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Abstract

The retinal pigment epithelium-specific 65 kDa (RPE65) isomerase plays a pivotal role in
photoreceptor survival and function. RPE65-catalyzed synthesis of 11-cis-retinol from all-trans-
retinyl esters in the visual cycle is negatively regulated, through a heretofore unknown mechanism,
by the fatty acid transport protein FATP4, mutations in which are associated with ichthyosis
prematurity syndrome (IPS). Here, we analyzed the interaction between deletion mutants of
FATP4 and RPEG5 as well as the impacts of IPS-associated FATP4 mutations on RPE65
expression, 11-cis-retinol synthesis, and all- frans-retinyl ester synthesis. Our results suggest that
the interaction between FATP4 and RPEG65 contributes to inhibition of RPE65 function and that
IPS-associated nonsense and missense mutations in FATP4 have different effects on the visual
cycle.
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INTRODUCTION

Continuous regeneration of the 11-c/s-retinal chromophore of rhodopsin and cone opsin
visual pigments is essential for sustaining the visual function and survival of the rod and
cone photoreceptors in the retina. RPE65, an endoplasmic reticulum (ER)-associated protein
(1), is a key retinoid isomerase in the retinal pigment epithelium (RPE)-dependent visual
cycle that produces 11-cis-retinal (2). It catalyzes the synthesis of 11-c/s-retinol from all-
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trans-retinyl fatty acid esters, such as all- frans-retinyl palmitate, synthesized by
lecithin:retinol acyltransferase (LRAT) and other enzymes in the RPE (3-8). RPE65 is also
the isomerase enzyme responsible for the production of meso-zeaxanthin, one of the three
macular pigments that function as potent antioxidants and light screening pigments to
protect macular from blue light damage and reactive oxygen species (9,10). In agreement
with the pivotal roles, mutations in the RPE65 gene cause vision loss and photoreceptor
degeneration in affected patients, canines and mice (11,12). In humans, over 100 different
mutations in the RPE65 gene have been linked to retinal degenerative diseases, such as
Leber congenital amaurosis and retinitis pigmentosa (The Human Gene Mutation Database:
http://www.hgmd.cf.ac.uk/ac/index.php).

Although RPEG5 has such important functions, its higher expression levels and activities are
associated with increase in both retinal susceptibility to light-induced degeneration (13,14)
and the accumulation rates of the visual cycle-derived cytotoxic bisretinoids, the major
autofluorescent components of lipofuscin implicated in Stargardt disease and geographic
atrophy form of age-related macular degeneration (15-19). Conversely, elimination or
reduction of RPEG5 function through genetic or chemical approaches protected retinal
photoreceptors from light-induced degeneration in rodent models (20-25). These facts
suggest that defining the mechanisms that regulate RPE65 expression, stability and function
may help the development of an effective precautionary measure to protect retinal
photoreceptors from photodamages.

Through an unbiased screening of bovine RPE cDNA libraries, we have previously
identified fatty acid transport protein 4 (FATP4), the most abundant FATP in the RPE (26),
as a negative regulator of 11-c¢is-retinol synthesis catalyzed by RPEG5 retinoid isomerase
(26). FATP4 is a member of FATP family that facilitates transport of long-chain fatty acids
across the cell membrane (27,28). Among the six members of the mammalian FATP family,
FATPA4 is the only FATP whose ER localization domain has been identified (29). FATP4 also
has fatty acyl-CoA synthetase activity with specificity toward saturated and
monounsaturated long-chain and very long-chain fatty acids (30,31). A spontaneous
mutation in the mouse Fafp4 gene resulted in neonatal death of the mutant mice (hamed
wrinkle-free, wrfr) due to severe defects in the epidermal barrier formation and breathing
difficulties secondary to their tight skin phenotype (32). Transgenic expression of FATP4 in
the keratinocyte can prevent the neonatal death of the wrfr mutant mice (33). This rescued
transgenic mouse line, which lacks FATP4 in the RPE, exhibits a significant increase in the
retinoid isomerase activity, the visual cycle rate as well as susceptibility of rod and cone
photoreceptors to light-induced degeneration (26). Although /n vitro assays suggest that
FATP4 may function as a mixed-type inhibitor of RPE65 (26), the mechanisms by which
FATP4 inhibits 11-c/s-retinol synthesis are still not clear.

