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ABSTRACT: Lecithin retinol acyl transferase (LRAT) has the essential role of catalyzing the transfer of an
acyl group from thesn-1position of lecithin to vitamin A to generate all-trans-retinyl esters (tREs). In
vitro studies had shown previously that LRAT also can exchange palmitoyl groups between RPE65, a
tRE binding protein essential for vision, and tREs. This exchange is likely to be of regulatory significance
in the operation of the visual cycle. In the current study, the substrate specificity of LRAT is explored
with palmitoylated amino acids and dipeptides as RPE65 surrogates. Both O- and S-substituted palmitoylated
analogues are excellent substrates for tLRAT, a readily expressed and readily purified form of LRAT.
Using vitamin A as the palmitoyl acceptor, tREs are readily formed. The cognate of these reactions occurs
in crude retinal pigment epithelial (RPE) membranes as well. RPE membranes containing LRAT transfer
palmitoyl groups from radiolabeled [1-14C]-L-R-dipalmitoyl diphosphatidylcholine (DP*PC) to RPE65.
Palmitoyl transfer is abolished by preincubation with a specific LRAT antagonist both in membranes and
with purified tLRAT. These experiments are consistent with an expanded role for LRAT function as a
protein palmitoyl transferase.

The phototransduction cascade in vision is initiated by the
cis f trans photoisomerization of the protonated 11-cis-
retinal Schiff base chromophore of rhodopsin into its all-
trans congener (1, 2). The regeneration of rhodopsin after
bleaching requires a series of biochemical reactions to
resynthesize the 11-cis-retinal chromophore as shown in
Scheme 1 (3). The critical transf cis isomerohydrolase
(IMH) reaction minimally requires two known components:
lecithin retinol acyl transferase (LRAT)1 and RPE65. LRAT
is necessary and sufficient for the biosynthesis of all-trans-
retinyl esters, the substrates for the isomerization reaction
(4-6). RPE65 has been determined to be an all-trans-retinyl
ester (tRE) binding protein in vitro when purified (7, 8). On
the basis of indirect expression experiments, some believe
that RPE65 also is an enzyme responsible for the critical
transf cis isomerohydrolase reaction of the visual cycle
(9-11). However, this conclusion seems to be in conflict
with the fact that purified RPE65 is chemically inert and
thus unable to convert tREs into 11-cis-retinol (8). It is likely

that other, possibly unidentified, proteins are essential for
biologically relevant isomerization.

Whatever its precise function, RPE65 is certainly a protein
of central importance in visual cycle function (12). It was
first discovered as a major protein concentrated in the retinal
pigment epithelium (13). Knockout studies of this protein
of unknown function in mice revealed it to be necessary for
the biosynthesis of 11-cis-retinoids (12). The membrane-
associated form of RPE65 (mRPE65) was later shown to
stereoselectively bind hydrophobic all-trans retinyl esters
with high affinity (7, 14). mRPE65 has been found to be
palmitoylated at three cysteine residues: C231, C329, and
C330 (15). C330 is completely conserved in the known
RPE65 homologues, and C231 is largely conserved except
for the highly conservative S/C substitution in zebra fish (16).
The hydrophobic palmitoylation modification allows the
protein to associate with RPE membranes where isomeriza-
tion ensues. Whether every mRPE65 is completely triply
palmitoylated is unknown. The soluble form of RPE65
(sRPE65) is not triply palmitoylated and binds all-trans-
retinol (vitamin A) with a substantially higher affinity than
it binds to tREs (15). Importantly, m- and sRPE65 are
interconverted by LRAT (15). In other words, they are
substrates for this enzyme. This surprising result immediately
suggests a regulatory loop in which the visual cycle is under
the control of the palmitoylation state of RPE65 (15). This
can readily be understood when considering what transpires
when 11-cis-retinol, the product of IMH processing, builds
up. The 11-cis-retinol is esterified by LRAT, using mRPE65
as the palmitoyl donor. Since only mRPE65 is competent to
bind tREs so that they can be engaged in the isomero-
hydrolase reaction, the conversion of mRPE65 to sRPE65
has the net effect of blocking isomerization and hence
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regulating the system (15). This regulatory mechanism also
requires that RPE65 function is rate limiting in operation of
the visual cycle. Independent evidence supports this view.
Specific antagonists of mRPE65 inhibit rates of rhodopsin
regeneration in vivo in rodents (17), and rhodopsin regenera-
tion rates in mice are dependent on RPE65 levels (18).

