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EPR measurements on inside-out thylakoids revealed that salt- 
washing, known to inhibit oxygen evolution and release a 23 
and a 16 kDa protein, induced a Signal II 
the EPR signal from state S Readdition o f 

and decreased 
the released 23 

kDa protein restored the oxyge A' evolution and decreased the 
Signal IIf, but did not relieve the decrease in the state 
z?ec;;z;al;ra;;fe;s suggested that salt-washi;qtein;;bi;s ;,"z 

from the oxygen-evolving 
physiological donor to P680. In inhibited 
units lacking Signal II 

5' 
2' is 

photosysteh II 
rapidly reduced, possibly 

by a modified S-cycle unab e to evolve oxygen. Q 1904 Academic Press, Inc. 

The 23 and 16 kDa proteins can be specifically removed from 

inside-out thylakoid vesicles or PS II detergent preparations by 

salt-washing (l-4) or from intact thylakoids by deoxycholate 

extraction (51, with a concomitant inhibition of oxygen evolu- 

tion. Readdition of the released 23 kDa protein to salt-washed 

membranes can restore the oxygen evolution (2-4). Fluorescence 

analyses (2) and absorbance measurements on P680' reduction (6) 

showed that the functional site for the 23 kDa protein is along 

the electron pathway between water and P680. In the present work 
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EPR measurements on salt-washed and reconstituted inside-out thy- 

lakoids were performed to investigate the role of the 23 kDa pro- 

tein on the donor side of PS II. 

The suggested immidiate donor to P680+, Z, is EPR detectable 

in its oxidized state. The reduction of Z+ is highly dependent 

on the integrity of the oxygen-evolving complex. In unaffected 

thylakoids the reduction is in the submillisecond region, typical 

of Signal IIvf (7). In PS II units with the oxygen evolution 

inhibited by e.g. Tris treatment, z + is reduced slowly, with 

half-times between 100 ms and 1 s, characteristic for Signal 

IIf (8,9). 

The results here show that salt-washing of inside-out t hyla- 

koids increased Signal IIf. The increase was reversed upon 

readdition of the purified 23 kDa protein. Furthermore, the mul- 

tiline EPR signal, assumed to arise from the oxidation state S2 

in the oxygen-evolving complex (10-121, was irreversibly sup- 

pressed after salt-washing. 

MATERIALS AND METHODS 

Inside-out thylakoid vesicles were prepared and then salt- 
washed by incubation at pH 7.4 in 250 mM NaCl as described 
earlier (2). Untreated (control) and salt-washed inside-out 
vesicles (3.8-7.6 mg chl/ml) in 5 mM sodium phosphate pH 
7.4, 3 mM NaCl, 500 mM sucrose and 5% dimethylsulfoxide were 
stored in small aliquots in liquid nitrogen until use. Recon- 
stitution of oxygen evolution was achieved by 
rified 23 kDa protein (13) to thawed, 

addition of pu- 
salt-washed vesicles. 

Samples for low-temperature EPR were prepared as in (11). 
Room-temperature EPR experiments were performed in 5 mM sodi- 
um phosphate pH 7.4, 3 mM NaCl, 25 rnM MgC12, 0.1 mM EDTA (14), 500 
mM sucrose, 5 mM K Fe(CN) 
dox mediator. Afte 2 the #Ga~u:L~fi~~! CN~Rean~aOmp?e!M 2% “iill,‘;: 
drawn from the cell, 
pH 8.0 for 10 min at 0 

sgbjected to Tris incubation (0.8 M Tris 
C and room light) and then rein- 

jetted into the cell for a repetition of the measurements. 
EPR measurements were made with the 

(11). 
equipment described in 

Room-temperature experiments were made with a Varian 
cylindrical cavity working in the TM 110 mode. The cavity was 
flushed with a precooled nitrogen gas in order &o maintain 
the temperature in the flat sample cell at 20.0 c. Flash- 
induced Signal II kinetics was monitored 
the Signal II low 

at the position of 
field peak (8). Saturating white 

halfwidth 3 ps and 
flashes, 

spaced 4 s apart, were furnished from a 
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pulsed xenon light source. The flash-induced transient EPR 
signals were computer-averaged and then fitted to a sum of 
one rising and one decaying exponential component. Spin con- 
centrations were estimated by comparisons with the signal 
obtained from 10 mM VOSO in 
dard methods (15). Sign41 II 

the sample cell, using stan- 
was 

work (instrument response time 3fifms). 
not observable in this 

Oxygen evolution was followed polarographically in the same 
medium as for the room-temperature EPR measurements except 
that 0.2 mM PpBQ and thylakoid material corresponding to 20 
ug chl/ml was used. 