Recently, several point mutations (A92T, C168X, S247P, and Q300R) in the human FATP4
gene have been identified in patients with ichthyosis prematurity syndrome (IPS) (34,35), a
recessive disorder characterized by premature birth, neonatal asphyxia, and thick caseous
desquamating epidermis with severe ichthyaotic scaling (36). Except for the C168X nonsense
mutation, the missense mutations are mapped on the putative ER-localization domain
(A92T) or the highly conserved ATP-dependent AMP-binding (S247P and Q300R) domain
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of FATP4, respectively (34,35). Fibroblasts from a patient with the C168X nonsense
mutation showed a significant reduction in the acyl-CoA synthesis and lipid-incorporation
activities toward erucic acid, a monounsaturated omega-9 very long-chain fatty acid
(22:1w9) (34).

In the present study, we investigated the impacts of IPS-associated point mutations and a
series of deletion mutations in FATP4 on RPEG5 expression, 11-cis-retinol synthesis, all-
trans-retinyl ester synthesis, and interaction of deletion mutants with RPE65. The results
suggest that direct interaction between RPE65 and FATP4 is an important mechanism by
which FATP4 inhibits the synthesis of 11-c¢/s-retinol and that the IPS-associated nonsense
and missense mutations have significantly different effects on the functions of the visual
cycle enzymes.

MATERIALS AND METHODS

Plasmids and mutagenesis:

The pRK-based mammalian expression vectors for RPE65 (37) and FATP4 (26) were used
to express these two wild-type proteins. Point and deletion mutations were introduced into
the FATP4 expression plasmid using PCR with either the QuikChange Il XL Site-directed
Mutagenesis Kit (Agilent Inc.) or PfuUltra High-Fidelity DNA polymerase (Agilent Inc.). A
C-terminally fused Flag epitope was also introduced into the wild-type and mutant FATP4
constructs using the PCR-based method. Primers used in the PCR are shown in Table 1.
Following mutagenesis, sequences of the constructs were confirmed by DNA sequence
analysis in both directions. Plasmid DNA for transfection was purified using the PureLink
HiPure Plasmid DNA Purification Kit (Thermo Fisher Scientific Inc.).

Cell culture and transfection:

The 293T-C and 293T-LC cells stably expressing cellular retinaldehyde-binding protein (C)
or lecithin:retinol acyltransferase and cellular retinaldehyde-binding protein (LC) (3) were
maintained in the Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific Inc.)
supplemented with 10% heat-inactivated fetal bovine serum (FBS) and antibiotics (100
units/ml penicillin G and 100 pg/ml streptomycin) at 37°C under 5% CO,. Transfection of
the cells with plasmid DNA was performed using the PolyJet transfection reagent (SignaGen
Laboratories) (38).

Retinoid isomerase and LRAT assays in living cells:

For time course analysis of 11-c/s-retinol synthesis, 293T-LC cells transfected with pRK-
RPE65 and pRK were incubated with 7 uM all- frans-retinol for 1~18 hours. To analyze the
effects of wild-type and mutant FATP4 on the synthesis of 11-c/s-retinol and all-trans-retinyl
esters, 293T-LC cells co-transfected with pRK-RPE65 and pRK-FATP4 construct or pRK
mock vector were incubated with 7 uM all-trans-retinol in the media for 4 hours (for retinoid
isomerase assay) or 30~90 minutes (for LRAT assay). After removing the medium, the cells
were washed in phosphate buffered saline (PBS), pelleted by centrifugation, and lysed in 0.5
ml of lysis buffer (0.1% SDS in 10 mM HEPES buffer, pH 7.2). Ten to twenty microgram
proteins of the cell homogenates were subjected to immunoblot analysis. Activities of
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RPE65 and LRAT were determined by monitoring the synthesis of 11-c/s-retinol or all-
trans-retinyl esters, respectively. To detect 11-cis-retinol, retinoids in the cells were
saponified with potassium hydroxide as described previously (3).

In vitro retinoid isomerase assay:

Homogenates (containing 0.5-1 mg proteins) of 293T-C cells co-transfected with pRK-
RPEG65 and mutant or wild-type FATP4 construct were incubated with 10 uM all-trans-
retinyl palmitate in 20 mM HEPES buffer (pH 7.2) containing 100 mM NaCl, 2 mM CaCl,,
2 mM MgCly, 20 uM leupeptin, 6 mM sodium cholate and 6% bovine serum albumin (BSA)
for 2 hours. After quenching the reaction by adding 2 volumes of methanol, retinoids were
extracted with hexane and analyzed by high-performance liquid chromatography (HPLC).

HPLC analysis of retinoids:

Retinoids were analyzed by normal-phase HPLC as previously described (39). In brief,
retinoids in hexane extractions were evaporated, re-dissolved in 100 ul of hexane, and
separated on a silica column (Zorbax-Sil 5 pm, 250 x 4.6 mm, Agilent Technologies) by
gradient (0.2-10% dioxane in hexane at 2.0 ml/min flow rate) or non-gradient (10% dioxane
in hexane at 1.0 ml/min flow rate) elution of mobile phase in an Agilent 1100 HPLC system.

