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The effects of selective removal of extrinsic proteins on donor side electron transport in oxygen-evolving PS 
II particles were examined by monitoring the decay time of the EPR signal from the oxidized secondary 
donor, Z +, and the amplitude of the multiline manganese EPR signal. Removal of the 16 and 24 kDa 
proteins by washing with 1 M NaCI inhibits oxygen evolution, but rapid electron transfer to Z + still occurs as 
evidenced by the near absence of Signal llf. The absence of a multiline EPR signal shows that NaCI washing 
induces a modification of the oxygen-evolving complex which prevents the formation of the S 2 state. This 
modification is different from the one induced by chloride depletion of PS II particles, since in these a large 
multiline EPR signal is found. After removal of the 33 kDa protein with 1 M MgCI2, Signal llf is generated 
after a light flash. Readdition of the 33 kDa component to the depleted membranes accelerates the reduction 
of Z +. Added calcium ions show a similar effect. These findings suggest that partial advancement through the 
oxygen-evolving cycle can occur in the absence of the 16 and 24 kDa proteins. The 33 kDa protein, on the 
other hand, may be necessary for such reactions to take place. 

Introduction 

During the past few years it has become in- 
creasingly evident that several extrinsic proteins, 
the 16, 24 and 33 kDa subunits, are involved in the 
process of transferring electrons from water on the 
donor side of Photosystem II. These conclusions 
have been arrived at through studies on prepara- 
tions of Photosystem-II-enriched material with re- 
tained oxygen-evolving activity [1-3]. With these it 
has been possible to examine the inhibitory effects 
on oxygen evolution after the selective removal of 
the proteins by washing with NaCI (the 16 and 24 
kDa proteins) [4,5] or MgCI 2, CaCI 2 or urea (all 
three proteins) [6,7]. Through such extraction ex- 

Abbreviations: Chl, chlorophyll; Mes, 4-morpholineethane- 
sulphonic acid; PPBQ, phenyl-p-benzoquinone; PS II, Photo- 
system I1. 

periments it is now clear that neither of the three 
proteins is directly responsible for the binding of 
photosynthetic manganese [4,6,8], although there is 
some evidence that the manganese binding site is 
prone to some labilization after removal of the 33 
kDa protein [9]. 

It has recently been shown that the reconstitu- 
tion of inhibited PS II particles by readdition of 
protein to extracted membranes is strongly depen- 
dent on the concentration of Cl -  in the medium 
[10]. This is consistent with earlier findings that 
C1- is required for a functional oxygen-evolving 
system [11-15]. Recent results also indicate that 
C1- stabilizes manganese after removal of the 33 
kDa protein [9]. 

The importance of C1- in oxygen evolution is 
further augmented by the observation that C1- 
alone is capable of partially relieving the inhibi- 
tion induced by the removal of the 16 and 24 kDa 

0005-2728/85/$03.30 © 1985 Elsevier Science Publishers B.V. (Biomedical Division) 



172 

proteins [16,17]. Similarly, addition of Ca 2+ to 
membranes depleted in these proteins leads to a 
significant recovery of oxygen-evolving activity and 
points to a role of this ion in donor side electron 
transport [17-19]. Consequently, it has been sug- 
gested that the 16 and 24 kDa components act to 
increase the affinity of the photosynthetic mem- 
branes for these ions [17,20,21]. 

Information about the consequences of protein 
removal on the mechanistic level has just recently 
emerged. After extraction of the 16 and 24 kDa 
proteins, Wensink et. al. [22] observed the transfer 
of two electrons to the acceptor side. Studies of the 
reduction of the secondary donor Z also indicate 
that some S-state transitions of the oxygen-evolv- 
ing complex may occur in the absence of these 
proteins [23,24]. These effects are similar to those 
observed in C1--depleted chloroplasts where the 
inhibition of oxygen evolution is suggested to oc- 
cur at the $2-S 3 reaction step [25,26]. 

