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The fatty acid and glycerolipid composition of three types of preparation of Photosystem II (PS II) from spinach
thylakoids was studied, namely, the PS II membrane, the PS II core complex, and the PS II reaction center complex.
The molecular ratios of lipid to photochemical reaction center Il (P680) in these preparations were estimated to be
about 150:1, 10:1 and 1:1, respectively. The only lipid molecule found in the PS II reaction center complex was
monogalactosyl diacylglycerol (MGDG). This molecule was highly saturated as a result of the presence of hexa-
decanoic, octadecanoic and tetradecanoic acids; together they accounted for about 50% of the total fatty acids. This
composition is in marked contrast to that of MGDG from thylakoid membranes, in which the trienoic fatty acids
account for about 90% of the total. The PS II core complex contained MGDG, digalactosyl diacylglycerol and
phosphatidylglycerol, but it lacked sulfoquinovosyl diacylglycerol, whereas the PS H membrane contained each of these
four glycerolipids. The degree of saturation of the fatty acids in the PS II core complex was intermediate between that
in the PS II reaction center complex and that in the PS II membrane. The results are discussed in terms of the
structure and function of lipids in the thylakoid membrane.

Introduction

The thylakoid membrane, an intra-chloroplastic
membrane, is the site of photosynthetic electron trans-
port and energy conversion. This membrane is unique,
as compared to the other membranes in the plant cell,
in having a high proportion of glyceroglycolipids and a
low proportion of phospholipids [1]. The glycerogly-
colipids are MGDG, DGDG and SQDG, and they
account for 40-50%, 20-30%, 5-10%, respectively, of
the total glycerolipids, with variations depending on the

Abbreviations: Chl, chlorophyll; DGDG, digalactosyl diacylglycerol;
MGDG, monogalactosyl diacylglycerol; PG, phosphatidylglycerol,
PC, phosphatidylcholine; Pheo, pheophytin; PS II, Photosystem II;
SDS, sodium dodecylsulfate; SQDG, sulfoquinovosyl diacylglycerol,;
TLC, thin-layer chromatography, 14:0, tetradecanoic acid; 16:0,
hexadecanoic acid; 16:1c, A°-cis-hexadecenoic acid; 16:1t, A°-
trans-hexadecenoic acid; 16:3, A71%13.¢is-hexadecatrienoic acid;
18:0, octadecanoic acid; 18:1, A°-cis-octadecenoic acid; 18:2, A%'%
cis-octadecadienoic acid; 18:3, A %1215.¢is-octadecatrienoic acid.
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species of plant [2]. The phospholipid in the thylakoid
membrane is PG, which accounts for 10-20% of the
total lipids [2].

The specific association of these lipids with the PS II
complex has been studied in various types of prepara-
tion of PS II. Farineau et al. (3] reported that the lipid
composition of PS II membranes prepared from spinach
thylakoids with Triton X-100 was similar to that of
thylakoid membranes with the exception of a decrease
in the proportion of SQDG in PS Il membrane. By
contrast, Gounaris et al. [4] reported, for a similar
preparation of PS II membranes, a lower proportion of
DGDG and higher proportions of SQDG and PG than
those in the thylakoid membrane. According to
Gounaris and Barber [5), a preparation of PS II, which
was prepared by treating the PS II membranes with
Triton X-100 and which contained only a limited num-
ber of polypeptides, consisted of approx. 30 molecules
of MGDG and approx. 10 molecules of SQDG per 40
molecules of Chl.

The specific binding of glycerolipids to protein com-
plexes from the thylakoid membrane has also been
studied, for example, the association of SQDG and
DGDG with the ATP synthase [6], that of a phospholi-
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pid (presumably PG) with the cytochrome b, /f complex
[7], and that of PG with the light-harvesting Chl-protein
complex [8,9].

