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An oxygen-evolving, Photosystem I1 particle was isolated from the thermophilic, blue-green alga, P h o r m i d i u m  

laminosum,  according to the procedure of Stewart and Bendall (Stewart, A.C. and Bendall, D. (1979) FEBS 
Lett. 107, 308-312). Our particle has an oxygen-evolution activity of 1500-1600 p mol 0 2 / m g  chlorophyll 
per h. The oxygen-evolution activity has a pH optimum at 5-6,  and is abolished at pH 9. Maximum oxygen 
evolution occurs at approx. 47°C in whole cells, but at 29°C in the particles. The activity decreases to 50% 
when the cells are heated for 30 rain at 55°C; with the particles, 50% inactivation occurred at 47°C for the 
same heating time of 30 min. Flash excitation of the particle at 100 K produced absorbance changes whose 
difference spectrum in the ultraviolet-to-near infrared region shows photochemical charge separation and 
recombination of P-680 + and Q -  in the dark with tn/2 of 1.75 ms. An EPR spectrum for the P-680 ÷ free 
radical, with g 2.0027 and AHpp : 8  G, was constructed from flash-induced EPR changes under conditions 
identical to those used for obtaining P-680 absorbance changes. The actinic light-induced variable fluores- 
cence yield is 5-fold that induced by the weak probing beam alone. Addition of dithionite to the particle 
brings the fluorescence to the same maximum level. Under the reducing condition, strong actinic light caused 
the fluorescence to decrease. This observation is consistent with the notion that variable fluorescence yield in 
Photosystem II originates, as in green-plant chloroplasts, from recombination luminescence, the attenuation 
of which corresponds to photoaccumulation of reduced pheophytin under these conditions. Broad segments 
(300 nm) of the difference spectrum for pheophytin photoreduction were recorded by an intensified 
photodiode array in conjunction with a phosphoroscopic photometer. Kinetic spectrophotometric assays 
together with chemical analysis showed a rather clean and simple stoichiometry in these particles, namely, 1 
P-680: ! Ph: 1 Q : 4  Mn:44 Chl. Initial investigation failed to reveal the doublet EPR spectrum previously 
observed for Ph • Q - F e  in spinach subchloroplast particles (Klimov, V.V., Dolan, E. and Ke, B. (1980). 
FEBS Lett. 118, 97-100). A hyperfine EPR spectrum consisting of 16-20 lines and presumably associated 
with the manganese clusters in the oxygen-evolving protein has been confirmed in these particles. Tris 
washing but not washing with EDTA eliminates this signal. Active oxygen-evolving particles also yield the llvf 
signal with a t i / 2  of approx. 800/xs. Upon Tris washing, the IIr signal appears which decays in 23.5 ms. 
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Introduction 

Over the past two decades, me study of green- 
plant and algal photosynthesis has been greatly 
facilitated by the availability of subchloroplast 
particles enriched in one or the other of the two 
photosystems, in the case of Photosystem II (PS 
II) particles, although highly enriched and photo- 
chemically active particles have been prepared 
from spinach for some time [1-4], and more re- 
cently from blue-green algae [5-7], none of these 
preparations retained the capacity for oxygen 
evolution in the light, until Stewart and Bendall 
[8,9] recently succeeded in isolating an oxygen- 
evolving PS II particle from a thermophilic blue- 
green alga, Phormidium laminosum. Various chem- 
ical, optical and EPR characterizations have al- 
ready been reported on this particle [8-13]. Very 
recently, more reports have appeared documenting 
the preparation of oxygen-evolving particles from 
blue-green algae [ 14] and also from spinach [ 15,16]. 
Such preparations will undoubtedly become valu- 
able for future studies in the area of PS II, particu- 
larly the mechanism of oxygen evolution. 

We have isolated the oxygen-evolving particles 
from P. laminosum essentially according to the 
method of Stewart and Bendall [9] and wish to 
report here some additional chemical and photo- 
chemical properties of this oxygen-evolving PS II 
particle. 

