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An oxygen-evolving Photosystem II reaction center complex was characterized by using both biophysical 
and biochemical techniques. A low-temperature EPR study of this preparation has revealed that cytochrome 
b-559 has been converted to its low-potential form(s); although in the presence of Ca 2 + and CI- the PS II 
reaction center complex shows high rates of oxygen-evolution activity, cytochrome b-559 is not converted to 
its high-potential form. The same study also demonstrated that Ca 2+ and Cl-,  not the 17 and 23 kDa 
proteins, are the cofactors required for the generation of the multiline signal which is associated with the S 2 
state. Further solubilization of the PS II reaction center complex, followed by gel filtration chromotography, 
resulted in the isolation of a purified oxygen-evolving PS II reaction center core and a 28 kDa Chl-a-binding 
protein. The purified oxygen-evolving preparation contains polypeptides with molecular masses of 47, 43, 32, 
30 and 9 kDa as well as the extrinsic 33 kDa polpeptide. These proteins, along with manganese, chloride and 
calcium, appear to form the simplest structure thus far reported to retain the enzymatic activity necessary for 
oxidation of water to molecular oxygen. 

Introduction 

The oxidizing side of Photosystem II operates 
at unusually high redox potentials and this implies 
the presence of a specialized environment which 
can promote the stabilization of the reactive chem- 
ical intermediates formed during the photochem- 
ical splitting of water [1-3]. The isolation of PS II 
membranes has advanced our knowledge of the 
structural organization of PS II and has also pro- 
vided information about the roles of Mn, C1- and 
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magnetic resonance; LHCP, light harvesting protein complex; 
PS, Photosystem; RC, reaction center. 
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Ca 2+ as cofactors of oxygen evolution (for a re- 
view see Ref. 1). In oxygen-evolving preparations 
of PS II, the inorganic cofactors are closely associ- 
ated with the hydrophilic domain of PS II, which 
consists of three proteins with molecular masses of 
17, 23 and 33 kDa [1,4-6]; another protein with 
an estimated molecular mass of 10 kDa has been 
also implicated as a component of the hydrophilic 
structural arrangement of the oxidizing side of PS 
II [7,8]. A substantial body of experimental evi- 
dence now supports the view that the 17 and 23 
kDa polypeptides are required both for high-affin- 
ity binding of Ca z+ and C1- [.4,5] and as essential 
components of a structure which allows only small 
reductants (for example H 2 0  and NH2OH ) to 
penetrate and react with the Mn complex [9]. 
Various studies have provided data to indicate 
that the 33 kDa species is somehow associated 
with manganese binding to PS II membranes 
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[10,11]; since under certain conditions this poly- 
peptide can be removed without concurrent re- 
lease of manganese, the 33 kDa protein is obvi- 
ously not the only manganese-binding protein 
[12-15]. Highly refined preparations of a PS II 
'core' complex incapable of oxygen-evolution ac- 
tivity have made it possible to define the poly- 
peptide composition of the PS II hydrophobic 
domain and to identify the components of PS II 
which are associated with this dmain [16,17]. Re- 
cently, a series of O2-evolving PS II reaction center 
complexes depleted of the LHCP have been iso- 
lated from spinach and  cyanobacteria [18-20]. 
These isolation procedures consist of solubiliza- 
tion of PS II membranes by a non-ionic detergent 
(such as digitonin or n-octyl/~-D-glucopyranoside) 
followed by purification using sucrose gradients 
and /o r  column chromatography. More recently, 
we reported a new method for isolation of an 
oxygen-evolving PS II reaction center complex: a 
method which does not require ultracentrifuga- 
tion, sucrose gradients or chromatographic sep- 
arations and which produces an oxygen-evolving 
complex in high yields which is depleted of LHCP 
[21]. 

In this communication we report new results on 
the isolation and characterization of a purified 
oxygen-evolving PS II RC core and a 28 kDa 
Chl-a-binding protein. We show here that one can, 
by biochemical methods, define more closely the 
polypeptide requirement for oxygen evolution ac- 
tivity. 

