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Summary

Characteristics of lipids in the microvillar membranes of octopus photo-
receptor cells were studied in order to obtain some information on the mem-
brane environment with rhodopsin in the invertebrate.

(1) The membranes contain lipid and protein in almost equal proportion.
The majority of lipids are phospholipids. Neutral lipids make up 16% of the
total lipids, the major constituent of which is cholesterol.

(2) Phosphatidylethanolamine and phosphatidylcholine are the major phos-
pholipids. Phosphatidylserine, ceramide 2-aminoethylphosphonate and sphingo-
myelin occur as minor components. An unidentified alkaline and acid stable
phospholipid was found.

(3) The predominant fatty acids of phosphatidylethanolamine and phos-
phatidylcholine are highly unsaturated such as 22 : 6, 20 : 5 and 20 : 4. The
22 :6 and 20 :5 are exclusively linked at the 2-position, but the 20 : 4 is
linked significantly at the 1-position of the phospholipids.

(4) Major molecular species are 16 :0/22:6 (48.4%) and 16 : 0/20 : 4
(19.6%) in phosphatidylcholine, and 20 : 4/22 : 6 (50.7%) and 16 : 0/22 : 6
(25.6%) in phosphatidylethanolamine.

Introduction

Microvillar membranes in the outer segment of invertebrate photoreceptor
cells are the sites of light reception and energy transduction to electrical activity
in the visual system [1]. Rhodopsin is the major protein component of the
microvillar membranes in the cephalopods and its chromopher, 11-cis-retinal,
serves as the light reception [2]. Photolytic sequence of cephalopod rhodopsin
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is clearly defined [3—6] and some intermediate processes may be associated
with the visual excitation. Due to the strong hydrophobic nature of rhodopsin
and apparent bilayer character of the membranes, the properties of the
rhodopsin in the membrane should be partly dependent upon the physical and
chemical nature of the lipid [7—12].

To elucidate the mechanism of photoreception in the microvillar mem-
branes, it is of importance to characterize as fully as possible the lipid of micro-
villar membranes of photoreceptor cells. In this respect, lipid composition of
photoreceptor membranes has well been studied for the vertebrates such as
cattle [13—17] and frog [18]. Most of the fatty acids from photoreceptor
membranes of vertebrates are polyunsaturated fatty acids, particularly 22 : 6
[14—17] which is believed to be critical in photoreceptor membranes [14].
However, only a few reports are available on the lipid analyses of invertebrate
(squid and horseshoe crab) photoreceptor membranes [19—21], although there
are morphological differences between vertebrate (discmembrane) and
invertebrate (microvillar membrane).

Discrepant observations have been reported on the major fatty acids of phos-
pholipids in the photoreceptor cells of squid. Mason et al. [19] report large
percentages of short chain fatty acids and low levels of polyunsaturated fatty
acids. But another report [20] describes that the levels of polyunsaturated
fatty acids are highest among any other vertebrate or invertebrate retina exam-
ined so far. The present study was therefore made to elucidate the membrane
environment with rhodopsin in micro of invertebrate photoreceptor cells, using
octopus as the material; lipid analysis of which has not been carried out yet. In
this paper we show the characteristics of phospholipids, and major lipids in the
octopus microvillar membranes.

Materials and Methods

Chemicals

Ceramide 2-aminoethylphosphonate was a generous gift from Dr. Y. Hayashi,
Department of Chemistry, Faculty of Science and Technology, Kinki Univer-
sity, Osaka, Japan. Ceramide aminoethylphosphate was also a gift from Dr. T.
Hori, Department of Chemistry, Faculty of Education, Shiga University, Shiga,
Japan. Reference standards of phospholipids such as phosphatidylcholine,
phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine and
sphingomyelin were isolated from the rat in our laboratory [22,31]. Authentic
standards of fatty acid methylesters and phospholipase C from Clostridium
Welchii and Bacillus cereus were purchased from Sigma Chem. Co. All solvents
used here were flushed with nitrogen gas and contained 0.02% of 4-methyl-
2,6-tert-butylphenol to avoid the oxidation of unsaturated lipids.

