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Patterns of O 2 evolution resulting from sequences of short flashes are reported for Photosystem (PS) II 
preparations isolated from spinach and containing an active, O2-evolving system. The results can be 
interpreted in terms of the S-state model developed to explain the process of photosynthetic water splitting in 
chloroplasts and algae. The PS II  samples display damped, oscillating patterns of 02 evolution with a period 
of four flashes. Unlike chloroplasts, the flash yields of the preparations decay with increasing flash number 
due to the limited plastoquinone acceptor pool on the reducing side of PS II. The optimal pH for 0 2 
evolution in this system (pH 5.5-6.5) is more acidic than in chloroplasts (pH 6.5-8.0). The O2-evolution , 
inactivation half-time of dark-adapted preparations was 91 min (on the rate electrode) at room temperature. 
Dark-inactivation half-times of 14 h were observed ff the samples were aged off the electrode at room 
temperature. Under our conditions (experimental conditions can influence flash-sequence results), deactiva- 
tion of S 3 was first order with a half-time of 105 s while that of S 2 was biphasic. The half-times for the 
first-order rapid phase were 17 s (one preflash) and 23 s (two preflashes). The longer S 2 phase deactivated 
very slowly (the minimum half-time observed was 265 s). These results indicate that deactivation from 
S 3 --, S 2 ~ St ,  thought to be the dominant pathway in chloroplasts, is not the case for PS II  preparations. 
Finally, it was demonstrated that the ratio of S~ to S o can be set by previously developed techniques, that S o 
is formed mostly from activated S 3 ($4), and that both S o and S t are stable in the dark. 

Introduction 

Algal and green plant photosynthesis employs 
light reactions in two sequential photosystems to 
provide energy for the organism and to fix CO 2. 
Stored reductant in the form of carbohydrate is 

* A Division of the Midwest Research Institute and operated 
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Abbreviations: Chl, chlorophyll; DCMU, 3-(3,4-dichloro- 
phenyl)-l,l-dimethylurea; Hepes, N-2-hydroxyethylpiperazine- 
N'-2-ethanesulfonic acid; Mes, 2-(N-morpholino)ethane- 
sulfonic acid; PS, photosystem; S,,, oxidation level of the 
oxygen-enzyme system with n = 0, 1, 2, 3, or 4; Yn, oxygen 
flash yield after flash n. 

used by the organism to drive cellular metabolism 
and ultimately to generate biomass. However, in 
addition to light and CO 2, protons and electrons 
also are required for carbon reduction. The plant 
obtains both by splitting water in a process that 
produces 0 2 as a waste product. Consequently, 
photosynthetic water splitting is an important 
fundamental process for plant survival and one 
that has been actively studied over the past 15 
years. Recent reviews by Govindjee [1] and 
Velthuys [2] are available. 

The process of water splitting can be probed by 
monitoring oxygen evolution, fluorescence and 
luminescence resulting from very short, single- 
turnover flashes of light; and extensive studies 
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have been recorded with algae and chloroplasts 
[3,4]. Over the past 4 years, but particularly within 
the last 1½ years, several groups [5-8] have re- 
ported procedures yielding detergent-fractionated 
PS II preparations that contain an active water- 
splitting, manganese-containing enzyme. This new 
system permits investigation of water oxidation on 
a preparation that contains the heretofore mini- 
mum structural material required for function. 
Consequently, it provides a simpler complex for 
assessing the validity of the 'S-state' model first 
developed as in Eqn. 1 to explain 02 evolution in 
chloroplasts [9]: 

hv hp hp h~' 
So --* Sl --' S2 --' S3 --' S4 (1) 

~__ dark I 

02 
The model requires that the Mmenzyme center 
exists in any one of five different oxidation S-states. 
Each photon absorbed by a PS II reaction center 
in the alga or chloroplast forms a strong oxidizing 
equivalent that can advance an S-state from Sn to 
S,+ ~ (n = 0-3) by extracting an electron from the 
enzyme (protons also are involved but are ignored 
here). In addition, S O and S l are stable in the dark, 
S z and S 3 can deactivate mostly to S~ in the dark 
(though the exact deactivation scheme is still de- 
bated), and S 4 is transformed to S O in the dark, 
releasing an 02 molecule in the process. 