There are several outstanding questions concerning the
biochemical basis for the respective roles of LRAT and
RPE65 in the regulatory switch mechanism. In this mech-
anism, a palmitoyl thioester of mRPE65 is transferred to
vitamin A, suggesting that the latter is a peptidomimetic of
lecithin, the standard acyl ester donor for LRAT. In the
current studies, we address the substrate specificity of
tLRAT, a truncated and readily expressible variant of LRAT
(19), with respect to acyl donor specificity. We report that
simple acyl cysteine and serine-containing molecules are
excellent substrates for tLRAT. Therefore, the enzyme
processes both ester and thioester moieties found in simple
amino acids and dipeptides. It is also important to establish
that LRAT mediated palmitoyl transfer occurs in the biologi-
cal context of RPE membranes, in addition to occurring with
purified proteins. We also provide evidence for the LRAT-
mediated transfer of palmitoyl groups to RPE65 in crude
membranes derived from bovine RPE. Thus, LRAT functions
as a protein palmitoyl transferase both in the purified form
and in crude membranes.

MATERIALS AND METHODS

Materials. Frozen bovine eye cups were obtained from
W. L. Lawson Co. (Lincoln, NE). Gel code blue (Coomassie
staining) was from Pierce. The silver staining kit, polyvi-
nylidene fluoride membrane, anti-rabbit IG conjugated
horseradish peroxidase, and ECL-Western blotting kit were
from GE Healthcare. Precast 2D gels (8-16%, 9× 13 cm)
for SDS-PAGE, two-color prestained protein markers (10,
15, 20, 25, 37, 50, 75, 100, 150, 250 kDa), semi dry Western
blot transfer kit, and avidin conjugated horseradish peroxi-
dase were from Bio-Rad. All other reagents were of
analytical grade. [11,12-3H2] all-trans-retinol was obtained
from NEN Life Sciences. [1-14C]-L-R-dipalmitoyl diphos-
phatidylcholine in DMSO (114 mCi/mmol) is a product of
Dupont.L-R-Dipalmitoylphosphatidylcholine (DPPC), bovine
serum albumin (BSA), dithiothreitol (DTT), DMSO and THF
(containing BHT) were from Sigma. All other chemicals
were from Aldrich Sigma.

Syntheses of Palmitoylated Amino Acids and Peptides:
2-(9H-Fluoren-9-ylmethoxycarbonylamino)-3-hexadecanoyl-
sulfanyl-propionic Acid(FCP).Palmitoyl chloride (0.123 g,
0.435 mmol, 1.5 equiv) was added toN-R-fmoc-cysteine (0.1
g, 0.29 mmol) in distilled, ice-cold trifluoro acetic acid (TFA)
(5 mL), and the mixture was stirred at room temperature.
After 1 h, 25 mL of ice water was added to this mixture.
The white precipitate was filtered and washed with 25 mL
of H2O. The crude product was purified by silica column
chromatography with 80/20 hexane/ethyl acetate as eluant.

1H NMR (CDCl3, 200 MHz,δ in ppm): 7.86 (d,JHH )
7.4, 2H), 7.72 (d,JHH ) 6.6, 2H), 7.42 (t,JHH ) 7.6, 2H),
7.32 (t,JHH ) 7.3, 2H), 6.81 (d,JHH ) 8.6, 2H), 4.53-4.22
(m, 5H), 3.59 (dd,JHH ) 7.6, 2H), 2.60 (t,JHH ) 7.2, 2H),
1.64 (t,JHH ) 6.6, 2H), 1.26 (s, 24H), and 0.88 (t,JHH )
6.2, 3H). ESI-MS [M - H]+ 582.3254 (obsd), 582.3175
(calcd).

Hexadecanoic Acid 2-Carboxy-2-(9H-fluoren-9-ylmethoxy-
carbonylamino)-ethyl Ester(FSP).FSP was synthesized by
the procedure described above for the synthesis of FCP. The
crude product was purified by silica column chromatography
using 80/20n-hexane/ethyl acetate as eluant.

1H NMR (CDCl3, 200 MHz,δ in ppm): 7.81 (d,JHH )
7.0, 2H), 7.65 (d,JHH ) 7.0, 2H), 7.36 (p,JHH ) 7.8, 4H),
5.43 (dd,JHH ) 4.0, 1H), 4.86-4.25 (m, 5H), 2.53 (t,JHH

) 6.4, 2H), 2.17 (t,JHH ) 7.8, 2H), 1.28 (s, 24H), and 0.88
(t, JHH ) 6.4, 3H). ESI-MS [M- H]+ 566.3476 (obsd),
566.3403 (calcd).

2-{2-[(9H-Fluoren-9-ylmethoxycarbonyl)-methyl-amino]-
3-hexadecanoylsulfanyl-propionylamino}-3-hexadecanoylsul-
fanyl-propionic Acid (FC2P-OH). (a) 2-(9H-Fluoren-9-
ylmethoxycarbonylamino)-3-tritylsulfanyl-propionic Acid

Scheme 1: Mammalian Visual Cycle
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t-Butyl Ester (FCTB).FCTB was synthesized by a reported
procedure (20).

