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ABSTRACT. The identification of the critical enzyme(s) that carries out titams to cis isomerization
producing 1leis-retinol during the operation of the visual cycle remains elusive. Confusion exists in the
literature as to the exact nature of the isomerization substrate. At issue is whether it isransiétinyl

ester or alltransretinol (vitamin A). As both putative substrates interconvert rapidly in retinal pigment
epithelial membranes, the choice of substrate can be ambiguous. The two enzymes that effect interconversion
of all-transretinol and alltransretinyl esters are lecithin retinol acyl transferase (LRAT) and retinyl
ester hydrolase (REH). The retinyl ester ortafinsretinol pools are radioactively labeled separately in
the presence of inhibitors of LRAT and REH, effectively preventing their interconversion. Pulse-chase
experiments unambiguously demonstrate thatralisretinyl esters, and not attansretinol, are the
precursors of 1Lisretinol. When the altransretinyl ester pool is radioactively labeled, the resulting
11-<cisretinol is labeled with the same specific activity as the precursor ester. The converse is true with
vitamin A. These data unambiguously establishahsretinyl esters as the precursors of dig+etinol.

Dark adaptation in vertebrates depends on the enzymatic Retinyl ester formation in the RPE membrane occurs via
processing of altransretinol (vitamin A) into an 1leis- the esterification of altransretinol by lecithin retinol acyl
retinoid (1, 2). The visual pigment rhodopsin contains an transferase (LRAT)11—14). LRAT rapidly and reversibly
11<cisretinal protonated Schiff base, and the absorption of transfers an acyl group from theg1 position of lecithin to
light by rhodopsin causes @is to trans photoisomeriza-  all-transretinol, forming an alltransretinyl ester (largely

tion, initiating the phototransduction cascade-§). Hy- palmitate) and lysophospholipid45). Deciding between
drolysis of the resultant atransretinal Schiff base and  retinol and retinyl esters as possible substrates and prod-
dehydrogenase-mediated reduction of thetralhsretinal ucts is not straightforward because these retinoids inter-

product results in the formation of allansretinol in the convert on a more rapid time scale than isomerizatid) (
retina 6, 6). The alltransretinol is transported to the reti-  17).

nal pigment epithelium (RPE)where it is processed into To address the issue of substrate and product for the isom-

11-cisretinal and then returned to the photoreceptay ) erization, a specific inactivator of LRAT, altansretinyl

(Scheme 1). _ _ _ bromoacetate (RBA), was utilized §). RPE membranes
The nature of the enzymatic machinery in the RPE re- preincubated with RBA are unable to process addettais

sponsible for the overall transformation of aiansretinol  retinol into alltransretinyl esters and 1tis-retinoids, while

into 11cis-retinal is only partially understood(9). Central  yntreated RPE membranes can carry out both conversions
to investigations on this problem is the nature of the substrate(19). |mportantly, RBA does not inhibit the processing of
and product of the isomerization pathway. Since thérafis-  gj|-transretinyl esters into 1Tis-retinoids, showing that

and lleisretinoids can exist as aldehydes, alcohols, or RBA does not block the formation of an unknown and hypo-
esters, the question is not a trivial one inasmuch as there argnetical intermediate on the isomerization pathwig) (The
nlnle poss;ble pathways. Double labeling experiments using sraightforward conclusion from these experiments is that
15-4C,15-Hjall-trar?sr¢t|nol to probe this issue demo”_‘ RBA blocks isomerization because it blocks the formation
strated that isomerization occurred at the alcohol oxidation ¢ all-trans-retinyl esters19). Moreover, 11eis-retinol, but
state, eliminating a retinal isomerase from consideratioh ( not 11cisretinyl esters, were formed when RBA was added
subsequent aliransretinyl ester formation, demonstrating
T The work described here from the authors’ laboratory was supported that 11€is-retinol is the direct product of isomerization.
by*tf%% yvh%n:’légllr% ;)%?1'523 r?Ceef\Qﬁgu'l\‘d|b';-aGdaa:ggsEe\g0F‘}r?§r?é (617) 432 These, and similar studie®Q), indicated that altrans-retinyl
1794. Fax: (617) 432-0471. E-mail: robert_rando@hms.hérvard.edu. esters are th? Su_bsnates on the |s_omer|z_at|qn pathway and
L Abbreviations: BSA, bovine serum albumin; CRALBP, cellular that 11e¢is-retinol is the product of isomerization. Scheme
retinaldehyde binding protein; DMSO, dimethyl sulfoxide; DPPC, 1 depicts the overall visual cycle showing the conversion of
L-dipalmitoylphosphatidylcholine; EA, ebelactone; LRAT, lecithin - g_transretinyl esters into 1Bis-retinol (21). This unusual
retinol acyl transferase; REH, retinyl ester hydrolase; RBA:tralfs- . . . . .
retinyl bromoacetate; RPE, retinal pigment epithelium; a.u., arbitrary isomerohydrolase mechanism is dQUbt|eSS_|n place to provide
units. an energy source (ester hydrolysis) to drive the thermody-
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Scheme 1: The Mammalian Visual Cycle
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Recently, an article was published suggesting thdtaatis isomerohydrolase
retinol itself is the isomerization substrate rather than an all- all trans retinyl ester
(vitamin A ester)

transretinyl ester 23). In most ways this article happily
confirmed already published data. For example, the article
(23) confirmed the previous report§9) that 11€isretinol

is the direct product of isomerization and that retino(a)l
binding proteins stimulate 1dis-retinol production 16, 17).

