observation that unbound 11-cis-
retinyl esters accumulate both in vivo (2)
and in vitro (3). Because these esters make
up the major storage form of retinoids in the
eye, their being found uncomplexed is in-
consistent with a role for binding proteins as
a driving force.

An irreversible reaction in the visual cycle
could drive the isomerization process to-
ward 11-cis-retinoid formation by not allow-
ing equilibrium to be achieved. In addition
to performing the isomerization reaction,
the retinal pigment ephithelial membranes
can further process the retinols both by
oxidation to the retinals and by esterification
to the retinyl esters (3). In fact, the mem-
branes retain all of the vitamin A processing
activities that are found in the living eye and
that constitute the visual cycle. The oxida-
tion reactions can be manipulated by vary-
ing the ratio of oxidized to reduced nicotin-
amide adenine dinucleotide (NAD™' to
NADH) or nicotinamide adenine dinucleo-
tide phosphate (NADP* to NADPH) (3).
Thus we can determine if the esterification
reaction is reversible. Membranes were incu-
bated with [11,12-*H]all-trans-retinol in the
presence or absence of NAD" and NADP*
(Table 1). Addition of the NAD*-NADP*
mixture to either amphibian or bovine mem-
branes after the esters were formed increased
the size of the retinal pool at the expense of
the retinyl esters. This result shows that the
esterification-deesterification cycle is revers-
ible and that no irreversible trapping reac-
tion occurs. Although it has been assumed
that the liberation of the retinols from their
ester counterparts is mediated by one or
more hydrolases, this remains unproved (5).
Esterification of retinol both in the liver (6)
and in the retinal pigment epithelium (7)
occurs through transfer of an acyl group
from the 1 position of an endogenous phos-
pholipid. This transesterification reaction is,
in principle, reversible.

To determine if the isomerization reaction
itself is reversible, chiral retinols had to be
used because of the spontaneous isomeriza-
tion of 11-cis- to all-trans-retinol. The enzy-
matic isomerization occurs with inversion of
stereochemistry at the C-15 prochiral meth-
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ylene hydroxyl group (Scheme 1) (8),
whereas chemical isomerization occurs with
retention of stereochemistry at this position.
Membranes were incubated with [15(S)-
1C,*H]11-cis-retinol, and the all-trans-reti-
nol that was formed was examined for the
amount of inversion that had occurred. This
latter determination was made with pro-R—
specific horse liver alcohol dehydrogenase
(Table 2) (9). The results show that substan-
tial enzyme-catalyzed back isomerization oc-
curred, which would not have been expected
if only the extent of isomerization had been
determined. Thus, the isomerization reac-
tion is reversible. As expected, the thermal

Scheme 1. Reactions of the
cycle are reversible. X = H,
all-trans-retinol; or X = COR,
all-rrans-retinyl esters.

S g

b

S g

All-trans-retinol (ester)

f

All-trans-retinyl ester

isomerization occurred with retention of
configuration (Table 2). In a separate ex-
periment beginning with [11,12-*H]all-
trans-retinol under the same conditions,
31% (of total retinols) 11-cis-retinol and
24% (of total esters) 1l-cis-retinyl esters
were formed. This result suggests that the
forward trans to cis isomerization is approx-
imately threefold faster than the reverse re-
action. Incubation of the membranes with
[15(S)-1*C,*H]all-trans-retinol also showed
a small (<10%) amount of inversion in the
starting material, demonstrating that enzy-
matic processing to 11-cis-retinol occurs and
is followed by chemical back isomerization.

OX

NN N0
All-trans-retinal 11-cis-Retinal No
Fig. 1. C-O Bond cleavage accom- 100 )
panies isomerization. All-trans-reti- All-trans-retinol
nol labeled with 180 was prepared in 80
an amber vial stoppered under N, by
incubating all-trans-retinal with 1 ml 60
of H,"®0 and 2 ml of dioxane con-
taining 1 mg of p-toluenesulfonic 40
acid and 10 mg of butylated hy- 8 ,,
droxytoluene. The mixture was § A_/\J J\A
stirred for 18 hours at 50°C. A & ¢
sample was removed for photoiso- % 270 275 280 285 290 295 300
merization to provide 1l-cis- and ¢
13-cis-retinal isomers. The '#O- 2 50
labeled retinals were reduced with @ 11-cis-Retinol
NaBH, and separated by HPLC. & 40
Two different syntheses were per- 30
formed, producing ['®O]all-trans-
retinol containing 97.1% ‘80 and 20
95.6% 80 as determined by field
desorption mass  spectroscopy. 10
Membranes from bovine pigment
epithelia were prepared as previous- 0
ly reported (11). Typically, 150 bo- 250 260 270 280 290 300 310 320
vine eyecups were used for each miz