Experimental Procedure 

Cultures of P. laminosum (OH-l-p, Clone 1) 
were kindly furnished by Dr. Richard W. Casten- 
holz of the University of Oregon. Cells were grown 
in medium D [17] in 5-gallon jars under cool-white 
fluorescent lamps at 47°C with air containing 1% 
CO 2 bubbling through the medium. The culture 
was harvested during the late exponential growth 
phase by centrifugation and used immediately or 
stored at - 8 0 ° C .  Anabaena variabilis (ATCC 
29413) was grown at 30°C [18]. 

The published procedure of Stewart and Bend- 
all [9] was used with some modification for the 
preparation of spheroplasts, membrane fragments 
and purified particles. Chlorophyll content was 
determined by the formula of Arnon [19]. Oxygen 
evolution was assayed at 22°C except where noted 

otherwise by a home-made Clark-type oxygen elec- 
trode precalibrated by using glucose-glucose 
oxidase to remove oxygen from air-saturated water 
or monitoring the response to the oxygen evolved 
from a known amount of hydrogen peroxide by 
catalase-catalyzed decomposition [20]. P-700 was 
estimated by redox difference absorption spectros- 
copy using 64 M l . c m  i as the millimolar dif- 
ferential extinction coefficient for the difference 
band near 700 nm [21]. P-680 was estimated from 
the flash-induced absorbance change at 810 and 
680 nm using 7 and 65 M -~.  cm -1, respectively, 
for the qnM. The intermediary electron acceptor, 
pheophytin, was estimated by comparing the 
light-induced absorbance change at 685 nm 
accompanying pheophytin reduction [22] with the 
total chlorophyll absorbance. 

Absorption spectra were routinely recorded on 
a Cary spectrophotometer. Flash-induced ab- 
sorbance at room temperature and cryogenic tem- 
peratures were carried out as previously described 
[23]. For slower absorbance changes, a phosphoro- 
scopic photometer was used [22] in which the 
chopped measuring beam was simultaneously 
modulated at 100 kHz and the signal extracted by 
a PAR 5101 lock-in amplifier. With the ap- 
propriate modification, the same photometer was 
also used for measuring fluorescence-yield changes, 
with the modulated probing beam now decreased 
to an intensity of 10-20 e rg /cm 2 per s. The actinic 
beam was obtained from a 150-W xenon lamp 
after passing through a heat-removing filter and a 
cut-on filter (Corning 2-58). The phosphoroscopic 
device allows the probing and excitation beams to 
overlap in their wavelengths without signal inter- 
ference. For relatively slow-decaying absorbance 
changes such as that of pheophytin (see Fig. 5), a 
300-nm wide segment of the difference spectrum 
was also recorded by a photodiode-array detector 
(the intensified DARSS system of Tracor North- 
ern) adapted to the phosphoroscopic photometer 
using unfiltered white light as the measuring beam. 

A Varian model 4500 with 100-kHz field modu- 
lation or a Brucker model ER200D EPR spec- 
trometer was used for recording EPR spectra and 
flash-induced EPR signal changes. An Air Prod- 
ucts liquid-helium transfer line or an Oxford In- 
struments ESR9 siphon/cryostat  system was used 
for experiments at cryogenic temperatures. EPR 



experimental conditions are described in the figure 
legends. EPR spectroscopy was also used to assay 
the manganese content in the PS II particles, using 
a precision l-ram quartz tube as the sample cell. 
Calibration curves were constructed from assays 
with known manganese concentrations prepared 
from standard AA Mn 2+ solution. 

Resu l t s  and D i s c u s s i o n  

Some general properties 
In general, the PS II particles we have isolated 

from P. laminosum are very similar to those re- 
ported previously by Stewart and Bendall [10]. 
Absorption and fluorescence spectra of the par- 
ticles at room temperature [9] and at cryogenic 
temperatures [10] have been reported. 

