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Photoactivation of the water-oxidizing complex in Photosystem II membranes 
depleted of Mn and extrinsic proteins. 

I .  Biochemical and kinetic characterization 
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Conditions were defined for obtaining photoligation of Mn 2+ and photoactivation of O~ evolution in 
NHzOH-  and Tris-extracted PS  II membranes (TMF-2) completely devoid of the CF 0 /CF  1 complex and 
containing only approx. 2 -3  PS II e -  acceptor equivalents per PS II reaction center. At optimal pH (pH 
6.5) only light and Mn 2+ were essential for Mn iigation by the apo-S-state complex (approx. 4 Mn / r eac t i o n  
center); however, Ca 2+ addition was required for maximal expression of water oxidation activity of the 
photoligated Mn. In the absence of added PS II e -  acceptors, the quantum efficiency and yield of 
photoactivation was diminished and was insensitive to atrazine. PS II e -  acceptors increased the quantum 
eff ic iency/yield by approx. 2-fold and conferred sensitivity to atrazine. Kinetic analyses of the photoactiva- 
tion process gave evidence for a rate constraint ( t l / 2  ~ 125 ms) and an unstable intermediate (half-life of 
approx. 1 . 0  s ) .  C !  - was not absolutely essential for photoactivation. A 7-fold increase of rate of O z evolution 
was obtained without C ! -  addition to Ci--depleted NH2OH-TMF-2;  CI -  addition during photoactivation 
gave only a 2-fold additional increase. This C i -  effect (K  m --3.8 raM) was different from the C! effect 
(Km = 1.5 raM) on 02 evolution. Weak light ageing of NH2OH-TMF-2 in the absence (but not in the 
presence) of Mn 2+ inhibited photoactivation and photoreduction of DCIP by Mn2+; however, DCIP 
photoreduction by DPC or TPB was not diminished. Such weak light ageing also increased the VLP-form of 
Cyt b-559, but there was no apparent correlation between the increase in 02 evolution and the conversion of 
the VLP- and LP-Cyt b-559 to the l-IP-Cyt b-559 during photoactivation. Photoactivation is suggested to be 
a two-quantum process in which two Mn 2÷ are sequentially bound, photooxidized and ligated by the 
apo-S-state complex. This process facilitates ligation of two additional Mn ions to form the tetra-Mn S-state 
water-oxidizing complex. 

Abbreviations: TMF-2, oxygen-evolving Triton X-100-pre- 
pared Photosystem II membrane fragment; PS II, Photosystem 
II; CF0/CF 1, hydrophobic/hydrophilic components of the 
coupling factor; apo-S-state complex, the Mn-depleted, inac- 
tive water-oxidizing complex of Photosystem II; DCIP/ 
DCIPH2, the oxidized/reduced forms of 2,6-dichlorophenol- 
indophenol; P-680, the reaction center chlorophyll a complex 
of Photosystem II; Iio2, rate of 02 evolution activity; Chl, 
chlorophyll; Mes, 4-morpholineethanesulfonic acid; Hepes, 4- 
(2-hydroxyethyl)-l-piperazineethanesulfonic acid; Tricine, N- 
[2-hydroxy-l,l-bis(hydroxymethyl)ethyl]glycine; TPB, tetra- 
phenylboron; DPC, diphenylcarbazide; DCMU, 3-(3,4-dichlo.- 

rophenyl)-l,1 dimethylurea; PBQ, phenyl-p-benzoquinone; 
FeCN, potassium ferricyanide; QA, QB, primary and sec- 
ondary quinone acceptors of Photosystem II; AH, high-poten- 
tial acceptor of Photosystem II; VLP-, LP- and HP-Cyt b-559, 
the very-low-potential, low-potential and high-potential forms 
of cytochrome b-559; Z/Z +, the reduced/oxidized secondary 
electron donor of Photosystem II; HQ, hydroquinone; Cyt, 
cytochrome. 
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Introduction 

The water-oxidizing complex of photosynthesis 
is comprised minimally of 2 (Refs. 1-3) or 4 Mn 
(see reviews Refs. 4-8), three extrinsic proteins 
(17, 23 and 33 kDa), Ca 2+, and C1- in close 
association with the PS II core complex containing 
intrinsic proteins (47, 43, 34 and 32 kDa and Cyt 
b-559), quinones, pheophytin, carotenoids and the 
chlorophyll complexes including P-680 (see re- 
views Refs. 8-12). A 10 kDa protein also is a part 
of the multi-component PS II core/water- 
oxidizing complex, but its function(s) is less clear 
than perhaps some of the other proteins [13]. The 
polynuclear Mn-S-state water-oxidizing catalyst 
[1-3,11,12] is ligated principally with the intrinsic 
34 kDa [14-16], secondarily with the extrinsic 33 
kDa [16-18], and possibly also with the extrinsic 
23 kDa protein [19,20]. The Ca-binding sites in the 
PS II/S-state complex are associated with pro- 
teins other than the 17 and 23 kDa proteins 
[21-231. 

Little is known regarding the mechanism of 
assembly of these components into or on chloro- 
plast membranes which results in the capacity of 
the PS II assemblage to carry out the charge-sep- 
arating and water-oxidizing chemistry. It seems 
clear, however, that formation/assembly of the 
catalytically active Mn-S-state water complex is 
dependent on the photoactivation process [16,24- 
26]. In this multiquantum process driven by PS II 
quantum events, Mn 2+ is incorporated into the 
assemblage via processes presumably involving 
oxidation of Mn 2+ [27,28], a conclusion consistent 
with identification of valency states of Mn larger 
than + 2 in the S-state complex of chloroplasts/PS 
II membranes [8,10-12]. This photoligation of 
Mn 2+ is accompanied by assembly of the 17 and 
23 kDa proteins into the PS II/S-state complex 
[29,30]. On the other hand, conditions precluding 
photoligation of Mn 2+ into the apo-S-state com- 
plex increase the susceptibility of the oxidizing 
side of PS II reaction centers to photoinhibition 
from which the recovery of PS II trap function 
and photoactivation is dependent on synthesis of 
the intrinsic 34 kDa (D 2) polypeptide [31]. 

Ca 2+, in addition to Mn 2+, has been recognized 
to be essential for overall photoactivation and 
expression of water-oxidizing activity by chloro- 

plasts/PS II membranes devoid of functional S- 
state centers [16,24-26]. Using intact chloroplasts 
from leaves grown under intermittent flashes, Ono 
and Inoue [25] could observe Mn 2+ and Ca 2+ 
competition in the photoactivation process when 
A23187, an ionophore for divalent cations, was 
used to confer divalent cation requirements. In the 
system, a PS-I-reducible stromal factor was re- 
quired [32]; additionally, the photoactivation of 
the water-oxidizing complex was accompanied also 
by an approx. 2-fold increase in the rate of DPC 

DCIP photooxidation by PS II [32]. Both these 
latter results contrast to conclusions reached pre- 
viously from studies of photoactivation of dark 
greened algae [33]. Apparently, dissimilar 
processes, dependent on the system studied, affect 
the photoactivation mechanism. 

