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The conditions for photoactivation of oxygen evolution in Mn-depleted wheat Photosystem II (PS II) membranes 
reported by Tamura and Cheniae (Tamura, N. and Cheniae, G. (1987) Biochim. Biophys. Acta 890, 179-194) were 
examined in more detail. Treatment with 1.0 mM NH2OH of wheat PS II membranes lacking the extrinsic 23 kDa and 
16 kDa proteins removed almost all the Mn atoms from the PS II complex and reduced the oxygen-evolving activity to 
less than 5% of that before the treatment. About a half of the lost activity was restored by a 60 min incubation of the 
treated membranes with supplements of 1.0 mM Mn2+/20 mM Ca2+/150 mM Cl - /100  #M 2,6-dichlorophenolindo- 
phenol (DCIP) under weak light illumination according to the protocol of Tamura and Cheniae. On lowering the DCIP 
concentration during illumination, the rate of photoactivation was accelerated and a much higher activity was restored: 
with 5-20 /~M DCIP the activity restoration reached about 80% of the original level in 15 min. Dependence of 
photoactivation yield by repetitive flashes on flash interval indicated that a low concentration (5/tM) of DCIP increased 
the yield without affecting the rates of light-driven formation and decay of the intermediate state, while DCIP above 5 
# M specifically accelerated its decay, resulting in a lower yield. Phenyl-p-benzoquinone at 0.4 mM also stimulated the 
flash photoactivation yield, but the maximum activity restoration under continuous illumination was at most 50% of the 
original. This limited restoration is mainly due to light-induced inactivation of photo'activated centers in the presence of 
the quinone. Characteristics of PS II electron acceptors required for photoactivation are discussed. 

Introduction 

Photosynthetic oxygen evolution is catalyzed by the 
Mn duster which is bound to the PS II complex at the 
lumenal surface of thylakoid membranes [1,2]. The Mn 
cluster, consisting of four Mn atoms of valences II and 
III or III and IV (for a review, see Ref. 3), is dissociated 
from the complex by treatment with NH2OH, Tris or 
alkaline pH with concomitant inactivation of oxygen 
evolution [4], and can be reassembled in the inactivated 

Abbreviations: Chl, chlorophyll; DCIP and DCIPH2, 2,6-dichloro- 
phenolindophenol in oxidized and reduced form, respectively; EPR, 
electron paramagnetic resonance; Mes, 4-morpholineethanesulfonic 
acid; PBQ, phenyl-p-benzoquinone; PS II, Photosystem II. 
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stitute of Physical and Chemical Research (RIKEN), Wako, Saitama 
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complex by incubation with Mn 2+ under illumination 
to restore oxygen evolution [5]. This light-dependent 
reconstitution of the Mn-cluster, so-called photoactiva- 
tion of oxygen evolution, is driven by at least two 
successive photoreactions in PS II [6-8] and generally 
considered to involve oxidation of Mn 2+ by PS II 
followed by assembly of the oxidized Mn into a func- 
tionally active Mn cluster in the water-oxidation site of 
the PS II complex [7,9-12]. This process requires not 
only Mn 2+ but also Ca z+ [13-16] and C1- [17] as 
essential inorganic cofactors. 

The photoactivation of oxygen evolution has been 
studied using a wide variety of materials: angiosperm 
leaves grown under intermittent illumination [8,18], 
dark-grown gymnosperm leaves [19], dark-grown algae 
[7], intact chloroplasts from leaves grown under inter- 
mittent illumination [9,10,15], thylakoid membranes 
treated with Tris [13,14], and PS-II-enriched membrane 
preparation treated with NH2OH [11]. Among these, PS 
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II membranes are the most useful to study, since the 
conditions of ions and cofactors required for the proc- 
ess can be easily controlled exogenously. 

Tamura and Cheniae [11] first succeeded in photo- 
activating oxygen evolution in NHzOH-treated PS II 
membranes by illuminating the treated membranes in 
the presence of 1 mM MnC12, 50 mM CaC12 and 100 
/LM DCIP. In their system, however, recovery of oxygen 
evolution was not always high. In this study, we reex- 
amined in more detail the conditions for photoactiva- 
tion using wheat PS II membranes, and found that the 
yield of photoactivation can reach as high as 80% of the 
original by optimizing the DCIP concentration. 

Materials and Methods 

Preparation of PS H membranes and extrinsic proteins 
Thylakoid membranes were prepared from 8-day-old 

wheat seedlings grown under continuous light from 
fluorescent lamps [9]. PS II membranes were prepared 
with Triton X-100 from the thylakoids as previously 
reported [9] with slight modifications as follows. The 
thylakoids were suspended in 10 mM NaC1/5 mM 
MgC12/0.4 M sucrose/25 mM Mes-NaOH (pH 6.5) at 
1.0 mg Chl. ml-I. An aqueous solution of Triton X-100 
(20%, w/v) was added to the suspension to give a 
Triton-to-Chl ratio of 20 : 1 (w/w). After incubation for 
3 min at 0°C, the suspension was centrifuged at 2000 x g 
for 3 rain, and then the supernatant at 47 000 × g for 30 
min. The pellet from the supernatant was suspended in 
the same medium, centrifuged at 500 x g for 2 min, and 
then at 40 000 x g for 20 min, and the resultant pellet 
of PS II membranes were suspended in 10 mM NaC1/0.4 
M sucrose/25 mM Mes-NaOH (pH 6.5) (hereafter des- 
ignated medium A) containing 30% (v/v) ethylene gly- 
col and stored in liquid nitrogen. 

