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Background: RPE65 retinol isomerohydrolase is essential for vision, but its catalytic mechanism is poorly understood.
Results: Mutating aromatic residues in the substrate cleft abolishes or modifies RPE65 activity to make 13-cis- instead of
11-cis-retinol.
Conclusion: The RPE65 substrate-binding cleft is molded by aromatic residues to promote specific isomerization of retinol.
Significance: This further defines the vitamin A isomerization step central to the vertebrate visual cycle.

Previously, we showed that mutating RPE65 residue Phe-103
preferentially produces 13-cis-retinol instead of 11-cis-retinol,
supporting a carbocation/radical cation mechanism of retinol
isomerization. We asked whether this modulation of specificity
can occur with residues other than Phe-103 and what role it
plays in substrate binding and isomerization. We modeled the
substrate-binding cleft of RPE65 to identify residues lining its
surface.Many are phenylalanines and tyrosines, including three
Phe residues (Phe-61, Phe-312, and Phe-526) forming an arch-
like arrangement astride the cleft and Tyr-338. Also, Phe-418
sits at the neck of the cleft, lending a bend to the volume
enclosed by the cleft. All mutations of Phe-61, Phe-312, and
Phe-418 result in severely impaired or inactive enzyme. How-
ever, mutation of Phe-526 and Tyr-338, like Phe-103, decreases
11-cis-retinol formation, whereas increasing the 13-cis isomer.
Significantly, 2 of these 3 residues, Phe-103 and Tyr-338, are
located on putativelymobile interstrand loops.We propose that
residual densities located in the binding cleft of the RPE65
structure represents a post-cleavage snapshot consistent not
only with a fatty acid product, as originally modeled, but also an
11-cis-retinol product. Substrate docking simulations permit
11-cis- or 13-cis-retinyl ester binding in this relatively closed
cleft, with the latter favored in F103L, F526A, and Y338A
mutant structures, but prohibit binding of all-trans-retinyl
ester, suggesting that isomerization occurs early in the temporal
sequence, with O-alkyl ester cleavage occurring later. These
findings provide insight into the mechanism of isomerization
central to the visual cycle.

The process of vision is initiated by photoisomerization of
11-cis-retinylidene bound to photoreceptor visual pigments,
such as rhodopsin and cone opsins, to the all-trans conforma-
tion. Rhodopsin is thereby activated to metarhodopsin, initiat-
ing the phototransduction cascade. All-trans-retinal is ulti-

mately released following the decay of metarhodopsin. To keep
the visual pigments in a state capable of responding to light,
they must be regenerated with 11-cis-retinal. This is achieved
in the vertebrate retina by a process termed the visual cycle (1, 2).
The visual cycle is localized in the retinal pigment epithelium
(RPE)2 and retina and involves an assemblage of enzymes and
isomer-specific binding proteins, some specific to the retina/
RPE and some not. In the retinal visual cycle, RPE65 (3, 4) is the
enzyme that isomerizes and cleaves all-trans-retinyl esters (all-
trans-RE) into 11-cis-retinol (11-cis-ROL) (5–7), which is then
converted to the 11-cis-retinal chromophore of opsins.
Recently, our laboratory has shown that RPE65 acts as a leaky
isomerase that can isomerize all-trans-RE to both 11-cis-ROL
and 13-cis-ROL (8). Although there is no known physiological
role for 13-cis-ROL, and 13-cis-retinal cannot regenerate opsin,
it has been shown to accumulate as esters in Rdh5 knock-out
mouse RPE (9). RDH5 is the primary short-chain retinol dehy-
drogenase in RPE that oxidizes 11-cis-ROL to 11-cis-retinal
(10). Its loss may disrupt the process of mass action crucial for
11-cis-retinoid production in the visual cycle, thereby allowing
accumulation of 13-cis-retinoids (9). In our previous studies, we
could change the ratio of 11-cis- to 13-cis-ROL with specific
conservativemutations of RPE65; for example, F103L increased
the proportion of 13-cis-ROL, whereas T147S increased the
proportion of 11-cis-ROL (8). We concluded that the mecha-
nism underlying the leaky isomerization implicates a carboca-
tion or a radical cation intermediate with loss of polyene bond
order allowing for production of either 11-cis-ROL or 13-cis-
ROL by RPE65 and that ultimate specificity for 11-cis isomers
occurs downstream by a process of mass action applied by
11-cis-specific binding proteins such as CRALBP and apopro-
tein opsins (8), as suggested previously (9, 11). We hypothesize
that the aromatic side chain-rich environment of the RPE65
substrate-binding cleft is primarily responsible for favoring an
11-cis-specific outcome.
At present, there are crystal structures for three members of

