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The content and stability of an extrinsic protein in the thylakoid of a green alga Chlamydomonas reinhardtii 
which has a relative molecular weight of 30 000 and corresponds to the '33-kDa' protein involved in oxygen 
evolution in spinach chloroplast were studied with the cells grown in a manganese-deficient medium. The 
amount of the 30-kDa protein in the thylakoid did not change even when the content of manganese in the 
membrane was decreased significantly and the activity of oxygen evolution was reduced concomitantly under 
manganese-depleted conditions. The stability of the 30-kDa protein in the membrane, which was determined 
by the susceptibility of the protein to the treatment with an alkaline buffer and sonication, also showed no 
significant change between the cells grown with and without manganese. The thylakoid membrane of the 
cells grown under manganese-deficient conditions was devoid of the loosely bound manganese atoms located 
at the hydrophilic environment of the membrane probably at the interface between the 30-kDa protein and 
the reaction center complex of Photosystem II, judging from the partitioning behavior of manganese atoms 
on butanol/water phase partitioning of the thylakoid. These results suggest that the manganese atoms 
involved in oxygen evolution are not required for the binding of the 30-kDa protein to the Photosystem II 
membrane. 

Introduction 

In photosynthetic oxygen evolution in higher 
plants and algae, an extrinsic protein of thylakoid 
of molecular weight 30 000-33 000, manganese 
atoms and the reaction center polypeptides of PS 

Abbreviations: PS II(I), Photosystem II(I); PS II particles, 
membrane preparation enriched with Photosystem II; Mes, 
4-morpholineethanesulfonic acid; SDS-PAGE, sodium dode- 
cylsulfate-polyacrylamide gel electrophoresis; DCIP, 2,6-di- 
chlorophenolindophenol. 
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II are indispensable components [1-3]. These 
components organize a special catalytic domain 
which is referred to as 'the oxygen-evolution en- 
zyme' and carry out light-induced oxidation of 
water molecules, i.e., oxygen evolution in chloro- 
plast. Of these membrane components involved in 
oxygen evolution, the extrinsic protein has mainly 
been studied with spinach PS II particles. The 
'33-kDa' extrinsic protein in spinach chloroplast is 
associated with PS II with a stoichiometry of one 
molecule of protein to the PS II reaction center 
[4], and was released from the membrane concom- 
itant with manganese when the PS II particles 
were treated with 0.8 M Tris (pH 8.4), which 
inhibited oxygen evolution specifically [5]. Four 
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atoms of manganese are associated with PS II [4], 
two of them are loosely bound to the membrane 
and are suggested to be located in the hydrophilic 
environment of the membrane, probably at the 
interface between the 33-kDa protein and the 
reaction center polypeptide(s) of PS II [6]. The 
close association of a part of the manganese atoms 
and the extrinsic 33-kDa protein was also shown 
by the isolation of the 33-kDa protein carrying an 
appreciable amount of Mn [7-9]. The major func- 
tion of the manganese atoms in PS II is to accu- 
mulate the oxidizing equivalents produced by the 
photochemical reactions at the reaction center. 
Evidence for involvement of manganese atoms in 
redox reaction in oxygen evolution was obtained 
by low-temperature EPR spectroscopy [10]. It is, 
however, argued that the manganese atoms also 
participate in the binding of extrinsic protein to 
the membrane [11]. 

As the organization of the manganese atoms in 
the oxygen evolution system is especially im- 
portant for understanding the mechanism of 
oxygen evolution, we have studied the possible 
role of manganese in binding of the extrinsic 
protein to the PS II membrane by analyzing the 
quantity and stability of the extrinsic 30-kDa pro- 
tein which corresponds to the spinach 33-kDa 
protein with the cells of Chlamydomonas rein- 
hardtii grown under manganese-deficient condi- 
tions. 

Materials and Methods 

Culture of Chlamydomonas reinhardtii and isola- 
tion of thylakoid membranes. The cells of C. rein- 
hardtii wild type strain 137C + were grown in the 
medium described by Sager and Granick [12] with 
or without manganese at 24°C under the il- 
lumination of the white fluorescent lamps (3500 
Ix). The number of the cells in the growth medium 
was counted microscopically with a hemocytome- 
ter after fixation of the cells with formaldehyde. 
The concentration of chlorophyll of the cells col- 
lected by centrifugation at 10 000 x g for 10 min 
was determined spectrophotometrically with an 
80% acetone extract of the cells. The Chlamy- 
domonas cells in the late log phase of growth were 
harvested by centrifugation at 5000 x g for 5 min 
and washed twice with a medium containing 0.33 

M sorbitol, 10 mM Mes and 120 mM NaC1 (pH 
6.5) (hereafter the solution is referred to as buffer 
A). The cells were suspended in a solution con- 
taining 0.33 M sorbitol and 10 mM Mes (pH 6.5) 
at a chlorophyll concentration of 2-3 mgflml and 
broken with a French Pressure Cell (Ohtake 
Seisakusho Co., Japan). The chloroplasts were ob- 
tained by centrifugation of the broken cell suspen- 
sion at 10 000 X g for 10 min and suspended in a 
minimum volume of buffer A. 

