ASBMB

JOURNAL OF LIPID RESEARCH

[

Coenzyme A-dependent modification of fatty acyl
chains of rat liver membrane phospholipids:
possible involvement of ATP-independent acyl-CoA

synthesis

Takayuki Sugiura,! Naomi Kudo, Takayuki Ojima, Sachiko Kondo, Atsushi Yamashita,

and Keizo Waku

Faculty of Pharmaceutical Sciences, Teikyo University, Sagamiko, Kanagawa 199-01, Japan

Abstract Certain species of fatty acyl chains of microsomal
lipids from rat hepatocytes underwent desaturation when the
microsomal fraction was incubated with CoA and NADH. For
instance, 18:0, 18:2(n-6), and 20:3(n-6) incorporated into mem-
brane lipids were gradually converted to 18:1(n-9), 18:3(n-6),
and 20:4(n-6), respectively. Further, 20:5(n-3) and 18:3(n-6)
were metabolized to 22:5(n-3) and 20:4(n-6), respectively,
through chain elongation or chain elongation plus subsequent
desaturation when malonyl-CoA was present. In contrast to
esterified fatty acids, negligible change was observed for free
fatty acids under the same experimental conditions. It is appar-
ent that ATP-independent acyl-CoA synthesis is implicated in
such enzymatic modification of fatty acyl chains. The presence
of either gel-filtered cytosol or bovine serum albumin markedly
potentiated the reaction. However, the addition of ATP and
Mg?* did not accelerate the overall reaction induced in the
presence of CoA alone. Bl These results suggest that the path-
way of CoA-dependent/ATP-independent modification of fatty
acyl chains is sufficiently active to account for the desaturation
and chain elongation of fatty acids esterified in membrane lipids,
especially phospholipids, of living cells. — Sugiura, T., N. Kudo,
T. Ojima, S. Kondo, A. Yamashita, and K. Waku. Coenzyme
A-dependent modification of fatty acyl chains of rat liver mem-
brane phospholipids: possible involvement of ATP-independent
acyl-CoA synthesis. J. Lipid Res. 1995. 36: 440-450.
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Mammalian tissues contain various types of fatty acids
with different chain lengths and with different degrees of
unsaturation as constituents of various lipid molecules (1).
These fatty acids are essential to mammalian tissues, first
of all, as the hydrophobic moieties of the lipid bilayer of
various biomembranes and also as a source of energy. In
addition to these structural and nutritional roles, certain
types of polyunsaturated fatty acids esterified in phospho-
lipids, especially arachidonic acid (20:4), have another
important role as precursors of potent lipid mediators
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such as prostaglandins and leukotrienes (2). Several tis-
sues are known to accumulate particular species of fatty
acids in lipid molecules, such as C22 polyunsaturated
fatty acids in the retina and testis (3); these fatty acids are
also assumed to play physiologically important roles in
these tissues, though their biological functions have not
yet been fully elucidated.

It is well known that various mammalian tissues can
synthesize several types of fatty acids such as 16:0 via the
de novo synthetic pathway. A considerable part of the
fatty acids present in mammalian tissues, especially poly-
unsaturated fatty acids, is, however, usually supplied
through the diet. Fatty acids derived from the diet are
delivered through the lymph and blood stream to
peripheral tissues in the form of various lipid molecules.
A portion of fatty acids either synthesized de novo or
derived from the diet is known to be further modified in
the liver and other peripheral tissues through the chain
elongation and/or desaturation reactions. Such modifica-
tions are important in providing a variety of appropriate
fatty acids to individual tissues.

There have been numerous studies on the mechanisms
of chain elongation and desaturation of fatty acids in
mammalian tissues and cells (4-15). It has been widely ac-
cepted that acyl-CoAs are substrates for chain elongation
and desaturation of fatty acids in mammalian tissues.
Hence, most studies on the enzymatic modifications of
fatty acids have been carried out using acyl-CoA as the

Abbreviations: BSA, bovine serum albumin; MEM, minimum essen-
tial medium; TLC, thin-layer chromatography; GLC, gas-liquid chro-
matography; HPLC, high performance liquid chromatography. Fatty
acids are designated in terms of number of carbon atomsmumber of
double bonds, e.g., 18:1 for oleic acid.
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substrate. Free fatty acids themselves do not act as the
substrate for either chain elongation or desaturation and
require conversion to fatty acyl-CoA prior to enzymatic
modifications. Moreover, in the case of fatty acids es-
terified in various lipid molecules, it has generally been
assumed that fatty acids are liberated from the parent
lipid molecules by (phospho)lipases and then converted to
acyl-CoA by acyl-CoA synthetase with the consumption
of ATP in order to undergo subsequent enzymatic
modifications.

Recently, however, Sugiura, Masuzawa, and Waku (16)
and Stymne and Stobart (17) showed that considerable
amounts of acyl-CoA are formed when microsomes are
incubated with CoA alone in the absence of ATP. Interest-
ingly, among the acyl-CoA species formed through the
reaction of ATP-independent acyl-CoA synthesis, 18:0-CoA
is a good substrate for A9 desaturase and 18:2-CoA is a
preferred substrate for A6 desaturase (10, 13, 15). The
possibility, therefore, arises that a portion of the acyl-CoA
formed through the reaction of ATP-independent acyl-
CoA synthesis is enzymatically modified before being
returned to the parent phospholipid molecules or other
lysophospholipids, because A9 desaturation and A6 de-
saturation as well as chain elongation are very common
reactions in various mammalian tissues.

In the present study, we examined this possibility in de-
tail. We found that desaturation or chain elongation of
fatty acids esterified in microsomal lipids actually takes
place in the presence of CoA and NADH or NADH plus
malonyl-CoA even in the absence of ATP and Mg?%.
Several lines of evidence presented here strongly suggest
that ATP-independent transient acyl-CoA synthesis is of
physiological importance in the modifications of certain
types of fatty acyl chains of membrane phospholipids.