A later article @4) from the same group also confirmed the
previous report that €0 bond cleavage occurs concomitant
with isomerization 22). Thus, the results from the earlier all trans retinol

(23) and more recent experiment@4] are essentially (viamin &)

concordant with previous work/(19, 22), save for the issue  esters and allransretinol rapidly interconvert via the
of the substrate for isomerization. This point though is an combined enzymatic action of LRAT and REH!.
important one because ester hydrolysis is considered to beConcomitantly, isomerization occurs via either theteihs

the energy source that drives the endergonic isomerizationretinyl ester or the altransretinol substrates. Superficially,
reaction in one mechanisr2?). No identified energy source  the prediction is that if altransretinyl esters were the
exists if an alltransretinol to 11¢is-retinol conversion were  substrates for isomerization, then the specific activities of
to occur. Previously described tis-retinoid binding protein the product 1lcis-retinol would be initially zero and then
candidates are not relevant here. For example, the availabilityexponentially increase with time as the specific activity of
of opsin to bind 1leis-retinal clearly is not essential because the alltransretinyl ester pool increased because of the
isomerization to 1kisretinoids proceeds in the RPE inthe LRAT-mediated esterification ofH-all-transretinol (23).
absence of the retina and photoreceptd®).(The specific Should alltransretinol be the substrate, the prediction is that
11-cisretino(a)l binding protein CRALBP25, 26), found the specific activity of the 1tis-retinol generated during
in the RPE, is pre-understoodq) to not be an essential the course of the experiment would initially be identical to
driving force for isomerization because isomerization pro- that of the addedH-all-transretinol and then suffer expo-
ceeds in its absence in vitrdq), and CRALBP knockout  nential decay as the retinoid pools mi&3j. In the actual
mice can still synthesize 1dis-retinoids @9), albeit slowly. reported experiment (Figure 8, r2B), a small rise in the
The slower in vivo kinetics are understandable because specific activity (<2-fold) is measured in the atansretinyl
CRALBP, and even nonspecific retinoid binding proteins ester pool during the time interval studied, while the specific
such as BSA, simply enhance the rate of isomerization in activities of the 1leis-retinol appeared to remain essentially
vitro by relieving feed-back inhibition1(7). Given these constant during this time interval and beyor@3)( Surpris-
various issues, an important question to address is what isingly, the experiment was interpreted to mean thatrals

LRAT
LRAT & REH

NN N0H

the experimental evidence presented in support dfalfls retinol is the isomerization substrat23]. There are at least
retinol as the isomerization substrate? three reasons, both conceptual and practical, why the
This view, which is frequently quoted2¢—40), is de- experiment does not lend support to this conclusion. First,

pendent on a single experiment, which is reported in Figure on purely kinetic grounds, a linear correlation between the
8 (23). The approach is based on a pulse-chase protocol inrate of specific activity change in the d@thnsretinyl ester
which RPE membranes are pretreated with nonradioactivepool and resultant 1tis-retinol would only be expected to
all-transretinol to form a pool of nonradioactive allans occur if isomerization is rapid as compared to LRAT action.
retinyl esters 23). A pulse-chase experiment is then per- However, retinyl ester formation is known to be considerably
formed with®H-all-transretinol as the chas@8). The basis more rapid than isomerizatioid,(9). In fact, the experimental

of the experiment lies in temporally correlating the specific results reported in Figure 8 show that isomerization is
activities of the alltransretinyl ester/alltransretinol pools the slow step because no statistically significant change in
with the specific activities of the enzymatically formed 11- the specific activity of the 1tis-retinol is reported. Second,
cisretinol (23). In the experiment as designed, several on practical grounds, the enormous standard deviations
competing processes occur (Scheme 2). Theatisretinyl reported in the measurements of the specific activities of the
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11-cisretinol product (Figure 8C, re23) actually exceed  containing membrane suspension, DPPC, and BSA. The final
the small measured differences in the specific activities of concentrations of the components in the reaction mixture are
all-transretinyl ester pool over the equivalent time intervals. 100 mM Tris-HCI at pH 8.0, 20eM DPPC, 0.6% BSA,
In other words, the under-determined, and statistically 58.8 ug of protein, and 0.2«M of all-transretinol. The
insignificant, data presented could just as well have beenreactions were performed at room temperature. The reactions
taken as support for aftansretinyl esters being the isomer-  were quenched after 45 min by the addition of 500 of
ization substrates. Finally, one curious piece of data was methanol, after which 10@L of H,O was added, and 500
reported, which appeared to be germane, was left uninter-uL of hexane (containing butylated hydroxy toluene at 1
preted. The reported absolute values of the specific activitiesmg/mL) was added to effect extraction of the retinoids. The
for generated 1Tis-retinol were essentially identical to that  retinoids were analyzed on an PVA-Sil (250 x 4.0 mm,
of the alltransretinyl ester pool but were approximately YMC) HPLC column using 7% dioxane in hexane as eluant
5-fold lower than that of the putativil-all-transretinol pool at a flow rate of 1.5 mL/min with an online IN-US-RAM
at all time points investigated®). This result, of course,  model 3 HPLC scintillation counter interfaced with an IBM
suggests that atransretinyl esters are the isomerization computer (Dell Dimension GX110). All experiments were
substrates. performed in triplicate, the average values of these measure-
The pulse-chase approach described above is essentiallynents were used for analysis, and the standard deviation was
problematic because of the rapid interconversion of retinyl calculated.
esters and retinols relative to the isomerization rate. Had  |somerohydrolase Assayhe method used is identical to
nonisomerization related processing of thetedlhsretinol/ the published procedure$?). In this procedure, the amount
all-transretinyl esters been prevented, then pulse-chaseof 11<is-retinol is determined as a function of time from

experiments of this type could yield useful insights. In the added alltransretinol in the presence of BSA to bind the
work reported here, inhibitors are used that prevent the retinoids.