Preparation of antibody against spinach 33-kDa 
protein and Western-blotting analysis. The extrinsic 
33-kDa protein of spinach chloroplast was ob- 
tained as previously described [13]. 1 mg of the 
purified 33-kDa protein was suspended in 1 ml of 
10 mM Mes (pH 6.2), mixed with an equal volume 
of a complete Freund adjuvant and injected by 
syringe to a rabbit. 

Booster doses were given with the same anti- 
gen. Antiserum for the immunized rabbit was 
purified by precipitation procedure with am- 
monium sulfate and stored at - 8 0  °C before use. 
Western-blotting was carried out with a Bio-Rad 
blotting apparatus. Proteins in the thylakoid of 
Chlamydomonas were separated by SDS-PAGE 
and transferred electrophoretically to a nitrocellu- 
lose membrane at 70 V for 3 h at 0°C.  The 
protein cross-reacted with the antiserum against 
spinach 33-kDa protein was detected on the 
nitrocellulose membrane by the peroxidase activ- 
ity of goat anti-rabbit immunoglobulin. 

Treatment of the thylakoid membranes with al- 
kaline buffer and sonication. The thylakoid mem- 
branes of Chlamydomonas were suspended in 50 
mM Mes-NaOH or Tris-HCl buffer at pH 6-9.5 
with a chlorophyll concentration of 0.1 mg/ml .  
After incubation of the thylakoid membranes in 
the buffer solution for 30 min at 4 ° C, the mem- 
branes were sonicated with an ultrasonic disruptor 
(Tomy Seiko Co., Japan) at 40 W for 30 s at 0 ° C. 
The treated membranes were then centrifuged at 
35 000 x g for 90 min and the precipitate and the 
supernatant were separated from each other. The 
supernatant fractions were concentrated by 
lyophilization and used for SDS-PAGE and West- 
ern-blotting analysis. 

Butanol/water phase partitioning of the 
thylakoid membranes. The thylakoid membranes of 
Chlamydomonas were suspended in buffer A and 



subjected to butanol/water phase partitioning as 
previously described [14]. The butanol-saturated 
aqueous phase was collected carefully and 
manganese in the fraction was assayed. The con- 
tent of manganese in the membrane preparations 
and the aqueous fraction obtained by the 
butanol/water phase partitioning of the mem- 
branes was determined according to Ref. 15. 
SDS-PAGE was carried out as previously de- 
scribed [16]. Oxygen evolution activity of the 
thylakoid was measured with a Rank oxygen elec- 
trode. The assay medium (2 ml) contained buffer 
A, 1 mM potassium ferricyanide, 50 /~M phenyl 
quinone and thylakoid membrane equivalent to 40 
#g chlorophyll. DCIP photoreduction was mea- 
sured with a Hitachi 356 dual-wavelength spectro- 
photometer with a cross illumination attachment. 
The assay medium contained 20 mM Tricine-KOH 
(pH 8.0), 50 mM NaCI, 10 mM NH4C1, 10 /IM 
DCIP and thylakoid membrane equivalent to 40 
/~g chlorophyll in a total volume of 4.0 ml. 
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Diphenylcarbazide (1 mM) was used as an artifi- 
cial electron donor to PS II where indicated. 

