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Analyses of chlorophyll-protein complexes and of lipids were performed with the wild type of Chlamy-
domonas reinhardtii and three non-photosynthetic mutants: F/ 39, which was a ‘classical’ high-fluorescent
Photosystem II (PS II)-lacking mutant, and mf 1 and mf 2, which lacked also functional PS II but were
low-fluorescent and showed an abnormally predominant energy transfer from the main light-harvesting
antenna towards Photosystem 1. An oligomeric form of the chlorophyll a + b-protein complex CP II was
clearly isolated from the wild type and the mutant F/ 39 but it was not detected in the mutants mf 1 and mf
2. The three mutants showed total lipid contents close to or greater than that of the wild type. Their
phosphatidyldiacylglycerol (PG) contents, on a chlorophyll basis, were higher (FI 39) or 1.4- (mf 1) and 2.0-
(mf 2) times lower than that of the wild type. The fatty acid compesitions of the wild type and of the mutant
FI 39 were comparable, showing about equal amounts of a C18 series and a C16 series which included the
A3-trans-hexadecenoic acid (C16: 1-trans). This C16: 1-trans was not detected in the mutants mf 1 and mf
2 which contained the other fatty acids. These results indicate correlations between lack of C16: 1-trans-con-
taining PG, lack of an oligomeric form of CP II and an impaired mechanism of the regulation of excitation
energy transfer from the main chlorophyll a + b antenna.

Abbreviations: C16:0, palmitic acid; C16:1A7, A7-cis-hexa-
decenoic acid; C16:1A9, A9-cis-hexadecenoic acid; C16:1-
trans, A3-trans-hexadecenoic acid; C16:2, A7,10-cis, cis-hexa-
decadienoic acid; C16:3, A7,10,13-all cis-hexadecatrienoic

Introduction

acid; C16:4, A4,7,10,13-all cis-hexadecatetraenoic acid; C18:0,
stearic acid; C18:1A7, A7-cis-octadecenoic acid; C18:1A9,
A9-cis-octadecenoic acid; C18:2, A9,12-cis,cis-octade-
cadienoic acid; C18:3A6, A6,9,12-all cis-octadecatrienoic acid;
C18:3A9, A9,12,15-all cis-octadecatrienoic acid; Chl, chloro-
phyll; DCIP, 2,6-dichlorophenolindophenol; DCIPH,, re-
duced 2,6-dichlorophenolindophenol; DCMU, 3-(3,4-dichloro-
phenyl)-1,1-dimethylurea; LHCP, light-harvesting chlorophyll
a + b-protein complex; PG, phosphatidyldiacylglycerol; Pipes,
1,4-piperazinediethanesulfonic acid; PS I, Photosystem I; PS
11, Photosystem 11.

Correspondence: J. Garnier, Laboratoire de Photosynthése,
C.N.RS. (Bit. 24), B.P. No. 1, F-91190 Gif-sur-Yvette, France.

In higher plants and green algae, the main
light-harvesting antenna for the two photosystems
is a chlorophyll (Chl) a + b-protein complex, com-
monly designated LHCP or CP II, which contains
about half the total Chl of the chloroplast (see
reviews in Refs. 1 and 2). Monomeric and
oligomeric forms of higher plant LHCP have been
frequently observed, the higher oligomeric form
(LHCP') being often more abundant and resem-
bling more closely the in vivo state than the mono-
meric form (LHCP?) [3-6). Concerning green al-
gae, oligomeric forms of LHCP have been rarely
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observed. However, such oligomeric forms have
been isolated from Chlamydomonas reinhardtii 7]
and from Chlorella fusca (8] but they appeared less
abundant than the monomeric forms on the elec-
trophoretograms.

Lipids are associated with the Chl-protein com-
plexes in the thylakoid membrane. For higher
plants, the main lipids are glycolipids: mono-
galactosyldiacylglycerol and digalactosyldiacyl-
glycerol, rich in tri-unsaturated fatty acids, which
represent about 80% of the chloroplast lipids and
sulfoquinovosyldiacylglycerol which represents
about 10%. Besides these lipids, a phospholipid,
phosphatidyldiacylglycerol (PG), is also present
which represents about 8% of the chloroplast lipids
and which contains an unusual fatty acid specific
to chloroplasts, the A3-frans-hexadecenoic acid
(C16: 1-trans) {9,10]. Several kinds of evidence,
reported by various authors, have indicated that
C16: 1-trans-containing PG could be involved in
the formation and the stability of an oligomeric
form of LHCP and, consequently, could act on
the efficiency of the light energy capture and
transfer (see Refs. 11-13 and, for a review, Ref.
14). However, recent observations with a mutant
of Arabidopsis thaliana, which lacked C16: 1-trans
but showed LHCP oligomeric form, do not agree
with this implication of C16: 1-frans in the forma-
tion of oligomeric forms of LHCP [15,16]. Con-
cerning the lipids of the green alga C. reinhardtii,
analyses have pointed out the presence of the

