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Light-induced reassembly (photoactivation) of the water-oxidizing complex was studied using the PS I! core complex 
(TSF2a), which is depleted of functional Mn, PS I! extrinsic proteins and light-harvesting chlorophyll proteins. 0 2 
evolution activity of 300 /xmol O 2 / m g  Chl per h was restored by incubation of TSF2a with a photoactivation 
medium containing 2 mM MnCI2, 10 mM CaCI z and the 3 3 / 2 3 / 1 7  kDa proteins, under conditions of weak light 
illumination. The optimum pH for the photoactivation was pH 5.3, that is one pH unit more acidic than for 
Triton-treated PS II membranes. PS II donor activity and the affinity of Mn z+ for the high-affinity Mn2+-binding 
sites were lower at pH 5.5 than at pH 6.5. The dependence of photoactivation yield using repetitive flashes on the 
dark intervals between flashes indicated that both the rate constant of generation and rate constant of decay of the 
unstable intermediate state formed during a photoactivation process drastically decreases with decreases in the pH. 
These results suggest that lowering the pH leads to destabilization of the intermediate but increases the quantum 
efficiency of generation of the intermediate. 

Introduction 

In the oxidizing side of PS II, water is oxidized to 
oxygen, the reaction of which is catalyzed by the tetra- 
Mn cluster [1-3]. The water oxidizing complex is con- 
sidered to be highly integrated with five PS II intrinsic 
proteins (47 kDa/43 k D a / D 1 / D 2 / c y t  b-559), three 
PS II extrinsic proteins (33 kDa/23 kDa/17 kDa) and 
cofactors such as chlorophylls, Fe and quinones. Data 
from X-ray absorption spectroscopy of PS II mem- 
branes [4] showed the spatial configuration of Mn 
atoms and either N or O atoms seems to be ligated to 
Mn atoms. The precise identification of the Mn liga- 
tion sites was not made. There is evidence [5-7] that 

Abbreviations: TMF2, oxygen-evolving Triton X-100-prepared pho- 
tosystem II membrane fragments; TSF 2a, Triton subchloroplast 
fraction 2a; OERC, oxygen-evolving reaction center; DCIP, 2,6-di- 
chlorophenolindophenol; Mes, 4-morpholineethanesufonic acid; 
DPC, 1,5-diphenylcarbazide; 17o2, rate of O z evolution; LHCP, 
light-harvesting chlorophyll protein. 
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gashi-ku, Fukuoka 813, Japan. 

functional Mn is ligated to at least the D1 protein, 
particularly the histidine residues [6,7]. 

The Mn cluster is destroyed by treatment with 
NH2OH, Tris or alkaline pH and is accompanied by 
release of PS II extrinsic proteins and a loss of 02 
evolution activity. The re-assembly of Mn 2+ into the 
apo-complex requires a two-quantum process, demon- 
strated with variously cultured algae [8], dark-grown 
gymnosperm leaves [9], intact chloroplasts from leaves 
greened under intermittent illumination [10], Tris- 
treated chloroplasts [11] and PS II-enriched mem- 
branes treated with CaCI 2 plus reducing reagents [12] 
or NH2OH [13]. The light,dependent reconstitution 
(photoactivation) of the apo-complex essentially re- 
quires weak light and Mn 2+, but neither electrochemi- 
cal potential across the membranes [14] nor a P S I  
reducing stroma factor [15]. Cofactors required for 
advance of the S state such as Ca 2÷, C1- and the 33 
kDa protein enhance the efficiency of photoactivation 
[13,16,17]. 

To examine the structure and function of the water 
oxidizing complex in detail, a preparation consisting of 
a minimum number of proteins and which retains 
functional Mn has to be used. The O2-evolving prepa- 
ration with the smallest size is Ikeuchi's O2-evolving PS 
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II core complex which consists of six proteins 
(D1/D2/cyt  b-559/47 kDa/43 kDa/33 kDa) and no 
light-harvesting chlorophyll proteins (LHCP) [18]. 
However, it is difficult to further purify the intact 
preparation made up of less than five proteins as there 
is a release of functional Mn from membranes by harsh 
treatment during the isolation procedures. It was re- 
ported [19] that photoactivation of the water-oxidizing 
complex is obtained with the Oz-evolving PS II core 
complex of which functional Mn is mildly released by 
NHzOH treatment. There seems to be no documenta- 
tion on photoactivation of the PS II core complex and 
PS II reaction center, preparations which contain nei- 
ther functional Mn nor PS II extrinsic proteins. We 
examined photoactivation of the PS II core complex 
depleted of functional Mn, PS II extrinsic proteins and 
LHCP and found that the 0 2 evolution activity of 
approx. 300/zmol Oz/mg Chl per h is restored when 
pH in the photoactivation process is optimized. 