Results  and Discuss ion 

The cells of wild type strain of C. reinhardtii 
grown in the Sager and Granick's medium for 
photoautotrophic growth were inoculated to the 
same medium but with no manganese. The inocu- 
lation-growth cycle was repeated and the cells at 
the late log phase in the fifth cycle were harvested. 
From the growth curves of the cells, it is apparent 
that the cells in the manganese-depleted medium 
grew considerably slower than those in the medium 
with manganese (Fig. 1). As number of the cell 
and the amount of chlorophyll synthesized 
changed in parallel during the course of growth of 
the cells both in the presence and absence of 
manganese in the growth medium, it is probable 
that the amount of chlorophyll per chloroplast 
and the antenna size of the reaction center of PS 
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Fig. 1. The growth curves of the cells of Chlamydomonas reindardtii wild type strain 137C+.  (A) The number  of cells grown in the 
Sager and Granick's  medium with (e) or without (©)  manganese  was counted microscopically with a hemocytometer.  In the growth 
medium with manganese, MnSO4 was added at a concentration of 0.17 mM. For the growth of cells under manganese-deficient 
conditions, cells were inoculated to the medium not containing manganese  and the inoculation-growth cycle was repeated. The 
growth curve of the cells in the manganese-deficient medium was obtained in the fifth inoculation-growth cycle. The number  of ceils 
at the start of the growth was 1.2.104 cel ls /ml  in the medium either with or without manganese.  (B) The  concentration of chlorophyll 
was determined with cells grown in the presence (e) or absence (O)  of manganese.  The other conditions were the same as those 

described in A. 
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TABLE I 

CHARACTERISTICS OF THE THYLAKOID MEM- 
BRANES OBTAINED FROM THE CELLS OF C H L A M Y -  
D O M O N A S  R E I N H A R D T I I  GROWN IN MEDIUM WITH 
OR WITHOUT MANGANESE 

Relative values are shown in the parenthesis. 

Cells grown Cells grown 
with without 
manganese manganese 

Content of manganese 
(Mn/400 chlorophylls) 5.8 (100) 1.7 (29) 

Oxygen evolution 
(#mol /mg chlorophyll per h) 120 (100) 34 (28) 

DCIP photoreduction 
(/~ mol/mg chlorophyll per h) 

H20 ~ DCIP 35 (100) 8.1 (23) 
Diphenylcarbazide ~ DCIP 41 (117) 26 (74) 

Amount of the 33-kDa protein 
(relative amount) 100 120 

Manganese atom(s) partitioned 
into the aqueous phase on 
butanol/water phase partition- 
ing (Mn/400 chlorophylls) 2.3 0.28 

II were also not affected significantly by the 
manganese-deficient condition in spite of decrease 
in the growth rate of the cells. 

The characteristics of the thylakoid membranes 
prepared from the cells grown in the manganese- 
depleted medium were studied and the results are 
shown in comparison with those obtained with the 
cells grown in the medium with manganese (Table 
I). Both the content of manganese and the oxygen 
evolution activity of the thylakoid obtained from 
the cells grown under manganese-deficient condi- 
tions were about one fourth of those from the cells 
grown with manganese. 

The parallel relationship between the amount 
of manganese in the thylakoid membrane and 
oxygen evolution activity was shown previously by 
studying the effect of extraction of manganese on 
the oxygen evolution in the spinach PS II prepara- 
tion [17]. Manganese is an essential component in 
the catalysis of water oxidation and it has been 
suggested that four atoms of manganese associ- 
ated with PS II form a tetrameric complex and 
undergo a structural change depending on the 
redox state of manganese [18]. Depletion of 
manganese in the membrane is, therefore, expected 

to have a significant effect on the organization of 
the oxygen-evolution enzyme complex. The deple- 
tion of manganese in the membranes seemed to 
have a primary effect on the oxygen-evolution 
system under these conditions, because the photo- 
chemical reaction of PS II monitored by photore- 
duction of DCIP with diphenylcarbazide as an 
electron donor was not inhibited (Table I). As 
complete loss of manganese in the thylakoid may 
induce a secondary effect on the activity of oxygen 
evolution due to inhibition of the other possible 
manganese-dependent enzymatic or photochem- 
ical reactions, we did not extend our study to such 
an extreme condition. 

Although the activity of oxygen evolution was 
decreased significantly in the thylakoid of the cells 
grown under manganese-deficient conditions, there 
was no apparent difference in the profile of the 
protein in the thylakoid between the cells grown 
with and those grown without manganese (Fig. 2, 
lanes 1 and 2). In spinach chloroplast, there is an 
extrinsic protein of molecular weight 33000 as 
estimated by SDS-PAGE [5], and the protein par- 
ticipates in stabilization of the manganese atoms 
in the oxygen evolution apparatus [19]. In C. 
reinhardtii, the protein corresponding to the 
spinach 33-kDa protein was identified as a 30-kDa 
protein by Western-blotting analysis with the rab- 
bit antiserum against the spinach 33-kDa protein 
(Fig. 2, lanes 3 and 4). As was observed with 
spinach PS II particles, the 30-kDa protein was 
liberated from the thylakoid membrane of 
Chlamydomonas by the treatment with Tris buffer 
although the following sonication was required to 
disrupt the thylakoid and to release the trapped 
protein in the lumenal side of the thylakoid (Fig. 
2, lanes 5 and 6). The amount of 33-kDa protein 
in the thylakoid membrane determined from the 
densitograms of SDS-PAGE gels of both the 
thylakoid membranes and the supernatant frac- 
tion of Tris /sonicat ion treatment of the mem- 
branes did not change significantly between the 
cells grown in the medium with manganese and 
those grown in the medium without manganese 
(Table I). 