the carotenoid oxygenase family: a cyanobacterial apocarote-
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noid oxygenase (ACO (12, 13)), the plant 9-cis-epoxycarote-
noid dioxygenase VP14 (14), and bovine RPE65 (15). All three
show a core seven-bladed � propeller structure centered on an
iron atom coordinated by 4 conserved histidines. However, the
substrate-binding cleft in each differs with respect to what one
might term a snapshot of the cleft occupancy (Fig. 1). The ACO
has a closed, compact binding cleft in which, in the presence of
substrate, a density was seen that could be modeled into the
cleft as the 13,14-13�,14�-di-cis-apocarotenol with the 15-15�
bond centered over the iron, although the �-ionone ring was
not visible (12). In contrast, the VP14 crystal has a dioxygen
coordinated in the sixth coordination position of the iron, but
no carotenoid substrate appears evident, and the binding cleft is
open (14). The RPE65 crystal structure has the most restricted
binding cleft of all, but no modeled substrate (15).
In the present study, we have analyzed the RPE65-binding

cleft to identify additional residues that may contribute to the
process of substrate binding and isomerization, extending the
mutational analyses with attention to the 11-cis-ROL/13-cis-
ROL ratio. The phenylalanines surrounding the iron center
(Phe-61, Phe-312, and Phe-526) were considered likely to be of
importance in the substrate binding, comparable with the
paralogous residues in VP14 (14).We have constructed homol-
ogymodels of RPE65 based on themore open conformations of
ACO and VP14 and carried out docking simulations of sub-
strate (all-trans-RE), potential intermediates (11-cis-RE and
13-cis-RE), and products (11-cis-ROL, 13-cis-ROL, and palmi-
tate) on all three structures. By comparison of these simulations
in the three structures, contributions of the relevant residues to
the reaction mechanism of RPE65 are proposed. Docking was
also investigated in mutant RPE65 models to clarify possible
mechanisms for the changes in activities seen in these mutants.

EXPERIMENTAL PROCEDURES

Site-directed Mutagenesis of RPE65—QuikChange XL site-
directed mutagenesis kit (Agilent, La Jolla, CA) was used for
mutagenesis of the RPE65 open reading frame cloned in

pVitro2 (InvivoGen, San Diego, CA). Primer sequences for
mutagenesis are given in supplemental Table S1. Mutants were
verified by sequence analysis of DNA minipreps (Northwoods
DNA, Solway, MN). Validated mutant and wild-type plasmids
were purified by Qiagen purification kits (Qiagen, Valencia,
CA).
Transient Transfection and Cell Culture—Cell culturemeth-

ods and transient transfection protocols were previously pub-
lished (7, 8). In a typical experiment, 3 � 107 HEK293-F (Invit-
rogen) cells were transfected with 30 �g of pVitro2 plasmid
(containing RPE65 (wild type or mutant) and CRALBP open
reading frames) and 30 �g of pVitro3 (InvivoGen) plasmid
(containing lecithin-retinol acyltransferase (LRAT)) and reti-
nol dehydrogenase 5 (RDH5)) open reading frames in the pres-
ence of 40 �l of 293Fectin transfection reagent (Invitrogen), all
in a total volume of 30ml. 24 h after transfection, all-trans-ROL
was added to a final concentration of 2.5 �M, and the cells were
cultured for a further 7 h and then harvested for analysis.
Immunoblot analysis was carried out as described previously
(8).
Retinoid Extractions and HPLC—Culture fractions of 29-ml

volumes of transfected HEK293-F cells were centrifuged, cells
were harvested, and retinoids were extracted and saponified as
described previously (7). Isomeric retinols were analyzed on
5-�m particle LiChrospher (Alltech, Deerfield, IL) normal
phase columns (2 � 250 mm) on an isocratic HPLC system
equipped with a diode array UV-visible detector (Agilent 1100/
1200 series, Agilent Technologies, New Castle, DE), following
Landers and Olson (16) as modified by us (7). Data were ana-
lyzed using ChemStation32 software (Agilent).
Construction of Models and Ligand Docking Simulations—A