processing of altransretinol and esters in nonisomerization
related events. In this way, the atknsretinyl ester and all-
transretinol pools are relatively stable and can be specifically
labeled in the absence of significant interconversion. It then
becomes a simple matter to determine which retinoid is
converted into 1kis-retinol. The results are unambiguous
and demonstrate that allansretinyl esters are the isomer-
ization substrates and not atknsretinol.

REH AssayTo isolate the REH activity from isomero-
hydrolase activity an assay similar to isomerohydrolase was
established. 1tis-Retinol [15H] was converted to its ester
at room temperature followed by its hydrolysis at 33.
11-cis-Retinol [153H] was dissolved in dimethyl sulfoxide
(DMSO) to prepare a 58M stock solution. A total of 3/L
of 11-cisretinol [15°H] in dimethyl sulfoxide (DMSO) from
this stock solution was added & 1 mLtotal buffer volume
MATERIALS AND METHODS containing membrane suspension, DPPC, and BSA. The final

concentrations of the components in the reaction mixture are

Materials. Frozen eye cups devoid of retinas were pur- 100 mM Tris-HCI at pH 8.0, 20(kM DPPC, 0.6% BSA,
chased from W. L. Lawson Co., Lincoln, NE. [11,%4,]- and 0.15«M 11-cis-retinol. The reactions were performed
All -trans+etinol (specific activity 59.5 Ci/mmol) was ob- at room temperature. A 10€L aliquot of the reaction was
tained from Perkin-Elmer Life Sciences. Sodium borohydride quenched after 60 min by the addition of 5000of methanol,

[®H] (specific activity 85 Ci/mmol) was obtained from after which 10QuL of H,O was added, and 500 of hexane
American Radiolabeled Chemical Inc. tis-Retinol (spe- (containing butylated hydroxy toluene at 1 mg/mL) was
cific activity 20.7 Ci/mmol) and RBA were prepared added to effect extraction of the retinoids. The REH was
according to published procedurgd. 11-cis-Retinal was then continued at 37C in the presence of 6.6% BSA, such
obtained through the National Eye Institute. -fhns- that the final concentration of the solution was 008 of
Retinol, a-dipalmitoylphosphatidylcholine (DPPC), DTT, retinoids, 80uM of DPPC, and 100mM of Tris-HCI at pH
EDTA, ebelactone A, ebelactone B, and fatty acid-free BSA 8.0. The reaction was allowed to proceed for 45 min and
were purchased from Sigma-Aldrich Inc. HPLC-grade sol- then quenched by the addition of 620 of methanol, after
vents were purchased from J. T. Baker. All experiments were which 100uL of H,O was added, and 500L of hexane
conducted under dim red light unless otherwise noted. (containing butylated hydroxy toluene at 1 mg/mL) was

Preparation of Isomerohydrolase-Containing Membranes. added to effect extraction of the retinoids.

The procedure for preparation of bovine RPE membranesis REH Inhibition AssayThe ability of three inhibitors,
described elsewheré2). Prior to use, the membranes were ebelactone A (10@M), ebelactone B (10@M), and RBA
irradiated with UV light (365 nm) on ice for 5 min to destroy  (10M), to inhibit REH was established by an assay similar
endogenous retinoidsl(). Protein determinations were to the one reported above. Membranes suspended in a
performed using the Bradford protein assag)(yielding a  buffered solution were incubated with tis-retinol [153H]

final protein concentration of 1.47 mg/mL. to allow retinyl esters to form. After 45 min, these mem-

LRAT Actiity Assay.The activity of LRAT was deter-  branes were treated with the inhibitors for 15 min. After the
mined by monitoring the formation of RPE- (LRAT) incubation, the REH assay was allowed to proceed as
catalyzed retinyl esters from allansretinol or 11eis-retinol described above. The effect of these inhibitors on LRAT was
and dipalmitoylphosphatidylcholine (DPPC). Alansretinol verified by adding these inhibitors to a buffered solution of
[11,122H;] was dissolved in dimethyl sulfoxide (DMSO) the membranes followed by the addition of @i&-retinol
to prepare a 2&M stock solution. A total of luL of all- [15-H]. The assay was then continued as described above,
transretinol [11,123H,] in dimethyl sulfoxide (DMSO) from and in both cases the amount of @i%-retinol formed was
this stock solution was added to a 1@0total buffer volume used as a measurement of REH activity.
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Isomerohydrolase Inhibition StudieBhe effect of ebelac- RESULTS
tones A and B (10@xM) and RBA (10uM) on isomerohy- o ]
drolase was performed by the procedure described above. Inhibition of REH by Ebelactones A and Bs described
An initial buffered membrane solution (100 mM Tris/HC| ~@bove, a pulse-chase experiment in whichtrihsretinyl
pH 8.0 and 81.2g of protein) was prepared in Pyrex vials. €sters and alfransretinol are interconvertable on a time
The membranes were then incubated with the various Scale that is faster than isomerization is bound to produce
inhibitors for 15 min. The subsequent assay was performed@mbiguous results. However, the experimental approach
as indicated for the isomerohydrolase assay, and the amounfight be cogent if the interconversions of ans-retinol
of 11<isretinol formed was used as a measurement of and the alltransretinyl ester pools were prevented. There
isomerohydrolase activity. In the case of RBA, the retinyl ar¢ two biochemical reactions to be concerned with here.
esters were allowed to form before the membrane solutionsFirst: there is the LRAT reaction, in which atiansretinol