In attempts to clarify the roles of Mn2+/Ca2+ 
in photoactivation, any functions of the PS II 
extrinsic proteins, and the requirements of PS II 
e- acceptors, we studied the photoactivation pro- 
cess using PS II membranes depleted of Mn and 
specific extrinsic proteins. Preliminary data [16] 
showed that 17, 23 and 33 kDa-less PS II mem- 
branes depleted of Mn by DCIPH2-extraction 
could photoligate Mn and express water-oxidizing 
activity following dark reconstitution of the mem- 
branes with the 33 kDa protein. These data, ob- 
tained with PS II membranes having everted 
orientation [8,10], do not support the postulate 
[34,35] offered to explain photoactivation ob- 
served with various cells [4] and chloroplasts 
[24,25]. According to Refs. 34 and 35, ligation of 
Mn 2 + as a polynuclear complex is a dark process, 
but PS II quantum events are required to trans- 
port Mn 2÷ across the thylakoid (see, however, 
Refs. 4 and 25). 

Here we report conditions and requirements for 
obtaining ligation of Mn and expression of water 
oxidizing activity in NH2OH- and Tris,extracted 
PS II membranes. Additionally, we show that the 
kinetics of photoactivation with NHzOH-extracted 
PS II membranes are very similar to those ob- 
tained with algae and isolated chloroplasts [4]. 

Methods and Materials 

Preparation and extraction of 02-evolving PS II  
membranes 

PS II membranes (TMF-2) from 7-9 day wheat 



seedlings were prepared as described in Refs. 36 
and 37. Such membranes (Vo2 >/600 02 per mg 
Chl per h; approx. 4 Mn/200 Chl) have a PS II 
unit of 200-230 Chl and a PS II electron-acceptor 
pool size of approx. 2.5 equiv/trap [36,37]. TMF-2 
was either used directly or after storage at - 80 ° C. 
When stored at -80°C,  the membranes were 
washed once (500 vg Chl/ml) in buffer A (0.4 M 
sucrose/50 mM Mes-NaOH (pH 6.5)/15 mM 
NaCI) before extraction with NH2OH or Tris. 

NH2OH-TMF-2 was prepared by extraction of 
TMF-2 (500/tg Chl/ml) in buffer A with 5 mM 
NH2OH for 60 rain at 4°C in darkness. The 
extracted TMF-2 was then pelleted (27 000 × g for 
10 rain), washed twice in buffer A (~ 500 /~g 
Chl/ml), and then resuspended (more than 2 mg 
Chl/ml) in buffer A. This NH2OH extraction 
decreased Vo2 and Mn abundance relative to 
TMF-2 by approx. 98 and approx. 90%, respec- 
tively. Equivalent rates and extents of photo- 
activation were obtained with freshly prepared or 
- 8 0 ° C  stored NH2OH-TMF-2. Cl--depleted 
NH2OH-TMF-2 was obtained by washing 
NH2OH-TMF-2 in buffer A devoid of NaC1 es- 
sentially as described in Refs. 36 and 37. 

Tris-TMF-2 was prepared similar to NH2OH- 
TMF-2 except the extraction (40 rain) was made 
with 0.8 M Tris CI-, pH 8.2. The extent of in- 
activation of Vo2 and solubilization of PS II Mn 
by Tris extraction was comparable to that ob- 
tained by NH2OH. SDS-polyacrylamide gel 
electrophoresis analyses showed (1) that Tris- 
TMF-2 was devoid of the 17, 23 and 33 kDa PS II 
extrinsic proteins, and (2) that NHzOH-TMF-2 
was essentially depled of the 17 and 23 kDa 
proteins but retained most of the 33 kDa protein. 

Photoactivation by continuous illumination or by 
actinic flashes 

Unless otherwise noted, NH2OH- or Tris- 
TMF-2 equivalent to 750 /~g Chl /ml  was prein- 
cubated in darkness at 4°C for 15 min in buffer A 
containing 375 /~g 33 kDa protein before photo- 
activation. Photoactivation routinely was carried 
out at 23°C in buffer A containing preincubated 
membranes (250 #g Chl/ml), 1 mM MnCI z and 
50 mM CaCI 2. When continuous illumination was 
supplied, the samples (0.3 ml in 10 ml glass 
beakers) were illuminated for designated times 
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from above with a fluorescent lamp providing 24 
/~E.m-2 .s  -1 measured at the sample surface. 
The suspensions were shaken every 5 min. Photo- 
activation by brief (approx. 2 /ts) actinic flashes 
was done similarly, except for use of a 0.3 cm light 
path cuvette and a flash lamp arrangement de- 
scribed in Ref. 27. 

Following the incubations in light or dark, Vo2 
was determined either directly or following 
centrifugation (15000 × g/ lO min) and washing 
of the membranes at 4 ° C. Unless otherwise noted, 
Vo2 was determined directly using 20 ~tl (5 #g 
Chl) from the incubations. When Mn determina- 
tions were to be made, the membranes were pel- 
leted and washed twice (25 #g Chl/ml) in buffer 
A containing 2 mM EDTA before assay of Vo2 
and Mn. Such washing diminished Vo2 by approx. 
20-30% relative to unwashed membranes but re- 
moved any adventitiously bound Mn. Atrazine-in- 
cubated membranes were washed similarly, except 
for omission of EDTA in buffer A. 

Assay of Vo " and DCIP photoreduction 
Vo2 was determined polarographically. The as- 

say buffer described in Ref. 20 was used routinely, 
except where noted when 15 mM CAC12/33 kDa 
(10 #g/ml)  were included. DCIP photoreduction 
by Mn 2+ (50 #M), TPB (50 #M) or DPC (1 mM) 
was done as described in Ref. 36. 

Photosystem II  extrinsic proteins 
The 17 and 23 kDa proteins were obtained 

from wheat TMF-2 essentially as described in Ref. 
37. The crude protein fraction was either used 
directly or purified by standard ion-exchange 
chromatography before use. The 33 kDa protein 
was obtained by two successive extractions of 
wheat 17 and 23 kDa depleted TMF-2 (500 #g 
Chl/ml) with 1 M CaCI 2 in buffer A for 1 h at 
4°C [161. 

Other procedures 
SDS-polyacrylamide gel electrophoresis anal- 

yses were carried out using a 5% stacking and a 
12% polyacrylamide running slab gel. Mn de- 
terminations were made by flameless atomic ab- 
sorption following total digestion of samples and 
protein determinations were made using bovine 
serum albumin as the standard [36]. 
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Results 

Effects of MnCI2, CaCI 2 and 33 kDa extrinsic 
protein on photoactivation of NH2OH- or Tris- 
TMF-2 

NH2OH, Tris and CaC1E/DCIPH 2 extraction 
of PS II membranes causes solubilization of ex- 
trinsic PS II proteins (17 = 23 > 33, 17 --- 23 = 33 
and 17- -23  ~ 33 kDa, respectively [8-12]) and 
the tetra-Mn complex. Table I summarizes experi- 
ments of the effects of MnC12, CaCI 2 and 33 kDa 
extrinsic protein on photoligation of Mn and the 
expression of water-oxidizing activity of photo- 
activated NH2OH- and Tris-TMF-2. 