Materials and Methods 

Subchloroplast PS II membranes having high 
rates of oxygen evolution were prepared as 
described in Ref. 22. The PS II oxygen-evolving 
reaction center complex was prepared by the 
method described below. PS II membranes (2.5 
mg Chl/ml),  resuspended in a solution containing 
0.4 M sucrose, 50 mM Mes (pH 6.0) and 10 mM 
NaCI (solution A), were mixed with an equal 
volume of a solution containing 1.0 M sucrose, 50 
mM Mes (pH 6.0), 0.8 M NaC1, 10 mM CaC12 
and 70 mM octyl glucopyranoside (solution B). 
After a 10 min incubation in the dark at 4°C, one 
part of the solubilized membranes was mixed with 
two parts of a solution containing 1.0 M sucrose, 

50 mM Mes (pH 6.0), 0.4 M NaC1, 5 mM CaC12 
(solution C); mixing was followed by 5 min 
incubation and a 90 min centrifugation step 
(40000 × g) to pellet to LHCP (see Ref. 21). The 
supernatant was desalted and the sucrose was 
removed by two 30 min dialysis steps against a 
solution containing 50 mM Mes (pH 6.0), 10 mM 
NaC1 and 5 mM CaC12 (solution D) (a Spectrapor 
No. 6 dialysis tubing with M r 50 000 cutoff was 
used), further diluted 50% with solution D and 
subsequently centrifuged for 60 min at 40 000 x g. 
The pellet which resulted from the last centrifuga- 
tion step was resuspended in a solution containing 
0.4 M sucrose, 50 mM Mes (pH 6.0), 10 mM NaC1 
and 5 mM CaC12 (solution E), whereas the color- 
less supernatant was discarded. We should note 
that the increased amounts of sucrose in solutions 
B and C result in recovery of the PS II reaction 
center complex in high yields (about 20% of the 
Chl in the starting PS II membranes was recovered 
in the PS II RC complex preparation). 

To isolate the purified PS II oxygen evolving 
core the PS II reaction center complex, prepared 
as described above, was solubilized with 0.5% of 
the detergent dodecyl fl-D-maltoside and was sub- 
sequently subjected to gel-filtration chromatogra- 
phy on a Superose-12 Pharmacia column (at- 
tached to a Pharmacia FPLC system) which had 
been previously equilibrated with a solution con- 
taining 50 mM Mes (pH 6.0), 20 mM NaC1 and 
0.05% dodecyl maltoside (solution F). The various 
fractions were eluted from the column with solu- 
tion F. Throughout the experiment precautions 
were taken to maintain the temperature below 
10°C in order to avoid destruction of oxygen 
evolution activity. 

Gel electrophoresis was carried out as de- 
scribed in Ref. 23 with the modifications de- 
scribed in the figure captions. 02 evolution activ- 
ity was measured with a Clark-type oxygen elec- 
trode. EPR measurements were carried out by 
using a Bruker ER200D spectrometer. An Oxford 
ESR-9 liquid helium cryostat was used to main- 
tain sample temperature; frequencies were mea- 
sured with a Hewlett-Packard frequency counter, 
and magnetic fields were determined with a Bruker 
gaussmeter accessory. Optical spectroscopy was 
carried out on a Perkin-Elmer Lambda 5 UV/Vis 
spectrophotometer. 
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Results 