MATERIALS AND METHODS

Chemicals

All chemicals were of reagent grade. {1-1*C]18:0 (58.0 mCv/
mmol), [1-14C]18:2(n-6) (50.0 mCi/mmol), [1-1*C]20:3(n-6)
(47.0 mCi/mmol), {1-1*C]20:5(n-3) (52.0 mCi/mmol) and
[5,6,8,9,11,12,14,15,17,18-H]20:5(n-3) (116.8 Ci/mmol) were
obtained from DuPont-New England Nuclear (Boston,
MA). [*H]20:5 was diluted with unlabeled 20:5 to
60 mCi/mmol. Collagenase and aprotinin were pur-
chased from Wako Pure Chemical Ind. (Osaka, Japan).
Collagen-coated plastic dishes were from Iwaki Glass
(Tokyo, Japan). Soybean trypsin inhibitor, bovine serum
albumin (BSA), apyrase, dexamethasone, and malonyl-
CoA were from Sigma (St. Louis, MO). Unlabeled fatty
acids were obtained from Sigma (St. Louis, MO), Nu-
Chek Prep (Elysian, MN), and Matreya, Inc. (Pleasant
Gap, PA). Eagle’s minimal essential medium (MEM) con-
taining Kanamycin was obtained from Nissui (Tokyo,

Japan). McCoy’s 5A medium was from Gibco Laborato-
ries (New York, NY). Insulin (porcine) was obtained from
Biomedical Technologies Inc. (Stoughton, MA). Kana-
mycin was from Meiji Seika Co. Ltd. (Tokyo, Japan). CoA
was from Kyowa Hakko Co. Ltd. (Tokyo, Japan).
Ampure™SA was purchased from Amersham (Amer-

sham, UK).

Animals

Wistar male rats (body weight, 200-250 g) were ob-
tained from Sankyo Labo Service (Tokyo, Japan) and
were fed laboratory chow (Clea Japan, Tokyo, Japan) and
water ad libitum. Rats were fasted for 24 h prior to the
experiments. In the experiments where the enzyme activi-
ties of the microsomal fraction were estimated, fasted
(48 h)-refed (with a fat-free diet for 16 h) rats were used.

Preparation of hepatocytes

Hepatocytes were prepared from rat livers by in situ
perfusion with collagenase according to the method of
Seglen (18). Briefly, rats were first anesthetized with pen-
tobarbital and their livers were perfused in situ with
100 ml 10 mM HEPES-buffered isotonic solution (pH
7.2) containing 0.5 mM EGTA for 5 min. The livers were
then perfused with 100 ml 10 mM HEPES-buffered col-
lagenase solution (pH 7.5) for 5-10 min. After the perfu-
sion, the livers were excised, placed in dishes containing
MEM (pH 7.3), and minced with a scalpel. Hepatocytes
were dispersed into the medium by gentle shaking and
pipetting. The hepatocyte suspension was filtered once
through a stainless steel mesh to remove connective tis-
sues and cell clumps and centrifuged at 50 g for 1 min.
The sedimented cells were washed 4 times and resus-
pended in MEM.

Incorporation and metabolism of radiolabeled fatty
acids in hepatocytes

Hepatocytes prepared under sterile conditions were
suspended in 5 ml HEPES-MEM at a density of 2.5 x
105 cells/ml and seeded in plastic dishes (21 cm? or 55 cm?,
1.25 x 108 or 2.5 x 105 cells/dish, respectively) coated
with collagen. Cells were incubated in a CO; incubator
(5% COy, 95% air) at 37°C for 4 h. Then the medium
was removed and replaced with McCoy’s 5A medium con-
taining insulin (107® M), dexamethasone (107 M), aproti-
nin (5 KIU/ml), and Kanamycin (30 mg/l). Cells were
further incubated for 48 h in the medium. The medium
was removed and replaced with the same medium con-
taining 0.1% BSA and radiolabeled fatty acids (0.02 uCi/
ml). Cells were incubated with radiolabeled fatty acids for
1 h. The medium was then aspirated and the cells were
washed with MEM. The washed cells were incubated in
McCoy’s 5A medium containing insulin, dexamethasone,
and aprotinin for a further 1-6 h. At the end of the respec-
tive incubation periods, the medium was removed, the
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dishes were washed with 5 ml 10 mM phosphate-buffered
saline (pH 7.3) and the cells were collected with a rubber
policeman. The incubation was terminated by the addi-
tion of chloroform-methanol 1:2 (v/v). Total lipids were
extracted according to the method of Bligh and Dyer (19).
Fatty acyl residues (esterified and nonesterified) were then
converted to fatty acid methyl esters by treatment with
5% HCIl-methanol at 70°C for 2 h (20). The resultant
fatty acid methyl esters were dissolved in acetonitrile after
the removal of methanolic HC] under a stream of Ny gas.
The sample was injected into an HPLC system (Shimadzu,
LC6A, Kyoto, Japan) equipped with a reverse-phase
column (LiChrosorb RP18, Merck, Darmstadt, Germany)
(21). Acetonitrile-water 9:1 was used to separate in-
dividual fatty acid methyl esters according to the method
of Aveldano, Van Rollins, and Horrocks (22). Each frac-
tion was collected in a counting vial, and the radioactivity
was estimated in a liquid scintillation counter (Aloka,
LSC-3500, Tokyo, Japan). The rates of conversion of fatty
acids were calculated from the radioactivity in each
fraction.

Preparation of microsomal fraction of hepatocytes
prelabeled with radioactive fatty acids

Isolated hepatocytes (5 x 108 cells/60 ml) from starved-
refed rats were incubated with radiolabeled fatty acids
(50 pCi/60 ml) in HEPES-MEM containing 0.05% BSA
at 37°C for 1 h. The cells were spun down at 180 g for
15 min at 4°C and further washed twice with HEPES-
MEM containing 0.05% BSA. Sedimented cells were
homogenized in 20 mM Tris-HCI buffer containing 2 mM
EDTA (pH 7.3) with a Dounce homogenizer. An equal
volume of 20 mM Tris-HCl-buffered 0.5 M sucrose con-
taining 2 mM EDTA was then added to the homogenate,
and the mixture was centrifuged at 11000 g for 15 min.
The supernatant was centrifuged again at 11000 g for
15 min, and the resulting supernatant obtained was ultra-
centrifuged at 105000 g for 1 h. The pellet was washed
once with 20 mM Tris-HCl-buffered 0.25 M sucrose
(pH 7.3) containing 2 mM EDTA and ultracentrifuged at
105000 g for 1 h. The obtained microsomal fraction was
immediately used for enzyme reactions. The protein con-
tents were measured according to the method of Lowry et

al. (23).