We have run the SDS-polyacrylamide gel elec- 
trophoresis analysis and compared the polypeptide 
composition of the P. laminosum PS II particles 
with PS II particles prepared from spinach. In 
agreement with previous reports I11], we found the 
polypeptide pattern of the Phormidium particles 
(our results not shown here) to be substantially 
more complex than those of TSF-IIa [2] or those 
prepared by the methods of Satoh [24] or Mullet 
and Arntzen [25]. This higher level of complexity 
is expected for a particle that still retains a high 
level of oxygen-evolution activity. It is of interest 
to note, however, that a very high concentration of 
a 34 kDa band is present in the polypeptide pat- 
tern of the Phormidium PS II particle but absent in 
the patterns of TSF-IIa [2] or other PS II particles 
[24,25]. A 34 kDa protein has recently been identi- 
fied as a possible component of the manganese- 
binding water-splitting complex in green algae by 
Bishop and co-workers [26] and in spinach 
thylakoid by Akerlund and Jansson (Ref. 27; also 
cf. Refs. 28-30). 

The PS II particle is not totally devoid of P-700 
either [9]; in our particles, the P-700 content is one 
P-700/1083 Chl, and the P-680/P-700 ratio is 
about 25 (see below). As has been indicated previ- 
ously [10], an attempt to reduce further the level of 
P-700 in the PS II particles without substantial 
loss of activity was not successful. 

Our particles have a consistently high oxygen- 
evolution activity, 1500-1600 #tool O2/mg Chl 
per h. To preserve the oxygen-evolution activity, 
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'buffer C' [9] (10 mM Hepes, 5 mM phosphate, 10 
mM MgC12, 25% glycerol, pH 7.5) was used as the 
suspending medium. 

With red light excitation (Corning filter 2-58 
and 1 cm of water), the oxygen-evolution rate 
increased linearly below 3.105 erg /cm 2 per s and 
became saturated at 4 .105 erg /cm 2 per s. The 
optimum pH for oxygen evolution was between 5 
and 6, while at pH 9, the activity was nearly 
abolished. After the thermophilic P. laminosum 
ceils had been maintained at approx. 55°C for 30 
min, their oxygen-evolution activity was reduced 
to 50% and was virtually abolished after heating 
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Fig. 1. Light-induced absorbance changes associated with P-680 
photooxidation in Phormidium PS II particles at approx. 100 K. 
The reaction mixture was a phosphate buffer (pH 6.4) contain- 
ing 60% glycerol and 74 #g Chl /ml ;  cuvette path length, 1 ram. 
Excitation light: 250-ns, 640-nm dye-laser flashes. Top: ab- 
sorbance changes at 680 and 810 nm (each average of two 
sweeps). Bottom: the light-minus-dark difference spectrum. 
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above 65°C. On the other hand, the membrane 
fragments had a half-inactivation temperature of 
approx. 47°C and an upper limit of approx. 50°C, 
very similar so that of A. variabilis cells. The 
optimum reaction temperature for Phormidium 
cells was approx. 47°C, whereas for the membrane 
fragments it was 29°C. 

The primary electron donor, P-680, and the stable 
primary electron acceptor, Q 

In PS II reaction centers, when the secondary 
electron donor is active, P-680 + is reduced in 
about 25 ns [31] following the first flash on dark- 
adapted material and in approx. 400 ns under 
steady-state conditions [32]. Thus, in these 
oxygen-evolving particles, where the donor side is 
expected to be intact, flash-induced absorbance 
changes due to P-680 photooxidation would not 
readily be seen without adequate time resolution 
in the detection system. When the PS II particles 
are Tris washed, however, so that the endogenous 
electron donor is somehow modified P-680 + re- 
duction monitored at 820 nm occurs in 3.5-20 ~s 
(depending on pH) [13]. Thus far, only measure- 
ment at 820 nm has been reported for the Phor- 
midium PS II particles [10,13]. 

We have chosen to use cryogenic temperature 
as the means for altering the electron-transport 
pathway after initial charge separation in PS II to 
facilitate the observation of P-680 photooxidation 
and the subsequent recombination between P-680 
and the reduced primary acceptor, Q [33,34]. 
Through these measurements, a difference spec- 
trum for the P-680~ P-680 ÷ reaction has been 
constructed and the involvement of P-680 can be 
definitively established. By also measuring the as- 
sociated ultraviolet absorbance changes, it has been 
possible to confirm that charge recombination in- 
volved P-680 ÷ and the plastosemiquinone radical, 
as well as to estimate their stoichiometry. 