The PS II reaction center complex isolated by 
exposure of PS II membranes to the non-ionic 
detergent octyl glucoside in the presence of high 
ionic strength is depleted of the water-soluble 17 
and 23 kDa polypeptides and thus requires the 
presence of non-physiological concentrations of 
Ca 2÷ and C1- for maximal oxygen evolution ac- 
tivity [24]. A Mn and a Z ÷ (the primary donor to 
P680 ÷) quantitation in this new oxygen-evolving 
PS II reaction center complex has demonstrated a 
3.7-fold enrichment in trap concentration (on a 
Chl basis) [21]. Since the PS II RC complex shows 
high oxygen-evolution capacity in the presence of 
CaClz, we studied the state of cytochrome b-559 
and the S 2 state by use of low-temperature EPR 
spectroscopy. As shown in Fig. la, in the PS II 
RC complex cytochrome b-559 has been con- 
verted to its low-potential form(s) as revealed by 
its g values (gz = 2.94; gy --- 2.26). Such a conver- 
sion causes cytochrome b-559 to be oxidized in the 
dark; illumination of the system at 77 K to oxidize 
any high-potential cytochrome b-559 had very lit- 
tle effect on the EPR signal of cytochrome b-559, 
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Fig. 1. EPR spectra of the oxygen evolving PS II RC complex 
(1.8 mg Chl/ml) in the presence of 10 mM CaCl2: (a) dark 
adapted (4 h in ice); (b) illuminated for 3 min at 200 K (T = 8 
K; microwave power =100 mW; modulation amplitude =15 
Gpp). 

which suggests that conversion to the low-poten- 
tial form(s) is complete (data not shown). Even 
though addition of CaC12 restores high rates of 
oxygen evolution activity, it does not restore cyto- 
chrome b-559 to its high-potential forms. When 
the PS II RC complex was illuminated at 200 K 
we observed the generation of the multiline signal 
which is attributed to the S 2 state of the oxygen- 
evolving enzyme [25]. Since the RC complex is 
lacking the 17 and 23 kDa proteins it is apparent 
that these two species are not necessary for the 
generation of the multiline signal when high con- 
centrations of Ca 2 + and C1- are present. Once the 
system was depleted of either Ca 2+ (by treatment 
with EGTA) or C1- (by dialysis against a C1- free 
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Fig. 2. Elution profile of the PS II RC complex monitored by 
asorption at 280 nm. The complex was solubilized with the 
indicated concentration of the detergent dodecyl maltoside and 
subsequently subjected to gel-filtration chromatography. The 
running buffer contained 50 mM Mes (pH 6.0), 20 mM NaCI 
and 0.05% dodecyl maltoside and was maintained at 4°C. 
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medium) we were unable to generate the multiline 
signal (data not shown). A similar behavior was 
observed by De Paula et al. [26] in salt-washed PS 
II membranes which had been depleted of the 17 
and 23 kDa species. 

The principal proteins of the PS II RC com- 
plex, resolved on a 6.5 M urea gel, are: the 47 kDa 
and the 43 kDa Chl-binding species, the hydro- 
philic 33 kDa kDa and the 43 kDa Chl-binding 
species, the hydrophilic 33 kDa protein, the hy- 
drophobic 32 and 30 kDa, and four other proteins 
with molecular masses of 28, 20, 10 and 9 kDa. In 
the presence of 6.5 M urea in the running gel we 
resolve two components at the 43 kDa region; it is 
possible that one of the two species is either a 
phosphorylated form or a proteolytic product. The 
10 kDa protein is the species which is removed by 
Tris treatment [8] and has been implicated as a 
constituent required for activity on the oxidizing 
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Fig. 3. Gel electrophoresis patterns of (1) Tris-treated PS II 
membranes; (2) peak A (PS II RC core); (3) PS II RC 
complex; (4) intact PS II membranes (13.5% acrylamide gel in 
the presence of 6.5 M urea). 