ATP-independent synthesis of acyl-CoA from
endogenous membrane lipids

Freshly prepared rat liver microsomes (5 mg protein)
and CoA (final 10 gM-1 mM) were incubated in 5 ml
10 mM HEPES buffer (pH 7.3) containing 1 mM EDTA
and 50 mg BSA (final 1%, w/v) at 37°C for 30 min. The
mixture without microsomes was incubated in the same
manner as a blank. All incubations were carried out in
triplicate. The enzyme reaction was stopped by adding
18.8 ml chloroform-methanol 1:2 (v/v) and then 25 nmol
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17:0-CoA was added as an internal standard. After the ad-
dition of 6.3 ml chloroform and 6.3 ml water according to
the method of Bligh and Dyer (19), the mixture was
shaken vigorously and then centrifuged. The water-
methanol layer was carefully transferred into another tube
containing 12.5 ml chloroform. The tube was shaken
vigorously and centrifuged. These procedures were re-
peated to remove chloroform-soluble material thoroughly.
After washing with chloroform, the water-methanol layer
was evaporated under a stream of Nj gas and then under
vacuum. Ethanol was added repeatedly to remove water.
The residue was dissolved in 0.5 ml ethanol-water 4:1
(v/v) and applied to TLC plates (20 cm wide) that had
been prewashed with methanol and dried before use. The
plates were developed with n-butanol-acetic acid-water
5:2:3 (v/v). After development, the plates were dried and
sprayed with primuline to visualize the band of acyl-CoA
under ultraviolet light. The band corresponding to that of
standard acyl-CoA was scraped off into a tube. The acyl
moiety of acyl-CoA was transmethylated using 0.5 M
methanolic sodium methoxide with stirring. The resul-
tant fatty acid methyl esters were extracted with hexane
and analyzed by GLC wusing a gas chromatograph
(GC-8A, Shimadzu, Kyoto, Japan) equipped with a capil-
lary column fused with SP2330 (Supelco, Bellefonte, PA).
Samples of fatty acid methyl esters were prepared no
longer than 24 h after the preparation of microsomes.

Desaturation and chain elongation of fatty acyl
residues of microsomal lipids

Desaturation of fatty acids was explored using the incu-
bation mixture described by Mahfouz, Valicenti, and
Holman (24) with slight modifications, such as the use of
the incubation mixture without ATP and MgCl,. Briefly,
a microsomal fraction (0.5 mg protein) obtained from
hepatocytes prelabeled with #C-labeled or 3H-labeled
fatty acids was incubated in 0.5 ml of 50 mM Tris-HCI
buffer (pH 7.3) containing 0.15 M KCI, 0.25 M sucrose,
1 mM NADH, 1.5 mM glutathione, 45 mM NaF, 0.5 mM
nicotinamide, and 1 mM EDTA in the presence or ab-
sence of 100 puM CoA. EDTA was replaced with 5 mM
ATP and 5 mM MgCl, in some tubes. The incubation
was performed at 37°C for 30-180 min. In some experi-
ments, BSA (0.1-0.25%) or rat liver cytosol (0.5 mg pro-
tein) that had been dialyzed or gel-filtered through a small
column of Ampure™SA to remove low molecular weight
materials (<5000 daltons) prior to use was added to the
incubation mixtures. In order to examine chain elonga-
tion, malonyl-CoA (100 pM) was added in addition to
CoA, and NADPH (1 mM) was added together with
NADH. All incubations were stopped by adding chloro-
form-methanol 1:2 and total lipids were extracted by the
method of Bligh and Dyer (19). Fatty acyl residues were
converted to fatty acid methyl esters using 5% HCI-
methanol and were analyzed by HPLC. In some experi-
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ments, the enzyme reaction was stopped by adding 1 ml
of 10% KOH-methanol. The saponification was per-
formed at 85°C for 40 min. The resultant fatty acids were
extracted, after the addition of 2 ml 4 N HCI, with
petroleum ether. Fatty acids were methylated with 5%
HCIl-methanol as described above. Similar experimental
results were obtained by these two methods. In another
set of experiments, total lipids were fractionated on TLC
plates developed with petroleum ether-diethyl ether—
acetic acid 70:30:1 (v/v). The individual lipids were ex-
tracted by the method of Bligh and Dyer (19) and the fatty
acyl residues were converted to fatty acid methyl esters
and analyzed by HPLC.

Desaturation of free fatty acid by microsomal fraction

A rat liver microsomal fraction was obtained from
starved-refed rats in the same way as described for iso-
lated hepatocytes. The microsomal fraction (0.5 mg pro-
tein) was incubated in 0.5 ml of 50 mM Tris-HCI buffer
(pH 7.3) containing 100 puM [1¢C]18:2 (140,000 dpm),
0.25% BSA, 1 mM EDTA, and other materials as de-
scribed above in the presence or absence of 100 uM CoA.
In some tubes, EDTA was omitted and 5 mM ATP and

10 3
A B 3
S 4
5 05
>
s
o ; i
* 'l lll,
’ [ X3
2 VA
. o,
oo ok
0 2 4 ) 0 2 4 )
80
C D b
40 .
c
S 401
:
S 2] /
8 71 2] |
® :
, *
H J;
" "' M
8 —— Odmacpe——7""
0 2 4 [ 0 2 4 6
Time (h) Time (h)

Fig. 1. Maetabolic conversion of radiolabeled fatty acids in hepatocytes.
Rat hepatocytes prelabeled (for 60 min) with radiolabeled fatty acids
were further incubated for 1-6 h. At the end of the respective incubation
periods, the cells were collected and total lipids were extracted. Total
fatty acids were then methylated and the resultant fatty acid methyl
esters were analyzed by HPLC as described in Materials and Methods.
The rates of conversion of fatty acids were calculated from the radioac-
tivities in each fraction. (A), [1*C]18:0—18:1(n-9); (B), [*C]18:2(n-6)—
18:3(n-6) (A), 20:3(n-6) (O), 20:4(n-6) (®); (C), [*C]20:3(n-6)—
20:4(n-6); (D), [*C]20:5(n~3)—22:5(n-3) (@), 22:6(n-3) (O). The data
are the means + SD from three determinations.