In the present work we have extended our pre- 
vious studies [24] of the effects of selective removal 
of the above-mentioned proteins on the donor-side 
electron transport. From measurements on the 
EPR Signal II, due to the oxidized secondary 
donor Z +, it appears that after removal of the 16 
and 24 kDa proteins by NaC1 washing, rapid 
electron transfer from the oxygen-evolving site 
may still occur, despite an almost complete inhibi- 
tion of oxygen evolution. The efficiency of this 
transfer is considerably decreased when the 33 
kDa protein is extracted. Readdition of the 33 
kDa protein or the addition of Ca 2+ to depleted 
PS II particles restores rapid electron donation to 
Z +. The multiline EPR signal from state S 2 of the 
oxygen-evolving complex is eliminated after NaC1 
extraction, but not after inhibition of oxygen 
evolution induced by C1- depletion. 

Some of the result herein were presented at the 
Third European Bioenergetics Conference (Hann- 
over, 1984). 

Materials and Methods 

Photosystem H preparation. Oxygen-evolving 
Photosystem II particles were prepared as de- 
scribed in Ref. 27, with the exception that the 
stock solution of Triton X-100 (25% in 20 mM 
Mes (pH 6.3)/5 mM MgCI2/15 mM NaC1) was 

added dropwise with stirring to the thylakoid sus- 
pension. The PS II particles were washed once 
with 20 mM Mes-NaOH (pH 6.3)/400 mM 
sucrose/5 mM MgCI2/15 mM NaCI (25 mM CI- 
buffer) and suspended in 25 mM C1 buffer at 
8-12 mg Chl/ml,  and finally stored at 77 K until 
use. The oxygen-evolving activity was 500-600 
/~mol O2/mg Chl per h and the manganese con- 
tent 4.2 Mn/250 Chl. 

Salt washings. The PS II particles were sus- 
pended in 1 M NaC1 (or 1 M MgC12), 40 mM 
Mes-NaOH (pH 6.5) and 300 mM sorbitol at 0.5 
mg Chl/ml,  incubated on ice for 30 min and 
centrifuged at 40000 x g for 20 min. The pellet 
from the NaC1 treatment was washed twice with 
25 mM CI buffer or with 20 mM Mes-NaOH 
(pH 6.3), 400 mM sucrose, 5 mM Mg(NO3) 2 and 
1 mM NaC1 (1 mM C1- buffer) and suspended at 
3-7  mg Chl /ml  in 25 mM CI or 1 mM C1 
buffer, respectively. The pellet from the MgC12 
treatment was washed twice in 20 mM Mes-NaOH 
(pH 6.3)/400 mM sucrose/5 mM MgCI2/190 mM 
NaC1 (200 mM C1 buffer) and suspended at 3-7 
mg Chl /ml  in 200 mM CI- buffer. The high 
chloride concentration stabilizes manganese in the 
oxygen-evolving complex in the absence of the 33 
kDa protein [9]. The salt washings and all han- 
dling of the salt-washed particles were performed 
in the dark to avoid photoinhibition. 

Tris washing. The PS II particles were sus- 
pended in 0.8 M Tris (pH 8.4) at 1 mg Chl/ml,  
incubated in room light for 20 min at 0°C and 
centrifuged at 40000 x g for 20 min. The pellet 
was suspended in 25 mM C1- buffer at 3-5 mg 
Chl/ml.  

Chloride depletion. PS II particles (7 mg Chl) 
were incubated twice in 25 ml 20 mM Mes (pH 
6.3)/5 mM MgSO 4 ( 'Cl--free'  buffer) for 15 min 
and pelleted by centrifugation at 40 000 x g for 20 
min. For EPR experiments half of the material 
was suspended in the buffer diluted twice with 
glycerol, and the other half in the same glycerol- 
buffer mixture containing 25 mM NaC1. EDTA (1 
mM) was present in both samples. All handling of 
the material was carried out in the dark. 

Preparation of the 33 kDa protein. PS II par- 
ticles were washed twice with 1 M NaC1 as de- 
scribed above followed by washing with 1 M 
MgC12. The supernatant from the MgC12 washing 



was concentrated by ultrafiltration with an Amicon 
PM10 Diaflo membrane and desalted on a Sep- 
hadex G-25 column equilibrated with 20 mM 
Mes-NaOH pH (6.3). 