incubation with ['8Q]all-trans-reti-

nol. The membranes were homogenized in 8 ml of 50 mM potassium phosphate buffer (pH 7.4)
containing 3 ml of 20% bovine serum albumin (BSA). The mixture was kept on ice and irradiated with
UV light for 10 min while shaking to destroy any endogenous retinoids. The membranes were
centrifuged at 150,000¢ at 4°C, washed, and resuspended in 35 ml of phosphate buffer containing 3%
BSA. The ['®O]all-trans-retinol (20 pM final concentration) was added in the dark, and the membrane
preparations were placed under N and incubated at 38°C for between 2.5 and 5 hours in the dark. The
samples were then placed on ice, and 40 ml of ice-cold methanol were added. The retinoids were
extracted into n-hexane, which was then filtered, dried, and processed by HPLC (3). The various retinol
isomers were collected and rechromatographed before analysis by field desorption mass spectroscopy.
Samples stored at ~80°C showed no loss of 'O over a period of several weeks. Typical mass
spectroscopic data for the reisolated ['80]all-trans-retinol and the enzymatically formed 11-cis-retinol are

shown.
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These experiments taken together show that
the reactions of the visual cycle are reversible
(Scheme 1) and help explain why even
extensive dark adaptation in vivo never
drives the all-trans to 11-cis conversion to
near completion.

As for the third possible mechanism for
the formation of 11-cis-retinoids, it is not
immediately apparent how the chemical en-
ergy in the bonds of the membrane might be

used to drive the isomerization reaction.
One possibility involves a group transfer
reaction (Scheme 2) in which vitamin A is
first esterified to form an active ester, which
is then isomerized by the indicated mecha-
nism to form 11-cis-retinol. This latter isom-
erization reaction can be broken down into
two partial reactions (Scheme 2) that would
sum favorably. Thus, an all-trans-retinyl ester
would be isomerized by a mechanism that

Table 2. Isomerization of [15(S)-'#“C,*H]11-cis-retinol. Washed bovine pigment epithelial membranes
(4 ml at a protein concentration of 1 mg/ml) were incubated for 1 hour at 37°C with 1 uM [15(S)-
14C,*H]11-cis-retinol [containing 0.01 mCi of *C (*H/"*C = 14.7)] and 0.2 ml of 10% BSA.
Approximately 40% of the radioactivity was found to be in the retinol pool and the remaining 60% in
the retinyl ester pool. Control incubations with heat-denatured membranes were also performed. The
retinoids were isolated by HPLC (3), diluted with cold standards, and subjected to oxidation with pro-
R—specific horse liver alcohol dehydrogenase in 0.1M glycine—sodium hydroxide buffer (H 10.0) in
the presence of 0.01% Tween 80 (8). Retinals were extracted as retinal oximes and their *H/**C ratios
were determined (8). In the case of the retinyl esters, the purified materials were collected from the
HPLC and hydrolyzed with 5% potassium hydroxide in methanol for 10 min at 0°C to produce the
corresponding retinol isomers. The latter were purified and processed as above to determine their *H/
MC ratios. All quoted errors are SEM with n = 3 to 5.

Retinol Retinyl esters

Condition All-trans Retention of *H (%) All-trans Retention of *H (%)
(%) 11-cis All-trans (%) 11-cis All-trans

Control 131 +44 1055+21 1025 35

Membrane 13.6 £4.7 110.6+57 294=169 21.7+11 1083*35 239=*35

Fig. 2. Processing of vita- A

min A and all-frans-retinyl 100
palmitate by irradiated pig- %
ment epithelial membranes. ]
(A) Bovine pigment epithe- 80 T~
lial membranes were irradi- 70 F‘O\é [
ated and washed as de- *\o
scribed in the legend to Fig. 60
1. The membranes (2 mg/ 501 L
ml) were incubated with
005 pM [11,12-*H]all- 401 i
trans-retinol (50 Ci/mmol, 301 L
Amersham) and BSA as pre-
viously described (3). In the 20 - [
absence of membranes no 5 g -
11-cis-retinol was formed. < ¢ &
At the indicated times the & ° ) j ' ' j ' ' ' ' '
retinoids were extracted 5 B
with methanol and hexane E 100

o

(3) and analyzed by HPLC
(3). Small amounts of the g0

retinals (<5%) were also 80 \ -
found after incubation (3). ] 5 [
(B) Membranes were incu- 70

bated with synthetic [11,12- 60 r
3H]all-trans-retinyl palmitate 50 i
(0.3 uM, 5 Ci/mmol) (3).