Sugiura et al.

5 mM MgCl, were included. Gel-filtered cytosol (0.5 mg
protein) was also added to some tubes. The enzyme reac-
tion was carried out at 37°C for 30 min and terminated
by adding 1 ml 10% KOH-methanol and heating (85°C
for 40 min). Fatty acids were extracted and converted to
fatty acid methyl esters prior to HPLC analysis as de-
scribed above.

Separation of individual lipid classes

Total lipids were fractionated on TLC plates developed
with petroleum ether-diethyl ether-acetic acid 70:30:1
(v/v). The R; values for cholesteryl esters, triacyl-
glycerols, free fatty acids, 1,3-diacylglycerols, 1,2-diacyl-
glycerols, monoacylglycerols, and phospholipids were
0.98, 0.79, 0.37, 0.22, 0.19, 0.02, and 0.00 (the origin),
respectively. In some experiments, individual phospho-
lipids were separated by two-dimensional TLC developed
first with chloroform-methanol-28% NH,OH 65:35:5
(v/v) and then with chloroform-acetone-methanol-acetic
acid-water 5:2:1:1.3:0.5 (v/v) (20). Lipid spots were de-
tected under UV light after spraying the plates with
0.001% primuline in acetone-water 4:1 (v/v). Each spot
was scraped into a counting vial and the radioactivity was
estimated. In some experiments, lipids were extracted
from the silica gel by the method of Bligh and Dyer (19).

Statistical analysis

Student’s t-test was used for statistical analysis.

RESULTS

Incorporation and metabolism of radiolabeled fatty
acids in intact hepatocytes

First, the incorporation and the metabolism of various
radiolabeled fatty acids in cultured rat hepatocytes were
studied. Cells were incubated with radiolabeled fatty
acids (0.1 pCi/dish) for 1 h and then washed with MEM.
During the above incubation period, 12% ([!*C]18:0),
27% ([*C]18:2(n-6)), 14% (['*C]20:3(n-6)) and 24%
(['*C]20:5(n-3)) of the radiolabeled fatty acids among in-
dividual lipid classes were taken up by cells. The incorpo-
rated radiolabeled fatty acids other than 18:0 were located
mainly in the triacylglycerol (60-70%) and phospholipid
(20-40%) fractions in each case, and the proportions of
the radioactivities found in the free fatty acid fraction
were very low (1-2%), although a large part of the radio-
activity (80%) was still detected in the free fatty acid frac-
tion in the case of 18:0. The distribution of the radioac-
tivity of labeled fatty acids among individual lipid classes
did not change dramatically during the prolonged incuba-
tion after a wash (data not shown).

We further examined whether these radiolabeled fatty
acids are metabolized through desaturation and/or chain
elongation reaction after being incorporated into cells.
Figure 1 shows the metabolic conversion of radiolabeled
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Fig. 2. Formation of acyl-CoA from free fatty acids, CoA and ATP-
Mg?*. Rat liver microsomes (1 mg/ml) were incubated with free
[*+C]18:2 (final 100 pM) and CoA (final 100 M) in 20 mm HEPES
buffer (pH 7.3) containing BSA (1%) in the presence of ATP (5 mm)
and MgCl, (5 mM) (@) or in the presence of EDTA (1 mm) (O) at 37°C
for indicated periods. The enzyme reaction was stopped by the addition
of chloroform-methanol according to the method of Bligh and Dyer (19).
The radioactivity recovered from the water-methanol layer was esti-
mated. The data are the means + SD from four determinations.

fatty acids in cultured rat hepatocytes. 18:0, 18:2(n-6),
20:3(n-6), and 20:5(n-3) were gradually metabolized
to 18:1(n-9), 20:4(n-6) plus 20:3(n-6), 20:4(n-6), and
22:5(n-3) plus 22:6(n-3), respectively, during the pro-
longed incubation of cells after the removal of unincorpo-
rated fatty acids. The magnitude of the modification of in-
dividual fatty acids was, however, different among fatty
acid species. The metabolic conversion of 20:3(n~6) and
20:5(n-3) was pronounced compared with that of 18:0 and
18:2(n-6) as was the case for the metabolic conversion ob-
served before the removal of unincorporated fatty acids.
We also confirmed that 20:4(n-6) formed from 18:2(n-6)
accumulated mainly in the phospholipid fraction (1650
dpm/2.5 x 10° cells) rather than in the triacylglycerol
fraction (160 dpm/2.5 x 108 cells) during 6 h incubation,
although a small increase of 20:3(n-6) was observed in the
triacylglycerol fraction (530 dpm/2.5 x 108 cells) in addi-
tion to in the phospholipid fraction (670 dpm/2.5 x 106
cells).

ATP-independent acyl-CoA synthesis from rat liver
microsomal lipids

We then explored the possibility that ATP-independent
acyl-CoA synthesis from membrane phospholipids is im-
plicated in the metabolic conversion of fatty acids incor-
porated into cellular lipids as described above. Prior to
studying ATP-independent acyl-CoA synthesis, we exam-
ined the conditions for the formation of acyl-CoA from
free fatty acid using radiolabeled fatty acids as substrates.
As shown in Fig. 2, 18:2-CoA was synthesized only when
exogenous CoA, ATP, and Mg?* were present. We could
not detect the formation of 18:2-CoA when ATP and Mg?*
were omitted from the incubation mixture. It is clear,
therefore, that the presence of CoA alone is not sufficient
for the synthesis of acyl-CoA from free fatty acid, at least
under the present experimental conditions.