Isolation of the microvillar membranes of the octopus photoreceptor cells
Paroctopus defleini, the common octopus in Hokkaido, Japan was used as
material. Live octopi were decapitated at once in dim light and their eyeballs,
kept in the dark at —80°C, were brought to the laboratory. Within a day we
started to isolate the microvillar membrane by a method described previously
[6]. The bisected eyes were shaken in 10 mM imidazole buffer (pH 7.2) con-
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taining 1 mM MgCl, and 500 mM NaCl. The microvillar membranes were
isolated by repeated discontinuous sucrose gradient centrifugation. The outer
segments containing sucrose (density of 1.20 g/ml) were layered at the bottom
of a discontinuous gradient of sucrose in 10 mM phosphate (pH 6.8) containing
1 mM MgCl, and 10 mM NaCl. The gradient was formed by layering 2 ml of
sucrose solutions of different densities (1.15, 1.13 and 1.11 g/ml). After
centrifugation at 21 000 X g for 2 h at 5°C, a dense orange band appeared at
the 1.13/1.15 g/ml interface, which was collected with a syringe with a long
needle (No.18). This discontinuous gradient centrifugation was repeated
twice. The isolated outer segments were then washed repeatedly with distilled
water, 10 mM KH,PO,, 100 mM Na,HPO,, and finally, with 67 mM phosphate
buffer (pH 6.8) by centrifugation.

Lipid extraction and analysis of lipids by two dimensional thin-layer chromatog-
raphy

Microvillar membranes of octopus photoreceptor cells were homogenized
with 0.1 M Tris-HCl buffer (pH 7.4) and an aliquot was taken for determina-
tion of protein. The lipids were extracted from the homogenates by the meth-
od of Bligh and Dyer [23]. For the analysis of phospholipid composition,
individual phospholipid was separated by two-dimensional thin-layer
chromatography as described by Rouser et al. [24]. Identification of the phos-
pholipid on the plates was made on the basis of ninhydrin [25], and Dittmer’s
reagent [26] spray, mild alkaline and acid hydrolysis [27], and comparison
with migration of reference standards. After chromatography, the spots on the
plates were detected by iodine vapor and individual spots were scraped off and
transfered into test tubes. Lipid phosphorus of the spots was then analyzed by
the method of Aalbers and Bieber [28]. The spot with the gel was digested
with 0.4 ml of 70% HClIO, at 175°C for 15 h. After cooling, 0.3 ml of 10 N
H,S0, and 2 drops of 30% H,0, were added and digested again at 175°C for
2 h and then phosphorus was determined according to the method of Bartlett
[29].

Isolation of pure phospholipids

For isolation of pure phospholipids, the combined method of column
chromatography on DEAE-cellulose and preparative thin-layer chromatography
was employed as reported previously [30,31]. After elution of neutral lipids
with chloroform, the nonacidic phospholipids were eluted with methanol by
chromatography on DEAE-cellulose. Phosphatidylcholine and phosphatidyl-
ethanolamine were then isolated from the neutral phospholipid fraction by
means of thin-layer chromatography on Silica gel G plates with a solvent
system of chloroform/methanol/water (70 : 30 : 5 v/v). Each band on the plate
of thin-layer chromatography was scraped and eluted with chloroform/
methanol/acetic acid/water (50 :39 :1 :10, v/v) as described by Arvidson
[32] and the extract was washed with 4 N ammonia and 50% methanol. The
recovery of phosphatidylcholine and phosphatidylethanolamine was 94.2 +
2.3% and 92.7 + 3.5%, respectively when examined by the separate experiment
using radioactive phospholipid samples.
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Resolution of phospholipids into molecular species

Phosphatidylcholine and phosphatidylethanolamine were converted into 1,2-
diacylglycerol by phospholipase C from Clostrium Welchii and Bacillus cereus,
respectively [33]. The 1,2-diacylglycerols formed from the phospholipids were
immediately acetylated with acetic anhydride and anhydrous pyridine as
described by Soodsma et al. {34]. The diacylglycerol acetates were purified by
thin-layer chromatography with a solvent system of hexane/ether/formic acid
(60 : 20 : 1.5, v/v) and recovered as described by Kuksis et al. [35]. No signifi-
cant loss of polyunsaturated fatty acids occurred in this acetylation procedure.