The role of the lipids in the function of the thylakoid
membrane has been studied mainly by two methods,
namely, by inactivation due to degradation of lipids by
lipases and by reactivation by addition of exogenous
lipids. Siegenthaler et al. [10,11] studied the effect of
depletion of PG by digestion with phospholipase A,
and concluded that this phospholipid, located in the
inner monolayer of the thylakoid membrane, is essential
for photosynthetic electron transport. Gounaris et al. [4]
observed that the evolution of oxygen by PS II mem-
branes was activated by the addition of exogenous
DGDG and PC and inhibited by the addition of PG
and SQDG. It has been shown that the activity of ATP
synthase is stimulated by MGDG that contains polyun-
saturated fatty acids [12]. The cytochrome b, /f activity,
i.e., the plastoquinol /plastocyanin oxidoreductase ac-
tivity, was stimulated by DGDG, PG and PC, but not
by MGDG and SQDG [13]. The oligomeric form of the
light-harvesting Chl-protein [14] and the system for the
transfer of electronic excitation from the light-harvest-
ing Chl to PS II core Chl can be reconstituted in the
presence of PG [15]. However, such observations do not
exclude the possibility that the exogenously added lipids
produce artifactual and/or non-specific effects in the
same way as do many detergents.

The PS II complex contained in PS II membranes
prepared from spinach thylakoids with Triton X-100
[16] is composed of more than 20 different proteins
[17,18], as follows: D1 (32 kDa) and D2 (34 kDa)
proteins; two core antenna proteins (43 kDa and 47
kDa); light-harvesting Chl a/b proteins (24-29 kDa
and 4 kDa); two subunits of cytochrome 5-559 (9 kDa
and 4 kDa); hydrophobic proteins of 24 kDa, 22 kDa
and 10 kDa; several hydrophobic proteins with molecu-
lar masses of less than 10 kDa; and three extrinsic
proteins of 33 kDa, 23 kDa and 18 kDa. By treating
such PS II membranes with octyl glucoside, a PS II core
complex can be prepared which is active in both photo-
chemical charge separation and the evolution of oxygen.
Such a preparation contains the D1 and D2 proteins,
the core antenna proteins, the subunits of cytochrome
b-559, the phosphoprotein, several hydrophobic pro-
teins with molecular masses of less than 10 kDa, and
only one extrinsic protein of 33 kDa [19].

Treatment of the PS Il membranes with a high
concentration of Triton X-100 followed by anion-ex-
change column chromatography results in purification
of the reaction center II complex [20], which is com-
posed of the D1 and D2 proteins, the subunits of
cytochrome b-559 and, possibly, a hydrophobic protein
of 5 kDa [21]. This complex is active in photochemical
charge separation but inactive in terms of the evolution
of oxygen.

Since three different preparations of PS Il are availa-
ble, each of which is clearly defined in terms of its
component polypeptides and photosynthetic activity. it
is appropriate to analyze the composition in terms of
glycerolipids and fatty acids of these types of PS II
preparation in order to elucidate the specific association
of glycerolipid(s) and fatty acid(s) with the PS I com-
plex and the PS II subcomplexes. We have found that
one molecule of MGDG is associated with the PS II
reaction center complex and that about ten lipid mole-
cules (MGDG, DGDG and PG) are associated with the
PS II core complex.

Materials and Methods

Preparation of PS 1] membranes, the PS II core complex
and the PS II reaction center complex

PS II membranes were prepared from spinach
thylakoids by treatment with Triton X-100 as described
by Kuwabara and Murata [16] and stored at —196°C
in the presence of 30% (v/v) ethylene glycol [22]. Before
use, the membranes were washed three times with a
medium of 10 mM NaCl, 300 mM sucrose and 25 mM
Mes-NaOH (pH 6.5) by centrifugation and resuspen-
sion, and finally they were suspended in the same
medium.

The PS II core complexes were prepared by treating
PS II membranes with octyl glucoside and subsequent
centrifugation by the method of Ikeuchi et al. [19]. The
resultant sample was suspended in a solution of 1.0 mM
digitonin, 500 mM sucrose, 10 mM NaCl and 25 mM
Mes/NaOH (pH 6.5), and stored at —196°C.