Before use, the PS II membranes were thawed and 
washed three times with medium A by centrifugation at 
40 000 x g for 10 min and resuspension. The extrinsic 
23-kDa and 16-kDa proteins were removed from the PS 
II membranes by treatment with 1.5 M NaC1 in dark- 
ness [20]. The NaCl-treated membranes were collected 
by centrifugation at 40 000 x g for 10 min, resuspended 
after one wash in medium A, and stored in liquid 
nitrogen. Before being treated with NH2OH, the NaC1- 
treated membranes were thawed and kept in darkness 
for I h. Then, the membranes were suspended in medium 
A containing 1.0 mM NH2OH at 0.5 mg Chl- m1-1 and 
incubated for 5 min in darkness. The NHEOH-treated 
membranes were collected by centrifugation at 40 000 
× g for 10 min and suspended in medium A containing 
2.0 mM EDTA at about 0.1 mg Chl-m1-1. The mem- 
branes were again collected by centrifugation, washed 
once with medium A as above and finally suspended in 
medium A. For preparation of extrinsic proteins, the 23 
kDa and 16 kDa proteins were extracted with 1.5 M 

NaC1 from untreated PS II membranes, concentrated by 
ultrafiltration with an Amicon YM 10 Diaflo mem- 
brane, and dialyzed against 10 mM Mes-NaOH (pH 
6.5). All the procedures were done at 0-4°C. 

Photoactivation 
Photoactivation of oxygen evolution of NH2OH- 

treated PS II membranes was done according essentially 
to Tamura and Cheniae [11]. The NH2OH-treated 
membranes suspended in 0.1 or 1.0 mM MnC12/20 mM 
CaC12/ll0 mM NaC1/0.4 M sucrose/25 mM Mes- 
NaOH (pH 6.5) containing designated additions at 0.25 
mg Chl. ml-1 were put in a flat glass tray of 14 mm in 
diameter. For photoactivation by continuous light, the 
suspension less than 1 ml was gently shaken under 
illumination with fluorescent lamps at an almost 
saturating light intensity of 33 /zE. m -2. s -1 at 25°C. 
For photoactivation by flashing light, the suspension 
(0.4 ml) was illuminated with 4-#s xenon flashes at 
saturating intensity while gently stirring at 25 ° C. Light 
saturation of the flash was confirmed by use of a 
neutral-density filter (75%). After illumination the sus- 
pension was diluted with medium A containing the 23 
kDa and 16 kDa proteins sufficient to maximize 
oxygen-evolving activity. Then, the activity was mea- 
sured at 25°C with 0.45 mM PBQ as an electron accep- 
tot using a Clark-type oxygen electrode. Final Chl con- 
centrations of assay mixtures were 5 and 10 #g. m1-1 
when photoactivated by continuous and flashing light, 
respectively. Activity recovery was expressed by the 
oxygen-evolving activity of photoactivated membranes 
as percentage of the activity of NaCl-treated PS II 
membranes measured in medium A containing 10 mM 
CaC12- The activities of NaCl-treated membranes mea- 
sured in the presence of 10 mM CaC12 were equivalent 
to those of untreated PS II membranes. 

Measurement of DCIP concentration 
The concentration of the oxidized form of DCIP 

remaining after illumination of a suspension of NaC1- 
treated or NH2OH-treated PS II membranes was de- 
termined as follows. A PS II membrane suspension 
containing 0.25 mg Chl. m1-1 and DCIP was diluted 
12.5-fold with medium A which had been degassed with 
nitrogen, and then, 1/250 vol. of 20 mM sodium 
ascorbate/10 mM Mes-NaOH (pH 6.5) was added to 
the suspension. The concentration of oxidized form of 
DCIP was calculated from the absorbance difference 
between before and after the ascorbate addition based 
on the extinction coefficient of DCIP at 600 nm of 18.1 
mM -1- cm -1 at pH 6.5 (Ref. 21). Fluctuations of the 
dilution factor were corrected by use of Chl absorbance 
at the red absorption peak measured after complete 
reduction of DCIP. Handling of the suspension was 
done under dim green light. 



Other methods 
DCIP (sodium salt)was freshly dissolved in 10 mM 

Mes-NaOH (pH 6,5) at about 5 mM. The DCIP solu- 
tion was kept at 25°C until use, since a slight cooling 
resulted in appearance of insoluble educts which led to 
a decrease in absolute DCIP concentration. Accurate 
DCIP concentration was determined from the ab- 
sorbance at 600 nm using the extinction coefficient 
described above. PBQ used for photoactivation was 
purified by rinsing the powder-like crystals with ethanol 
for a few seconds, followed by drying under vacuum. 
Chl was determined according to Arnon [22]. Low-tem- 
perature EPR spectra were recorded at 6 K as described 
previously [23]. Mn content was determined by atomic 
absorption at 279.5 nm with a flameless atomic absorp- 
tion spectrometer (Shimadzu, AA-640-13 and GFA-3). 
Samples prepared in 0.5% HNO 3 were dried at 160°C 
for 40 s, ashed at 900°C for 30 s and atomized at 
2500°C for 6 s. 