Actiuity measurements. Oxygen evolution was 
measured in saturating white light at 25°C with a 
Hansatech oxygen electrode in 20 mM Mes (pH 
6.3), 400 mM sucrose and salts as indicated in the 
tables with 1 mM PPBQ as electron acceptor. 

Laser flash experiments. PS II particles were 
suspended in a buffer containing 20 mM Mes (pH 
6.3), 400 mM sucrose, 4 mM EDTA and salts as 
indicated in the figure legends and diluted twice 
with glycerol to 2 mg Chl /ml .  The samples were 
allowed to dark-adapt in calibrated EPR tubes 
(inner diameter, 3 mm) at 0°C for at least 30 min 
before given a preflash from a dye (Rhodamin 6G) 
laser (Phase R DL-2100A2), and again allowed to 
dark-adapt for 5 min, now at 20°C. This proce- 
dure will place most of the material in the $1 state 
[28]. The PS II particles were transferred to an ice 
bath, and PPBQ was added to a final concentra- 
tion of 4 mM. Thereafter, the particles were given 
up to eight saturating laser flashes, spaced 2 s 
apart  before beeing cooled to 200 K in an ethanol- 
dry ice bath, and finally frozen at 77 K. Before 
and after flashing the samples were handled in the 
dark. 

Continuous illumination. Dark adapted PS II 
particles at 2 -4  mg Ch l /ml  in the same medium 
as for the laser flash experiments were illuminated 
with white light in EPR tubes at 200 K in an 
ethanol-dry ice bath for 5 min before beeing frozen 
at 77 K. Alternatively, illumination during freezing 
was carried out as described in Ref. 29. 

EPR measurements. Low temperature and room 
temperature EPR measurements were performed 
with the equipment described in Refs. 29 and 24, 
respectively. For the room temperature experi- 
ments, the PS II particles were suspended at 2-3  
mg Ch l /ml  in a medium containing 20 mM Mes 
(pH 6.3), 400 mM sucrose, 1 mM EDTA and salts 
as indicated in the figure legends with ferro/ferri-  
cyanide (3 mM of each) as electron acceptor and 2 
mM PPBQ as redox mediator. The samples were 
illuminated with saturating white flashes, half- 
width 3 /xs and spaced 4 s apart, from a xenon 
flash lamp (Photochemical Research Associates 
Inc., model 610B). 25 flash-induced EPR tran- 
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sients, monitored at the Signal II low field peak at 
g = 2.011 with a sampling frequency of 250 Hz, 
were averaged and smoothed to an effective time 
resolution of 20 ms by taking the averages of five 
successive data points. The resulting transients 
were fitted with a non-linear least-squares method 
to a sum of a rising component  (limited by the 
effective time resolution) and one or more decay- 
ing components. 

Spin quantification. Signal II was quantified by 
comparison of its double integral with the one 
obtained from 0.1 M VOSO 4 in 1 M HCIO 4 in the 
same sample cell. A proportionality between the 
Signal II amplitude at g = 2.011 and the double 
integral was found from measurements with several 
different Signal II concentrations. This was used 
in the quantification of Signal II f. 

VO(H20)~ + has several advantages as an EPR 
concentration standard at room temperature: The 
optical extinction coefficient is known (16.5 M-1 
c m -  i at 765 nm [30]), it is easily prepared and it is 
stable. However, the many (approximately)  
Lorentzian hyperfine lines of 51V (nuclear spin, 7; 
A =0.011 cm -1) necessitate special precautions 
when integrating the EPR signal twice. In a sep- 
arate investigation the relation I = 6.80 H W  2 be- 
tween the double integral of the whole spectrum 
divided by g =  1.96 ( I )  and the peak-to-peak 
height ( H )  and width (W)  of the hyperfine line at 
the lowest field, was found to be satisfied, inde- 
pendent of temperature and vanadyl concentra- 
tion. In subsequent spin concentration determina- 
tions, a measurement of H and W was thus suffi- 
cient. 