Table IA shows the effects of light vs. dark 
incubation of NHEOH-TMF-2 on V o , determined 
in the presence and absence of Ca 2~-, and PS II 

Mn abundance. Dark incubation under any condi- 
tion resulted in only small increases of Vo2 or PS 
II Mn abundance. In contrast, light incubation of 
NH2OH-TMF-2 in the presence of MnC12 alone 
or with CaCI 2 (or additionally the 33 kDa) yielded 
significant increases of Vo2 and PS II Mn relative 
to any of the dark incubated controls. On the 
other hand, omission of MnC12 eliminated any 
light-dependent increase of Mn abundance or Vo: 
(see Fig. 1A). The light-dependent increase of Mn 
abundance with Mn 2 ÷ alone (line 2) proved equal 
to or greater than the increase observed in the 
presence of both Mn 2÷ and Ca 2÷ or additionally 
the 33 kDa protein (lines 3 and 4). However, the 
Vo2 increase of membranes photoactivated in the 
presence of only MnC12 was approx. 50% less than 
those photoactivated in the presence of both 

TABLE I 

EFFECTS OF MnC12, CaCI 2 AND 33 kDa PROTEIN ON PHOTOACTIVATION OF Vo2 AND PHOTOLIGATION OF Mn BY 
Mn-DEPLETED TMF-2 

NH2OH- or Tris-TMF-2 was preincubated in buffer A in the presence or absence of 33 kDa protein, then photoactivated (40 min at 
250 /~g Chl/ml) in buffer A containing 100 /~M DCIP and, where indicated, 1 mM MnC12, 50 mM CaCI 2 and 125 ~g 33 kDa 
protein (carry over from preincubation). Subsequently, 20 ~1 (5 /~g Chl) of the suspensions were assayed directly. Without 
photoactivation, the 1Io2 of NH2OH- and Tris-TMF-2 was 27.0 and 11.0/~mol 02 per mg Chl per h, respectively, independent of 
additions of 2 mM CaC12 and 33 kDa protein to the assay. Where noted, 15 mM CaCI 2 and/or  10 ~g 33 kDa protein/ml were 
added to the assays. Extraction of the variously incubated NH2OH-TMF-2 with 7.5 mM NH2OH in buffer A for 20 min diminished 
their Mn abundance to 0.5 Mn/200 Chl. 
A. 

NH2OH-TMF-2 Rate of 02 evolution 
(/~ tool 02/rag Chl per h) 

Manganese abundance 
(Mn/200 Chl) 

additions to assay buffer: dark incubation light incubation 

Additions for dark incubation light incubation 

photoactivation none CaC12 none CaCI 2 

1. None 27.8 30.0 31.9 46.0 0.79 0.50 
2. MnCI 2 24.0 31.3 42.5 197 1.22 3.82 
3. MnC12, CaC12 19.0 21.3 288 363 0.88 3.33 
4. MnC12, CaC12, 33 kDa 23.8 32.6 326 346 0.89 3.46 

B. 

Tris-TMF-2 

Additions for 
photoactivation 

Rate of 02 evolution after photoactivation 
(/~mol O2/mg Chl per h) 

Additions to assay buffer: 

none CaC12 33 kDa CaCI 2 + 33 kDa 

1. None 15.8 16.7 18.5 - 
2. MnC12 22.9 50.3 28.0 - 
3. MnC12, CaC12 113 152 188 207 
4. MnCI 2, CaC12, 33 kDa 186 214 197 - 



MnCl 2 and CaC12 when the assay buffer con- 
tained 15 mM CaC12. Other data (to be published 
elsewhere) show that a fraction of the Mn ligated 
in the presence of Mn 2+, but no Ca 2+ is bound 
non-functionally at site(s) other than the apo-S- 
state complex. With this correction, the good cor- 
respondence between increase of Vo: and Mn 
abundance indicated functional photoligation of 
Mn 2+ into the apo-S-state complex. This conclu- 
sion was reinforced by observations (text to Table 
I) indicating that the increased Mn abundance of 
the photoactivated membranes was susceptible to 
solubilization by NHzOH. The requirement of 
both MnC12 and CaC12 for maximum photo- 
activation of Vo: in NH2OH-TMF-2 is similar to 
that reported for DCIPH2-treated CaC12-TMF-2 
[16]. 

The data of Table IB show the effects of ad- 
ditions of MnC12, MnClJCaC12, or MnC1J  
CaC12/33 kDa protein to the incubation medium 
and the effects of additions CaCl2, 33 kDa, or 
CAC12/33 kDa in the assay of Vo: of Tris-TMF-2 
photoactivated at the various conditions. The 
greater enhancing effect of the 33 kDa protein in 
the assays of Vo2 (with and without 15 mM CaC12 
addition to the assay) of photoactivated Tris- 
TMF-2 (Table IB) vs. NH2OH-TMF-2 (Table IA) 
is consistent with the low abundance of this pro- 
tein in Tris - relative to NH2OH-TMF-2. The 
results obtained with Tris-TMF-2 were in princi- 
ple similar to those with NH2OH-TMF-2 and 
DCIP-treated CaC12-TMF-2 [16]. 

The data of Table I for both preparations thus 
show: (1) only light and Mn 2÷ are essential for the 
photoligation of Mn 2÷ into the apo-S-state com- 
plex of NH2OH-TMF-2; and (2) Ca2+/33 kDa 
proteins are not absolutely essential for the photo- 
ligation process but are required for maximal ex- 
pression of water-oxidation activity of the photo- 
activated Mn-S-state complex. 

MnCl 2 concentration dependence for photoactiua- 
tion of Vo: 

Fig. 1 shows the dependence of photoactivation 
on MnCl 2 concentrations for NHEOH-TMF-2 (A) 
determined in the presence of 5 and 50 mM CaC12 
and for Tris-TMF-2 (B) in the presence of 50 mM 
CaC12. In these analyses, the 33 kDa was included 
routinely in the incubations along with 100 #M 
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DCIP serving as an electron acceptor. In both 
cases, photoactivation is strictly dependent on 
MnC12 addition. In the presence of 50 mM CaC12, 
half-maximal and maximal yield of photoactiva- 
tion for both Tris- and NH2OH-TMF-2 were ob- 
tained at 100 and 1000 #M MnC1 e, respectively 
(Fig. 1A and B, triangles); however, a decrease in 
concentration of CaC12 from 50 to 5 mM (circles) 
(with NH2OH-TMF-2 ) resulted in an approx. 
2-2.5-fold decrease of MnC12 concentration re- 
quired for both half-maximal and maximal photo- 
activation. Moreover, the maximal yield of photo- 
activation was diminished by approx. 11%, and at 
more than 0.5 mM MnC12, the yield of photo- 
activation declined. 

Such results agree with those reported for 
DCIPH2-treated CaC12-TMF-2 [16]. These MnCl 2 
concentration values (dependent on CaC12 con- 
centration) for photoacfivation are appreciably 
greater (approx. 8-10 fold) than those previously 
reported for photoactivation of Tris extracted 
chloroplasts, but determined in the presence of 
only 2 mM Ca 2+ [38] or for photoactivation of 
Anacystis PS II membranes determined with 54 
mM Ca 2÷ [26]. Significantly, the MnC12 con- 
centration values for photoactivation of NH2OH- 
TMF-2 were similar to those required for DCIP 

06 .... .... I o: ; 
MnCl;~ (rnM) MnCl 2 (raM) 

Fig. 1. MnCI 2 concentration dependence for photoactivation 
of V02 by NH2OH-TMF-2 (A) and Tris-TMF-2 (B). Photo- 
activation was done in continuous illumination (see Materials 
and Methods) in buffer A containing either 5 or 50 mM CaC12 
(circles or triangles, respectively); the MnC12 concentrations 
are given on the abscissa. The symbol x denotes 1/o2 of 
membranes incubated in darkness with 1 mM MnCI: and 50 
mM CaCl:. 
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supported photooxidation of Mn 2+ by NH2OH- 
TMF-2 (5 /*g Chl/ml). Half-maximal rates of 
Mn 2+ photooxidation were obtained at 5 and 80 
~tM MnCI2, in the absence and presence of 50 
mM CaC12, respectively. The data of Table I and 
Fig. 1 therefore indicate that the mechanism of 
photoactivation in NH2OH-TMF-2 and Tris- 
TMF-2 membranes is very similar despite signifi- 
cant differences in their polypeptide composition. 