Immunoblot analysis:

Protein concentrations in the cell homogenates were determined with the micro BCA protein
assay kit (Thermo Fisher Scientific Inc.). Ten to twenty micrograms of proteins in Laemmli
buffer were denatured at 70°C for 10 min, separated in a 10% or 12% polyacrylamide gel by
SDS-PAGE, and then transferred onto an Immobilon-P membrane (MilliporeSigma Co.).
The membrane was incubated with blocking buffer, a primary antibody against RPE65 (40)
or Flag (Cell Signaling Technology, Cat# 2368), and a horseradish peroxidase-conjugated
secondary antibody (Jackson ImmunoResearch Laboratories Inc.). Before and after
incubating with the antibodies, the membrane was washed in 0.1% Tween-20/PBS.
Immunoblots were visualized with the ECL Prime Western blotting detection reagent and
ImageQuant LAS 4000 (41). Signal intensity of each band was quantified using ImageQuant
TL software.

Immunoprecipitation:

Homogenates of 293T-LC cells expressing RPE65 and mutant FATP4-Flag fusion proteins
were incubated with anti-Flag M2 affinity gel (MilliporeSigma Co., Cat# A2220) in 50 mM
Tris-HCI buffer (pH 7.4) containing 150 mM NaCl, 1 mM EDTA, 0.5% NP-40 and protease
inhibitors for 4 hours, then precipitated and washed as described previously (42). The
precipitated proteins were analyzed by immunoblot analysis using antibodies against RPE65
or Flag epitope.

Immunocytochemistry:

Cells grown on a glass coverslip were transfected with plasmid DNA, fixed with 4%
paraformaldehyde and incubated with 0.2% Triton X-100 in PBS for 15 minutes. After
blocking with 10% FBS and 2% goat serum in PBS for 1 hour, the cells were incubated with
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an antibody against RPE65 (MilliporeSigma Co., Cat# mAB5428) or Flag epitope and then
with Alexa Fluor 488 or 555 conjugated antibody as described previously (43). Before and
after incubating with antibodies, the cells were washed with 0.1% Tween-20/PBS three
times. Images were captured with a Zeiss LSM710 Meta confocal microscope with a 40X
oil-immersion objective (44).

Statistical analysis:

RESULTS

Data were expressed as means + standard deviation (SD) from at least three experiments.
Statistical significance was determined with a paired, two-tailed Students #test. Pvalues less
than 0.05 were considered to be statistically significant. All analyses were done using
SigmaPlot version 11 software (Systat Software, Inc.).

FATP4 mutant containing the ER-association, AMP-binding and FATP domains strongly
bound with RPEG5

To know what regions of FATP4 are important for interacting with and/or inhibiting RPE65,
we generated a series of deletion mutants of FATP4 with a C-terminally fused Flag epitope
tag (Fig. 1A,B). We co-transfected the 293T-LC cells with RPE65 and the FATP4 deletion
mutants or pRK mock vector. Immunoblot analysis of the cell lysates confirmed that RPE65
is strongly expressed in all transfected cells (Fig. 1C, upper panel). We then performed
immunoprecipitation with an anti-Flag antibody. As shown in Fig 1C (middle and bottom
panels), N1-FATP4 mutant, which contains the N-terminal transmembrane and ER-
localization (ERx) domains, bound with RPE65. This binding seems weak, because the
binding was detectable only when the immunoblot membrane was exposed for longer than 4
min on the ImageQuant LAS 4000. Under the same experimental conditions, we failed to
detect binding of C1-FATP4 mutant with RPE65. Immunocytochemistry revealed that the
N1-FATP4 mutant, but not the C1-FATP4 mutant, colocalized with RPE65 (Fig. 2). C2-
FATP4 mutant that contains the C1 mutant region and the conserved fatty acid transport
protein (FATP)/very long-chain fatty acyl-CoA synthetase (VLACS) domain showed a weak
binding with RPEG65. In contrast, C3-FATP4 mutant containing the C2 mutant region plus
the ATP-dependent AMP-binding domain exhibited a strong binding with RPE65. C4-
FATP4 mutant that contains the C3 mutant region and the ERx domain exhibited more
strong binding affinity for RPE65 (Fig. 1C).

