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Summary
13-cis Retinoic acid (13cRA), a stereoisomeric form of retinoic acid, is naturally generated in the
body and is also used clinically to treat acute promyelocytic leukaemia, some skin diseases, and
cancer. Furthermore, it has been suggested that 13cRA modulates brain neurochemical systems, as
increased 13cRA levels are correlated with depression and increased suicidal tendencies.
However, the mechanism for the generation of endogenous 13cRA is not well understood. This
study identified and characterized a novel enzyme in zebrafish brain, 13-cis isomerohydrolase
(13cIMH), that exclusively generated 13-cis retinol, which can be oxidized to 13cRA. 13cIMH
shares 74% amino acid sequence identity with human RPE65, an 11-cis isomerohydrolase in the
visual cycle, and retains the key residues essential for RPE65’s isomerohydrolase activity. Similar
to RPE65, 13cIMH is a membrane-associated protein, requires all-trans retinyl ester as its intrinsic
substrate, and its enzymatic activity is dependent on iron. The purified 13cIMH converted atRE
exclusively to 13-cis retinol with Km = 2.6 μM and kcat = 4.4 × 10−4s−1. RT-PCR, Western blot
analysis and immunohistochemistry detected 13cIMH expression in the brain. These results
suggest that 13cIMH may play a key role in the generation of 13cRA and in the modulation of
neuronal functions in the brain.
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Introduction
Retinoic acids (RA) are a biologically active form of retinoids (vitamin A and its
derivatives). The spatiotemporal gradient of RA is essential for the regulation of cell
proliferation, differentiation and organ development [1,2]. Generally, it is considered that
endogenous retinoids are stored as all-trans retinyl esters (atRE, Fig. 1, structure 1) in the
liver and other tissues [1–3]. As needed, atRE is hydrolyzed to all-trans retinol (atROL, Fig.
1, structure 2), which is subsequently released into the circulation, bound by retinol-binding
protein and transported to target cells.
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In target cells, atROL is converted to atRA through two sequential oxidative reactions
(atRAL, Fig. 1, structure 3 and atRA, Fig. 1, structure 4) which are catalyzed by retinol
dehydrogenases (RDHs) and retinaldehyde dehydrogenases (RALDHs) [1,2]. In target cells,
the generated RA exerts its functions through binding to the nuclear retinoic acid receptors
(RARα/β/γ) and retinoid x-receptors (RXRα/β/γ) [2,4]. Moreover, in vitro studies have
demonstrated that RARs and RXRs form either homodimers or heterodimers that bind to the
retinoic acid response element (RARE) in the promoter regions of the target gene, activating
target gene transcription in a ligand (RA)-dependent manner [2,4].

There are three stereoisomeric forms of RA, all-trans retinoic acid (atRA), 9-cis retinoic
acid (9cRA, Fig. 1, structure 5) and 13-cis retinoic acid (13cRA or isotretinoin, Fig. 1,
structure 6), which show different binding affinities to the retinoic acid receptors. atRA is
known to bind exclusively to RARs, whereas 9cRA binds to both RARs and RXRs [2,4]. In
contrast, 13cRA does not exhibit specific binding to RXRs, and has a 100-fold lower affinity
to RARs than atRA or 9cRA [5–7]. Thus, 13cRA’s mechanism of action is unclear. There
are four possible mechanisms for the physiological function of 13cRA: [i] 13cRA may
modulate gene expression through an RAR- and RXR-independent pathway by binding to
an unidentified nuclear receptor; [ii] 13cRA may be first isomerized to atRA or 9cRA either
enzymatically [8] or spontaneously, and then modulate target gene transcription through
atRA or 9cRA [9]; [iii] 13cRA may enhance the translation of target gene mRNA or its
protein stability [10]; [iv] 13cRA may directly inhibit retinoid-processing enzymes [11,12].
The inhibition of the enzymes by RA may be a negative feedback regulation of RA signaling
to decrease RA production.

RA signaling is highly sensitive to abnormal changes of RA concentration. It has been
shown that either too low or too high concentrations of RA in specific target tissues may
cause disruption of tissue patterning and cell differentiation, or result in abnormal
development (malformations) of embryos [13–15]. Zebrafish is a commonly used model for
research in genetics and pharmacology, vertebrate embryogenesis and vision. Zebrafish
models have been used to study the teratogenic effects of RA and its derivatives [15] and
deficiencies of retinoid-processing enzymes [16]. Interestingly, excessive doses of 13cRA
cause fewer developmental malformations than that of atRA and 9cRA, suggesting that
13cRA may not directly regulate retinoic acid receptor signaling in embryogenesis [15].