usual glycolipids mono- and digalactosyldiacylg--

lycerol and sulfoquinovosyldiacylglycerol and of
phospholipids as phosphatidylethanolamine, phos-
phatidylinositol and PG, while only traces of
phosphatidylcholine were detected; in addition an
unusual lipid, trimethylhomoserine, was also
found. These lipids contained a large set of C16
and C18 fatty acids, including the characteristic
C16: 1-trans which was specifically found in PG
[17--19]. Thus all the typical lipids found in higher
plant chloroplasts are present in C. reinhardtii.
The present paper reports results of analyses of
the chlorophyll-protein complexes and of the lipids
of the wild type of C. reinhardtii and of three
non-photosynthetic mutants previously isolated in
our laboratory. Two of these mutants were low-
fluorescent and showed anomalies which affect
the regulation of the distribution of the light en-

ergy captured by the main light-harvesting an-
tenna towards the photochemical centers. The third
mutant, used as a control, was high fluorescent. It
appears that both the low-fluorescent mutants
lacked an oligomeric form of the light-harvesting
Chl a + b-protein complex CP II and the fatty
acid C16:1-trans, suggesting a correlation be-
tween both these deficiencies and an impaired
excitation energy transfer.

Materials and Methods

The characteristics of the wild type of C. rein-
hardtii and of the high-fluorescent mutant FI/ 39
have been indicated in preceding papers [20-23].
The low-fluorescent mutants mf 1 and mf 2 have
been more recently isolated and described [24].

Algae were grown in light, in Tris-acetate-
medium [25] as previously reported [26]. The Chl
contents were measured according to refs. 27 and
28. The photoreduction of DCIP and the oxygen
uptake by cells disrupted by mild sonication
[20,23], the fluorescence induction kinetics of
whole cells [22] and the low-temperature fluo-
rescence emission spectra [23] were measured as
previously described.

The Triton X-100-treated chloroplast particles
from C. reinhardtii were prepared as previously
indicated [23]. The chloroplasts from lettuce were
prepared according to Ref. 29. The Chl-protein
complexes were analyzed, without lipid extraction
or heating, by lithium dodecylsulfate-polyacryla-
mide gel electrophoresis at 4° C, according to Refs.
21, 22 and 30 but using a solubilization mixture
containing 0.88% n-octyl-B-D-glucopyranoside and
0.22% sodium dodecylsulfate [23,31] to which 50
mM dithiothreitol was added. For polypeptide
analysis, gel fragments containing isolated Chl-
protein complexes were soaked in 4% lithium
dodecylsulfate at room temperature. The poly-
peptides from these soaked gel fragments and
from Triton X-100-treated chloroplast particles
were analyzed by lithium dodecylsuflate-poly-
acrylamide gel electrophoresis, at 4°C, using a
12-20% polyacrylamide gradient gel, as previously
indicated [22).

For lipid analysis, a pellet of algae correspond-
ing to (4-8) - 10® cells (18-36 mg dry matter) was
fixed in boiling ethanol for 5 min, then the lipids



were extracted in chloroform according to Ref. 32.
An aliquot of the total lipid extract was trans-
methylated for fatty acid analysis and another
aliquot was used for lipid classes separation by
thin-layer chromatography, as previously de-
scribed [33]. The different spots were visualized
under ultraviolet light after primuline pulveriza-
tion; the spot corresponding to PG was scraped
off and transmethylated for fatty acid analysis.
The fatty acid methylesters were analyzed by
capillary gas-liquid chromatography, using a
Girdel 30 chromatograph equipped with a flame
ionization detector. A 25 m length, 0.32 mm dia-
meter Carbowax glass column was used, isother-
mally at 170°C.

Results

Chlorophylls, photochemical activities and fluores-
cence

Detailed studies of the pigments and the func-
tional properties of the wild type and the mutant
F1 39 of C. reinhardtii [20-23] and of the mutants
mf 1 and mf 2 [24] have already been reported
elsewhere. Therefore, only some necessary char-
acteristic data are summarized in Table L.

