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The mutant pg 113, derived from Chlamydomonas reinhardii, arg2mt + (parent strain), completely lacks 
chlorophyll (Chl) b but is still able to grow under autotrophic conditions. The light-harvesting Chl 
a/b-protein complex (LHCP) is absent. This is shown (a) by the lack of the corresponding signal in the CD 
spectrum of thylakoids and (b) by the absence of the band of the LHCP after electrophoresis of partially 
solubilized thylakoid membranes on lithium dodecyl sulfate polyacrylamide gels. All the other 
chlorophyll-protein complexes are present. In spite of the absence of the LHCP, all the polypeptide 
components of this complex are present in the mutant in the same ratios as in the parent strain, although in 
slightly reduced amounts. The LHC apoproteins are synthesized, processed and transported into the 
thylakoid membrane of the mutant. Moreover, the phosphorylation of thylakoid membrane polypeptides, 
which is related to the regulation of the energy distribution between Photosystem I and II, is the same in the 
mutant and in the parent strain, indicating that phosphorylation is not dependent on the presence of Chl b. 
Electron micrographs of thin sections of whole cells show that there are stacked regions of thylakoids in both 
the mutant and the parent strain chloroplasts. However, in the mutant, stacks are located near the chloroplast 
envelope, while long stretches or sometimes circles of unstacked membranes are found in the interior, mostly 
around the pyrenoid. 

Introduction 

Mutants are important tools for correlating in- 
dividual cell components of an organism with a 
defined structure or function. The studies on Chl 
b-deficient mutants of higher plants or of green 
algae which do survive and contain a functional 
photosynthetic electron-transport chain helped 

* To whom correspondence should be addressed. 
Abbreviations: CP, chlorophyll-protein complex; Hepes, N-2- 
hydroxyethylpiperazine-N'-2-ethanesulfonic acid; Chl, chloro- 
phyll; LHCP, light-harvesting chlorophyll a/b-protein com- 
plex; LDS, lithium dodecyl sulfate. 

much in the identification of the chlorophyll-pro- 
tein complex II (CP II) as the light-harvesting Chl 
a / b - p r o t e i n  complex (LHCP). This CP II-complex 
is visible as a green band after gel electrophoresis 
of SDS-solubilized thylakoid membranes. Since in 
Chl b-deficient mutants CP II  cannot be detected, 
this LHCP is not involved in any direct photosyn- 
thetic reaction [1]. Regreening experiments with 
etiolated plants, however, led to the concept that 
the LHCP and its apoproteins are the primary 
membrane constituents which are responsible for 
cation-mediated excitation energy distribution and 
grana formation [2-4]. Both these chloroplast 
membrane processes seem to be influenced also by 
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phosphorylation of membrane proteins, especially 
of the LHC apoproteins [5,6]. This concept is 
further favored by the finding that isolated LHCP 
can form cation-dependent aggregates when incor- 
porated into lipid vesicles [7]. However, some of 
the Chl b-deficient mutants hardly fit into this 
concept. One of the exceptions seems to be the 
most intensively studied barley mutant chlorina f2. 
Although in this mutant not only CP II, but also 
two of the three or four LHC apoproteins [8] are 
missing and hence cannot be phosphorylated [9,27], 
the thylakoids are extensively stacked [10]. On the 
other hand, Picaud et al. [11] found a Chl b-less 
mutant of Chlamydomonas reinhardii which has 
apparently no altered polypeptide pattern as com- 
pared to the parent strain, but shows only double 
layers of thylakoids. Therefore, it is interesting to 
analyze more Chl b-deficient mutants with respect 
to altered LHC apoproteins, phosphorylation, 
photosynthetic activity and morphology. By 
screening for pigment mutants of C. reinhardii we 
selected the new Chl b-deficient strain pg 113. In 
the present paper we studied this mutant biochem- 
ically and morphologically and found a new stack- 
ing arrangement of thylakoids. However, apart 
from the absence of Chl b and CP II, essentially 
no difference in photosynthetic activity nor in the 
chemical composition between parent and mutant 
strain could be observed, showing that light 
harvesting occurs normally even in the absence of 
the so-called LHCP. 