However, we confirmed that acyl-CoA was formed
dose-dependently and time-dependently when micro-
somes and CoA without added fatty acids were incubated
even in the absence of exogenous ATP and Mg?*. Table 1
shows the fatty acid profiles of the newly formed acyl-
CoA. We found that there are rather strict selectivities of
the fatty acyl moiety in the formation of acyl-CoA.
20:4-CoA, 18:0-CoA, and 18:2-CoA were preferentially
synthesized from endogenous lipids by the addition of
CoA. In contrast, the rates of the formation of 18:1-CoA
and 22:6-CoA were very small (<4 nmol/30 min per
5 mg protein). It was calculated that about 1/140 of the
total fatty acyl moieties of the membrane lipids was con-
verted to acyl-CoA in the presence of 100 uM CoA. Con-
sidering that 18:0, 18:2, and 20:4 are mainly esterified in
the phospholipid fraction in rat liver microsomes (96%,
86%, and 97 %, respectively), it appears that the origin of
the acyl moiety of the generated acyl-CoA is phospho-
lipids rather than neutral lipids.

Desaturation and chain elongation of fatty acyl
moieties of membrane lipids in microsomal fraction
obtained from hepatocytes

Figure 3 shows the effects of CoA on the desaturation
or chain elongation of fatty acyl moieties of membrane
lipids in the microsomal fraction obtained from hepato-

TABLE 1. Fatty acyl moieties of acyl-CoA formed during the incubation of liver microsomes with CoA

Addition 16:0 16:1 18:0 18:1 18:2 20:3 20:4 22:4 22:5 22:6 Total
nmol/30 min/5 mg protein

Without CoA 1.7 + 0.3 0.1 + 0.1 0+ 0 02 +02 05+09 0.+ 0 0+0 0+0 0+0 0.3 + 03 2.8

With 10 uM CoA 23 +04 02+ 01 05+ 04 02 +03 04 +0.1 0+0 33+10 0+0 0+0 0.3 1+ 0.5 7.2

With 100 uMm CoA 1.7 +04 02 +02 28 +05 1.0+05 334+05 0+0 249 +12 0 +0 0+0 1.0 + 0.3 349

With 1 mM CoA 67 +04 07 +11 216 +20 33 +11 165+08 16+ 0 789 + 119 0+0 0.1 +0.2 03+03 129.7

Rat liver microsomes were incubated with or without CoA (final 10 pM-1 mm) in 10 mm HEPES buffer (pH 7.3) containing EDTA (1 mm) and
BSA (1%) at 37°C for 30 min. The reaction was stopped by adding chloroform-methanol 1:2. After the addition of 17:0-CoA (25 nmol) as an internal
standard, acyl-CoA was extracted and purified as described in Experimental Procedures. Fatty acyl moieties of acyl-CoA were converted to fatty
acid methyl esters using 5% HCl-methanol and analyzed by GLC. TLC plates without samples were run as blanks. The data are means + SD

from three determinations.
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Fig. 3. CoA-dependent metabolic conversion of fatty acyl chains of
microsomal lipids. Rat hepatocytes were prelabeled with *C- or *H-
labeled fatty acids for 60 min. The cells were washed, homogenized, and
centrifuged to obtain the microsomal fraction. Washed microsomal frac-
tions (0.9 mg protein) were incubated with NADH (1 mM) in 0.5 ml of
50 mMm Tris-HCI buffer (pH 7.3) containing several materials in the
presence or absence of CoA (100 gm) at 37°C as described in Ex-
perimental Procedures. In the case of [*H]20:5(n-3), NADPH (1 mm)
was added together with NADH, and malonyl-CoA (100 pM) was added
in addition to CoA (100 uM). Total fatty acyl chains were converted to
fatty acid methyl esters and analyzed by HPLC as described in Materials
and Methods. (A), [1*C]18:0—18:1(n-9); (B), [**C]18:2(n-6)~>18:3(n-6);
(C), [1*C]20:3(n-6)—20:4(n-6); (D), [*H]20:5(n-3)—22:5(n-3). (@)
with CoA; (O) without CoA. For panel (D), (@) with CoA and malonyl-
CoA; (O) without CoA and malonyl-CoA. The data are the means +
SD from three to four determinations.

cytes prelabeled with radiolabeled fatty acids. In the ab-
sence of CoA, neither desaturation nor chain elongation
was observed, even in the presence of NADH (or NADH
plus NADPH). In contrast, enzymatic conversion pro-
ceeded when CoA was included in the incubation mix-
ture. 18:0 was metabolized by A9 desaturase to 18:1(n-9),
18:2(n-6) was metabolized by A6 desaturase to 18:3(n-6),
and 20:3(n-6) was metabolized by A5 desaturase to
20:4(n-6). 20:3(n-6) was metabolized by chain elongation
reaction to 22:5(n-3) when malonyl-CoA was added
together with CoA.

The effects of cytosol and BSA on CoA-dependent
modification of the fatty acyl moieties of microsomal
lipids were next examined. Figure 4 illustrates the case of
[1#C]18:2(n-6). Desaturation did not take place when
CoA was omitted from the incubation mixture. The de-
saturation of 18:2(n-6) to 18:3(n-6) occurred only when

Sugiura et al.

CoA was present. On the other hand, the addition of
cytosol, dialyzed cytosol, or gel-filtered cytosol enhanced
the desaturation reaction. The effect of cytosol was
abolished (to the basal level) when boiled cytosol was used
(data not shown), suggesting that cytosolic proteins are in-
volved in the potentiation. The presence of BSA also
potentiated the reaction to some extent. Therefore, we
added BSA or gel-filtered cytosol to the reaction mixture
in the following experiments.