were treated with RBA. The isomeric retinols were analyzed IS reversibly esterified to aliransretinyl esters1—9). The

as previously published1?). All experiments were per-  SPecific blockade of this enzyme can be readily managed
formed in triplicate, and the average values from these With RBA, which irreversibly inactivates LRAT by an
measurements were used for analysis. affinity-labeling mode and blocks the esterification of all-

. . . . transretinol into alltransretinyl esters in RPE membrane
Finally, it was important to access the possible effects of

. R .~ preparations 19). While it is possible to prevent LRAT
DMSO on |som¢rohydrolase activity '”"%‘S"?U.Ch as DMS.O IS"action in the presence of RBA, RBA does not appear to block
used as a carrier solvent for all the inhibitors at a final

} . . the hydrolysis of altransretinyl esters by the REH(s) found

concentration (14M). The c_ontrol experiments sh_O\_/v little in the RPE membranel®). REH activity is the second

or no effect of DMSO on isomerohydrolase activity at & opn,ymatic activity that needs to be inhibited to carry out the

concentration of 14M. modified pulse-chase experiment suggested above. The
Pulse-Chase Isomerohydrolase Assky establish thatall  ebelactones (A and B) are simple small molecules known

transretinyl ester is the substrate for isomerohydrolase, a to inhibit a wide assortment of esterasés, @44). As shown

pulse-chase experiment similar to the one reported beforein Figure 1, ebelactone A (EA) and B are capable of strongly

(23) was done. An initial buffered membrane solution (100 inhibiting retinyl ester hydrolysis in RPE membranes. Figure

mM Tris/HCI pH 8.0 and 212.@g of protein) was prepared. 1 shows data on the hydrolysis of &lkns and 11eis-retinyl

The membrane suspension was aliquoted in two parts, andesters by EA and EB. These experiments were performed

the first part was incubated with EA (1QOM) for 15 min, by pretreating RPE membranes withl-all-transretinol,

and the second part was left on ice. After the incubation allowing it to be processed into allansretinyl esters 71—

with EA, 0.85uM all-trans-retinol was added to initiate the  9). In the presence of 1M RBA, these membranes process

LRAT reaction. After 60 min, 0.0uM all-transretinol all-transretinyl esters into altransretinol (in red) by

[11,12°H;] was added, and an aliquot was quenched to verify hydrolysis, and 1Lis-retinol (in blue) by isomerohydrolase

the equal addition of allransretinol [11,123H,]. The EA action (19). As seen in this Figure 1A, EA and EB at 100

fraction was then incubated with M RBA for 15 min uM concentrations inhibit the hydrolysis of dlansretinyl

on ice. Excess RBA was removed by centrifugal pelleting esters (Figure 1A) and 1dis-retinyl esters (Figure 1B). In

of the membranesl{). After this incubation, an assay was both instances, the retinol concentrations are substantially

performed on the two parts, and the amount otistretinol lower than in the control (no inhibitors) and very much lower
formed was used as a measurement of an activity. Also, thethan in the RBA treated membranes. Also note that the all-
specific activity of retinyl ester, 1tis-retinol and alltrans transretinol remaining after preincubation with RPE mem-
retinol fractions were measured. The specific activity was branes has not been subtracted, and so very littleails
calculated by the equation given below: retinol is actually produced as a consequence ofralis
retinyl ester hydrolysis here. In addition, tis-retinol also
CPM, is thermally isomerized to atkansretinol under the condi-

tions of these experiments, increasing the latter pool to some
extent @2). The experiments shown in Figure 1 demonstrate

that EA and EB can significantly decrease the amount of

. . ; ester hydrolysis. The inhibition of REH appeared more

counts per minute; [Y] is the concentration of substance onounced in the 11-cis series, but this is only because of
(mmol); ande is the efficiency of the scintillation counter. o simultaneous isomerohydrolase reduction in theatis-

The radioactivity disintegrations per minute were measured retinyl esters. Finally, the ebelactones had very little affect
in a Beckmann Coulter LS-6500 liquid scintillation counter. on the isomerization reaction. In order for ebelactones to be
The liquid scintillation fluid used was Ultima Gold from useful in our experiments, it is important that they not
Perkin-Elmer Life Sciences. The concentration of the indi- interfere with the isomerization reaction. The experiments
vidual retinoids was measured in a Perkin-Elmer Lambda described in Figure 1 determined the outcome of inhibitor
20. Thee values used to calculate the concentration of the treatment at a single time point. To further establish the utility
retinoids were taken from the literaturéd5j. of the inhibitors, kinetic experiments were performed with