Effects of artificial electron acceptors and atrazine 
With cells [4] or chloroplasts [24,25], many PS 

II turnovers are required in the photoactivation 
process. In contrast to these systems, the PS II 
acceptor pool in TMF-2 is very limited (approx. 3 
equivalents/reaction center [36]). We asked how 
modification of the acceptor pool size by either 
addition of PS II e- acceptors or an inhibitor of 
the QA/QB locus affected photoactivation by 
NHEOH-TMF-2. 

Fig. 2 shows the effect of increasing concentra- 
tion of DCIP on photoactivation of NH2OH- 
TMF-2. About a 2-fold maximal increase and a 
half-maximal increase in photoactivation was ob- 
tained from addition of 100 and 10 /tM DCIP, 
respectively. For [DCIP] > 100 /xM, the DCIP- 
enhanced photoactivation declined sharply until 
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Fig. 2. Effect of concentration of DCIP on yield of photo- 
activation by NH2OH-TMF-2 in continuous illumination. The 
standard protocol for photoactivation was used (see Materials 
and Methods), except for addition of DCIP concentrations 
shown. Vo2 of the dark incubated control (no DCIP) is shown 
by the symbol x. 

the yield of photoactivation became less than ob- 
served in its absence (Fig. 2, inset). The sharp 
decline may reflect (1) a back reduction by 
DCIPH 2 (or H202) of Mn 3÷ [39] which otherwise 
is utilized in the photoactivation of the apo-S-state 
complex, or (2) simply 'light screening' of Chl by 
DCIP. 

TABLE II 

EFFECTS OF ARTIFICIAL e-  ACCEPTORS AND ATRAZINE ON PHOTOACTIVATION OF NH2OH-TMF-2 

Added electron acceptor or inhibitor Rate of 0 2 evolution (p.mol 0 2 per mg Chl per h) 

unwashed a washed b inhibition of 
photoactivation 
(%) 

1. None 173 (1.0) c 
2. DCIP (100 p.M) 383 (2.21) 
3. FeCN (1 raM) 194 (1.12) 
4. DCIP (100 p.M) plus FeCN (1 raM) 138 (0.80) 
5. PBQ (100 p.M) 300 (1.73) 
6. PBQ (300 p.M) plus FeCN (1 mM) 133 (0.77) 
7. TMPD (100 p.M) plus FeCN (50 p.M) 253 (1.46) 
8. Atrazine (200 ~tM) 39 
9. Atrazine (200 p.M) + DCIP (100 p.M) 38 

10. Atrazine (200 p.M) + PBQ (300 p.M) + 1 mM FeCN 26 

115 
257 

89 

112 3 
90 65 
56 37 

a Following photoactivation for 40 rain (Materials and Methods), 20 p.1 (5 p.g Chl) of the suspensions were assayed directly in the 1.0 
ml capacity polarographic vessel. 

b After assay (footnote a), the samples were washed (Materials and Methods) then reassayed. Percent inhibition of photoactivation is 
based on activity of washed controls. 
Numbers in parentheses are relative yields of photoactivation uncorrected for 30.2 p.mol 02 per mg Chl per h of dark-incubated 
samples. 



Data of Table II show: (1) occurrence of photo- 
activation even in the absence of addition of an 
electron acceptor; (2) only lipophilic e- acceptors 
(DCIP, PBQ, TMPD) give any increase (up to 
2-fold) of photoactivation above the level ob- 
tained in the absence of an electron acceptor; and 
(3) addition of FeCN to the lipophilic e- accep- 
tots inhibits the stimulatory effect of the lipophilic 
e- acceptors and, moreover, decreases (approx. 
20%) the yield of photoactivation observed in the 
absence of an added e- acceptor. 

Also shown is the effect of atrazine on photo- 
activation measured in the absence and presence 
of added e- acceptors. Atrazine, like DCMU, 
reversibly inhibits at the QA/QB locus [40]. At a 
concentration (160 atrazine/200 Chl) sufficient to 
inhibit Vo2 virtually completely, the extent of 
photoactivation obtained in the presence of e- 
acceptors was diminished approximately to a level 
measured without them. With some NH2OH- 
TMF-2 preparations, however, near complete in- 
hibition of photoactivation (plus DCIP) was ob- 
served. 

The results of Table II indicate that QB is not 
absolutely essential in the photoactivation mecha- 
nism. They also imply that turnover of the re- 
duced QA/QB acceptors by added e- acceptors 
enhances yields of photoactivation by approx. 2- 
fold. The observed variable extent of atrazine in- 
hibition of DCIP supported photoactivation may 
reflect variable extents of perturbation of the QA/ 
QB locus in the NHEOH-TMF-2 preparations. In 
chloroplasts, this locus is known to be perturbed 
by NHaOH extraction [41]. 

pH dependence 
Fig. 3 shows the pH dependence of photo- 

activation of NH2OH-TMF-2 in different buffer 
systems. The optimum is pH 6.5 with rather sharp 
declines on either side of this value. This pH 
profile is similar to the pH profile for photoactiva- 
tion of DCIPH2-treated CaC12-TMF-2 [16] but 
contrasts to the pH 7.8 optimum reported [32] for 
Tris-extracted chloroplasts. The observed pre- 
cipitous decline at pH > 7.0 was more severe when 
Hepes (Fig. 3, triangles) rather than Tricine (Fig. 
3, squares) was employed. Significantly, in mea- 
surements of DCIP photoreduction by Mn 2÷ at 
pH > 7.0 we observe: (1) greater rates of photo- 
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Fig. 3. The effect of pH on photoactivation of Vo2 by 
NH2OH-TMF-2. NH2OH-TMF-2 was illuminated (see 
Materials and Methods) in 0.4 M sucrose/15 mM NaCl/1 
mM MnCI2/50 mM CaC12/100 ~tM DCIP and 50 mM 
Mes-NaOH (circles), Tricine-NaOH (squares) and Hepes 
NaOH (triangles) at the pH values indicated. The symbol x 
denotes 1Io: of membranes incubated in darkness at pH 6.5. 

reduction in the presence of Tricine than in Hepes; 
and (2) greater rates of DCIPH 2 backreaction 
(presumably with photogenerated Mn 3 +) in Hepes 
than in Tricine following cessation of illumina- 
tion. These analyses (to be published elsewhere) 
indicate that the backreaction of DCIPH 2 with 
Mn 3÷ may be a determinant of the sharp decline 
in DCIP-enhanced photoactivation at pH 6.5. They 
imply that Mn 3÷ may be required in the photo- 
activation mechanism [36]. 