The PS II reaction center complexes were prepared
by treatment of the PS II membranes again with Triton
X-100, with subsequent anion exchange chromatogra-
phy on a column of DEAE-Toyopear]l 650M, by the
method of Nanba and Satoh [20]. The chromatographic
fraction that contained the purified PS II reaction center
complex was brought to 40% saturation with
(NH,),SO,, and, after incubation for 60 min at 0°C,
the mixture was centrifuged at 1000 X g for 60 min. The
PS II reaction center complexes were collected as green
floats.

Extraction of lipids and removal of Triton X-100

Lipids were extracted from the preparations of PS II
by the method of Bligh and Dyer {23] with minor
modifications. Each preparation of PS II, corresponding
to approx. 500 ug of Chl, was dispersed in 10 ml of
chloroform and methanol (1:2, v/v) on a vortex mixer.
The dispersion was kept at room temperature for 5 min
(standard conditions). A prolonged extraction, for 5 h,
did not increase the amount of lipids extracted from
any of the PS II preparations, suggesting that the ex-
traction of lipids was complete within 5 min. Then, 3 ml



of chloroform and 5 ml of 500 mM KCl in H,O were
added, and the lower chloroform layer was withdrawn.
For complete recovery of lipids, 6 ml chloroform was
mixed with the upper water/methanol layer, and the
resultant lower chloroform layer was withdrawn. The
chloroform fractions were combined and evaporated
under reduced pressure.

The extracted lipids were dissolved in a mixture of
methanol and H,O (85:15, v/v) and subjected to re-
versed-phase HPLC on an octadecylsilane column
(YMC, Kyoto, Japan; A-302, 0.46 cm i.d.X 15 c¢m) in
order to remove Triton X-100 from the lipid extract.
Upon elution with the same mixture of methanol and
H,O (85:15, v/v) at a flow rate of 1.0 ml - min~! for 10
min, Triton X-100 passed through the column while all
the lipids remained adsorbed to the column. Then all
the lipids were eluted with methanol at the same flow
rate over the course of 60 min. This reversed-phase
HPLC step was necessary because the large amounts of
Triton X-100 in the preparations of PS II interfered
with the subsequent chromatographic separation of the
various classes of lipids.

Separation of lipid classes and analysis of fatty acids
The total lipids were separated into lipid classes by
HPLC on silica gel by the method of Demandre et al.
[24] with minor modifications. The lipids were dissolved
in a mixture of 2-propanol and hexane (4:3, v/v) and
subjected to HPLC on a column of silica gel (Tosoh,
Tokyo, Japan; Silica-60, 0.78 cm i.d. X 30 cm), which
had been equilibrated with the same mixture. Pigments
and quinones were removed by elution with the same
mixture for 10 min. Lipids were then eluted with a
linear gradient from 2-propanol/hexane (4:3, v/v) to
2-propanol / hexane/H,O (4:3:0.75, v/v) for 20 min,
and then with 2-propanol/hexane/H, O (4:3:0.75,
v/v) for 30 min. The flow rate for each solvent system
was 2.0 ml - min~'. The elution of lipids was monitored
at 208 nm. The lipid classes in the eluted fractions were
identified by comparisons of their retention times with
those of the following authentic classes of lipids:
MGDG, DGDG, SQDG and PG, all isolated in our
laboratory from Synechocystis PCC6803 grown at 34° C
{25]; and PC and phosphatidylethanolamine from pig
liver, PG from egg yolk, phosphatidylinositol from
soybeans and from beef brain, all purchased from
Serdary Research Laboratories, (London, Ontario,
Canada). The identification of the various classes of
lipids by HPLC was confirmed by TLC and staining
with the molybdenum blue reagent for phospholipids
[26], with Dragendorff’s reagent for PC [27], with the
anthrone reagent for glycolipids [28], and with ninhydrin
for aminolipids [29]. The HPLC described above suc-
cessfully fractionated all the lipid classes from the pre-
parations of thylakoid and PS II. TLC on silica gel
plates could not be used for the fractionation of lipid
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classes in place of the column chromatography on silica
gel because the contamination by 16:0 and 18:0 from
the thin-layer plates produced significant errors in the
determination of the fatty acid compositions when the
amounts of lipids were very small, as was the case in the
present study.