The diacylglycerol acetates were resolved into molecular classes according to
the degree of unsaturation by means of argentation thin-layer chromatography.
The silica gel H plates containing 10% AgNO; were first developed to a height
of 6 cm with chloroform/methanol/water (55 : 33 : 7, v/v) and after drying
with N, stream were further developed to a height of 12 ¢cm with chloroform/
methanol (90 : 10, v/v). Finally the plates were developed to a height of 18 cm
with hexane/ether (4 : 1, v/v). By this three step development, the diacyl-
glycerol acetates from the phospholipids were separated into six subfractions
designated as saturates, monoenes, dienes, tetraenes, polyene I and polyene II.
The diacylglycerol acetates were recovered from the gel by the method of
Arvidson [32]. The relative proportion of the diacylglycerol acetates separated
on argentation thin-layer chromatography was estimated by glycerol determina-
tion of each subfraction.

In order to determine the detailed molecular species, the carbon number
distribution of the diacylglycerol acetates separated on the basis of the degree
of unsaturation, was analyzed by gas chromatography [35]. The diacylglycerol
acetates were analyzed on a 50 cm X4 mm (outer diameter) pyrex column
packed with 1% silicone OV-1 on Gaschrom Q at 290°C. Peak identity of the
diacylglycerol acetates was made by comparison with calibration standards
composed of dimyristoyl, dipalmitoyl, distearoyl and diarachidoyl acetates.
The carbon number on each diacylglycerol acetate has been defined as the sum
of the carbon atoms in the fatty acid moieties.

Analytical methods

The fatty acid methylesters of phospholipids were prepared with BF,/
methanol [36]. The fatty acid methylesters were analyzed on a 2 m X 4 mm
outer diameter pyrex column packed with 10% diethyleneglycol succinate on
Chromosorb W at 185°C. Identification of fatty acid methylesters was made
by comparison with retention time of reference standards. Hydrogenation and
argentation thin-layer chromatography were also employed to identify fatty
acid methylesters. Hydrogenation of fatty acid methylesters was carried out
with panadium charcoal as reported previously [22]. Argentation thin-layer
chromatography on plates of 10% AgNQ; in silica gel G was employed to
identify fatty acid methylesters with a solvent of hexane/ether (4 : 1, v/v)
[37]. The positional distribution of fatty acids in the original phospholipids
was determined by hydrolysis with phospholipase A, according to the method
of Long and Penny [38].

Lipid phosphorus was determined by the method of Aalbers and Bieber
[28], and Bartlett [29]. Glycerol was determined by the method of Van
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Handel and Zilversmit [39], total cholesterol by the method of Zak et al. [40]
and free fatty acid by the method of Itaya and Ui [41]. Protein was deter-
mined by the method of Lowry et al. [42]. All gas chromatographies were
done with a Shimadzu GC-5A gas chromatograph, equipped with a flame
ionization detector, in conjunction with Shimadzu chromatopac-E1A.

Results

The lipid content of microvillar membranes of octopus photoreceptor cells is
given in Table I. The ratio of total lipid to protein was about 1, almost the
same as the values obtained from squid rhabdome [19] and bovine rod outer
segments [13]. Most of the lipid was phospholipid (84%). Neutral lipids made
up 16%, the major one of which was free cholesterol (10%).