Kinetics of photoactivation of NHeOH-TMF-2 
Fig. 4A shows typical time-courses of photo- 

activation of NH2OH-TMF-2 obtained at 23 ° C at 
a weak but optimum light intensity in the presence 
of DCIP (Fig. 4A, circles) and in the absence of 
an added e- acceptor (Fig. 4A, open triangles). As 
shown, the omission of DCIP caused an approx. 
50% decrease in photoactivation, which was not 
affected by atrazine (Fig. 4A, closed triangles). 
Fig. 4B shows a semilogarithmic plot of the popu- 
lation of the inactive apo-S-state water-oxidizing 
complex vs. time of illumination of NH2OH- 
TMF-2 in the presence of DCIP. (In the analyses, 
we assumed the observed maximum yield of pho- 
toactivation represented 100% conversion of the 
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Fig. 4. Time-course of photoactivation by NH 2OH-TMF-2 (A) 
and a semi-logarithmic plot of the population of the inactive 
apo-S-state complex vs. illumination time (B). The data of 
open circles and open triangles were obtained by continuous 
illumination of NHzOH-TMF-2 (see Materials and Methods) 
in the presence and absence of 100 /*M DCIP. The closed 
triangle data were obtained when atrazine (160 atrazine/200 
Chl) and no DCIP were used. Atrazine-poisoned samples were 
washed (see Materials and Methods) before assay of Vo2. Fig. 
4B data are the open circle data of Fig. 4A (we assumed the 
maximum photoactivation was equivalent to complete conver- 
sion of the inactive apo-S-state complex to the active S-state 
complex). 

inactive complex to the active water-oxidizing 
complex.) The resulting straight line implies that 
the photoactivation of NH2OH-TMF-2 is a first- 
order process, a conclusion consistent with that 
reached with cells [4] or intact chloroplasts [25]; 
moreover, the observed half-time (approx. 6 min) 
approximates values reported for the photoactiva- 
tion of NH2OH-extracted Anacystis (t~/2 = 3.2 
min) [42], Tris-treated chloroplasts (tl/2 = 7 rain) 
[24], chloroplasts from intermittent flashed greened 
leaves (tl/2 - -5-8  rain) [32], is greater than re- 
ported for the photoactivation of Mn-insufficient 
Anacystis made Mn-sufficient (tl/2 = 23 s) [27], 
but is less than observed with NH2OH-extracted 
leaf segments (tx/2 = 1 h) [31]. The time-courses 
shown in Fig. 4 were typically observed; however, 
some NH2OH-TMF-2 preparations showed a bi- 
phasic photoactivation time-course similar to that 
reported for photoactivation of DCIPH2-treated- 
CaCIz-TMF-2 [16]. These differing kinetics were 
observed at either 23°C or 4°C, the latter condi- 
tion diminishing the rate of DCIP-supported pho- 
toactivation by approx. 3-fold. No cogent ex- 

planation can be offered for the differing type kin 
etics. 

To analyze the kinetics of photoactivation in 
more detail, time-courses of flash-induced photo- 
activation were measured. In the experiments of 
Fig. 5A, the NH2OH-TMF-2 membranes were 
flashed in a train of brief saturating actinic flashes 
separated by different dark intervals (t a). At flash 
spacings of 5 or 10 s, we observed little or no 
photoactivation; however, with decreasing t a val- 
ues the yield of photoactivation increased until 
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Fig. 5. Analyses of kinetics of dark reactions using brief 
saturating actinic flashes. (A) NH2OH-TMF-2 in the standard 
photoactivatlon buffer (see Materials and Methods) containing 
100 v,M DCIP was flash illuminated for times shown. The dark 
time (td) between flashes were: 0.12 s (v); 0.25 s 63); 0.5 s (A); 
1.0 s (O); 2.0 s (,7); 5.0 s (A); and 10.0 s (0). (B) The initial 
slopes of curves of Fig. 5A were divided by the total flashes 
presented within a fixed time interval then the data were 
normalized to the value obtained with t d of 0.5 s. The relative 
values were plotted (open symbols). The dashed line was 
computed as outlined in Discussion. 



ultimately no further increase was observed at 
t d < 0.25 s. The obtained curves reflect the in- 
tegrated effect of widely different total numbers of 
flashes. The initial slopes of the curves divided by 
the total flashes given within a fixed time interval 
is a measure of the relative quantum efficiency of 
the various flash regimes for the conversion of 
inactive apo-S-state complexes to active water 
oxidizing Mn-S-state complexes. 

In Fig. 5B, we plotted the relative quantum 
efficiency vs. the time between flashes (td) em- 
ployed in the experiments of Fig. 5A. This analy- 
sis shows that the quantum efficiency for photo- 
activation of NH2OH-TMF-2 is maximal at t d of 
approx. 0.25-0.5 s but declines with either de- 
crease or increase of t d from this optimal flash 
spacing. The ascending portion of the curve of 
Fig. 5B yields an estimate of a rate-limitig reaction 
( t l /2  = 125 ms) of photoactivation in NH2OH- 
TMF-2. The descending portion of the curve re- 
flects the decay ( t l / z  = 1-1.5 s) of an unstable 
intermediate in the overall process of photoactiva- 
tion of the apo-S-state complex of NH2OH-TMF- 
2. Both of these half-times are remarkably similar 
to the half-times for these proceses determined 
with cells [27,33,42,43] and chloroplasts [44] lack- 
ing functional S-state complexes. Thus, the same 
kinetic processes deduced previously from in vivo 
studies of photoactivation of the apo-S-state com- 
plex also operate in the photoactivation of 
NH2OH-TMF-2. 

Anion  effects on photoactivation 
Fig. 6 and Table III show results of experi- 

ments in which we asked if C1- was specifically 
required for photoactivation of C1--depleted 
NH2OH-TMF-2. These experiments were predi- 
cated on arguments that C1- serves as a ligand to 
the Mn ions in the S-state complex [8,9,45] and 
that C1- inhibits the solubilization of Mn from 
the complex caused by chemical reductants [37]. 
The results shown were obtained with membranes 
depleted of C1- as described in Methods; How- 
ever, equivalent results also were observed when 
sulfate salts of NH2OH and Na + in buffer A were 
employed for extraction of TMF-2 prior to their 
washing in C1--free buffer A. 

In the experiments of Fig. 6A, C1--depleted 
NHzOH-TMF-2 was photoactivated in the pres- 
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Fig. 6. C1- concentration dependence for photoactivation of 
Cl--depleted NHEOH-TMF-2 (A) and for Vo2 of NH2OH- 
TMF-2 photoactivated in the absence of C1- (B). C1 -depleted 
NH2OH-TMF-2 (in the standard photoactivation buffer, ex- 
cept for use of acetate salts of MnZ+/Ca 2+) was photo- 
activated in the presence of the NaCl concentrations shown 
before assay of Vo2 in the standard assay buffer. The symbol x 
denotes Vo2 of dark incubated samples. In (B), 1/o2 of C1--de- 
pleted NH2OH-TMF-2 (photoactivated in the absence of Cl ) 
was determined in the presence of the NaC1 concentrations 
shown. 

ence of acetate salts of Mn2+/Ca 2+ and the NaCI 
concentrations given on the abscissa. In the ab- 
sence of C1- addition, photoactivation yielded an 
approx. 7-fold increase of Vo2 capacity, and an 
additional 2-fold increase was observed with ad- 
dition of C1-. Fig. 6B shows the C1- concentra- 
tion dependence for expression of Vo2 by 
NHzOH-TMF-2 photoactivated in the absence of 
C1- (Fig. 6A). These data show an approx. 3.5-fold 
maximal increase in Vo2 by C1- added to the 
assays of photoactivated C1--depleted NHzOH- 
TMF-2; thus, the membranes used in the experi- 
ments of Fig. 6A were significantly depleted of 
C1-. The C1- concentration dependence (Km = 3.8 
mM) for the increase of photoactivation (Fig. 6A) 
was appreciably greater than the C1- requirement 
(Km - 1.5 mM) for Vo2 of photoactivated a - -de -  
pleted NHzOH-TMF-2 (Fig. 6B). These results 
suggest that C1- is not absolutely essential for 
photoactivation and photoligation of Mn2+; more- 
over, they suggest any C1- effect on photoactiva- 
tion is different than the C1- dependence for the 
advancement of the S-states in O 2 evolution [8,9]. 