The total lipids before the reversed-phase HPLC and
the separated classes of lipids were subjected to
methanolysis with 5% HCI in methanol at 85°C for 2.5
h. The resultant methyl esters were analyzed with a
gas-liquid chromatograph (Shimadzu, Kyoto, Japan;
GC-14A) equipped with a hydrogen flame-ionization
detector. The fatty acid methyl esters were separated on
a capillary column (Quadrex, New Haven, CT, U.S.A;
CPS-1, 0.25 mm i.d. X 50 m) coated with cyanopropyl-
methyl silicone at a thickness of 0.25 pm. The tempera-
tures of the column and flame-ionization detector were
180°C and 200°C, respectively. Analysis of chromato-
graphic data was performed with a data processor
(Shimadzu, Chromatopack C-R3A). The fatty acid
methyl esters were identified with a gas chromatograph-
mass spectrometer (JEOL, Tokyo, Japan; JMS-DX 300),
equipped with a mass data analysis system (JEOL,
JMA-3100), and the same column as that used for
gas-liquid chromatography. For quantitative determina-
tions of fatty acids, a known amount of methyl pentade-
canoate was added to the samples of lipids before
transmethylation.

Biochemical analysis

Evolution of oxygen by preparations of PS II was
monitored with a Clark-type oxygen electrode, as de-
scribed previously [16]. The reaction medium for PS II
membranes contained 300 mM sucrose, 10 mM NaCl,
25 mM Mes-NaOH (pH 6.5), 0.3 mM phenyl-p-benzo-
quinone, and PS II membranes corresponding to 8.0 ug
Chl-ml™'; the medium for the PS II core complex
contained 400 mM sucrose, 100 mM NaCl, 10 mM
CaCl,, 40 mM Mes-NaOH (pH 6.5), 1.0 mM digitonin,
1.0 mM K,Fe(CN), and PS II core complexes corre-
sponding to 2.0 pg Chl- ml~'. Polypeptides in prepara-
tions of PS II were analyzed by SDS-polyacrylamide gel
electrophoresis, in the presence of 6.0 M urea, in the
buffer system described by Laemmli [30]. Amounts of
Chl were determined by the method of Arnon [31]. The
molar absorption coefficient at 663 nm of Chl a was
used for that of Pheo a.

Results

The characteristics of PS II membranes, PS II core
complexes, and PS II reaction center complexes, pre-
pared as described in Materials and Methods, were the
same as those reported previously [16,19,20]. For exam-
ple, the photosynthetic oxygen-evolving activities of the
PS II membranes and PS 1I core complex were as high
as 400 and 1200 pmol/mg Chl per h, respectively. By
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TABLE I

Glycerolipid compositions and molecular ratios of glycerolipid to Chl in thylakoid membranes and three types of preparation of PS 11

Numbers in parentheses represent numbers of experiments.

Preparation Lipid (mol%) Molar ratio lipid /
MGDG DGDG PG SQDG PC (Chl (+ Pheo))

Thylakoid membrane (1) 56 29 S 3 7 22

PS II membrane (1) 59 27 10 3 1 0.71

PS 11 core complex (3) 3241 3445 34+4 0 0 0.204+0.02

PS II reaction center complex (3) 9144 0 9+4 0 0 0.18+0.01

contrast, the PS II reaction center complexes were inac-
tive in terms of the evolution of oxygen, but they were
able to photoreduce Pheo a in the presence of sodium
dithionite. SDS-polyacrylamide gel electrophoresis re-
vealed that the polypeptide compositions of these pre-
parations were essentially the same as those originally
reported [16,19,20]. The ratio of Chl a to Chl b was
1.9-2.0 in PS II membranes and higher than 15 in both
PS II core complexes and PS II reaction center com-
plexes.