Materials and Methods 

Triton-extracted PS II membranes (TMF2) from 
spinach leaves were prepared as described in Ref. 20, 
resuspended in buffer A (0.4 M sucrose/50 mM Mes- 
NaOH (pH 6.5)/20 mM NaC1), then used either di- 
rectly or after storage at - 8 0 ° C .  Treatment of 
NHzOH or Tris with PS II preparations was basically 
carried out as described in Ref. 13. 

Oz-evolving reaction center (OERC) was prepared 
from wheat seedlings, as described elsewhere [18]. 
TSF2a from spinach was basically isolated by the pro- 
cedure given in Refs. 21 and 22 as follows: Chloro- 
plasts were preincubated with Triton X-100 at low 
concentrations (0.04%) in ST buffer (0.4 M sucrose/50 
mM Tris-HCl (pH 7.6)) for 1 h at 4°C in darkness, 
centrifuged at 17 000 x g for 20 min and the pellet was 
incubated with Triton X-100 at high concentrations 
(Triton/Chl of 25) at 2.5-3 mg Chl/ml for 1 h at 4 ° C 
in the dark. Then, the suspension was centrifuged at 
3600 × g for 15 rain and the supernatant was ultracen- 
trifuged at 150 000 × g for 2 h. The resultant pellet was 
rinsed twice with aliquots of ST buffer and placed in 
liquid N 2. The frozen membranes were thawed mildly, 
ultracentrifuged twice at 150000 × g for 1 h and the 
resultant supernatant was used as the TSF2a(sup). To 
remove excess Triton X-100 from the membranes, 
TSF2a(sup) was added to a 20-fold vol. of 20 mM 
Mes-NaOH (pH 6.5) or was loaded onto Bio-beads 
SM2 and then pelleted by ultracentrifugation at 
150000 ×g  for 1 h (TSF2a). TSF2a(sup) and TSF2a 
showed DCIP photoreduction activities of 1000-1200 
and 700-900/xmol DCIP/mg Chl per h, respectively, 
when diphenylcarbazide (DPC) was used as an electron 
donor. PS II core complex A was further purified from 
TSF2a(sup) by an ionic exchange column (DEAE- 

Toyopearl 650S) chromatography in the presence of 
0.01% Triton X-100 at pH 7.2 [23], while the PS II core 
complex B (B') purified from photoactivated TSF2a 
(TSF2a) was subjected to discontinuous sucrose-gradi- 
ent ultracentrifugation in the presence of 0.1% sucrose 
monolaurate (SML) at pH 6.5, respectively. As de- 
scribed [23], PS II core complex A showed the DCIP 
photoreduction activity of 600-800 /xmol DCIP/mg 
Chl per h. 

To isolate PS II core complexes B and B', photoacti- 
vated TSF2a and TSF2a, respectively, at 0.5 mg Chl/ml 
were incubated with 0.5% SML in buffer B (20 mM 
Mes-NaOH(pH 6.5)/20 mM NaC1) for 1 h at 4 ° C. The 
solubilized membranes (1.5 ml) were layered onto a 
solution (23 ml) containing 0.1% SML, buffer B and 
0.4-1.0 M sucrose discontinuous sucrose gradient and 
then ultracentrifuged at 150000 ×g  for 4 h with a 
Hitachi RP50T-2 angle rotor. Two dense green bands 
were observed at sucrose concentrations at 0.4 and 
0.6-0.8 M, respectively. The upper band was a mixture 
of LHCP and the 43 kDa protein, while the lower band 
contained a purified PS II core complex. The lower 
band collected and diluted by 50-fold with buffer B, 
and concentrated with an Amicon ultrafiltration mem- 
brane (YM-30). Isolated PS II core complexes B and B' 
showed the DCIP photoreduction activity of 300-400 
/zmol DCIP/mg Chl per h. 