Fig. 1 (top) shows the absorbance-change tran- 
sients at approx. 100 K in Phormidium PS II 
particles induced by 250-ns, 640-nm dye-laser 
pulses. Both the 680- and 810-nm transients de- 
cayed in 1.75 ms, and their amplitudes are con- 
sistent with differential extinction coefficient val- 
ues of 65 and 7 mM -~- cm ~, respectively. The 
assignment of the light-minus-dark difference 
spectrum (Fig. 1, bottom) to P-680 is reinforced by 

the identical decay times found at all wavelengths 
examined. 

The free-radical nature of P-680 was further 
investigated by the use of time-resolved EPR spec- 
troscopy at cryogenic temperatures. In Fig. 2 (left), 
flash-induced EPR changes at several field values 
show that their decay times at approx. 100 K are 
1.75 ±0.25 ms, nearly the same as that of the 
absorbance changes attributed to P-680 + decay 
(see Fig. 1, top). The spectrum of flash-induced 
EPR changes at various field values (Fig. 2, right) 
has a g value of 2.0027 ± 0.003 and AHpp of 8 G, 
in good agreement with that reported previously 
for P-680 .+ [34,35]. The EPR spectrum for the 
sample in the dark after flash excitation has the 
typical shape of the so-called 'Signal I1'. This 
spectrum may contain some contribution from a 
light-induced, irreversible free-radical signal with 
AH of about 12 G [3,36]. 

Other aspects of the EPR characteristics of the 
Phormidium PS II particles have recently been 
examined by Nugent et al. [12]. They reported that 
steady illumination of the PS II particles at cryo- 
genic temperatures produced an additional Signal 
II (Signal lILT ), which has been attributed to a 
donor species close to the PS II reaction center 
and may represent part of the charge-accumula- 
tion system of water oxidation. 

Absorbance changes of the PS I1 particles in the 
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Fig. 2. Flash-induced EPR changes at different field values at 
approx. 100 K. The reaction mixture containing buffer C. 25% 
glycerol, 210 #g Chl /ml  and 1 mM ferricyanide was placed in 
quartz tubes of 3 mm inner diameter. Microwave frequency, 
9.12 GHz. Microwave power, 5 mW. Modulation amplitude. 9 
G. Time constant, 100 /zs. Individual field values for EPR 
changes (left) are indicated on the composite EPR spectrum 
(right). EPR changes were averaged from 32 sweeps. 



ultraviolet region induced by 640-nm dye-laser 
flashes at approx. 100 K are shown in Fig. 3 (left), 
and the light-minus-dark difference spectrum 
plotted in Fig. 3 (right). The decay times for all 
wavelengths were 1.8-0.2 ms, consistent with a 
species recombining with P-680 ÷. The shape of 
the difference spectrum also agrees well with that 
reported earlier by Van Gorkom [37] for the PS II 
primary acceptor, being a plastosemiquinone, and 
also with that for X-320 reported by Stiehl and 
Witt [38]. The ratio of the amplitudes of the 325- 
and 265-nm bands are in good agreement with the 
differentual extinction coefficient values of 11000 
and (-)17000 M -~ -cm ] for •325 and (270, re- 
spectively [37]. 

Light-induced fluorescence-yield changes 
Light-induced fluorescence-yield changes in PS 

II are commonly considered to reflect the redox 
state of the stable primary electron acceptor, Q, of 
PS II. In the absence of added electron acceptors, 
actinic illumination increases the fluorescence yield 
of chlorophyll in chloroplasts. Upon turning off 
the actinic light, the level of fluorescence decreases 
to the base level. Duysens and Sweers [39] have 
explained this phenomenon by assuming that the 
primary acceptor also functions as a fluorescence 
quencher when it is in the oxidized state. Thus, the 
increase in fluorescence yield upon illumination 
would reflect Q being photoreduced, and the de- 
cline in fluorescence in the dark would then signal 
the reoxidation of reduced Q. 