All the preparations of PS II contained high levels of
Triton X-100, which was found to interfere with the
separation of extracted lipids into classes during subse-
quent HPLC on silica gel. The reversed-phase HPLC
removed all the Triton X-100 from the lipid extracts
and subsequent HPLC on silica gel separated the lipids
into five classes: MGDG, DGDG, SQDG, PG and PC.
Fig. 1 shows an example of the fractionation of lipids
from the PS II core complex.

The glycerolipid composition and the ratio of
glycerolipid to Chl of preparations of thylakoids and PS
II are presented in Table I. The PS II membrane was
similar to the thylakoid membrane in terms of lipid
composition with the exception that the level of PC was
negligible in PS II membranes. In both types of mem-
brane, MGDG accounted for more than 50% of the
total glycerolipids, and PG and SQDG each accounted
for less than 10%. The ratio of lipid to Chl was reduced
to 2: 3 in PS II membranes, as compared to the ratio of
2:1 in thylakoid membranes.

TABLE II
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Fig. 1. Elution profile after HPLC of total lipids from the PS II core

complex. Conditions for HPLC and for removal of Triton X-100 from

the total lipids by reversed-phase HPLC are described in Materials
and Methods. Car, carotenoids.

In the PS II core complex, MGDG, DGDG and PG
were present at about the same levels, whilst SQDG and
PC were absent. The proportion of lipid relative to Chl
was very much lower than that in the PS II membrane.
This result differs from that of Gounaris and Barber [5]
who detected MGDG and SQDG, but no DGDG and
PG, in a preparation of PS II similar to the preparation
of PS II core complex analyzed in the present study.

In the PS II reaction center complex, MGDG
accounted for 90% of the total glycerolipids and PG
accounted for only 10%. The other classes of lipids,
namely, DGDG, SQDG and PC, were all absent from
this preparation. The ratio of lipid to Chl (+ Pheo) was
about the same as that in the PS II core complex.

Fatty acid compositions of total lipids from thylakoid membranes and preparations of PS 11

Numbers in parentheses represent numbers of experiments. t, trace (less than 0.5%).

Preparation Fatty acid (mol%)
14:0 16:0 16:1c  16:1t 16:3 18:0 18:1 18:2 18:3 Total 16:3+
satd. 18:3
Thylakoid membrane (1) t 5 t 2 13 t 1 4 75 5 88
PS Il membrane (1) t 9 1 4 9 1 1 6 70 10 79
PS II core complex (3) 3+1 1742 4z1 1311 6+1 4+1 4+1 5+1 4+2 24 50
PS II reaction center complex (3) 6+1 3242 T7+1 3+1 3+1 12+1 9+1 4+1 24+2 50 27
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Fatty acid compositions of MGDG from thylakoid membranes and preparations of PS I1

Numbers in parentheses represent numbers of experiments. t, trace (less than 0.5%).

Preparation Fatty acid (mol%)
14:0 16:0 16:1c 16:1t 16:3 18:0 18:1 18:2 18:3 Total 16:3+

sat. 18:3

Thylakoid membrane (1) t 2 t 0 20 t 1 2 74 2 94

PS II membrane (1) 2 4 1 0 18 1 1 2 72 7 90

PS II core complex (3) 411 20+2 3+1 0 8+2 1212 4+1 4+1 4545 36 53

PS 11 reaction center complex (3) 5+1 2742 7+1 0 4+1 1841 9+1 5+1 25+2 50 29

TABLE IV

Fatty acid compositions of PG from thylakoid membranes and preparations of PS 11

Numbers in parentheses represent numbers of experiments. t, trace (less than 0.5%).