structural alignment template wasmade from the crystal struc-
tures of ACO (Protein Data Bank (PDB) ID: 2BIW), VP14 (PDB
ID: 3NPE), and bovine RPE65 (PDB ID: 3KVC). The murine
RPE65 sequence was then aligned to this template and submit-
ted to the Swiss Model server (17, 18) to obtain a generalized
model that covered loops missing in the crystal structures (res-
idues 109–126 aremissing in the bovine RPE65 structure). The
substrate-binding cleft was visualized using theMSMS reduced
surface package in Chimera (19). It was noted that the three
crystal structures appear to represent differing degrees of open-
ness at the presumed substrate-binding cleft, VP14 being the
most open and the bovine RPE65 being themost closed. There-
fore, an additional open murine RPE65 model based on the
VP14 structure was also constructed with the water and dioxy-
gen coordinated to the iron, as seen in VP14 structure. Three-
dimensional models of ligands were either obtained from the
PubChemdatabasewhen available ormade using the PRODRG
program (20, 21). Ligand dockings of substrate (all-trans-reti-
nyl palmitate), intermediates (11-cis- and 13-cis-retinyl palmi-
tate), andproducts (11-cis-ROLandpalmitate)were carried out
using Autodock Vina (22). In general, the ligand constraints
chosen allowed for all possible torsions. Docking of all-trans,
11-cis, and 13-cis isomers of both esters and retinols were car-
ried out on both the bovine RPE65 structure and the murine
models. The top hits from the docking simulationswere chosen
based on two criteria. The first was that they were in the correct
orientation, and the second was that the retinyl O-alkyl bond

FIGURE 1. Carotenoid oxygenase crystal structures. The structure of RPE65
includes a seven-bladed � propeller fold showing iron at the center. Above
the propeller, many loops are arrayed to complete the structure. The boxed
region is magnified on the right to show the contents of the three crystal
structures, respectively. Iron is shown as orange sphere, iron-coordinating his-
tidines are shown as sticks in elemental colors, ACO apocarotenol is in gray,
and oxygen is shown as red spheres.
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was positioned over the iron center. Except where noted, mod-
els were visualized using the PyMOL Molecular Graphics Sys-
tem (Version 1.4, Schrödinger, LLC). The �-A-weighted differ-
ence density for 3KVC, calculated using structure factors
deposited by Golczak et al. (31) on the PDB, was obtained from
the EDS Uppsala Electron Density Server (EDS) (23).

RESULTS

StructuralModeling—Examination of the three crystal struc-
tures of the carotenoid oxygenase family showed that they share
a common seven-bladed �-propeller fold, although the three
proteins are less than 30% identical in sequence. For the pro-
peller region, the root mean square deviation between RPE65
and ACO is 1.1 Å (for 209 C� atoms) and between RPE65 and
VP14 is 1.4 Å (for 206 C� atoms). A cleft was observed above
the propeller region, over the iron center that was assumed to
be the substrate-binding site. Comparison of these clefts
showed theRPE65 cleft to bemore compact than theACOcleft.
VP14, which contains a dioxygen on the sixth iron coordination
position, showed themost extended conformation (Fig. 2). The
differences in cleft volumes can be explained by contributions
from the dynamic loops in the upper half of the proteins that
likely undergo order-disorder transition. In RPE65, these
include residues 108–127 (missing in both crystal structures),
258–281 (missing and high B-factor in 3KVC and 3FSN,
respectively), and 332–361. This would bemodified by the state
of the protein during crystallization, i.e. with or without sub-
strate or product. The residues comprising the surface of the
cavity in RPE65were identified using theMarkUsCavity Server
(24). The cavity overlapswith the residual density, as seen in the
RPE65 crystal structure, and the surrounding accessible area
(supplemental Fig. S1). A total of 62 residues were identified as
contributing to this surface (Fig. 3A; supplemental Table S2),
with 6 of these contributing to the iron-coordinating complex
(3 histidine (out of 4 coordinating) and 3 glutamic acid resi-
dues). Of the remaining, 10 were phenylalanine, 5 were tyro-
sine, 2 were tryptophan, 9 were leucine, and 3 were isoleucine
residues. Thus, aromatic residues contribute about 30% of the
cavity internal surface with the majority being due to phenyla-
lanines or tyrosines. In the three structures, an arch of pheny-
lalanines (with one leucine replacement in ACO) surmounts
the iron center: in RPE65, Phe-61, Phe-312, and Phe-526; in
ACO, Phe-69, Phe-311, and Leu-483; and in VP14, Phe-171,
Phe-411, andPhe-589. TheRPE65 arch residues includePhe-61
that is part of the FDG conserved motif and 2 residues imme-