FATP4 mutants with high binding affinity for RPEG5 inhibited 11-cis-retinol synthesis, but
not all-trans-retinyl ester synthesis

To determine appropriate time of substrate incubation /n cellulo isomerase assay, we
analyzed time course of 11-c/s-retinol in the RPE65-transfected 293T-LC cells incubated
with 7 uM all-trans-retinol for different times. As shown in Fig. 3A, the synthesis of 11-cis-
retinol was increased as the incubation time increased. However, it showed a linear increase
in the first 6-hour incubation (Fig. 3A), and it was easy to identify the peak of 11-cis-retinol
when the substrate was incubated for 4 hours (Fig. 3D,E). We therefore determined to use 4-
hour as the substrate incubation time for the following isomerase assays in living cells. To
know whether the interaction between FATP4 and RPE65 contributes the FATP4-mediated
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inhibition of 11-c¢/s-retinol synthesis, we performed retinoid isomerase assay in living cells.
We incubated 293T-LC cells co-transfected with RPE65 and a FATP4 mutant construct with
7 UM all-trans-retinol for 4 hours. We then analyzed expression levels of RPE65 and the
synthesis of 11-c/s-retinol in the cells. Expression levels of RPE65 was reduced by
approximately 40% or 25% in the cells co-transfected with N1-FATP4 or C2-FATP4,
respectively, as compared to pRK mock vector-cotransfected cells. Expression levels of
RPEG65 in the other FATP4 mutant-cotransfected cells were similar to that in the pRK control
cells (Fig. 3B,C). Figure 3D and F show representative HPLC chromatograms of retinoids
indicating the synthesis activity of 11-c/s-retinol in the cells co-transfected with RPE65 and
pRK or C4-FATP4 mutant. We confirmed our identification of 11-c/s-retinol by UV-spectral
analysis (Fig. 3E). HPLC data showed that the C1-FATP4 had no significant effect on 11-
cis-retinol synthesis whereas the N1 and C2 FATP4 mutants reduced the 11-c/s-retinol
synthesis by approximately 55% or 40%, respectively, as compared to pRK control.
However, after normalizing by the expression levels of RPE65 in Fig. 3C, N1-FATP4 and
C2-FATP4 inhibited the synthesis of 11-c/s-retinol by approximately 13% or 15%,
respectively (Fig. 3G). In contrast, C3-FATP4 and C4-FATP4 reduced 11-c/s-retinol
synthesis by ~30% or ~50%, respectively (Fig. 3G). Inhibitory effect of C4-FATP4 on the
11-cis-retinol synthesis was similar to that of wild-type FATP4 (Fig. 4C).

RPEG65 uses all-trans-retinyl esters, such as all-trans-retinyl palmitate, as its substrate
(3,45,46). Since all-frans-retinyl palmitate is a highly hydrophobic molecule, we used all-
trans-retinol as the substrate in the isomerase assay using living 293T-LC cells. In this assay,
RPEG65 used intracellular all-frans-retinyl ester synthesized from the all-trans-retinol by
LRAT as its substrate. Therefore, the reduced synthesis of 11-c/s-retinol described above
(Fig. 3G) might be due to inhibition of the LRAT function by the C3-FATP4 and C4-FATP4
mutants. We tested this possibility by measuring synthesis of all-frans-retinyl esters in the
cells. As shown in Fig. 3H, only N1-FATP4 slightly inhibited the synthesis of all-trans-
retinyl esters in the cells incubated with all-rans-retinol for 60 min. All other FATP4
mutants did not inhibit the synthesis of all-#rans-retinyl esters under the same experimental
conditions (Fig. 3H). These results suggest that 1) N1-FATP4 inhibited both 11-c¢/s-retinol
synthesis and all-#rans-retiny| ester synthesis; 2) C1-FATP4 had no inhibitory activity on the
functions of RPEG5 and LRAT; and 3) C3-FATP4 and C4-FATP4 inhibited 11-c/s-retinol
synthesis (RPE65 function) without reducing all-rans-retinyl ester synthesis (LRAT
function).

To confirm the effects of the C1 and C3 mutants on the synthesis of 11-c/s-retinol, we
performed /in vitro isomerase assay using all-frans-retinyl palmitate as the substrate. We used
sodium cholate to increase the solubility of all-#rans-retinyl palmitate in the cell
homogenates of the assay (3). Similar to the results described above, the C1-FATP4 did not
reduce 11-cis-retinol synthesis whereas the C3-FATP4 and wild-type FATP4 inhibited the
synthesis of 11-cis-retinol by approximately 30% or 60%, respectively (Fig. 3I).
Immunoblot analysis showed that expression levels of RPE65 in the cells transfected with
C1-FATP4 were similar to those in the cells cotransfected with C3-FATP4 or wild-type
FATP4 (Fig. 3J). These results indicate that C3-FATP4, but not C1-FATP4, has a relatively
strong inhibitory effect on the RPE65-catalyzed synthesis of 11-c¢/s-retinol.
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Different impacts of IPS-associated nonsense and missense mutations in FATP4 on the
synthesis of 11-cis-retinol and all-trans-retinyl esters