At the indicated times, sam- 40 r
ples were removed, and the 30 L

retinoids were analyzed as in
(A). Control incubations in
the absence of membranes
showed that substantially
larger amounts of all-trans-
retinol formed (approxi-
mately 10% of the total ra-
dioactivity at end of incuba-
tion) than when membranes were added. Control values were not subtracted from the indicated values.
Individual experiments were run in duplicate or triplicate and repeated several times with the same
results. Symbols for (A) and (B): O, retinyl esters; @, 11-cis-retinol; A, 13-cis-retinol; and A, all-trans-
retinol. Error bars indicate SEM with n = 3 to 4.

T T T T T

100 120 140 160 180 200
Time (min)
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couples the free energy of hydrolysis of the
ester to the isomerization reaction. For ex-
ample, the free energy of hydrolysis of an
acyl ester group is in the range of —5 to —10
kcal/mol (10), which is more than enough
energy to overcome the 4 kcal/mol energy
difference between an all-trans- and an 11-cis-
retinoid (7). The energy would originate in
the chemical energy of acyl groupings of the
phospholipid. It might be expected that a
specific phospholipid type would be in-
volved, designated as lipid OX in Scheme 2.
It is already known that the 1-acyl groups of
specific ocular membrane phospholipids can
be transferred to retinol to produce retinyl
esters (6, 7).

One direct test for a mechanism of the
type shown in Scheme 2 is to determine if
the oxygen atom of the all-trans-retinol is
lost during the isomerization reaction. The
fate of the '30 atom of ['8O]all-trans-retinol
[mass to charge ratio (m/z) of 288] can be
followed by field desorption mass spectros-
copy during the isomerization reaction (Fig.
1). If C-O bond cleavage is obligate during
the isomerization reaction, then the 11-cis-
retinol initially formed should lose the '*O
atom. Indeed, the 11-cis-retinol that formed
had lost virtually all of its '80. The small
288 peak found comes largely from the
natural abundance contribution of unla-
beled retinol (m/z of 286). In a series of six
separate experiments, a net retention of
2.5% of '®O was found in the isolated 11-
ds-retinol compared with the all-trans-reti-
nol. At the same time, there was virtually no
loss in the reisolated all-trans-retinol. The
formed 11-cis-retinol did not readily lose its
label, as indicated by separate experiments
showing that under the same incubation
conditions ['80]11-cis-retinol retained ap-
proximately 60% of its '*O. It is likely that
the enzymatically formed 11-cis-retinol had
retained none of its label, and that the 2.5%
retention observed came from other sources.
An approximately 20-fold excess of ['*O]all-
trans-retinol was used in these experiments,
and the spontaneous chemical isomerization
of this material to 11-cs-retinol, which oc-
curs without loss of label, could provide up
to 4% of label retention. Also, the 11-cis-
retinol and spontaneously formed 13-cis-
retinol were not completely separated by
high-performance liquid chromatography
(HPLC), and hence some cross-contamina-
tion was inevitable, resulting in an increase
in the amount of label in the 11-cis-retinol
peak. Thus, these results show that a C-O
bond cleavage occurs during the isomeriza-
tion reaction and are thus consistent with a
mechanism of the type shown in Scheme 2.
The results are also in agreement with the
inversion of stereochemistry at C-15, which
occurs concomitantly with isomerization
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H Hy

All-trans-retinol

\\.FOH +

Lipid-OX —

EB” H Hy - EB »~0OH —
B ~ AL -0OX N oA 2> -EB
ox — -_—
_H"‘
All-trans-retinyl ester 11-cis-Retinol
AG° Hy OH
Overall reaction: trans-Retinyl| ester + H20 —» trans-Retinol -5 kcal/mol (approx.)
trans-Retinol ———— 11cis-Retinol +4 kcal/mol

trans-Retinyl ester + HZO —»11cis-Retinol

-1 kcal/mol (net)

Scheme 2. A coupled reaction could drive the isomerization. Abbreviations: EB™, enzyme active—site

nucleophile; and AG®, Gibbs free energy.