AtRA, 13cRA (isotretinoin) and other synthetic retinoids are used clinically for the
treatment of acute promyelocytic leukaemia (APL), some skin diseases (e.g. acne, psoriasis
and photoaging) and some tumors (e.g. prostate cancer or neuroblastoma) with encouraging
outcomes [17,18]. 13cRA exhibits a longer half-life and higher peak plasma concentrations
than other RA isomers in the body, and thus it is considered a storage form of biologically
active atRA or 9cRA [18–20]. Due to these features, 13cRA is believed to be more suitable
for chemoprevention or chemotherapy, compared to the other RA isoforms [5,19,20].
However, RA has a variety of side effects on brain neurochemistry, possibly by regulating
neurotransmitter (e.g. dopamine, serotonin and norepinephrine) signaling genes
[10,19,21,22]. It has been reported that treatment with 13cRA (isotretinoin) is associated
with neurological side effects, such as depression and suicidal tendencies [19,21,22],
although the molecular mechanisms for these side effects remains obscure. Substantial
amounts of RA are present in the mouse brain (34 pmol/g brain tissue [3]), and RARs and
RXRs also show broad expression in the brain [23]. Furthermore, there is evidence that RA
signaling is essential for neuronal cell phenotypic maintenance in the brain [19,22,24].
Therefore, treatment with 13cRA at high concentrations may cause an imbalance of RA in
the brain, which may subsequently lead to depression, elevated anxiety and irritability.
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Several lines of evidence have demonstrated that 13cRA is generated endogenously [3,25],
although the mechanism(s) has not been elucidated. It has been suggested that 13cRA could
be non-enzymatically generated by spontaneous thermal isomerization from atRA or 9cRA
[9]. However, the amount of endogenous 13cRA exceeds the level that could be generated
by spontaneous isomerization alone [3,25]. Furthermore, studies have shown that following
liver consumption, there is a 10-fold increase in 13cRA levels compared to atRA in human
plasma, which strongly suggests that 13cRA is a physiological metabolite of vitamin A [26].
Likewise, it has been reported that rabbit tracheal epithelial (RTE) cells and HepG2 cells
generate and secrete 13cRA [27,28]. Therefore, there is ample evidence to suggest that
unidentified enzymes catalyze the generation of 13-cis retinoids. Recently, Redmond et al
showed that RPE65, an isomerohydrolase in the visual cycle in the retinal pigment
epithelium (RPE), converts all-trans retinyl ester (atRE) into 11-cis retinol (11cROL) and
13-cis retinol (13cROL) [29]. Therefore, we hypothesize that a homolog of RPE65 could be
responsible for generation of 13-cis retinoids in the brain.

In the present study, we identified and characterized an enzyme, 13-cis isomerohydrolase
(13cIMH), which is expressed predominantly in the brain and exclusively generates
13cROL from all-trans retinyl ester.

Results
Cloning and amino acid sequence analyses of zebrafish 13cIMH

Since RPE65 has been reported to generate both 11-cis and 13-cis retinol from atRE [29],
we performed PCR using degenerate primers based on RPE65 sequence and the zebrafish
brain cDNA. The products of the degenerate PCR with the expected size were cloned and
sequenced (Fig. 2a). One deduced amino acid sequence from the cloned PCR products
showed 100% identity to retinal pigment epithelium-specific protein b (accession number in
GenBank NP_001082902) of zebrafish and showed 76.5% and 79.2% sequence identities to
human and zebrafish RPE65, respectively. We named this cloned gene 13-cis
isomerohydrolase (13cIMH) due to the enzymatic activity of its protein product as shown in
this manuscript. The full-length zebrafish 13cIMH showed 77.3 % sequence identity to
zebrafish RPE65 and 74.1 % to human RPE65 at the amino acid levels, suggesting possible
functional similarities to RPE65. Based on the sequence alignment and comparison with
human RPE65 and zebrafish RPE65 (Fig. 2b), the 13cIMH conserved the key residues
known to be essential for the enzymatic activity of RPE65, such as four His residues
forming iron binding site [30,31] and a Cys residue of palmitylation site for the membrane
association of RPE65 protein [32] (Fig. 2b). Phylogenetic tree analysis suggested that the
zebrafish 13cIMH gene may be generated by gene duplication prior to diverging to the
ancestral amphibian (Fig. 2c). Based on information from GenBank, the zebrafish RPE65
gene is located in chromosome 18, while the 13cIMH gene is in chromosome 8 in zebrafish,
suggesting that they are distinct genes.

13cIMH is a 13-cis retinoid-specific isomerohydrolase
To study the enzymatic activity of 13cIMH, a plasmid expressing human RPE65 [32] and
that expressing 13cIMH were separately transfected into 293A-LRAT cells [31]; an
expression plasmid expressing red fluorescent protein (RFP) was used as the negative
control. Forty-eight hours post-transfection, protein expression was confirmed by Western
blot analysis (Fig. 3a). Due to the highly hydrophobic feature of atRE, we employed a novel
in vitro isomerohydrolase activity assay, which was recently developed in our laboratory and
utilizes atRE incorporated in the liposomes as substrate [33] to evaluate its
isomerohydrolase activity. As shown by HPLC analysis, the RFP expressing cell lysate did
not produce detectable 11cROL (Fig. 3b), whereas the cell lysate expressing RPE65
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generated significant amounts of 11cROL from atRE (Fig. 3c). Under the same assay
conditions, the 13cIMH cell lysate exclusively generated 13cROL after incubation with the
liposome containing atRE, without any detectable product of 11cROL (Fig. 3d). The
generated 13cROL has a characteristic retention time 13.8 min, which is distinct from that of
11cROL (13.1 min) in the HPLC profile (Fig. 3d). Furthermore, the UV-Vis absorption
spectrum of the peak 3 with retention time of 13.8 min showed a λmax of 327 nm (Fig. 3e),
identical to the characteristic λmax (Fig. 3f, inset) and retention time (Fig. 3f) of 13cROL
standard. For further confirmation, the 13cROL standard (Fig. 3f) was spiked into the
reaction products generated by 13cIMH (Fig. 3g, before spike and 3h, after spike). The
retention time of the 13cIMH-generated peak was identical to that of the 13cROL standard,
indicating that 13cIMH is a unique and novel isomerohydrolase, converting atRE
exclusively to 13cROL (Fig. 3g, h). Our assays showed that the activity of 13cIMH was
higher when it was expressed in 293A cells without LRAT (Fig. S1). Therefore, all further
experiments were performed with 293T cells (without LRAT, same as 293A cell), unless
specified.