Photoactivation of various types of preparation was 
done under weak continuous light (25-30/xE/m 2 per 
s), essentially as described elsewhere [13]. DCIP photo- 
reduction was measured spectrophotometrically at 590 
nm on the split mode with a Hitachi-557 spectro- 
photometer. DCIP photoreduction by Mn 2+ (1 mM) or 
diphenylcarbazide (500 ~M) was basically measured in 
a reaction mixture containing buffer A, 50/zM DCIP 
and TSFZa (5 /zg Chl/ml) or Tris-TMF2 (10 /xg 
Chl/ml). O z evolution was determined polarographi- 
cally as described in Ref. 13: The reaction mixture 
contained buffer A, 250/zM phenyl-p-benzoquinone, 1 
mM ferricyanide, 10 mM CaC12, CaC1 z extracts (30/xg 
protein/ml) and PS II preparations equivalent to 7.5 
/zg Chl/ml, unless otherwise noted. Mn was deter- 
mined as described in Ref. 23. SDS-polyacrylamide gel 
electrophoresis analyses were carried out as described 
in Ref. 6. CaC12 extracts were prepared as described 
[121. 

Results 

Photoactivation of various types of PS H preparation 
Fig. 1 shows polypeptide compositions of TMF2, 

Tris-TMF2, TSFZa(sup), TSFZa, and PS II core com- 
plexes A and B, respectively. The polypeptide composi- 
tion of TSF2a(sup) was similar to that of the O2-evolv- 
ing PS II core complex, except for a small amount of 
LHCP and 10-25 kDa proteins (Lane 3). TSFZa, ob- 
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tained by diluting and centrifuging TSF2a(sup), was 
constituted of mainly five proteins (47 kDa/43 
k D a / D 1 / D 2 / c y t  b-559) but contained little 33 kDa 
protein (Lane 4). The Mn content of the preparation 
was 0.2 Mn/40 Chl and no O2 evolution activity was 
observed. PS II core complex A, further purified with 
an ionic exchange column chromatography, lacked most 
of the LHCP and several minor bands in the molecular 
mass range of 10-25 kDa (Lane 5). In the gel, there 
was an unidentified 55 kDa protein. PS II core com- 
plex B, which was purified from photoactivated TSF2a 
with discontinuous sucrose gradient ultracentrifuga- 
tion, also lost LHCP, several minor polypeptides in the 
molecular mass range of 10-25 kDa and an unidenti- 
fied 55 kDa protein (Lane 6). Part of the 43 kDa 
protein was solubilized during the isolation procedure. 
The polypeptide composition of PS II core complex B' 
was the same as that of the PS I1 core complex B (data 
not shown). A small amount of the 33 kDa protein 
detected in the PS II core complex B was probably due 
to the rebinding of the 33 kDa protein to membranes 
during the photoactivation of TSFZa. Low-molecular- 
mass proteins such as psb F, psb I and psb K were 
detected in all PS II preparations used in this work 
(data not shown). 

Table I shows the photoactivation capacity in PS II 
membranes and PS II core complexes. The prepara- 
tions (250 /xg Chl/ml or 100 /xg Chl/ml) were pho- 
toactivated by incubating under weak light at 23°C for 
45 min in buffer A containing 1 mM MnClz, 50 mM 
CaC12 and 100 /xM DCIP and CaC1 z extracts (30 
/xg/ml), as described elsewhere [13]. When the 
NHzOH-treated Oz-evolving reaction center (OERC) 
was incubated under these conditions the regenerated 
activity of O 2 evolution reached 300/xmol Oz/mg Chl 
per h (line 3), values close to those obtained with 
NHzOH- and Tris-TMF2 [13]. NHzOH-OERC mainly 
consists of 47 kDa/43 kDa/D1/DZ/cyt  b-559 and the 

1 2 3 4 5 6 7 8 

559 

Fig. 1. SDS-polyacrylamide electrophoresis of PS II membranes and 
PS II core complexes. Lanes 1 and 8, TMFZ; Lane 2, Tris-TMF2; 
Lane 3, TSF2a(sup); Lane 4, TSF2a; Lane 5, PS II core complex A; 

Lane 6, PS ]I core complex B; Lane 7, CaCI 2 extracts. 