Materials and Methods 

Culture conditions were described previously 
[12]. All media contained arginine hydrochloride 
(100 mg/1). The media used for the phosphory- 
lation experiments contained, in addition, sodium 
acetate (2 g/l). Measurement of chlorophyll was 
according to the method of Arnon [13]. 

Mutants were induced by ultraviolet irradiation 
(7% survival) of the parent strain C. reinhardii 
arg~ mt +. Colonies with altered color were selected. 
Among these the pigment mutant pg 113 contain- 
ing no Chl b was found. 

Circular dichroism was measured in a Jasco 
spectropolarimeter J-500 A. Isolated thylakoid 
membranes were further broken to small particles 
by ultrasonication (Branson sonifier S-75, three 

10-s periods, position 1). After centrifugation (150 
× g ,  4 min) the supernatant was used for the 
measurements. Photosynthetic 02 evolution by 
whole cells was assayed in a Clark-type electrode. 
The electrode chamber contained about 30 ~g of 
total chlorophyll in 4 ml of an O2-depleted buffer 
of 50 mM sodium phosphate (pH 7.6), 5 mM 
NaHCO 3 and 10 mM KC1 and was illuminated 
with different light intensities. 

In vivo phosphorylation was done according to 
the method of Owens and Ohad [14]. The cells 
were harvested at a concentration of 1.6.106 cells 
per ml (100 x g, 5 min) and resuspended in culture 
medium to a concentration of 4 .107 cells per ml. 
After incubation in the dark for 10 h, they were 
labelled for half an hour with 21 MBq/ml  [32p]or- 
thophosphate (Amersham) either in darkness or in 
the light at 90 J - m  -2.  s -1 The reaction was 
stopped by addition of NazMoO 4 to a final con- 
centration of 20 mM in order to avoid dephos- 
phorylation [14], and by immediate sedimentation 
(100 x g, 2 min). The cells were washed twice with 
100 mM Tris-HC1 (pH 7.6), 5 mM MgC12 and 20 
mM NazMoO 4. These labelled cells were either 
solubilized directly at a concentration of 15.10 7 

cells per ml in 100 mM Tris-HCl (pH 7.6), 4% 
SDS and 1% 2-mercaptoethanol (10 min, 60°C) or 
fractionated into thylakoids, ribosomes, and solu- 
ble proteins. For the fractionation, 6 . 1 0  7 cells in 
0.1 ml were broken with 0.8-ml glass beads in an 
Eppendorf tube (3 min, 2800 rpm, 0°C). After 
filtering off the glass beads the thylakoids were 
isolated from the homogenate by centrifugation as 
described earlier [12]. For the electrophoretic anal- 
ysis of the membrane proteins, pelleted thylakoids 
corresponding to 6.107 cells were solubilized in 
0.4 ml of 100 mM Tris-HC1 (pH 7.6), 20 mM 
Na2MoO4, 2% SDS and 1% 2-mercaptoethanol 
(10 min, 60°C). To isolate the ribosomes, the 
supernatant after cell breakage and the first wash 
solution of the thylakoids were combined and 
made up to 25 mM magnesium acetate, 1.25 mM 
K-EDTA, 200 mM KC1 and 14 mM 2- 
mercaptoethanol. The ribosomes were sedimented 
in a Ti 80 rotor (65000 rpm, 3 h). From the 
postribosomal supernatant the soluble proteins 
were precipitated with 10% trichloroacetic acid (15 
min, 0°C). The ribosomal sediment was resus- 
pended in 25 mM magnesium acetate, 1.25 mM 



K-EDTA, 25 mM Tris-HCl (pH 7.6) and 25 mM 
KCI. After addition of 2.5% Triton X-100 the 
ribosomes were pelleted again through a 40% 
sucrose cushion in the above buffer in an SW 60 
rotor (50 000 rpm, 16 h). Before electrophoresis the 
trichloroacetic acid precipitate and the sedimented 
ribosomes were solubilized in 100 mM Tris-HC1 
(pH 7.6), 2% SDS and 1% 2-mercaptoethanol (10 
rain, 60°C). 