Two-dimensional thin-layer chromatography resolved the octopus outer
segment lipids into ten or eleven spots (Fig. 1). However, seven of the spots
were Dittmer’s reagent-positive, that is phospholipids (Table II). Phosphatidyl-
ethanolamine and phosphatidylcholine were the major phospholipids and
together they accounted for about 84% of the phospholipids. The content of
phosphatidylserine was relatively low (3.7%) as compared with that of bovine
outer segment (13—15%) [13,17]. In contrast, three spots (spots 4, 5 and 6 in
Fig. 1) of alkaline and acid stable phospholipids were detectable. One of the
phospholipids, spot 4, was identified as ceramide 2-aminoethylphosphonate,
since it gave ninhydrin positive and co-chromatographed with the reference
standard. In the same manner, ceramide aminoethylphosphate was not found
to occur in this sample, the authentic standard of which migrated between
spots 3 and 4 in this solvent system. These findings are consistent with those
reported by Hori et al. [43,44], who described that cephalopods contain
ceramide 2-aminoethylphosphonate and sphingomyelin, but not ceramide
aminoethylphosphate. Spot 6 was co-chromatographed with reference phos-
phatidylinositol, but it gave ninhydrin positive, and was alkaline and acid
stable. Hence this phospholipid was not identified. The Dittmer’s reaction was
weak but certainly positive in spot 1. It was also unidentified. No glycolipids
were observed by specific glycolipid strain on the plates of thin-layer
chromatography. Phosphatidylcholine was of the diacyl type alone and only

TABLE I
LIPID CONTENT OF MICROVILLAR MEMBRANES OF OCTOPUS PHOTORECEPTOR CELLS

Lipid content

mg/mg protein %
Phospholipid ** 095 +0.11* 84.1
Cholesterol *** 0.11 + 0.005 9.7
Triglyceride 0.02 £ 0.01 1.8
Free fatty acid 0.05 + 0.02 4.4

* Values are means + S.D., from four different samples.
** The amount of phospholipid was calculated as lipid phosphorus X 25,
*** The value of cholesterol contains free and esterified types, but the latter spot was not detected in
thin-layer chromatography.
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Fig. 1. Two-dimensional thin-layer chromatograph of the lipids of microvillar membranes of octopus
photoreceptor cells. The chromatogram was developed with chloroform/methanol/28% aqueous ammonia
(65 :35:5, v/v) followed by chloroform/acetone/methanol/acetic acid/water (5:2:1:1: 0.5, v/v).
Spots were visualized with the formaldehyde/sulfuric acid (3 : 97) char procedure. NL, neutral lipids:
FA, free fatty acid.

trace amounts of alkenyl type occur in phosphatidylethanolamine, which were
noticed by the detection of dimethy! acetals on gas chromatograms.

The results of the fatty acid analysis of the major phospholipids, phos-
phatidylcholine and phosphatidylethanolamine, in the microvillar membranes
are presented in Table III. The fatty acids of the two phospholipids were found

TABLE II

PHOSPHOLIPID COMPOSITION IN MICROVILLAR MEMBRANES OF OCTOPUS PHOTORECEPTOR
CELLS

Spot No. ** Phospholipid Mol% of phosphate (n = 6)
1 Unidentified 0.4 £0.2*

2 Phosphatidylethanolamine 45,5+ 2.9

3 Phosphatidylcholine 38.8+1.2

4 Ceramide 2-aminoethylphosphonate 5.1 +1.1

5 Sphingomyelin 2.5 +0.8

6 Unidentified 4.0 £1.9

7 Phosphatidylserine 3.7+1.6

* Values are means + S.D., from six different samples.
** Spot numbers represent numbers shown in Fig. 1.