TABLE I 

Photoactivation capacity in various types of  PS H preparation 

Photoactivation was done as described in Materials and Methods, 
and O 2 evolution activity was assayed at pH 6.5. The chlorophyll 
concentrations used for NHzOH- or Tris-TMF2 was 250/zg Ch l /ml  
and those for PS II core complexes were 100 txg Chl /ml .  Values of 
regenerated activities of 0 2 evolution in NHzOH- and Tris-TMF2 
were referred from data reported in Ref. 13. Numbers in parenthe- 
ses are 0 2 evolution activities of preparations which were photoacti- 
vated at pH 5.5. TMF2 and OERC showed 0 2 evolution activities of 
590 and 910/xmol 0 2 / rag  Chl per h, respectively. There was no O 2 
evolution activity in TSFZa(sup), TSFZa or PS II core complexes 

Preparations Regenerated/ /o2 
(~xmol 0 2 / r ag  Chl per h) 

1. NH 2OH-TMF2 380 
2. Tris-TMF2 290 
3. NHzOH-OERC 310 
4. TSF2a(sup) 0 (0) 
5. TSF2a 125 (310) 
6. PS II core complex A 0 (17) 
7. PS II core complex B 12 (58) 
8. PS lI core complex B'  7 (20) 

33 kDa protein, as we reported [6]. Kaloska and Che- 
niae also reported the photoactivation of the NHzOH- 
treated, Oz-evolving PS II core complex [19]. The ma- 
terials which we all used for photoactivation, including 
NHzOH-OERC, are Oz-inactive PS II preparations 
obtained by NH/OH- or Tris-treatment from 0 2 active 
PS II ones that contain functional manganese and PS 
II extrinsic proteins. Whenever purified PS II core 
complexes with less than five proteins are prepared, 
functional Mn is removed from the water-oxidizing 
complex. To explore minimum units of the water- 
oxidizing complex, the PS II core complex or the PS II 
reaction center should be reconstituted with exogenous 
Mn 2+. Photoactivation of TSF2a(sup) did not occur 
under the condition examined (line 4). When the resid- 
ual Triton X-100 was removed from TSFZa(sup) by 
loading on Bio-beads SM2 or by diluting and subse- 
quently ultracentrifuging, a considerable amount (310 
/zmol O2/mg Chl per h) of the 0 2 evolution activity 
was restored. As shown in Fig. 1, TSF2a was consti- 
tuted of mainly five proteins (47 kDa/43 k D a / D 1 /  
DZ/cyt b-559) but functional Mn and PS II extrinsic 
proteins were removed during the isolation procedures. 
When we examined photoactivation of PS II core com- 
plexes further purified from TSF2a, little 0 2 evolution 
activity was regenerated by photoactivation of the PS II 
core complex A or B' at pH 5.5 (line 6 or 8). The 0 2 
evolution activity of 50-60/xmol Oz/mg Chl per h was 
restored by photoactivation of PS I] core complex B 
(line 7), obtained from photoactivated TSF2a. 

These results indicate that several minor poly- 
peptides in the molecular mass range of 10-25 kDa 
and LHCP are not essential for the photoligation of 
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Fig. 2. pH dependencies  of  photoactivation of TSF2a (A) and expres- 
sion of 0 2 evolution in photoactivated TSF2a (B). In (A), TSF2a.(©) 
or Tris-TMF2 (e) was photoactivated at various pH values and 0 2 
evolution activity was assayed at pH 6.5. In (B), TSF2a was photoac- 
tivated at pH 5.5 and O 2 evolution activity was assayed at various pH 

values. 

Mn 2+ to the apo-complex. These observations also 
suggest that regeneration of the Mn cluster in TSF2a 
aids in avoiding denaturation of the Mn-binding site 
during further purification in the presence of deter- 
gents such as Triton X-100 and SML. 