Manganese analyses. Manganese was de- 
termined by EPR measurements at room-tempera- 
ture on acidified samples using the method of 
additions. 

SDS polyacrylamide gel electrophoresis. The 
samples were solubilized for 3 min at 80°C in 1% 
(w/v)  SDS/5% (v /v)  mercaptoethanol /1 mM 
EDTA/10% (w/v)  sucrose/10 mM Tris-HC1 (pH 
8.0). Electrophoresis was performed in the buffer 
system of Laemmli [31], using 12-20% gradient 
gels (2.6% crosslinking). The gels were stained with 
Coomassie brilliant blue R-250. 
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Results 

Effect of removal of proteins on manganese and 
Photosystem II electron transport 

Oxygen-evolving PS II particles were treated 
with 1 M NaC1 to remove specifically the 16 and 
24 kDa extrinsic proteins or with 1 M MgCI 2 to 
liberate the 33 kDa protein in addition to the two 
lighter ones (Fig. 1). Both treatments resulted in a 
nearly complete inhibition of oxygen evolution 
(Table I). The inactivation was not caused by the 
release of functional manganese from the mem- 
brane, since the salt-treated membranes  still con- 
tained about  4 Mn per functional unit (Table I). 

The liberation of the three proteins did not 
inhibit the transfer of electrons from the added PS 
II donor  diphenylcarbazide to 2,6-dichlorophenol- 
indophenol  (not shown). These results agree with 
the original findings of Ono and Inoue [6], and 
show that our  PS II preparat ion is comparable  to 
theirs. It was also possible to achieve partial re- 
consti tution of oxygen evolution of the NaCI-  
washed particles by addition of  C1- or Ca 2+ (Ta- 
ble I) as observed previously [16-19]. A small 
reconstitution of  oxygen evolution after addit ion 
of CaC12 to MgCl2-washed particles was seen (Ta- 
ble I). This effect is possibly due to a small amount  
of  residual 33 kDa  protein and is analogous to 
CaC12 reconstitution in NaCl-washed PS II par- 

TABLE I 

EFFECTS OF SALT WASHINGS ON PS II PARTICLES 

The control activity was 560 i.tmol O2/mg Chl per h; n.d., not 
determined 

02 evo- Mn/250 Chl Signal l lf  
lution (spins/250 Chl) 
(%) 

Control 
(25 mM CI- ) 100 4.2 0.06 
Tris-washed 
(25 mM CI- ) 0 n.d. 0.71 
NaCl-washed 

1 mM CI- 2 4.2 0.12 
25 mM CI- 32 4.2 0.12 
10 mM CaCI 2 37 4.2 0.10 

MgCI 2-washed 
(200 mM CI- ) 4 3.9 0.28 

+ 33 kDa protein 8 3.9 0.05 
+ 10 mM CaCI 2 10 3.9 0.24 

I I I 
33 24 16 

Fig. 1. Polypeptide analysis by electrophoresis in the presence 
of SDS. (a) Spinach thylakoids; (b) PS II particles; (c) NaCI- 
washed PS II particles; (d) MgCIz-washed PS II particles. 

ticles. We found that reconstitution was largely 
prevented if the depleted particles were exposed to 
s trong light in the absence of CI or Ca 2+. The 
presence of  either of these ions suppressed light 
inactivation. Therefore, salt washing and handling 
of  the depleted material was carried out in the 
dark. 