diately adjacent to two of the iron-coordinating histidines (Phe-
312 and Phe-526). Therefore, these 3 residues were selected for
mutational studies. (Phe-61 was addressed in our previous
study (8), but we provide additional insight into its role herein.)
In addition, comparisons of the mouse RPE65models based on
ACO and VP14 indicated a change in the positions of both
Phe-103 (mutation of which was previously shown to favor
13-cis-ROL production, (8)) and Tyr-338 in the different con-
formations. This suggests that the loops on which these resi-
dues are located, amino acids 84–133 for Phe-103 and amino
acids 333–361 for Tyr-338, are relatively dynamic or mobile
(Fig. 3B). This is known to be the case for the amino acids
82–133 loop as the center residues of this loop (amino acids
109–126) were poorly ordered in the RPE65 crystal (15). Loop
residues Thr-101, Glu-102, Phe-103, Glu-127, Val-128, and
Thr-129 contribute to the internal surface of the cleft (supple-
mental Table S2). Secondary structure topology of the amino
acids 333–361 loop reveals three predicted � helices (15), and
residues in two of these helices (Val-337, Tyr-338, Leu-341, and
Leu-346) contribute to the internal surface of the cleft (supple-

FIGURE 2. Binding clefts of the three crystal structures. Sliced views verti-
cally bisecting the binding clefts of bovine RPE65, Synechocystis ACO, and
maize VP14 at the plane of the iron atom were made using the MSMS package
in Chimera. Ligands are shown as sticks (RPE65 with docked retinyl palmitate
in magenta, ACO apocarotenol in green), iron is shown as orange sphere, and
oxygen is shown as red spheres.

FIGURE 3. Residues enclosing the RPE65 cavity. A, the gray mesh represents
the cavity; residues that enclose the cavity are shown as lines (aromatic resi-
dues are in green; aliphatic residues are in orange; and hydrophilic residues
are in peach). Residues examined in this study are represented as thick sticks.
B, positions of Phe-103 and Tyr-338 in the bovine RPE65 crystal structure
(gray) and in the mouse RPE65 models built on ACO (yellow) and VP14 (green)
are shown. Models were visualized using PyMOL.
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mental Table S2). Another residue of interest was Phe-418.
Phe-418 is a paralog of residues Val-478 and Phe-409 in VP14
and ZmCCD1, respectively, that appear to regulate substrate
specificity in these enzymes (14). Because of these additional
considerations, we analyzed Tyr-338 and Phe-418.
Aside from changes to residues that do not cause protein

folding alterations, we identified two groups of residue changes:
(i) where mutation results in total loss of activity and (ii) where
mutation results in modulation/alteration of enzyme specific-
ity. The former are associated with mutation of residues
associated with catalytic function or with family conserved
structural elements, whereas the latter are associated with sub-
strate-binding and/or variable loops. In the inactivating muta-
tions, 13-cis-retinol production was comparable with thermal
levels, as described previously (8).
Inactivating Mutations—Mutations of the “Phe arch” resi-

dues Phe-61 or Phe-312 to other conservative substitutions
severely diminished or eliminated all catalytic activity (Table 1).
Phe-61, part of the FDG motif seen in all carotenoid oxyge-
nases, is located on the top of the Phe arch. It is positioned right
above the iron, on the other side of the substrate in the cleft.
Phe-61 displays negligible activity upon any substitution, sug-
gesting a conserved role for this residue. Tyrosine, due to its
hydrophilic nature, may destroy the putative carbocation/cat-
ion radical intermediate, and tryptophan may be too bulky a
substitution for that location, sterically hindering the substrate.
Phe-312 is also irreplaceable, suggesting a high invariance at
this position. Due to its location and proximity to the substrate,
Phe-312 possibly plays a role in steric shielding to allow proper
hydrolysis of the C–O bond. Similarly, mutation of Phe-418 to
Ala and other residues, including aromatics Tyr and Trp,
resulted in inactivation, whereas the Leu mutant retained only
4% ofWT 11-cis-retinol production activity (Table 1). We sug-
gest that Phe-418 may function by forming a bottleneck in the
volume of the cleft that constrains the intermediate in precise
conformational register to ensure isomerization and/orO-alkyl
cleavage (see below).
Modulating Mutations—In contrast to the inactivating

effects of mutations at Phe-61 and Phe-312, substitution at the
3rd Phe arch residue Phe-526 altered but did not abolish activ-
ity. Mutation with any residue other than alanine decreased
11-cis-ROL (but not 13-cis-ROL) production in excess of what
would be expected by the lower expression levels of these