The data of Table III support the latter conclu- 
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TABLE III 

COMPARISON OF THE EFFECTS OF CI , NO3 AND 
SO 4 ON PHOTOACTIVATION VERSUS EFFECTS ON 
EXPRESSION OF 0 2 E V O L U T I O N  OF PHOTO-  
ACTIVATED NH2OH-TMF-2 

Added Rate of O 2 evolution 
anion (~mol 02 per mg Chl per h) 

Photoactivation a Expression of 
02 evolution b 

1. None 71 (0) c 22 (0) 
2. CI 141 (100) 71 (226) 
3. NO 3 87 (23) 44 (100) 
4. SO42- 92 (30) 15 ( - 3 2 )  

a NH2OH.TMF.  2 (9.6 ~mol 0 2 per mg Chl per h) was 
photoactivated for 40 min in the presence of 1 mM Mn 
acetate and 50 mM Ca acetate and where indicated 50 mM 
anion as the Na salt. Subsequently, Vo2 was determined 
(Materials and Methods) in the presence of 15 mM NaC1. 

h NHzOH.TMF.  2 photoactivated in 1 mM Mn acetate and 50 
mM Ca acetate were assayed in the absence or presence of 
Na salts (15 mM anion). 

" Values in parentheses represent the percent increase or de- 
crease from addition of anion relative to no anion addition. 

sion. Either 50 mM NO~- or SO42- yielded only 
20-30% enhancement of the photoactivation ob- 
tained in the absence of C1-. In contrast, Vo~ of 
photoactivated C1--depleted NH2OH-TMF-2 was 
enhanced (approx. 100%) by NO 3 , but inhibited 
(approx. 32%) by SO 2-.  These differential effects 
of anions on photoactivation and Vo~ of NH2OH- 
TMF-2 are qualitatively similar to those reported 
by Yamashita and Ashizawa [46] for photoactiva- 
tion of Tris-extracted chloroplasts. They are also 
qualitatively similar to those for expression of Vo2 
in C1--depleted chloroplasts [9,46,47]. 

Light- vs. dark-aging effects on photoactivation vs. 
Photosystem H donor activity 

The extent of photoactivation (~< 70 /~mol O 2 
per mg Chl per h) reported [24,34] for Mn-de- 
pleted broken chloroplasts is appreciably less than 
Vo2 values (at least 300 t~mol O z per mg Chl per 
h) generally reported in the literature for well 
prepared broken chloroplasts. This difference sug- 
gests a significant constraint(s) to the photoactiva- 
tion process in broken chloroplasts. We asked if 
possible perturbation of the secondary donor(s) to 
P-680 + might causally relate to the less than maxi- 
mum photoactivation. 

In the experiments of Fig. 7A, NH2OH-TMF-2 
was preincubated in buffer A at 23°C (Methods) 
in either weak light (open symbols) or darkness 
(closed symbols). Following this preincubation, 
the membranes were photoactivated 40 min in the 
presence of 100/~M DCIP. As shown, dark prein- 
cubation caused minimal loss of photoactivation 
(approx. 35% after 2 h incubation) compared to 
weak light preincubation. 

Fig. 7B shows results of similar type preincuba- 
tion experiments in which the effects of prein- 
cubation of NH2OH-TMF-2 in weak light (open 
symbols) or dark (closed symbols) on the capacity 
of PS II to photooxidize Mn 2+ (squares) or DPC 
(circles) were measured. The results show that 
dark preincubation affected neither DPC nor 
Mn 2÷ photooxidation. In contrast, light prein- 
cubation diminished Mn 2 + photooxidation (27 and 
40% after 1 and 2 h, respectively), but not DPC 
(nor NH2OH nor TPB, data not shown). Such 

o 100,- ~ o 

Ageing time (h )  Ageing time (h) 

Fig. 7. Effect of ageing of NH2OH-TMF-2 in weak light and 
dark on subsequent photoactivation (A) and DCIP photo- 
reduction (B). (A) NH2OH-TMF-2 was preincubated (see 
Materials and Methods) at 23°C in buffer A only in either 
weak light (24 /~E-m-2 - s - l ;  open symbols) or in darkness 
(closed symbols) for times indicated before addition of MnC1 
and CaC12 to give 1 and 50 mM, respectively, and subsequent 
photoactivation for 40 min. The circles and triangles are data 
from two different experiments. The symbols [] and [] repre- 
sent samples aged in light in the presence of 1 mM MnCI 2 and 
50 mM CaC12, respectively. (B) NH2OH-TMF-2 was aged as 
above in light or dark (open and closed symbols, respectively) 
in buffer A only before assay of DCIP photoreduction by DPC 
and Mn 2+ (upper and lower sets of curves, respectively). The 
half-closed symbols represent samples aged in light in buffer A 
containing 1 mM MnC12- 
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loss, as well as the loss of photoactivation during 
light preincubation (Fig. 7A), was essentially 
eliminated by inclusion of 1 mM MnC12 during 
the light preincubations. CaC12 (50 mM) added to 
light preincubation did not, however, diminish 
either loss of photoactivation or loss of Mn 2÷ 
photooxidation capacity. 

These differential effects of light vs. dark aging 
on photoacttvation and Mn 2 ÷ photooxidation were 
essentially independent of pH (pH 6.5-8.5). The 
results (Fig. 7B) suggest that in the absence of 
Mn 2÷ weak light can modify/inactivate a site of 
Mn 2÷ photooxidation that is physically or chem- 
ically different than the site of photooxidation of 
other PS II donors [33,34]. Furthermore, a com- 
parison of the data of Fig. 7A vs. 7B suggests a 
correlative relationship between the loss of Mn 2+ 
photooxidation capacity and photoactivation 
capacity. 

Effects of aging and photoactivation on redox 
properties of cytochrome b-559 

Studies of the development of PS II and ap- 
pearance of Vo~ have led some workers to pos- 
tulate that appearance of Vo2 and HP-Cyt b-559 
are correlated events (Ref. 48; see, however, Ref. 
49). This correlation is particularly evident when 
the temperature sensitive LF-2 mutant of Scene- 
desmus is grown at a temperature precluding vs. 
permitting functional Mn binding and appearance 
of Vo2 [14]. A hypothesis [50] implicating Mn 2÷ 
photooxidation by LP/HP-forms (Em > 200 mV) 
of Cyt b-559 in the photoactivation process might 
have relevance to these correlative events. Accord- 

ingly, we measured the effects of dark/light prein- 
cubations (Fig. 7) and photoactivation on the re- 
dox forms of Cyt b-559 of NHEOH-TMF-2. 