Like the wild type, the three mutants contained
Chl a and Chl b and showed Chl a/Chl b ratios
higher than 2. Their total Chl contents were 1.3
(F7 39), 2.1 (mf 1) and 1.5 (mf 2) times lower
than that of the wild type. The three mutants did
not carry out the Hill reaction H,O — DCIP, indi-
cating non-functional Photosystem II (PS II) in
these strains. On the other hand, the three mutants
clearly carried out the Mehler reaction DCIPH,
— methyl viologen, indicating functional Photo-
system I (PSI).

Like numerous PS Il-lacking mutants of algae
and higher plants [34], the mutant F/ 39 showed
minimum and steady-state fluorescence yields
clearly higher than those of the wild type, whereas
the maximum yields of both these strains were
relatively close. On the other hand, the mutants
mf 1 and mf 2 showed maximum fluorescence
yields (F,,,) respectively 4- and 3-times lower
than that of the wild type, whereas the minimum
yields (F,) and the steady state yields (F,,) of the
three strains were not very different.

Low-temperature fluorescence emission spectra
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TABLE 1

CHLOROPHYLL CONTENTS, PHOTOCHEMICAL AC-
TIVITIES AND CHARACTERISTICS OF THE CHLORO-
PHYLL FLUORESCENCE YIELDS OF THE WILD TYPE
AND OF THE MUTANTS FI 39, mf 1 AND mf 2 OF C.
REINHARDTII

(a) and (b) pg chlorophyll per mg dry matter; (c) pmol of
reduced DCIP per min per mg of Chl a + b (spectrophotomet-
ric measurement of the photoreduction of DCIP); (d) pmol of
absorbed oxygen per min per mg of Chl a + b (amperometric
measurement of oxygen photo-absorption in the presence of
methyl viologen); (e), (f) and (g) ratios of fluorescence yields of
whole cells suspended in phosphate buffer (pH 7.5), at 20°C,
at a concentration corresponding to 30 pg of Chl a + b per ml.
F,, initial minimum fluorescence yield at the onset of illumina-
tion; F,,,, maximum fluorescence yield measured in the pres-
ence of 10 uM DCMU; F,, steady state fluorescence yield
measured 2 min after the start of illumination.

Measurements Wild Mutants
P 3 T w2
Chlorophyll contents
(a) Chl a 345 278 171 231
(b) Chl b 151 113 6.5 104
Photochemical activities
(c) H,0 —» DCIP 128 0.00 0.00 0.00
(d) DCIPH; — methyl
viologen 392 217 598 4.30

Ratios of fluorescence yields
(e) Fy mutant/F, wild

type - 334 086 138
(f) Fyoy mutant/F, wildtype - 085 025 033
(®) F, mutant/F, wildtype - 192 0.8 082

of cells of the wild type and of the mutants F/ 39,
mf 1 and mf 2 are shown in Fig. 1. The spectrum
of the wild type indicated a fluorescence of PS II
(emissions at 686 and 696 nm) more important
than that of PS I (peak around 714 nm) and the
spectrum of the PS Il-lacking mutant F/ 39
showed, besides the PS I emission around 714 nm,
a great emission of the light-harvesting antenna
CP II at 680-682 nm [23]. But, on the spectra of
the mutants mf 1 and mf 2, the contribution of
the fluorescence of CP II was reduced to a weak
shoulder around 682 nm and the contribution of
the fluorescence of PS I in the 714 nm region
appeared clearly preponderant. We have observed
elsewhere that, in both these mutants, the excita-
tion energy from the light-harvesting antenna CP
II was always mainly transferred towards PS I
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1 whatever the oxido-reduction level of the plasto-
quinone pool [24]. All these particularities may be
interpretated as indicating an impaired regulation
mechanism for the distribution of the excitation
energy from the main light-harvesting antenna,
leading to an abnormally preferential transfer to-
wards PS L.