Recently several point mutations, including a non-sense and three missense mutations (Fig.
1A), are identified in the FATP4 gene of patients with ichthyosis prematurity syndrome
(IPS). We evaluated the effects of these mutations (C168X, A92T, S247P and Q300R) of
FATP4 on the levels of RPE65 expression as well as synthesis of 11-c/s-retinol and all-trans-
retinyl esters in transfected 293T-LC cells. Similar to the N1-FATP4, the C168X FATP4
markedly reduced expression level of RPEG5 in its cotransfected cells (Fig. 4A,B). Synthesis
of 11-c/s-retinol was also reduced by 30% in the C168X FATP4-transfected cells, as
compared to the pRK-transfected control cells. After normalizing by the expression level of
RPEB5 (Fig. 4A,B), C168X FATP4 inhibited 11-c/s-retinol synthesis by approximately 15%
(Fig. 4C). Fig. 4D is the representative chromatograms of retinoids showing the retinoid
isomerase activities in the 293T-LC cells transfected with pRK vector alone (isomerase
negative control), pRK plus RPE65 (isomerase positive control), RPE65 plus wild-type
FATP4, or RPE65 plus S247P FATP4 mutant. Immunoblot analysis and HPLC data
indicated that the three IPS-associated FATP4 mutants with an A92T, S247P or Q300R
substitution did not reduce RPEB5 expression and all-frans-retinyl ester synthesis, but they
inhibited 11-c/s-retinol synthesis in both /n cellulo and in vitro isomerase assays (Fig. 4A—
F).

DISCUSSION

The RPEG5-catalyzed all-fransto 11-cisisomerization is the most critical enzymatic reaction
in the regenerating 11-cis-retinal chromophore from the all-#rans-retinal produced by the
photoisomerization. This rate-limiting step in the visual cycle (47) has been an important
therapeutic target to protect the retinal photoreceptors from photodamage (21,22,25) and to
reduce formation of the visual cycle-derived cytotoxic bisretinoids (48,49). In this study, we
showed a potential mechanism of FATP4 function in inhibiting RPEG5 function as well as
different impacts of IPS-associated nonsense and missense mutations in FATP4 on the
synthesis of 11-c/s-retinol and all-frans-retinyl esters.

FATP4 is a transmembrane protein of the FATP family proteins (FATP1-6) encoded by
SLC27A family genes (SLC27A1-6) (50,51). FATP4 is closely related to FATP1 in the
phylogenetic analysis while FATP2 is more related to FATP3 (51). In addition to FATP4,
FATP1 and FATP2 have also been shown to inhibit the synthesis of 11-cis-retinol catalyzed
by RPE65 (52,53). All of these FATP members possess a putative transmembrane, an ATP-
dependent AMP-binding (ATP/AMP) and a FATP/VLACS domains in different regions of
the proteins (27-29). These proteins do not contain a particular known functional domain in
their C-terminal region. Our immunoprecipitation assay showed that the C-terminal 89
amino acid segment of FATP4 (C1-FATP4) did not interact with RPE65 (Fig. 1). In
agreement with this result, immunocytochemistry revealed that the C1-FATP4 did not
colocalize with RPEG5 (Fig. 2). In addition, neither expression level of RPE65 nor synthesis
of 11-cis-retinol and all- frans-retinyl esters were reduced by C1-FATP4 in the cotransfected
cells (Fig. 3). These results suggest that the C-terminal region is not involved in the FATP4-
mediated inhibition of the RPE65 function.
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In contrast, we found that the N1-FATP4 containing the N-terminal 176 amino acids
significantly reduced RPEG5 expression level as well as the synthesis of 11-c/s-retinol and
all-trans-retinyl esters (Figs. 1-3). Consistent with these results, the IPS-associated FATP4
with the C168X nonsense mutation also caused a significant decrease in RPE65 expression
and synthesis of 11-c/s-retinol and all-trans-retinyl esters in the cells (Figs. 1,4). One of the
possibilities for the reduction in the synthesis of 11-cis-retinol is the decreased expression
level of RPEG5 in the cells. Previous studies by us and others showed that the synthesis
activities of 11-c¢/s-retinol depend on expression levels of RPE65 (3,4,37). An alternative
possibility is that the reduced synthesis of all-frans-retinyl esters, the substrate of RPEG5,
resulted in the decrease in the synthesis of 11-c/s-retinol in the cells expressing N1-FATP4
or C168X FATPA4. In the cells expressing N1-FATP4 or C168X FATP4, all-trans-retinyl ester
synthesis was reduced by approximately 20%, as compared to the pRK-transfected control
cells (Figs. 3,4). A previous study showed that the synthesis of all-frans-retinyl esters was
reduced by 45-50% in the Lrar”’~ mouse eyes, as compared to the wild-type eyes, whereas
the synthesis activity of 11-cis-retinol in the Lrar*’~ mouse ocular tissues were similar to that
in wild-type mice (54). These results suggest that the reduced synthesis of 11-c/s-retinol in
the cells expressing N1-FATP4 or C168X FATP4 is unlikely due to the reduced synthesis of
all-frans-retinyl esters in the cells.