The total Cyt b-559 abundance (1.2/200 Chl) 
in wheat PS II membranes (Table IV) is inter- 
mediate to values (1-2/200 Chl) reported for 
spinach PS II [51-54]. The effects of light/dark 
preincubations and photoactivation of NH2OH- 
TMF-2 on the redox forms of Cyt b-559 reveal the 
following: (1) the combined abundance of HP- /  
LP-forms remain high (78.2%) even after 2 h dark 
preincubation; (2) light preincubation of NH2OH- 
TMF-2 (in the presence or absence of Mn 2÷) or 
the photoactivation of dark-preincubated mem- 
branes causes an approx. 2-fold increase in the 
VLP-form at the expense of the HP ~ LP-forms; 
and (3) light preincubation in the absence of Mn 2÷ 
followed by a photoactivation regime caused an 
additional increase in the VLP- as well as an 
additional increase of the LP-form relative to sam- 
ples photoactivated following either preincubation 
in dark or in light plus Mn 2 +. 

Cramer et al. [17] have proposed that photo- 
activation involves the oxidation of protein bound 
Mn 2÷ (Em = 180 mV) by LP- and HP-Cyt b-559. 
We disfavor this hypothesis based on the data 
showing approx. 65% inhibition of photoactiva- 
tion, but only 22% loss of the HP-/LP-forms of 
Cyt b-559 during a regime of 2 h light preincuba- 
tion and 40 min photoactivation. If we postulate 
that the HP- but not the LP-form might par- 
ticipate in photoactivation, then, in a similar com- 
parison as above, the 65% inhibition of photo- 
activation approximates the observed 56% loss of 

TABLE IV 

E F F E C T  OF A G E I N G  OF NH2OH-TMF-2  IN L I G H T  VERSUS D A R K  A N D  PHOTOACTIVATION ON THE REDOX 
PROPERTIES OF C Y T O C H R O M E  b-559 

Incubation conditions a Rate of 02 evolution 

Preincubation Photo- (/~mol 0 2 per 
activation mg Chl per h) 

Mol Cyt b-559 per 200 Chls 

total HP form LP form VLP form 

1. Dark, 2 h none 31.9 1.20 0.77 0.17 0.26 
2. Light, 2 h none 25.2 1.22 0.54 0.12 0.56 
3. Light plus Mn 2+, 2h none 33.0 1.23 0.61 0.09 0.53 

4. Dark, 2 h 40 min 261.0 1.23 0.65 0.07 0.51 
5. Light, 2 h 40 min 91.1 1.29 0.30 0.29 0.70 
6. Light plus Mn 2+, 2 h 40 min 286.0 1.27 0.53 0.19 0.55 

a The preincubation and photoactivation conditions were equivalent to those employed in experiments of  Fig. 7. 
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HP-Cyt b-559. It is clear that Mn 2+ addition to 
light-preincubated samples diminishes the extent 
of loss of HP-Cyt b-559 and conserves photo- 
activation; however, it is not clear that the con- 
servation of HP-Cyt b-559 and the photoactiva- 
tion are directly interrelated. Thus, we suggest 
that HP-Cyt b-559 is not a specific indicator of a 
functional water-oxidizing complex, but rather 
may be only an indicator of the general state of 
the microenvironment of the PS I I /wa te r -  
oxidizing complex. 

Discussion 

Two hypotheses have been advanced to explain 
why PS II quantum events are required for liga- 
tion of Mn 2÷ by the apo-S-state complex and its 
conversion into a water oxidizing complex: (1) 
Mn 2 + must be photooxidized to Mn 3 ÷ (or Mn 4 +) 
before manganese can be ligated and stabilized as 
a water-oxidizing tetra-Mn complex [28]; and (2) 
PS II quantum events are required only for Mn 2÷ 
transport across thylakoids to the apo-S-state 
complex, located on or within the inner face of the 
thylakoid, where subsequently Mn 2 ÷ is ligated via 
dark processes to form the water-oxidizing tetra- 
Mn complex [34,35]. 

Our studies of the mechanism of photoactiva- 
tion done with PS II membranes essentially de- 
pleted of the tetra-Mn complex and the 17 and 23 
kDa (NH2OH-TMF-2) or the 17, 23 and 33 kDa 
proteins (Tris- or DCIPH2/CaCI2-TMF-2 ) lead 
us to reject the second hypothesis based on a 
number of arguments. First, these PS II mem- 
branes, having an everted orientation such that the 
apo-S-state complex is in equilibrium with Mn2÷/ 
Ca 2÷ of a bulk solution, still require light for 
religation of  Mn 2 ÷ and activation of O 2 evolution. 
Second, these membranes contain maximally only 
approx. 2-3 PS II e-  acceptor equivalents, are 
totally depleted of the CF0/CF 1 complex [36,37], 
and are highly permeable to H + (unpublished 
results). Thus, these PS II membranes probably 
lack capacity to transport cations by active trans- 
port mechanisms. 

The results here and in Ref. 16 indicate minimal 
requirements for photoligation of Mn as a species 
having latent capacity for catalytic oxidation of 
water. They are: (1) a PS II reaction center core 

complex with a native, non-denatured, intrinsic 
apo-S-state complex; (2) ligation of Mn 2+ at 
specific sites within the apo-S-state complex which 
is not absolutely dependent on added Ca 2+ (Table 
I); and (3) light absorption by open PS II traps. 
Expression of the latent water-oxidizing activity of 
the Mn-S-state complex minimally requires the 33 
kDa protein a n d / o r  Ca 2+ as shown clearly with 
photoactivated Tris-TMF-2 lacking the 17, 23 and 
33 kDa proteins (Table IB). 

The scheme of Fig. 8 attempts to incorporate 
the biochemical and kinetic data obtained here 
into a model for photoligation of Mn and photo- 
activation of 02 evolution. (For purposes of clar- 
ity, we omit showing known PS II charge recom- 
bination reactions [8,11] which undoubtedly con- 
tribute to the overall low quantum efficiency of 
photoactivation.) The central kinetic features of 
the model are: (1) the first quantum absorbed 
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text. 
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rapidly converts D * to the unstable intermediate 
L 1, which is processed to L 2 in darkness by a 
reaction with rate constant kA; (2) L 2 is unstable 
and can decay back to D (kD) unless processed by 
a second absorbed quantum to L3; (3) formation 
of L 3 results in ligation of Mn as a binuclear 
complex containing Mn 3÷ which subsequently 
permits dark ligation of two Mn 2÷ to form the 
tetra-Mn water oxidizing complex. The latter in- 
terpretation may be relevant to those by Satoh 
and Katoh [56] who showed significant increase of 
O2-evolution activity from Mn 2÷ and Ca 2÷ ad- 
ditions to Synechococcus PS II membranes con- 
taining only 2 M n / P S  II reaction center. 

The kinetic model leads to Eqn. 1, which ex- 
presses the population of L 2 at t d after the nth 
flash: 

kA th [D] n - l(e -k^td - e  -kota ) (1) 
[L2]n, ld kD-- k A 

where [ D i n _  1 is the population of D after the 
(n - 1)th flash and ~ is the quantum efficiency of 
the conversion of D to L 2. The photoactivation 
observed here occurs with very low quantum ef- 
ficiency (~ < 0.01); however, we cannot determine 
experimentally whether the inefficiency is a conse- 
quence of poor conversion efficiency of D to L a or 
of L 1 to L 2. We therefore rewrite Eqn. 1 into the 
form of Eqn. 2: 

kA 
[L2] , , t d '~ [L2] l ,  td kD--kAth[D]°(e k^td__e--kDtd) (2) 

where [D]0 and [L2]l, t d are the population of D 
and L 2 before and at t d after the first flash, 
respectively. We calculated yields of L 2 assuming 
different values of k A and k D then plotted the 
relative values of L 2 vs. t d between flashes. The 
dashed line of Fig. 5B shows results obtained 
when values used for k A and k o were based on 
half-times of 125 ms and 1.0 s, respectively. A 
good fit between the predicted and the experimen- 
tally observed yields of photoactivation was ob- 

* D is comprised of the shown PS II trap components in- 
cluding Cyt b-559 (not shown), 1-2 Ca2+/reaction center 
bound with high affinity (at least 65 #M, unpublished 
results by K. Cammarata and G. Cheniae) and minimally 
the intrinsic 34 kDa protein without the tetra-Mn complex. 

tained. This analysis suggests: (1) the conversion 
of D to L 2 is the limiting step in photoactivation 
and (2) the photoconversion of L 2 to L 3 occurs 
rapidly (much less than 125 ms) and with a much 
higher quantum yield (~ ~ 1.0) than the photocon- 
version of D to L 2. 