Results 

Previous studies showed that Mn 2÷ is incorporated 
into the PS II complex when NHzOH-treated PS II 
membranes are incubated only with MnC12 under il- 
lumination and that Ca =+ is necessary for the incorpo- 
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rated Mn to express oxygen-evolving activity [11,16,24]. 
In the present experiments 20 mM Ca 2÷ was included 
in all the incubation mixture, because our preliminary 
investigations revealed that 20 mM Ca z+ could maxi- 
mize photoactivation at every concentration of Mn 2+ 
and DCIP tested (data not shown). 

NH2OH treatment of NaCl-treated PS II membranes 
reduced the oxygen-evolving activity to less than 5% of 
that before the treatment. When the NH2OH-treated PS 
II membranes were incubated under illumination with 
1.0 mM Mn 2÷ but  without DCIP, the oxygen-evolving 
activity recovered to 35% of the original level within 15 
rain and remained constant (Fig. 1A). Addition of 100 
/~M DC1P to incubation mixture, according to the pre- 
viously reported protocol [1"1], enhanced the activity 
recovery: after initial rise to 40% within 15 rain the 
activity gradually increased to reach 60% in 60 rain. 
However, much more enhanced activity recovery could 
be attained when DCIP concentration was reduced. On 
lowering DCIP concentration,, the initial rise in activity 
became more rapid and the maximum level higher (Fig. 
1A). With 6 /~M DCIP about 80% of the original 
activity was recovered after a 15-min illumination. The 
extent of activity recovery gradually decreased with 
prolonged illumination, and its course roughly coin- 
cided with that of activity decrease found when NaC1- 
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Fig. 1. Effects of DCIP concentration on photoactivation of oxygen evolution by continuous illumination. (A) Time-course of restoration of 
oxygen-evolving activity during photoactivation treatment with various DCIP concentrations. NH2OH-treated (open symbols) or NaG-treated PS 
II membranes (closed symbols) were incubated with 1.0 mM Mn2+/20 mM Ca2+/150 mM C 1  containing designated concentrations of DCIP 
under continuous illumination. After a designated time the suspension was diluted with medium A containing the extrinsic 23 kDa and 16 kDa 
proteins and oxygen-evolving activity was measured. ©, no; zx, 6/~M; v, 50 ~tM; n, l ,  100/~M DCIP. (B) Dependence on DCIP concentration of 
the maximum activity restoration. NH2OH-treated PS II membranes were incubated with 0.1 (©) or 1.0 mM (zx) Mn 2+, Ca 2+, C1- and DCIP 
under continuous illumination as above and oxygen-evolving activity was measured every 5 min. Maximum activities attained during the incubation 
for 60 min were plotted. The horizontal broken line represents the activity of NH2OH-treated PS II membranes before illumination. 100% 

corresponds to the activity of NaCl-treated PS II membranes measured in medium A containing 10 mM CaC12. 
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treated PS II membranes were incubated with Mn 2+, 
Ca 2+, C1- and DCIP under illumination (Fig. 1A). 
Thus, we conclude that oxygen evolution by NH2OH- 
treated PS II membranes can be almost fully reactivated 
by the photoactivation treatment with 6/~M DCIP. 

Fig. 1B shows the titration of DCIP concentration 
for two different Mn 2+ concentrations employed for 
photoactivation by continuous light. In the presence of 
1.0 mM Mn 2+, the activity recovery showed maximum 
at 5-20 txM DCIP. When Mn 2÷ concentration was 
reduced to 0.1 mM, the optimum DCIP concentration 
was found at a lower concentration. At both Mn 2+ 
concentrations the maximum activity recovery was close 
to 80% of the original level. 

Changes in Mn content and oxygen-evolving activity 
on NH2OH treatment and subsequent photoactivation 
treatment with various DCIP concentrations are shown 
in Fig. 2A. Previous reports showed that NH2OH treat- 
ment removed three-fourths of Mn from PS II complex, 
leaving about one Mn per PS II remaining bound 
[25,26]. In contrast, the NH2OH-treated PS II mem- 
branes used in this study were almost completely de- 
pleted of Mn. This difference may have resulted from 
the relatively harsh wash of the membranes after 
NH2OH treatment in our protocol (see Materials and 
Methods). Similar harsh washes were also applied to 
photoactivated membranes before Mn determination. 
These washes caused partial loss of oxygen-evolving 
activity by 10-20%, but the dependence of activity 
recovery on DCIP concentration was well retained (Fig. 
2A). This dependence curve almost completely coin- 
cided with that for Mn incorporation, indicating that 
Mn rebinds to depleted membranes in proportion to 
activity recovery. We can thus conclude that the 
oxygen-evolving activity restored by this photoactiva- 
tion treatment properly reflects the reconstitution of 
active Mn cluster in the PS II complex. Plot of activity 
recovery against Mn incorporation gave a straight line 
(Fig. 2B). Extrapolation of this line to 3.5 Mn/220 Chl, 
the Mn abundance in original PS II membranes, sug- 
gests that about 85% of the original activity can be 
recovered if all of the lost Mn atoms are rebound to 
depleted membranes. The multitine EPR signal charac- 
teristic of the S 2 state was also regenerated by this 
photoactivation treatment (Fig. 3). 