(b) 2-Amino-3-tritylsulfanyl-propionic Acid t-Butyl Ester
(NCTB). To FCTB (100 mg, 0.155 mmol) in 10 mL of
anhydrous CH2Cl2, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
(0.24 mL, 1.55 mmol) was added, and the solution was
stirred at room temperature for 1 h. The reaction mixture
was evaporated under reduced pressure, and the crude
product was purified by silica gel column chromatography
with 35:65 ethyl acetate/n-hexane as eluant.

1H NMR (CDCl3, 200 MHz,δ in ppm): 7.46-7.19 (m,
15H), 3.06 (m, 3H) and 1.05 (s, 9H).

(c) 2-[2-(9H-Fluoren-9-ylmethoxycarbonylamino)-3-tri-
tylsulfanyl-propionylamino]-3-tritylsulfanyl-propionic Acid
t-Butyl Ester (FC2TB).To FCTB (100 mg, 0.155 mmol) in
30 mL of anhydrous CH2Cl2, 1-hydroxybenzotriazole (HOBt)
(21 mg, 0.155 mmol) and 4-(dimethylamino)pyridine (4-
DMAP) (38 mg, 0.31 mmol) was added. To the stirring
solutionN,N′-diisopropylcarbodiimide (DIPCI) (29µL, 0.18
mmol) was added, and the stirring was continued for an hour.
To the reaction mixture NCTB (57 mg, 0.155 mmol) was
added after 1 h. The reaction mixture was stirred at room
temperature for a further 12 h. The solvent was removed

under reduced pressure, the crude reaction mixture was
dissolved in 20 mL of CH2Cl2 and washed with 2× 20 mL
of 0.1 M HCL followed by 3× 20 mL of H2O, followed by
2 × 20 mL of saturated NaHCO3. The solvent was removed
under reduced pressure, and the crude product was purified
by silica gel column chromatography with 15:85 ethyl
acetate/n-hexane as eluant.

1H NMR (CDCl3, 200 MHz, δ in ppm): 7.73 (t,JHH )
6.2, 2H), 7.56 (d,JHH ) 6.2, 2H), 7.43-7.14 (m, 34H), 6.43
(d, JHH ) 7.8, 1H), 4.36 (m, 3H), 3.83 (q,JHH ) 7.0, 2H),
3.65 (d,JHH ) 7.2, 2H), 3.50 (d,JHH ) 5.0, 2H) and 1.38
(s, 9H).

(d) 2-{2-[(9H-Fluoren-9-ylmethoxycarbonyl)-methyl-amino]-
3-mercapto-propionylamino}-3-mercapto-propionic Acid
(FC2A).To FC2TB (100 mg, 0.1 mmol) in 20 mL of CH2-
Cl2/TFA maintained at-20 °C was added triethylsilane
(TES) (0.61 mmol, 96µL). The reaction was stirred at-20
°C for 30 min, and the reaction was allowed to warm to
room temperature. The solvent was removed under reduced
pressure and purified by column chromatography with 40:
60 ethyl acetate/n-hexane as eluant.

(e) 2-{2-[(9H-Fluoren-9-ylmethoxycarbonyl)-methyl-amino]-
3-hexadecanoylsulfanyl-propionylamino}-3-hexadecanoylsul-
fanyl-propionic Acid(FC2P-OH).FC2P-OH was synthesized
by the same method used in the preparation of FCP.

1H NMR (CDCl3, 200 MHz,δ in ppm): 7.77 (d,JHH )
7.8, 2H), 7.59 (d,JHH ) 7.0, 2H), 7.41 (t,JHH ) 7.2, 2H),
7.32 (t,JHH ) 7.6, 2H), 6.93 (d,JHH ) 7.0, 1H), 4.68-4.20
(m, 5H), 3.75 (t,JHH ) 7.0, 3H), 2.51 (t,JHH ) 7.2, 4H),
1.66 (t, JHH ) 6.6, 4H), 1.25 (s, 48H) and 0.88 (t,JHH )
6.2, 6H). ESI-MS [M - H]+ 923.5640 (obsd), 923.5563
(calcd).

Hexadecanoic Acid 2-(1-Carboxy-2-hexadecanoyloxy-eth-
ylcarbamoyl)-2-[(9H-fluoren-9-ylmethoxycarbonyl)-methyl-
amino]-ethyl Ester(FS2P-OH). The structures of molecules
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described below are the serine cognates of the cysteine
analogues described above are therefore omitted.

(a) 2-(9H-Fluoren-9-ylmethoxycarbonylamino)-3-trityloxy-
propionic Acid t-Butyl Ester (FSTB).FSTB was synthesized
by a reported procedure (20).

