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Isolated bovine rod outer segments and photoreceptor disks actively incorporated [1-'*C]docosahexaenoate
(22:6) into phospholipids when incubated in the presence of CoA, ATP, and Mg2*. About 80% of the
esterified fatty acid was in phosphatidylcholine (PC). Microsomal and mitochondrial fractions incorporated
as much 22:6 as rod outer segments, but it was distributed among various phospholipids and neutral
glycerides. The isolated photoreceptor membrane thus contains an acyl-CoA synthetase which activates the
fatty acid and a docosahexaenoyl-CoA-lysophosphatidylcholine acyltransferase activity. The specific radioac-
tivity of PC was higher in rod outer segments than in the other subcellular fractions. About 2 /3 of the label
in photoreceptor membrane PC was in its dipolyunsaturated molecular species and 1/3 in hexaenes.
Dipolyunsaturated PCs showed high turnover rates of 22:6 in all three subcellular membranes, especially in
mitochondria. Retinal membranes in vitro seem to take up free ['*C]|22:6 from the medium by simple
diffusion or partition into the membrane lipid. The ability of these membranes to activate and esterify
[1-1%C]22: 6 indicates that docosahexaenoate-containing molecular species of retina lipids, including those of
photoreceptor membranes, are subject to acylation-deacylation reactions in situ.

Introduction

Disk membranes packed in the outer segment
of rod photoreceptor cells display a continuous
process of renewal, as demonstrated by autoradio-
graphic and radiobiochemical studies [1-5]. The
lipid and protein components of these membranes
are assembled at the base of the rod outer seg-
ment, while disks situated at its apex are concom-
itantly shed and engulfed by the pigment epi-

* To whom correspondence should be addressed.
Abbreviations: [*CJ22:6, 4,7,10,13,16,19-{1-**Cldocosahexa-
enoate; PC, phosphatidylcholine; PE, phosphatidylethanol-
amine; PS, phosphatidylserine.

thelium. There is also an intracellular traffic of
intact lipid and protein molecules along the rod
outer segment, the molecular replacement of disk
membrane lipids being faster than that of protein
[2-5]. Disk membranes thus rely on other subcel-
lular membranes, located in the inner segment of
the rod, for the supply of their phospholipid con-
stituents, which is consistent with the fact that
isolated rod outer segments lack key enzymes for
the de novo synthesis of phospholipids like phos-
phatidylcholine (PC) [6]. When *H-labeled fatty
acids are injected in vivo, a peak of label transien-
tly appears at the site of phospholipid synthesis
(the base of the outer segment), but labels from
fatty acids diffuse throughout the disk membranes
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at rates that are faster than expected from mem-
brane replacement of intact phospholipid replace-
ment mechanisms [2]. This suggested that phos-
pholipid molecules in disk membranes may un-
dergo an active turnover of their fatty acyl moie-
ties [2]. This paper is concerned with the incorpo-
ration of 4,7,10,13,16,19-[1-'*C]docosahexaenoic
acid ([’*C]22:6) into lipids of isolated rod outer
segments and disks, as well as in other retina
subcellular fractions. It is shown that photorecep-
tor membranes contain, in situ, enzymatic mecha-
nisms which lead to the esterification of 22:6 in
their phospholipids, and that the main target for
such reactions is phosphatidylcholine.

Photoreceptor membrane phospholipids are
made up by a whole range of docosahexaenoate-
containing molecular species, from the well-known
‘hexaenes’ (e.g., 16:0,/22:6, 18:0/22:6, etc.) to
various ‘dipolyunsaturated’ species (e.g., 20:4/
22:6,20:50r22:5/22:6,22:6/22:6, etc.) [7,8].
The latter separate as decaenoic, undecaenoic and
dodecaenoic molecular species after argentation
TLC [8], since they have a total of 10, 11, and 12
double bonds per molecule. In rod outer segment
phosphatidylcholine these species contain 22:6
and, in addition to the familiar 20- and 22-carbon
polyenes, a whole range of fatty acids having 4, 5
and 6 double bonds and 24-36 carbon atoms [9].
Since PC is shown here to be the phospholipid
predominantly labeled with [**C]22:6 in photore-
ceptor membranes, it was of interest to investigate
how this fatty acid is distributed among the vari-
ous docosahexaenoate-containing molecular
species of PC. It is shown that a large proportion
of the ['*C]22: 6 incorporated in PC is introduced
into its dipolyunsaturated molecular species in all
retinal membranes.

During the development of this work, the col-
lateral observation was made that an important
fraction of the free ["*C]22:6 added to the in-
cubation media was taken up by all retina subcel-
lular membranes studied, irrespectively of their
kind, apparently by an energy-independent mech-
anism. These observations are presented as an
appendix to this paper.