/
686 6{96 714

Chlorophyli-protein complexes

Fig. 2 shows an electrophoretogram of the
Chl-protein complexes of Triton X-100-treated
chloroplast particles of the wild type and of the
mutants F/ 39, mf 1 and mf 2 of C. reinhardtii
and, in addition, of chloroplasts of lettuce. The
following bands were shown on the electrophore-
togram of the wild type (lane a): CP Ia, which
corresponds to the undissociated PS 1 complex
(see Ref. 35), and four bands already observed
previously by us [21-23]: CP I which corresponds
to the core antenna and the reaction center of PS
I; CP III and CP IV which were not separated
here and which correspond to the reaction center

Relative Fluorescence

850 670 690 710 730 A(m)

Fig. 1. Low-temperature fluorescence emission spectra of cells
of the wild type and of the mutants F/ 39, mf 1 and mf 2 of

C. reinhardtii. The cells (50 pg of Chl a+ b per ml) were
suspended in phosphate buffer (pH 7.5), then frozen in 0.1 mm
thickness cuvettes which were set against the front of the

of PS II and its antennae; CP II which corre-
sponds to the main Chi a+ b light-harvesting
antenna for both photosystems; CP V,a Chl a + b

optical guide of the spectrofluorimeter and plunged into liquid
nitrogen. Excitation light wavelength, 450 nm. Slit of the
analytical monochromator, 2 nm. The spectra were normalized
at their maxima at 712 or 714 nm. The numbers indicate the
wavelengths of the peaks and shoulders.

a b ¢ d e

complex related to the PS II antenna which ap-
peared as a shadowy band just above CP II. In
addition, a sixth band with an apparent M, in the

i -.-CP Ia
- W cPI 1
~ ___ ___cPI*(LHCP)
e :::1:‘8;5 22 (CPa)

P29
————— CPI (LHCP®)

—FC

Fig. 2. Chlorophyli-protein complexes of the wild type (a) and the mutants F! 39 (b), mf 1 (c) and mf 2 (d) of C. reinhardtii and of
lettuce (e). (a—d) Triton X-100-treated chloroplast particles (25 pg of Chl a + b per well); (e) chloroplasts (22 pg of Chl a + b per
well). The membranes were solubilized in 0.88% n-octyl-B-D-glucopyranoside, 0.22% sodium dodecylsulfate, 50 mM dithiothreitol, 20
mM Pipes buffer (pH 6.6), 15 mM NaCl, 5 mM MgCl, and 100 mM sucrose. Lithium dodecylsulfate-polyacrylamide gel
electrophoresis was then performed at 4° C, using an 11% polyacrylamide gel, as indicated in Refs. 21 and 22. Unstained gel: all the
bands were green pigmented. The photograph was taken through a blue filter (Wratten 38A). In the left, C. reinhardtii nomenclature
of Chl-protein complexes according to Refs. 30 and 35; in the right, higher plant nomenclature according to Ref. 31 and, in
parentheses, according to Refs. 4 and 36. FC, free chlorophyll.



68000 range was present between CP I and CP
IIT + CP IV. This band, designated CP II’, had
not been observed in C. reinhardtii up until now,
except by Ladygin et al. [7] who have described a
Chl a + b-protein complex LH1 which may corre-
spond to our present CP II’. These authors have
suggested that this LH1 complex was an oligomer
of another, more abundant, LH3 complex which
seems to correspond to our CP II, but they did not
perform any polypeptide analysis. This electro-
phoretogram of the wild type was very similar to
that of lettuce chloroplasts (lane e) which showed
the following bands, according to Dunahay et al.
[31]: CP Ia, CP I, CP II*, CP 47, CP 43, CP 29
and CP II. CP Ia, CP I and CP I designated
similar complexes as in C. reinhardtii, CP 47 corre-
sponds to CP III, CP 43 to CP IV, CP29to CP V
and CP II* to the present CP II’. According to
several authors [4,13,36], the band CP II* (also
designated LHCP') corresponds to an oligomeric
form of the light-harvesting Chl a + b-complex
CP 11 (also designated LHCP?). On the electro-
phoretograms of the mutants F/ 39 (lane b), mf 1
(lane c¢) and mf 2 (lane d), CP Ia, CP I and CP II
were present but CP III, CP IV and CP V were
absent, confirming the absence of PS II in these
strains (the weakness of the CP Ia band in mf 2
was an electrophoretic accident: indeed, other
analyses have indicated normal amounts of CP Ia
in this mutant). In addition, a band of CP I’ was
clearly seen for FI/ 39, but no band corresponding
to this complex was observed for mf 1 and mf 2.
Fig. 3 lanes a, b and ¢ show electrophoreto-
grams of the proteins from Triton X-100-treated
chloroplast particles of the wild type and of the
mutants mf 1 and mf 2, separated on a 12-20%
polyacrylamide gradient gel. It appears clearly
that both the mutants lacked the PS Il-related
polypeptides of M, = 50000, 47000 and 19000
and had polypeptides of M, = 33000 in lower
amounts than that of the wild type, confirming the
absence of functional PS II in these mutants (see
Ref. 22). Whether the mutants mf 1 and mf 2
lacked or did not lack the fifth PS Il-related
polypeptide, of M, = 27000, was not easily dis-
cernible because of the presence of polypeptides
from CP II in this region. Lanes d and e corre-
spond to a second electrophoresis of isolated CP
IT and CP II'. Five polypeptide bands were ob-
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Fig. 3. Polypeptides of Triton X-100-treated chloroplast par-
ticles (a—c) and of isolated chlorophyll-protein complexes CP
11’ and CPI1 (d, e) of C. reinhardtii. (a~c) Triton X-100-treated
chloroplast particles of the wild type (a) and the mutants mf 1
{(b) and mf 2 (c) were solubilized at 4° C in 0.05 M Na,CO;,
0.05 M dithiothreitol, 10% glycerol and 2% lithium dodecylsul-
fate and the solutions were set on the gel at concentrations
corresponding to 10 pg of Chl a+ b per well. (d, e) Gel
fragments containing CP I1’ (d) or CP II (e) from the mutant
FI 39, which had been first isolated in non-denaturing condi-
tions as indicated in Fig. 2, were excised and soaked for 90
min, at room temperature, in 0.05 M Na,CO;, 0.05 M di-
thiothreitol, 10% glycerol and 4% lithium dodecylsulfate; then
they were set directly in wells of the gel, the protein quantities
corresponding to 52 ug (d) and 11 pg (e) of Chl a + b on the
first preparative gel. Lithium dodecylsulfate-polyacrylamide
gel electrophoresis was performed at 4°C, using a 12-20%
polyacrylamide gradient gel, as indicated in Ref. 22. The
polypeptides were stained with Coomassie brilliant blue. The
photograph was taken through a yellow filter (Minolta Y52).