Each experiment was performed in triplicate, the average EA in combination with RBA.
values were used, and the standard deviation was calculated. Isomerization in the Presence and Absence of EA and
The reverse experiment was also performed, where the initial RBA.In Figure 2 are shown data on the time dependence of
all-transretinol added was alransretinol [11,123H,], isomerization in the absence of inhibitors (Figure 2A), in
followed by alltransretinol. the presence of EA (10&@M) (Figure 2B), and in the

Sa=
2.22x 10° x [Y] x €

where sa is the specific activity (mCi/mmol);CPM is the



Isomerohydrolase Substrate in the Visual Cycle Biochemistry, Vol. 42, No. 19, 2003813

100 T T - r 100 T T T T T T

—
FA B ARE
? 90 ® 1iROL

A (ROL

80 | _

60 g g

40 b

11cROL
% of Total Retinoids

% of Total Retinoids

tROL

20

0 0 1 1 1 1 " 1 1
LRAT-NOI ISO-NOI ISO-RBA  ISO-EA  ISO-EB 0 20 40 60 80 100 120
Time (minutes)

100

100 —

T T T

B ARE

@® 11cROL T
A ROL

———

2

% of Total Retinoids
11cROL

1
% of Total Retinods

A

T

NI

0
LRAT-NOI  ISO-NOI = ISO-RBA ISO-EA ISO-EB

Ficure 1: Inhibition of REH by various inhibitors. Panel A, where
the substrate i$H all-transretinol, shows the LRAT reaction
(LRAT-NOQI) in the presence of no inhibitors, the isomerohydro-
lase reaction in the presence of no inhibitors (ISO-NOI), in the
presence of 1M RBA (ISO-RBA), in the presence of 106M

EA (ISO-EA), and ebelactone B (ISO-EB). Panel B, where the
substrate i$H 11<is-retinol, shows the LRAT reaction (LRAT-
NOI) in the presence of no inhibitors, the isomerohydrolase reaction
in the presence of no inhibitors (ISO-NQI), in the presence of 10
uM RBA (ISO-RBA), in the presence of 100M EA (ISO-EA),

and ebelactone B (ISO-EB). Column ARE refers to all-retinyl esters;
CcRE refers to 1kisretinyl esters; 11cROL refers to Xis-retinol;

and tROL refers to altransretinol.
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presence of both EA (106M) and RBA (10uM) (Figure
2C). These experiments were performed by initially prein-
cubating RPE membranes withi-all-trans-retinol, which
is almost quantitatively converted infi-all-trans-retinyl
esters. This experiment is also performed in the absence ofFiGure 2: Effect of EA and RBA on isomerohydrolase/REH. These
retinoid binding proteins, such as BSA, because isomerization€xPeriments were performed as indicated in the Materials and

ither d t d t dinalv sl Methods section. Panel A shows a time course for isomerohydro-
either does no procee_ ) or ensues a _an ex_cee "_qu SIOW5se/REH in the presence of no inhibitors. Panel B shows a time
rate under these conditiond7). Incubation with retinoid  course for isomerohydrolase/REH in the presence of AEA.
binding proteins initiates the isomerization reacti@i)( In Panel C shows a time course for isomerohydrolase/REH in the
Figure 2A is shown the standard data for the processing of presence of 1M RBA and 100uM EA. Curve ARE refers to
all-transretinyl esters into mixtures of 1dis-retinol and all-  all-retinyl esters; 11cROL refers to Tisretinol; and tROL refers

. . - to all-transretinol.

transretinol. The alltransretinol arises largely from the
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hydrolysis of the altransretinyl esters by REHA4Y). In inhibition of isomerization by RBA as has been noted before
Figure 2B, the same kind of experiment is shown but in the (19).
presence of EA. Here, one can see thatciElretinol Pulse-Chase Experiments in the Presence of EA and RBA.

formation is hardly affected, while the hydrolysis reaction The experiments described above show that it is possible to
is strongly diminished. That is, under conditions where the inhibit the reversible LRAT reactions and ester hydrolysis
isomerization reaction is largely complete there is less thanwhile still maintaining the isomerization capacity of RPE
10% all4ransretinol found. Figure 2C shows the same time- membranes. Therefore, it is possible to carry out a pulse-
course experiment but in the presence of mixtures of EA chase type of experiment under conditions where intercon-
(100uM) and RBA (10uM). Here again, it can be seen that version of the alkransretinyl esters and atikansretinol are
all-transretinol is not substantially produced, while tis- blocked. Under these conditions, it should be possible to
retinol is still generated. There is a very minor amount of unequivocally ascertain whether #ignsretinyl esters or all-
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transretinol are the substrates in the isomerization pathway. 2.5 . ;
The experiments are performed in two ways. In the first set sk A "}‘OL
of experiments, a relatively high concentration (0.8%9) '

of nonradioactive altransretinol, set at approximately 3-fold
higher than theKy, of LRAT for all-transretinol (46), are
incubated with RPE membranes to generate nonradioactive
all-transretinyl esters. This is followed either by control
experiments (inhibitors) or the addition of EA (10®) and 00 : : : : . !
RBA (10 uM) for 15 min. The membranes are washed to 20 y T T T y T
remove inhibitors and then incubated with trace levels of ARE