Materials and Methods

Bovine eyes were obtained from a local slaugh-
terhouse and kept at 0-4°C in the dark for about

2 h. The retinas were gently excised, swirled in
tubes containing 34% (w/w) sucrose, and briefly
centrifuged [10] to separate the floating rod outer
segments from the rest of the retina. The proce-
dure was repeated and rod outer segments were
isolated from the combined supernatants using the
discontinuous sucrose density gradient described
by Papermaster [10]. Photoreceptor disks were ob-
tained by subjecting rod outer segments from the
1.11/113 and 1.13/1.15 g/ml interfaces to
osmotic shock, followed by flotation on a 5%
Ficoll-water interface [11]. Rhodopsin content was
determined by reading the absorbance at 500 nm
in aliquots treated with buffered 1% Emulphogen
and using a molar extinction coefficient of 40000.
The A,q,/Asy (absorbance ratios) were usually
2.3 and the phospholipid /rhodopsin molar ratios
were 70-75. The membranes were pelleted, washed
twice with 10 mM Tris-HCI (pH 7.4), and resus-
pended in 50 mM Tris-acetate buffer (pH 7.4)
containing 50 mM KCl and 5 mM NaCl. When
indicated, rod outer segment suspensions in this
medium were sonicated for 5 min at 4°C.
4,7,10,13,16,19-[1-'*C]Docosahexaenoic acid
([**C)22: 6), specific activity 40 Ci/mol, was pre-
pared as described in Ref. 12. Aliquots from mem-
brane suspensions were incubated at 37°C with
['*C]22:6 (added as the K* salt) and the follow-
ing cofactors: 2.5 mM ATP, 10 mM Mg(Cl,, 0.1
mM CoASH, and 0.1 mM a-D-dithiothreitol, in a
total volume of 0.5 ml of Tris-acetate-KCl buffer.
After incubation, the membranes were diluted 20-
fold with cold buffer, and immediately pelleted.
All procedures were done under dim red light.
Lipids were extracted from the membrane pel-
lets with chloroform/methanol [13], washed, and
separated by two-dimensional thin-layer chro-
matography [14]. Since the extracts contained high
levels of radioactivity from unesterified ['*C]22: 6
in comparison with the label esterified in lipids,
controls were prepared to subtract a certain
amount of unspecifically adsorbed radioactivity
present in the lipid spots (perhaps originated from
trailing of labeled 22 : 6 along the plate). Aliquots
containing the same amount of membranes as the
experimental samples were heated in a boiling
water bath for 5 min. Then [**C]22:6 was added
and incubation, as well as further procedures,
were identical to those of the respective samples.



After chromatographic development, lipid spots
were located with iodine vapors and scraped into
vials containing 0.4 ml water. 10 ml of Triton
X-100/5% Omnifluor in toluene (New England
Nuclear) were then added, and the samples were
subjected to liquid scidtillation counting. Quanti-
tation of lipids was done by phosphorus analysis
of spots after TLC [14].

To study ["*C]22: 6 incorporation into molecu-
lar species of PC, the lipid, isolated as before, was
converted to acetyldiacylglycerols, which were
separated by argentation TLC [§]. Chloroform/
methanol / water (65:25:4, by vol.) was used to
resolve dipolyunsaturated molecular species. The
bands were located after spraying with dichloro-
fluorescein in methanol / water (1:1, by vol.), and
scraped into vials containing 1 ml of 2 M NaCl.
After mixing, 10 ml Aquasol-2 (New England
Nuclear) were added, the contents were mixed, the
solids settled down, and the samples counted by
liquid scintillation.

For quantitation of phosphatidylcholine species,
PC was isolated from unlabeled aliquots of the
corresponding membrane preparations, converted
to *H-labeled acetyldiacylglycerols, and treated as
described above. The amount of *H in species was
used to calculate the amount of species as detailed
in Ref. 8.

Incorporation of [**C]22:6 in photoreceptor
membranes was compared to that of other subcel-
lular membranes from retina. A crude mitochon-
drial fraction (also containing synaptosomes) and
a microsomal fraction were obtained from the
retinas remaining after rod outer segment sep-
aration. Retinas were homogenized in 0.32 M
sucrose and centrifuged for 20 min at 3000 X g.
The first pellet was discarded and the super-
natants were centrifuged at 11500 X g to isolate a
second pellet (P,). After separating this pellet,
microsomes were obtained from the supernatants
(60 min centrifugation at 100000 X g). Mem-
branes thus prepared were subjected to identical
procedures as photoreceptor membranes. In all
cases, at least 95% of the membranes originally
added to the incubation tubes was recovered after
incubation with [*C]22: 6, dilution, and centrifu-
gation, as determined by measuring lipid phos-
phorus before and after the experiments.
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Results

Labeling of photoreceptor membrane lipids

The incorporation of [1-*C]docosahexaenoate
into lipids of isolated rod outer segments and
disks was studied in the presence of ATP-Mg?2™*
and CoASH. In the absence of these cofactors,
labeling of lipids was negligible. Thus, eight sam-
ples incubated for 1 h with no cofactors only
yielded 0.4 + 0.1 pmol '*C-labeled phospholipids/
nmol rhodopsin (not shown) against the 25.1 (Ta-
ble I) obtained when cofactors were present. To
facilitate comparison between rod outer segments
and disks, initial incubations (Table 1) used pre-
sonicated suspensions of the former, to ensure
access of cofactors to their disk membranes. How-
ever, sonication was later found to be unnecessary,
since non-sonicated rod outer segments incorpo-
rated similar amounts of [**C]22: 6. This indicates
that the rod outer segment plasma membrane was
permeable to ATP and CoA from the medium.
Such permeabilization may have occurred during
the isolation procedures, which in some steps in-
clude washings with somewhat hypotonic solu-
tions (10 mM Tris-acetate [10]).