In this paper, we report on patterns of oxygen 
evolution from Oz-evolving PS II preparations 
elicited by sequences of short flashes. The results 
are in general consistent with the S-state model, 
but several anomalies have been observed. Anoma- 
lous O2-production patterns have been reported 
previously in Oz-evolving PS II preparations [10]. 

Materials and Methods 

Biological samples, chloroplasts were prepared 
by the method of Robinson and Yocum [11] from 
market spinach purchased during the late spring 
and summer months. O2-evolving PS II samples 
were prepared from spinach using sequential treat- 
ments of digitonin and Triton X-100 (both from 
Sigma Chemical Co., St. Louis) according to the 
procedure of Yamamoto et al. [ 12] except that Mes 
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was substituted for Na4PzO 7 (Nishimura, M., per- 
sonal communication). This modification did not 
affect the results of the flash studies, but gave 
preparations with higher Oz-evolution rates on a 
chlorophyll basis and fewer SDS-polyacrylamide 
gel electrophoresis [13] bands. PS II samples were 
suspended in 10 mM Mes (pH 6.5), 4 mM MgC12 
and 0.33 M sorbitol at 4°C and used fresh or 
stored at - 80°C. 

Assays. Chlorophyll analyses were performed 
according to the method of Arnon [14]. Hill reac- 
tion (PS II) activity was measured at 25°C under 
saturating tungsten light with a water filter using a 
Clark-type 02 electrode (YSI Model 5331, Yellow 
Springs, OH). The reaction medium included 1 
mM 2,6-dimethyl-p-benzoquinone; 2 mM potas- 
sium ferricyanide; 3 mM NH4C1; and 10 mM Mes 
(pH 6.5), 15 mM NaC1, 5 mM MgCI /and  0.4 M 
sucrose buffer. O 2 uptake or PS I activity was 
assayed [15] under the same conditions using 75 
#M 2,6-dichlorophenolindophenol, 2.5 mM L- 
ascorbic acid (sodium salt), 10/~M DCMU, 3 mM 
NH4C1, 30 #g methyl viologen/ml, 2 /~1 bovine 
liver catalase solution (No. C-100, Sigma Chemical 
Co.) and the same pH 6.5 Mes/NaCI/MgCIz/ 
sucrose buffer. 02-evolution rates for the PS II 
preparations ranged between 380 and 440 #mol 
O2/mg Chl per h and O2-uptake rates varied from 
5 to 13 btmol Oz/mg Chl per h. 

Rate electrode. 02 yields, elicited by trains of 
saturating 3-/~s xenon flashes utilizing a modified 
PRA Model 6100B (London, Ontario) flash source, 
were examined at 23°C with a Joliot-type Oz-rate 
electrode, modified from the model described in 
Ref. 16. No added electron acceptors were used in 
the samples or flow buffer. 

Results 

Flash -yield sequences 
Fig. 1 compares flash-yield sequences of dark- 

adapted Oz-evolving PS II preparations with those 
of chloroplasts. Note that up to flash No. 4, there 
is no significant difference in the results. The 
chloroplasts show damped oscillations with a 
period of four and reach a steady-state value of 
about half the yield of the third flash. These 
results are normal and have been demonstrated 
before [9,17]. The PS II samples also show damped 
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Fig. 1. A comparison of room temperature (23°C) chloroplast 
and O2-evolving PS (OES) II O2-flash-yield (Yn) sequences. 
The samples were dark adapted for 10 rain with no preil- 
lumination and then exposed to 20 flashes, each spaced 1.5 s 
apart. Chloroplasts, 1.50 mg Chl/ml; O2-evolving PS lI, 1.34 
Chl/ml; rate-electrode flow buffer, 15 mM NaCI, 5 mM MgCI 2, 
100 mM KCI and 20 mM Hepes (pH 7.5) for chloroplasts or 10 
mM Mes (pH 6.5) for O2-evolving PS II preparations. Results 
were normalized at Y3- 

oscillations, but instead of reaching a steady-state 
level, the oscillations appear superimposed on a 
function that decays towards the baseline. (The 
reader will recall that no terminal acceptor was 
added except that 0 2 was present in the experi- 
mental  system.) These results are similar to those 
we reported for O2-evolving PS II preparat ions 
made by other techniques [10], but  they differ in 
that anomalous O:  evolution is not detected on the 
first flash. 