The polypeptides were analyzed by SDS elec- 
trophoresis on a polyacrylamide gradient gel in a 
system as described by Laemmli [15]. The poly- 
peptides were stained with Coomassie brilliant 
blue. Gels with radioactively labelled samples were 
dried and exposed on an Agfa-Curix X-ray film. 
To detect the green chlorophyll-protein complexes 
thylakoid membranes were partially solubilized in 
100 mM Tris-HC1 (pH 7.6) and 1% LDS and an 
LDS/Chl  weight ratio of 5 (30 min, 0°C) and the 
samples analyzed by LDS-polyacrylamide gel elec- 
trophoresis [16]. 

To isolate the LHCP as an antigen for immuno- 
logical experiments, thylakoids prepared as de- 
scribed above were partially solubilized in 100 mM 
Tris-HC1 (pH 7.6) and 1% SDS at an SDS/Chl 
weight ratio of 5 (30 min, 0°C). After short 
centrifugation the solubilized material was sep- 
arated by SDS electrophoresis on a 10% poly- 
acrylamide gel in the system of Laemmli [15]. The 
green band containing the CP II was cut out. The 
gel pieces were eluted electrophoretically through a 
nylon mesh into a dialysis bag and the green 
samples washed against water by ultrafiltration 
(Filter BM 100, Berghof) and lyophilized. A rabbit 
was immunized with the antigen by five subcuta- 
neous injections in intervals of 10 days, each con- 
taining 250/~g protein in 0.5 ml of 20 mM sodium 
phosphate buffer (pH 7.4) and 140 mM NaC1. For 
the first injection the protein solution was mixed 
with 0.5 ml complete, and for the following injec- 
tions with incomplete Freud's adjuvant. 

For quantitative determination of specific poly- 
peptides, crossed immunoelectrophoresis as de- 
scribed by Chua and Blomberg [17] was used with 
the following modification. After the first electro- 
phoresis the polyacrylamide gels were stained with 
Coomassie brilliant blue as usual. In this form 
they can be stored at 4°C for several days. Before 
running the second dimension the region on the 
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gel containing the polypeptides of interest was cut 
out and the gel pieces were dialyzed for two 10-min 
periods against water and for two 10-min periods 
against electrophoresis buffer at room tempera- 
ture. 

For electron microscopy whole cells were em- 
bedded in the epoxy resin of Spurr according to 
the instructions given by the manufacturer (Bal- 
zers Union). Thin sections were stained with lead 
citrate and observed in a Philips 300 electron 
microscope. 

Results 

The pigment mutant pg 113 which has been 
derived from the parent strain C. reinhardii arg 2 
mt ÷ is capable of growing under autotrophic con- 
ditions. Its Chl b content is below the limit of the 
spectrophotometric detection so that the apparent 
Chl a / b  ratio is very high (Table I). Furthermore, 
based on the Chl a content, the rate of photosyn- 
thetic 02 evolution of mutant cells is comparable 
to that of the parent strain. This lack of Chl b is 
not dependent on light intensity during cultiva- 
tion, in contrast to that found in a maize mutant 
[18]. Dark-grown cells show the same Chl a / b  
ratio. 

When solubilized thylakoids are subjected to 
electrophoresis under not fully dissociating condi- 
tions on LDS-polyacrylamide gels, several chloro- 
phyll-protein complexes can be detected as green 
bands. In our experiments the parent strain gives 
rise to five green bands (Fig. 1). Besides free 

TABLE I 

C H L O R O P H Y L L  C O N T E N T  A N D  PHOTOSYNTHETIC 
ACTIVITY OF PARENT STRAIN A N D  THE CHL b-LESS 
M U T A N T  (pg 113) 

Chl a and Chl b content in pg per cell. 02 evolution i n /~mo l /h  
per mg of total chlorophyll, at 24°C. Low light: 12 J. m -2.  s-1;  
high light, 460 J. m - 2 .  s-1.  The data are from a representative 
experiment, ps, parent strain. 