Then, why was RPEG5 reduced in the cells expressing N1-FATP4 or C168X FATP4. FATP4
is the only FATP family member whose ER-localization domain has been identified (29). In
the mouse RPE and epidermic granular keratinocytes, FATP4 colocalized with the ER
luminal protein markers (26,55). Reportedly, the first 102 amino acid residues including the
putative transmembrane and the ER-targeting (amino acids 47-102) domains facilitate the
localization of FATP4 to the ER (29). Both N1-FATP4 and C168X FATP4 contain the
transmembrane and ER-targeting domains. Immunocytochemistry showed that wild-type
FATP4 and N1-FATP4, but not C1-FATP4, colocalized with RPEG5 (Fig. 2), which is an ER
membrane/microsome-associated protein (1). Unlike wild-type FATP4 and C1-FATP4, N1-
FATP4 formed aggregate-like structures in the cells. This observation suggests that N1-
FATP4 mutant might be misfolded and caused ER stress. Many mutations in membrane and
secretion proteins render the mutated proteins prone to form aggregates in the ER of the
cells (38,56), which in turn reduce the ER function in the protein translation. The reduced
synthesis of 11-c/s-retinol and all-trans-retinyl esters might be secondary to the cytotoxic
effects of misfolded N1-FATP4 and C168X FATP4 in their expressing cells. Although we
did not check whether C168X also form the aggregates-like structure, the similar reduced
expression of RPEG5 and the similar N-terminal region suggest that C168X FATP4 and N1-
FATP4 have the same effects on the cells. Nevertheless, it will be important to analyze
whether C168X FATP4 inhibits the visual cycle by reducing RPE65 expression in the RPE
of IPS patients with the mutant FATP4.

One of the purposes of this study was to determine whether FATP4 has a particular
segment(s) that is important for inhibiting or interacting with RPE65. We found that C3-
FATP4 and C4-FATP4 relatively strongly bound with RPEG5 in immunoprecipitation assay
whereas N1-FATP4 and C2-FATP4 bound with RPEG5 in a relatively weaker affinity. The
C2-FATP4, C3-FATP4, and C4-FATP4 reduced 11-c/s-retinol synthesis by approximately
15%, 30% or 50%, respectively, without reducing RPEG5 expression and all- trans-retinyl
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ester synthesis (Fig. 3), while C1-FATP4 neither bound with nor inhibited RPE65. These
results indicate that the binding affinities of the deletion mutants with RPE65 are positively
correlated with their inhibitory effects on the synthesis of 11-c/s-retinol (Figs. 1,3), This
finding suggests that interaction between RPE65 and FATP4 is involved in the mechanisms
whereby FATP4 inhibits the synthesis of 11-cis-retinol. It will be important to identify the
mechanisms that regulate the FATP4-RPEGS5 interaction and expression of FATP4 in the
RPE.

Studies using protein chimeras have identified a 71-73 amino acid segment between the
ATP/AMP and FATP domains as an important domain for the fatty acid transport activities
of FATP1 and FATP4 (57). This domain is overlapping with the C-terminal part of the
peripheral membrane-association domain (amino acids 258-475) of FATP1 (50). These two
domains are completely included in C3-FATP4 while C2-FATP4 contains only a small part
of these domains. These two domains might contribute to the relatively strong interaction of
C3-FATP4 with RPE65. The ER-association domain of FATP4 might further increase the
binding affinity of C4-FATP4 with RPE65, whose mouth of the substrate entry tunnel is
surrounded by hydrophobic residues that are likely responsible for anchoring RPEG5 to the
ER membranes (58). In the skin epidermis, FATP4 interacts with Ichthyin/NIPAL4 whose
mutations have been linked to congenital ichthyosis (59). Ichthyin/NIPAL4, a
transmembrane protein having homologies to G protein-coupled receptors and magnesium
transporter proteins (60,61), may function as a receptor for trioxilins A3 and B3 (60). It will
be interesting to test whether the interaction between FATP4 and Ichthyin/NIPAL4 is
involved in the mechanisms of the FATP4-mediated inhibition of 11-cis-retinol synthesis in
the RPE.