served for CP II” (lane d): four clearly visible and
a pale fifth (just under the upper band) more
difficult to be discerned on the photograph. These
polypeptides had apparent M, between 24000
and 27000, as evaluated from known standard
proteins. They corresponded exactly to the five
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main bands which were observed for CP II (lane
e). The other bands appearing on the CP II elec-
trophoretogram were probably contaminations by
polypeptides from CP la, which had migrated in
the same region as CP II during the first electro-
phoresis. These five polypeptides from CP II and
CP 11" corresponded probably to the polypeptides
nrs. 11, 14, 15, 16 and 17, with apparent M,
between 25000 and 30500, which have been ob-
served by Delepelaire and Chua [30] for heated
purified CP 11 of C. reinhardtii.

On the other hand, it was observed that low-
temperature emission spectra of isolated com-
plexes showed a similar unique peak at 680-681
nm for CP II’ as for CP II. In addition, we
searched for CP II” in six other photosynthesis
mutants having various defects: it was detected in
all strains except in one which was devoid of Chi
b and of CP II. All these observations are in
agreement; they confirm that CP II” corresponds
to an oligomeric form of CP II.

Lipids-

Table II indicates the total lipid and PG con-
tents of cells of the wild type and of the mutants
FI 39, mf 1 and mf 2 of C. reinhardtii. The three
mutants showed contents on a dry matter weight
basis relatively close to that of the wild type. On a
Chl basis, the lipid contents of the mutants ap-
peared clearly higher than that of the wild type.
On the other hand, the PG contents of the differ-
ent strains were not similar. The mutant F/ 39
showed PG contents greater than that of the wild
type on both dry matter weight and Chl bases.
But, if the mutants mf 1 and mf 2 appeared
markedly depleted in PG on a dry matter weight
basis, their PG contents were respectively only
1.4- and 2.0-times lower than that of the wild type
on a Chl basis. Since PG is mainly located in
chloroplasts, this latter basis seems more ap-
propriate. Thus, even in the mf 2 case, the chloro-
plasts of these mutants did not appear to be very
deficient in PG.

The compositions in the different fatty acids of
cells of the four strains are indicated in Table IIIL.
The composition of the wild type was comparable
to that previously published by Eichenberger [18].
It showed two fatty acid series in about equal
amounts: a C16 series and a C18 series. Within

TABLE 11

TOTAL LIPID AND PHOSPHATIDYLDIACYL-
GLYCEROL CONTENTS OF THE CELLS OF THE WILD
TYPE AND OF THE MUTANTS F! 39, mf 1 AND mf 2 OF
C. REINHARDTII

(a) Contents in mg of fatty acids per g dry matter; (b) contents
in pg of fatty acid per mg of Chl a + b. The fatty acids of total
lipid extracts or of isolated phosphatidyldiacyliglycerol were
transmethylated then analyzed by capillary gas-liquid chro-
matography. The lipid classes were separated by thin-layer
chromatography (see Materials and Methods).