Preparation Fatty acid (mol%)

14:0 16:0 16:1c 16:1t 16:3 18:0 18:1 18:2 18:3

Thylakoid membrane (1) t 15 0 41 t 1 t 4 40

PS II membrane (1) 1 17 0 36 t 2 1 3 40

PS II core complex (3) t 18+1 0 4412 t 1+1 t S+1 3142

PS 1I reaction center complex (3) 411 3543 0 27+3 0 15+71 S5+1 6+1 8+1

In Table II, the fatty acid composition of total lipids
from thylakoid membranes and from three types of
preparation of PS II are compared. The PS II mem-
brane and the thylakoid membrane were similar in
terms of fatty acid composition. They were rich in
trienoic acids, 18:3 and 16: 3. In the PS II core com-
plex, the relative level of trienoic acids was lower than

TABLE V

that in the PS II membrane, and that of the saturated
acids, 14:0, 16:0 and 18:0, was higher. The relative
levels of 16:1c, 16:1t and 18:1 were also higher. Such
increases in the relative levels of the saturated and
monounsaturated fatty acids and the corresponding de-
creases in the trienoic fatty acids were the most promi-
nent features of the PS II reaction center complex. The

Fatty acid compositions of DGDG from thylakoid membranes and preparations of PS 11

Numbers in parentheses represent numbers of experiments. t, trace (less than 0.5%).

Preparation Fatty acid (mol%)
14:0 16:0 16:1c 16:1t 16:3 18:0 18:1 18:2 18:3

Thylakoid membrane (1) t 4 t 6 t t 2 88
PS II membrane (1) t 7 t 4 1 1 2 85
PS 11 core complex (3) 1 15+2 1 3+1 5+2 1 2+1 72+4
TABLE VI
Fatty acid compositions of SQDG from thylakoid membranes and PS II membranes
t, trace (less than 0.5%).
Preparation Fatty acid (mol%)

14:0 16:0 16:1c 16:1t 16:3 18:0 18:1 18:2 18:3
Thylakoid membrane 1 27 3 0 2 2 4 17 45
PS II membrane 3 41 7 0 2 5 3 8 41
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saturated acids together accounted for 53% of the total
fatty acids, whereas the trienoic acids together accounted
for only 24% (Table 1I).

In Table III, the fatty acid composition of MGDG
from the thylakoid membranes and from the three types
of preparation of PS II are compared. The changes in
the fatty acid composition were similar to those in the
total lipids. The relative level of saturated fatty acids
increased and that of trienoic fatty acids were somewhat
lower in the PS II core complex and even lower in the
PS II reaction center complex.

Table IV shows the fatty acid composition of PG
from the preparations of thylakoid membrane and PS
II. In this class of lipids, no marked difference in the
fatty acid composition was found between the thylakoid
and the PS II membranes. The fatty acids in the PS II
core complex were more saturated than those in the PS
II membrane. The most striking change was that ob-
served in the fatty acids in PG from the PS II reaction
center complex, in which the level of 18 :3 decreased to
only 8%, while levels of 16:0 and 18:0 increased to
32% and 15%, respectively. A single frans-unsaturated
fatty acid, 16:1t, was found at high levels in all four
preparations.

Unlike the fatty acid compositions of MGDG and
PG, that of DGDG was relatively constant in the
thylakoid membrane, the PS II membrane and the PS 11
core complex. However, there were slight increases in
relative levels of 16 : 0 at the expense of 18: 3 (Table V).
Similarly, the fatty acid composition of SQDG from the
PS Il membranes, as compared to that of thylakoid
membranes, showed an increase in the relative level of
16 : 0 at the expense of 18:2 (Table VI).

