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Retinoylation (acylation of proteins by retinoic acid) is considered as onemechanism of
retinoic acid (RA) action occurring in cells in vitro and in vivo. Previously, our studies
showed that in rat tissues the formation of retinoyl-CoA from RA, the first step of
retinoylation, requiredATP,CoAandMgCl2. In the current study,we examinedwhether
the transfer of retinoyl-CoA into proteins, the second step of retinoylation, occurs in rat
tissues. [3H]-Labeled-retinoyl-CoA bound covalently to proteins in rat liver, kidney, tes-
tis, and brain. The levels of incorporation of retinoyl-CoA into proteins were higher in
vitamin A–deficient rats than in normal ones. The formation of retinoylated proteins
depended on the incubation time, and the concentrations of retinoyl-CoA and homoge-
nate. The reaction was suppressed by fatty acyl-CoAs and palmitic acid, but not by ara-
chidonicacid. TheVmaxandKmvalues for retinoyl-CoA in the formationof retinoylated
proteinsusingacrude liverextractwereestimatedtobe2,597.3pmol/min/mgproteinand
9.5 · 10-5 M, respectively. Retinoylated proteins formed from retinoyl-CoA, including a
17 kDa protein exhibiting high radioactivity, disappeared in the presence of
2-mercaptoethanol, indicating that RA was linked to the proteins through a thioester
bond.These resultsdemonstrate that retinoylation in rat tissuesoccurs via retinoyl-CoA
formed from RA. This process may play a significant physiological role in cells.

Key words: retinoic acid, retinoyl-CoA, retinoylation, rat tissue, transfer.

Abbreviations: RA, retinoic acid; PBS, phosphate-buffered saline (1.5 mM KH2PO4, 8.1 mM Na2HPO4, 136.9 mM
NaCl, pH 7.2); EDTA, ethylenediaminetetraacetic acid; BSA, bovine serum albumin; DTT, dithiothreitol;
ATP, adenosine triphosphate; CoA, coenzyme A; RAR, retinoic acid nuclear receptor.

Retinoic acid (RA), a carboxylic acid derivative of vitamin A
(retinol), plays many roles in mammalian cells and tissues.
Induction of differentiation and inhibition of growth in
human leukemia cells are well known as representative
biological effects of RA (1). Clarification of the mechanisms
of the RA action is of critical interest, since various
biological effects of RA have been reported.

As one mechanism for the action of RA, binding to RA
nuclear receptors [retinoic acid receptors (RARs) or
retinoid X receptors (RXRs)] has been reported (2–6).
These receptors mediate the action of RA, which directly
regulates the transcription of target genes by binding to
specific DNA sequences. However, not all the effects of RA
can be explained by nuclear receptor pathways (7–12).
Other mechanisms, in addition to RA receptors, may be
involved in RA biological effects.

Retinoylation (acylation of proteins by RA) is another
mechanism of the RA action (13–17). RA induces terminal
differentiation of the human acute myeloid leukemia cell
line HL60 into cells similar to mature granulocytes (18). In
growing HL60 cultures, RA is linked via a thioester bond to
proteins, and the extent of retinoylation depends in a satur-
able manner on the initial concentration of RA (14, 17).
Dose-response curves for RA-induced differentiation and

retinoylation are similar and exhibit positive correlations
(14, 17). The regulatory subunits of cyclic AMP–dependent
protein kinase types I and II and vimentin in HL60 cells,
and the cytokeratins in normal human keratinocytes are
retinoylated (15, 16, 19). In addition, we have shown that
retinoylation occurs in vivo primarily via the formation of
an ester bond (20). Thus, retinoylation may be a true
physiological reaction of RA.

Retinoylation is one of several post-translational modifi-
cations affecting many proteins, including phosphoryla-
tion, palmitoylation, and myristoylation. Palmitoylation
and myristoylation are known to involve the formation of
CoA derivatives and the transfer of acyl-CoA to proteins,
resulting in the acylation of proteins (21, 22). Recently, the
enzymatic formation of retinoyl-CoA from RA has been
demonstrated in crude extracts of rat tissues (23, 24).
However, the second step of retinoylation after retinoyl-
CoA formation has not been shown.