mutants (Table 2 and Fig. 4A). However, the F526A mutation
promoted leaky isomerase activity, selectively increasing
13-cis-ROLproductionwith a concomitant reduction in 11-cis-
ROL production. Tyr-338, one of the dynamic residues seen in
the crystal structures, selectively reduced 11-cis-ROL produc-
tion in all its mutants. Y338L, Y338F, and Y338Wproduced the
13-cis-ROL product in similar amounts to wild type when cor-
rected for expression (Table 2 and Fig. 4B), and Y338A dis-
played increased 13-cis-ROL (1.63-fold increase) similar to the
F103L or F103I mutations previously reported, although some-
whatmore severe in the reduction of 11-cis production (8). This
result suggests that Tyr-338 substitutions also reduce 11-cis-
ROL isomerization specifically, but that 13-cis isomerization is
essentially unaffected bymost substitutions or increased by the
Y338A mutation. We observed this increased 13-cis-retinol
production by the Y338A mutant to be elevated when com-
pared with thermal production of 13-cis-retinol either in the
presence or in the absence of wild-type RPE65 at all time points
analyzed (supplemental Fig. S2). We suggest that the major
effect of Tyr-338, just as in Phe-103 and Phe-526, is to stabilize
the cis isomers as they are being positioned in the cleft prior to
cleavage; 13-cis-RE, being lower in its energy of formation, may
bemore favored to bind in the cleft of thesemutants as they are
more permissive.
Modeling of Substrate and IntermediateDocking inWild-type

RPE65—The bovine RPE65 crystal structure, derived from
native material, contains residual densities in cleft pockets.
When we docked the products, 11-cis-ROL and palmitate, they
traced the density areas (Fig. 5), suggesting that these residual
densities may represent the presence of the products in the
crystal. There is a bend in the residual electron density going
around Phe-418 (highlighted in Fig. 5), indicating that this res-
idue helps shape the cavity. To evaluate the docking simula-
tions, two assumptions were made: first, that the retinyl ester
had to be positioned in the phenylalanine arch prior to cleavage,
and second, that the retinyl ester O-alkyl bond should be posi-
tioned over the iron catalytic center in a specific orientation.
Docking of all-trans-retinyl palmitate, however, was unable to
meet the basic criteria as it was never docked appropriately over
the iron center in any simulation. However, when all-trans-
retinyl palmitate was docked on themouse RPE65model based
on the open VP14 crystal, the highest affinity docking placed it
in a cleft between the two loops carrying Phe-103 and Tyr-338

TABLE 1
Expression and cis-retinol production of HEK293-F cells with mutants inactivating RPE65 activity

Expressiona � S.D. 11-cis-ROLb � S.D. 13-cis-ROLb � S.D.

WT 1 1 1
F61A 0.11 0.04 0 0 0.35 NAc

F61Y 0.56 0.08 0.08 0.01 0.42 0.07
F61L 0.39 0.15 0.01 0.01 0.37 0.05
F61W 0.22 0.05 0.02 0.00 0.38 0.06
F312L 0.21 0.11 0.03 0.01 0.32 0.04
F312Y 0.2 0.08 0.02 0.01 0.30 0.03
F312W 0.3 0.1 0 0 0.29 0.03
F418A 0.13 0 0 0 0.51 0.11
F418L 0.18 0 0.04 0 0.42 0.1
F418Y 0.12 0.08 0 0 0.4 0.08
F418W 0.15 0.04 0 0 0.39 0.11

a Data are given as -fold change from wild-type expression � S.D.; n � 3.
b Data are given as -fold wild-type RPE65 isomerase activity � S.D.; n � 3.
c NA, not applicable.
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(Fig. 6A). Use of the mouse model was required to model the
loop (carrying Phe-103), which was unresolved in the bovine
RPE65 crystal structure, as indicated previously (15). (This loop
is almost perfectly conserved between bovine and mouse
RPE65s with only one conservative substitution at amino acid
124 (Arg in bovine replaced by Lys inmouse)). In contrast, both
11-cis-retinyl palmitate and 13-cis-retinyl palmitate docked in
the bovine RPE65 crystal structure in the presence of water
modeled into coordination position 5 of the iron (Fig. 6, B and

C). However, if dioxygen was modeled into position 6 (as in the
VP14 crystal), no retinyl palmitate docking within the phenyla-
lanine arch was obtained (not shown). These results suggest
that the early steps of isomerization of retinyl esters occur in the
capture and binding of the substrate, thus allowing it to fit
appropriately over the iron center for cleavage.
Modeling of Substrate and Intermediate Docking in Mutant