The effects of DCIP on photoactivation yield by 
repetitive flashes at different intervals were investigated 
(Fig. 4A). At every concentration of DCIP the depen- 
dence of photoactivation yield on flash interval ex- 
hibited a bell-shaped curve as previously reported [6-8]. 
According to the previously proposed models involving 
a two-quantum process [6,8,10], rise and decay portions 
of the curve were interpreted as corresponding to light- 
driven formation of the putative intermediate state as- 
sumed between two photoreactions, and its spontaneous 
decay in darkness, respectively. In the absence of DCIP 
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Fig. 2. Rebinding of Mn to NH2OH-treated PS II membranes by 
photoactivation treatment. (A) Changes in Mn content and oxygen- 
evolving activity of NH2OH-treated membranes after photoactivation 
with various DCIP concentrations. NH2OH-treated membranes were 
incubated with 1.0 mM Mn 2 +/20 mM Ca 2 +/150 mM CI- containing 
designated concentrations of DCIP under continuous illumination for 
20 rain. Then, the membranes were collected by centrifugation, washed 
once with medium A containing 2.0 mM EDTA and twice with 
medium A. The oxygen-evolving activity was measured in medium A 
with supplements of 10 mM CaC12 and the extrinsic 23 kDa and 16 
kDa proteins. Closed symbols, Mn content; open symbols, oxygen- 
evolving activity. Symbols on the ordinate represent values for the 
NH~OH-treated membranes before the illumination. (B) Correlation 
between Mn content and oxygen-evolving activity. Data in (A) were 
replotted. A cross represents the NaCl-treated PS II membranes 
whose Mn content and oxygen-evolving activity were 3.5/220 Chl 
(mol/mol) and 620 /xmol/mg Chl per h, respectively. Data of the 
NHzOH-treated PS II membranes collected before and after illumina- 
tion were approximated to a straight line by the least squares 

methods. 

the yield of photoactivation showed a low maximum at 
an interval of 4 s. When 5 /zM DCIP was added, the 
yield was significantly raised at all intervals longer than 
0.01 s accompanied by a slight short-shift in the interval 
giving the maximum yield. However, the bell-shaped 
response on flash interval was not much affected. This 
implies that DCIP raises the photoactivation yield with 
no significant influence on the rates of formation and 
decay of the intermediate state. With DCIP concentra- 
tions higher than 5/~M, however, the yield at intervals 
longer than 0.5 s was selectively suppressed and conse- 
quently the interval for maximum yield was signifi- 
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Fig. 3. Restoration of the S~-multiline EPR signal by photoactivation 
treatment. NHzOH-treated PS II membranes were incubated with 0.1 
mM Mn2+/20 mM Ca2+/150 mM C1-/5/~M DCIP under continu- 
ous illumination or in darkness for 30 rain and collected by centrif- 
ugation. PS II membranes were finally suspended in medium A 
containing 5 mM CAC12/2 mM EDTA/0.4 mM PBQ. The suspen- 
sion was illuminated at 210 K for 4 min and EPR spectrum was 
recorded at 6 K. (a) NaCl-treated membranes, no incubation; (b) 
NH2OH-treated membranes incubated in the light; (c) NH2OH- 
treated membranes incubated in darkness. Chl concentrations were 
3.1, 2.9, and 2.8 nag. ml-1 and oxygen-evolving activities measured as 
in Fig. 2 were 610, 400 and 20 #mol/mg Chl per h for (a), (b) and (c), 
respectively. Instrument settings: microwave power, 0.4 mW; micro- 
wave frequency, 8.95 GHz; modulation frequency and amplitude, 100 

kHz and 20 G, respectively. 

cantly shortened. This suggests that DCIP at higher 
concentrations does not affect the formation of the 
intermediate but accelerates its decay in darkness. 