The stability of the 30-kDa protein in the 
thylakoid membrane was studied by assaying the 
amount of the protein released from the mem- 
brane by the treatment with buffer solutions of 



94 

67  

1 2 3 4 5 6 

43  ~ .... 

30 . . . . .  ~ -  30 
. . . . .  

20 

14.4 

Fig. 2. SDS-PAGE and Western-blotting of the proteins in the 
thylakoids from Chlamydomonas cells grown under 
manganese-deficient conditions. Lane 1, the thylakoid mem- 
branes of cells grown in the medium with manganese. Lane 2, 
the thylakoid membranes of the cells grown in the manganese- 
deficient medium. Lane 3, Western-blotting of the proteins of 
lane 1 with the antibody against spinach 33-kDa protein. Lane 
4, Western-blotting of the proteins of lane 2 with the antibody 
against spinach 33-kDa protein. Lane 5, the proteins released 
from the thylakoid membranes of Chlamydomonas grown in 
the medium with manganese by the treatment with 50 mM 
Tris-HCl (pH 9.5) and a subsequent brief sonication. Lane 6, 
Western-blotting of the proteins of lane 5 with the antibody 
against spinach 33-kDa protein. Lanes 1-4 contained the 
thylakoid membranes equivalent to 2/~g chlorophyll. The lane 
farthest to the left shows the molecular weight marker proteins. 

Relative molecular masses in kDa are given on the left. 

pH in the range 6-9  and subsequent sonication 
(Fig. 3). The amount of 30-kDa protein released 
from the membrane was increased when the pH of 
the buffer used for the treatment was increased 
with the thylakoid membranes from the cells grown 
both with and without manganese (Fig. 4). The 
similarity of the profile of the protein release 
between the membranes from either types of cell 
at the various pH values suggests that the stability 
of the 30-kDa protein in the membrane does not 

169 

change even when the amount of manganese in 
the membrane was decreased significantly. 

The nature of the manganese atoms associated 
with membranes of cells grown in the manganese- 
deficient medium was studied by butanol /water  
phase partitioning and the following atomic 
absorption analysis. With spinach PS II particles, 
it was shown previously that four atoms of 
manganese are associated with PS II and two of 
them are partitioned into the aqueous phase on 
the butanol /water  phase partitioning of the PS II 
particles [6]. A similar situation was observed with 
the Chlamydomonas cells grown with manganese. 
With thylakoid membranes of Chlamydomonas, 
the amount of manganese was estimated on the 
basis of 400 chlorophylls, which are assumed to be 
present in the photosynthetic unit, containing one 
of each reaction center of P S I  and II. Of the 5-6  
atoms of manganese detected per 400 chlorophylls 
in the wild type strain of Chlamydomonas, two or 
three were partitioned into the aqueous phase on 
the butanol /water  phase partitioning. Partition- 
ing of the manganese atom into the aqueous phase 
reflects that the environment where the manganese 
atom is located is relatively hydrophilic. 