67

TABLE III

FATTY ACID COMPOSITION OF PHOSPHOLIPIDS IN MICROVILLAR MEMBRANES OF OCTOPUS
PHOTORECEPTOR CELLS

Fatty Fatty acid composition (mol%) *
acid **
Phosphatidylcholine Phosphatidylethanolamine
Total 1-Position 2-Position Hydrogen- Total 1-Position 2-Position Hydrogen-
ated total ated total
14:0 0.4 1.1 0.3 1.3 0.3 0.2 0.1 1.5
16 : 0 36.0 52.4 16.3 37.1 6.1 13.8 3.1 71
17:0 0.5 1.9 1.5 0.4 0.4 2.7 0.5 0.5
18: 0 — — — - 0.5 0.9 — 0.5
aldehyde
18: 0 1.8 2.1 0.6 9.2 1.8 4.4 0.5 6.7
18:1 5.1 4.8 6.0 - 4.5 8.4 1.1 —
18:2 1.4 1.8 0.7 — 0.3 1.3 0.1 —
20:0 — — — 23.3 — — — 43.4
20:1 1.1 3.0 0.8 - 3.3 7.9 1.0 -
20:4 14.9 25.1 3.5 — 27.7 45.7 8.2 —
20:5 7.6 2.4 12.6 — 13.4 6.2 18.8 —
22:0 — — — 28.7 — - — 40.3
22:5 — — 0.5 — — — — —
22 .6 30.1 1.5 57.2 — 41.7 5.8 66.6 —

* Values represent the mean of triplicate analyses from each preparation of the microvillar membranes
of photoreceptor cells from about 100 octopi.
*#* Number of carbons: number of double bonds.

to be highly unsaturated. About 90% in phosphatidylethanolamine and about
60% in phosphatidylcholine were unsaturated fatty acids, the majority of
which were 20 :4, 20 : 5 and 22 : 6, particularly about a half of the unsatu-
rated fatty acids were 22 : 6. The positional specificity of the unsaturated fatty
acids should also be noted. The 22 : 6 and 20 : 5 were almost exclusively
linked at the 2-position of glycerol, but the 20 : 4 was significantly linked at
the 1-position. The identification of the major unsaturated fatty acid methyl-
esters was made by the comparison of retention time with reference standards,
hydrogenation, and combination of argentation thin-layer chromatography and
gas chromatography. After hydrogenation, the peaks of unsaturated fatty acid
methylesters disappeared and the corresponding increases in 18 : 0,20 : 0 and
22 : 0 were found on gas chromatograms (Table III). The tetraenoic, penta-
enoic and hexaenoic fatty acid methylesters isolated by argentation thin-layer
chromatography were 20 : 4, 20 : 5 and 22 : 6 respectively (data not shown).
The saturated fatty acids of short carbon chains were not found. These fatty
acid patterns of the phospholipids in microvillar membranes of octopus photo-
receptor cells were very similar with data of squid retina reported by Anderson
et al. [20], but different from those of squid rhabdomes reported by Mason et
al. [19] in high concentrations of polyunsaturated fatty acids, and from those
of bovine rod outer segments [13] in their positional specificity.

Table IV gives the proportion of molecular classes, characterized by their
degree of unsaturation, of phosphatidylcholine and phosphatidylethanolamine
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TABLE IV

COMPOSITION OF MOLECULAR CLASSES OF PHOSPHOLIPIDS IN MICROVILLAR MEMBRANES
OF OCTOPUS PHOTORECEPTOR CELLS

Values represent mean ¢ S.ID. from each phospholipid isolated from three preparations of the membranes
of octopus photoreceptor cells.

Content Phosphatidylcholine Phosphatidylethanolamine

{(umol/mg protein) 0.43 :t0.01 0.53 + 0.03 T
Saturates 3.0 £ 0.6 (%o) 0.9 + 0.2 (%)

Monoenes 16.0 + 1.8 29+04

Dienes 54=+1.1 3.2+1.2

Tetraenes 20.0 £ 2.7 8.1 +1.9

Polyene 1 52.0 + 4.3 32.1 +2.3

Polyene II 3.6 +1.4 51.7 + 3.4

from the microvillar membranes of octopus photoreceptor cells. The most
striking characteristics of the molecular classes in the two phospholipids were
the high concentration of polyunsaturated ones, that is, polyenesI and II.
However, some differences in molecular classes were found between phos-
phatidylcholine and phosphatidylethanolamine. The major molecular classes in
phosphatidylcholine were monoenes (16.0%), tetraenes (20%) and polyenes I
(52.0%) and only small proportions (3.6%) of polyenes I were seen, while

TABLE V

COMPOSITION OF INDIVIDUAL MOLECULAR SPECIES OF PHOSPHATIDYLCHOLINE AND PHOS-
PHATIDYLETHANOLAMINE IN MICROVILLAR MEMBRANES OF OCTOPUS PHOTORECEPTOR
CELLS