Mutations in the SLC27A4/FATP4 gene are associated with ichthyosis prematurity
syndrome (IPS) (34,35). Except for the C168X nonsense mutation, which has been shown to
reduce the very long-chain fatty acid-CoA synthetase activity of FATP4 (34), the other three
missense mutations (A92T, S247P and Q300R) have not yet been studied for their effects on
the fatty acid metabolisms. The similar skin phenotypes and clinical course of IPS patients
with the mutations (34,35) suggest that the three missense mutations also reduced the
function of FATP4 in the very long-chain fatty acid metabolisms in the epidermis. However,
we found that the nonsense mutation and the missense mutations displayed significantly
different impacts on RPEG5 expression and FATP4-medicated inhibition of 11-¢is-retinol
synthesis. The three missense mutations neither significantly reduce RPE65 expression nor
eliminate the inhibitory function of FATP4 in the 11-cis-retinol synthesis catalyzed by
RPEG65 (Fig. 4). The inhibitory activity of FATP4 on the 11-c/s-retinol synthesis was reduced
only 10-15% by the missense mutations. This result is consistent with the previous studies:
1) lignoceroyl (C24:0)-CoA inhibited 11-cis-retinol synthesis by approximately 20% at its
concentration that was 3-fold higher than the substrate concentration of all-frans-retinyl
palmitate in the /n vitro RPEG5 assay (26), 2) long-chain fatty acyl-CoA synthetases
(ACSLs) inhibited 11-cis-retinol synthesis in cellulo RPE65 assay (53), and 3) triacsin C, a
potent ACSL inhibitor that does not reduce the fatty acyl-CoA synthetase activity of FATP4
(62), inhibited the function of RPEG5 in the synthesis of 11-c¢is-retinol (53). Triacsin C has
been shown to inhibit ACSL-catalyzed synthesis of palmitoyl-CoA by binding with palmitic
acid (62) while both FATP1 and FATP4 are insensitive to inhibition by triacsin C although
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both FATP1 and FATP4 have a long-chain fatty acyl-CoA synthetase activity (30,63). These
studies suggest that proteins involved in the saturated long-chain and very long-chain fatty
acid metabolisms regulate the visual cycle enzymes (RPE65 and LRAT) in a very
complicated mechanism. Elucidating the mechanism may provide valuable information for
to the development of a safe and effective approach that can reduce bisretinoid formation
and retinal light damage.
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Figure 1.

(A) Schematic overview of FATP4 functional domains and positions of ichthyosis
prematurity syndrome (IPS)-associated mutations. TM, transmembrane; ERX, ER-
localization; ATP/AMP, ATP-dependent AMP-binding; FATP, fatty acid transport protein
domain also known as very long-chain fatty acyl-CoA synthetase (VLACS) domain. (B)
Schematic show of a series of deletion mutants of FATP4. F in the C-terminal box denotes
Flag epitope tag. (C) Immunoblot analysis and immunoprecipitation of RPE65. Expression
of RPEG5 in the 293T-LC cells cotransfected with pRK-RPE65 and a Flag-tagged FATP4
deletion mutant or pRK mock vector was determined by immunoblot analysis using an anti-
RPEB65 antibody (upper panel). Homogenates of the cells were immunoprecipitated with
anti-Flag affinity gel. The precipitates were then probed with antibodies against RPE65
(middle panel) or Flag epitope (bottom panel). Molecular weights (kDa) of markers are
shown at right sides of immunoblots.
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N1-FATP4 FATP4

C1-FATP4

Figure 2.
Subcellular localization of wild-type and deletion mutant FATP4 in the cells expressing

RPEG65. 293T-LC cells cotransfected with pRK-RPE65 and a FATP4-Flag fusion construct
were double-stained with antibodies against Flag epitope (green) or RPEG5 (red). Note that
wild-type FATP4 and N1-FATP4, but not C1-FATP4, colocalized with RPE65. Also, note
that most of N1-FATP4 and RPEG5 are accumulated in aggregate-like structures in the cells.
Scale bar denotes 10 pm.
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Figure 3.
Effects of deletion mutants of FATP4 on RPE65 expression as well as synthesis of 11-c¢is-