(8). This result is only understandable if C—
O bond cleavage occurs during isomeriza-
tion.

We next attempted to determine the na-
ture of the putative ester substrate of the
isomerase. Previously we had shown that
when all-trans-retinol was added to pigment
epithelium membranes it was rapidly con-
verted into retinyl esters, mainly the palmi-
tate ester, before any isomerization was ob-
served (3, 4). However, at least in the
amphibian case, a small amount of all-trans-
retinol and all-trans-retinal remained as well
(4). We reinvestigated the processing of all-
trans-retinol by bovine membranes with
some alterations from previous techniques.
The membranes were first irradiated with
UV light and washed to remove the endoge-
nous retinoids and nicotinamide cofactors.
Under these conditions a true tracer experi-
ment can be performed. The addition of
[11,12-*H]all-trans-retinol to the mem-
branes led to the virtually complete conver-
sion of this material into all-trans-retinyl
esters (Fig. 2A). Approximately 3% of the
all-trans-retinol remained, even though an
extraction technique was used that overesti-
mates the amount of retinols with respect to
retinyl esters (3). The percentage of retinyl
esters eventually decreased, with a concomi-
tant increase in 11-cis-retinol (Fig. 2A). The
percentage of all-trans-retinol also increased
with time, but this was probably due to back
isomerization from its 1l-cis-congener.
When the membranes were treated with
[11,12-*H]all-trans-retinyl palmitate, pro-
cessing to 11-cis-retinol occurred (Fig. 2B).
In separate experiments it was shown that
[11,12-*H]all-trans-retinyl oleate could be
converted into 11-cis-retinol but not 11-cis-
retinyl oleate. This is further evidence for
the lack of a direct ester-ester isomerization
route. These results suggest that under nor-
mal physiological conditions a retinyl ester is
directly isomerized to 11-cis-retinol. Other
experiments are consistent with this view.
For example, we have not been able to
dissociate retinyl ester synthetase activity
from isomerase activity during purification
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of the detergent solubilized materials (7),
and different reagents, such as ethanol, p-
hydroxymercuribenzoate, and hydroxyl-
amine, affect both activities in a parallel
fashion (11). Finally, structure-activity stud-
ies are also consistent with the proposed
mechanism (12).

Our results show that the biological for-
mation of 11-cis-retinol requires the input of
metabolic energy and that the energy source
for this conversion is membrane-derived. A
novel group transfer mechanism has been
postulated that uses the metabolic energy of

an ester moiety of the phospholipid to drive
this process. The proposal that membranes
may serve as an energy source reveals a
previously unsuspected biological function
of membranes.
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A G Protein Gamma Subunit Shares Homology with

ras Proteins

NARASIMHAN GAUTAM, MANFRED BAETSCHER,* RUEDI AEBERSOLD,

MELVIN I. SiIMON

Guanine nucleotide binding proteins (G proteins) that transduce signals from cell
surface receptors to effector molecules are made up of three subunits, a, B, and y. A
complementary DNA clone that encodes a 71—amino acid protein was isolated from
bovine brain; this protein contains peptide sequences that were derived from the
purified y subunit of G; and G,. The primary sequence of this G protein y subunit (Gvy)
has 55 percent homology to the y subunit of transducin (Ty) and also has homology to
functional domains of mammalian ras proteins. The probe for isolating the clone was
generated with the use of the polymerase chain reaction (PCR). The extent of
divergence between Ty and Gy, the isolation of homologous PCR-generated frag-
ments, and the differences between the predicted amino acid sequence of Gy and that
derived from the vy subunit of G; and G, indicate that y subunits are encoded by a
family of genes.

PROTEINS ARE GENERALLY FOUND  ¢GMP phosphodiesterase and adenylyl cy-

associated with cell membranes and

are activated by a class of cell sur-
face receptors that includes the B-adrenergic
receptor, rhodopsin, and the muscarinic ace-
tylcholine receptor. The activated G protein
transduces signals from these receptors to
effectors such as phospholipases, guanosine
3',5’-monophosphate (cGMP) phosphodi-
esterase, adenylyl cyclase, and ion-conduct-
ing channels (7). In well-characterized sys-
tems such as the G protein activation of

clase, the G protein « subunit in the activat-
ed state binds guanosine 5'-triphosphate,
dissociates from By, and directly modulates
effector function (2). On the basis of these
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