Previously, the formation of retinoylated proteins from
retinoyl-CoA in subcellular fractions (membrane/nuclei,
mitochondria, microsome, and cytosol) of vitamin
A–deficient rat kidney was studied (24). The latter study
demonstrated that the incorporation of retinoyl-CoA into
proteins was enzymatic judging from the heat inactivation
and SDS denaturation of subcellular fractions containing
enzyme or/and protein substrates. In the present study, we
investigate the transfer of retinoyl-CoA to proteins in rat
tissue homogenates in vitro using a cell free system.
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MATERIALS AND METHODS

Animals—Eight-week-old male Sprague-Dawley (Slc.
SD) rats (140–160 g) were obtained from Tokyo Laboratory
Animals Science (Tokyo). Three-week-old male SD rats
(50 g) were maintained on a vitamin A–deficient diet (CLEA,
Tokyo) for 14 weeks (250 g) as described previously (20).

Preparation of Homogenates of Rat Tissues—The follow-
ing procedures were performed at 0–4�C as described
previously (23–25). Rat liver, kidney, testis, and brain
tissues were each homogenized in 5 volumes (w/v) of
Buffer A [100 mM Tris-HCl buffer (pH 7.4), 0.25 M sucrose,
10 mM MgCl2, 5 mM dithiothreitol (DTT), and proteinase
inhibitors [0.5 mM phenylmethylsulfonyl fluoride, 0.4 mg
of aprotinin/ml, 0.2 mg of leupeptin/ml, and 15 mM
4-amidinophenylmethane-sulfonyl fluoride (Sigma)].

Protein Assay—Proteins were measured using bicincho-
ninic acid (BCA) protein assay reagent (Pierce, Rockford,
IL) or the procedure of Bradford (26) with bovine serum
albumin as a standard.

Preparation of Retinoyl-CoA—Labeled or radioinert
retinoyl-CoA was synthesized and identified according to
the modification of the method of Kutner et al. (27). Briefly,
all-trans-[3H]RA ([11,12-3H]-RA, 35.8–50 Ci/mmol
(1.11 TBq/mmol); 1 Ci = 3.7 · 1010 Bq; Du Pont–New
England Nuclear, Boston, MA) or radioinert RA (2 mmol)
was dissolved in dioxane, diluted to a final concentration of
2.5 mM with an equimolar amount (2 mmol) of butylated
hydroxytoluene (BHT) dissolved in dioxane, and then taken
to dryness three times from dioxane under argon gas. This
preparation was treated with 400 ml (8 mmol) of 20 mM
N-hydroxysuccinimide and 400 ml (8 mmol) of 20 mM
N,N0-dicyclohexylcarbodiimide dissolved in dioxane, and
then the reaction mixture was incubated at 37�C for 1 h
under argon gas. After removing dioxane under an argon
stream, 1% NaHCO3 (0.5 ml) was added to the dry ester
dissolved in tetrahydrofuran (THF) (1 ml), the resulting
solution was added to a CoA solution [15 mmol (12.3 mg),
0.1 ml], and then the pH was adjusted slowly to 8.0–8.5 by
the addition of 1% NaHCO3 (0.4 ml). The ratio of THF and
water was two to one. The solution was mixed well and then
incubated at 37�C with stirring under argon overnight. The
reaction was stopped by adding 1 ml of CHCl3/MeOH (2:1)
containing BHT (50 mg/ml) and mixing well, and then the

mixture was centrifuged at 1,000 · g for 10 min. The upper
aqueous layer was lyophilized to remove the solvent and
the residue was dissolved in 200 ml of distilled water. The
purity of the aqueous product was estimated and the pro-
duct identified by high pressure liquid chromatography
(HPLC) (Fig. 1). A peak corresponding to retinoyl-CoA
was collected and a UV spectrum was measured with a
DU 530 Life Science UV/Vis Spectrophotometer (Beckman
Instruments Arlington Heights, IL) (Fig. 2).