retinol (11cROL) and all-#rans-retinyl esters (a/RE). (A) Time course of 11cROL synthesis
from 7 uM all-trans-retinol (a/ROL) substrate in the media of 293T-LC cells transfected with
RPEG5 and pRK. (B) Immunoblot analysis of RPE65 in 293T-LC cells that cotransfected
with RPEG5 and pRK mock vector or the indicated FATP4 deletion mutant. Beta actin was
detected as a loading control. (C) Relative expression levels of RPEG5 in the deletion mutant
FATP4-cotransfected 293T-LC cells were normalized by actin levels and expressed as
percent of RPEG5 level in the pRK-cotransfected cells. (D) A representative HPLC
chromatogram of retinoids in the 293T-LC cells that were transfected with RPE65 and pRK
vector, and were incubated with 7 uM a/ROL substrate for 4 hours. The peak corresponding
to 11cROL is indicated with an arrow. (E) UV spectrum acquired from the 11cROL peak in
(D). (F) A representative chromatogram of retinoids in the 293T-LC cells that were
transfected with RPE65 and C4-FATP4 mutant, and were incubated with all-frans-retinol
substrate. Note the decrease in 11¢cROL peak pointed by the arrow. (G) Relative activities of
11cROL synthesis normalized by the expression levels of RPE6G5 in (C). Transfected 293T-
LC cells in (B) were incubated with 7 uM aROL for 4 hours and retinoids in the cells were
analyzed by HPLC. (H) LRAT assay showing synthesis of a/RE from the a/ROL substrate
incubated for 30 or 60 min with the 293T-LC cells transfected with pRK (control) or the
indicated FATP4 plasmids. (I) /n vitroisomerase assay showing synthesis of 11¢ROL from
the substrate of all-trans-retinyl palmitate (a/RP) incubated with homogenates of 293T-C
cells transfected with the indicated constructs. All asterisks indicate significant differences
between pRK control and mutant (or WT) FATP4 (p < 0.05); error bars denote SD (n7= 3).
(J) Immunoblot analysis showing expression levels of RPEG5 in the cells in (/).
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Figure 4.
Impacts of IPS-associate mutations in FATP4 on RPE65 expression, 11-c/s-retinol (11cROL)

synthesis and all-#rans-retinyl ester (alRE) synthesis. (A) Immunoblot analysis of RPE6G5 in
293T-LC cells cotransfected with RPE65 and pRK or FATP4 having one of the indicated IPS
mutations. Beta actin was detected as a loading control. (B) Relative expression levels of
RPE65 normalized by actin levels in the cells cotransfected with RPE65 and one of the
indicated plasmids. (C) Relative activities of 11¢ROL synthesis normalized by the
expression levels of RPE65 in (B). (D) Representative chromatograms of retinoids in the
293T-LC cells that were transfected with pRK vector alone (isomerase negative control),
pRK plus RPE6G5, RPEGS plus wild-type FATP4, or RPEG5 plus S247P FATP4 mutant, and
incubated with 7 uM all- trans-retinol (a/ROL) substrate. The peaks corresponding to
11cROL are indicated with arrows. The small 11cROL-like peak in the pRK-transfected
cells was not able to identify as 11cROL by UV-spectral analysis. (E) Relative LRAT
activities showing synthesis of a/RE in the 293T-LC cells that were transfected with the
indicated plasmids and incubated with a/ROL for 30-90 min. (F) /n vitro isomerase assay
showing synthesis of 11cROL from the substrate of all-trans-retinyl palmitate (a/RP)
incubated with homogenates of the 293T-C cells transfected with the indicated constructs.
Asterisks denote significant differences between pRK control and mutant (or WT) FATP4 (p
< 0.05); error bars indicate SD (7= 3).
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Table 1:

Primer pairs used for making FATP4 mutants

Primers Sequence (5’-37)

Cl-F AGGGGATCCAGCATGGCCGCTGTGGCC

ClFIag-R¥ TCCCTCGAGTCACTTGTCGTCGTCATCCTTGTAGTCTCCCAGCTTCTCCTGGCCCGC
C2-F GGGGGATCCATGGAGCTGATCCGGGGC

C3-F AAGGGATCCATGGAAGATGCCCCCAAGC

C4-F GGGGGATCCATGGAGACTGTCAGGCGTGATATCTTCGG

N1-F AAGGGATCCATGCTGCTTGGGGCGTCTC

N1Flag-R TCCCTCGAGTCACTTGTCGTCGTCATCCTTGTAGTCCTGGGAGGAGGTCAGGCAG
A92T-F CCACCCGGACAAGACAACCCTGATCTTCGAGGGC

A2T-R GCCCTCGAAGATCAGGGTTGTCTTGTCCGGGTGG

C168X-F CGCATTGCTCCACTGACTGACCTCCTCCCAGG

C168X-R CCTGGGAGGAGGTCAGTCAGTGGAGCAATGCG

S247P-F GATAAGCTCTTCTACATCTACACGCCAGGCACCACCGGG

S247P-R CCCGGTGGTGCCTGGCGTGTAGATGTAGAAGAGCTTATC

Q300R-F ATCGTGGGGATAGGGCGGTGCCTGATCCACGGC

Q300R-R GCCGTGGATCAGGCACCGCCCTATCCCCACGAT

Page 19
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The primer C1Flag-R was used as the reverse primer to generate the C2-FATP4, C3-FATP4, and C4-FATP4 that contain a C-terminal Flag epitope.
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