All-trans retinyl ester is the substrate of 13cIMH
Previously, we reported that atRE is the direct substrate of RPE65 in the generation of
11cROL [34]. To verify whether 13cIMH also requires atRE as a direct substrate to generate
13cROL, we incubated 13cIMH with liposomes containing either atROL or atRE as
substrate. The RFP cell lysates incubated with atRE did not produce detectable 13cROL
(Fig. 4a); likewise, the RFP cell lysates incubated with atROL showed a major peak of
exogenous atROL and only a minor peak of 13cROL (Fig. 4b). In contrast, a substantial
amount of 13cROL was generated when the 13cIMH-expressing cell lysate was incubated
with atRE (Fig. 4c), while only a small amount of 13cROL was generated when the same
cell lysate was incubated with atROL (Fig. 4d). This minor peak of 13cROL was likely
generated by spontaneous thermal isomerization from atROL, as this peak was also observed
in negative control cell lysates lacking 13cIMH expression (Fig. 4b). The results suggested
that similar to RPE65, 13cIMH requires atRE as its specific substrate.

13cIMH is an iron-dependent enzyme
We have previously shown that RPE65 is an iron (II)-dependent enzyme [35]. We predicted
that 13cIMH is also an iron-dependent enzyme, as it retains the four His residues known to
coordinate iron in RPE65. To determine if the enzymatic activity of 13cIMH is dependent
on iron, the 13cIMH cell lysate was incubated with the atRE-liposomes and a metal chelator,
bypiridine. The HPLC profile of the extracted reaction showed a significant 13cROL peak in
the absence of the metal chelator (Fig. 5a). In contrast, the generation of 13cROL from atRE
was almost completely abolished when the reaction was incubated with the iron chelator
(Fig. 5b). Addition of 6 mM FeSO4 into the iron chelator reaction restored partial 13cIMH
activity (Fig. 5c), suggesting that 13cIMH is an iron-dependent enzyme, similar to RPE65.

Characterization of the kinetic parameters for 13cIMH’s enzymatic activity
To determine the steady-state kinetics of the enzymatic activity of 13cIMH, the assay
conditions were optimized to ensure that all of the measurements were taken within the
linear range. First, we plotted the time course of 13cROL generation after incubation of the
atRE-liposomes with 125 μg of total cell lysate expressing 13cIMH. The time course of
13cROL production appeared linear in its initial phase (Fig. 6a), therefore, all of the further
experiments in this study were conducted within this range. Secondly, to establish the
dependence of 13cROL production on the level of 13cIMH protein, increasing amounts of
the 13cIMH expression plasmid (0.5 to 6 μg DNA) were transfected into 293T cells.
Western blot analysis confirmed that 13cIMH expression levels increased as greater
amounts of the 13cIMH expression plasmid was used for transfection (Fig. 6b). The cell
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lysates with increasing 13cIMH expression levels were incubated with liposomes containing
atRE. The production of 13cROL was found to be a linear function to the 13cIMH protein
levels, within a specific range of 13cIMH (27 to 514 of arbitrary units) (Fig. 6c). Finally, to
measure the kinetic parameters of 13cIMH activity, we constructed an adenovirus
expressing 6×His-tagged 13cIMH to achieve higher expression levels for purification and in
vitro enzyme assays using the purified enzyme. The purity of 13cIMH was verified by SDS-
PAGE (Fig. 6d1) and Western blot analysis (Fig. 6d2, 3). We measured the initial reaction
velocity using different concentrations of atRE-liposomes and the purified 13cIMH.
Michaelis-Menten analysis of the data yielded the kinetic parameters for the reaction:
Michaelis constant (Km) was 2.6 μM, and turnover number (kcat) was 4.4 × 10−4s−1 for
purified 13cIMH (Fig. 6e).

Tissue distribution and subcellular fractionation of 13cIMH
To determine the tissue distribution of 13cIMH, total RNA was extracted from adult
zebrafish brain and eye. RT-PCR was performed using primers specific for zebrafish RPE65
and 13cIMH. The results showed that the RPE65 mRNA was predominantly expressed in
the eye and at lower levels in the brain. In contrast, the 13cIMH mRNA was detected at high
levels in the brain, and low levels in the eye (Fig. 7a). To detect endogenous 13cIMH in the
brain, we performed Western blot analysis using whole brain homogenates. We also isolated
total membrane fraction from the brain to enrich 13cIMH for Western blot analysis and in
vitro enzymatic assay. A faint, yet, single band was observed in both the total brain
homogenates and in the membrane fraction of the brain (Fig. 7b). The band showed an
apparent molecular weight of 61 kDa, which is identical to that of the recombinant 13cIMH,
although the intensity was lower than that of the recombinant protein (Fig. 7b). The
molecular weight of the band also matched the calculated molecular weight from the amino
acid sequence of 13cIMH. No 13cROL activity was detected in the brain homogenates or in
the membrane fraction by HPLC (data not shown). This suggests that 13cIMH may be
expressed only in a small region of the brain, and thus, 13cIMH was diluted in the whole
brain homogenates or membrane fraction, so that its activity was not detected due to the
assay sensitivity.

To determine the location of 13cIMH in the brain, zebrafish brain sections were stained with
or without the anti-13cIMH antibody by immunohistochemistry (Fig. 7c 2-4, without
primary antibody (negative control), Fig. 7c 5-9, with primary antibody). The sections were
missing the forebrain (Fig. 7c 1, 2), but 13cIMH expressions were detected in the
periventricular grey zone (PGZ) of optic tectum (OT) and torus longitudinalis (TL) (Fig. 7c
5 and 6), at the fasciculus longitudinalis medialis (FLM) in the medulla oblongata (Fig. 7c 5
and 7), and at the periventricular pretectum (PP), which is a boundary area between brain
and ventricles (Fig. 7c 5 and 8) (Referred from [36-38]). Similarly, the cross section of the
zebrafish brain at the optic tectum showed that 13cIMH is expressed in the preventricular
grey zone (PGZ) of optic tectum (OT) (see Fig. S2). In addition, subcellular fractionation
and Western blot analysis of the 293A-LRAT cells expressing 13cIHM showed that
13cIMH was present in both of the cytosolic and membrane fractions (Fig. 7d).