The pattern of ['*C]22:6 incorporation into
photoreceptor membrane lipids was dominated by
phosphatidylcholine (about 80% of the incorpo-
rated label, Table I). Phosphatidylethanolamine
(PE), which was the major lipid (Table 1), and
phosphatidylserine (PS), incorporated much less
fatty acid. This is peculiar, since in these mem-
branes the proportions of 22 : 6-containing molec-
ular species are higher for PE and PS than for PC
[8]. In addition, PE and PS seem to be prefer-
entially located in the outer monolayer of disk
membranes [15] (the asymmetric distribution of
lipids described by Litman [15] was reproduced
when his procedure was applied to our disk pre-
parations). Thus, the low level of labeling of these
lipids is not caused by lack of accessibility of
enzymes to cofactors and/or substrates. LysoPE
and lysoPS, as well as lysoPC, were present in the
membranes (Table I). The preferential labeling of
PC is thus noteworthy, and suggests that the
turnover of 22:6 in this lipid may play some
special role in photoreceptor membranes.

Phosphatidate, which amounted to only 1% of
the lipids, was the third phospholipid in the order
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TABLE 1

LABELING BY [1-"C]JDOCOSAHEXAENOATE AND
COMPOSITION OF LIPIDS FROM BOVINE RETINA
PHOTORECEPTOR MEMBRANES

Rod outer segment and disk membrane suspensions containing
15.4 and 7.2 nmol rhodopsin, respectively, were incubated for
60 min at 37°C with 6 nmol ['#C]22:6 in the presence of
ATP-Mg? + and CoASH in 0.5 ml of Tris-acetate-KCI buffer.
After incubation, the samples were diluted 20-fold with cold
buffer and pelleted. Lipids were extracted from the pellets and
separated by two-dimensional TLC. Results are mean values +
S.D. from eight samples in each case. The average distribution
of the incorporated activity (%) is given in parentheses. The
phospholipid composition was determined in four samples of
the respective preparations. The phospholipid /rhodopsin mole
ratio was 70.9 for outer segments and 71.9 for disks.

Lipid Rod outer segments Disks

pmol['*C]22 : 6 /nmol rhodopsin
PC 2018+ 1.62(80.4) 1560+ 1.90(78.1)
PE 320+ 043(127) 244+ 0.65(12.2)
PS 052+ 0.03 (2.1) 017+ 0.02 (0.9
PI 0.13+ 0.01 (0.5 009+ 0.02 (0.5)
Phosphatidate 096+ 0.09 (3.8) 130+ 0.15 (6.5
LysoPC 006+ 0.02 (0.2) 030+ 010 (1.5)
LysoPE 005+ 0.01 (0.2) 0.07+ 015 (0.4)
Total phos-

pholipid 2510+ 1.49 1997+ 2.72
Free fatty acid  153.4 +10.2 309.2 +£145

Phospholipid composition (%)
PC 358 + 0.6 359 + 03
PE 445 + 0.6 428 + 03
PS 153 + 1.3 149 + 03
PI 09 + 001 13 + 03
Phosphatidate 09 + 013 1.0 + 0.2
LysoPC 04 + 0.04 0.7 + 0.06
LysoPE 04 £+ 0.02 14 + 0.08
LysoPS 0.7 + 0.02 0.7 + 0.19
Sphingomyelin 04 + 012 05 + 0.04
Diphosphatidyl-

glycerol 02 + 001 02 + 004
Others (origin,

unknown, etc,) 03 + 0.03 0.6 + 0.04

of 22:6 incorporation. Phosphatidylinositol, pre-
sent in similar amounts, incorporated 10-fold less
['*C]22: 6 than phosphatidate. LysoPC from disks
contained more label than PI, phosphatidic acid
and PS, and more than rod outer segment lysoPC
(Table 1). The content of lysoPC was apparently
small, but significantly higher in disks than in rod
outer segments, and the specific radioactivity of

lysoPC was similar in both (299 + 103 and 224 +
60 pmol ["*C]22:6/umol lipid phosphorus), de-
spite the fact that disks incorporated 20% less
label.

The amount of ['*C]22: 6 incorporated in lipids
was linearly related to the amount of membranes
(and hence to the amount of protein and lipid
phosphorus) in a relatively small range of mem-
brane concentrations, after which further increases
in the amount of membranes did not lead to
proportional increases in labeled phospholipids, as
shown in Fig. 1A for PC. This is probably related
to the fact that for a constant amount of fatty acid
in the system, the actual concentration of free
['*C]22:6 in the membranes decreases as the
amount of membranes increases, as shown in the
appendix section.

Esterification of ['*C]22:6 in photoreceptor
membrane lipids is an energy-dependent process,
since it requires ATP for the activation of the fatty
acid, as mentioned before. In the presence of
ATP-Mg?* and CoASH, lipid labeling by
['*C]22:6 was linearly dependent on the incuba-
tion time in the interval 0—60 min, as shown in
Fig. 1B for PC. To test whether the label incorpo-
rated decreased after removing the cofactors from
the medium, membranes incubated for 30 min
with [**C]22 : 6 and cofactors were diluted 20-fold,
pelleted, and reincubated in plain buffer (no ad-
ded [*C]22:6 or cofactors). The label in phos-
pholipids significantly decreased (see PC in Fig.
1B and in Table II). There was no apparent redis-
tribution of [**C]22 : 6 among phospholipid classes,
since the percentage distribution of esterified label
remained constant in the interval 0-60 min in-
cubation under these conditions (not shown). The
starting concentrations of free ['*C]22:6 in mem-
branes also decreased (being recovered in media),
for the ratio esterified/unesterified [**C]22:6 in
membranes was also approximately constant.
However, when membranes were similarly in-
cubated, but in the presence of cofactors, (1) label
from free ['*C]22:6 decreased as before, but (2)
the label in phospholipids was maintained as
shown in Table II for PC, which resulted in sig-
nificantly higher ratios of esterified versus free
['*CJ22:6 in the presence than in the absence of
cofactors. The fate of the radioactivity lost by PC
could not be detected as an increase in labeled
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Fig. 1. Labeling of photoreceptor membrane phosphatidylcholine by [1-* Cjdocosahexaenoate as a function of amount of membranes
(A) and incubation time (B). In A, various aliquots from a rod outer segment (ros), or disk, preparation were incubated for 60 min at
37°C and at pH 7.4, with ['"*CJ22:6, ATP-Mg>*, and CoASH. In B, equal amounts of rod outer segments (or disks) were incubated
for 30 or 60 min under the same conditions as in A. Results are expressed as percent of the maximum incorporation attained in each
experiment. Also in B, the decrease in PC label in membranes incubated with no cofactors is shwon. Membranes which had been
incubated for 30 min with [**C]22:6 and cofactors were diluted with fresh buffer, pelleted, and reincubated at 37°C in plain buffer