Characteristics of photoactiuation of TSF2a 
Fig. 2A shows the dependencies on pH of photoacti- 

vation of TSF2a and Tris-TMF2. The optimum for 
photoactivation of Tris-TMF2 was obtained at pH 6.5. 
This pH profile was similar to those for NH2OH-TMF2 
[13] and DCIPHz-treated CaC12-TMF2 [12], but is in 
contrast to the optimum at pH 7.8 for Tris-treated 
chloroplasts [24]. On the other hand, the regenerated 
activity in O 2 evolution with TSF2a increased with 
decreases in the pH. The weak pH optimum for the 
photoactivation of TSF2a was 5.3. The ratio of O 2 
evolution activity for TSF2a photoactivated at pH 5.5 
to that for TSF2a photoactivated at pH 6.5 varied from 
1.5 to 4 in different batches of TSF2a. The dependence 
on assay pH of the 0 2 evolution activity was studied in 
TSF2a photoactivated at pH 5.5 (Fig. 2B). The opti- 
mum for the 0 2 evolution expressed by the photoacti- 
vated TSF2a was obtained at pH 6.5. The same value 
was noted with NH2OH-TMF2 [13]. These results sug- 
gest that the regenerated Mn complex of TSF2a func- 
tions in water oxidizing activity in the same manner as 
that of NH2OH-TMF2.  The kinetics of photoligation 
of Mn z + to the apo-complex of TSF2a probably differs 
from that of NHzOH-TMF2.  

To determine why photoactivation of TSF2a pro- 
ceeds at pH 5.5 more efficiently than at pH 6.5, we 
studied the pH dependence of DCIP photoreduction 
donated by Mn 2 + or diphenylcarbazide (DPC) (Fig. 3). 
The concentrations, Km, giving the half-maximal rates 
were obtained between pH 5.3 and pH 6.5. When 
Mn 2+ was used as the artificial PS II donor, the K m 
value increased with a decrease in the pH: The value 
(167/zM) at pH 5.5 was about 6-fold greater than that 

at pH 6.5. The K m values were essentially independent 
of the pH when DPC was used as a PS II electron 
donor. The rate obtained at a saturating concentration 
of a PS II electron donor, Vma x, was plotted against the 
pH in Fig. 3B. The pH dependence of Vm~ x was similar 
to that of K m. The Vma ~ values with DPC slightly 
increased with a decrease in the pH, whereas values 
with Mn 2÷ were drastically decreased with a decrease 
in the pH. Thus, the efficiency of an electron donation 
of Mn 2+ to Z ÷ or P680 ÷ was lower at pH 5.5. 

We also examined pH dependence of the affinity of 
Mn 2÷ to the high-affinity Mn binding sites, using com- 
petitive inhibition by exogenous Mn 2÷ of DPC-sup- 
ported DCIP photoreduction [25]. The inhibition con- 
stant, Ki, of TSF2a at pH 6.5 was 1.0 tzM, that is 
approx. 10-times larger than that of Tris-TMF2 (data 
not shown). The obtained value with Tris-TMF2 was 
similar to the value noted with Tris-treated PS II 
membranes [26]. The K i value of TSF2a drastically 
increased with a decrease in the pH. These results 
suggest that the affinity of the exogenous Mn 2 + to the 
apo-complex becomes weaker at pH 5.5. 

Fig. 4A shows the dependence of photoactivation of 
TSF2a at pH 5.5 on MnC12 concentration. In the 
presence of 50 mM CaClz, the half-maximal and maxi- 
mal yield of photoactivation for TSF2a were obtained 
at 1 and 2 mM MnC12, respectively. The values ob- 
tained were much larger than those reported with 
NH2OH-TMF2 [13]. The Mn 2÷ concentration opti- 
mum for photoactivation depended on the CaC12 con- 
centration used for photoactivation (Fig. 3B). The opti- 
mum concentration of CaCI 2 for photoactivation of 
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Fig. 3. pH dependencies of K m (A) and V m a  x ( B )  for DCIP photo- 
reduction of TSF2a. MnCI 2 (©) or DPC (e) was used as an exoge- 

nous PS II electron donor. 
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Fig. 4. Dependence  of photoactivation of TSF2a on MnCI 2 (A) and 
CaC12 concentrations.  Photoactivation of TSF2a was done at pH 5.5. 
The concentration of CaCI 2 for photoactivation was fixed at 50 mM 
in (A). In (B), the concentration of MnCI 2 was fixed at 0.5 (©), 2 ( ,x ) 

or 4 (e) mM. 