Fig. 2 reports the pH dependence of Y3 (the 0 2 
yield of the third flash) for both chloroplasts and 
O2-evolving PS II. Note  that the pH opt imum 
range for the O2-evolving PS II preparat ions is pH 
5.5-6.5 and that the yield falls off rapidly at more 
alkaline p H  values. On the other hand, the chloro- 
plast yields are constant  from p H  6.5 to 8.0 and 
fall off at more acidic pH  values. 
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Fig. 2. The effect of pH on the oxygen yields (Y3) for chloro- 
plasts and O2-evolving PS (OES) II samples. Conditions were 
the same as Fig. 1 except that the flow buffer contained 10 mM 
citrate for pH 5.0, 10 mM Mes (O2-evolving PS II) or 10 mM 
Na4P207 (chloroplasts) for pH 5.5-6.5, and 10 mM Hepes for 
pH 7.0-8.0. Chloroplasts, 1.33 mg Chl/ml; dark-adaptation 
time, 5 rain. Results were normalized at pH 6.5, and a new 
sample was used for each data point. 

Inactivation 

Fig. 3 shows the inactivation (irreversible loss 
of  activity) kinetics of chloroplasts and O2-evolv- 
ing PS II samples which were dark adapted on the 
rate electrode at room temperature. The decay of 
Y3 is first order in both cases, and the half-times 
are 32 and 91 min, respectively. However, if one 
looks at the inactivation kinetics of YI9, the situa- 
tion is different. In the case of O2-evolving PS II, 
the flash yield seems to increase for about  the first 
30 -40  min and then decreases with about  the same 
slope as that of ~ .  On the other hand, the decay 
of  YI9 in chloroplasts is quite similar to that of Y~. 

Deactivation 
The experiments depicted in Fig. 4A and B for 

O2-evolving PS II preparat ions used protocols sim- 
ilar to those developed for algae and chloroplasts 
by  previous investigators [3,4]. In Fig. 4A, dark- 
adapted samples were exposed to two preflashes, 
various dark times, and then four probe flashes. 
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Fig. 3. Inactivation kinetics of chloroplasts and O2-evolving PS 
(OES) II preparations. Conditions were the same as those of 
Fig. 1 except that Y3 o r  ]/19 was plotted against the dark-adap- 
tion times. Chloroplasts, 1.33 mg Chl/ml;  O2-evolving PS II, 
1.39 mg Chl/ml.  A new sample was used for each data point. 
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0 2 evolution resulting from each of the probe 
flashes (Y,, n = 1-4) was plotted as a function of 
the dark time between the second preflash and the 
first probe flash. The dashed curves represent the 
results when the preparations were exposed to 25 
flashes prior to the dark-adaptation step, and they 
demonstrate previously noted observations that 
the kinetics can vary with conditions used to ob- 
tain the data [4]. The data in Fig. 4B were ob- 
tained under conditions similar to those of Fig. 4A 
except that only one preflash was used. In general, 
the results with the PS II preparations are similar 
to those with Chlorella (Fig. 2 of Ref. 3) and 
spinach chloroplasts (Figs. 6 and 7 of Ref. 4), but 
there are some obvious differences. For example, 
in the two preflash case, the decay of Y2 appears to 
be clearly biphasic. The first phase decays faster 
than Y~, and the second phase does not appear to 
decrease at all in this sample at times greater than 
200 s. Another Oz-evolving PS II sample (data not 
presented) also showed biphasic decay but the 
second component deactivated with a long but 
measurable half-time (265 s). In the one-preflash 
case, )'2 decay again appears to be biphasic, and 
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Fig. 4. (A) Deactivation of dark-adapted (5 min) O2-evolving 
PS II samples following pre-illumination with two flashes. 
Oxygen yields for four probe flashes are plotted as a function 
of the dark time between the second preflash and the first 
probe flash, and a fresh sample was used for each dark time. 
Conditions were the same as those of Fig. I except the chloro- 
phyll concentration was 1.08 mg/ml .  The dashed curves repre- 
sent samples exposed to 25 preflashes prior to the first 5 rain 
dark-adaption period. YI at time zero was set at 1,0, but no 
other normalization was made. (B) Same as A except that only 
one preflash was used. The data were plotted (not normalized) 
on the same scale as that in A. 