Formation of Retinoylated Proteins from Retinoyl-CoA—
Homogenates (0–1,000 mg protein) prepared from rat liver,
kidney, brain and testis were incubated for 5 min at 37�C
with 8 nmol [3H]retinoyl-CoA (6 mCi/mmol), and reaction
buffer [0.1 M Tris-HCl buffer (pH 7.4), 10 mM MgCl2, 1 mM
dithiothreitol and, 50 mM sucrose] in a final volume of
0.1 ml. The reactions were terminated by the addition
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Fig. 1. HPLC profile of retinoyl-CoA.
ASpherisorbC8column(4.6mm·2.5cm;
Phenomenex) was eluted with 10 mM
NH4OAc in a methanol/water gradient
system at a flow rate of 1.0 ml/min
with UV monitoring at 340 nm. The
arrows indicate the elution positions of
retinoyl-CoA (retention time, 51.1 min)
and all-trans-retinoic acid (retention
time, 57.0 min).
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Fig. 2. UV absorption spectrum of all-trans-retinoyl CoA.
l, wave length; e, extinction coefficient. Peak 1: l1 = 258 nm,
e = 1.1 · 104, Peak 2: l2 = 393 nm, e = 3.4 · 104.
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of 1.04 ml of CHCl3/MeOH/H2O (1:2:0.46), and then
centrifugation at 10,000 · g for 5 min. After centrifugation,
the pellets were extracted by the modified Bligh-Dyer
procedure (28), followed by centrifugation at 10,000 · g
for 5 min. This extraction was repeated five times or
until there was <100 cpm/0.2 ml in the supernatant. The
delipidated pellets were then dried in a centrifugal vacuum
device and dissolved in SOLVABLE (Packard Instrument).
Radioactivity was measured on a liquid scintillation spec-
trometer (Packard Instrument). Homogenates boiled at
100�C for 10 min or having CHCl3/MeOH/H2O (1:2:0.46)
added before the reaction were used as negative controls.
The amounts of retinoylated proteins formed from retinoyl-
CoA were calculated by subtracting the radioactivity of a
control from the radioactivity of a sample.

Separation of Retinoylated Proteins Formed from
Retinoyl-CoA by SDS–Polyacrylamide Gel Electrophoresis—
Liver homogenates (10 mg) were incubated for 5 min at 37�C
with 8 nmol of [3H]retinoyl-CoA (6 mCi/mmol), and reaction
buffer [0.1 M Tris-HCl buffer (pH 7.4), 10 mM MgCl2, 1 mM
dithiothreitol, and 50 mM sucrose] in a final volume of 0.1
ml. The reactions, were terminated by the addition of
1.04 ml of CHCl3/MeOH/H2O (1:2:0.46), and then centrifu-
gation at 10,000 · g for 5 min. The pellets were then
extracted by the Bligh-Dyer modified procedure and cen-
trifuged at 10,000 · g for 5 min. This extraction was
repeated about five times or until there was <100 cpm/
0.2 ml in the supernatant. The delipidated proteins were
dissolved in sample buffer [62.5 mM Tris-HCl (pH 6.8)
containing 2% (w/v) SDS, 10% (v/v) glycerol and 0.01%
bromphenol blue with or without 2-mercaptoethanol],
and then separated by 10% SDS–polyacrylamide gel
electrophoresis (SDS-PAGE) using the discontinuous
buffer system of Laemmli (29). Proteins in the gel were
electrically transferred to a polyvinylidene difluoride
membrane by means of a semi dry transfer device (Bio
craft) using transfer buffer [40 mM Tris-glycine, 20%
methanol and 0.1% (w/v) SDS]. Membranes after transfer
were sliced (0.2 · 1 cm), and then radioactivity was
measured on a liquid scintillation spectrometer (Packard
Instrument).

RESULTS

Dose Response and Time Course of the Formation of
Retinoylated Proteins from Retinoyl-CoA—We initially
examined whether the transfer of retinoyl-CoA to proteins
occurred in various rat tissues. The levels of retinoylated
proteins, produced on the incubation of [3H]retinoyl-CoA
and homogenates of liver, kidney, testis and brain for 5 min,
were measured. The amounts of retinoylated proteins
formed from retinoyl-CoA were calculated by subtracting
the control radioactivity from the sample radioactivity. The
level of proteins incorporating retinoyl-CoA decreased
markedly when tissues were boiled or treated with an
organic solvent, suggesting that the retinoyl-CoA incor-
poration into proteins was enzymatic.

As shown in Fig. 3, the transfer of retinoyl-CoA into
proteins was observed with various homogenate concentra-
tions (10–1,000 mg) in liver, kidney, testis and brain. The
amounts of retinoylated proteins formed from retinoyl-CoA
increased linearly with the amount of protein up to 500 mg
for liver, 250 mg for kidney and 500 mg for brain, at which

point saturation began. On the other hand, in testis, the
formation of retinoylated proteins increased up to 250 mg of
crude extract, and remained constant thereafter.