TSF2a was shifted from 7.5 to 30 mM with increasing 
Mn concentrations from 0.5 to 4 mM. When TSF2a 
was photoactivated with 1 mM MnC12 at pH 6.5, the 
CaC12 concentration optimum for photoactivation was 
50 mM (data not shown). The yield of photoactivation 
at pH 5.5 with 0.5 mM MnC12 decreased to 3.5% of 
the maximum yield in the presence of 200 mM CaC12, 
while the yield with 4 mM MnC12 retained about half 
the maximum yield. These results support the previ- 
ously stated conclusions [13,17] that the competition 
between Mn 2+ and Ca 2+ occurs at binding sites for 
these cations in the water-oxidizing complex. 

Since the yield of photoactivation of TSF2a at pH 
5.5 was much greater than that at pH 6.5, we expected 
that the affinity of Mn 2+ to the Mn-ligation sites would 
become stronger at pH 5.5 than at pH 6.5. However, 
results in Figs. 3 and 4 show that photooxidation of 
Mn 2+ at pH 5.5 is poor, and that the affinity of Mn 2+ 
to the high affinity Mn binding sites becomes weaker 
with a decrease in the pH. 

Time-courses of photoactivation of TSF2a under 
conditions of continuous weak light illumination were 
examined at pH 6.5 and 5.5 (data not shown). As 
previously shown [13], a photoactivation process fol- 
lowed the first-order kinetics. The time required for 
the half-maximum yield of photoactivation was 7-8 
and 18-20 min at pH 6.5 and 55, respectively. These 
results suggest that the first-order rate constant of the 
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limiting step in the photoactivation process is smaller 
at pH 5.5. 

To analyze the effect of pH on the kinetics of 
photoactivation in detail, effects of pH on photoactiva- 
tion by repetitive flashes separated by different dark 
intervals (td) were studied (Fig. 5). The regenerated 02 
evolution activity was almost proportional to the flash 
number when the flash numbers were varied from 50 
to 500. The 0 2 evolution activity regenerated by 500 
flashes is considered to be a measure of the relative 
quantum efficiency of the various flash regimes for the 
photoconversion of an inactive Mn complex to an ac- 
tive one. At both pH, the dependencies of 0 2 evolu- 
tion activities on dark intervals between flashes showed 
typical bell-shaped curves, as previously reported 
[13,27-29]. The half-time for the generation and decay 
of the intermediate at pH 6.5 was 1 s and 2.6 s, 
respectively. These values were much larger than those 
obtained with NH2OH-TMF2 [13]. On the other hand, 
at pH 5.5, the half-time for the ascending and descend- 
ing portions was 2.6 s and 3.5 s, respectively. According 
to the previously proposed mechanisms involving two 
quantum processes [8,13], the ascending and descend- 
ing portions of the curve reflect the generation and 
decay, respectively, of the unstable intermediate in a 
photoactivation process (see Discussion). These results 
indicate that both processes of generation and decay of 
the intermediate of TSF2a are modified even at pH 
6.5. 

We then examined the dependence on pH of stabil- 
ity of Mn 3 + generated by continuous light, using the 
indirect method. When DCIP and exogenous Mn 2+ 
are used as the electron acceptor and the electron 
donor respectively, there was a light-induced DCIP 
photoreduction and subsequent reoxidation of DCIPH 2 
on turning off the light illumination, as shown in Fig. 
6A. The reoxidation of DCIPH 2 is probably due to the 
recombination of DCIPH 2 and intermediate (Mn 3 ÷?) 
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Fig. 5. Dependence  of photoactivation of TSF2a by repetitive flashes 
on dark time between flashes. TSF2a was illuminated with 500 
saturated flashes (under  5 /xs) in the photoactivation medium as 
described in text. Curves are obtained by the following equation 

(Eqn. 2 in Ref. 13); [L2] n = ~ (k  A / ( k  D - kA))(e kAld - - e  - k D t d ) .  



56 

A 

a A  .05 
1.5 

u ~ 1.0 

E 
~ 0.5 

£ 
13. 