the ratio of Y4 to Y3 at long times is greater than 
that observed for chloroplasts [3,4] though similar 
to that in Chlorella [3]. 

Fig. 5 plots the decay kinetics of Y, in Fig. 4A. 
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Fig. 5. Deac t iva t ion  kinet ics  of S 3 (YI, Fig. 4A, ©)  and  S 2 (Y2, 
Fig. 4B, A; Y2, Fig. 4A, A). The  condi t ions  were the same as 

those in Fig. 4A and B, bu t  the slow componen t  of Y2 was 

subt rac ted  pr ior  to plot t ing.  

In this case the two preflashes convert any S~ in 
the preparations to $9 (see Eqn. 1), ignoring misses 
and double hits [18], and consequently the O z 
emitted as a result of the first probe flash (Y~) is a 
measure of the amount of S 3 remaining. Deactiva- 
tion of S 3 appears to be first order with a half-time 
of 105 s in contrast to results with algae [3,19] and 
chloroplasts [3,4] which were reported to be sec- 
ond order * with half-times in the range 6-30 s. 
The S 3 deactivation time we reported [10] previ- 
ously for a different type of O2-evolving PS II 
preparation was considerably longer (approx. 400 
s). Also included in Fig. 5 are the decay kinetics of 
I/2 for both the one- and two-preflash cases of Fig. 
4B and A, respectively. In the first case, one can 
observe the deactivation of S 2 (as I/2) with little 
interference from S 3 while in the second case inter- 
action between S 2 (as Y2) and S 3 (as Y1) should be 
observable. The decay kinetics of the rapid phase 
seem to be first order, and the half-times for S 2 in 
the two cases are 17 and 23 s, respectively. 
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Fig. 6. O2-flash yield sequences as a function of the number of 
preflashes in dark-adapted (5 min) O2-evolving PS IT prepara- 
tions. The samples were exposed to a l0 min dark period 
between the last preflash and the first probe flash. Other 
conditions were the same as those in Fig. 1. 

Setting the ratio of S I to S O 
Fig. 6 shows changes in the sequences of flash 

yields resulting from changing the initial ratio of 
S~ to S 0. The ratio is controlled by exposing the 
O2-evolving PS II  preparations to one, two or 
three preflashes. In dark-adapted samples, one 
flash will result in the highest S~-to-S 0 ratio (since 
any S O will be converted to S~ and any higher 
S-states produced will deactivate to S~) whereas 
three flashes will give a lower ratio (since S~, the 
predominant state in dark-adapted samples, will 
be converted to S O as depicted in Eqn. 1). That 
changes in the ratio of $1 to S O do in fact occur in 
O2-evolving PS II preparations is demonstrated by 
changes in Y4/Y3 and Ys/Y7 ratios. 

Discussion 

* Actual ly ,  replots  of  the pub l i shed  ch loroplas t  da ta  of bo th  
Jol iot  et al. (Fig. 3B of Ref. 3) and Forbush  et  al. (Fig. 7 of 
Ref. 4) appear  as nei ther  first nor  second (assuming equal  
concen t ra t ions  of two reactants)  order  bu t  rather,  more 
closely follow a log ( t ime) decay curve. 