To examine whether the oxidized or reduced form of 
DCIP destabilizes the intermediate, effects of simulta- 
neous addition of ascorbate and DCIP on the flash-in- 
terval dependence were investigated (Fig. 4B). The ad- 
dition of 0.6 /LM ascorbate to photoactivation mixture 
containing 15/~M DCIP, that is equivalent to reduction 
of 0.6 /xM DCIP prior to illumination, decreased the 
photoactivation yield only at intervals longer than 0.5 s 
in a way similar to that observed when DCIP con- 
centration was increased. With 1.4 /~M ascorbate the 
yield at the interval of 0.5 s was also decreased. Thus, 
we conclude that the reduced but not oxidized form of 
DCIP stimulates the decay of the intermediate state. 
This is consistent with previous works [10,27] that re- 
ducing reagents such as N H 2 N H  2, hydroquinone and 
ascorbate destabilize the intermediate. 
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If the reduced form of DCIP (DCIPH2) but not its 
oxidized form acts to destabilize the intermediate, the 
accelerated decay of the intermediate at higher DCIP 
concentrations (Fig. 4A) can be interpreted as due to 
accumulation of DCIPH 2. Accordingly, we tried to 
directly measure the amount of DCIPH 2 accumulated 
in the photoactivation mixture (Fig. 5). When NH2OH- 
treated PS II membranes were illuminated with 100 
flashes at 1-s intervals, DCIPH 2 accumulation was as 
high as a few micromolar, irrespective of DCIP con- 
centration up to 100 /IM (Fig. 5A). When, however, 
NaCl-treated PS II membranes capable of oxygen 
evolution were similarly illuminated, a substantial accu- 
mulation of DCIPH 2 was detected: the amount of accu- 
mulated D CIPH  2 increased with DCIP concentration 
up to 25/~M and then decreased at higher concentra- 
tions. This decrease above 25/~M DCIP may be ascribed 
to the ADRY (acceleration of the deactivation reactions 
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Fig. 4. Effects of DCIP on photoactivation by repetitive flashes at 
various intervals. NH2OH-treated PS II membranes were suspended 
in 1.0 mM Mn2+/20 mM Ca2+/150 mM CI- containing designated 
additions and incubated in darkness for 1-2 rain. Then, the suspen- 
sion was illuminated with 100 flashes at designated intervals and 
oxygen-evolving activity was measured after dilution. Averages of 
three or four measurements are presented. The horizontal broken line 
and 100% stand for the same as those in Fig. 1. (A) Effects of DCIP 
concentration. NH2OH-treated membranes were illuminated in the 
presence of no (×),  5 #M (o), 10 ~M (zx), 25/~M (e), or 50/~M (A) 
DCIP. (B) Effects of reduced form of DCIP. NH2OH-treated mem- 
branes were illuminated in the presence of 15 #M DCIP and desig- 
nated concentrations of sodium ascorbate. Sodium ascorbate was 
taken from a stock solution containing 10 mM Mes-NaOH (pH 6.5). 
Under these conditions ascorbate stoichiometricaily reduced DCIP in 

darkness, o,  no; e, 0.6/~M; zx, 1.4/~M sodium ascorbate. 
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Fig. 5. Reduction of DCIP during photoactivation treatment of PS II 
membranes.  NHEOH-treated (circles) or NaCl-treated (squares) PS II 
membranes  were suspended in 1.0 m M  Mn2+/150 m M  C1- contain- 
ing designated concentrations of Ca 2+ and DCIP, and illuminated 
with 100 flashes at 1-s intervals or with continuous light for 5 rain. 
Concentration of oxidized form of DCIP in the suspension was 
determined from the absorbance change at 600 n m  induced by ad- 
dition of excess ascorbate (see Materials and Methods), and difference 
between DCIP concentrations before and after il lumination was taken 
as DCIPH 2 concentration formed by illumination. Measurement  error 
was about _+ 2 /~M. (A) DCIPH 2 concentration after flash illumina- 
tion. (B) DCIPH 2 concentration after continuous illumination. Open 
symbols, 20 m M  Ca2+; dosed  symbols, no Ca 2+ was present during 

illumination. 

of the water-splitting enzyme system Y) effect of DCIP 
[28], which probably involves re-reduction of higher S 
states by DCIPH 2. It is not likely that DCIPH 2 formed 
by illumination was lost by autoxidation during the 
assay protocol used here, since the DCIPH 2 formed by 
continuous illumination of NaCl-treated PS II mem- 
branes well maintained its reduced form after the same 
protocol (Fig. 5B). When continuous illumination was 
used for photoactivation instead of flashing light, the 
amount of DCIPH 2 found after 5 min photoactivation 
increased with DCIP concentration up to 50 /~M to 
reach a maximum and then decreased at higher DCIP 
concentrations. In this case, however, DCIPH 2 accumu- 
lation does not appear to result from photoreactions 
involved in reactivation of the oxygen evolution. It is 
more likely that DCIPH 2 present after the illumination 
was formed through the Hill reaction in the photo- 

activated PS II complexes. This view is supported by 
the observation in Fig. 1A that oxygen evolution could 
be significantly reactivated even in early stages (5 min) 
of photoactivation treatment. In agreement with this, 
when Ca 2+ was omitted from the photoactivation mix- 
ture to suppress oxygen evolution by reconstituted Mn 
clusters [11,24], DCIPH 2 accumulation was not de- 
tected (Fig. 5B). 

Due to technical difficulties in direct determination 
of DCIPH 2 during illumination for photoactivation, the 
possibilities of reoxidation of DCIPH 2 by some oxidized 
species formed on illumination of NH2OH-treated PS II 
membranes could not be totally excluded. However, in 
experiments in Fig. 5A reoxidation of DCIPH 2 by the 
intermediate for Mn cluster might be neglected, since 
the decay of the intermediate state was only slight at the 
flash interval of 1 s (Fig. 4A). The low level of DCIPH 2 
accumulation in photoactivation mixture can be taken 
as consistent with the observation that the apparent 
inhibitory effects of DCIP at higher concentrations on 
flash-interval dependence was well mimicked by the 
presence of about 1/~M DCIPH 2 (Fig. 4). 