0.1 

=oo 

~o 0.1 

f 

• B 
) 

o o AAAAAZ~Ae~AAA~4A 
o o 

o o 

°°°°°OOooooc 

o o ' ' 3 6 90 120 

o ~  

. ¢~  0 5.5 6.0 6.5 
Time after 60s illumination (s) pH 

Fig. 6. DCIP photoreduction and the subsequent DCIPH2-reoxidation in darkness when 1 mM MnC12 was used as the electron donor. 
Time-courses of light-induced DCIP reduction and the following DCIPH 2 reoxidation on turning off 1 min illumination at pH 5.5 (dotted line) 
and 6.5 (continuous line) are shown in A. The amounts of DCIPH 2 at the steady state during the illumination were 1.40 and 1.73 /xmol 
D C I P / m g  Chl at pH 5.5 and 6.5, using extinction coefficients for DCIP of 10.6 and 18.0 mM -a cm 1, respectively. (B) Semilogarithmic plots of 
DCIPH 2 reoxidation at pH 5.5 (zl) and 6.5 (o).  (C) pH dependence of the amount of DCIPH 2 at 120 s after turning off the light• TSF2a (©); 

Tris-TMF2, ( zx ). 

generated during the illumination [30-32]. Within 1 
min, the DCIP photoreduction reached a steady state 
level, which was almost independent of pH. The reoxi- 
dation of DCIPH 2 was biphasic (Fig. 6B): The fast 
phase with tt/2 of approx. 7 s was independent of pH, 
whereas the half time of the slow phase increased from 
57 to > 500 s with a decrease in the pH from pH 6.5 to 
5.5. The amount of DCIPH 2 at 120 s after turning off 
the light was about 3-fold larger at pH 5.5 than at pH 
6.5 (Fig. 6C). A similar pH dependence was obtained 
with Tris-TMF2. These results imply that a part of 
intermediate (Mn3+?) generated by the illumination 
becomes less reactive DCIPH 2 at the lower pH. There 
may be an increase in more stabilized Mn 3+ in the 
microenvironment of the Mn-binding sites at the lower 
pH. 

Discussion 

We examined photoactivation of TSF2a which lost 
functional manganese and PS II extrinsic proteins dur- 
ing the isolation procedure. We succeeded in photoac- 
tivating TSF2a, only when the residual Triton X-100 
was ultimately removed by loading on Bio-beads SM2 
or diluting and subsequently ultracentrifuging (Table I, 
line 5). Interestingly, the pH optimum for the photoac- 
tivation of this preparation was around 5.3, that is one 
pH unit more acidic than that for the photoactivation 
of NH2OH-TMF2 (Fig. 2A). The pH optimum for 
expression of the regenerated center was to be 6.5 (Fig. 
2B), thereby indicating that the regenerated Mn cluster 
of TSF2a functions to advance the S state in the same 
manner as the intact one of PS II membranes. 

The shift of pH optimum for the photoactivation 
was expected to result from changes in factors such as 
the photooxidation of Mn 2+, the affinity of Mn 2÷ to 
high-affinity Mn-binding sites and the binding of the 33 
kDa protein. However, the capacity of the Mn 2+- 
photooxidation at pH 5.5 was inferior to that at pH 6.5 
(Fig. 3). The high-affinity Mn-binding sites seem to be 
further modified at pH 5.5, as deduced from the fol- 
lowing results: (i) The value of K m of Mn 2+ in the 
photoactivation was much higher at pH 5.5 than at pH 
6.5 (Fig. 3); (ii) The competitive inhibition constant 
(K i) of Mn z+ in DPC-supported DCIP photo- 
reduction, the constant of which is considered to be a 
constant of dissociation of Mn 2+ from the high-affinity 
binding sites, was much greater at pH 5.5 than that at 
pH 6.5; (iii) Ca 2+ at lower concentrations competitively 
inhibited the photoactivation of TSF2a at pH 5.5 (Fig. 
4B). Furthermore, there was no difference in the ca- 
pacity of binding of 33 kDa protein between pH 6.5 
and pH 5.5 (data not shown). Thus, one cannot explain 
the unique pH dependence of photoactivation of TSF2a 
using these factors only. 