radioactive®H all-transretinol (0.09uM) for 45 min. At the

end of this time, analysis was performed on the isomerization
and esterification reactions. If isomerization occurs via all-
transretinol as the substrate, then the resultantiretinol
should have a specific activity close to that of the starting
radioactive alltransretinol. Alternatively, if isomerization
occurs via the isomerohydrolase pathway, then the resultant
11<cisretinol should have a very low specific activity since

there should be very little radioactivity in the alnsretinyl 257 B ' ; ' ]
ester pool. The experiment is also performed in the opposite 2.0 — .
way by pretreating the membranes with radioactieall- 15| ARE HeROkROL ]
transretinol, followed by the addition of nonradioactive all- - } \ j 1
transretinol. In this experiment, the resultant tis-retinol tor

formed will have a negligible specific activity if isomeriza- 05 N MA_J L .
tion occurs via an altransretinol to 11€is-retinol trans- 0.0 . L . 1 . L .
formation and a very high specific activity if isomerization 10° . 5 : 10 , 15 2
occurs through the isomerohydrolase pathway witliralts- i ARE ‘/“‘OL

retinyl ester as substrate. HPLC diagrams from these ~ 13:ROL

by radioactive) and Figure 4 (radioactive followed by

nonradioactive). In Figure 3 are shown a HPLC chromato-

membranes are pretreated with nonradioactivetratis 0 ' 5 ' 10 ' 15
retinol and then chased withi-all-trans-retinol for a period
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experiments are found in Figure 3 (nonradioactive followed \ 1
gram and radiograms for the experiment in which the RPE

Absorbance (a.u.)
s

. i . Time (minutes)
of 45 min. Figure 3A shows the LRAT reaction at the start
of the reaction where virtually all of the radioactive material 2.5 . : . : . .
resides in the altransretinol pool, while the bulk retinoid 20 C P i
resides in vitamin A ester peaks. In Figure 3B are shown +
data for the isomerization reaction in the absence of % 15T 7
inhibitors. Here, it can be observed tigf-all-transretinol = 10} 13ROL -
and ®H-retinyl esters are observed, along witH-11<is- % 05k ]

retinol. This is the expected result because theralis
retinyl esters and aliransretinol pools rapidly equilibrate 0 ' 5 ' 10 ' 15 ' 20
in the absence of added inhibitors. The arrow indicates the " j " "
formation of some 13is-retinol, which probably is formed
through the isomerization of 1dis-retinol. In these experi-
ments, the formation of this product can be strongly

6 11cROL .

Absorbance (a.u.)
~
T
1

13cROL
diminished when CRALBP is used as a binding protein, I s
rather than BSA, which is used her¥r( 23, 24). Figure 3C r R .
shows the chromatograms of the experiment when the RPE 0 . L . L . ! .
membranes are incubated with RBA (@B1) along with EA 0 3 10 15 20
(100uM) to prevent interconversion of altansretinol and Time (minutes)

all-transretinyl esters. Here, the results are clear-cut. The _ _
11<is-retinol that forms has basically no radioactive com- FIGURE 3: HPLC plots for the pulse-chase experiment. This
ponent, in other words, isomerization proceeds from the experiment was performed as described above, high concentrations

di - b hich in thi ; f (0.85uM) of nonradioactive altransretinol were incubated with
nonradioactive substrate, which In this case Is, Of COUrse, Rpg membranes to generate nonradioactiveratisretinyl esters

all-transretinyl ester. followed by the addition ofH all-trans-retinol (0.09:M) as shown
The modified pulse-chase experiments were also per-in panel A. This is followed by the initiation of isomerohydrolase/
formed in the reverse order. Here. the RPE membranes ardXEH reaction either in the presence of no inhibitors as shown in

. : . . . panel B or in the presence of EA (16M) and RBA (10uM) as
preincubated with radioactivii-all-transretinol, followed shown in panel C. Peak ARE refers to all-retinyl esters; 11cROL

by a chase with nonradioactive atansretinol. In this in- refers to 11eis-retinol; 13cROL refers to 18is-retinol; and tROL
stance, the alfransretinyl ester pool is highly radio- refers to alltransretinol.
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Ficure 4: HPLC plots for the pulse-chase experiment. This experiment was performed as described above, low concentratidh)s (0.09
of 3H all-trans-retinol were incubated with RPE membranes to genétatl-transretinyl esters followed by the addition of nonradioactive
all-trans-retinol (0.854M) as shown in panel A. This is followed by the initiation of isomerohydrolase/REH reaction either in the presence
of no inhibitors as shown in panel C or in the presence of EA (1) and RBA (10uxM) as shown in panel D. Panel B shows the effect

of heat treatment of membranes for 1 min at 2@) before initiating the isomerohydrolase/REH reaction. Peak ARE refers to all-retinyl
esters; 11cROL refers toldsretinol; 13cROL refers to 18is-retinol; and tROL refers to alransretinol.

active, while the allransretinol pool is virtually nonradio-
active. In the EA/RBA inhibited case, the prediction is then
that if isomerization occurs using dlansretinyl esters as
substrate, then the Ildis-retinol produced will be highly
radioactive. Conversely, if atlansretinol is the substrate,
the 11eis-retinol will be virtually nonradioactive. Figure
4A shows the LRAT reaction at the start of the reaction
where virtually all of the radioactive material resides in the
all-transretinyl ester pool, while the bulk retinoid resides
in the all{ransretinol pool. In Figure 4B are shown data
for a heat-treated control in which no inhibitors are added.
Here, the alransretinol is nonradioactive, and the alans
retinyl esters are radioactive. As expected, naikdretinol

is produced, verifying the enzymatic nature of the isomer-
ization. In Figure 4C are shown data for the experiment in

absorption measured in the tis-retinol position. This is
precisely the expected result if athnsretinyl ester is the
isomerization substrate and cannot be accounted for in a
mechanism in which affransretinol is the isomerization
substrate.