1H NMR (CDCl3, 200 MHz,δ in ppm): 7.76 (d,JHH )
7.8, 2H), 7.63 (d,JHH ) 6.2, 2H), 7.43-7.19 (m, 19H), 5.80
(d, JHH ) 9.4, 1H), 4.36 (m, 3H), 4.24 (t,JHH ) 7.2, 1H)
3.48 (s, 2H) and 1.45 (s, 9H).

(b) 2-Amino-3-trityloxy-propionic Acid t-Butyl Ester (NSTB).
To FSTB (100 mg, 0.159 mmol) in 10 mL of anhydrous
CH2Cl2, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (0.25
mL, 1.59 mmol) was added, and the solution was stirred at
room temperature for 1 h. The reaction mixture was
evaporated under reduced pressure, and the crude product
was purified by silica gel column chromatography with 35:
65 ethyl acetate/n-hexane as eluant.

1H NMR (CDCl3, 200 MHz,δ in ppm): 7.44-7.14 (m,
15H), 3.38 (m, 3H), and 1.43 (s, 9H).

(c) 2-[2-(9H-Fluoren-9-ylmethoxycarbonylamino)-3-trity-
loxy-propionylamino]-3-trityloxy-propionic Acid(FS2TB).To
FSTB (100 mg, 0.176 mmol) in 30 mL of anhydrous CH2-
Cl2, HOBt (24 mg, 0.176 mmol) and 4-DMAP (43 mg, 0.35
mmol) were added. To the stirring solution DIPCI (33µL,
0.21 mmol) was added, and the stirring was continued for
an hour. To the reaction mixture NSTB (61 mg, 0.176 mmol)
was added after 1 h. The reaction mixture was stirred at room
temperature for a further 12 h. The solvent was removed
under reduced pressure, and the crude reaction mixture was
dissolved in 20 mL of CH2Cl2 and washed with 2× 20 mL
of 0.1 M HCL followed by 3× 20 mL of water, followed
by 2 × 20 mL of saturated NaHCO3. The solvent was
removed under reduced pressure, and the crude product was
purified by silica gel column chromatography with 15:85
ethyl acetate/n-hexane as eluant.

1H NMR (CDCl3, 200 MHz,δ in ppm): 7.75 (d,JHH )
7.4, 2H), 7.52 (d,JHH ) 7.0, 2H), 7.44-7.19 (m, 34H), 5.39
(d, JHH ) 7.2, 1H), 4.54 (d,JHH ) 7.2, 1H), 4.43-4.07 (m,
5H), 3.53-3.33 (m, 2H), and 1.41 (s, 9H).

(d) 2-{2-[(9H-Fluoren-9-ylmethoxycarbonyl)-methyl-amino]-
3-hydroxy-propionylamino}-3-hydroxy-propionic Acid(FS2A).
To FS2TB (100 mg, 0.1 mmol) in 20 mL of CH2Cl2/TFA
maintained at-20 °C was added triethylsilane (TES) (0.61
mmol, 96µL). The reaction was stirred at-20 °C for 30
min, and the reaction was allowed to warm to room
temperature. The solvent was removed under reduced pres-
sure and purified by column chromatography with 40:60
ethyl acetate/n-hexane as eluant.

(e) Hexadecanoic Acid 2-(1-Carboxy-2-hexadecanoyloxy-
ethylcarbamoyl)-2-[(9H-fluoren-9-ylmethoxycarbonyl)-meth-
yl-amino]-ethyl Ester(FS2P-OH).FS2P-OH was synthesized
by the method described for FCP.

1H NMR (CDCl3, 200 MHz,δ in ppm): 7.79 (d,JHH )
7.0, 2H), 7.62 (d,JHH ) 7.0, 2H), 7.36 (p,JHH ) 7.8, 4H),
5.43 (dd,JHH ) 4.0, 1H), 4.86-4.25 (m, 9H), 2.53 (t,JHH

) 6.4, 4H), 2.17 (t,JHH ) 7.8, 4H), 1.28 (s, 48H), and 0.88
(t, JHH ) 6.4, 6H). ESI-MS [M- H]+ 891.6093 (obsd),
891.6020 (calcd).

Methods. Preparation of the BoVine Pigment Epithelium
(RPE) Membranes.The procedure for the preparation of
bovine RPE membranes is described elsewhere (21). Prior
to use, the membranes were irradiated with UV light (365

nm) on ice for 5 min to destroy endogenous retinoids. RPE
stock solution contains 1-2 mg/mL protein determined by
the Bradford assay. RPE membranes were solubilized in 10
mM Tris-HCl (pH 8.0), 2 mM DTT, 1 mM EDTA, and 1%
CHAPSO. After thorough mixing for 1 h at 4 °C, the
preparation was centrifuged at 10500g for 1 h. Dialysis was
performed at 4°C using Tris-HCl (10 mM, pH 8.0), EDTA
(1 mM), DTT (2 mM), and CHAPSO (0.1%) after concen-
trating the sample by Centriprep.