Effect of salt washing on the formation of Signal IIf 
With a functional oxygen-evolving system, the 

oxidized secondary PS II donor, Z +, is rapidly 
reduced (usually within a few hundred p,s) and 
observed in EPR as Signal IIvf [32]. Interruption 
of  the flow of  electrons from water by for example 
Tris-washing prevents rapid reduction of Z+. Un-  
der these conditions, after a short light flash, Z + 
can be observed in EPR as Signal IIf with a 
life-time of a few hundred ms [33]. The results of 
the removal of  the extrinsic proteins on the reduc- 
tion of Z + are summarized in Figs. 2 and 3 and 
Table I. Due to limitations in time resolution by 
our instrumentation (more than 4 ms), Signal IIvf 
could not be studied directly, but  the absence of a 
large Signal IIf  after a flash given to the oxygen- 
evolving PS II particles is consistent with the rapid 
reduction of  Z + (see Discussion). The amplitude of 
Signal IIf  in oxygen-evolving material was gener- 
ally less than 10% of that observed in the Tris- 
washed particles. Washing the PS II particles with 
1 M NaC1 to release the 16 and 24 kDa  proteins 
did not result in a large increase in Signal IIr on 
the first or subsequent flashes (Fig. 2, Table I). 
However,  if Tris was added to the NaCl-washed 
samples, the flash-induced EPR signal (not shown) 
was approximately equal in amplitude to that of  
the Tris-washed control. Even at 1 mM C1- where 
the oxygen-evolving activity was almost corn- 
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Fig. 2. Effect of NaCI washing on flash-induced EPR Signal II 
transients. (a) Oxygen-evolving PS II particles in 25 mM CI- 
buffer (control); (b) Tris-washed PS II particles in 25 mM CI- 
buffer; (c) NaCl-washed PS II particles in I mM CL- buffer; 
(d) NaCl-washed PS II particles in 25 mM CI- buffer; (e) as in 
(c), but after addition of 10 mM CaCI 2. All samples contained 
1 mM EDTA, 3 mM of each of K3Fe(CN) 6 and K4Fe(CN) 6 
and 2 mM PPBQ. EPR conditions: magnetic field, 334.7 roT; 
microwave frequency, 9422 MHz; power, 2 roW; modulation 
amplitude, 0.25 roT; spectrometer time-constant, 3 ms; temper- 
ature, 20.0 + 0.5°C. 
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Fig. 3. Effect of MgC12 washing on flash-induced EPR Signal lI 
transients. (a) Oxygen-evolving PS II particles in 25 mM Cl-  
buffer (control); (b) Tris-washed PS II particles in 25 mM C1- 
buffer; (c) MgCl2-washed PS II particles in 200 mM Cl-  
buffer; (d) as in (c), but after addition of 0.2 mg purified 33 
kDa protein/mg Chl; (e) as in (c), but after addition of 10 mM 
CaCl 2- Other conditions were as in Fig. 2. 

pletely abolished, the amplitude of Signal IIf in 
NaCl-washed material was less than 20% of the 
Tris-induced signal and decreased slightly after 
addition of CaCl 2 (Table I). 

PS II particles extracted with 1 M MgCl 2 to 
remove also the 33 kDa subunit showed a consid- 
erable amount of Signal IIr on the first and fol- 
lowing flashes (Fig. 3, Table I). Readdition of the 
33 kDa protein to the MgC12-washed particles led 
to only a small recovery of oxygen evolution, but 
to a decrease in Signal IIf to the control level (Fig. 
3, Table I). This indicates that the reaction step 
leading to rapid reduction of Z ÷ had been re- 
activated by the presence of the 33 kDa protein. 

After addition of CaCI 2 to PS II particles, the rate 
of reduction of Z + also increased (Fig. 3, Table I), 
but to a much smaller extent (half-time, 90 ms) 
than after reconstitution with the 33 kDa protein 
(halftime, less than 5 ms). 

With oxygen-evolving PS II particles, with salt- 
washed particles or after Tris treatment, the decay 
of Signal IIf could be fitted to a single exponential 
decay with a half-time of about 200-500 ms. The 
traces presented in Figs. 2 and 3 have been 
smoothed to an effective time resolution of 20 ms 
per data point. There are no indications in the 
unsmoothed traces of Signal II transients with 
half-times in the 4-20 ms range (not shown). 
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Effect on the formation of the multiline EPR signal 
Illumination of dark-adapted PS II particles by 