Chl a Chl b C h l a / C h l  b 0 2 evolution 

Low High 
light light 

ps 2.4 1.0 2.4 20.8 107.6 
pg 113 2.3 < 0.08 > 30 19.3 138.8 
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Fig. 1. LDS-polyacrylamide gel electrophoresis of incompletely 
solubilized thylakoid membranes of parent strain (ps) and the 
Chl b-less mutant (pg 113) on a 10% polyacrylamide gel. Gels 
are not stained, only green bands are visible. Unidentified 
complexes are labelled with an arrow. 
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Fig. 2, Circular dichroism of parent strain (ps) and mutant (pg 
113). The spectra are normalized to the Chl a content. The 
samples contained 0.15 mg/ml (parent strain) and 0.11 mg/ml 
(mutant pg 113) total chlorophyll in 10 mM Hepes-NaOH (pH 
6.5). Path length: 1 ram. 

ch lorophyl l ,  C P  I a n d  C P  II  are the mos t  p romi -  
nen t .  In  the m u t a n t  pg 113 the C P  II b a n d  is 
comple t e ly  absen t  while  C P  I is p resen t  at  the 

s ame  in t ens i ty  as in  the p a r e n t  s t rain.  In  bo th  
s t ra ins  two m i n o r  b a n d s  r u n n i n g  be tween  C P  II 

a n d  C P  I are also visible.  Since these b a n d s  are 

p re sen t  in  the m u t a n t  l ack ing  Chl  b they m a y  
ten ta t ive ly  be a t t r i bu t ed  to the reac t ion  cen te r  of 

P ho to sys t em  II r a the r  t han  to aggregates of  C P  II.  

C i rcu la r  d ichro i sm of the m u t a n t  thy lako id  

m e m b r a n e  also shows the absence  of the s ignals  

a t t r i b u t a b l e  to C P  II  [19] when  c o m p a r e d  wi th  the 
p a r e n t  s t ra in  (Fig. 2). The  character is t ic  s ignal  of 

the  p a r e n t  s t ra in  wi th  two m i n i m a  at 683 a n d  650 
n m  a n d  a m a x i m u m  at 666 n m  is c o m p a r a b l e  to 
p u b l i s h e d  spect ra  for pea  thy lako ids  [19]. The  

s p e c t r u m  can  be  in t e rp re ted  as the sum  of the 
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Fig. 3. Electrophoretic analysis of [ 32 P]phosphate-labeled whole 
cells of the parent strain (ps) and the Chl b-less mutant (pg 
113). After a 10-h dark period cells were labelled with [32p]or- 
thophosphate (30 min) either in the dark (D) or in the light (L), 
solubilized and electrophoresed on a 7.5-15% polyacrylamide 
gradient gel of 14 cm length. (A) Coomassie-stained protein 
pattern. (B) Autoradiograph of the same gel showing the phos- 
phorylated components. 
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individual signals of isolated CP I and CP II [20]. 
In the mutant membrane a simple signal can be 
seen resembling very closely the spectrum of iso- 
lated CP I only. The lack of a minimum at 650 nm 
confirms that the absence of the CP II from LDS- 
polyacrylamide gels is not an artefact of the solu- 
bilization procedure. 

The failure to detect CP II by LDS-poly- 
acrylamide gel electrophoresis or by circular di- 
chroism may not necessarily mean that in the 
mutant no functionally analogous complex exists. 
In vivo, Chl a and the apoproteins could still form 
a complex which, however, due to the absence of 
Chl b, is extremely sensitive to LDS and shows no 
signal in circular dichroism. Therefore, it was of 
interest to look at whether the Chl b deficiency 
was the one and only reason for the absence of CP 
II or whether other components were also affected 
by the mutation. Primary candidates would be the 
apoproteins of CP II, which are believed to be the 
major substrates for light-dependent phosphoryla- 
tion. 

We incubated exponentially growing cultures 
initially in the dark for 10 h to dephosphorylate 
the membrane proteins, and then for 30 min either 
in the light or dark in the presence of [32p]or- 
thophosphate. The electrophoretic analysis of 
whole cell proteins shows that all the prominent 
Coomassie blue-stained polyppetides of the parent 
strain are also present in the mutant pg 113 (Fig. 
3A). The polypeptides are numbered according to 
Chua [21], taking into account that polypeptide 16 
is completely protected against proteolytic diges- 
tion [17,22] and polypeptide 17 is the main phos- 
phorylated polypeptide [14]. The region between 
20 and 35 kDa containing the LHC apoproteins 
shows no difference with respect to the quality of 
the polypeptides. The autoradiographs of the same 
gel demonstrate that the phosphorylation pattern 
is the same in both the parent strain and the 
mutant pg 113. Furthermore, phosphorylation of 
the polypeptides is dependent on light (Fig. 3B). 
At least seven prominent bands are radioactively 
labelled, namely, polypeptides numbered 9, 10, 11 
and 17 and three polypeptides with molecular 
masses of 14, 18 and 45 kDa; in addition, poly- 
peptide 16 is very weakly phosphorylated. 