RPE65—Docking simulations were also carried out onmutants
of the various residues studied. Both F61L and F312L showed
docked substrates with the ester bond significantly off position
when comparedwithwild type (Fig. 7,A andC). Leucines occur
naturally in paralogous positions to Phe-61 and Phe-312 in
some carotenoid oxygenases of plants and in the carotenoid
isomero-oxygenases of insects (25), respectively. However, in
RPE65, mutations to these residues render RPE65 inactive,
which suggests that the role of these residues is to orient the
substrate in such a way that the ester cleavage activity of the
enzyme can occur. F418L showed docked substrate with distor-
tions around the �-ionone to 9-carbon position stretch of the
retinyl moiety, thus indirectly affecting the positioning of the
ester bond (Fig. 7,A andC). In the case of F526A,which allowed
13-cis-ROLproductionwhereas inhibiting 11-cis-ROLproduc-
tion, our docking results suggest that the consequence of
increased space in themutant probably allows for the 13-cis-RE

TABLE 2
Expression and cis-retinol production of HEK293-F cells with mutants modulating RPE65 activity

Expressiona � S.D. 11-cis-ROLb � S.D. 13-cis-ROLb � S.D.
11-cis

expression
13-cis

expression

WT 1 1 1
F526A 0.88 0.12 0.68 0.08 1.30 0.24 0.77 1.48
F526Y 0.54 0.09 0.10 0.02 0.56 0.13 0.18 1.04
F526L 0.46 0.10 0 0 0.51 0.14 0.00 1.11
F526W 0.38 0.05 0.03 0.02 0.54 0.14 0.07 1.42
Y338A 0.31 0.11 0.10 0.03 1.63 0.22 0.31 5.25
Y338L 0.29 0.10 0.03 0.03 0.62 0.10 0.09 2.14
Y338W 0.24 0.11 0.01 0.02 0.74 0.16 0.05 3.08
Y338F 0.08 0.06 0.15 0.04 0.71 0.15 1.85 8.83
F103L 0.61 0.12 0.28 0.01 1.22 0.11 0.46 2.00
F103W 0.57 0.11 0.24 0.01 0.61 0.04 0.42 1.07
F103Y 0.33 0.07 0.21 0.03 0.36 0.06 0.64 1.09
F103I 0.27 0.06 0.03 0.01 0.44 0.04 0.11 1.63

a Data are given as -fold change from wild-type expression � S.D.; n � 3.
b Data are given as -fold wild-type RPE65 isomerase activity � S.D.; n � 3.

FIGURE 4. Mutations of Phe-526 and Tyr-338 modulate product isomer
specificity of RPE65 isomerase activity. Substitution of Phe-526 and Tyr-
338 with alanine, leucine, or aromatic residues modulates RPE65 isomerase
product specificity by raising 13-cis relative to 11-cis production. A and
B, RPE65 isomerase activity in Phe-526 (A) and Tyr-338 (B) mutants. 11-cis- and
13-cis-ROL production in HEK293-F cells transfected with constructs express-
ing wild type and mutants of dog RPE65 Phe-526 or Tyr-338 was determined.
Mutant activities are expressed as the percentage of wild-type RPE65 activ-
ity � S.D. (n � 4).

FIGURE 5. Product docking in RPE65. Docking of 11-cis-ROL (purple) and
palmitate (light gray) in the cleft of the bovine RPE65 crystal structure is
shown. The darker green mesh represents �-A-weighted difference density
(contoured at 3�) as observed in the 3KVC crystal structure. Phe-418 (dark
gray stick), 11-cis-retinol (blue), palmitate (light gray), and iron (orange) are
depicted.
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to be positioned in the effective orientation, thus allowing
13-cis product formation (Fig. 7, B and D). The reduction of
11-cis isomerization activity in this mutant could reflect the
requirement of an aromatic residue to stabilize the 11-cis iso-
mer as the docking simulation appears to be feasible. Docking
of both 11-cis-retinyl palmitate and 13-cis-retinyl palmitate in
F526L is also essentially the same as in the wild type. However,
given the complete loss of activity with respect to 11-cis-ROL
production, it is probable that formation and/or stabilization of
the 11-cis isomer is compromised by a leucine mutation in this
member of the phenylalanine arch. Likewise, the F103L muta-
tion and the Y338Amutation showed apparently normal dock-
ing for both isomers (Fig. 7, B and D), suggesting a failure of
isomerization to 11-cis-ROL in these mutants. Overall, the
dockings show a clustering of the substrate conformations in
inactivating mutants and modulating mutants into two respec-
tive groups.