Preparation of tLRAT and Enzymatic Assays.The expres-
sion and purification of tLRAT were carried out as described
(19). The acyl donors were dissolved in DMSO/THF (50:
50, v/v). In kinetic studies, the reaction mixture (100µL)
contained 100 mM Tris-HCl buffer (pH 8.4), 1 mM DTT, 1
mM EDTA, 1% CHAPS, 10µM tLRAT, and varying
concentration of acyl donor (4, 10, 50, 100, 150, 200, 250,
300, 350, and 400µM). The reactions were initiated by
adding all-trans-retinol (final concentration 10µM). After
incubation of the sample at room temperature for 2-10 min,
the reaction was quenched by adding 500µL of methanol
followed by addition of 500µL of hexane for the purpose
of retinoid extraction. The extract was subject to normal
phase HPLC (NP-HPLC) analysis as previously described
(22).

Specific RPE Protein Labeling by Dipalmitoyl Phosphati-
dylcholine (DPPC).All labeling experiments were performed
in the dark room under dim red light. Generally, 100µL of
RPE (200-400 µg of total proteins) membranes were
incubated with [1-14C]-L-R-dipalmitoyl diphosphatidylcholine
in DMSO (114 mCi/mmol, 0.4 nM to 1µM) for 2 h at 4°C
to perform the palmitoyl transfer reaction. Incubations were
also performed using purified mRPE65 (0.04µM) and
tLRAT (2 µM). In the inhibition experiments, the known
LRAT inhibitor, all-trans-retinyl bromoacetate (tRBA, 5µM)
was used (21). After incubation, proteins were precipitated
with cold acetone at-20 °C for 30 min, followed by
centrifugation. The labeled RPE proteins were dissolved in
2% SDS and subjected to SDS-PAGE. Tris-glycine poly-
acrylamide gel (4-20%) electrophoresis was carried out
using Tris (25 mM), glycine (192 mM), and SDS (0.1%)
buffer system described by Laemmli (23). Protein denatur-
ation was performed by heating the samples (100°C, 2 min)
in sample buffer containing SDS (4%), 2-mercaptoethanol
(10%), glycerol (20%), bromophenol blue (0.004%), and
Tris-HCl (125 mM, pH 6.8). Proteins were visualized by
Coomassie staining or silver staining. For mini gels and
medium size gels (8 cm× 8 cm× 1 mm and 9× 13 cm×
1 mm), 20µL of the protein solution (20-40 µg of total
protein) were loaded for each well, and for 2D gels (9× 13
cm × 1 mm), 200µL of sample (100µL of RPE+ 100µL
of rehydration buffer) were loaded along with the molecular
weight markers.

2D SDS-PAGE Analysis.2D gel electrophoresis was
performed by isoelectric focusing (IEF) using Immobiline
Dry Strips with a pH gradient of 3-10, (11 cm, GE
Healthcare) in the first dimension and 8-16% (9 cm× 13
cm, Bio-Rad) SDS-PAGE in the second dimension. Before
rehydration of the immobilized pH gradient (IPG) strip, 200
µL of rehydration buffer (7 M urea, 2 M thiourea, 0.2%
Triton X-100, 2% CHAPS, 0.5% IPG buffer, a few grains
of bromophenol blue, 0.7 mg of DTT in double distilled
water) were mixed with the sample. Isoelectrofocusing in
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the IPGphor system (GE Healthcare) was conducted at a step
gradient voltage of 500 V (3 h), 1000 V (3 h), 4000 V (1 h),
6000 V (1 h), 8000 V (11 h) with very low currents (less
than 50µA/IPG strip). After IEF, strips were equilibrated
with 10 mL of SDS equilibration buffer (50 mM Tris-HCl,
6 M urea, 30% glycerol, 2% SDS, 100 mg of DTT, a few
grains of bromophenol blue). Proteins were visualized by
Coomassie staining and by Western blotting.

Western Blot Analysis.The preparation of polyclonal anti-
LRAT peptide antibodies was reported previously (19). An
anti-RPE65 peptide (NFITKVNPETLETIK) antibody was
obtained from Genemed (San Francisco, CA). After protein
separation by SDS-PAGE, the proteins were transferred to
a polyvinylidene fluoride (PVDF) membrane for 30 min at
15 V using transfer buffer (25 mM Tris, 192 mM glycine
and 20% ethanol) by semi-dry transfer apparatus (Bio-Rad).
The membrane was blocked with 5% nonfat dried milk or
super block blocking buffer (Pierce, 3% BSA) for 2 h at
room temperature. Anti-RPE65 antibody (1:4000 dilution,
2 h), anti-rabbit Ig linked horseradish peroxidase (1:8000
dilution, 1 h) from donkey, and the enhanced chemilumi-
nescence (ECL) system were used to detect the RPE65 band
or spot.