Discussion
13cRA is an important isoform of RA and has crucial biological functions, especially in the
central nervous system [10,19-22]. High levels of 13cRA in the brain are associated with
depression [19,21]. The actual mechanism for the generation of endogenous 13cRA was
unclear, although several possible pathways for generating 13cRA have been speculated
(See Fig. 8). Here we identified the first enzyme that specifically generates 13cROL (Fig. 8,
line i), a precursor of 13cRA, suggesting a potential role of 13cIMH in the production of
13cRA. This isomerohydrolase is expressed predominantly in the brain, suggesting a
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neurological-associated function. This novel finding indicates that there is an enzyme-
dependent metabolic pathway to generate 13-cis retinoids in neuronal tissue.

13cRA might modulate expression of target genes through unidentified retinoic acid
receptors (Fig. 8, line ii). Alternatively, it may be first isomerized to atRA or 9cRA, which
can regulate gene expression through RARs or RXRs [8,9]. Previous studies suggested that
13cRA is generated endogenously by an unknown mechanism [3,25,27,28]. Isomerization
from atRE to 13cROL is a key step in the generation of 13cRA. It is reported that the short-
chain dehydrogenase/reductase family and the alcohol dehydrogenase family belonging to
RDH family enzymes are expressed in the brain [39–41] and have ability to oxidize 13cROL
to 13cRAL, even though with weaker activity than that of favorable substrates [11,42,43].
13cRAL is further oxidized to 13cRA by ubiquitous retinal dehydrogenases in the brain such
as RALDH2 [16,44]. Our in vitro enzymatic activity assay showed that 13cIMH efficiently
converts atRE to 13cROL. Therefore, this newly identified enzyme can catalyze a key
reaction in the generation of 13cRA.

The possible physiological function of 13cIMH in the central nervous system may be
associated with retinoic acid signaling in the regulation of synaptic plasticity, injury repair,
learning and memory behavior [19,22,45]. It was reported that exposure to a clinical dose (1
mg/kg/day) or higher (40 mg/kg/day) of 13cRA suppresses hippocampal cell survival,
division and proliferation both in vivo and in vitro [45,46]. The hippocampal cell
dysfunction induced by 13cRA has been shown to decrease the learning process, memory
and induce depression-related behavior in a mouse model [21,45,47]. Likewise, 13cRA has
been found to alter cellular morphology and exert non-transcriptionally mediated effects,
such as significant increases in serotonin (5-HT1A) receptor and serotonin reuptake
transporter (SERT) on cultured serotonergic cells [10,48]. The decreased synaptic serotonin
levels may impair neuronal function and result in improper neural communication. Our
results also showed predominant expression of 13cIMH in the brain, further supporting its
proposed role in the modulation of neuronal function.

The present study showed that 13cIMH shares high sequence homology with RPE65, an
isomerohydrolase which converts atRE to 11cROL, a key step in the visual cycle [30,49,50].
RPE65 was considered an orphan gene, as it does not share high sequence homology with
any known genes. Previously, only genes from the β-carotene monooxygenase family were
found to have limited, but significant sequence homology with RPE65 (36.6% to human β-
carotene monooxygenase and 36.7% to β-carotene monooxygenase from fruit fly [51]).
13cIMH represents the first protein identified to have high sequence homology (74% amino
acid identity) to RPE65. Furthermore, sequence alignment showed that 13cIMH conserves
particular features of RPE65 known to be essential for its enzymatic activity, e.g., four His
residues for iron binding [30,31] and a Cys residue for palmitylation and membrane
association [32,52]. Subcellular fractionation analysis showed that 13cIMH is also a
membrane associated protein, similar to RPE65. It has been shown that membrane
association of RPE65 is essential for its enzymatic activity [27]. Enzymatically, it also
shares common features with RPE65, including the utilization of atRE as its direct substrate
[34] and iron-dependent catalytic activity [35]. These structural and enzymatic similarities
suggest that 13cIMH is also an isomerohydrolase in retinoid processing.

The catalytic efficiency (kcat/Km) of the purified recombinant 13cIMH was 169 M−1 s−1,
which is 4.3-fold higher than that of purified recombinant chicken RPE65 (39 M−1 s−1)
under the same assay condition [33]. In addition, we previously reported that recombinant
chicken RPE65 exhibited 7.7-fold higher isomerohydrolase activity than that of recombinant
human RPE65 [53], suggesting that 13cIMH is 33-fold more active than human RPE65 in
isomerohydrolase activity. This higher enzymatic activity of 13cIMH may contribute to
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rapid synthesis of 13cROL, the precursor of 13cRA, in the limited expression areas of the
enzyme in the brain (see Fig. 7c).

Redmond et al. recently reported that RPE65 generates equal amounts of 11cROL and
13cROL using an in-cell assay model [29]. We observed a similar phenomenon under our in
vitro assay condition, i.e., RPE65 produced high levels of 11cROL and relatively low levels
of 13cROL. However, the 13cROL production was detected only in the absence of LRAT in
the reaction mixture (Suppl. Fig. 3b). A possible explanation for the higher 13cROL
production in Redmond’s assay system, is that in their “in cell” assay condition, the reaction
was allowed at 37 °C for 7 hours. The prolonged incubation period at 37 °C could generate
more 13cROL through thermal isomerization of atROL to 13cROL, independent of the
RPE65 activity.