short light flashes leads to an oscillation of the 
population of the different S-states of the oxygen- 
evolving system [34]. One of these states, S 2, shows 
paramagnetic properties and exhibits a multiline 
EPR signal [29,35]. After freeze-trapping of PS II 
particles exposed to a series of light flashes at a 
temperature above 0°C, it can be shown that the 
S 2 EPR signal demonstrates a damped oscillatory 
behaviour [28,35], similar to that of the oxygen 
evolution, but with maxima on the first and fifth 
flash (Fig. 4a and c). After washing with 1 M 
NaCI to remove the 16 and 24 kDa proteins, the 
ability of the PS II particles to develop a multiline 
EPR signal as a response to one (Fig. 4b) or more 
light flashes was completely lost (not shown). Using 
continuous illumination at 200 K, which allows 
only the S1-S 2 transition to take place [36], or 
during freezing to generate the multiline signal [29] 
yielded similar results, i.e., a large signal in the 
control which was almost absent in the NaCI- 
washed PS II particles (Fig. 5a and b). With the 
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Fig. 4. Effect of NaCI washing on the flash-induced multiline 
EPR signal. Flash illumination and freezing of the samples 
were as described in Materials and Methods. (a) Single flash 
illumination of oxygen-evolving PS II particles in 25 mM C1- 
buffer, diluted twice with glycerol to 2.2 mg Chl /ml  in the 
presence of 2 mM EDTA and 4 mM PPBQ; (b) as in (a), but 
NaCl-washed PS II particles in 1 mM Cl -  buffer (2.4 mg 
Chl/ml);  (c) yield of multiline EPR signal after excitation of 
oxygen-evolving PS II particles with several flashes. EPR con- 
ditions: microwave frequency, 9.22 GHz; power, 20 mW; mod- 
ulation amplitude, 2 mT; temperature, 8 K. Spectra from 
preflashed samples have been subtracted. The peak-to-peak 
heights of the six lines marked with arrows in (a) were summed 
for each sample and plotted in (c) after correction for tube 
calibration. 
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Fig. 5. Effect of NaC1 washing and CI-  depletion on the 
multiline EPR signal produced by continuous illumination at 
200 K. Low temperature illumination were as described in 
Materials and Methods. (a) Oxygen-evolving PS II particles in 
25 mM CI-  buffer; (b) NaCl-washed PS I1 particles in 1 mM 
CI-  buffer; (c) CI--depleted PS II particles in 'CI--free '  buffer; 
(d) Cl--depleted PS 1I particles replenished with 25 mM CI-.  
All samples were diluted twice with glycerol and contained 1-2 
mM EDTA. EPR conditions were as in Fig. 4. The spectra 
presented are the differences between spectra obtained after 
and before illumination, normalized to the same chlorophyll 
concentration. 

same techniques, no signal was seen after washing 
with 1 M MgCI: to remove the 33 kDa protein 
(not shown). 

TABLE II 

EFFECT OF CHLORIDE DEPLETION ON PS II PAR- 
TICLES 

The control activity was 580 ~mol O2 /mg  Chl per h. 

02 evolution Multiline EPR signal, 
(%) relative amplitude 

Control 
(25 mM CI- ) 100 
CI --depleted 
(less than 25 ~.M Cl -  ) 0 
CI --replenished 
(25 mM C1- ) 69 

1.0 

0.6 

0.8 



Comparison with CI--depleted material 
Recent fluorescence induction experiments have 

indicated that the oxygen-evolving complex may 
be capable of limited electron transport after in- 
hibition of oxygen evolution by chloride depletion 
[25,26], a treatment which may be analogous to the 
removal of the 16 and 24 kDa proteins. Accord- 
ingly, the ability of C1--depleted PS II particles to 
form the multiline EPR signal from state S 2 was 
examined by illumination at 200 K. Despite a 
complete inhibition of steady-state oxygen evolu- 
tion (Table II), the capacity for the formation of 
the multiline EPR signal was nearly as good as in 
the oxygen-evolving control or in the particles 
where the oxygen evolution had been reconstituted 
by repletion of chloride (Fig. 5c and d). This 
behaviour deviates from that of the NaCl-washed 
particles described above. 