02-yield patterns 
The damped oscillations of the O2-flash yields 

in chloroplasts reach a steady-state value ( ~ )  
while those in O2-evolving PS II preparations de- 
cay towards zero (Fig. 1). The chloroplast se- 



quence reaches a nonzero Y~s in spite of the fact 
that there is no terminal electron acceptor in the 
system. The likely explanation is that 02 itself 
serves as an electron acceptor on the reducing side 
of P S I  (Mehler reaction). This reaction is pre- 
sumably slow and therefore is not recorded by our 
differentiating instrument which only senses fast 
O2-concentration changes. In agreement with this 
explanation, we have observed that Yss decreases 
with increasing flash rate (data not shown; see also 
Ref. 20). Presumably, under such conditions the 
plastoquinone pool is reduced faster than it can be 
reoxidized by PSI  and the Mehler reaction. 

As discussed in a preliminary note [10], the 
decay of the oxygen yield in O2-evolving PS II 
preparations is due to the limited amount of 
plastoquinone acceptor pool available to PS II and 
the fact that the pool is not reoxidized by PS I. 
When the pool is reduced, the primary photochem- 
istry of PS II short-circuits (Ref. 21 and references 
therein), no strong oxidizing equivalents are gener- 
ated, the water-splitting enzyme does not function 
and 02 evolution stops. In contrast to our previous 
results [10], anomalous 02 production on the first 
flash was not observed. To explain the discrepancy 
we note that the S 3 deactivation half-time mea- 
sured for Oz-evolving PS II samples in this study 
was approx. 100 s (Fig. 5) compared to about 400 
s observed before [10]. Therefore, complete 
deactivation of S 3 prior to an experiment was 
much faster in the present case, and the lack of 
complete S 3 deactivation might have led to the 
anomalous observation in the previous case 
(though special care was taken to minimize this 
possibility). The O2-evolving PS II samples used in 
the current study were prepared by sequential 
dititonin and Triton extraction [12] whereas those 
used in the previous work were extracted with a 
higher concentration of Triton alone [8]. However, 
the method of preparation did not seem to be 
critical because new preparations of Triton sam- 
ples revealed no anomalous 02 on the first flash. 
Since the anomalous 02 results we reported previ- 
ously were observed with preparations made from 
market spinach grown in the winter (purchased 
locally in February and March) and since the 
current results are with spinach purchased in May 
to July, we believe that the source of the spinach 

165 

may have a great influence on the S 3 deactivation 
rate and that this is the mostly likely explanation 
for the discrepancy. Aging of June spinach at 4°C 
prior to O2-evolving PS II preparation did not 
result in the observation of 02 on the first flash. 

Inactivation 

Fig. 3 shows that the half-time for the inactiva- 
tion of the digitonin/Triton O2-evolving PS II 
samples as indicated by the decay of Y3 is 91 min 
at room temperature. For comparison, the in- 
activation half-time for chloroplasts was 32 rain 
which emphasizes the remarkable stability of the 
digitonin/Triton O2-evolving PS II. O2-evolving 
PS II preparations aged in the dark at 23°C but 
not in contact with the rate electrode gave much 
longer inactivation half-times, of the order of 14 h 
(data not shown). Similar stability results (off the 
rate electrode) were observed by Kuwabara and 
Murata [22] with a different type of O2-evolving 
PS II preparation. The enhanced stability may well 
be due to elimination of proteolytic enzymes pre- 
sent in the chloroplast preparation. In contrast, 
the decay half-time (on the rate electrode) of the 
Triton preparation was about 25 min [10]. Recent 
results suggest an even shorter half-time, perhaps 
due to damage caused by long exposure to Triton. 

The curious observation that Y~9 increases with 
time before decreasing (Fig. 3) can be explained 
by the fact that the number of active O2-evolving 
centers decreases with time (as seen above) while 
the acceptor plastoquinone pool on the reducing 
side of PS II remains constant (it is much more 
stable). If, in the O2-evolving PS II preparation, a 
plastoquinone acceptor pool is common to several 
PS II reaction center/O2-enzyme systems, it will 
take more flashes to fill the pool when some of the 
O2-evolving photosystem complexes are in- 
activated. Thus, the relative increase in El9 during 
the course of inactivation is a consequence of an 
increase in the plastoquinone/O2-evolving enzyme 
ratio, due to the greater fragility of the O2-evolving 
enzyme. Similar results were observed with the 
Triton preparations but not shown in Ref. 10. This 
behavior is not seen with chloroplasts because of 
the higher plastoquinone/O2-evolving enzyme 
ratio and the fact that plastoquinone is not limit- 
ing (due to PS I function). 
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S~ deactivation 
The results depicted in Figs. 4 and 5 with 