In the presence of LRAT, however, our in vitro assay showed that RPE65 predominantly
generated 11cROL (Fig. 3c and Suppl. Fig. 1c, also [31,32,50,53]). This is consistent with
our previous results showing that RPE65 predominantly generates 11cROL under our in
vitro assay condition (at 37 °C for 1 hr) in the presence of LRAT and CRALBP
[31,32,50,53], which are the same protein sets in the experiments of Fig. 3c and Suppl. Fig.
1c in this manuscript. We suggest that CRALBP stabilizes 11cROL generated by RPE65,
whereas other free retinoids, including 13cROL, can be re-esterified by LRAT and
isomerized again by RPE65. Moreover, it was reported that 11cROL is a poor substrate of
LRAT, compared to atROL and 13cROL [54,55], which may account for the selective
accumulation of 11cROL as the major product over 13cROL, although RPE65 has the
ability to generate both 11cROL and 13cROL. We speculate that these are the potential
reasons for the predominant 11cROL generation by RPE65 in the presence of LRAT under
our in vitro assay condition and actual physiological conditions in the RPE which expresses
LRAT.

Nonetheless, we noticed a difference in their products, when we compared the ratio of
11cROL to 13cROL produced by these RPE65 and 13cIMH under the same assay
conditions. We have never detected any 11cROL generation by 13cIMH under any
conditions. Similarly, we have never observed that RPE65 generates exclusively 13cROL
under any conditions, indicating the difference between the 13cIMH and RPE65.

We have previously shown that RPE65, a homolog of 13cIMH, uses iron as a cofactor in the
iron-binding site consisting of 4 conserved His residues, and existence of iron was
confirmed by RPE65 crystal structure analysis [31,35,52]. 13cIMH showed 74% of amino
acid sequence identity to human RPE65 and retains the four His forming the iron-binding
site in RPE65, suggesting that 13cIMH is likely an iron-dependent enzyme. Our results
confirmed this notion. It is noteworthy that the enzymatic activity of 13cIMH by supplement
of FeSO4 following deprivation of endogenous iron did not recover completely. This
observation was consistent with our previous result with recombinant human RPE65 [35],
i.e., RPE65 activity after metal chelator incubation was not fully restored by the addition of
iron. This partial recovery of the enzymatic activity by the addition of iron may be ascribed
to the free radical generation caused by oxidation of ferrous ion to ferric ion (Fenton
reaction) [56] and/or concomitant protein modification by these radicals, in the presence of
high and possibly toxic concentrations of iron.

Our RT-PCR analysis shows that zebrafish RPE65 is predominantly expressed in the eye,
and to lesser extent in the brain. Detection of RPE65 in the brain was not surprising, as there
is a phototransduction system in the brain of lower vertebrates that is thought to be involved
in regulating light-dependent circadian rhythms [57–61]. In contrast, 13cIMH is
predominantly expressed in the brain, and only weakly expressed in the eye. The high level
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of 13cIMH expression in the brain supports the notion that it may function in the pathway of
13cRA synthesis, and thus 13cIMH may be important for the 13cRA-mediated regulation of
neuronal function. The function of 13cIMH in the eye is unclear. Unlike 11cRAL which
forms rhodopsin and 9cRAL which forms isorhodopsin, 13cRAL cannot form stable visual
pigments [62]. Therefore, 13cIMH is unlikely to participate in the visual cycle. It is more
likely that 13cIMH is necessary to generate a small amount of 13cRA in the eye that
regulates retinal development and/or the neuronal function.

In summary, this study has identified the first 13-cis retinoid specific isomerohydrolase and
will contribute to the understanding of 13cRA generation and its neurological functions.

Materials and Methods
Cloning of RPE65 homolog from the zebrafish brain

The brain were dissected from adult zebrafish, total RNA was extracted using Trizol reagent
(Invitrogen, Carlsbad, CA) and further purified by an RNeasy kit (Qiagen, Valencia, CA).
The cDNA was synthesized using the TaqMan reverse transcriptase (RT) system (Applied
Biosystemes Inc., Foster City, CA) with an oligo-dT primer and random hexamer. PCR was
performed at 94 C for 5 min followed by 35 cycles of 94 C for 30 sec, 45 C for 30 sec, and
72 C for 30 sec by using a pair of degenerate primers (DegRPE65-Fwd1; 5’-
TGCARRAAYATHTTYTCCAG-3’ and DegRPE65-Rev1; 5’-
TTKGMYCCYCWRAKRCTCCA-3’, expected size is 488 base pairs). The sizes of the
PCR products were confirmed by 1.2 % of agarose gel electrophoresis and the identities of
the products further confirmed by DNA sequencing.

Amino acid sequence comparisons and phylogenetic tree analyses of RPE65
Alignments of human RPE65 (NP_000320), zebrafish RPE65 (RPE65a, NP_957045) and
13cIMH (NP_001082902) were performed using “Clustal-W” program in BioEdit (Ibis
Therapeutics, Carlsbad, CA). A phylogenetic tree was constructed using UPGMA method
with 1000 times bootstrap re-sampling in MEGA application version 4.02 [63]. The known
RPE65 sequences of human, macaque monkey (XP_001095946), bovine (NP_776878), dog
(NP_001003176), rat (NP_446014), mouse (NP_084263), chicken (NP_990215), Japanese
fireberry newt (BAC41351), tiger salamander (AAD12758), African clawed frog
(AAI25978), zebrafish RPE65 and 13cIMH were used for phylogenetic analysis. Human β-
carotene 15,15’-monooxygenase (BCO1, NP_059125) was used as the out-group of the tree.