Discussion 

We have previously shown that inside-out 
thylakoid vesicles depleted in the 16 and 24 kDa 
proteins showed a Signal IIf, significantly smaller 
than that expected from the inhibition of oxygen 
evolution in addition to the lack of a multiline 
EPR signal [24], and suggested that the oxygen- 
evolving complex was capable of limited electron 
transfer to Z +. Our results from PS II particles are 
fully consistent with this hypothesis. The low am- 
plitude of Signal IIf after removal of the 16 and 24 
kDa proteins indicates that the secondary donor Z 
is still rapidly reduced after a light flash. An 
alternative explanation for the absence of the EPR 
signal, namely the inability of P-680 + to oxidize Z, 
is not likely. Although it has been shown recently 
that there is some effect on the rate of electron 
transfer between Z and P-680 as a result of the 
removal of the 16 and 24 kDa proteins [37], there 
is no complete block [38]. Also, when the libera- 
tion of the two subunits by NaC1 is followed by 
Tris t reatment ,  which extracts funct ional  
manganese and the 33 kDa protein, a normal 
Signal IIf is seen. This clearly shows that the 
Z-P-680 pathway remains operational. 

A few other possible causes for the low ampli- 
tude of Signal II t may also be excluded, such as 
the rapid reaction (below the time resolution of 
our instrument, 4 ms) with extraneous manganese 
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(II) [39], since this should be prevented by the 
presence of EDTA. Such an effect of EDTA was 
observed by Ghanotakis et al. [23]. Cytochrome 
b-559 is also unlikely to act as reductant of Z +, 
since the cytochrome is present in its oxidized 
form at the reduction potential of the medium 
(about 400 mV). Since no rapid phase in Signal II 
reduction is seen in Tris-washed samples where the 
donation from the oxygen-evolving complex is 
completely eliminated, other external reductants, 
such as Fe(CN) 4- ,  in the redox buffer may prob- 
ably also be excluded. 

Ghanotakis et al. observed a gradual increase in 
Signal IIf amplitude after NaCI washing as a 
response to flashes [23], in contrast to our results. 
One explanation for the discrepancy may be that 
their salt-washing procedure introduced additional 
modifications which prevented complete reduction 
of the donor to Z ÷ between the flashes. For exam- 
ple, exposure to light of the salt-washed material 
eventually induces irreversible changes on the 
donor side which prevent reconstitution of oxygen 
evolution by C1- or Ca 2+. Dekker et al. [40] also 
observed that prolonged illumination of salt- 
washed PS II particles resulted in an inhibition of 
electron transfer from the oxygen-evolving com- 
plex. Similar observations were made by Nakatani 
[17]. In our EPR measurements only 25 saturating 
flashes were used, which is far below the threshold 
for photoinhibition [40]. Even with 50 flashes there 
were no signs of deleterious effects on the electron 
donation from the oxygen-evolving site, as evi- 
denced by the constant, low amplitude of Signal 
IIf. However, our oxygen evolution data are con- 
sistent with measurements avoiding prolonged il- 
lumination. In the cases where flash-dependent 
oxygen yields actually have been measured with 
salt-washed material, severe effects were seen al- 
ready after the first few flashes [22,41]. 