DISCUSSION

In this study, we demonstrate, using site-directed mutagen-
esis and structure-based modeling, that an assemblage of aro-
matic residues in the substrate-binding cleft of RPE65 governs
the progression and specificity of retinoid isomerization by this
enzyme. These data extend our previous conclusions (8) that
RPE65 utilizes a cationic intermediate (carbocation or radical
cation) in its mechanism by showing that multiple aromatic
residues contribute to the retinyl moiety-binding cavity within
which isomerization occurs. This environment is a result of
contributions from the various aromatic side chains we have
studied and appears to be crucial to isomerization. Further-
more, we interpret the residual unresolved density in the
RPE65-binding cleft as being due to the products of the reac-
tion, not only fatty acid, as indicated previously (15), but also
11-cis-retinol. Finally, based on docking of various modeled
substrates, we can discern a temporal sequence for the progres-
sion of retinoid isomerization by RPE65.
Based on our previous findings that we could modulate cis

isomer specificity by mutation of single residues (8), we deter-
mined that isomerization of all-trans-ROL to 11-cis-ROL
occurs via a cationic intermediate with loss of polyene bond
order as this alternative was the only one that could accommo-
date possible formation of isomers besides 11-cis. Although a
carbocation intermediate was considered originally based on

FIGURE 6. Substrate and intermediate docking in RPE65. A, docking of all-trans-retinyl palmitate in the mouse RPE65 model based on the VP14 open
structure. The dioxygen and water present in the VP14 structure are shown (red spheres). The membrane is shown as blue dotted plane. B, docking of 11-cis- and
13-cis-retinyl RE in the presumed substrate cleft of the mouse RPE65 model with water in the fifth position. C, enlarged view of B, showing overlay of 11-cis- and
13-cis-retinyl palmitate and residues mutated in this study. 11-cis-Retinyl palmitate (cyan), 13-cis-retinyl palmitate (yellow), iron (orange), water (red), histidines
His-180, His-241, His-313, and His-527 (green carbons and blue nitrogens), phenylalanines Phe-312, Phe-526, and Phe-61 (sticks in magenta), and tyrosine Tyr-338
(green carbons and red oxygen).

FIGURE 7. Overlay of docking simulations on wild-type and mutant mod-
els of the bovine RPE65 crystal structure. A, 11-cis-palmitate in inactive
mutants. B, 11-cis-palmitate in modulating mutants. C, 13-cis-palmitate in
inactive mutants. D, 13-cis-palmitate in modulating mutants. Inactive
mutants are: F61L (peach), F312L (purple), F418L (magenta); modulating
mutants are: F103L (green), F526A (orange), Y338A (olive green), WT 11-cis-
palmitate (cyan), and WT 13-cis-palmitate (yellow).

Aromatic Residues Govern RPE65 Isomerization

AUGUST 31, 2012 • VOLUME 287 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 30557



prior studies (9, 11, 26), we concluded that the data could just as
easily support a radical cation intermediate. Support for the
latter possibilitywas provided by our finding that aromatic lipo-
philic spin traps such as N-tert-butyl-�-phenylnitrone (PBN)
inhibit RPE65 activity (26), and this was corroborated by others
(27).
Phe-103 was one of the original residues that we showed to

modulate isomer specificity (8). Although it is itself resolved,
Phe-103 is located on a flexible loop that is not completelymod-
eled in the RPE65 crystal structure (15). Paralogous to Phe-113
in ACO (12, 13), Phe-103 is one of the aromatic residues of the
substrate-binding tunnel of RPE65. It is part of the conserved
EFG triplet motif in metazoan carotenoid oxygenases, of which
the glycine is invariantly conserved throughout the family.
Herein we show that two other tunnel aromatic residues, Tyr-
338 and Phe-526, are also required for 11-cis product specific-
ity. Of these, Tyr-338 is also located on a loop, what we term the
metazoan loop because it is conserved only among animal
carotenoid oxygenases. This loop is observed in theRPE65 crys-
tal structure, and the aromatic side chain ofTyr-338 inserts into
the tunnel. Phe-526 is part of what we have termed the pheny-
lalanine arch. A similar arrangement of phenylalanines also
occurs in VP14, where it is proposed to be important for “cag-
ing” the substrate over the iron (14), a role we predict to be
reprised in RPE65 by the paralogous residues Phe-61, Phe-312,
and Phe-526. The opening up of space around residues 526 and
338, in their respective Ala mutants, probably allows for the
more energetically favorable 13-cis product to be formed. This
is similar to the F103Lmutant, which also affects product spec-
ificity. The varying effects of the Phe arch residues, located at
the core of RPE65, point to their critical role in the RPE65 ret-
inol isomerase mechanism. Along with Phe-103, we conclude
thatTyr-338 andPhe-526 also constrain cleft shape and volume
to favor production of 11-cis-ROL. Such a key role for pheny-
lalanine in binding polyene chains has previously been shown
for carotenoid binding in light-harvesting complex where
García-Martín et al. (28) showed that about 25% of total pro-
tein-carotenoid contacts are with phenylalanine residues. Con-
versely, phenylalanines, unlike tyrosines, are rarely involved in
catalysis (29).
An important finding of the cavitymodeling of RPE65, ACO,