Construction of 13cIMH expression vectors
The full-length cDNA clones were purchased from Open Biosystems (Huntsville, AL). The
13cIMH (NP_001082902) was sub-cloned into the pcDNA3.1(−) expression vector
(Invitrogen, Carlsbad, CA) as described previously [32]. Briefly, the gene-specific primers
(forward primer containing a NotI site and the Kozak sequence [64], 13cIMH-Fwd; 5’-
GCGGCCGCCACCATGGTCAGTCGTCTTGAACAC-3’ and a reverse primer containing
a HindIII site, 13cIMH-Rev; 5’-AAGCTTCTAAGGTTTGTAG ATGCCGTGGAG-3’)
were used for PCR. PCR was performed with Pfu-Turbo (Stratagene, La Jolla, CA) at 94 C
for 5 min followed by 35 cycles of 94 C for 1 min, 58 C for 1 min, and 72 C for 2 min.
Following agarose gel electrophoresis, the PCR product was purified and cloned into the
pGEM-T easy vector (Promega, Madison, WI). The insert was sequenced using an
ABI-3770 automated DNA sequencer (Applied Biosystems Inc., Foster City, CA) from both
directions to exclude any mutations. The confirmed 13cIMH cDNA was subcloned into an
expression vector, pcDNA3.1(-) (Invitrogen, Carlsbad, CA). Following sequence
confirmation, the expression constructs were purified by QIAfilter Maxi Prep kit (Qiagen,
Valencia, CA). Further, histidine hexamer tag (6×His-tag) was fused to N-terminus of
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13cIMH and cloned into pShuttle-CMV vector (Qbiogen, Montreal, Canada) for
construction of adenovirus. Preparations, amplification and titration of recombinant
adenovirus were performed as described previously [31,50].

Western blot analysis
Briefly, total cellular protein concentration was measured by Bradford assay [65]. Equal
amounts of protein (20 μg) were resolved by SDS-PAGE and blotted with a 1:1000 dilution
of a rabbit polyclonal antibody to human RPE65 [66] which recognizes 13cIMH but not
zebrafish RPE65 (see Fig. S3) and a 1:5000 dilution of mouse monoclonal antibody to β-
actin (Abcam, Cambridge, MA) as a loading control. The membrane was then incubated for
1.5 hour with 1:25000 dilutions of anti-mouse IgG conjugated with DyLight 549 and anti-
rabbit IgG conjugated with DyLight 649 (Pierce, Rockford, IL) and the bands were detected
using FluorChem Q imaging system (AlphaInnotech, San Leandro, CA). The bands
(intensity × area) were semi-quantified by densitometry using AlphaView Q software
(AlphaInnotech, San Leandro, CA), and averaged from at least 3 independent experiments.

In vitro isomerohydrolase activity assay
293A-LRAT and 293T cells were separately transfected with plasmids expressing human
RPE65, 13cIMH or RFP. The enzyme activity assays were carried out as described
previously [33]. The peak of each retinoid isomer in high performance liquid
chromatography (HPLC) profile was identified based on its characteristic retention time and
the absorption spectrum of each retinoid standard. The isomerohydrolase activity was
calculated from the area of the 11cROL and 13cROL peaks and represented as average ±
SEM from 3 independent measurements.

Purification of recombinant 13cIMH
The 293A-LRAT cells were infected by adenoviruses expressing 6×His-tagged 13cIMH at
MOI (multiplicity of infection) 100 and cultured for 24 hours. Then, the cells were lysed by
sonication in the binding buffer (20 mM Tris, pH. 8.0, 150 mM NaCl, 10% glycerol and 10
mM imidazole), and the membrane associated proteins solubilized by incubation with 0.1%
(w/v) of CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate)
for 2 hours with gentle agitation. The CHAPS-solubilized 13cIMH was loaded into the Ni-
NTA column (EMD chemicals, Gibbstown, NJ) and washed by the washing buffer (20 mM
Tris, pH. 8.0, 150 mM NaCl, 10% glycerol and 30 mM imidazole). Finally, 13cIMH was
eluted with elution buffer (20 mM Tris, pH. 8.0, 150 mM NaCl, 10% glycerol and 250 mM
imidazole) and imidazole was eliminated by sequential centrifugations (10 mL × 5) using
amicon-ultra centrifugation unit (Millipore, Billerica, MA).

RT-PCR analyses
The eye and brain were dissected from adult zebrafish, total RNA was extracted using Trizol
reagent (Invitrogen, Carlsbad, CA), and further purified by an RNeasy kit (Qiagen,
Valencia, CA). The cDNA was synthesized using the TaqMan reverse transcriptase (RT)
system (Applied Biosystemes Inc., Foster City, CA) with an oligo-dT primer and random
hexamer. Simultaneously, the same RNAs were used for the reaction without RT enzyme as
a negative control (RT minus group). PCR was performed with Pfu-Turbo (Stratagene, La
Jolla, CA) at 94 C for 5 min followed by 35 cycles of 94 C for 1 min, 58 C for 1 min, and 72
C for 2 min by using the same primer sets for 13cIMH cloning and gene specific primers of
zebrafish RPE65 (zRPE65-Fwd; 5’-
GCGGCCGCCACCATGGTCAGCCGTTTTGAACAC-3’ and zRPE65-Rev; 5’-
GATATCTTATGGTTTGTACATCCCATGGAAAG-3’). The sizes of the PCR products
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were confirmed by 0.8 % of agarose gel electrophoresis and the identities of the products
further confirmed by DNA sequencing.

Immunohistochemistry
The dissected zebrafish brain was fixed in 100 mM phosphate buffer containing 4%
paraformaldehyde. The fixed tissues were used for the frozen sections. Following blocking
with 3% bovine serum albumin (BSA) and 10% pre-immuned goat serum, the slides were
incubated with a 1:1000 dilution of an anti-human RPE65 monoclonal antibody (Millipore,
Billerica, MA) which recognizes 13cIMH, but not zebrafish RPE65 (Fig. S3). After 3
washes, the slides were incubated with a 1:200 dilution of Cy3-labeled anti-mouse IgG
(Jackson ImmunoResearch Laboratories, West Grove, PA). Following 3 washes, the slides
were treated with mounting medium containing DAPI (Vectorlab, San Diego, CA). The
fluorescent images were captured using a Zeiss LSM-510META laser scanning confocal
microscope (Carl Zeiss, Thromwood, NY).