for additional periods up to 60 min. (dotted line).

free 22:6 due to the exceedingly large amount of
['*CJ22: 6 already present in membranes (Table
II). Similarly, it was also undetectable as an in-
crease in free 22 : 6 by gas-liquid chromatographic
(GLC) quantitations of free fatty acids in mem-
branes. The ‘endogenous’ level of free 22:6 in
disks was 0.039 mol/mol lipid phosphorus, i.e.,
about 2700 pmol/nmol rhodopsin. Disks in-
cubated for 60 min at 37°C (with or without
cofactors) did not display significant changes in
the levels of free fatty acids with respect to unin-
cubated membranes, as measured by GLC. There-
fore, apparent phospholipid breakdown by phos-

TABLE II

pholipases A did not occur under the present
conditions (even though such enzyme activities are
probably present, since rod outer segments in-
cubated under similar conditions in Ca®*-contain-
ing buffers show a significant increase in free fatty
acids easily measurable by GLC [16]). Even when
we were unable to detect lipid deacylation under
the present experimental (and methodological)
conditions, the significant decrease in PC label in
the absence of cofactors (Fig. 1B, Table II) is
likely to reflect an unbalance in the equilibrium
between deacylation and reacylation reactions (see
Fig. 2), the acylation step being obviously depen-
dent on the presence of cofactors.

LABELING OF PHOTORECEPTOR MEMBRANE PHOSPHATIDYLCHQLINE AFTER REMOVAL OF [*C]22:6 FROM
THE MEDIUM

Samples of rod outer segments containing 10 nmol rhodopsin were preincubated with 6 nmol [1-'*C]22: 6 and cofactors for 30 min.
The media were diluted 20-fold with cold buffer, the membranes were pelleted, and the supernatants discarded. Some of the pellets
were directly extracted with chloroform/methanol (a). The rest were incubated for 5 or 30 additional minutes with fresh buffer
containing (+) or lacking (—) cofactors. FFA, free fatty acid.

Time after Cofactors pmol[**CJ22 : 6 /nmol rhodopsin PC/FFA
prelabeling (min) PC FEA (pmol ratio X 10%)
0° + 7.1+0.8 219+5.4 324404
5 + 8.31£0.7 200+9.0 420125
5 -~ 6.4+0.7 196+5.4 325436
30 + 7.2+0.3 117151 61.1+0.8
30 - 42+0.1 125+5.7 338+1.3
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Comparison with other subcellular membranes

The distribution of ['*CJ22:6 among lipids of
photoreceptor membranes as well as their specific
radioactivities are compared with those of other
subcellular membranes in Table III. All of them
incorporated similar levels of 22:6, both on the
bases of protein and lipid phosphorus content.
Phosphatidylcholine concentrated most of the label
in phospholipids, and phosphatidate had the
highest specific radioactivity in all three mem-
brane fractions. However, both the distribution of
label and the specific activities showed marked
quantitative differences among subcellular frac-
tions. Neutral lipids, which were not labeled in
rod outer segments and disks, concentrated about
1/3 of the ['*C]22: 6 incorporated in microsomes
and in the P, fraction. Phosphatidylserine and
phosphatidate also showed significantly higher in-
corporations in the latter. Labeling of phosphati-
dylinositol was highest in microsomes and lowest
in disks. Phosphatidylethanolamine and -serine
attained the highest specific radioactivities in the
P, fraction. The results in Table IH are indicative

TABLE Il

of differences and similarities in the activity of
acyltransferases in each membrane since, at least
for the major phospholipids, important cofactors
that would be necessary for de novo synthesis or
other lipid interconversions are not present.

The comparison with other subcellular mem-
branes was originally designed to test whether
phospholipid labeling in photoreceptor mem-
branes arose from contamination with fragments
from other retinal membranes, especially
mitochondria and synaptosomes. For this reason
rather crude fractions were prepared from the
same retinas, and were washed and incubated
under the same conditions as rod outer segments.
Interestingly, highly significant differences in the
distribution of the fatty acid among lipids were
observed in the three fractions. These dissimilari-
ties, and especially the fact that the total level of
incorporation in all fractions was similar, make
the possibility of cross-contamination unlikely as
an explanation for photoreceptor membrane lipid
labeling. For instance, if contamination wjth mi-
crosomes were significant, some label should have

LABELING OF LIPIDS FROM RETINA SUBCELLULAR MEMBRANES BY [1-'*C]JDOCOSAHEXAENOATE

Subcellular membranes isolated from retinas were incubated and analyzed as detailed in Table I for photoreceptor membranes.
Protein content was determined from aliquots in parallel of the respective membrane preparations.