Lipids Wild Mutants
type F139 mf 1 mf 2

Total lipids

(a) 323 390 36.8 399

(b) 651 998 1305 1191
Phosphatidyldiacylglycerol

(a) 19 2.6 0.6 0.6

(b) 37.8 66.7 26.3 18.8

the C16 series, the acid C16: 1-trans, characteristic
of the thylakoid membranes, was present. This
C16: 1-trans was also present in the mutant F/ 39,
but it was not detected in the mutants mf 1 and

TABLE 111

FATTY ACID COMPOSITIONS OF THE CELLS OF THE
WILD TYPE AND OF THE MUTANTS F! 39, mf 1 AND
mf 2 OF C. REINHARDTII

Compositions in percentage of total fatty acid contents. The
fatty acids of total lipid extracts were transmethylated then
analyzed by capillary gas-liquid chromatography, as indicated
in the Materials and Methods.

Fatty acids Wild Mutants

type FI39 mf 1 mf 2
C16:0 153 19.9 17.5 17.5
C16:1-A7 # 5.6 6.8 6.4 33
Cl16:1-A9 ° 4.6 1.6 2.3 9.6
C16: 1-trans 23 1.5 0.0 0.0
C16:2 0.8 2.7 14 0.9
C16:3 0.8 1.2 2.3 0.7
C16:4 18.0 18.9 19.5 13.7
C18:0 2.4 23 1.9 1.7
C18:1-A7 2 10.2 6.2 2.1 19.9
C18:1-A9 % 43 49 6.0 44
C18:2 5.4 124 6.2 4.7
C18:3-A6 71 7.4 10.5 7.4
C18:3-A9 232 14.2 23.9 16.2

* Tentatively identified as A7 or A9.



mf 2. Except for this noteworthy deficiency of mf
1 and mf 2 in C16: 1-trans, the fatty acid com-
positions of the three mutants were not very dif-
ferent of that of the wild type, the acids C16:0,
C16:4 and C18:3A9 being the most abundant in
the four strains. Nevertheless, the C18:2 content
of FI 39 and the C16:1A9 and C18:1A7 contents
of mf 2 appeared to be relatively greater than the
corresponding contents of the other strains.

The absence of C16: 1-trans in the mutants mf
1 and mf 2 was confirmed by analysis of the fatty
acids from isolated PG. Fig. 4 illustrates the fatty
acid pattern in PG fractions isolated from the four
strains. It appears clearly that C16:0 and C16:1-
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Fig. 4. Fatty acid compositions of phosphatidyldiacylglycerol
(PG) from the wild type and the mutants F/ 39, mf 1 and mf
2 of C. reinhardtii. The fatty acid from PG, which had been
isolated by thin-layer chromatography starting from 50 mg of
algal dry matter, were transmethylated then analyzed by
capillary gas liquid chromatography, as indicated in Materials
and Methods. The percentages indicate the relative importance
of the areas of the different peaks. (a) Tentatively identified as
18:1-A7; (b) Tentatively identified as 18:1-A9; a.u., arbitrary
unit.
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trans were the major fatty acids in the PG of the
wild type and the mutant F/ 39. In the PG of the
mutants mf 1 and mf 2, C16:0 was also the
major fatty acid but no C16:1-trans was ob-
served. The same five C18 acids appeared in the
PG of the four strains. Their relative quantitative
variations do not seem to be meaningful: indeed,
different analyses of the PG of a same strain
showed comparable or greater variations. On the
other hand, fatty acid analyses for all the other
lipid classes showed that: (1) in the wild type and
in the mutant FI 39, C16: 1-trans was exclusively
found in PG and (2) in the mutants mf 1 and mf
2, this fatty acid was not detected in any other
lipid class.

Discussion

The use of n-octyl-B-D-glucopyranoside +
dithiothreitol in the solubilization mixtures al-
lowed us to separate clearly from chloroplast par-
ticles of C. reinhardtii a chlorophyll-protein com-
plex CP II’ which appears to be an oligomeric
form of the light-harvesting Chl a + b-protein
complex CP II and to correspond to the CP II*
(LHCP') of higher plants. This complex CP II’
was observed in the wild type and in the high-flu-
orescent mutant F/ 39 of C. reinhardtii, but it was
absent in the low-fluorescent mutants mf 1 and
mf 2 in which the excitation energy from the
light-harvesting Chl a+ b antenna CP II was
abnormally transferred preferentially towards PS
I. Thus, in the case of these two latter mutants, a
correlation appears between the lack of the
oligomeric form of the main light-harvesting com-
plex and an impaired mechanism of the light
energy distribution. It is possible that, as in higher
plants [1,4,37], this oligomeric form of CP II cor-
responds to an in vivo form of the main antenna
in C. reinhardtii and plays an essential role in the
regulation of the excitation energy distribution
between the two photosystems.