Subcellular fractionation of 13cIMH in cultured cells
The 293A-LRAT cells expressing zebrafish 13cIMH was harvested and washed twice with
ice-cold PBS. Subcellular fractionation analyses were performed as described previously
[32]. Western blot analyses using the monoclonal antibody to 13cIMH and rabbit polyclonal
antibody to calnexin (ER membrane marker, 1:2500 dilution, Abcam, Cambridge, MA) were
used to identify the subcellular localization of RPE65 and to verify the membrane
preparation. Distribution of RPE65 in each fraction was analyzed by densitometry and
expressed as the mean ± SEM from 4 independent experiments.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

RA Retinoic acid

atRE all-trans retinyl ester

atROL all-trans retinol

RDH retinol dehydrogenase

RALDH retinaldehyde dehydrogenase

RAR retinoic acid receptor

RXR retinoid x-receptor

atRA all-trans retinoic acid

9cRA 9-cis retinoic acid

13cRA 13-cis retinoic acid

APL acute promyelocytic leukaemia
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RPE65 retinal pigment epithelium specific 65-kDa protein

RPE retinal pigment epithelium

11cROL 11-cis retinol

13cROL 13-cis retinol

13cIMH 13-cis isomerohydrolase

BCO1 β-carotene 15,15’-monooxygenase

LRAT lecithin retinol acyltransferase

RT reverse transcriptase

PCR polymerase chain reaction

RFP red fluorescent protein

HPLC high performance liquid chromatography

MOI multiplicity of infection;

CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate).
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Figure 1. Chemical structures of retinoid derivatives
All-trans retinyl ester (atRE; structure 1) is major storage form of retinoids, which is
hydrolyzed by retinyl ester hydrolase (REH) or generated by lecithin-retinol acyltransferase
(LRAT). All-trans retinol (atROL; structure 2) is reversibly oxidized/reduced by retinol
dehydrogenase (RDH) to/from all-trans retinal (atRAL; structure 3). atRAL is further
oxidized by retinaldehyde dehydrogenase (RALDH) to all-trans retinoic acid (RA; structure
4). Other endogenous stereoisomeric forms of atRA, 9-cis retinoic acid (9cRA; structure 5)
and 13-cis retinoic acid (13cRA; structure 6) are presented. Abbreviations in the figure:
LRAT, lecithin retinol acyltransferase; REH, retinyl ester hydrolase; RDH, retinol
dehydrogenases; RALDH, retinaldehyde dehydrogenases.
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Figure 2. Identification and analysis of the amino acid sequences of 13cIMH
(a) The degenerate PCR products amplified from zebrafish brain cDNA were confirmed by
1.2% agarose gel electrophoresis. The arrow indicates the expected size of the PCR product.
Mw, DNA size marker; PCR, PCR product using degenerative primers. (b) Alignment of
human RPE65 (hRPE65), zebrafish RPE65 (zRPE65) and 13cIMH sequences. The amino
acid residues identical to human RPE65 are indicated by dots “.”. The four histidine residues
(His180, 241, 313 and 527) that are required for iron-binding [30,31] and a palmitylated
cysteine residue (Cys112) for membrane association [32,52] in human RPE65 were
indicated by filled circles “●” and a filled rectangle“■”, respectively. The locations of
degenerate PCR primers were indicated by arrows. (c) A phylogenetic tree was constructed
by the UPGMA method in MEGA application version 4.02 [63]. The numbers on the
branches indicate the mean of clustering probabilities from 1000 bootstrap re-samplings.
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Figure 3. Zebrafish 13cIMH is a 13-cis specific isomerohydrolase
The expression plasmids of human RPE65, zebrafish 13cIMH and red fluorescent protein
(RFP, negative control) were separately transfected into 293A-LRAT cells. (a) Protein
expression was confirmed by Western blot analyses. (b-d) Equal amounts of total cellular
proteins from the cells (125 μg) expressing RFP (b), human RPE65 (c) and 13cIMH (d)
were incubated with liposomes containing atRE (250 μM lipids, 3.3 μM atRE) for 1 hour at
37°C, and the generated retinoids were analyzed by HPLC. (e-f) A peak 3 in panel (d) was
identified as the generated 13cROL based on retention time (d) and the absorption spectrum
(e) compared to retention time (f) and absorption spectrum (inset) of the 13cROL standard.
The x-axis of inset in panel (f) represents wavelength (nm). (g, h) For further confirmation
of the identity of generated 13cROL, the 13cROL standard was spiked into the reaction
products. The 13cROL peaks before (g) and after (h) the spike. The peaks were identified as
follows: 1, retinyl esters; 2, 11cROL; 3, 13cROL.
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Figure 4. Retinyl ester is the substrate of 13cIMH
The cell lysate expressing RFP was incubated with liposomes containing atRE (a) or atROL
(b). The cell lysate expressing 13cIMH was incubated with liposomes containing atRE (c) or
atROL (d). Generated retinoids were extracted and analyzed by HPLC. The peaks were
identified as follows: 1, retinyl esters; 2, 13cROL; 3, atROL.