Membrane
rod outer segments disks P, fraction microsomes
ey (8) (3) (3
Distribution of ["4C]22:6 (%)
Phosphatidylcholine 820+ 25 80.8+ 20 424+ 20 36.5+ 2.9
Phosphatidylethanolamine 128+ 23 117+ 22 99+ 1.2 1.5+ 0.8
Phosphatidylserine 20+ 0.2 09+ 0.1 61+ 03 37+ 0.1
Phosphatidylinositol 05+ 01 05+ 01 1.7+ 06 6.7+ 0.03
Phosphatidate 32+ 07 66+ 1.0 115+ 1.0 156+ 0.5
Diacylglycerol - - 59+ 04 1.6+ 0.8
Triacylglycerol - - 255+ 21 41+ 1.7
Total incorporated
(pmol ['*CJ22: 6 /mg protein) 473 + 25 347 + 31 348 + 10 308 + 1
(pmol ['*CJ22:6/pmol lipid P) 405 + 27 296 + 44 383 + 11 267 + 28
Specific radioactivities (pmol [*C]22: 6 /pmol lipid)
Phosphatidylcholine 739 + 53 602 + 82 384 + 26 239 +19
Phosphatidylethanolamine 89 + 9 76 + 17 148 + 19 22 + 11
Phosphatidylserine 41 + 3 16 + 4 246 + 9 150 + 8
Phosphatidylinositol 116 + 19 111 + 20 147 + 52 382 + O
Phosphatidate 1148 +109 1764 +315 5194 +486 4810 4146




been recovered as triacylglycerols in rod outer
segments, which was not the case. If label in rod
outer segment PC came from cross-contamination,
its specific radioactivity should be much lower
than in the other fractions, not higher as found. It
is concluded that enzymes controlling the turnover
of 22:6 are present in all subcellular fractions
from retina. They are active towards various lipid
substrates, including major membrane phospholi-
pids, and key intermediates like phosphatidate.

Distribution of ['*C]22:6 among docosahexa-
enoate-containing phosphatidyicholines

The distribution of [*C]22:6 among phos-
phatidylcholines (Table IV) significantly differed
among retinal membranes, especially between rod
outer segments and microsomes. More than half
the radioactivity, against 32%, was in dipolyun-
saturated PCs in the former and the latter, respec-
tively. Among dipolyunsaturated species, the frac-

TABLE IV
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tion at the origin of the argentation TLC plates
(I), which mainly contains didocosahexaenoyl
species, was the most heavily labeled in photore-
ceptor membranes. This fraction showed the
highest specific radioactivity in all subcellular
membranes, while the lowest corresponded to
hexaenoic species of PC. The turnover of 22:6 in
the dipolyunsaturated species which contain other
polyenes in addition to 22:6 (mainly very long-
chain hexaenes, pentaenes and tetraenes, in frac-
tions II, III and IV, respectively [9]) was about 10-
and 3-fold higher in the P, fraction and micro-
somes, respectively, than in photoreceptor mem-
branes, as indicated by their specific radioactivi-
ties in Table IV. This is interesting because dipoly-
unsaturated molecule species, including those con-
taining very-long-chain polyenoic fatty acids, are
specific constituents [9] of photoreceptor mem-
branes, and are probably synthesized in intracellu-
lar membranes of the rod inner segments. How-

DISTRIBUTION OF [1-'*C]IDOCOSAHEXAENOATE AMONG PHOSPHATIDYLCHOLINES FROM RETINAL MEM-

BRANES

Phosphatidylcholine from membranes incubated for 60 min with [#CJ22:6, ATP-Mg?*, and CoASH was isolated by TLC and
converted to acetyldiacylglycerols. The latter were resolved into fractions of similar unsaturation by argentation TLC. Quantitation of
species in each band was done in unlabeled aliquots of the respective membrane preparations after conversion of PC to >H-labeled
acetyldiacylglycerols, which were separated and counted as were the ['*C]22: 6-labeled derivatives. * The term supraenes’ is used to
designate species with more than six double bonds per molecule. Band I mainly contains didocosahexaenoyl species (90% 22:6).
Bands II, III and IV contain 50% 22:6 and 50% hexa-, penta- and tetraenoic fatty acids, respectively (mainly with very long carbon
chains [9]). Band V, nona- to heptaenes (mostly heptaenes, 18:1,/22:6). Incubations were done in duplicate (disks, mitochondria,
microsomes) or triplicate (rod outer segments), for which mean values + S.D. are given. Due to the very small amounts of supraenoic
species in P, and microsomes, fractions II-IV were collected together, and fraction V together with hexaenes. To allow for
comparison between membranes, the sum of radioactivity in these species is also provided for photoreceptor membranes (). ¢, is the
sum of radioactivity in these species divided by the sum of their mass.