The interface between the extrinsic 30-kDa pro- 
tein and the PS II membrane, or more accurately 
the reaction center complex of PS II, is probably 
the site where the hydrophilic environment is pro- 
vided for manganese atoms. These manganese 
atoms, referred to as the ' loosely bound 
manganese' in Ref. 19, were shown to be stabi- 
lized by the extrinsic 30-33-kDa protein. The 
removal of the extrinsic protein from the mem- 
brane induced a release of these manganese atoms 
from the catalytic site of oxygen evolution and a 
concomitant inhibition of oxygen evolution [5]. 
On butanol /water  phase partitioning of the 
thylakoid membranes from the Chlamydomonas 
cells grown in the manganese-deficient medium, 
only a small portion of manganese (less than 0.3 
Mn /4 0 0  chlorophylls) out of 1.7 M n / 4 0 0  chloro- 
phylls in the membranes was partitioned into the 
aqueous phase. These results suggest that the 
manganese atoms in the hydrophilic environment 
in the membrane were mostly lost under 
manganese-deficient growth conditions. The tend- 
ency observed here of the easy depletion of 
manganese atoms in the hydrophilic environment 
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Fig. 3. (A) A gel of SDS-PAGE showing the release of proteins from the thylakoids of Chlamydomonas reinhardtii by treatment with 
alkaline buffers and sonication. The thylakoid membranes of the cells grown in the medium with manganese (lane 1) were incubated 
with 50 mM of Mes-NaOH, pH 6 (lane 3), Mes-NaOH, pH 7 (lane 4), Tris-HC1, pH 7 (lane 5), Tris-HC1, pH 8 (lane 6) or Tris-HCl, 
pH 9 (lane 7), for 30 min at 4 °C and sonicated for 30 s at 0 o C. The treated membranes were centrifuged at 35 000 x g for 90 min 
and the supernatant fractions concentrated were put onto the gel. The same procedure was applied to the thylakoid membranes of the 
cells grown in the manganese-deficient medium, in which the membranes (lane 2) were incubated with 50 mM of Mes-NaOH, pH 6 
(lane 8), Mes-NaOH, pH 7 (lane 9), Tris-HC1, pH 7 (lane 10), Tris-HC1, pH 8 (lane 11) or Tris-HC1, pH 9 (lane 12). The lane farthest 
to the left shows the molecular weight marker proteins. (B) Western-blotting of the SDS-PAGE shown in A. The thylakoid 
membranes of the cells grown in medium with or without manganese were treated as described in A. The antibody against spinach 
33-kDa protein was used to detect the 30-kDa protein in the supernatant fraction of the thylakoid membranes treated with buffers 

and sonication. Lanes 1-10 correspond to lanes 3-12 of A. 

o f  the m e m b r a n e  u n d e r  the  m a n g a n e s e - d e f i c i e n t  

c o n d i t i o n  m a y  be  r e l a t ed  to the  o r g a n i z a t i o n  o f  

the  m a n g a n e s e  c lus te r  in the  ca ta ly t i c  si te a n d  

fu r the r  analys is  is requi red .  

T h e  m a n g a n e s e  a t o m s  in PS II  were  s h o w n  to 

in t e rac t  w i th  b o t h  the  r eac t i on  cen t e r  c o m p l e x  a n d  

the  ex t r ins ic  3 0 - 3 3  k D a  p r o t e i n  [7-9,20] .  T h e  

m a n g a n e s e  a t o m s  m a y  be  c o o r d i n a t e d  v ia  ap-  

p r o p r i a t e  l igands  to b o t h  the  r eac t i on  cen t e r  c o m -  

p l ex  and  the  ex t r ins ic  p ro t e in  at the  i n t e r f ace  o f  

the  two  c o m p o n e n t s .  As  to the  ro le  o f  the  

m a n g a n e s e  a toms ,  o n e  a r g u m e n t  exists  tha t  

m a n g a n e s e  a toms  h a v e  a s ign i f i can t  role  in the  

b i n d i n g  of  the  ex t r ins ic  3 0 - 3 3  k D a  p ro t e in  to the  
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Fig. 4. The amount of the 30-kDa protein released from the 
thylakoid membranes of Chlamydomonas cells by treatment 
with alkaline buffers and sonication. Data were obtained from 

the densitograms of the gel shown in Fig. 3(A). 

PS II membrane. Previously, the efficiency of 
reconst i tut ion of the spinach 33-kDa protein  and  

PS II membrane  was shown to be reduced consid- 
erably by the loss of two atoms of loosely b o u n d  
manganese  in  the membrane  [11]. However, non-  

specific b ind ing  of the protein  to the membrane  
u p o n  reconst i tu t ion is always inevitable in that 
approach and  an accurate est imation of the role of 
manganese  is difficult. The results obta ined  in  this 
study using Chlamydomonas cells grown under  
manganese-deficient  condi t ions  showed that even 
when the amoun t  of manganese  a tom in the mem-  
brane  was decreased significantly and  the activity 

of oxygen evolut ion was reduced concomitant ly ,  
there was no apparent  change in  the amoun t  and  
stability of the extrinsic 30-kDa protein  in  the 

membrane .  Thus,  it is conc luded  that the 
manganese  atoms involved in oxygen evolut ion of 

thylakoid membranes  are not  required for the 
b ind ing  of the extrinsic protein  to the PS II mem-  
b rane  although they interact  closely in the cata- 

lytic domain  of the oxygen-evolut ion enzyme com- 

plex. 
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