Protein patterns of whole cells have the ad- 
vantage that artefacts of sample preparation are 

minimal, but the disadvantage is that they are very 
complex and indicate nothing about the compart- 
mentation of the individual polypeptides. There- 
fore, we fractionated 32 P-labeled cells of the mutant 
and of the parent strain into a membrane, a solu- 
ble and a ribosomal fraction. Again no noticeable 
difference in the Coomassie blue-stained patterns 
(Fig. 4A) can be found between the two strains. 
The only extra band present in the pattern of the 
parent strain is some CP I, which originates from 
the fact that in this particular experiment the 
Chl-to-SDS ratio was too high in this sample to 
allow full dissociation of the complex. Otherwise, 
the close similarity in the patterns indicates that in 
the mutant the LHC apoproteins are synthesized, 
processed and transported into the thylakoid 
membrane as in the parent strain and also that 
none of these apoproteins occurs in the mutant in 
a modified, e.g., soluble, form. The autoradio- 
graphs, showing the phosphorylated proteins from 
the same sample, are slightly different between the 
two strains only in the thylakoid membrane frac- 
tion (Fig. 4B). Whereas polypeptides 9, 10, 11 and 
17 and the one of molecular mass of 45 kDa are 
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1 0 ~  

16 
17 ~ :  

A 
Pg Pg Pg 

pS 113 ps 113 pS 113 

B 

ps 113 ps 1 
P9 

pS 113 

M o l . w t .  

x 103 

- 9 3  

- 6 7 . 5  

- -  4 5  

-- 25 

- -  14 .3  

Fig. 4. Fractionation of [32p]phosphate-labelled whole cells 
into membrane (1), soluble (2) and ribosomal (3) fractions. 
Samples from the parent strain (ps) and the Chl b-less mutant 
(pg 113) were solubilized and separated on a 7.5-15% poly- 
acrylamide gradient gel of 14 cm length. (A) Coomassie-stained 
protein pattern. (B) Autoradiograph of the same gel showing 
phosphorylated components. 
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Fig. 5. Crossed immunoelectrophoresis of [32p]phosphate- 
labelled and then solubilized whole cells of parent strain (ps) 
and Chl b-less mutant (pg 113). After the first electrophoresis 
the Coomassie brilliant blue-stained regions containing the 
LHC apoproteins were cut out, dialyzed and electrophoresed 
into the agarose gel containing the antiserum gainst CP II. This 
agarose gel was dried, stained with Coomassie brilliant blue (A) 
and exposed to an X-ray film (B). Only light-stimulated phos- 
phorylated samples are presented. 

comparably labelled, polypeptide 16 seems to be 
more labelled in the membrane fraction of the 
parent strain than in the mutant. We believe that 
this is a result rather of the isolation procedure 
than of a real functional difference between mutant 
and parent strains (compare with the pattern of 
whole cells in Fig. 3). We have found that isolated 
thylakoids from the mutant seem to be much less 
stable during storage than those from the parent 
strain. This instability has already been described 
for the barley mutant chlorina f2 [23]. 

One might also argue that the absence of CP II 
in the mutant pg 113 is due to a reduced amount 
of the apoproteins. Therefore, we compared 
quantitatively the content of LHC apoproteins in 
the two strains by crossed immunoelectrophoresis 
using a serum raised against the CP II of the 
parent strain. Fig. 5 shows the analysis of phos- 
phorylated polypeptides of whole cells. Samples of 
equal numbers of cells were used. All precipitation 

ps pg-  113 

Fig. 6. Electron micrographs of thin sections through whole cells of the parent strain (ps) and the Chl b-less mutant (pg 113). Bars 
equal 1/~ m. 



lines are present in both strains with respect to 
Coomassie blue staining (Fig. 5A) and to the 
[32p]phosphate labelling (Fig. 5B). The area under 
the precipitation lines can be used as a measure of 
the antigen-to-antibody ratio. From this it can be 
seen that the amount of polypeptides per cell is 
reduced in the mutant, but the relative ratios are 
about the same. Polypeptides 16 and 17 are not 
resolved under these conditions. However, by cut- 
ting out single bands of the first-dimensional poly- 
acrylamide gel and running them separately in the 
second dimension of crossed immunoelectrophore- 
sis, we were able to confirm that also polypeptides 
16 and 17 are present in the same ratios in both 
strains (data not shown). 