Next, the time dependency of the production of retinoy-
lated proteins from retinoyl-CoA was examined using
homogenates of tissues and [3H]retinoyl-CoA. We mea-
sured the formation of retinoylated proteins from
retinoyl-CoA in crude extracts of liver, kidney, testis,
and brain at various time periods (Fig. 4). The amounts
of retinoylated proteins increased in a time-dependent
manners. Linear increases in retinoylated protein produc-
tion were observed within incubation times of 10 min,
2 min, 5 min, and 2 min in liver, kidney, brain, and testis
crude extracts, respectively. In particular, retinoylated
proteins in kidney and testis homogenates formed quickly
and linearly for only a short period. In addition, the level of
retinoylated proteins in testis remained constant after the
initial 2 min incubation.

Effect of the Retinoyl-CoA Concentration on Formation
of Retinoylated Proteins from Retinoyl-CoA—As shown in
Fig. 5, the formation of retinoylated proteins from retinoyl-
CoA depended in a linear manner on the concentration of
retinoyl-CoA within the concentration range of 0 mM to
80 mM, the Vmax and Km values being 2,597.3 pmol/min/
mg and 9.5 · 10-5 M, respectively.

Separation of Retinoylated Proteins from Retinoyl-CoA
by SDS-PAGE—While the formation of retinoylated pro-
teins from retinoyl-CoA was confirmed in crude extracts of
liver, kidney, brain and testis, the identity of the retinoy-
lated proteins was unclear. Therefore, [3H]retinoylated
proteins in rat liver were prepared by means of an
in vitro reaction using [3H]retinoyl-CoA, and separated
by SDS-PAGE in the presence or absence of
2-mercaptoethanol. In the absence of 2-mercaptoethanol,
radioactive retinoylated proteins were observed in the
range of 15 kDa to 111 kDa (Fig. 6A). Among these proteins,
the highest incorporation of retinoyl-CoA was seen in pro-
teins exhibiting molecular weights of approximately
17 kDa. In contrast, radioactive retinoylated proteins
including 17 kDa ones decreased markedly in the presence
of 2-mercaptoethanol (Fig. 6B). These results indicated
that retinoylated proteins derived from retinoyl-CoA
bound to proteins through thioester bonds.

Effects of Fatty Acyl-CoAs and Fatty Acids on the
Formation of Retinoylated Proteins—RA consists of a cyclo-
hexene ring connected to a conjugated long-chain tetra-ene
carboxic acid, which is converted to retinoyl-CoA. On the
assumption that fatty acyl-CoAs and fatty acids inhibit
retinoyl-CoA incorporation into proteins, the effects of
acyl-CoAs (acetyl-CoA, acetoacetyl-CoA, myristoyl-CoA,
palmitoyl-CoA and stearoyl-CoA) and fatty acids (palmitic
acid and arachidonic acid) were examined using rat liver
homogenates. As shown in Table 1, the generation of reti-
noylated proteins in rat liver was inhibited approximately
60% by acetyl-CoA, acetoacetyl-CoA, myristoyl-CoA, and
palmitoyl-CoA, and approximately 20% by stearoyl-CoA
at a concentration of 100 mM. At a higher concentration
(240 mM), the inhibitory effects of all acyl-CoAs increased.
These results indicated that short-chain and long-chain
acyl-CoAs affect the production of retinoylated proteins
from retinoyl-CoA.

On the other hand, palmitic acid (C16:0) inhibited
retinoyl-CoA incorporation into proteins by approximately
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20% at 100 mM and approximately 75% at 240 mM, as
compared with approximately 35% and approxim-
ately 90% inhibition caused by palmitoyl-CoA. However,
arachidonic acid (C20:4) enhanced the retinoylated
protein level approximately 2-fold at a concentration of
240 mM. These results suggested that the specificity and
potency of inhibition may be due to the three-
dimensional structures of the fatty acids, with
dependence on both the carbon chain length and double
bond position.