Discussion

Prior to the separation of the various classes of lipids
from the preparations of PS II that contained Triton
X-100, we used reversed-phase HPLC to remove the
detergent from the lipid extracts. This chromatographic
step was essential because all the preparations of PS 11
contained large amounts of Triton X-100, which inter-
fered with the subsequent fractionation of lipid classes
by HPLC on silica gel. This detergent was found to

TABLE VII

exert a significant effect on the R, values of lipids
during TLC on silica gel. For separation of the various
classes of lipids the second HPLC step could not be
replaced by TLC on silica gel plates. The requirement
for a second HPLC step was especially conspicuous in
the case of the PS II core complex and PS II reaction
center complex, where only small amounts of lipid
samples were available for analysis. The amounts of
fatty acids, with 16:0 and 18:0 as the major compo-
nents, that were present as contaminants in the thin-
layer plates far exceeded the amounts of fatty acids
from the lipid samples, thereby increasing the apparent
degree of saturation in the analysis of the fatty acids.
With the use of HPLC on silica gel, no such contamina-
tion occurred.

In the present study, we demonstrated that the com-
position of lipids in PS II membranes was similar to
that in thylakoid membranes with the exception of the
absence of PC in the PS II membranes. This result is
consistent with the result reported by Farineau et al. [3]
but differs from that reported by Gounaris et al. [4],
who found that SQDG, PG and an unidentified phos-
pholipid were present at higher relative levels in PS I1
membranes than in thylakoid membranes. Our analysis
of the lipid composition of the PS II core complex
indicates that this complex contains MGDG, DGDG
and PG. This result is not in agreement with the result
reported by Gounaris and Barber [5] who found, in a
very similar type of preparation of PS II core complex,
the presence of MGDG and SQDG that were composed
of highly saturated fatty acids. The difference between
our result and that of Barber’s group 1s most likely due
to the misidentification of DGDG and PG on the TLC
plates that originated from the effect of Triton X-100.
Not only did Triton X-100 probably cause a change in
the R values, but it is also likely that the lipid samples
were contaminated by saturated fatty acids from the
TLC plates.

In the present study, we made a detailed analysis of
glycerolipids from four well-defined preparations: the
thylakoid membrane; the PS II membrane, which con-
tains the PS II complex composed of more than 20
different polypeptides; the PS II core complex of 10
polypeptides; and the PS II reaction center complex of

Estimated molecular ratios of glycerolipid to reaction center I1I (P680) in preparations of PS 11

The calculations were made on the assumption that the ratios of Chl (+ Pheo) to P680 were 220:1, 50:1 and 6:1 in the PS II membrane, the PS 11
core complex and PS II reaction center complex, respectively.

Preparation Ratio of lipid to P680 (mol /mol)
_ Total lipid MGDG DGDG PG SQDG
PS 1l membrane 150 90 40 15 5
PS 11 core complex 11 +1 3 31 4+1 4+1 1]
PS II reaction center complex 1.1+01 1.0+0.1 0] 0.1 0




five polypeptides. The molecular ratios of Chl (+ Pheo)
to the reaction center II, P680, in these preparations
have been estimated by others and ourselves to be
220:1 [32], 50:1 [33,34] and 6:1 [20], respectively.
From these values and the ratios of lipid to Chl in Table
I, it is possible to estimate the molecular ratios of lipid
to P680 (Table VII). The molecular ratio was 150:1 for
the PS II membrane and 11:1 for the PS II core
complex. The significant decrease in the PS II core
complex suggests that the treatment with octylglucoside
extracted the PS II core complex from the PS II mem-
brane.