Thus, the most likely cause for the absence of 
Signal IIf in salt-washed material is a partially 
functional oxygen-evolving complex where cyclic 
turnover and oxygen evolution is prevented. This 
hypothesis raises the question of which step in the 
oxygen evolution cycle is being inhibited by the 
removal of the 16 and 24 kDa proteins. If it is 
assumed that the dark-adapted samples reside 
mainly in the S 1 state, the rapid reduction of Z ÷ 
after a light flash clearly shows that the S1-S 2 step 
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must be functional. However, we are unable to 
trap the S z state in NaCl-washed particles after 
flash illumination at 0°C or after freezing during 
illumination [24]. Also, the multiline signal is con- 
siderably decreased after low temperature (200 K) 
illumination (Fig. 5b) [42] which normally permits 
only the S1-S 2 transition of the oxygen-evolving 
complex to occur and furthermore stabilizes the S 2 
state towards relaxation back to S~ [36]. Possibly, 
the stability of the S 2 state has decreased to such 
an extent as a result of salt washing that it relaxes 
back to the S~ state between the flashes (i.e., in less 
than 4 s), and is furthermore unable to accumulate 
even at low temperatures. Such a relaxation may 
be the result of a recombination of the S2Q A state 
[43]. Alternatively, salt washing may induce 
changes in the oxygen-evolving complex which 
affect the properties of the EPR signal from S 2 to 
such a degree that it is no longer recognizable (an 
alternative suggested to us by A.W. Rutherford, 
Centre d'Etudes Nucleaires de Saclay Gif-sur- 
Yvette, France), and instead influence the ef- 
ficiency of the higher S-state transitions as sug- 
gested in Ref. 22. In a mixed valence Mn pair 
model the loss of the multiline signal could be 
achieved by a decrease in the exchange coupling 
between the two ions to a level comparable with 
the zero-field splitting a n d / o r  the Zeeman interac- 
tion of the individual ions [44]. 

There is yet another explanation of our ob- 
servations. The NaC1 washing may disconnect the 
oxygen-evolving complex completely but a rere- 
ducible in te rmedia ry  carr ier  be tween the 
oxygen-evolving complex and Z is responsible for 
the rapid reduction of Z ÷. Studies of Z ÷ reduction 
in oxygen-evolving PS II particles [45] have indi- 
cated the presence of such a component. This may 
be related to the recently discovered EPR signal at 
g = 4.1 [28,46]. The possibility of such an inter- 
mediary, however, must be left open, since other 
recent results seem to preclude its existence [26]. 
Studies on Signal IIf  generation after excitation 
with several, closely spaced, flashes could give 
kinetic information about the species responsible 
for the reduction of Z ÷ and facilitate its identifica- 
tion. 

It is interesting to compare the results of NaC1 
washing with that of C1- depletion, which also 
appears to induce modifications which allow only 

limited electron transfer from the oxygen-evolving 
complex [25,26]. Studies of C1--depleted PS II 
particles show that the reduction of Z ÷ is inhibited 

t o  a significant extent [47] in contrast to our 
observation of NaCl-washed particles. The pres- 
ence of a multiline EPR signal in C1--depleted PS 
II particles shows that the mechanism of inhibition 
is indeed different from that after NaCI washing 
and is consistent with an inhibition of the $2-S 3 
transition as suggested by fluorescence induction 
experiments [25,26]. As we deliberately avoided 
exposure of our samples to light to prevent photo- 
inactivation, we cannot completely exclude the 
presence of a small amount of tightly bound C1- 
in the EPR sample in the case complete C1- deple- 
tion is light-dependent. Thus, an alternative ex- 
planation of the multiline signal would be that 
there actually exists such a strong-binding C1- site, 
maybe closely associated with the manganese. This 
possibility and the differences between NaC1 
washing and C1 depletion will be subjected to 
further investigations. 

Extraction of the 33 kDa protein severely in- 
hibits the electron transfer to Z ÷ from its donor. 
This is clearly demonstrated by the development 
of Signal IIf  after washing with 1 M MgC! 2. The 
situation differs from that after a Tris wash when 
the photosynthetic manganese is removed together 
with the 16, 24 and 33 kDa proteins. The removal 
of the 33 kDa protein may completely disconnect 
the oxygen-evolving complex, or a possible inter- 
mediate carrier, from Z ÷. Readdition of the 33 
kDa protein to the depleted membranes leads to 
an enhancement of the rate of the inhibited reac- 
tion step as shown by the low amplitude of Signal 
II r. The observation that Ca 2+ also accelerates the 
reduction of Z ÷ may indicate an increased accessi- 
bility for an exogeneous donor [48], but it may 
also suggest that one role of the 33 kDa protein 
may be to provide positive charges needed for a 
functional electron transfer on the donor side of 
PS II. 
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