Numerous works by different authors have sug-
gested that, in higher plants, C16 : 1-trans-contain-
ing PG is directly implicated in the oligomeric
structure of the light-harvesting Chl-protein com-
plex and, consequently, in the efficiency of light
collection [12-14,36,38]. On the other hand,
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Browse et al. [15] and McCourt et al. [16] showed
that the oligomeric forms of LHCP and of PS 1
Chl-protein complex appeared more labile to de-
tergent- or cation-mediated dissociation in a
mutant of Arabidopsis thaliana which lacked
C16: 1-trans than in the corresponding wild type,
but they observed no significant modification of
the efficiency of energy transfer from LHCP to
the photochemical reaction centers nor any effect
on the thermal stability of the Chl-protein com-
plexes in vivo. More recently, Huner et al. [39],
Krol et al. [40] and Williams et al. [41] have
observed a correlation between a decrease in
C16: 1-trans associated with PG and a decrease in
oligomerization of the light-harvesting complex
LHCP II in Secale cereale which was exposed to a
low temperature during greening and growth.
Thus, if there are relations between C16: 1-trans
and the organization of the light-harvesting an-
tenna, the precise function of this fatty acid is not
yet completely elucidated. Our present findings
show that the mutants mf 1 and mf 2 of C
reinhardtii, which showed anomalies concerning
the regulation of the excitation energy distribution
from the main Chl «¢ + b antenna, lacked
C16:1-trans and CP 1I’, the oligomeric form of
CP 1. In addition, the fact that the mutant mf 1
showed a PG content close to that of the wild type
on a Chl basis and the occurrence of in vivo
impaired energy transfer in both these mutants
rule out the possibility that the absence of CP II’
in these strains was only due either to an un-
specific deficiency in total PG or to a simple
increase of the lability of the oligomeric form of
CP 11 to detergent-mediated dissociation.

In conclusion, these observations with mutants
of a green alga are in favour of a strong correla-
tion between the presence of C16 : 1-trans-contain-
ing PG, the formation and stability of an
oligomeric form of the Chl a + b-protein complex
CP II and an efficient regulation of the energy
transfer from the main light-harvesting antenna
towards the photochemical centers. But the pre-
cise function of C16:1-trans-containing PG and
also the possibility that another factor could be
implicated in the formation of oligomeric forms of
CP 11 are not yet completely elucidated. Experi-
ments of supplementation with exogenous fatty
acids or of genetic complementation, made with

the mutants mf 1 and mf 2, would be probably of
interest to answer these questions.

Acknowledgements

The excellent technical assistance of Ms. A.
Connan, Ms. J. Delaisse and Ms. A. Trouabal was
greatly appreciated. Thanks are also due to Dr. M.
Hodges for reading the manuscript