The experiments described are quantitatively treated to
provide specific activities for the various retinoids. Figure
5A shows data for the resultant retinoid specific activities
for the experiments in which nonradioactive a#insretinol
is preincubated with RPE membranes to form nonradioactive
all-transretinyl esters, followed by a chase wilH-all-trans-
retinol. As shown in 5A where the inhibitor mixture (RBA
+ EA) is added, the specific activity of generated di&
retinol is vastly lower than the addéd-all-trans-retinol and
could only have arisen from the relatively nonradioactive

which no inhibitors are added. The experimental result here all-transretinyl ester pool. Figure 5B shows the specific

is consistent with what is normally observed in the isomer-
ization process16—18). In Figure 4D are shown the data
after EA/RBA treatment. Here, as expected, theciEretinol
that is formed is radioactive but clearly has a very high
specific activity (Figure 5) inasmuch as there is little UV

activity results from the experiments performed in which
RPE membranes are preincubated whhall-transretinol
followed by a chase with alransretinol. Note the data in
the inhibitor treated instance (Figure 5 B; RBAEA)). The
result clearly demonstrates th#t-all-transretinyl ester is
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Ficure 5: Change in the specific activity of retinoids during the
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Scheme 3: Relationship between Specific Activity and
Time of Reactioh

Specfic Activity of 11-cis retinol

Time

aWhen (A) vitamin A is the substrate; (B) retinyl ester is the
substrate; and (C) there is rapid interconversion between retinyl esters
and vitamin A.

ing the retinals from consideratior@ and that the oxygen
atom of alltransretinol (ester) is lost during the isomeriza-
tion event R2). Later studies confirmed these observations
(24). Moreover, using RBA to inactivate LRAT in RPE
membranes shows that tisretinol is the first product of
isomerization 19). That 11eis-retinol is the product of the
isomerization is not in questiorl9, 23, 24). The nature of

pulse-chase experiment. In panel A, the addition sequence isthe substrate transformed into tik-retinol is, howeverZ3).

nonradioactive altransretinol followed by®H all-trans-retinol. In
panel B, the addition sequence®ld all-transretinol followed by
nonradioactive altransretinol. Column ARE refers to all-retinyl
esters; 11cROL refers to Ids-retinol; and tROL refers to all-
transretinol.

the precursor of the isomerization product digretinol.
Finally, Table 1 summarizes the quantitative specific activity
results that leave no doubt that-all-transretinyl esters are
the substrates for the biosynthesis of d&+etinol.

DISCUSSION

Using RBA to block ester synthesis indicated thattehs
retinyl ester synthesis is necessary for isomerizati@n A
recent study, however, suggested thatraliisretinol is the
isomerization substrate based on pulse-chase experiments
(23). These experiments appeared to us to be uninterpretable
for the reasons summarized in the introductory paragraphs.
In this experiment, RPE membranes are treated with non-
radioactive allransretinol to produce altransretinyl esters,
followed by a chase witH-all-transretinol (23). It was
predicted that the specific activities of the generatedi$l-
retinol would temporally reflect the specific activities of the

The experiments described here were performed to dis-substrate from which it was forme@3). The confounding
tinguish between two competing proposals concerning the problem here is that atkansretinol and alltransretinyl
nature of the isomerization substrate in the visual cycle. esters rapidly interconvert on the isomerization time scale.
Previous studies from this laboratory demonstrated thatIn Scheme 3, the predicted temporal relationships between
isomerization occurs at the alcohol oxidation state (eliminat- the specific activities in the product Xis-retinol under

Table 1: Change in the Specific Activity of Retinoids during the Pulse-Chase Expetiment

Specific Activities (mCi/mmoB

LRAT Isomerohydrolase
retinoids no inhibitor no inhibitor 1M RBA + 100uM EA
retinyl ester 32.81£5.11) 1148.614£7.90) 44.65 £6.44)
11<cis-retinol 45.22 (-7.80) 1493.1145.56) 37.144:3.48)
all-trans-retinol 12964.344111.40) 2354.26%132.10) 11471.124221.50)
Specific Activities (mCi/mmoB
LRAT Isomerohydrolase
retinoids no inhibitor heat killed no inhibitor 1M RBA + 100uM EA
retinyl ester 48 771.33#2841.21) 44 204.0442030.57) 4001.20507.22) 45 305.9744446.09)
11<is-retinol 75.33 £58.82) 1.2340.11) 2584.533+4797.48) 40 482.6741110.77)
all-transretinol 0.09 ¢0.027) 0.14 £0.022) 12 819.6741699.98) 6532.674804.18)