The PS II reaction center complex contained only
one molecule of MGDG per P680 and one-tenth of a
molecule of PG (Table VII). The small amount of PG in
the PS II reaction center complex might be explained by
contamination of the preparation by the light-harvest-
ing Chl-protein complexes, which are known to bind
PG [9]. However, such contamination is unlikely be-
cause the fatty acids in PG from the reaction center
complex were highly saturated and differed from those
in the other preparations. Moreover, the PG associated
with the light-harvesting Chl-protein is more un-
saturated than the PG extracted from leaves [8,14]. It is
possible that most of the PG in the reaction center
complex was released during the harsh treatment with
concentrated Triton X-100. Thus, it is suggested that
this MGDG molecule, and possibly, the PG molecule,
are necessary for maintenance of the structural organi-
zation of the PS II reaction center complex and for the
photochemical charge separation. Furthermore, it is
noteworthy that the fatty acids in MGDG and PG are
much more saturated than the fatty acids in the bulk
lipids in thylakoid and PS II membranes. Since in-
creased saturation of fatty acids results in a more rigid
structure of the lipid molecules, the occurrence of
saturated fatty acids in the lipids in the reaction center
complex suggests that they stabilize the conformation of
this complex. In order to test this hypothesis, further
studies are necessary in which one species of lipid in the
reaction center complex is replaced by a member of the
same lipid class with a different degree of fatty-acid
unsaturation. Such replacement can be carried out by
extraction and consecutive reconstitution or by intro-
duction of a mutation that affects the degree of un-
saturation of fatty acids.

The PS II core complex contained about three mole-
cules each of MGDG, DGDG and PG per P680. Since
this complex is highly active in photochemical charge
separation and the photosynthetic evolution of oxygen,
this result suggests that either some or all of these
classes of lipids are necessary for the proper conforma-
tion of the PS II core complex. In this regard, it is
noteworthy that the fatty acids of lipids from the PS II
core complex are more saturated than those of the
thylakoid and PS II membranes. This result is in agree-
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ment with the suggestion of Siegenthaler et al. [10,11,36]
that the transport of electrons through PS II depends
essentially on those PG and MGDG molecules that are
located in the inner monolayer of the thylakoid mem-
brane.

Gounaris et al. [4] reported that exogenously added
DGDG and PC activate the system for the evolution of
oxygen in PS II membranes, and they suggested that
these classes of lipids are essential for this activity.
Hirayama and Nishida [35] observed a similar effect of
PC in a preparation of thylakoid membranes. However,
in the present analysis we found that PC was absent
from the PS II membrane and from the PS II core
complex, both of which were highly active in terms of
the evolution of oxygen. Thus, it appears that exoge-
nously added PC may have non-specific or biologically
irrelevant effects on the oxygen-evolving activity. In
addition, our results suggest that SQDG is unlikely to
be necessary for the activity of PS II since this lipid was
absent from the PS II core complex which was fully
active in terms of both photochemical charge separation
and the evolution of oxygen.

It should be emphasized that the various prepara-
tions examined in this study were obtained by treating
the thylakoid membranes with Triton X-100, and then
by treating the resultant PS II membranes with octyl-
glucoside or concentrated Triton X-100. These deter-
gents may displace lipid molecules at specific sites
without loss of photosynthetic activities. The data pre-
sented in this study relate to the lipids that remained in
situ after various treatments with detergent. It seems
likely, therefore, that more saturated and, thus, more
rigid, lipid molecules would remain bound to the pro-
tein complex than the more unsaturated and, therefore
more fluid, lipid molecules under these conditions. It is
also possible that the treatments with detergent result in
the more efficient extraction of polyunsaturated lipid
molecules than of saturated and monounsaturated ones,
leaving saturated and monounsaturated molecules
bound to the PS II core complex and the PS II reaction
center complex.

Conclusion

(1) One MGDG molecule, containing highly-
saturated fatty acids, is associated with the PS II reac-
tion center complex, which is composed of about five
polypeptides and which is active in photochemical
charge separation. It is suggested that this lipid mole-
cule is essential for the proper conformation of the PS
IT reaction center complex.

(2) About ten lipid molecules, including MGDG,
DGDG and PG, are associated with the PS II core
complex, which is composed of about ten polypeptides
and is active both in photochemical charge separation
and in the photosynthetic evolution of oxygen. It is
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suggested that either some or all of these lipid molecules
participate in the photosynthetic evolution of oxygen,
and that neither PC nor SQDG contributes to the
activities of PS II.
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