We then checked the effect of the addition of malonyl-
CoA on CoA-dependent modification of the fatty acyl
chains of membrane lipids. In the presence of malonyl-
CoA in addition to CoA, 18:2(n-6) was effectively con-
verted to 20:4(n-6) and 20:3(n-6) with a concomitant
decrease in the formation of 18:3(n-6) (data not shown);
this is in accord with the metabolic conversion of
18:2(n-6) to 20:4(n-6) and 20:3(n-6) observed in intact
cells as described previously.

Next we examined in which lipid fraction the desatura-
tion of 18:2(n-6) to 18:3(n-6) takes place. As shown in
Figure 5, 18:3(n-6) formed from 18:2(n-6) is present in
both the phospholipid and triacylglycerol fractions,
although the magnitude of the desaturation observed dur-
ing the incubation with CoA was somewhat pronounced
in the phospholipid fraction compared with triacylglycerol
fraction (2-fold). We confirmed that a portion of the
desaturated fatty acids is actually present in the phos-
phatidylcholine fraction which accounts for 85% of the
total radioactivity in the phospholipid fraction.

Because a small amount of free fatty acid (8.9 + 5.7%
of the total radioactivity, mean + SD of 11 separate ex-
periments) was present in the microsomal fraction used
here, we checked whether free fatty acids are involved in
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Fig. 4. The effects of cytosol and BSA on CoA-dependent metabolic
conversion of [1*C]18:2(n-6) incorporated into microsomal lipids.
Hepatocytes were prelabeled with [1#C]18:2(n-6) for 60 min. Cells were
washed, homogenized, and centrifuged to obtain the microsomal frac-
tion. The washed microsomal fraction (0.5 mg protein) was incubated
with NADH (1 mM) and CoA (100 pM) in the presence or absence of
cytosol or BSA. The incubation was carried out at 37°C for 120 min.
The rates of conversion of [#C]18:2(n-6) to 18:3(n-6) were determined.
(A), before incubation; (B), without CoA; (C), with CoA; (D), with CoA
and cytosol (0.5 mg protein); (E), with CoA and dialyzed cytosol (0.5 mg
protein); (F) with CoA and gel-filtered cytosol (0.5 mg protein); (G) with
CoA and BSA (0.5 mg). The solid bars represent the rates of conversion
during the enzyme reaction. The data are the means + SD from four
determinations. *P < 0.05, **P < 0.1 (compared to A).
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Fig. 5. ['*C]i18:3(n-6) formed through CoA-dependent metabolic con-
version of [14C]18:2(n-6) in phospholipid and triacylglycerol fractions.
The microsomal fraction was obtained from rat hepatocytes prelabeled
with [1*C]18:2(n-6). The microsomal fraction was incubated with or
without CoA (100 M) in 50 mM Tris-HCI buffer (pH 7.3) containing
0.25% BSA and other materials as described in Materials and Methods.
Total lipids were fractionated first by TLC (petroleum ether-diethyl
ether-acetic acid 70:30:1 (v/v). The phospholipid fraction (the origin)
was extracted from the silica gel and further fractionated by two-
dimensional TLC as described in Materials and Methods. Percentages
of the radioactivity located in phospholipid (the origin) and triacyl-
glycerol fractions were 62% and 22%, respectively. (A)-(C), total phos-
pholipids; (D)-(F), phosphatidylcholine; (G)-(I), triacylglycerols.
(A), (D) and (G), before incubation; (B), (E) and (H), without CoA; (C),
(F) and (I), with CoA. The data are the mean + SD from four determi-
nations. **P < 0.01 (compared to that before incubation).

CoA-dependent modifications of the fatty acyl chains of
membrane lipids. As demonstrated in Figure 6, free
18:2(n-6) did not undergo desaturation even in the
presence of CoA when ATP and Mg?* were omitted from
the incubation mixture. The presence of CoA, ATP, and
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Fig. 6. Metabolic conversion of free [!4C]18:2(n-6) by liver
microsomal fraction. The washed microsomal fraction (0.5 mg protein)
obtained from the liver was incubated with [*C]18:2(n-6) (100 gM) in
50 mM Tris-HCI buffer (pH 7.3) containing 0.25% BSA and other
materials in the presence or absence of CoA (100 pm), ATP (5 mM) plus
Mg?* (5 mM) and gel-filtered cytosol (0.5 mg protein). The incubation
was carried out for 30 min and then terminated by adding 10%
KOH-methanol. Fatty acids were converted to fatty acid methyl esters
and analyzed by HPLC. The rates of conversion of [1*C]18:2(n-6) to
18:3(n-6) were determined. (A), before incubation; (B), without CoA;
(C), with CoA; (D), with CoA, ATP and Mg?; (E), with gel-filtered
cytosol; (F), with CoA and gel-filtered cytosol; (G), with CoA, ATP,
Mg?*, and gel-filtered cytosol. The solid bars represent the rates of con-
version during the enzyme reaction. The data are the mean + SD from

four determinations. **P < 0.01, ***P < 0.001 (compared to A).
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Mg?* was absolutely required for the desaturation of free
18:2(n-6) either in the presence or absence (BSA alone) of
gel-filtered cytosol. It should be noted, however, that the
presence of gel-filtered cytosol was greatly preferable to
that of BSA alone in the desaturation reaction when free
18:2(n-6) was used as the substrate. This is in contrast to
the case of CoA-dependent/ATP-independent modifica-
tion. We also confirmed that the presence of apyrase did
not lower the overall enzyme reaction (Fig. 7). These ob-
servations indicate that free fatty acids are not involved in
CoA-dependent/ATP-independent modification of fatty
acyl chains of membrane lipids.