RESULTS AND DISCUSSION 

Dark-adapted oxygen-evolving inside-out thylakoid vesicles 

showed a stable EPR radical signal (Fig.1, inset) with properties 

typical of Signal IIu (8) and amounting to about one spin per 

250 chl. This agrees with the estimated unit size (270-340 chl/ 

PS II) in these vesicles (16,17). Upon illumination with brief, 

saturating light flashes there was a small transient increase 

(about 0.1 spins per PS II unit) of the Signal II amplitude (Fig. 

la), measured at g=2.011 (Fig. 1, inset), where interference from - 
the EPR signal from P700+ (Signal I) is negligible. The half- 

time of the Signal II decay (about 300 ms) identified the tran- 

sient as Signal IIf (81, which probably represented a fraction 

of PS II units inactivated during preparation. In addition, an 

even smaller light-induced transient was seen, probably Signal 

I1S (81, with a half-life of several minutes. Tris treatment 

resulted in a tenfold increase in Signal IIf with a decay 

half-time of about 1 s (Fig. lb, Table 1). 

Salt-washing of the inside-out thylakoids, which releases the 

23 kDa protein (1,2), inhibited the oxygen evolution by 60% and 

doubled the Signal IIf amplitude and also increased the half- 

time of the decay to about 700 ms (Fig. lc, Table 1). The other 

Signal II species were only slightly affected. These results 

demonstrate that removal of the 23 kDa protein inhibited the 

electron transfer from the oxygen evolving complex to 2. Also in 
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g-value 
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k 
Piq. 1. Flash-induced EPR signals in inside-out thylakoids at 
room temperature. Trace 2, flash-induced transients obtained 
from control inside-out thylakoids (3.6 mg chl/ml); &, sample 

after Tris treatment (2.7 mg chl/ml); 2, salt-washed in- 
$ide-out thylakoids (3.7 mg chl/ml); 2, sample 2 after Tris 
treatment (2.8 mg chl/ml); 2, salt-washed thylakoids (3.2 mg 
chl/ml) reconstituted with the 23 kDa protein (0.9 mg protein/ 
mg chl); r, sample 2 after Tris treatment (2.5 mg chl/ml). 
Traces are averages of 25-175 flash-induced transients. EPR con- 
ditions: microwave frequency, 9418 MHz; power, 2 mw; modulation 
amplitude, 0.33 rnz; spectrometer time constant, 30 ms; tempera- 
ture, 20.0 + 0.5 C. 
Inset, room temperature EPR spectrum of dark-adapted control. 
EPR conditions as for 2-f but with a magnetic field scan of 
0.17 mT/s and a spectrometer time constant of 0.3 s. Gain, 0.4 
relative to a-f. The arrow shows the magnetic field position 
(334.7 mT) at GhTch the flash-induced Signal II was monitored. 

PS II detergent preparations an increase in Signal IIf was 

observed after salt-washing (18). Restoration of the oxygen evo- 

lution by readdition of the 23 kDa protein to the depleted mem- 

branes almost fully reversed the increase in Signal IIf ampli- 

tude whereas the decay time was unaffected (Fig. le, Table 1). It 

should be mentioned, however, that the decay of these transients 
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TABLE 1 

Effects on Signal IIf by salt-washing and reconstitution of 
inside-out thylakoid Vesicles 

02-activity Signal IIf %/2 
($1 (spins/250 chl) (ms) 