Species Distribution of {'*C]22:6 (%)

Specific radioactivity
(pmol [1*C]22: 6 /nmol species)

rod outer segments disks rod outer segments disks
Supraenes * 1 38.61+5.6 47.8 5.0 32
1 92405 8.4 0.8 0.6
111 39107 16.8° 4.1 15.6 ° 0.3 0.62° 0.3 0.46 ¢
v 3.7+07 31 1.2 0.8
A% 10.6+0.2 b 11.2 b 3.0 ¢ 2.6 c
Hexaenes Wotas) 8 wa) %6 0s) 0% 0s) e
P, fraction microsomes P, fraction microsomes
Supraenes I 29.0 16.0 5.3 4.8
ITto1V 23.1 16.3 5.5 1.8
V + hexaenes 479 67.7 1.1 1.0
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ever, since microsomes and mitochondria were
obtained from entire retinas, only a small fraction
of these membranes derive from (the inner seg-
ments of) photoreceptor cells, for it is noteworthy
that high specific radioactivities are still mani-
fested in these species of PC, despite the consider-
able dilution with mitochondrial and microsomal
membranes from many other cell types.

Discussion

The results in this paper show that photorecep-
tor membrane lipids, especially phosphatidylcho-
line, undergo an active turnover of their docosa-
hexaenoyl moieties. The reactions leading to 22:6
incorporation into PC are independent from the
lipid biosynthetic processes that occur in the inner
segment of rods, since (1) they take place in
isolated rod outer segments and disks, and (2)
occur in the absence of cofactors that would be
necessary for de novo synthesis and /or alternative
lipid interconversions. As long as the fatty acid is
only esterified in the presence of ATP-Mg?™ and
CoA, is not utilized in membranes previously de-
natured by heat, and esterification depends on
incubation time and amount of protein, the pro-
cess is enzymatic. The enzymes involved are neces-
sarily (1) a membrane-bound acyl-CoA synthetase
which produces docosahexaenoyl-CoA, and (2) a
docosahexaenoyl-CoA-lysoPC acyltransferase (re-
actions 1 and 2, Fig. 2).

In general, the process of lipid acyl moiety
turnover may be envisaged as a cyclic event in
which a third enzyme must intervene to provide
an acceptor lyso compound (Fig. 2). This third
enzyme may be a phospholipase A (as in the
Lands’ cycle [17], or an acyltransferase such as the
activity catalyzing the CoA-mediated, ATP-inde-
pendent breakdown of phospholipids dem-
onstrated in rat liver microsomes [18] and in
lymphocytes [19]. Both will produce lysophos-
pholipids, but only phospholipases A will produce
in addition free fatty acids. In the presence of
ATP and CoA, the latter may be rapidly con-
verted to acyl-CoA esters and recombined with
lysophospholipids. The two possible ways of acyl-
CoA ester synthesis (reactions 3 and 4, Fig. 2) are
not necessarily exclusive of one another. In intact
cells the acylation capacity is always greater than

the degradation of phospholipids by phospholi-
pases A, which is biologically sensible, since
otherwise the cycle of fatty acyl moiety turnover
would result in a futile expenditure of high-energy
phosphates [20].

Whatever the source of acyl CoA(s) and lyso-
compounds, lysophosphatide acyltransferase(s)
must play a central role (1) in the maintenance of
lipid (and hence of membrane) integrity, (2) in the
maintenance of the characteristic acyl group com-
position of lipids, and (3) in mechanisms of fatty
acid replacements to synthesize new molecular
species of lipids through inter- or intra-molecular
rearrangements of their acyl chains. By selecting
specific CoA esters from the pool of acyl-CoA(s),
acyltransferases may be involved in the control of
physicochemical properties of membranes that de-
pend on lipid acyl moiety structural features such
as chain length and unsaturation. The densely
packed disks of photoreceptor cells, especially
those located near the apex of the rod outer
segments, are quite far from the site of synthesis
to rely on the resynthesis and transport of new
molecules for rapid replacement, let us say, of a
‘damaged’ (e.g., hydrolyzed, peroxidized) phos-
pholipid molecule. In addition, local modifications
in the physical properties (e.g., fluidity) of mem-
branes, brought about by transient changes in
their immediate environment (e.g., changes in pH,
Ca’* movements, etc), may be compensated by in
situ rearrangements of lipid acyl chains. Acyl-
transferases involved in polyunsaturated fatty acid
turnover may play important roles in these mecha-
nisms.

Studies on the specificities of liver acyltrans-
ferases have indicated that arachidonate and re-
lated long-chain polyenes may be esterified mainly
through the 1-acyl-sn-glycerol-3-phosphocholine
acyltransferase system (reaction 2, Fig. 2), whereas
saturated, monoenoic and dienoic fatty acids may
be incorporated mainly by glycerophosphate and
1-acyl-sn-glycerol-3-phosphate acyltransferases
(reactions 5 and 6, Fig. 2) [24]. Those enzyme
activities have been separated, and their acyl donor
specificities have indicated that the acylation that
gives rise to phosphatidate, and the deacylation-
reacylation cycle operating after de novo synthesis
of lipids are respectively the most important steps
in controlling the non-random distribution of fatty
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Fig. 2. Role of acyltransferases in the turnover of fatty acyl moieties of lipids in membranes. The heavy arrows indicate the pathways
probably followed by [*C]22:6 in the present experiments. The encircled numbers refer to enzymatic reactions discussed in the text.