2 The addition sequence is nonradioactiveta@hsretinol followed by3H-all-transretinol. ® The addition sequenceisl-all-trans-retinol followed
by nonradioactive altransretinol.
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Scheme 4: Blockade of Vitamin A All-transretinyl retinol produced can determine the nature of the precursor
Ester Interconversion and the Substrate for Isomerization substrate (Scheme 4). In this instance, 1000-fold differences
in precursor specific activities could be attained, leaving a

NN N"0c0R determination of the isomerization substrate straightforward
3H.an trans retinyl ester Wmlase and unequivocal.
(vitamin A ester) It has already been demonstrated that RBA specifically
inactivates LRAT and can be used for functional studié}. (
LRAT In the current stud_y, i.t i_s also shown that EA, a well-known
LRAT M\ & REH ) > cieretinol genergl gsterase inhibitod3—44), blocks repnyl ester hy-
g o OH drolysis in RPE membranes. Moreover, neither EA nor RBA
’ substantially inhibit isomerization directly. Thus, in the pres-
P NP ence of EA and RBA, it is possible to directly ask whether
the specific activity of the 1tisretinol that is formed
vty reflects that of alkransretinyl or all4ransretinol pools. The
experiments were performed in two ways. Thetehs
conditions with an initial pulse of nonradioactive &i&ns retinyl ester or the altransretinol pool was independently

retinol, followed by a chase witfH-all-trans-retinol, are as  made highly radioactive or not. In the absence of significant
reported in the literature2@). In this experiment, the initial  interconversion of the pools, it is straightforward to determine
pulse of alltransretinol is converted into alfransretinyl the nature of the 1tis-retinol precursor. The substrate is
esters 23). If isomerization is rapid as compared to LRAT/ clearly an alltransretinyl ester and not atrans-retinol. This
REH activities, then the curve schematically drawn in conclusion is easily drawn because of the greater than 1000-
Scheme 3A describes the temporal relationship between thefold specific activity differences attained in the putative

specific activity of 11eis-retinol product if alltransretinol substrates that can be readily correlated with the specific
is its precursor. Scheme 3B shows the analogous result,activity of the product of isomerization of Idis-retinol. It
should alltransretinyl ester be the precursor of tis should be noted that after this manuscript was submitted

retinol. On the other hand, if isomerization is slow as com- for publication, an article appeared that further confirms
pared to other retinoid processing, then the averaging of thethe conclusion that alransretinyl ester, and not all-
specific activities of the substrate would be observed in the transretinol, is the isomerization substra#7f. Moreover,
product 11eis-retinol, and the result depicted in Scheme 3C the approach used{) was quite different from that taken
would be observed, irrespective of whethertedinsretinol here.
or alltransretinyl esters are the substrates. The latter result In the original formulation of the isomerohydrolase
was essentially what was observed, making the experimentprocess, altransretinyl esters were depicted to be directly
uninterpretable with respect to the identification of substrate processed to 1tis-retinol in one step (Scheme 5),(22).
(23). This kind of pulse-chase experiment nevertheless This mechanism reveals the thermodynamic driving force
represents an interesting approach, which could be renderedor the isomerization and also accounts for thegs—€©O
informative under experimental conditions that prevent rapid cleavage found to occur concomitant with isomerizati).(
interconversion of altransretinol and alltransretinyl esters There are many possible chemical mechanisms that can
on the time scale of isomerization. account for this process, including sN#hd carbonium ion
There are two biochemical processes known to affect mechanisms, and these have been previously considered in
retinyl ester-retinol interconversions. LRAT reversibly es- the literature 9). It is also clear that isomerohydrolase activity
terifies alltransretinol into retinyl esters, principally the  can be envisaged to occur as a concerted process, or in two
palmitate ester§—7). Retinyl esters also suffer hydrolysis steps, with isomerization occurring first, followed by ester
to the retinols by uncharacterized REH(4}) By blocking hydrolysis. What is important, of course, is that hydrolysis
LRAT and REH activities, it should be possible to carry out does not precede isomerization. The thermodynamic conse-
a pulse-chase experiment in which thetedinsretinyl ester guences are the same in either a concerted or a two-step
and alltransretinol pools are unable to interconvert. Under mechanism, and the free energy of ester hydrolysis is what
these conditions, alkansretinol or alltransretinyl esters drives the thermodynamically uphill isomerization event. The
can be trapped at high specific activities. When isomerization fact that inhibition of ester hydrolysis by EA has little to no
occurs, simple specific activity measurements on thei&l-  effect on isomerohydrolase activity means that the REH

Scheme 5: Conversion of Attansretinyl Esters into 1kis-Retinol

Y, LRAT
S L o + lecithin —
EB ', ~A o~ o,
y RCOO" A YN N\ -EB
N XX \" ,:coa RCOO W T
180

EB’ = enzyme active-site nucleophile

AGY
Overall Reaction: trans-Retinyl Ester+ H,O ~ — trans-Retinol -5 kcal/mol (approx.)
ti ———> 11-cis-Retin +4 kcal/mol

trans-Retinyl Ester + H,0  —> 11-gis-Retinol -1 kcal/mol (net)
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activity measured is not essential to drive the isomerization 26.
reaction. This would suggest either that the isomerohydrolase
reaction is indeed concerted or that the retinyl esterase 57
activity measured in RPE membranes is a housekeeping

activity not involved in the isomerohydrolase process.
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