Analysis of the Radiolabeled Proteins.The approximately
65 kDa protein was removed from the gel by cutting and
dehydrated in CH3CN for 10 min. The dried gel band was
incubated with trypsin (12.5 ng/µL, 5 µL/mm2 gel, overnight)
at 37°C. The gel pieces were centrifuged, and the supernatant
was collected. Peptides were further extracted by one change
of 20 mM NH4HCO3 and three changes of 50% CH3CN (20
min between changes) at 25°C. The collected peptide
solution was dried and redissolved in 50% CH3CN (50µL)
and counted by Beckman LS 6500 scintillation counter using
Ultima Gold scintillation cocktail (Perkin-Elmer).

RESULTS

Palmitoylated Peptide Substrates of tLRAT.The three
palmitoylated cysteine residues of mRPE65 are at positions
C231, C329, and C330 (15). To determine whether simplified
palmitoylated cysteine/serine derived amino acids and dipep-
tides can serve as substrates for purified tLRAT, the
analogues shown in Scheme 2 were prepared and tested for
substrate activity.

Saturation kinetics were observed with the four analogues
as shown in Figures 1A,B and 2A,B. Figure 1 A,B shows
the data for the palmitoylated serine analogues (FSP and
FS2P-OH) and Figure 2 A,B shows the data for the cognate

cysteine analogues (FCP and FC2P-OH). The enzymatic
assays were performed with saturating concentrations of
vitamin A as the second substrate, and the time-dependent

Scheme 2: Palmitoylated Analogues of Cysteine and Serine

FIGURE 1: Steady-state kinetic analysis of tLRAT mediated
esterification of all-trans-retinol by using FSP (A) and FS2P-OH
(B) as acyl donors. The values ofVmax andKM derived from Hill
plots are listed in Table 1. Experiment details are described in the
methods section.

FIGURE 2: Steady-state kinetic analysis of tLRAT mediated
esterification of all-trans-retinol by using FCP (A) and FC2P-OH
(B) as acyl donors. The values ofVmax andKM derived from Hill
plot were listed in Table 1. Experiment details were described in
the methods section.
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formation of all-trans-retinyl palmitate is determined. It is
clear that the analogues are all excellent substrates for
tLRAT. Table 1 shows a tabulation of the kinetically
determinedVmax andKM values for the analogues compared
to DPPC (24) and mRPE65 (15). While theKM values for
the amino acid analogues and dipeptides are higher than for
DPPC, and considerably higher than for mRPE65, theirVmax

values as substrates are equal to or better than for the
biological substrates.

The studies confirm that tLRAT accepts both oxygen and
thio esters as substrates (15). Thus, the analogues listed in
Scheme 2 may be considered as peptide mimics of lecithin.

Membrane-Associated LRAT Accepts RPE65 as an Acyl
Donor. The studies carried out thus far on mRPE65 as an

acyl donor have involved the use of purified tLRAT and
RPE65 in solution (15). To further address the biological
relevance of the observations made, it is important to
determine whether full-length LRAT and RPE65 in their
natural membrane environments interact in the expected
ways. This can be readily probed in RPE membranes. To
address this issue, we studied whether DPPC acts as an acyl
donor for RPE65 in bovine RPE membranes and whether
this process is LRAT mediated. The mechanism of LRAT
action involves its S-acylation at C161 in a ping-pong kinetic
process (22, 25-26). Thus, added DPPC will palmitoylate
endogenous LRAT, which is then able to transfer ansn-1
palmitoyl group to RPE65 or tROL (Scheme 3). The transfer
of a labeled palmitoyl moiety of DPPC to RPE65 in RPE

FIGURE 3: RPE labeling by DPPC. (A) Crude RPE membranes were incubated with [1-14C]-DPPC. Labeled proteins were analyzed by 1D
SDS-PAGE and Western blot. Lane 1 represents the labeled RPE membranes, and lane 2 is control RPE. Western blot for RPE65 of RPE
alone is shown on the right side of SDS-PAGE. (B) The radioactive RPE65 band was excised, trypsin digested, and analyzed by scintillation
counting (lane 1: RPE with DP*PC, lane 2: control RPE). (C) 2D SDS-PAGE analysis of RPE incubated with DPPC. Crude RPE
membranes were incubated with DP*PC. Labeled proteins were analyzed by 2D SDS-PAGE and Western blot (data not shown). (D)
Radioactivity of RPE65 from the 2D gel spot was analyzed by trypsin digestion and scintillation counting (spot 1: RPE65 pI) 6, spot 2:
RPE65 pI) 9, spot 3: blank gel control). Experiment details were described in the methods section.