acids between the sn-1 and sn-2 positions of natu-
rally occurring glycerophospholipids [22,23]. These
enzymes have not been studied in retina, and lipid
labeling by [**C]22: 6 has not yet been studied in
liver. Docosahexaenoate is predominantly located
at the sn-2 position of the glycerol backbone in
the various molecular species of lipids which con-
tain this fatty acid in photoreceptor membranes
(including hexaenocic and dipolyunsaturated
molecular species of PC other than didoco-
sahexaenoyl-PC, which has 22:6 in both posi-
tions) (unpublished results). The results presented
here indicate that all these species of PC are
subject to a continuous turnover of their doco-
sahexaneoyl moieties in situ, independently of de
novo synthetic mechanisms, which is consistent
with the way polyunsaturated fatty acids are intro-
duced into membrane lipids in general. In mem-
branes potentially able to carry out de novo
synthesis of lipids, like those of microsomes and
mitochondria, however, phosphatidate is also ac-
tively labeled with [*C]22:6 (Table III). This
may be consistent with the interpretation [24] that
22: 6 is mainly introduced early on in the de novo

biosynthetic sequence, i.e., during the synthesis of
phosphatidate. However, under the present condi-
tions, label in phosphatidate is unlikely to arise
from acylation of glycerophosphate (the first step
in the de novo synthetic pathway), since this
water-soluble precursor was probably lost during
membrane isolation and washing. Unless this
phosphatidate arose from degradation of other
labeled phospholipids, the present results indicate
that various lipid substrates including phosphati-
date are potentially subject to undergo deacyl-
ation-reacylation reactions in retinal membranes,
and hence that 22 :6 may be introduced in multi-
ple steps of glycerophospholipid metabolism.

Appendix

Uptake of free [1-'*C]docosahexaenoate in retinal
membranes

During incubations of rod outer segments with
[**C]22:6, it was observed that a significant pro-
portion of the free fatty acid in the incubation
system was taken up by the membranes. However,
the apparently contradictory effect that the smaller
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the amount of membranes used for the incuba-
tions, the larger the concentration of free ['*C]22: 6
attained in the membranes was noted as shown in
Table I for rod outer segments and disks incubated
under identical conditions. This prompted us to
analyze in closer detail how free ['*C]22:6 was
taken up, which led to various observations that
may be useful to understand one of the possible
mechanisms by which free fatty acids are incorpo-
rated in membranes, and perhaps in cells. The
total amount of 22:6 taken up by rod outer
segments incubated for 5, 10, 20, 30, or 60 min
was similar (S.D.+ 10% approx., not shown). This
indicates that 22 : 6 uptake is very rapid, since it is
virtually completed in a few minutes, in contrast
to its esterification (Fig. 1B). Free 22:6 uptake
occurred to similar extents in the absence or pres-
ence of cofactors, was similar for the three kinds
of subcellular fractions studied, and even occurred
in controls where the native structural organiza-
tion of membranes was destroyed by heating (Ta-
ble V). This indicates that free 22:6 is taken up
by an energy-independent, non-enzymatic process,
and that the fatty acid partitions into the mem-
branes by simple diffusion into the lipid matrix.
The (lipid in the) membranes had a high affinity
for the free acid, since even when small mem-
brane/ medium volume ratios were used, a large
proportion of the added [*C]22:6 (about one
third, Table V) was recovered in the membranes.
The quantitative relationship between the
amount of labeled free ['*C]22:6 in membranes
and the mount of membranes was obtained indi-

TABLE V

rectly as follows: when the concentration of free
22:6 in membranes (y, expressed as pmol
["*C]22:6/umol lipid P) was represented against
the amount of membranes (x, expressed as nmol
lipid P, or mg protein), a negative hyperbolic
relation of the form y=f(1/x) was obtained.
When 1/y was represented against x, a straight
line resulted from the data in Table V (linear
correlation coefficient 0.999) where 1/y =0.04 +
0.00043 nmol lipid P in the membrane (Fig. 3A).
Therefore, the amount of labeled 22:6 in mem-
branes bore the following relationship with the
amount of lipid P:

pmol({'*C]22: 6 = nmol P/(0.04+0.00043 nmol P) (1)

It may be calculated that a 2-fold increase in the
amount of membranes in the range 500—1000 nmol
lipid P only leads to a 7% increase in the amount
of 22:6 taken up (1960 pmol for 500 nmol and
2100 pmol for 1000 nmol P), which fits with the
experimental data in Table V. If Eqn. 1 is applied
to a wider range of lipid P concentrations it is
apparent that a 10-fold increase of membranes in
the interval 100-1000 nmol P leads to a higher
increase in the pmol of 22 : 6 incorporated than if
the same increase were feasible in the range
1000-10000 nmol P (1200-2100 pmol (= 75%),
and 2100-2300 pmol (= 8%), respectively). The
curve in Fig. 3B suggests that there is a maximum
amount of 22:6 the membrane can take up when
the total amount of 22:6 in the system is kept
constant. The difference between the total amount

PARTITION OF FREE ["*C]DOCOSAHEXAENOATE INTO RETINAL MEMBRANE LIPIDS

The incorporation of ['*C]22: 6 into various membrane preparations used in experiments described in this paper (6 nmol 22:6, 0.5 m!
medium, presence of cofactors) is compared with similar aliquots from the same preparations which had been heated at 100°C for 5
min before the period of incubation in the same conditions (controls).