Fig. 4 shows light-induced fluorescence-yield 
changes in Phormidium PS II particles with no 
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Fig. 3. Flash-induced ultraviolet absorbance changes in Phor- 
midium PS II particles at approx. 100 K. Sample and excitation 
conditions same as in Fig. 1. 
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Fig. 4. Light- and chemically induced fluorescence-yield changes 
in Phormidium PS II particles. The reaction mixture contained 
0.2 M Tricine buffer, pH 8, and particles at 9 #g Chl/ml.  
Empty arrows (upward on, downward off) represent the weak 
probing beam (20 e rg /cm 2 per s) at 483 nm. The solid arrows 
represent the strong actinic light (4.105 e rg /cm 2 per s) at 680 
nm (illumination time, 100 s). The probing beam was mod- 
ulated at 100 kHz by an elasto-optic modulator; the sample 
chamber is a rotating-cup phosphoroscope [22] with a chopping 
frequency of approx. 100 Hz. (A) Application of the probing 
beam; (B) effect of actinic beam; (C) fluorescence yield of 
sample reduced by dithionite and the effect of subsequent 
actinic illumination. 

acceptors added. Illumination with strong actinic 
light increased the fluorescence yield induced by 
the weak, modulated probing beam about 5-fold 
(Fig. 4A and B), indicating that the quencher Q is 
being reduced. Upon cessation of illumination, the 
fluorescence yield declined (as Q is reoxidized). 
When dithionite was added to sample to bring the 
redox potential to approx -500 mV, and maintain 
Q in the reduced state prior to excitation, the 
probing beam alone produced a fluorescence-yield 
level equal to the induced previously by the strong 
actinic light without dithionite (Fig. 4C). However, 
under this reducing condition, the application of 
actinic light now caused the fluorescence yield to 
decrease. Upon cessation of actinic illumination, 
the fluorescence yield increased again, albeit rela- 
tively slowly. This unusual phenomenon was first 
observed by Klimov and co-workers (Ref. 40; cf. 
Ref. 42), and they proposed a different explana- 
tion for this actinic light-induced fluorescence de- 
crease as well as the normally observed fluores- 
cence increase caused by actinic illumination un- 
der oxidizing conditions. In their model, an earlier 
electron acceptor before Q, probably pheophytin 
(Ph), is operative in PS II. They further proposed 
that the variable fluorescence may actually be 
luminescence arising from charge recombination 
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between the oxidized P-680 + and reduced Ph . 
Thus, the recombinat ion luminescence would ap- 
pear upon reduction of Q by strong light or di- 
thionite, but  then disappears when Ph-  is photo-  
trapped. Subnanosecond and picosecond fluorom- 
etry revealed a luminescence with a decay time of 
approx. 4 ns [41,43] when Q is reduced. Separate 
absorbance-change measurements under the same 
conditions indicate that P-680 + and Ph recom- 
bine with a half-time of 4 ns also [43]. 

Photoaccumulation of the intermediary electron 
acceptor, Ph 

On the basis of recombinat ion luminescence, 
the light-induced decline of fluorescence should be 
a consequence of  photoaccumulat ion of reduced 
P h - ,  and can thus be monitored directly by the 
absorbance changes. Fig. 5 (left) shows such a 
correlation; both fluorescence-yield changes and 
absorbance changes were measured with the same 
sample containing dithionite in the same phos- 
phoroscopic photometer ,  using a 100-kHz mod- 
ulated weak probing or measuring beam and a 
high-intensity lamp as the actinic source. 

Because of  the relatively slow decay kinetics of 
reoxidation of photot rapped P h - ,  we have utilized 
a photodiode-array detector in conjunction with 
the phosphoroscopic  photometer  to measure its 
l ight-minus-dark difference spectrum directly with 
single sweeps. The absorption spectrum in the 
dark was measured by the diode-array detector 
first (Fig. 5; right, top); it is in good agreement 
with that reported previously [9] for the same PS II 
particles. The difference spectrum (Fig. 5, right, 
bot tom) shows major  and minor bleachings at 685, 
670, 541,512, 416 and 405 nm, all characteristic of 
pheophytin.  Positive absorbance changes occur at 
455, 650 and 675 nm. Note  that this difference 
spectrum, the acquisition of which takes only a 
matter of seconds, is in excellent agreement with 
that obtained by point-by-point  measurements on 
TSF- I Ia  particles from spinach chloroplasts in a 
similar phosphoroscopic  photometer  but using a 
conventional  multiplier photo tube  as the detector 
[22]. 