L4
Molecular class Carbon Phosphatidyl- Phosphatidyl- Corresponding
number choline ethanolamine molecular species *
(%) (%)
Saturates 30 0.2 0.1 14:0/16 : 0
32 2.8 0.8 16 : 0/16 : O
34 0.1 — 16:0/18: 0
Monoenes 32 4.2 0.3 16 : 0/16 : 1
34 10.5 2.1 16 : 0/18 : 1
36 1.3 0.5 18:0/18:1
Dienes 34 2.9 2.0 16 : 0/18: 2
36 1.9 1.2 18:0/18:2,18:1/18:1
38 0.2 — 18:1/20:1
Tetraenes 34 0.2 0.1 14:0/20: 4
36 19.6 7.9 16:0/20: 4
38 0.6 0.2 18 : 0/20: 4
Polyenes 1 36 3.6 1.1 16 : 0/20: 5
38 48.4 25.6 16 : 0/22: 6
40 — 5.4 18:0/22:6
Polyenes 11 36 0.2 —
38 0.7 —
40 0.6 1.0 18:2/22:6
42 2.1 50.7 20:4/22:6

* No positional specificities are implied in the symbolism of molecular species. The main molecular
species are listed on the basis of fatty acid analysis of each molecular class.
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phosphatidylethanolamine contained polyenes I (32.1%) and II (51.0%) as the
predominant molecular classes.

The mass distribution of individual molecular species of the two phospho-
lipids is presented in Table V. The predominant carbon number of diacyl-
glycerol acetates from polyenes I was 38, which were mainly composed of 16 :
0 and 22 :6. Polyenes Il in phosphatidylethanolamine contained predomi-
nantly carbon number 42, the fatty acids of which were significantly 20 : 4
and 22 : 6. The polyenes I and II are, therefore, considered to be hexaenes and
decaenes, respectively. The major molecular species were 16 : 0/22 : 6,16 : 0/
20 :4 and 16 : 0/18 : 1 in phosphatidylcholine, and 20 : 4/22 : 6 and 16 : 0/
22 : 6 in phosphatidylethanolamine. It was also noted that monoenes, dienes or
tetraenes occurred predominantly in combination with 16 : 0 as saturated
acids. Tetraenoic phospholipids in mammalian tissues contain generally signifi-
cant amounts of stearic acid as saturated acids [46], and preferential combina-
tions between stearic and arachidonic acids have been reported in certain phos-
pholipids from mammalian tissues [45]. However, apparently only small
amounts of 18 : 0/20 : 4 species occurred in the phospholipids of this prepara-
tion from the octopus.

Discussion

The phospholipids occurring in natural sources are composed of complicated
mixtures of molecular species which contain a pairing of various fatty acids.
Recent observations revealed that different molecular species of phospholipids
are synthesized differently via their characteristic routes [46—48] and phos-
pholipids function as a unit of molecular species in the membrane [49]. There-
fore, more detailed information on the characteristics of lipids in the mem-
brane will be obtained by the analysis of molecular species of microvillar
membrane phospholipid classes than their fatty acid analysis alone. In this
respect, the positional distribution of fatty acids and the molecular species of
phosphatidylcholine and phosphatidylethanolamine in microvillar membranes
of octopus photoreceptor cells were analyzed in the present work, which have
not been performed previously except for the positional analysis of fatty acids
in the phospholipids of vertebrate photoreceptors [50,51]. Very interesting is
the fact that 22 : 6 and 20 : 5 are exclusively linked at the 2-position, but 20 :
4 significantly linked at the 1-position of the phospholipids, and 16 : O are
distributed in both positions, especially in phosphatidylcholine. Major molec-
ular species are 16 : 0/22 : 6 and 16 : 0/20 : 4 in phosphatidylcholine, and 20 :
4/22:6 and 16 : 0/22 : 6 in phosphatidylethanolamine. Although no posi-
tional specificities were determined in each molecular species, the predominant
tetraenoic species, 16 : 0/20 : 4, seems to be mainly composed of 20 : 4 at
the 1-position and 16 : 0 at the 2-position,