side of Photosystem II, whereas the 9 kDa species 
is identified as the protein associated with cyto- 
chrome b-559 [27]. To investigate the minimal 
structure required for O2-evolution activity, we 
further purified the PS II RC complex by using 
gel-filtration chromatography (Pharmacia FPLC 
system) (see Materials and Methods for details). 
When the PS II RC complex was solubilized with 
relatively high concentrations of dodecyl malto- 
side and subsequently chromatographed on a gel- 
filtration column, various protein complexes were 
resolved (Fig. 2), but none of these species re- 
tained oxygen evolution activity (data not shown). 
Solubilization of the system with a low concentra- 
tion of dodecylmaltoside (0.5%), however, resulted 
in isolation of two main fractions (Figs. 2 and 3). 
One of these, designated as peak A, was a complex 
with a reduced number of polypeptides (Fig. 3) 
which retained high rates of oxygen evolution 
activity when ferricyanide was used as an artificial 
electron acceptor (Table I). As shown in Table I, 
for the new preparation (designated as the PS II 
reaction center core to distinguish it from the less 
highly resolved PS II reaction center complex), 
ferricyanide is a more effective acceptor when 
compared to DCBQ; in addition, sensitivity of 
electron transfer capacity to DCMU has almost 
disappared in the new preparation. At this point it 
is not clear whether changes in the activity of the 
reducing side of PS II result from the release of 
certain proteins, or are due to modifications to the 
reducing side arising from exposure to dodecyl 
maltoside. 

An examination of the polypeptide content of 
the PS II RC core shows that the main compo- 
nents of this new complex are species with molec- 
ular masses of 47, 43, 33, 32, 30 and 9 kDa (and 
probably the 6 kDa species) (Fig. 3). It is very 
interesting to note that the 10 kDa polypeptide 
which was previously implicated in manganese 
binding is not present in this new oxygen-evolving 
core preparation. Other proteins which have been 
removed from the PS II RC complex are the 22 
and 28 kDa species. 

The second fraction isolated along with the PS 
II RC core contains only a 28 kDa protein which 
binds mainly Chl a (designated as peak B in Fig. 
2) (data not shown). Since this protein has a 
molecular mass which is characteristic of LHCP 



TABLE I 

OXYGEN-EVOLUTION ACTIVITY OF VARIOUS PS II PREPARATIONS 
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Additions Activity (/zmol 0 2 / m g  Chl per h) 

PS II PS II RC PS II RC 
membranes a complex b c o r e  c 

DCBQ (500/¢M) 680 1050 640 
DCBQ (500/zM) + DCMU (5/~M) 60 340 520 
Ferricyanide (2 raM) 160 620 1 100 
Ferricyanide (2 mM) + 

DCMU (5/zM) 20 180 980 

a The PS II membranes were assayed for oxygen-evolution activity in a medium containing 0.4 M sucrose, 50 mM Mes (pH 6.4) and 
10 mM NaCI. 

b The PS II RC complex was assayed in a medium containing 0.4 M sucrose, 50 mM Mes (pH 6.4), 10 mM NaC1 and 10 mM CaC12. 
c The PS II RC core was assayed in a medium containing 0.4 M sucrose, 50 mM Mes (pH 6.4) 10 mM NaC1 and 10 mM CaC12, in 

the presence of 0.01% dodecyl maltoside, which was present because of the isolation procedure followed (see Materials and 
Methods for details). 

components (28 kDa), we carried out a compari- 
son of this Chl-binding protein to the LHCP. As 
shown in Fig. 4, while LHCP contains both Chl a 

and Chl b, the 28 kDa protein contains mainly 
Chl a. In adition to Chl a, the 28 kDa protein 
also contains carotenoids, as indicated by the 468 
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Fig. 4. Room-temperature absorption spectra of the 28 kDa protein and the LHCP (LHCP was purified from the crude LHCP (first 
pellet during the isolation of the PS II RC complex) by use of the FPLC system (data not shown). 
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nm absorption peak (Fig. 4). At this point we 
suggest that the 28 kDa protein is either a separate 
Chl-a-binding protein closely associated with the 
LHCP and the PS II RC complex, or a component 
of the LHCP released during the isolation of the 
PS II RC complex. The second possibility seems 
unlikely, since we have been unable to isolate such 
a component from LHCP solubilized with various 
detergents (data not shown). 