Formation of Retinoylated Proteins from Retinoyl-CoA
in Vitamin A–Deficient Rat Liver—Previous studies
showed that the action of RA is more pronounced in tissues
of vitamin A–deficient rats than in normal ones, and that
the amounts of retinoylated proteins generated from RA in
vitamin A–deficient rats are higher than in normal ones.
These findings let us to examine the production of retinoy-
lated proteins from retinoyl-CoA in tissues of normal and
vitamin A–deficient rats. As shown in Table 2, the incor-
poration of retinoyl-CoA into proteins in normal rat liver
was approximately one half of that in vitamin A–deficient
rat liver. These results indicated that a strong positive
correlation exists between retinoylation from retinoyl-
CoA and the RA action.

DISCUSSION

RA is used as a potent inducer of differentiation of both cell
lines and cells from leukemia patients (1, 18, 30). Previous
studies have shown that in HL60 cells RA nuclear receptors
or retinoylation may mediate RA-induced differentiation
and that retinoylation may occur via enzymatic retinoyl-
CoA formation from RA (23).

In the current study, we synthesized radiolabelled or
radioinert retinoyl-CoA, and examined whether retinoyl-
CoA was transferred to proteins during the retinoylation
process. The formation of retinoylated proteins from
retinoyl-CoA occurred in rat tissues, and was dependent
on the crude extract and retinoyl-CoA concentrations, and
the incubation time. In addition, the Km value for transfer
of retinoyl-CoA to proteins with a crude rat liver extract
was 9.5 · 10-5 M and the Vmax value was 2,597.3 pmol/min/
mg. While various proteins including 17 kDa ones, which
exhibited the highest radioactivity, were modified by
retinoyl-CoA, the amounts of these retinoylated proteins
decreased markedly in the presence of 2-mercaptoethanol.

It had previously been shown that acylation, or the trans-
fer of fatty acids into proteins affects several cellular signal
transductions processes (31). One type of fatty acylation,
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Fig. 3. Dependence of retinoyl-CoA trans-
fer activity on protein concentration.
Homogenates prepared from rat liver (A), kid-
ney (B), brain (C), and testis (D) were incubated
for 5 min at 37�C with 8 nmol [3H]retinoyl-CoA
(6 mCi/mmol), 0.1 M Tris-HCl buffer (pH 7.4),
10 mM MgCl2, 1 mM dithiothreitol, and 50 mM
sucrose in a final volume of 0.1 ml. Each reaction
mixturecontainedtheindicatedconcentrationof
protein. Reactions were terminated by the addi-
tion of 1.04 ml of CHCl3/MeOH/H2O (1:2:0.46)
and then centrifugation at 10,000 · g for 5 min.
After centrifugation, each pellet was extracted
by the Bligh-Dyer modified procedure and cen-
trifuged at 10,000 · g for 5 min. This extraction
was repeated approximately five times or until
there was <100 cpm/0.2 ml in the supernatant.
The delipidated pellets were then dried in a
centrifugal vacuum device and dissolved in
SOLVABLE (Packard). Radioactivity was mea-
sured using a liquid scintillation spectrometer.
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myristoylation, occurs through enzymatic transfer of myr-
istic acid into proteins via myristoyl-CoA as an intermedi-
ate (31, 32). In contrast, the enzymology of palmitoylation is
poorly understood. In the current study, the incorporation
of retinoyl-CoA into proteins was prevented by boiling the
tissues and by treatment with organic solvents. In addition,
the generation of retinoylated proteins with retinoyl-CoA
increased in a fashion dependent on the concentration of
retinoyl-CoA, the incubation time and the homogenate con-
centration in a saturable manner. These results suggested
that the transfer of retinoyl-CoA into proteins may be
enzymatic.

Cione and Genchi (33) have reported that the Km value
for retinoylation by RA (RA ! retinoylated protein) with
rat testis mitochondria is 700 – 75 nM, and that the Vmax is
100 – 18 pmol/mg protein/90 min (1.11 – 0.2 pmol/min/mg
protein). In contrast, Wada et al. (23) have shown that the
Km value for the formation of retinoyl-CoA from RA (RA !
retinoyl-CoA) with rat liver microsomes is 24 nM, the Vmax

value being 100 pmol/min/mg protein. In the current study,
retinoylation with retinoyl-CoA of proteins (retinoyl-
CoA ! retinoylated proteins) using a crude rat liver
extract yielded a Km value of 9.5 · 10-5 M and a Vmax

value of 2,597.3 pmol/min/mg protein. These Km and

Vmax values for retinoylation by RA were between those
for retinoyl-CoA formation and retinoyl-CoA transfer,
although the conditions, including the tissue extracts
and fractions, used for the three reactions were different.
It is possible that on retinoylation, retinoyl-CoA may be
generated from RA extremely quickly, and that the
covalent-bond formation transfer of retinoyl-CoA into pro-
teins may be rate limiting. Further studies under the
same conditions are required to examine this possibility.