O2-evolving PS II preparations are, in general, 
consistent with the S-state model of Kok et al. [9] 
used to explain 02 evolution in algae and chloro- 
plasts. However, there are several observations 
indicating differences in the detailed mechanism. 
For example, S 3 deactivation in O2-evolving PS II 
appears to be first order instead of second order as 
usually observed in algae or chloroplasts [3,4,19], 
and the decay half-time is longer. 

Second-order deactivation of S 3 has been ex- 
plained in terms of a requirement for an electron 
donor R [4], H + [23], and D 1 to D 3 where D 2 may 
be the reduced form of the DCMU-binding site, 
and D 1 and D 3 are unknown [19]. On the other 
hand, 'quasi-first-order' decay of S 3 in Chlorella 
has been reported under specialized conditions 
where an electron donor D 4 (tentatively identified 
as the reduced plastoquinone pool) was present in 
much greater quantity than S 3 [19]. In addition, 
Kok et al. [9] have suggested that the forward 
reaction S 2 ~ S 3 might be first order. The isolation 
of O2-evolving PS II samples exposes the O2-evolv- 
ing system to a different environment than that 
observed with chloroplasts. The results of Fig. 2 
which show a lower pH optimum for O2-evolving 
PS II * (see also Refs. 8 and 10) are consistent 
with this idea. Changes in the conformation of 
surface proteins due to the O2-evolving PS II isola- 
tion procedure could well affect the properties, 
and thus the deactivation kinetics, of the O2-evolv- 
ing enzyme. For example, if H ÷ [23] were required 
for S 3 deactivation, it might well have been availa- 
ble to the O 2 enzyme in larger concentrations with 
the O2-evolving PS II preparations than with algae 
or chloroplasts (thus changing a second- to a 
quasi-first-order reaction). Observations of 
deactivation at different pH values could address 
this possibility. Controlled changes in the effective 
plastoquinone pool size could also probe this hy- 
pothesis [19]. 

The longer deactivation time of S 3 in the 02- 
evolving PS II is explainable in terms of the ob- 
servation of Joliot et al. [3] that deactivation is 
slower in chloroplasts than algae. An O2-evolving 
PS II preparation extracted from broken chloro- 

* The pH phenomenon was predicted by luminescence studies 
in ChloreUa [23,24]. 

plasts is further still from the in situ environment 
in terms of unknown factors controlling deactiva- 
tion. 

S 2 deactivation 
Deactivation of S 2 can be observed in Fig. 4B 

(Y2) without interference from S 3 (Y~ is very small 
in this case) and in Fig. 4A with potential contri- 
bution from S 3. If one subtracts the slow decay 
component in each case, the rapid component 
decays with first-order kinetics, and the half-times 
observed are 17 and 23 s, respectively (see Fig. 5). 
Joliot et al. [3] reported that S 2 deactivation was 
close to first order in both Chlorella and spinach 
chloroplasts. In actuality, they also show biphasic 
decay of S 2 in chloroplasts (Fig. 4 of Ref. 3) with 
half-times of about 12 and 69 s. The fact that the 
second component of Y2 in Fig. 4B appears stable 
is of some concern. One might suspect that a 
substantial double-hit phenomenon could lead to 
the presence of significant amounts of S O and S~ in 
addition to S 2 in Y2- This could occur due to 
interference generated by the tail of our flash 
source, but calculations of y (probability of double 
hits [18], /3 in the terminology of Ref. 4) using 
chloroplasts and our flash source result in values 
of 0.04-0.05. This is strong evidence against a 
substantial, 'normal '  double-hit phenomenon, but 
does not rule out a special double-hit effect occur- 
ring only during the first few flashes of a sequence 
[25] in O2-evolving PS II preparations. The fact 
that we could measure a half-time of 265 s in 
another sample probably means that the deactiva- 
tion of the second component is variable but long. 