Control 100 0.10 332 + 27 

Control + Tris 0 1.15 866 f 12 

Salt-washed 39 0.23 701 & 63 

Salt-washed + Tris 0 0.92 1014 f 25 

Reconstituted 97 0.13 775 f 168 

Reconstituted t Tris 0 0.98 1522 f 56 

Oxygen evolving activity was measured in the room-temperature EPR 
medium with PpBQ as PS II electron acceptor. The control activity 
was 40 pmoles 0 per mg chl and h. [In normal assay-medium (2) 
the control a tivity 3 was 110 Signal II pmoles 0 

measurements are described in 
After salg-washing, 

8 
per mg chl and h]. The 

he legend to Fig. 1. 
40% of the 23 kDa protein was retained ih the 

membranes as determined by rocket immuno-electrophoresis. 

can be fitted equally well to a linear combination of two compo- 

nents with half-times of 300 ms and 1 s. 

Considering the inhibition in oxygen evolution, salt-washing 

would be expected to give rise to Signal IIf amounting to 60% 

of the PSI1 units. The low amount actually found (10%) suggests 

that 2 t was still rapidly reduced (faster than 30 ms, the re- 

sponse time of the instrument) in most of the inhibited PS II 

units. The component responsible for this reduction of Z t might 

be a modified, partially functional S-cycle, uncapable of oxygen 

evolution, or cytochrome b559. In both cases a cyclic or ex- 

ogenous re-reduction of this component is required. It has been 

shown that cytochrome b559 can be rapidly oxidized by PS II 

(19). However, at the redox potential (about 460 mv) in the pre- 

sent experiments, cytochrome %59 should initially be oxi- 

dized and has to be reduced before it can deliver electrons to 

z+, thus making this alternative less atractive. An alternative 
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explanation for the small Signal IIf amplitude in the salt- 

washed vesicles would be a complete block in the electron trans- 

fer between Z and P680, preventing the formation of zt. This is 

less probable, however, since Tris treatment of the salt-washed 

as well as the control vesicles induced a large Signal IIf 

(Table 1). Also other results indicate that this segment of the 

electron pathway remains operative after salt-washing (20). 

The control inside-out thylakoids developed a multiline EPR 

signal when frozen in strong light (Fig. 2a). The positions of 

the lines and their relative amplitudes were similar to those 

found in chloroplasts (11) and in oxygen evolving PS II detergent 

preparations (Hansson, Andreasson, unpublished observations). It 

g-value 

2.5 2.0 1.6 
,“,‘I 1’ 

L 1 I  

250 300 350 400 

Magnettc flux den&y (mT1 

Fig. 2, Low-temperature EPR spectra of illuminated inside-out 
thylakoids. The samples were frozen in the presence of 4 mM PpBQ 
and 4 mM EDTA, either in the dark or during continuous 
tion. 

illumina- 
Spectrum a, control inside 

ml); 
out thylakoids (6.9 mg chl/ 

TV, salt-washed inside-out thylakoids 
salt-washed 

(4.9 mg chl/ml): 2, 
inside-out thylakoids (4.9 mg chl/ml) after addition 

of the 23 kDa protein (0.9 mg protein/mg chl). The spectra pre- 
sented are differences between illuminated and dark-adapted sam- 
ples. EPR conditions: microwave frequency, 9227 MHz; 
mW: modulation amplitude 1.25 mT; temperature, 15 K. 

power, 126 
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has been suggested (10-12) that this multiline EPR signal arises 

from interacting manganese ions of the S2 state. The amplitude 

of the multiline signal decreased considerably after salt treat- 

ment (to about 40% of control amplitude). This effect was not 

reversed after reconstitution of the oxygen evolution by readdi- 

tion of the 23 kDa protein (Figs 2b and c, respectively). The 

reason for this is as yet not clear. However, when the oxygen 

evolving activity was assayed in the medium used for these low- 

temperature EPR measurements the reconstitution was 

ltiline signal could be dif- Thus, the expected increase in the mu 

ficult to detect. 

In short, our results indicate that 

tein may lead tb deficiencies in the 

removal of the 23 kDa pro- 

oxygen-evolving system such 

as to prevent specific S-state transitions, rather than shutting 

off the charge-accumulating process completely. However, most 

likely, the S2-S3 transition alone is not inhibited as this 

only 50%. 

should lead to an accumulation of the S2 state and an increase 

in the multiline EPR signal, contrary to our observations. 
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