In Figs. 3 and 4, the formation of retinoylated proteins
with retinoyl-CoA was dependent on time and the homo-
genate concentration for rat liver, kidney, brain, and testis.
The reaction rates, from high to low, were in the order of
kidney, testis, brain, and liver. The reaction patterns for
kidney and testis were distinct from each other, while the
production of retinoylated proteins was rapid (Figs. 3D and
4D). Incorporation of retinoyl-CoA into proteins ceased
sooner in testis as compared to in kidney. This rapid
decrease in testis may be because depletion of retinoyl-
CoA occurs as a result of the catabolism by CoA thiolase.
The depletion of specific cellular proteins or the presence of
inhibitors is unlikely. Further experiments regarding the
stability of retinoyl-CoA in different extracts are necessary
to clarify this issue.
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Fig. 4. Time course of the retinoyl-CoA
transfer reaction. Homogenates (50 mg) pre-
pared from rat liver (A), kidney (B), brain (C),
and testis (D) were incubated for the indicated
times at 37�C with 8 nmol [3H]retinoyl-CoA
(6 mCi/mmol), 0.1 M Tris-HCl buffer (pH 7.4),
10 mM MgCl2, 1 mM dithiothreitol, and 50 mM
sucrose in a final volume of 0.1 ml. Reactions
were terminated by the addition of 1.04 ml of
CHCl3/MeOH/H2O (1:2:0.46) and then centri-
fugation at 10,000 · g for 5 min. After centri-
fugation, each pellet was extracted by the
Bligh-Dyer modified procedure and centrifuged
at 10,000 · g for 5 min. This extraction was
repeated approximately five times or until
there was <100 cpm/0.2 ml in the supernatant.
The delipidated pellets were then dried in a
centrifugal vacuum device and dissolved in
SOLVABLE (Packard). Radioactivity was mea-
sured using a liquid scintillation spectrometer.
Samples were incubated for the indicated times
at 37�C.
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Retinoylated proteins prepared from [3H]retinoyl-CoA
with rat liver extracts in vitro exhibited molecular weights
in the range of 15 kDa to 111 kDa (Fig. 4A). The highest
incorporation of retinoyl-CoA occurred in proteins with
molecular weights around 17 kDa. Treatment with
2-mercaptoethanol of most retinoylated proteins including
17 kDa ones released radioactivity (Fig. 4B). These data
indicated that most of the linkages between the retinoyl
residues and proteins may be thioester bonds. This finding
coincides with the report by Myhre et al. (20) that the size
of retinoylated proteins in vitamin A–deficient rat liver
in vivo is approximately 16–17 kDa and that these retinoy-
lated proteins are formed via O-ester or thioester bonds.
These studies showed that a 17 kDa protein was the major
retinoylated protein in liver, and that the amount of this
protein was extremely small. While purification of the
17 kDa–retinoylated protein may be difficult, it would be
interesting to see which protein was retinoylated. Identi-
fication of the 17 kDa–retinoylated protein in rat liver is
underway.

Table 2 shows that the formation of retinoylated proteins
with a liver homogenate in vitamin A–deficient rats was
approximately two-fold higher than that in normal rats.
This is in agreement with previous studies showing that
the actions of RA and the amounts of retinoylated proteins
generated from RA in vitamin A–deficient rats are higher

than in normal rats (14, 17, 20). This finding suggests that
retinoylation by retinoyl-CoA exhibits a strong positive
correlation with the RA action.