Reduced P h -  (photoaccumulated near ambient 
temperature) is accompanied in TSF- I Ia  particles 
by the appearance of an EPR spectrum with g 
2.0035 and AHpp = 12.5 G [22], similar to that of 
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Fig. 5. Photoaccumulation of reduced pheophytin in 
Phormidium PS II particles prereduced by dithionite. Left, top: 
light-induced absorbance change at 685 nm (cal signal repre- 
sents 1% change in transmission). Left, bottom: actinic light-in- 
duced fluorescence-yield change in the same sample as above 
(see Fig. 4). Right: absorption spectrum (top) and the light- 
minus-dark difference spectrum (bottom). Both spectra spectra 
were acquired by a photodiode-array detector (the intensified 
DARSS system of Tracor Northern) in conjunction with a 
phosphoroscopic photometer. 300-nm segments were measured 
at one time. 1536 sweeps were used to obtain the spectrum of 
the sample under light. See text for the amplitudes of A and 
AA. 

the anion radical of pheophyt in  in vitro [44]. At 6 
K, this signal can be seen at low microwave power, 
but  becomes saturated at 50 mW and unobserva- 
ble [22,45]. However, when pheophyt in  is trapped 
at a lower temperature (e.g., 220 K), the EPR 
spectrum measured at 6 K shows, in addition to 
the narrow EPR signal of Ph , a doublet signal 
centered at g 2.00 with a splitting of approx. 52 G. 
This split EPR spectrum, in contrast to the singlet 
EPR spectrum, is highly temperature sensitive, and 
not detectable above 15 K [22,45]. It has been 
attributed to Ph perturbed by endogenous Fe 
associated with Q [45]. 

In an at tempt to obtain a similar doublet EPR 
spectrum for the Phormidium PS II particles, we 
have not yet succeeded in observing such a split 
spectrum, Preliminary experiments have been car- 
ried out over a wide range of trapping tempera- 
tures ranging from 210 K (as dictated by the 
fluidity of the suspending medium containing 50% 



glycerol) to ambient temperature. In some cases, 
photoaccumulations were carried out with the 
Phormidium particles and the spinach TSF-IIa 
particles side by side under otherwise nearly iden- 
tical conditions. The reason for the absence of the 
split EPR spectrum in the Phormidium particles is 
not yet clear. 

Composition and stoichiometry of the reaction-center 
components in the phormidium PS H particles 

With the experiments performed thus far as 
described above, quantitative data are available to 
allow us to estimate the amount of the various 
major electron-transport components involved in 
the PS II photochemistry in the Phormidium par- 
ticles, and a brief account of these estimations is 
given below. 

The P-680 concentration was estimated from 
the light-induced absorbance change in a Phor- 
midium particle containing 74 /ag Chl /ml  in a 
cuvette with 1 mm pathlength. Application of the 
shrinkage factor for the sample at 100 K would 
increase the chlorophyll concentration to 88 /aM. 
The light-induced absorbance change in the sam- 
ple at 810 nm was 1.4.10 -3. Assuming the dif- 
ferential millimolar extinction coefficient of P-680 
at 810 nm to be 7 mM -~ .cm -~, the amount of 
P-680 undergoing photooxidation was 2 laM, or 
one P-680 per 44 total Chl molecules. To complete 
the analysis, we have also used the same sample 
for manganese analysis. 

The manganese concentration was estimated 
from the peak-to-trough amplitude of the third 
hyperfine line (low-field side of g 2.0) in the six-line 
spectrum. The Phormidium particles appear to 
contain no adventitious manganese unrelated to 
oxygen evolution, as treatment with 50 mM Ca 2+ 
yielded no detectable manganese signal. Total 
manganese was estimated from samples treated 
with 50 mM CaC12 and 0.5 M HCI. Manganese 
and chlorophyll determinations for this sample 
yielded a chlorophyll-to-manganese ratio of 12, 
and thus approx. 4 manganese per P-680 molecule. 
Three other determinations yielded a manganese- 
to-P-680 ratio of 4 --- 0.5. 