The effects of AT'P and Mg?* on CoA-dependent/ATP-
independent modification of the fatty acyl moiety of
membrane lipids were next studied. This system simu-
lates the generally accepted machinery for the modifica-
tion of fatty acyl moieties of membrane (phospho)lipids,
ie., the liberation of fatty acids by membranous and/or
cytosolic lipolytic enzymes, the subsequent conversion of
free fatty acids to acyl-CoA by acyl-CoA synthetase, and
then enzymatic modification, followed by the reincorpora-
tion of the fatty acyl moiety into the parent molecules by
acyltransferase(s). As illustrated in Figure 8, the addition
of ATP and Mg?* did not accelerate the desaturation reac-
tion induced in the presence of CoA alone either in the
presence or absence of gel-filtered cytosol. We also
confirmed that the addition of Ca? (1 mM), which is
known to stimulate phospholipase A, activity (25-29), did
not dramatically accelerate the desaturation reaction
(data not shown).

DISCUSSION

Isolated rat hepatocytes grown in a serum-free medium
gradually metabolized various types of fatty acids after
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Fig. 7. Effects of apyrase on CoA-dependent metabolic conversion of
[1#C]18:2(n-6) incorporated into microsomal lipids. The washed
microsomal fraction was obtained from rat hepatocytes prelabeled with
[14C]18:2(n-6). The washed microsomal fraction was incubated with or
without CoA (100 pM) in 50 mM Tris-HCI buffer (pH 7.3) at 37°C for
30 min. Fatty acyl chains were converted to fatty acid methyl esters and
analyzed by HPLC as described in Materials and Methods. (A), before
incubation; (B) without CoA; (C), with CoA; (D), without CoA and with
apyrase (0.1 U/ml) plus Mg?* (1 mm); (E) with CoA and apyrase plus
Mg?*. The data are the means + SD from five determinations.
***P < 0.001 (compared to A).
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Fig. 8. " Effects of ATP and Mg?* on CoA-dependent metabolic conver-
sion of [1*C]18:2(n-6) incorporated into microsomal lipids. The washed
microsomal fraction was obtained from hepatocytes prelabeled with
[1*C]18:2 for 60 min. The microsomal fraction (0.5 mg protein) was in-
cubated in 50 mM Tris-HCI buffer containing BSA (0.25%) and other
materials in the presence or absence of CoA (100 uM), ATP (5 mm),
Mg?" (5 mM) and gel-filtered cytosol (0.5 mg protein) for 30 min. The
incubation was stopped by adding 10% KOH-methanol. Fatty acids
were converted to fatty acid methyl esters and analyzed by HPLC. The
rates of conversion of [1#C]18:2(n-6) to 18:3(n-6) were determined. (A)
before incubation; (B) without CoA; (C) with CoA; (D) with CoA, ATP
and Mg?; (E), with gel-filtered cytosol; (F), with CoA and gel-filtered
cytosol; (G), with CoA, ATP, Mg?, and gel-filtered cytosol. The solid
bars represent the rates of conversion during the enzyme reaction. The
data are the mean + SD from four determinations. *P < 0.05,
**P < 0.01, ***P < 0.001 (compared to A).
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taking up these fatty acids within the cells (Fig. 1). Several
lines of observation suggested that the modifications of
fatty acids other than 18:0 predominantly take place after
their incorporation into membrane lipids. It is well known
that desaturation and chain elongation of fatty acids pro-
ceed in the form of acyl-CoA in mammalian tissues; fatty
acyl moieties present in membrane lipids also require
conversion to the corresponding acyl-CoA prior to under-
going enzymatic modifications. The following sequential
reactions have been assumed to occur: the hydrolysis of
lipid molecules, the subsequent conversion of free fatty
acids to acyl-CoA by acyl-CoA synthetase, enzymatic
modifications, and the reincorporation into lipid mole-
cules by acyltransferase(s). The question arises as to
whether liver cells really consume large amounts of ATP
for such a deacylation-reacylation cycle even under con-

ditions where the enzyme activities of desaturation and

chain elongation are not high.

On the basis of the present results, we propose a
simpler mechanism for the deacylation-reacylation cycle
to modify membranous fatty acyl moieties. This system
requires the presence of CoA but does not require ATP.
It is apparent that ATP-independent transient acyl-CoA
synthesis is involved in such CoA-dependent/ATP-inde-
pendent modifications of fatty acyl residues of membrane
lipids, as well as the CoA-dependent transacylation reac-
tion (16). In fact, free fatty acids do not undergo any
modifications in the absence of ATP and Mg?*" (Fig. 6).
This is in good agreement with the previous observation
that free fatty acids are not converted to acyl-CoA even in
the presence of CoA when ATP and Mg? are omitted

Sugiura et al.

from the incubation mixture (Fig. 2). It is noticeable that
the predominant fatty acyl moieties of acyl-CoA newly
formed through ATP-independent acyl-CoA synthesis are
18:0, 18:2, and C20 polyunsaturated fatty acids (Table 1),
which are good substrates for desaturation and/or chain
elongation reactions, as shown in Fig. 1. Selective forma-
tion of acyl-CoA from membrane lipids for subsequent
modifications would be rational compared with the classi-
cal system. Here we obtained clear evidence showing that
the modifications of 18:0, 18:2(n-6), and C20 polyunsatu-
rated fatty acids incorporated into membrane lipids take
place when CoA is included in the reaction mixture even
in the absence of ATP and Mg?* (Fig. 3).

Some years ago, Pugh and Kates (30, 31) reported that
[**C]20:3(n-6) esterified in exogenously added phos-
phatidylcholine underwent direct desaturation without
hydrolysis of the phosphatidylcholine molecule using rat
liver microsomes. Microsomes from starved-refed rats ex-
hibited higher enzyme activity and the presence of Triton
X-100 was required for maximal enzyme activity. They
also detected some activity for the desaturation of 1,2-
di[*C]oleoyl phosphatidylcholine but failed to detect ac-
tivity for the desaturation of 1-acyl-2-[!*C]linoleoyl or
1-[1*C]stearoyl-2-acyl phosphatidylcholine. Consequently,
this enzyme system may operate rather specifically for the
desaturation of eicosatrienoyl residues. In the present
study, we could not detect strong activity for the desatura-
tion of 20:3(n-6) incorporated into membrane lipids
when CoA was omitted from the reaction mixture (Fig.
3). The difference may be due to different experimental
conditions. In any event, the direct desaturation system
described above cannot be involved in the chain elonga-
tion reaction. On the other hand, the enzyme activities of
CoA-dependent/ATP-independent modification of fatty
acyl chains of membrane lipid demonstrated in the pres-
ent study have more diverse fatty acid specificities (Fig. 3)
and seem to have the capacity to account for various
metabolic conversions, desaturation and chain elonga-
tion, observed in intact cells. Thus, it appears that CoA-
dependent/ATP-independent modification of fatty acyl
chains would be an advantageous mechanism for modify-
ing membrane fatty acids (e.g., the conversion of 18:2(n-6)
to 20:4(n-6)) in living cells than the direct desaturation
system.