Takahashi et al. Page 18

FEBS J. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Zebrafish 13cIMH is an iron-dependent enzyme
The 293T cell lysate expressing 13cIMH was incubated with liposomes containing atRE (a),
liposome containing atRE in the presence of 1 mM bypiridine (b) and liposome containing
atRE, in the presence of 1 mM bypiridine and 6 mM FeSO4 (c). Generated retinoids were
analyzed by HPLC. The peaks were identified as follows: 1, retinyl esters; 2, 13cROL.
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Figure 6. Enzymatic parameters of 13cIMH
(a) Time course of 13cROL production. Equal amounts of microsomal proteins (125 μg)
from 293T cells expressing 13cIMH were incubated with liposome containing atRE for the
indicated time intervals. (b) Increasing amounts of the 13cIMH plasmid (0.5–6.0 μg) was
transfected into 293T cells, and the expression was confirmed by Western blot analysis. (c)
Dependence of production of 13cROL on 13cIMH expression levels. Equal amounts of
293T cellular proteins expressing various levels of 13cIMH were incubated with liposome
containing atRE for 1 hour. The produced 13cROL was calculated from the area of the
13cROL peak (mean ± SD, n = 3) and plotted against protein levels of 13cIMH (arbitrary
units). (d) 293A-LRAT cells were infected with adenovirus expressing His-tagged 13cIMH
at MOI 100 and cultured for 24 hours. Expressed 13cIMH was purified using Ni-NTA resin.
SDS-PAGE (d1) and Western blot analysis of the purified 13cIMH. Equal amount of
proteins (25 μg) and 0.5 μg of eluted protein were resolved by 8% SDS-PAGE. T; lysed
total cellular protein, C; total cellular protein incubated with 0.1% CHAPS for 2 hours, P;
insoluble fraction by 0.1% CHAPS, S; solubilized total cellular protein by 0.1% CHAPS, F;
flow through from Ni-NTA resin, E; elution. (d2-3) Same order but half amount of proteins
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were resolved in SDS-PAGE gel and subjected to Western blot analysis with antibodies for
RPE65 (d2) and 6×His-tag (d3). (e) Mihaelis-Menten plot of 13cROL generation by the
purified 13cIMH. Liposomes with increasing concentrations (s, pico-moles) of atRE were
incubated with 9.0 μg of purified 13cIMH. Initial rates (v) of 13cROL generation were
calculated based on 13cROL production recorded by HPLC.
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Figure 7. Localization of zebrafish 13cIMH in the brain and eye
(a) RT-PCR analysis of RPE65 and 13cIMH using RNA from the zebrafish eye and brain.
RT-PCR was performed in the absence (indicated by “−“) and the presence of (“+”) reverse
transcriptase (RT) to exclude possible genomic DNA contamination. The arrow indicates the
expected product size of 1.6 kbs. (b) Western blot analysis of endogenous 13cIMH in the
total membrane fraction of brain. Cellular proteins (2.5 μg) of 293A-LRAT cells expressing
13cIMH were used as a positive control (Pc). Equal amounts (50 μg) of total zebrafish brain
homogenates (Total), unbroken cell debris (Deb), supernatants following centrifugation
(Sup) and total membrane fraction (Mem) were resolved in 8% SDS-PAGE gel and
transferred onto the membrane. The endogenous 13cIMH expression was confirmed by
Western blot analysis (upper panel), and then the membrane was stripped and re-blotted
with an antibody for tublin (Abcam, Cambridge, MA, lower panel). (c)
Immunohisotochemistry of 13cIMH in the zebrafish brain. (c1) The diagram shows a
drawing sagittal section of zebrafish brain (modified from Rupp, B. et al. [36]). Gray-
colored regions indicate the stained areas by immunohistochemistry. OT; Optic Tectum,
TL; torus longitudinalis, PP; periventricular pretectum, FLM; fasciculus longitudinalis
medialis. (c2) A phase contrast image of a sagittal section of zebrafish brain. (c3, 4) The
brain section was incubated without the primary antibody for 13cIMH (c3; FITC channel,
c4; dapi). (c5-9) the brain section was incubated with the primary antibody for 13cIMH.
Green fluorescence indicated the signals of 13cIMH in low magnification images (c5;
13cIMH and c9; dapi) and in high magnification images from the boxed areas in c5: PGZ;
periventricular grey zone, TL; torus longitudinalis (c6-8). Scale bar = 200 μm. (d)
Subcellular localization of 13cIMH in cultured cells. Forty-eight hours post-transfection of
the 13cIMH plasmid, the cells were harvested and separated to 4 subcellular fractions by
FractionPrepTM kit. Equal amounts of fractionated proteins (25 μg for total protein, 5 μg
each fraction) were used for Western blot analyses using an anti-13cIMH antibody. T; total
cell lysates, C; cytosolic, M; membrane, N; nuclear fractions and I; detergent-insoluble
fraction. The level of 13cIMH in each fraction was quantified by densitometry and
expressed as % of total 13cIMH (means ± SEM) from 4 independent experiments.
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Figure 8. Retinoid metabolism and retinoic acid signaling
Scheme of retinoid metabolism. Solid lines indicate the reversible or irreversible conversion
of retinoids by enzymes (indicated by italics). Gray broken lines represent the isomerization
of retinoids by spontaneous thermal isomerization. Generally, it is considered that
endogenous retinoids are stored as atRE in the liver and other tissues [1–3]. As needed, atRE
is hydrolyzed to atROL, which is subsequently released into the circulation, bound by
retinol-binding proteins and transported to target cells. Generated atRA binds to RARs,
whereas 9cRA binds to both RARs and RXRs and activate target gene regulation. Bold
broken lines indicate unidentified mechanisms and pathways related to 13-cis retinoids in
the RA signaling: (i) The enzymes or mechanisms to generate 13cROL from atRE as shown
in this study; (ii) 13cRA functions through unidentified signaling pathways or receptors; (iii)
13cRA may function by unidentified mechanism to enhance the translation of target gene
mRNA or its protein stability [10]; (iv) Generation of 13cRA through the unidentified
mechanism in RTE and HepG2 cells [27,28]. Abbreviations in the figure: REH, retinyl ester
hydrolase; LRAT, lecithin retinol acyltransferase; RDH, retinol dehydrogenases; RALDH,
retinaldehyde dehydrogenases; GST, glutathione S-transferases.
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