The concentration of Q observed at low temper- 
ature may also be estimated from the light-induced 
absorbance changes. As described earlier, the am- 
plitudes of the difference bands in the ultraviolet 
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region are consistent with the molar extinction 
coefficients of 11-13 and 17 mM l . c m - 1  at 325 
and 270 nm, respectively. The extinction coeffi- 
cient values together with the actual amplitudes of 
the absorbance changes would yield a P-680-to-Q 
ratio of approximately unity. 

The concentration of pheophytin was estimated 
simply by dividing the light-induced absorbance 
change at 685 nm (2.75.10 -2) by the maximum 
absorbance of the sample at 673 nm (1.2), yielding 
the [Chl]/[Ph] ratio of 44. 

Taking all the estimations together, it appears 
the Phormidium PS II particles we have prepared 
have a rather consistent value of composition for 
the various electron-transport components, i.e., 1 
P-680:1 Ph: 1 Q: 4 Mn: 44 Chl a. 

A hyperfine EPR spectrum possibly associated with 
the oxygen-evolving manganese protein 

Manganese has been widely accepted to play a 
central role in oxygen evolution [46]. Lozier et al. 
[47] and Blankenship and Sauer [48] showed that 
inhibition of chloroplast oxygen evolution by 
washing them with Tris or a chaotropic agent 
resulted in the appearance of a six line EPR spec- 
trum of Mn 2 + (however, cf. Refs. 49 and 50). Most 
recently, Dismukes and Siderer [51] and Hansson 
and Andreasson [52] reported the observation of a 
multiline EPR spectrum that could be attributed 
to a bi- or tetranuclear manganese center in spinach 
chloroplasts. The 16-20-line spectrum has an aver- 
age line separation of 75-90 G and a weakly 
anisotropic g factor of 1.96 - 0.02. The signal peaks 
in intensity on the first flash and again on the fifth 
flash [51]. Tris washing which removes manganese 
also abolishes the flash-induced multiline signal. 

Preliminary low-temperature EPR experiments 
with the Phormidium PS II particles confirmed the 
multiline EPR spectrum with characteristics very 
similar to those reported earlier [51] for spinach 
chloroplasts. Fig. 6 (left) shows the spectra in sam- 
ples frozen after dark adaptation, and those for 
dark-adapted sample and frozen after one or two 
flashes. The multiline EPR signal intensity after 
one flash is about twice that observed after two 
flashes [51], which indicates that the light pulses 
are close to saturating and short enough to provide 
only a single PS II turnover per flash. A quantita- 
tion of the number of paramagnetic centers created 
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Fig. 6. EPR spectra of Phormidium PS II particles recorded at 
158 mW microwave power at 9.6 K and 9.46 GHz microwave 
frequency: dark adapted and then flashed (left); Tris washed 
and then once flashed (center); and EDTA treated and then 
once flashed (right). All samples contained 0.5 mg Chl/ml  in 
buffer C. Time constant, 0.5 s; modulation amplitude, 32 G. 
Illumination of the sample was with an intense, 14-/zs, white- 
light flash at room temperature and then the sample was 
quickly frozen by immersing into liquid nitrogen. 

by the first flash is difficult owing to the extreme 
instrumental conditions required to observe the 
signal and has not been carried out. Results simi- 
lar to those shown in Fig. 6A were obtained on 
several occasions, which indicates that the phe- 
nomenon is reproducible. Fig. 6 (center) shows 
that in Tris-washed Phormidium particles, the mul- 
tiline EPR spectrum was absent in either dark- 
adapted sample or sample after one flash. On the 
other hand, EDTA-washed Phormidium particles 
showed multiline EPR spectra with a pattern simi- 
lar to that of the untreated particles. The dark- 
adapted, EDTA-treated sample after one flash also 
had a higher signal intensity than the dark-adapted 
unflashed sample (Fig. 6, right). Separate measure- 
ment of oxygen-evolution activity of the EDTA- 
treated sample showed that the activity was unaf- 
fected by EDTA treatment (cf. Ref. 10). 