Discussion 

Photosystem II reaction center preparations 
which have been depleted of the LHCP as well as 
of other polypeptides are very useful systems for 
both the biochemical and the biophysical study of 
the oxygen evolving system. In this communica- 
tion we have carried out a low-temperature EPR 
study of an oxygen-evolving PS II reaction center 
complex in order to examine the properties of 
cytochrome b-559 and the S 2 state of the oxygen- 
evolving complex. 

An accumulation of circumstantial evidence has 
linked the high-potential form of cytochrome b-559 
to oxygen-evolution activity [28]. A series of ex- 
periments carried out by Matsuda and Butler [29] 
has clearly demonstrated that the integrity of the 
photosynthetic membrane is required for high- 
potential cytochrome b-559. Thus, it was not 
surprising that in the PS II RC complex, which 
was prepared by extensive solubilization of the 
photosynthetic membrane, cytochrome b-559 had 
been converted to its low-potential form(s). Ad- 
dition of high concentrations of Ca 2+ and C1- 
reconstituted high rates of oxygen evolution activ- 
ity but, under our experimental conditions, did 
not convert cytochrome b-559 to its high-potential 
form(s) (Fig. 1). This observation suggests that 
either the high-potential form of the cytochrome is 
not required for oxygen evolution activity or that 
conversion from the low-potential form(s) to the 
high-potential species requires the interaction of 
cytochrome b-559 with S-states higher than S 2 
(Fig. 1 shows the generation of the multiline signal 
($2) while cytochrome b-559 remains low poten- 
tial.) A similar behavior for cytochrome b-559 was 
observed in PS II membranes depleted of the 
water-soluble 17 and 23 kDa proteins [30,31]. A 
series of experiments are now in progress in order 

to study the effect of these two polypeptides on 
the structure of cytochrome b-559. 

There have been conflicting reports in the liter- 
ature regarding the effect of the 17 and 23 kDa 
polypeptides on the S-states. Toyoshima et al. [32], 
Jansson et al. [33], Franzen et al. [34], Blough and 
Sauer [35] and Imaoka et al. [36] have reported 
that the S 2 multiline signal was suppressed in their 
17, 23 kDa-depleted PS II membranes, whereas 
the Paula et al. [26] observed a strong multiline 
signal in salt-washed PS II preparations. Our re- 
suits in this communication suggest that Ca 2+ and 
CI-  affect the environment of the Mn complex, 
not the 17 and 23 kDa proteins. In the absence of 
the 17 and 23 kDa polypeptides, Ca 2÷ can be 
depleted from the photosynthetic membrane either 
by illumination [37] or by treatment with EGTA 
[4]; it is therefore possible that the disagreement 
among various groups as to the requirements for 
generation of the S 2 multiline signal is due to a 
requirement for Ca 2÷ to produce the EPR multi- 
line signal. 

Solubilization of the PS II RC complex fol- 
lowed by gel-filtration chromatography has made 
it possible to isolate an even more highly resolved 
oxygen-evolving PS II RC core as well as a Chl-a- 
binding protein. This new core material has a 
reduced number of polypeptides and to an extent 
establishes that the hydrophobic 'core' along with 
the hydrophilic 33 kDa protein and associated 
inorganic cofactors constitutes a minimal structure 
capable of oxygen-evolution activity. Since the PS 
II RC core has been depleted of all proteins with 
molecular masses from 10 to 28 kDa, previous 
structural models of the oxidizing side of PS II 
should be reviewed in light of this purified pre- 
paration. One species which is separated from the 
PS II RC complex during isolation of the oxygen- 
evolving core is a Chl-a-binding protein. Since this 
28 kDa species is consistently observed as a com- 
ponent of the less purified PS II RC complex, we 
would propose that it is a discrete antenna-bind- 
ing protein. It is possible that this Chl-a-binding 
protein is the CP29 protein isolated by Camm and 
Green [38]. The fact that the PS II RC core, which 
contains only Chl a, interacts with this Chl-a- 
binding 28 kDa protein indicates that Chl a is 
more closely associated with the reaction center of 
PS II (P-680). 
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