We focused on the kinetics of generation of the 
intermediate in the photoactivation process. When we 
studied the time-course of the photoactivation of TSF2a 
at pH 5.5 and pH 6.5, the yield of the photoactivation 
was lower at pH 6.5 than at pH 5.5, but the generation 
of the active center was approx. 3-times faster at pH 
6.5 than at pH 5.5. This may be explained by the 
following: The ratio of rate constant of decay to that of 
generation of the intermediate becomes smaller at pH 
5.5 than at pH 6.5 and the rate constants at pH 5.5 are 
smaller than those at pH 6.5. Alternatively, the quart- 



turn efficiency of the photoactivation may increase as 
the pH decreases. The photoactivation of the apo-water 
oxidizing complex by a flash illumination provides the 
two-quantum series model for photoactivation [8,13]: 

hi, 
D ' L l 

]Inactive center] 
/ 

L2 

L3 

! 
1 

[Active center] 

Where L1, L 2 and L 3 are the intermediates formed 
during photoactivation, and k a and k b are rate con- 
stants for the generation of L 2 from L~ and the decay 
of L 2 to D, respectively. When we used Eqn. 2 in Ref. 
13, we were able to get the theoretical curves well 
fitted to the experimental data (Fig. 5). Rate constants 
for the generation and decay of the intermediate (L 2) 
were much smaller at pH 5.5 than at pH 6.5: The 
values for k a and k b w e r e  obtained at 0.27 s -~ and 
0.20 s-1 at pH 5.5, while 0.69 s -1 and 0.27 s-~ at pH 
6.5, respectively. To fit the rapid phase of the ascend- 
ing portion, we assumed that 15% of the total centers 
obeyed the same kinetics as we observed in photoacti- 
vation of NH2OH-TMF2 (ka and kb, 5.5 s -1 and 0.87 
s -a, respectively). The ratio of k~ to k b was approx. 
1.5-fold larger at pH 6.5 than at pH 5.5. Taking these 
values and assuming that the quantum efficiency (~h in 
equation 2 in Ref. 13) for photoactivation is the same 
at both pH, we expected that the yield of L 2 would be 
1.65-fold greater at pH 6.5 than at pH 5.5. As this 
notion contrasts to the results in Fig. 5, we suggest that 
the higher yield of photoactivation of TSF2a at pH 5.5 
is due to a 4-fold increase of the quantum efficiency of 
the photoactivation, probably resulting from an in- 
crease in yield of the ligation of Mn 3+ photooxidized 
to the apo-complex in a process of L~ to L 2 a n d / o r  a 
process of L 3 to the active center. 

It remains to be determined why the ligation of 
Mn 3+ to the apo-complex efficiently occurs at pH 5.5. 
The stability of photogenerated species such as Mn 3+ 
and Q2 or Q~ may be required for photoactivation of 
the apo-complex. We previously reported effects of 
various artificial electron acceptors on the yield of 
photoactivation of NH2OH-TMF2 [13]. We found: (i) 
that an electron acceptor which is good for higher 
electron transfer rates, such as phenyl-p-benzoquinone, 
was not adequate for photoactivation, (ii) about half 
the maximum yield of photoactivation was obtained 
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even when no electron acceptor was added or when 
electron transfer between QA and QB was blocked by 
atrazine, and (iii) in the presence of atrazine, addition 
of DCIP drastically decreased the yield of photoactiva- 
tion. These results suggest that rapid electron transfer 
is not necessarily required for photoactivation and that 
photoactivation requires an adequate life time of Mn 3+ 
and Q2 or Q~.  At present, the stabilization by acidic 
pH of Mn 3÷ photooxidized may be referred to the 
results in Fig. 6. DCIP photoreduction by exogenous 
Mn 2+ with TSF2a or Tris-TMF2 showed that t he  re- 
duced DCIP was reoxidized rapidly in subsequent 
darkness, probably via the recombination of intermedi- 
ate (Mn 3 ÷ ?) and the reduced DCIP [30-32]. Based on 
this phenomena, the effect of pH on the recombination 
between reduced DCIP and Mn 3+ was examined. The 
extent and rate of reoxidation of the reduced DCIP 
were gradually suppressed when decreasing the assay 
pH to an acidic one. This result indicates that the 
photogenerated Mn 3+ becomes less reactive with 
DCIPH 2 near the Mn-ligation sites. This leads to the 
idea that the recombination between Mn 3 + and intrin- 
sic PS II secondary acceptors, Q2 and Q~ is slower at 
acidic pH, the result being an increase in quantum 
efficiency of the ligation of Mn 3÷ to the Mn-ligation 
sites in the apo-water oxidizing complex, regardless of 
a decrease in stability of the intermediate. 
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