Rates of DCIP photoreduction by PS II depends on 
DCIP concentration in assay mixture. Since binding of 
DCIP to its action site limits the activity at its lower 
concentrations, a saturating concentration which maxi- 
mizes the activity is usually employed, e.g., 50 /~M 
DCIP at 1 /~g Chl-m1-1.  In contrast, the DCIP con- 
centration employed for photoactivation is much lower 
on Chl basis, at most 100 ~tM DCIP at 0.25 mg Chl- 
ml-1, so that the rate of DCIP photoreduction might be 
significantly suppressed. Probably due to the low con- 
centration of DCIP, the amount of DCIPH 2 accu- 
mulated by photoactivation was too limited to be de- 
tected by our method, but the amount was proportional 
within a few micromolar range to the initial concentra- 
tion of DCIP. If we take into account that the con- 
centration of PS II reaction center in the photoactiva- 
tion mixture was about 1.3 btM, assuming a molar ratio 
of 220 Chl per one reaction center [29], it is not surpris- 
ing that such a low concentration of DCIPH 2 can 
effectively accelerate the decay of the intermediate and 
consequently lower the yield of photoactivation. 

Photoactivation also occurred when DCIP was re- 
placed by other artificial PS II electron acceptors. How- 
ever, the activity restoration was much less as compared 
with DCIP as previously shown [11]. As to phenyl-p- 
benzoquinone (PBQ) and 2,5-dichloro-l,4-benzoqui- 
none, high concentrations, above 0.1 mM, were neces- 
sary for significant enhancement of activity recovery 
(Fig. 6), probably due to low solubility of these quinones 
in aqueous suspension. Even at their optimum con- 
centrations, 0.4 mM, the maximum recovery was about 
50% of the original. Potassium ferricyanide at 0.5 to 2 
mM, on the other hand, did not enhance photoactiva- 
tion at all. 
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Fig. 6. Dependence on concentration of artificial electron acceptors of 
the maximum activity attained by photoactivation by continuous 
illumination. NH2OH-treated PS II membranes were incubated with 
1.0 mM Mn2+/20 mM Ca2+/150 mM C1- containing designated 
concentrations of an electron acceptor under continuous illumination 
and oxygen-evolving activity was measured every 5 rain. Maximum 
activities attained during incubation were plotted. A cross on the 
ordinate represents the maximum activity attained by illumination 
without artificial electron acceptors. The horizontal broken line and 
100% stand for the same as those in Fig. 1. ©, phenyl-p-benzo- 
quinone; e, 2,5-dichloro-l,4-benzoquinone; zx, potassium ferri- 

cyanide. 

Despite these l imitat ions in  activity restorat ion by  
photoact ivat ion with cont inuous  i l luminat ion,  the prop- 

erties of these artificial qu inone  acceptors as charac- 
terized by photoact ivat ion under  flashing light were 

very similar to those of DCIP.  As Fig. 7 shows, PBQ at 
0.4 m M  increased the flash photoact iva t ion  yield at 
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Fig. 7. Effects of phenyl-p-benzoquinone (PBQ) on photoactivation by 
repetitive flashes at various intervals. NH2OH-treated PS II mem- 
branes were suspended in 1.0 mM Mn2+/20 mM Ca2+/150 mM C1- 
containing designated additions and incubated in darkness for 1-2 
min. The suspension was then illuminated with 100 flashes at desig- 
nated intervals and oxygen-evolving activity was measured. Averages 
of three or four measurements are presented. The horizontal broken 
line and 100% are as in Fig. 1. ×, No addition; ©. 0.4 mM PBQ; o, 
0.4 mM PBQ and 0.2 mM sodium ascorbate; zx, 0.4 mM PBQ and 0.3 

mM sodium ascorbate. 
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Fig. 8. Effects of illumination of PS II membranes on oxygen-evolving 
activity and activity restoration by subsequent photoactivation treat- 
ment. NH2OH-treated (circles) or NaCl-treated PS II membranes 
(squares) were suspended in 20 mM Ca2+/150 mM CI containing 10 
/LM DCIP or 0.4 mM PBQ at 0.25 mg Chl.m1-1 and illuminated with 
continuous light for 0, 10 or 30 rain. Then, the suspension was 
supplemented with 1.0 mM Mn 2+ by adding 1/50 vol. of 50 mM 
MnC12 and further illuminated. Oxygen-evolving activity was mea- 
sured after dilution. (A) Effects of illumination in the presence of 10 
/~M DCIP. (B) Effects of illumination in the presence of 0.4 mM PBQ. 
Open symbols, illumination in the presence of 1.0 mM Mn2+; closed 
symbols, illumination in the absence of Mn 2+. Arrows indicate the 
time at which Mn 2+ was added to the suspension. 100% are as Fig. 1. 

every flash interval  longer than 0.01 s with a slight 
short-shift  of the interval  for m a x i m u m  yield, and  the 

result ing f lash-interval  dependence  was quite similar to 
that  ob ta ined  with 5 /LM D C I P  (see Fig. 4A). When  

PBQ was reduced by  ascorbate prior  to i l luminat ion,  
the photoac t iva t ion  yield was suppressed only at longer 
intervals,  as has been  observed for D C I P  (see Fig. 4B), 

These observat ions  lead us to assume that the low 
recovery of activity with PBQ might be due to harmful  
effects of PBQ on  photoact ivated PS II. This assump- 
t ion was examined  by the experiments  in  Fig. 8. 
NH2OH- t r ea t ed  PS II  membranes  were pre- i l luminated 
in the absence of M n  2+ bu t  in  the presence of 10 / tM 
DCIP,  and  after various t ime lapses M n  2+ was added. 