As mentioned above, the most striking feature of lipids of the octopus
microvillar membranes is that they contain highly unsaturated molecular
species of phosphatidylcholine and phosphatidylethanolamine as the major
lipid classes. These facts suggest that the microvillar membranes of octopus
photoreceptor cells are liquid-like in nature and rich in fluidity, which seems to
be similar with the nature of vertebrate photoreceptor cells [13—17]. However,
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discrepant observations have been reported on characteristics of lipids in photo-
receptor cells of invertebrate (squid). Mason et al. [192] described that squid
rhabdom is different from the vertebrate photoreceptor in neutral lipid content
and predominant fatty acids; small quantities of 22 : 6, large quantities of the
short-chain fatty acids in all lipid classes, and relatively high content of
cholesterol are found in squid photoreceptor. They suggest that the squid
photoreceptor membrane is more rigid than the vertebrate photoreceptor mems-
brane and consequently that squid rhodopsin has a potentially lower mobility
in the visual pigment membranes. In sharp contrast, Anderson et al. [20]
reported that unusually large amounts of polyunsaturated fatty acids (20 : 4,
20 : 5 and 22 : 6) occur in each of the lipid classes of the squid photoreceptor
membranes; phosphatidylethanolamine contain almost 90% polyunsaturated
fatty acids, the most abundant of which is 22 : 6, while phosphatidylcholine
contain 58% long chain polyunsaturates. The present results with microvillar
membranes of octopus, belonging to the same cephalopods as squid, are very
similar with the findings of Anderson et al. [20] in the types and percentages
of fatty acids of phosphatidylcholine and phosphatidylethanolamine. However,
it should also be noted that the octopus membranes contain relatively large
parts (about 16% of total lipid) of cholesterol and sphingolipids (ceramide
2-aminoethylphosphonate and sphingomyelin), which are considered to have a
much more rigid and compact nature than the unsaturated molecular species of
phospholipids in the membrane organization [52].

Acknowledgement

This work was supported in part by a Scientific Research Grant from Naito
Foundation, Japan. Gratitude is expressed to Mr. Goroh Okano for his expert
technical assistance.

References

Hagins, W.A., Zonna, H.V. and Adams, R.G. (1962) Naturc 194, 848847

Hubbard, R. and St. George, R.C.C. (1958) J. Gen. Physiol. 41, 501-528

Yoshizawa, T. and Wald, G. (1964) Nature 201, 340—345

Ebina, Y., Nagasawa, N. and Tsukahara, Y. (1975) Jap. J. Physiol. 25, 217226

Tsuda, M. (1978) Biochim, Biophys. Acta 502, 495506

Tsuda, M. (1979) Biochim. Biophys. Acta 545, 537—546

Shichi, H. (1971) J. Biol. Chem. 246, 61786182

Hong, K. and Hubbell, W. (1972) Proc. Natl. Acad. Sci. U.S8. 69, 26172621

Applebury, M.L., Zuckerman, D.M., Lamola, A.A. and Jovin, T. (1974) Biochemistry 13, 3448—3458

Shichi, H. and Somers, R.1. (1975) Photochem. Photobiol. 22, 187191

O’Brien, D.F., Costa, L.F.and Ott, R.A. (1977) Biochemistry 16, 12951303

Van Brengel, P.J.G.M., Geurts, P.H.M., Daemen, F.J.M. and Bonting, S.L. (1978) Biochim. Biophys.