A previous study has shown that the synthesis of
retinoyl-CoA was suppressed by fatty acids and fatty
acyl-CoAs (23). Arachidonic acid and palmitic acid inhib-
ited the production of retinoyl-CoA markedly. In contrast,
myristoyl-CoA, palmitoyl-CoA and stearoyl-CoA (long-
chain fatty acyl-CoAs) suppressed the production of
retinoyl-CoA in a manner proportional to increasing
acyl-CoA concentration. The percent inhibition by both
acetyl-CoA and acetoacetyl-CoA (short-chain fatty acyl-
CoAs) was less than that by long-chain fatty acyl-CoAs.
These results indicated that hydrophobic residues
consisting of a cyclohexene ring connected to a conjugated
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Fig. 5. Dependence of retinoyl-CoA transfer activity on
[3H]retinoyl-CoA concentration. Liver homogenates (10 mg)
were incubated for 5 min at 37�C with the indicated concentrations
of 8 nmol [3H]retinoyl-CoA (6 mCi/mmol), 0.1 M Tris-HCl buffer
(pH 7.4), 10 mM MgCl2, 1 mM dithiothreitol, and 50 mM sucrose
in a final volume of 0.1 ml. Reactions were terminated by the
addition of 1.04 ml of CHCl3/MeOH/H2O (1:2:0.46) and then cen-
trifugation at 10,000 · g for 5 min. After centrifugation, each pellet
was extracted by the Bligh-Dyer modified procedure and centri-
fuged at 10,000 · g for 5 min. This extraction was repeated appr-
oximately five times or until there was <100 cpm/0.2 ml in the
supernatant. The delipidated pellets were then dried in a centrifu-
gal vacuum device and dissolved in SOLVABLE (Packard). Radio-
activity was measured using a liquid scintillation spectrometer.
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Fig. 6. SDS-PAGE of retinoylated proteins obtained after
vitro reactions. Liver homogenates (10 mg) were incubated for
5 min at 37�C with 8 nmol of [3H]retinoyl-CoA (6 mCi/mmol),
0.1 M Tris-HCl buffer (pH 7.4), 10 mM MgCl2, 1 mM dithiothreitol,
and 50 mM sucrose in a final volume of 0.1 ml. Reactions were
terminated by the addition of 1.04 ml of CHCl3/MeOH/H2O
(1:2:0.46) and then centrifugation at 10,000·g for 5 min. Each pellet
was then extracted by the Bligh-Dyer modified procedure and cen-
trifuged at 10,000 · g for 5 min. This extraction was repeated
approximately five times or until there was <100 cpm/0.2 ml
in the supernatant. The delipidated pellets were dissolved in
62.5 mM Tris-HCl containing 2% (w/v) SDS, 10% (v/v) glycerol,
and 0.01% bromphenol blue, in the absence (A) or presence (B)
of 2-mercaptoethanol, and then loaded onto a 10% SDS–
polyacrylamide gel. SDS-PAGE was performed using the discontin-
uous buffer system of Laemmli. Proteins in the gels were electrically
transferred to polyvinylidene difruoride membranes by means of a
semidry transfer device (Biocraft) using a transfer buffer [40 mM
Tris-glycine, 20% methanol and 0.1% (w/v) SDS]. After transfer,
the membranes were sliced, 0.2 · 1 cm, and then radioactivity
was measured using a liquid scintillation spectrometer. On the
left side are Coomassie Blue-stained gels.
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long-chain tetra-ene carboxic acid affect retinoyl-CoA
formation from RA. In the current study, the production
of retinoylated proteins with retinoyl-CoA was affected by
both short-chain and long-chain acyl-CoAs, suggesting that
the CoA residue was significant for the inhibition of
retinoyl-CoA incorporation into proteins (Table 1). On
the other hand, palmitic acid inhibited the formation of
retinoylated proteins with retinoyl-CoA, although less
than by palmitoyl-CoA (Table 1). However, arachidonic
acid enhanced the retinoylated protein levels approxi-
mately two-fold. Further studies are required to determine
which interactions between fatty acids and retinoyl-CoA
or substrate proteins are critical for the specificity and
potency of inhibition on the generation of retinoylated
proteins.

Retinoylation is a posttranslational modification of pro-
teins that occurs in a variety of cell types in vitro and in
tissues in vivo. This suggests that it may play a role in
many effects of RA on cells. One metabolic pathway for
retinoylation is the intermediate formation of retinoyl-
CoA, and subsequent transfer and covalent binding of
the retinoyl moiety to a protein. In previous studies
on retinoylation, subcellular fractions were used and the
levels of retinoylated proteins formed from RA or retinoyl-
CoA were measured (24, 33, 34). Such studies are lacking

because two enzymes and substrate proteins are necessary
in order for retinoylation to occur. Retinoylation is appar-
ently a true physiological reaction of RA in cells. Identifica-
tion of retinoylated proteins may shed light on the role of
retinoylation.
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