As shown in  Fig. 8A, photoact iva t ion  ini t ia ted on ad- 
di t ion of M n  2+ and  activity reached a s ta t ionary maxi- 

m u m  level in 10 to 20 rain. Notably ,  however, preil- 
l umina t i on  in  the absence of M n  2+ retarded the init ial  

rise of activity and  reduced the m a x i m u m  level. After  a 
30-min p re i l lumina t ion  the m a x i m u m  recovery was 

about  a half  of that without  pre i l luminat ion.  This sup- 



54 

pression of maximum recovery was not due to con- 
sumption of DCIP during the preillumination: further 
addition of 10/~M DCIP after preillumination failed to 
increase the maximum recovery, although it slightly 
stimulated the initial rise (data not shown). This sug- 
gests that some of the Mn-depleted PS II complexes 
lose the capability of photoactivation during the preil- 
lumination. Similar suppression of maximum recovery 
was also observed even in the presence of Mn 2÷, if 
reactivation of oxygen evolution was interrupted by 
depletion of Ca 2+ or C1- (data not shown). Klimov et 
al. [30] observed a similar inhibitory effect on photo- 
activation of preillumination in the absence of Mn 2÷ 
and ascribed it to inhibition of electron transport at the 
oxidizing side of PS II. In contrast, when 0.4 mM PBQ 
was employed as electron acceptor, preillumination in 
the absence of Mn 2 + did not much affect the maximum 
recovery (Fig. 8B), suggesting that PBQ protects the 
Mn-depleted complexes from this light-dependent 
damage. 

These two acceptors exhibited opposite effects on the 
stability of oxygen-evolving PS II membranes. When 
NaCl-treated PS II membranes were illuminated without 
Mn 2÷, the oxygen-evolving activity remained constant 
for 60 min, irrespective of the type of acceptors present 
(Fig. 8). When Mn 2+ was present, on the other hand, 
the activity gradually decreased with illumination time. 
With 10/tM DCIP, about 25% of the activity was lost 
after a 60 min illumination, whereas with 0.4 mM PBQ 
the activity loss was more rapid and about 60% was lost 
in 60 min. Our preliminary results suggest that these 
losses in oxygen evolution are accompanied by inhibi- 
tion of electron transport from diphenylcarbazide to 
DCIP (data not shown). It is likely that the photo- 
activated PS II complexes are inevitably exposed to this 
type of inactivation during the photoactivation treat- 
ment. Thus, we conclude that low activity restoration 
with PBQ results from rapid inactivation of photo- 
activated complex. 

Discussion 

The present study revealed that the capacity of 
oxygen evolution of PS II membranes once completely 
lost by NH2OH treatment can be almost fully restored 
by illuminating the treated PS II membranes in the 
presence of optimum concentrations of Mn 2÷, Ca 2÷, 
C1- and DCIP (Fig. 1). The failure in full recovery of 
activity may be due to damage caused by NH2OH 
treatment and/or  light-dependent damage (see below). 
The reactivation of oxygen evolution was accompanied 
by rebinding of Mn to depleted membranes, showing a 
linear correlation between the restored activity and the 
abundance of membrane-bound Mn (Fig. 2) as has been 
shown previously in the photoactivation in situ [7,31]. 

The maximum recovery did not much depend on the 

concentration of exogenous Mn 2+ in the medium and 
showed almost the same level at every Mn 2+ concentra- 
tion from 0.1 to 3 raM, although a slightly longer 
illumination time was needed for maximum restoration 
at lower Mn 2÷ concentrations (data not shown). In 
sharp contrast, the maximum activity was markedly 
dependent on DCIP concentration during illumination 
(Fig. 1). 5-20 #M DCIP was optimum for photoactiva- 
tion with 1.0 mM Mn 2+. 

Photoactivation could proceed in PS II membranes, 
even though no exogenous electron acceptor was added, 
as has been shown previously [11]. However, the yield 
of photoactivation was generally low, though it varied 
depending on preparation. The low yield was markedly 
enhanced by the addition of 5/xM DCIP. Importantly, 
this enhancement did not much involve changes in the 
rates of light-driven formation of the intermediate state 
and its subsequent decay in darkness (Fig. 4A). It is 
thus inferred that only a small number of complexes 
among the PS II population are prepared to be photo- 
activated unless supplemented with an exogenous 
acceptor, and that DCIP enhances the yield by increas- 
ing the number of candidate complexes prepared for 
photoactivation. As is well known, the acceptor pool 
size of PS II membranes is limited to less than several 
electron equivalents per center [1]. This supports the 
above view that DCIP enhances the yield of photo- 
activation by substituting for the endogenous acceptor 
which is deficient in isolated PS II membranes. On 
increasing DCIP concentration above 5 /tM, however, 
the dark decay of the intermediate becomes appreciably 
accelerated. 