Acta 509, 136—147

13 Adams, R.G. (1967)J. Lipid Res. 8, 245—248

14 Nielsen, N.C., Fleischer, S. and McConnell, D.G. (1970) Biochim. Biophys. Acta 211, 10—-19

15 Borggreven, J.M.P.M., Daemen, F.J.M. and Bonting, S.L. (1970) Biochim. Biophys. Acta 202, 374-—
381

16 Poincelot, R.P. and Abrahamson, E.W. (1970) Biochim, Biophys. Acta 202, 382—385

17 Anderson, R.E. and Maude, M.B. (1970) Biochemistry 9, 3624--3628

18 Eichberg, J. and Hess, H.H, (1967) Experimentia 23, 993994

19 Mason, T., Fager, R.S. and Abrahamson, E.W. (1973) Biochim. Biophys. Acta 306, 67—73

20 Anderson, R.E., Benolken, R.M., Kelleher, P, A, Maude, M.B. and Wiegand, R.D. (1978) Biochim. Bio-

phys, Acta 510, 316—326

-1 DU W =

-
-2 0



21
22

24
25
26
27
28
29
30
31
32
33
34
35
36
37

38

40

41
42
43
44
45
46
47
48
49
50
51
52

Benolken, R.M., Anderson, R.E. and Maude, M.B.(1975) Biochim. Biophys. Acta 413, 234—242
Akino, T. (1969) Tohoku J, Exp. Med, 98, 8797

Bligh, E.G. and Dyer, W.J, (1959) Can. J, Biochem. Physiol, 37, 911917

Rouser, G., Simon, G, and Kritchevsky, G. (1969) Lipids 4, 599—606

Skipski, V.P., Prterson, R.F, and Barclay, M, (1962) J. Lipid Res. 3, 467—470

Dittmer, J.C. and Lester, R.L. (1964) J. Lipid Res. 5, 126127

Dawson, R.M.C. (1960) Biochem, J. 75, 45—53

Aalbers, J.A. and Bieber, L.L. (1968) Anal. Biochem, 24, 466—468

Bartlett, G.R. (1959) J. Biol. Chem, 234, 466468

Akino, T., Abe, M. and Arai, T. (1971) Biochim. Biophys., Acta 248, 274--281

Okano, G., Kawamoto, T. and Akino, T. (1978) Biochim. Biophys. Acta 528, 385—393
Arvidson, G.A.E. (1968) Eur. J. Biochem. 4, 478—486

Renkonen, O, (1965) J. Am. Oil Chem. Soc. 42, 298—304

Soodsma, J.F., Mims, L.C. and Harlow, R.D. (1976) Biochim. Biophys. Acta 424, 159167
Kuksis, A. and Marai, L. (1966) Lipids 2, 217-—216—224

Morrison, W.R. and Smith, L .M. (1964) J. Lipid Res. 5, 600—608

71

Privett, O.S. (1966) in Progress in the Chemistry of Fats and other Lipids (Holman, R., ed.), Vol. 9,

p. 91, Pergamon Press, London
Long, C. and Penny, LLP. (1957) Biochem. J. 65, 382—389
Van Handel, E, and Zilversmit, D.B. (1957) J. Lab. Clin. Med. 50, 152157

Zak, B., Dickenman, R.C., White, E.G., Burnett, H. and Cherney, P.J. (1954) Am. J. Clin. Pathol. 24,

13071315

Itaya, K. and Ui, M. (1965) J. Lipid Res. 6, 431—433

Lowry, O.H., Rosebrough, N.J, and Farr, A.L. (1967) J. Biol. Chem. 193, 265—275
Hori, T., Itasaka, O., Sugita, S. and Arakawa, I. (1967) Mem. Shiga Univ, 17, 23—26
Hori, T., Arakawa, I. and Sugita, M. (1967) J. Biochem, 62, 67—70

Holub, B.J. and Kuksis, A. (1971) Can. J. Biochem. 49, 1347—1356

Kanoh, H. (1969) Biochim. Biophys. Acta 176, 756—763

Arvidson, G.A .E. (1968) Eur. J. Biochem. 5, 415421

Akesscen, B, (1970) Biochim, Biophys, Acta 218, 57—70

Nishihara, M., Ishinaga, M., Kata, M. and Kito, M. (1976) Biochim. Biophys. Acta 431, 54—61
Anderson, R.E, and Sperling, L. (1971) Arch, Biochem. Biophys. 44, 673—677
Anderson, R.E. and Risk, M, (1974) Vision Res. 14, 129—131

Joos, P. and Demel, R.A. (1969) Biochim. Biophys. Acta 183, 447-457