E P R  signals 11~, i and H r 
At room temperature, EPR spectroscopy can be 

used to detect the oxidized form of a donor to 
P-680 ÷ [53]. This species is usually designated as Z 
or D, most likely is a plastohydroquinone deriva- 
tive and, when oxidized, gives rise to EPR Signal 
II,,f in oxygen-evolving preparation and to EPR 
Signal II r upon Tris inhibition of oxygen evolution 
[54]. We have investigated the behavior of the 
Phormidium particles by room-temperature EPR; 

the results are shown in Fig. 7. Spectra recorded in 
the g 2.0 region in the dark (Fig. 7A, trace a), in 
the light (Fig. 7A, trace b) and in the dark after 
illumination (Fig. 7A, trace c) for oxygen-evolving 
particles indicate slight P-700 ÷ contamination and 
also a small contribution from Signal II r. In gen- 
eral, however, these EPR characteristics indicate 
that the preparation is fairly pure and that the 
oxygen-evolving apparatus has largely maintained 
its integrity during isolation. By setting the mag- 
netic field at the low-field peak of Signal II, it is 
possible to monitor the kinetics of Signal Ilvf in 
response to flash excitation. The results of this 
experiment are shown in Fig. 7B. The rise of the 
signal is limited by the 100-its time response of the 
instrument; the decay is strongly biphasic. The 
rapidly decaying in higher-plant preparations [53], 
while the slower decaying component probably 
arises from Signal I1 r in oxygen-evolving centers 
which have been inactivated either during the pre- 
paration of the particles or during the course of 

b 
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Fig. 7. (A) EPR spectra at room temperature of Phormidium PS 
II particles in the dark (a), in the light (b) and in the dark after 
illumination (c). Buffer C was the suspending medium to which 
no further additions were made. EPR conditions: modulation 
amplitude, 4 G; microwave power, 20 mW; instrument time 
constant, 100 ms. Illumination was provided by a Bausch and 
Lomb microscope illuminator. (B) The kinetics of Signal II in 
oxygen-evolving Phorrnidium particles. The magnetic field was 
set at the low-field peak of Signal II and a 14 /~s saturating 
flash was fired as indicated by the arrow. Buffer C was the 
suspending medium to which 3 mM potassium ferricyanide was 
added as the acceptor. EPR conditions: 4 G modulation ampli- 
tude; 20 mW microwave power; 100 #s time constant; 200 
flashes averaged. (C) The kinetics of Signal II in Tris-washed 
Phormidium particles. Tris washing was carried out by making 
particles 0.8 M in Tris-HCl buffer (pH 8.0) and incubating in 
room light for 20 rain. Ferricyanide to a final concentration of 
3 mM was added following the Tris treatment. EPR conditions 
as in B except that the instrument time constant was 1 ms and 
the data shown are the average of 100 scans. The chlorophyll 
concentration in all samples was approx. 800/~g/ml. 



these signal-averaged experiments. We have also 
found this type of Signal II vr behavior in oxygen- 
evolving particles prepared from higher-plant chlo- 
roplasts (Ref. 16; and Ghanotakis and Babcock, 
unpublished observations). In Fig. 7C, the effect 
of Tris washing on the kinetic behavior of Signal 
II is shown. The decay of Z .+ (tl/2 --23.5 ms) is 
considerably slower than the 800-/~s fast phase in 
Fig. 7B, indicating that Signal Ilvf in the oxygen- 
evolving particles has been converted to Signal Ill 
by Tris treatment. An interesting aspect of the 
data in Fig. 7C is that the decay of Signal IIf in 
these particles is faster than Signal IIf decay in 
thylakoids under similar conditions. 

Concluding Remarks 

Results of our optical and EPR characteriza- 
tions presented here show that the PS II particles 
isolated from the thermophilic, blue-green alga, P. 
laminosum, have a well defined composition rela- 
tive to, and a high degree of enrichment in, the 
early electron carriers and the oxygen-evolving 
apparatus. The particle not only retains all the 
primary photochemistry of PS II but also a high 
oxygen-evolution activity as shown by the various 
physical characterizations and direct oxygen- 
evolution measurements. Undoubtedly this par- 
ticle will serve as a very useful experimental sys- 
tem for further studies of PS II and, in particular, 
the mechanism of oxygen evolution. Recent re- 
ports [14-16] indicate a growing interest in isolat- 
ing oxygen-evolving subchloroplast particles from 
other sources as well, which undoubtedly will add 
more impact to the inquiry into PS II chemistry. 
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