The presence of cytosol (untreated, gel-filtered, and di-
alyzed) or BSA in the reaction mixture potentiates CoA-
dependent modification of 18:2(n-6) to 18:3(n-6) (Fig. 4).
There seem to be two possible mechanisms. One is the
direct stimulating effect of some cytosolic proteins on
microsomal desaturase(s). Several investigators have al-
ready demonstrated that the addition of certain cytosolic
proteins causes the acceleration of microsomal desaturase
activities using several fatty acyl-CoA (or fatty acids plus
CoA, ATP, and Mg?*) as substrates (32-36). Considering
the fact that acyl-CoA is transiently formed during CoA-
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dependent modification of fatty acyl chains, it is possible
that such cytosol proteins exert a stimulating effect
directly on the enzymes, thereby accelerating the desatu-
ration of 18:2 once esterified in membrane lipids. How-
ever, this is not the case, at least when BSA is used, be-
cause it has been shown that BSA does not stimulate the
activity of A6 desaturase (33-36). Another possible
mechanism relates to the increased availability of acyl-
CoA for enzymes. We found that the presence of BSA
resulted in the accumulation of acyl-CoA in the reaction
mixture when microsomes were incubated with CoA, al-
though the transient formation of acyl-CoA per se does
not require the presence of BSA (16). BSA may interfere
with the reincorporation of acyl moieties of acyl-CoA into
acceptor lysophospholipids through its ability to bind
acyl-CoA and lysophospholipids. In any event, the ac-
cumulation of acyl-CoA by BSA and possibly by cytosolic
proteins also seems to be responsible, at least in part, for
the enhanced enzymatic modification.

A striking observation is that the addition of ATP and
Mg?* did not dramatically enhance the desaturation reac-
tion induced in the presence of CoA alone, even in the
reconstituted system where gel-filtered cytosol was added
(Fig. 8). It has already been demonstrated that either the
microsomes or cytosol of the liver contain phospholipase
activity  (25-29). We also confirmed that both
Ca?-independent and -dependent phospholipase A, ac-
tivities are actually present in both the microsomal and
cytosolic fractions used here (N. Kudo, unpublished data).
It was assumed, therefore, that the following reactions
take place: portions of membrane lipids are hydrolyzed to
release free fatty acids, which, in turn, are converted to
acyl-CoA by acyl-CoA synthetase in the presence of CoA,
ATP, and Mg?. The resultant acyl-CoA could undergo
subsequent enzymatic modifications before returning to
the parent or other lipid molecules. However, the presence
of ATP and Mg?* failed to augment markedly the overall
desaturation reaction either in the presence or absence of
Ca?, suggesting that the CoA-dependent/ATP-independent
modification pathway is sufficiently active to play a pre-

dominant role in the modification of fatty acyl chains of
membrane lipids, especially phospholipids. In this regard,
it is interesting to note that Mead and coworkers (37, 38)
have already suggested that modifications of membranous
fatty acids may occur within the membrane without facile
equilibration with the external free fatty acid pool,
although they did not examine the possible involvement of
a CoA-dependent/ATP-independent reaction.

Because the conditions in the reconstituted system used
here are not the same as those in living cells, it is not easy
to assess the relative importance of individual pathways
implicated in the modifications of fatty acyl chains of
membrane lipids in vivo. Living cells are highly organized
dynamic systems and it is important to take into account
possible involvement or contribution of other organelles
and possible compartmentalization of various metabolic
processes. In addition, it remains unclear whether the
modification of fatty acyl chains of triacylglycerol (Fig. 5)
proceeds in a way similar to that for phospholipids. Re-
cently, we confirmed that endogenous phosphatidylcho-
line and phosphatidylinositol are the predominant acyl
donors in the ATP-independent acyl-CoA synthesis from
membrane lipids (T. Sugiura, unpublished data). There
is a possibility, therefore, that the acyl-CoA formed from
these phospholipids is modified and then incorporated
into diacylglycerol to yield triacylglycerol. However, the
possibility that acyl-CoA is formed directly from triacyl-
glycerol cannot be ruled out. Thus, further studies are re-
quired to understand the details of the mechanism under-
lying the modification of fatty acyl moieties of membrane
lipids in living cells.

In summary, we have proposed here a novel mechanism
for the modification of fatty acyl moieties of membrane
lipids, especially membrane phospholipids (Fig. 9). Cer-
tain types of fatty acyl chains of membrane phospholipids
are continuously being transiently converted to acyl-CoA
without consumption of ATP. The resultant acyl-CoA
undergoes enzymatic modifications when enzyme activi-
ties for desaturation and/or chain elongation are in-
creased, to modify the fatty acid composition of mem-

membrane phospholipids
phospholipase A
CoA
\_ ATP- Mg

free fatty acids

acyl-CoA

<~

CoA

by

desaturation - chain elongation

Fig. 9. Proposed mechanism for the metabolic conversion of fatty acyl moieties of membrane phospholipids in mammalian tissues.
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brane phospholipids. This system is effective in modifying
fatty acids esterified in membrane phospholipids. On the
other hand, free fatty acids derived from extracellular
pools or those liberated from cellular lipids are converted
to the corresponding acyl-CoA with the consumption of
ATP and then undergo enzymatic modification prior to
incorporation into acceptor lipid molecules. These two
pathways thus appear to act in concert in the modification
of esterified and nonesterified long chain fatty acids in liv-
ing cells. BA
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