S 2 and S 3 deactivation pathways 
Deactivation in chloroplasts occurs predomi- 

nantly by the 'one-step' pathway S 3 --* S z ~ S~ 
[3,4]. However, this does not appear to be the case 
for O2-evolving PS II samples. Assuming that S 3 

S 2 is rate limiting in an S 3 ~ S 2 ~ Sj pathway, 
one would expect S 2 (Y2 in Fig. 4A) first to fall off 
rapidly then decay with kinetics similar to those of 
S 3 (Yj in Fig. 4A). Since the second condition is 
not met, the assumed pathway is not valid. If 
S 2 ---, S j were rate limiting and assuming that we 
are dealing with irreversible deactivation reactions, 
then S 2 (Y2 in Fig. 4A) should reach a transient 
maximum before decaying. Since this obviously is 
not true, S 2 deactivation appears to be indepen- 



dent of S 3 deactivation in our O2-evolving PS II 
preparations. 

S o and S 1 
Except for the fate of the long-lived S 2 compo- 

nent, the results in Fig. 4A with O2-evolving PS II 
preparations are consistent with the S-state model 
for 02 evolution in algae and chloroplasts outlined 
in the Introduction. Fig. 6 provides further evi- 
dence for the model, since the ratio of both Y4/Y3 
and Ys/Y7 in O2-evolving PS II preparations in- 
creases sharply after three preflashes. The same 
results have been observed with chloroplasts, and 
the phenomenon has been explained in more detail 
[4,9] taking into account the effects of misses and 
double hits. Needless to say, these data show that, 
as in chloroplasts, the dominant route for the 
formation of S O in O2-evolving PS II is the photo- 
chemical step S 3 ~ S O (through the short-lived $4). 
In addition, it demonstrates the stability of the 
S I / S  0 ratio (at least for 10 min) once it has been 
set by flash pretreatment and deactivation. Al- 
though it is possible that there is a slow S t ~ S o 
deactivation, the fact that Y3 is always the maxi- 
mum flash yield (no preillumination) even after 
105 min of dark adaption (Fig. 3) argues that such 
deactivation is minimal. 

Conclusion 

The S-state model developed by Kok and co- 
workers [9] for algae and chloroplasts is valid for 
describing the general features of 0 2 evolution in 
active, Oz-evolving PS II  preparations. However, 
there are some differences observed in the 
deactivation process, particularly the apparent sta- 
bility of about half of S 2 and also the dark 
deactivation pathway of $3. Whether these are 
attributable to the differences in the way the ob- 
servations were made, damage to the O2-enzyme 
system during PS II isolation, or to differences 
resulting from changes in the environment to which 
the enzyme is exposed, remains to be determined. 

Note added in proof (Received March 28th, 1983) 

Last year we reported O2-rate-electrode se- 
quences that show 0 2 on the first flash [10]. This 
work was done using the preparation of Berthold 
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et al. [8] with market spinach obtained during the 
winter. We have confirmed this observation with 
this past winter's spinach. However, preparations 
according to Berthold et al. made with summer 
spinach do not give 02 on the first flash, and 
preparations according to Yamamoto  et al. [12] 
have never given 02 on the first flash. In addition, 
we have now measured the acceptor pool of the 
preparation of Yamamoto  et al. by fluorescence 
induction techniques and observe a pool size of 
6 -7  electron equivalents (Seibert, M., Lavorel, J. 
and Briantais, J.-M., unpublished results). Chloro- 
plasts give values of 10-15 electron equivalents by 
this technique. Finally, we have found significant 
P-700 contamination in the preparat ion of 
Yamamoto  et al. [12]. Room-temperature EPR 
studies show that 30-50% of the normal amount 
of P-700 found in chloroplasts is still present in 
the PS II preparation. However, this fact does not 
affect the results of this paper because electron 
transport between the two photosystems does not 
OCCUr. 
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