Table 1: Kinetic Parameters of Different Acyl Donors for tLRAT
Mediated Esterification ofVA

a

acyl donor
Vmax

(mmol/min/mol)
KM

(µM)

DPPC/BSAa 16.41( 0.38 1.67( 0.24
FMOC-Ser-Palm FSP 4.39( 0.16 198.64( 7.26
FMOC-Ser-Ser-Dipalm
FS2P-OH

7.26( 1.04 183.65( 7.25

FMOC-Cys-Palm FCP 19.34( 3.05 164.49( 13.54
FMOC-Cys-Cys-Dipalm
FC2P-OH

149.25( 23.94 135.28( 22.54

mRPE65c 11.00( 0.45 0.030( 0.002
a The experimental details were described in the methods section.

b Previously published in ref24. c Previously published in ref15.

Scheme 3: Exchange of Palmitoyl Moieties by LRAT
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membranes is taken as evidence that RPE65 is reversibly
palmitoylated by LRAT.

RPE65 Labeling by DPPC.In the experiments described
here, RPE membranes are incubated with DP*PC, and the
fate of palmitoyl transfer is determined. The expectation is
that the radiolabeled palmitate group will be transferred to
RPE65 associated with the RPE membranes. Figure 3A
shows a 1D SDS-PAGE gel of labeled and control samples
(identical amounts of protein in both samples) visualized
either by Coomassie staining or by Western blot using an
anti-RPE65 antibody. The RPE65 band in the labeled lane
was excised, and the level of radioactivity present was
determined by scintillation counting (Figure 3B). That the
radioactivity associated with the RPE65 band is labeled
RPE65 is confirmed by 2D SDS-PAGE (Figure 3C). The
use of 2D SDS-PAGE ensures that it is indeed RPE65 that
is labeled during the incubation process. After incubation
with DP*PC and RPE membranes, the proteins were
separated by pI (first dimension) and molecular weight
(second dimension). After 2D SDS-PAGE analysis, labeled
proteins were analyzed by Western blotting and scintillation
counting. As shown in Figure 3C, two distinct RPE65 spots
(pI ) 6 and 9) were labeled by DP*PC, and the band at pI
9 RPE65 was more highly labeled (Figure 3D). The two
bands at pI) 6 and 9 are typically observed on 2D gels by
Western blotting (unpublished experiments) with anti-RPE65
antibodies and may be related to the large number of cysteine
residues of the protein, some of which are protected by
palmitoylation (15).

LRAT Catalyzes the Palmitoylation of RPE65 in RPE
Membranes.The experiments reported above show that
DPPC functions as a palmitoyl group donor for RPE65 either
directly or indirectly. It was of interest to determine whether
LRAT is directly involved in the acyl transfer process. The
involvement of LRAT in the transfer of a palmitoyl group
from DP*PC to RPE65 was probed by using the known
specific affinity-labeling agent of LRAT, all-trans-retinyl
bromoacetate (tRBA) (27). In these experiments, RPE
membranes either served as a control sample (Figure 4, lane
1) or were preincubated with tRBA (Figure 4, lane 2) to
inhibit LRAT. Samples (lanes 1 and 2) were then incubated
with DP*PC, while Figure 4 lane 3 was not incubated with
the DP*PC. SDS-PAGE was performed on the samples,
and the extent of radioactivity incorporation into RPE65 was
determined after excision of the RPE65 band followed by
scintillation counting. As can be seen here, tRBA had a
pronounced effect on limiting14C-palmitoyl incorporation
into RPE65. These experiments strongly suggest that LRAT
is responsible for the transfer of a palmitoyl group to RPE65
and, of course, that transfer is from thesn-1 position of the
DPPC. To further establish this, tLRAT, a truncated form
of LRAT that can be purified (19), was studied. Here the
transfer reaction can be directly studied in the absence of
possible interfering proteins.

These experiments were performed in a manner similar
to the experiments described above. In Figure 5, lane 1,
RPE65 is labeled by purified tLRAT using DP*PC as the
acyl donor. Preincubation with tRBA substantially blocks
the incorporation of radioactivity into RPE65 (Figure 5, lane
2). This inhibition is almost complete because the extent of
radioactivity incorporation observed in lane 2 is essentially
the same as when RPE65 is incubated with DP*PC in the

absence of tLRAT (Figure 5, lane 3). Lane 4 in Figure 5 is
the background control in which DP*PC is absent from the
incubation mixture. These experiments leave no doubt that
LRAT reversibly catalyzes the transfer of palmitoyl groups
between DP*PC and RPE65 and that the enzyme is a
palmitoyl transferase for proteins.