and VP14 is the observation of the relative constriction of the
RPE65 cavity when compared with those of ACO and VP14.
We propose that this may partly reflect the closed state of the
RPE65 crystal (15) and the mechanistic requirements for the
assured conformationalmolding of the delocalized retinyl moi-
ety to the 11-cis conformation. Selective mutational alteration
of the cavity, such as we have performed here with residues
Tyr-338 and Phe-526, extends our findings on Phe-103 (and
Thr-147 (8)). These alterations disturb the predictedmolecular
molding, allowing isomerization to the more thermodynami-
cally favorable 13-cis isomer. Therefore, in all these mutants, of
Phe-103, Phe-526, andTyr-338, we conclude that the dominant
effect is reduced stringency disfavoring 11-cis isomerization
rather than preferential selection for 13-cis-RE binding.
Consideration of these data allows us to put forward a tem-

poral sequence for isomerization byRPE65.Wepropose that: 1)
all-trans-RE enters the open ready state conformation of

RPE65, perhaps via initial recognition of the �-ionone ring; 2)
the bound all-trans-REundergoes a single electron oxidation by
an as yet unidentified means, resulting in the delocalization of
the retinyl bond order; 3) the delocalized retinyl moiety in the
substrate-binding cleft is constrained by the geometry of the
closing pocket to adopt the 11-cis conformation as RPE65 tran-
sitions to the state captured by the RPE65 crystal structure (15);
4) the O-alkyl bond is positioned over and interacts with the
iron, which catalyzes cleavage; 5) attack by water completes
hydrolysis and restores retinyl bond order; 6) 11-cis-retinol is
released; and 7) RPE65 returns to the open ready state. This
chronology is different from the mechanism proposed by Kiser
et al. (15) in a number of respects. These authors proposed that
initially, the oxygen of the all-trans-RE acyl bond interacts with
the iron, resulting in cleavage of the O-alkyl bond. They pro-
posed that the leaving of the palmitate anion results in forma-
tion of a retinyl carbocation, which can then be constrained to
the 11-cis conformation.However, our docking studies indicate
that this is too late for delocalization to occur as the predicted
binding energy of all-trans-RE is quite unfavorable in the closed
state modeled in the RPE65 crystal structure. Instead, we pos-
tulate that the retinylmoietymust be in a delocalized state prior
to approach of the O-alkyl bond to the iron center and its ulti-
mate cleavage. We propose that single-electron oxidation gen-
erating a radical cation intermediate is the source of the delo-
calized state. An earlier loss of bond order allows the retinyl
moiety to be constrained to the 11-cis conformation, which has
a favorable binding energy in the closed state, whereas theO-al-
kyl bond is brought into register for cleavage. This point is sup-
ported by the inhibitory effect of aromatic lipophilic spin traps
(such as PBN) on RPE65 activity, an effect that would be less
likely if delocalization via radical formation occurs later as the
putative PBN-retinyl ester adduct is not predicted to be able to
access the binding cleft in its later closed state (26). Conse-
quently, we propose that O-alkyl cleavage occurs later. How-
ever, we do concur with the proposal of Kiser et al. (15, 30) that
the bond-cleaving activity of RPE65 has become that ofO-alkyl
cleavage, with retinol isomerization an acquired function.
Thus, by strategic placement of aromatic residues to modulate
the geometry and chemistry of its catalytic cleft, RPE65 has
evolved from a carotenoid oxygenase to an isomerohydrolase
role to drive the vertebrate retinal visual cycle.
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