There are several indications that the LHCP-PS 
II complex is involved in stacking [10]. Therefore, 
it was important to determine whether the stacking 
of the thylakoids was different between the mutant  
and the parent strain. On electron micrographs of 
thin sections of light-grown whole cells (Fig. 6) we 
found stacked as well as unstacked thylakoids in 
both strains. However, in the parent strain the 
stacks were distributed all over the chloroplast, 
whereas in the mutant,  they were concentrated 
near the envelope and in the 'fingers'  of the chlo- 
roplast. In the interior of the mutant  chloroplast, 
i.e., around the pyrenoid, an area with long wavy 
or small circular unstacked double membranes 
could be observed. Spiral and concentric forms of 
the membranes found in other mutants of C. rein- 
hardii [24] are not seen in our mutant  pg 113. 

Discussion 

Chl b is associated exclusively with CP II  and 
its oligomeric forms [25]. The monomeric CP II is 
a green band of 25-30 kDa apparent molecular 
mass, obtained by SDS-polyacrylamide gel electro- 
phoresis of partially solubilized thylakoids of 
higher plants or green algae. This CP II  band has 
been identified as the LHCP associated with Pho- 
tosystem II [10]. Hence, in Chl b-deficient mutants 
this LHCP should somehow be altered. Indeed, in 
all such mutants the CP II band is absent. How- 
ever, in contrast to other mutants, e.g., chlorina f2 
of barley [8,9], the relative amounts of the three 
LHC apoproteins, their phosphorylation and the 
overall protein composition of the cells are identi- 
cal to those of the parent strain. The only dif- 
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ference we found between parent strain and 
mutant, on the molecular level, is the absence of 
Chl. b, and concomitantly of CP II. Interestingly 
enough, in this mutant  pg 113 the absence of CP II 
has no obvious effect on the process of light 
harvesting. With saturating light, the photosyn- 
thetic 0 2 evolution based on Chl a is in the same 
order of magnitude in the parent and in the mutant 
strains, indicating that the same number of com- 
plete electron-transport chains per Chl a is present 
in both strains. At low light intensities, 02 evolu- 
tion and hence quantum yield is very similar in 
both strains when related to total chlorophyll, 
showing that although no CP II can be detected by 
electrophoresis, the Chl a in the mutant  must be 
arranged in a light-harvesting device, which is 
equally effective, but more easily dissociated by 
LDS than the LHCP of the parent strain. The 
mutant  primarily seems affected on the level of 
Chl b only. All these facts also indicate that Chl b 
is not necessary for the formation of an effective 
light-harvesting structure in the membrane. How- 
ever, Chl b may be a prerequisite for the formation 
of a more stable LHCP in the membrane. Indeed, 
when working with isolated thylakoids one is faced 
with a more pronounced time- and temperature- 
dependent loss of Photosystem II activity in the 
mutant  than in the parent strain. 

The LHCP has been found to be involved in the 
stacking of thylakoids, which in turn may affect 
the energy distribution between Photosystem I and 
II [2-4,26]. In most Chl b-deficient mutants also 
lacking in CP II, the stacking of thylakoids is 
different from that in the parent strain. However, 
the morphological alterations are not the same in 
the various mutants. In chlorina f2 of barley, defi- 
cient also in two of the LHC apoproteins, 
thylakoids are intensively stacked [10]. In a Chl 
b-deficient mutant  of C. reinhardii [11] containing 
apparently all LHC apoproteins, the thylakoids 
are arranged in pairs. In our mutant  pg 113 where 
the LHC apoproteins are also synthesized, 
processed, integrated into the membrane and even 
phosphorylated as in the parent strain, regions 
both with stacked thylakoids and with no stacks at 
all are found in the chloroplast. From this we 
conclude that Chl b has some effect on the 
thylakoid arrangement; however, no direct in- 
fluence of Chl b on stacking is obvious. 
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