DISCUSSION

The studies reported extend earlier work reporting that
LRAT can transfer palmitoyl groups from palmitoylated
RPE65 (mRPE65) to vitamin A (15). The reversible palmi-
toylation of RPE65 regulates its retinoid binding selectivity

FIGURE 4: Inhibition of DP*PC labeling of RPE by tRBA. Crude
membranes were incubated with tRBA (5µM) for 1 h, followed
by DP*PC labeling for 2 h. Gel band corresponding to RPE65 was
excised and digested by trypsin. Radioactivity of the labeled protein
was measured by scintillation counting. Condition 1: RPE+
DP*PC; condition 2: RPE+ RBA + DPPC; condition 3: control
RPE.

FIGURE 5: Inhibition of tLRAT-mediated DP*PC labeling of RPE
by RBA. Purified mRPE65 was incubated with DP*PC and tLRAT
or RBA + tLRAT + DP*PC. Condition 1: mRPE65+ DP*PC+
tLRAT; condition 2: mRPE65+ DP*PC + tLRAT + RBA;
condition 3: mRPE65+DP*PC; condition 4: control mRPE65.
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(15). One unusual aspect of this work concerns the acyl donor
specificity of LRAT. The standard function of this enzyme
in vision is to transfer an acyl group from thesn-1of lecithin
(largely palmitoyl) to vitamin A to generate lysophospho-
lipids and all-trans-retinyl esters, the isomerohydrolase
substrates (21). The finding that mRPE65 is also a substrate
for tLRAT broadened the profile for acyl donors for LRAT.
In the current study, the acyl donor substrate specificity for
LRAT was further explored. Studies on the palmitoylated
amino acid and dipeptide substrates show that simple
analogues are excellent substrates for tLRAT. As expected
from our previous studies on RPE65 (15), the enzyme can
process both oxygen and thioesters. The trend is for a greater
Vmax for the thioesters compared to the oxygen esters. This
is expected because of the greater kinetic lability of the
former compounds. The fact that the enzyme can process
thio and oxygen esters shows that the conservative S for C
substitution at C231 of LRAT in one instance in the RPE65
homologues is of no consequence mechanistically and thus
C231 is functionally conserved. TheKM values for the
synthetic substrates proved to be relatively high, especially
when compared to mRPE65. Clearly, there must be sub-
stantial protein-protein contacts in the interactions of LRAT
and mRPE65.

The studies discussed above and previously described were
performed with tLRAT, an N- and C-truncated form of
LRAT that is readily expressed and purified from bacteria
and insect cells, presumably because of its greater solubility
(19). It was then of interest to determine if the palmitoyl
transfers occur as effectively with full-length LRAT in its
natural membraneous environment. To these ends, palmitoyl
transfer was studied in bovine RPE membranes that contain
native LRAT and membrane-associated RPE65 (mRPE65)
(15). To follow the transfer of palmitoyl groups, DP*PC was
added to the membranes that contain LRAT and RPE65,
along with other RPE membrane proteins. Importantly,
palmitoylation of membrane-associated RPE65 occurred from
the added radiolabeled lecithin. It is clear that with the
putative turnover of membrane some of the membrane-
associated RPE65 will have palmitoylation sites available
for modification. It is known that mRPE65 can contain up
to three palmitoyl groups per enzyme molecule (15). The
labeling of RPE65 by LRAT using DP*PC as an acyl donor
is readily understood, as shown in Scheme 3. Since LRAT
mechanistically operates through a ping-pong mechanism
(22) in which an acyl enzyme intermediate is formed, the
palmitoylation of RPE65 after accepting a palmitoyl group
from DPPC is unsurprising.

The acylation of RPE65 was shown likely to be mediated
by LRAT in membranes because it could be blocked by
preincubation with tRBA, a known specific affinity-labeling
agent of LRAT (21). However, other acylation mechanisms
might still be possible and might occur in a stepwise fashion
given the metabolic complexity of RPE membranes. To
unambiguously demonstrate that LRAT is the agent of
palmitoylation, we turned to the use of purified tLRAT. In
in vitro experiments with tLRAT, it was readily shown that
palmitoyl groups are transferred between DP*PC and purified
RPE65, and this incorporation was also inhibited by tRBA.
Therefore, there is no doubt that LRAT acts as an acyl
transferase for RPE65 both in vitro and in crude membrane
systems.

In conclusion, it is shown here that cysteine- and serine-
containing palmitoylated peptides are good substrates for
tLRAT. Thus, the enzyme can process both oxygen and
thioester amino acid and dipeptide substrates. These sub-
strates are local mimics of the mono and dipalmitoylation
sites in RPE65. It is now established that LRAT can function
as a palmitoyl transferase in bovine RPE membranes and
mediate palmitoyl transfer between lecithin, RPE65 and
vitamin A and its esters. These results further strengthen the
case for a regulatory role for the palmitoylation of RPE65.
A further important point to be resolved is whether there
are additional membrane-bound palmitoyl transferases that
utilize phospholipids as acyl donors. Thus far, the known
palmitoyl transferases are soluble and utilize palmitoyl CoA
as the donor (28-29).
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