DCIP has been known to be most suitable for photo- 
activation [11]. When we compare Fig. 7 data with Fig. 
4A, it is inferred that 0.4 mM PBQ also enharices the 
flash photoactivation yield as effectively as 5/tM DCIP 
does. Note that the flash photoactivation yield c a n  be 
assumed to represent the initial rate of photoactivation. 
Despite, the maximum recovery with PBQ as acceptor 
under continuous illumination was much lower than 
that with DCIP (Fig. 6). Thus, some unknown factors 
other than the photoactivation rate are suggested to be 
involved in the determination of recovery level. We 
found that under continuous illumination photoactiva- 
tion is accompanied by two inhibitory processes, and 
mutual interactions of these three processes determine 
the final recovery of oxygen evolution. One of the two 
inhibitory processes is impairment of Mn-depleted PS II 
complexes leading to an irreversible damage of PS II 
electron transport as proposed by Klimov et al. [30], 
that is to say a photoinhibition more sensitized by the 
absence of active Mn cluster [32]. The other process is 
an inactivation of oxygen evolution which occurs in PS 
II complexes containing active Mn Cluster. The former 
damages the complexes before being photoactivated, 
whereas the latter damages the photoactivated ones. 



Regarding the photoactivation with DCIP as electron 
acceptor, inactivation of active PS II complexes pro- 
ceeds relatively slowly (Fig. 8A), so that the recovery of 
oxygen evolution simply depends on the relative rate of 
photoactivation versus impairment of Mn-depleted PS 
II complexes. Under these conditions, if photoactiva- 
tion is much faster than the impairment, the activity 
recovery will reach nearly the original level. An example 
of this case will be the photoactivation treatment with 
5-20/~M DCIP, where the half-times of both processes 
are roughly estimated to be a few minutes for photo- 
activation and about 30 rain for the impairment (Fig. 
8A). If photoactivation proceeds more slowly as with 
DCIP above 20 /zM, the impairment competes with 
photoactivation for Mn-depleted complexes and the 
number of candidate complexes to be photoactivated 
will decrease with illumination time. In addition, a low 
rate of photoactivation is apt to result in further de- 
crease in its rate due to DCIPH 2 which will be accu- 
mulated by the action of photoactivated complexes. 
Consequently, the recovery of activity will be much 
more suppressed. 

As for photoactivation with PBQ as electron accep- 
tot, the situations are different. In the presence of 0.4 
mM PBQ, the rate of photoactivation estimated from 
the flash yield was comparable to that with 5 #M DCIP 
(Fig. 7) and the impairment process was well suppressed 
(Fig. 8B). However, the presence of PBQ significantly 
enhanced photoinactivation of active complexes (Fig. 
8B), leading to re-inactivation of once photoactivated 
complexes. Due to this effect, the activity recovery with 
PBQ as acceptor is slow in kinetics and low in its final 
extent. 

Taking these points into consideration, the electron 
acceptor most suitable for photoactivation can be char- 
acterized by its capability to support a high rate of 
photoactivation to minimize the photodamage of Mn- 
depleted complexes and also its capability to protect the 
photoactivated complexes from photoinactivation. The 
present study revealed that DCIP at low concentration 
(5-20 #M) best suffices these requirements as discussed 
above. 

Another finding in this study is an unexpectedly low 
level of DCIPH 2 accumulation during photoactivation. 
As shown in Fig. 5, DCIPH 2 after a photoactivation 
treatment amounted to only a few micromolar, at most. 
This may be interpreted in two ways: (i) the PS II 
complexes in NH2OH-treated membranes reduce a stoi- 
chiometric amount of DCIP on every flash illumination 
or photoevent by use of Mn 2+ as electron donor, but 
most of the reduced DCIP is rapidly reoxidized by 
Mn 3+ as previously suggested [12,33], (ii) the quantum 
yield of DCIP photoreduction during photoactivation is 
so low by some reason that only a few micromolar 
DCIP is reduced throughout the whole period of photo- 
activation. At present we cannot exclude the former 
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interpretation. However, judging from the low quantum 
efficiency of oxidation of Mn 2+ by PS II [5] and also 
from a very low molar ratio of DCIP to PS II reaction 
center in photoactivation mixture as compared with 
that optimum for an assay of the Hill reaction, we may 
assume that many of the PS II complexes are not able 
to reduce DCIP at every photoevent. Moreover, the 
finding that the inhibitory effect of higher concentra- 
tions of DCIP could be mimicked by reducing only a 
small portion, 1 /~M out of 15 /~M DCIP (Fig. 4), 
supports the latter interpretation. Tamura and Cheniae 
[11] have proposed that the low quantum efficiency' of 
photoactivation, mainly in terms of formation of the 
intermediate, results from charge recombination reac- 
tions. This implies in turn that the intermediate is 
stabilized only when the negative charge on the primary 
or secondary quinone acceptor is transferred to endoge- 
nous plastoquinone pool a n d / o r  artificial electron 
acceptors. According to this hypothesis and the two 
quantum process model for photoactivation [6-8,10], 
DCIP reduction equimolar to PS II reaction center (1.3 
/~M in this study) may afford a full recovery, provided 
the all negative charges are assumed to be transferred to 
DCIP and reoxidation of DCIPH2 by the intermediate 
is negligible. Further study is required for a more pre- 
cise understanding of the role and mode of function of 
artificial electron acceptors in photoactivation in PS II 
membranes. 
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