References

1 Glazer, AN. (1983) Annu. Rev. Biochem. 52, 125-157
2 Zuber, H. (1985) Photochem. Photobiol. 42, 821-844
3 Hiller, R.G., Gence, S. and Pilger, D. (1974) Plant Sci. Lett.
2, 239-242
4 Anderson, J.M., Waldron, J.C. and Thorne, S.W. (1978)
FEBS Lett. 92, 227-233
5 Anderson, J.M. (1980) FEBS Lett. 117, 327-331
Rémy, R., Hoarau, J. and Leclerc, J.C. (1977) Photochem.
Photobiol. 26, 151-158
Ladygin, V.G., Fomina, LR., Bil, K.Y., Moskalenko, A A.
and Shirshikova, G.N. (1983) Biochemistry (transl. from
Biokhimiya) 48, 1216-1221
Wild, A. and Urschel, B. (1980) Z. Naturforsch. 35c,
627-637
Allen, C.F., Good, P., Davis, H.F. and Fowler, S.D. (1964)
Biochem. Biophys. Res. Commun. 15, 424-430
10 James, A.T. and Nichols, B.W. (1966) Nature 210, 372-375
11 Trémoliéres, A., Dubacq, J.-P., Duval, J.-C., Lemoine, Y.
and Rémy, R. (1982) in Biochemistry and Metabolism of
Plant Lipids (Wintermans, J.F.G.M. and Kuiper, P.J.C,
eds.), pp. 369-372, Elsevier Biomedical Press, Amsterdam
12 Krupa, Z. (1984) Photosynth. Res. 5, 177-184
13 Rémy, R., Trémoliéres, A. and Ambard-Bretteville, F. (1984)
Photobiochem. Photobiophys. 7, 267-276
14 Dubacq, J.-P. and Trémoliéres, A. (1983) Physiol. Vég. 21,
293-312
15 Browse, J., McCourt, P, and Somerville, C.R. (1985) Sci-
ence 227, 763-765
16 McCourt, P., Browse, J., Watson, J., Amntzen, J.C. and
Somerville, C.R. (1985) Plant Physiol. 78, 853-858
17 Rosenberg, A. (1973) in Lipids and Biomembranes of
Eukariotic Microorganisms (Erwin, J.A., ed.), pp. 233-257,
Academic Press, New York
18 Eichenberger, W. (1976) Phytochemistry 15, 459-463
19 Eichenberger, W. and Boschetti, A. (1978) FEBS Lett. 88,
201-204
20 Garnier, J., Guyon, D. and Picaud, A. (1979) Plant Cell
Physiol. 20, 1013-1027
21 Maroc, J. and Garnier, J. (1981) Biochim. Biophys. Acta
637, 473480
22 Maroc, J., Guyon, D. and Garnier, J. (1983) Plant Cell
Physiol. 24, 1217-1230
23 Garnier, J., Maroc, J. and Guyon, D. (1986) Biochim.
Biophys. Acta 851, 395-406

[

~

[o<]

=)



24

25

26

27

28

29

30

31

32

33

Garnier, J., Maroc, J. and Guyon, D. (1987) Plant Cell
Physiol., in the press

Gorman, D.S. and Levine, R.P. (1965) Proc. Natl. Acad.
Sci. USA 54, 1665-1669

Garnier, J. and Maroc, J. (1972) Biochim. Biophys. Acta
283, 100-114

MacKinney, G. (1941) J. Biol. Chem. 140, 315-322
Gaudillére, J.P. (1974) Physiol. Vég. 12, 585-599

Sigalat, C., Haraux, F., De Kouchkovsky, F., Phung Nhu
Hung, S. and De Kouchkovsky, Y. (1985) Biochim. Bio-
phys. Acta 809, 403413

Delepelaire, P. and Chua, N.H. (1981) J. Biol. Chem. 256,
9300-9307

Dunahay, T.G., Staehelin, L.A., Seibert, M., Ogilvie, P.D.
and Berg, S.P. (1984) Biochim. Biophys. Acta 764, 179-193
Bligh, E.G. and Dyer, W.J. (1959) Can. J. Biochem. Phys-
iol. 37, 911-917

Trémoli¢res, A. and Lepage, M. (1971) Plant Physiol. 47,
329-334

34

35

36

37

38

39

40

41

99

Somerville, C.R. (1986) Annu. Rev. Plant Physiol. 37,
467-507

Ish-Shalom, D. and Ohad, 1. (1983) Biochim. Biophys. Acta
722, 498-507

Rémy, R., Trémoliéres, A., Duval, J.-C., Ambard-Brette-
ville, F. and Dubacq, J.-P. (1982) FEBS Lett. 137, 271-275
Thornber, J.P. (1975) Annu. Rev. Plant Physiol. 26, 127-158
Trémoliéres, A., Dubacqg, J.-P., Ambard-Bretteville, F. and
Rémy, R. (1981) FEBS Lett. 130, 27-31

Huner, N.P.A., Krupa, Z., Williams, J.P. and Maissan, E.
(1987) in Progress in Photosynthesis Research (Biggins, J.,
ed.), Vol. 1V, pp. 119-122, Martinus Nijhoff, Dordrecht
Krol, M., Huner, N.P.A., Williams, J.P. and Maissan, E.
(1987) in Progress in Photosynthesis Research (Biggins, J.,
ed.), Vol. IV, pp. 123-125, Martinus Nijhoff, Dordrecht
Williams, J.P., Huner, N.P.A., Krol, M., Maissan, E., Low,
P.S., Roberts, D. and Thompson, J.E. (1987) in Progress in
Photosynthesis Research (Biggins, J., ed.), Vol. IV, pp.
127-130, Martinus Nijhoff, Dordrecht