Controls

Membranes

nmol lipid P pmol[**CJ22:6

pmol/pmolP  nmol lipid P pmol[**C]22:6 pmol/umol P

Rod outer segments, 60 min 1004+ 31 (4) 25824296

60 min 782 (2) 2374

30 min 666 1y 2531
Disks, 60 min 481+26 (3) 2106+141
P, fraction, 60 min 334 (2) 1793

Microsomes, 60 min 657 (2) 1960

25724295

4415 1296

966 +54(8) 20881138 21624143
3036 760+35(3) 20741169 27294222
3800 682+40(3) 20701107 3038+ 75
433+18(8) 1865+ 87 4307+202
5368 393+18(3) 1873+ 68 4767+172
2983 766 +40(3) 2072+ 99 2705+ 129
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Fig. 3. Functions relating the concentration (A) and the amount (B) of free ['*C]22:6 attained in membranes and the amount of
membranes (expressed as nmol lipid P). Membranes were incubated 60 min at 37°C and at pH 7.4 in the presence of 12 pM
['*CJ22:6. In A, the inverses of pmol [ C]22: 6 /nmol lipid P were calculated from Table V (plus one value from Fig. 1) and plotted
against nmol lipid P. In B, the resulting function (Eqn. 1 described in the text) was applied to extend the relationship between
amount of 22: 6 taken up and amount of membranes to a hypothetically wider range of membrane concentrations. Experimental data
from Table V are given in the inset. ®, rod outer segment; O, disks; a, P, fraction; a, microsomes.

added and this maximum should be the amount of
free 22:6 in the medium in equilibrium with the
membranes, in this case 6.0-2.3 = 3.7 nmol /0.5
ml medium =74 pM. Obviously, higher con-
centrations of 22:6 in the medium should result
in increased concentrations in the membranes.
The concentrations of free [**C]22:6 attained
in membranes after 1 h incubation ranged from
0.002 to 0.005 mol/mol phospholipid in the pre-
sent experiments (Table V). It is important to
point out here that this is still a trace amount, and
is likely to be less disturbing to membranes than
other (unavoidable) factors like the time taken for
membrane isolation, low temperatures during the
process, presence of extraneous buffers or ionic
media, etc. For instance, in isolated disks, the
endogenous amount of free 22 :6 was between 8-
and 20-fold higher than this, namely 0.039 + 0.001
mol /mol lipid P, as mentioned in the text. When
membranes ‘preloaded’ with free ['*C]22:6 were
incubated in media lacking ['*C]22:6, a fraction
of the free fatty acid originally present in mem-
branes tended to equilibrate with (i.e., diffuse to)
the medium. Thus, 10% and 43% was lost after 5
and 30 min incubation respectively (Table II),
regardless of the presence or absence of cofactors.
Studies dealing with the kinetics of free fatty
acid uptake by animal cells have provided evi-
dence for two modes of fatty acid transport across

cell membranes: a saturable, energy-independent
component is observable at low fatty acid con-
centrations (1-10 pM) and simple diffusion at
higher substrate concentrations [25]. The present
results indicate that, using 12 uM concentrations
of 22:6, a high proportion of the added fatty acid
is rapidly adsorbed onto (or partitions into) the
hydrophobic matrix of several intracellular mem-
branes (irrespective of their kind) in an energy-in-
dependent process. This agrees with the proposal
[25] that the striking capacity of cells to accu-
mulate free fatty acids from incubation media
may result from the association of substrates to
lipophilic intracellular structures rather than to
specific binding to the relatively scanty cytosolic
fatty acid carrier proteins. The curve in Fig. 3B,
relating the amount of free 22 : 6 taken up and the
amount of membranes at constant fatty acid con-
centration, follows the same pattern as that of the
function relating the amount of a solute in the
stationary phase with the amount of stationary
phase in chromatographic processes. Thus, the
fraction of molecules in the stationary phase
(k’/1+ k’) plus the fraction of molecules in the
mobile phase (1/1 + k’) is equal to 1.0 (X’ being
the ‘capacity factor’, defined as the ratio, amount
of a solute in the stationary/amount in the mobile
phases). Since the volume of medium (0.5 ml) and
the amount of 22:6 in the system (6000 pmol)
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TABLE VI

FRACTIONAL DISTRIBUTION OF [“C]22:6 BETWEEN
MEMBRANES AND MEDIA

k’ was obtained by dividing the amount of ['*CJ22:6 in
membranes (calculated using Eqn. 1) by the amount of
[**C]22:6 in media (6000 minus this amount) as explained in
the text.

nmol P kK 1/1+ k! KA+ k'
1 0.004 0.996 0.004

10 0.039 0.962 0.038

102 0.251 0.799 0.201

10° 0.549 0.646 0.354

104 0.623 0.616 0.384

10° 0.63 0.613 0.686

10°® 0.63 0.616 0.686

were kept constant, using Eqn. 1 to calculate the
amount of 22 : 6 in membranes (Fig. 3B) and 6000
minus this result to obtain the amount in media, it
follows that the fractional distribution of mole-
cules between the ‘stationary’ (membranes) and
‘mobile’ (medium) phases may be assimilated to a
partition process (see Table VI).

The amount of a fatty acid that is ‘solubilized’
by membranes will thus depend: (1) on the volumes
of both phases for a constant amount of fatty acid
in the system, and (2) on the amount of fatty acid
added to the incubation system for a constant
membrane/ medium volume ratio. If phase
volumes are kept constant and the same amount
of different fatty acids (solutes) are added, it is
then predictable that the concentration of each
solute in the membrane will differ according to
the type of fatty acid (each will have its own &/,
since the ‘stationary phase’” will display different
selectivities (ratios between k's) towards various
solutes. The final concentration of substrates in
the immediate environment (the lipid matrix) of
membrane-bound enzymes which handle fatty
acids (rather than the total amount added to the
incubation system) must be adjusted when com-

paring the kinetic behavior of such enzymes to-
wards various substrates.
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