The kinetic model describing photoactivation 
of NH2OH-TMF-2 is equivalent to the model 
deduced for photoactivation of Anacystis" [28]; 
moreover, the observed/predicted values of k A 
and k D here are very similar to those observed 
with Anacystis [28,42]. However, despite attempts 
to maximize the quantum efficiency of photo- 
activation process for NH2OH-TMF-2,  the quan- 
tum efficiency proved less than reported for 
Anacystis [27,42], but comparable to that for inter- 
mittent light-grown wheat leaves [32] and Tris- 
extracted chloroplasts [44]. 

If we accept the two-quantum series model for 
photoactivation (Refs. 4 and 28; Fig. 8) and the 
assignment of the approx. 125 ms rate constraint 
to the conversion of L 1 to the unstable L 2 inter- 
mediate, it is not surprising that photoactivation is 
a slow process even in the presence of added PS II 
e -  acceptors to maintain QA/QB in the oxidized 
forms. 

We postulate that the minimal (approx. 2-3- 
fold) enhancement of photoactivation by PS II e -  
acceptors reflects: (1) an increase of the quantum 
efficiency, a consequence of diminished recom- 
bination reactions between reduced QA/QB and 
P - 6 8 0 + / Z + / L x / L 2 ;  and (2) a decrease of the 
yield, a consequence of QA oxidation by the ad- 
ded PS II e -  acceptor(s). The latter postulate is 
based on the assumption that the species QA-Y ÷- 
Mn 3 ÷ (L t of Fig. 8) must exist for a finite lifetime 
(tl/2 --125 ms) in the photoactivation process. 
This postulate finds some support from the data 
showing partial (sometimes complete) inhibition 
of photoactivation by atrazine in the presence of 
added e -  acceptors (Table III) capable of accept- 
ing from QA [21], but no inhibition by atrazine in 
the absence of their addition (Table II, Fig. 4A). 
Apparently, in the latter case, endogenous PS II 
e -  acceptors such as A H which is functional in 
our PS II membranes [29] and the redox forms of 
Cyt b-559 (Table IV) are sufficient to support 
some of the multi-quantum photoactivation pro- 
cess. Clearly, however, we cannot exclude occur- 
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rence in atrazine poisoned membranes of a low 
quantum yield processing of D --, L 1 ~ L 2 ~ L 3 
---, active state, the diminished quantum yield re- 
f lect ing increased loss reactions arising from 
increased charge recombination reactions between 
Qi, and the oxidized species of the PS II trap 
a n d / o r  L 1, L 2 and L 3. 

We considered a hypothesis [50] invoking a 
requirement of forms of Cyt b-559 (Em > 200 mV) 
in photoactivation. This hypothesis predicts that 
the cytochrome would undergo continuous oxida- 
tion-reduction cycles during photoactivation, and 
the rate a n d / o r  extent of oxidation by PS II 
should decrease as active S-state complexes are 
formed. In chloroplasts, Cyt b-559 reduction by 
the reducing end of PS II is slow ( / 1 /2  ~ 1 0 0  m s )  

[55], similar to the rate limitation (k A ~ 125 ms) in 
photoactivation. If, however, Cyt b-559 reduction 
in PS II membranes is similarly slow and oxida- 
tion-reduction cycles of Cyt b-559 are essential for 
photoactivation, then added PS II e -  acceptors 
should have inhibited rather than enhanced the 
yields of photoactivation (Table II, Fig. 2). The 
data of Table IV and those in Ref. 49 suggest that 
HP-Cyt b-559 is a poor indicator of functional 
S-state complexes (see, however, Refs. 14 and 48). 

The salient chemical/biochemical points of the 
photoactivation model shown in Fig. 8 are: (1) a 
sequential photooxidation by Y+ * of minimally 
two Mn 2+ must occur before their ligation with 
high affinity by Y; (2) ligation of the first Mn 3+ 
(L1) facilitates the weak binding of the second 
Mn 2+ and this occurs via the slow rate-limiting 
step, k A, to yield L2; (3) photooxidation of the 
second Mn 2+ yields L 3 which then ligates two 
additional Mn 2÷ by dark reactions to form a 
mixed Mn valency state [1-3,11,12], catalytically 
active tetra-Mn water-oxidizing complex; and (4) 
Mn2+/Ca  2+ interactions occur at binding sites 
for these cations in the PS II complex. 

These ideas are predicated on the following 
observations. First, Mn 2÷ photooxidation, like 
photoactivation per se but  unlike DPC and TPB 
photooxidation,  is diminished by aging of 
NH2OH-TMF-2 in light and in the absence of 
Mn 2+ (Fig. 7); thus, we believe the Mn 2+ photo- 

* Y+ is ~tefined as the oxidized species of a PS II donor that 
is chemically/physically different than Z +. 

oxidation leading to photoactivation must occur 
by Y+. Second, steady-state DCIP photoreduction 
by Mn 2+ with NH2OH-TMF-2 shows a slow rate 
c o n s t a n t  ( / 1 / 2  ~ 1 0 0  m s )  similar to k A of the pho- 
toactivation process. Third, reducing agents such 
as ascorbate and HQ [33] which serve as PS II 
donors a n d / o r  chemically reduce Mn 3÷ inhibit 
photoactivation at less than 1 mM concentrations; 
moreover, with increasing dark time between 
flashes, the concentration dependence for inhibi- 
tion decreases [57]. Because equivalent or higher 
concentrations of ascorbate or HQ do not in- 
activate Vo2 or solubilize the tetra-Mn complex of 
photoactivated NH2OH-TMF-2,  we conclude the 
inhibition is a consequence of either competition 
with Mn 2+ for Z ÷ / Y  ÷ or the reduction of L1/  

L2/L3.  
Based on results of Fig. 1A, showing that Mn 2 + 

concentrations optimum for photoactivation are 
affected by Ca 2+ concentrations, and those of 
Table IA, indicating that a fraction of the total 
Mn 2+ bound during photoactivation can be ex- 
changed/displaced by equilibration with Ca 2+, 
we indicate (Fig. 8) competition between these 
cations for binding sites within the PS I I / apo-S-  
state complex. This competition between Mn2+/ 
Ca 2+ may be different than in the model pro- 
posed for the photoactivation of A23187-treated 
intact chloroplasts from intermittent flash grown 
leaves [25]. In this model, the latent water-oxida- 
tion system has two binding sites, each specific for 
Mn 2+ and Ca 2+, and photoactivation occurs only 
in centers having both Mn 2+ and Ca 2+ on their 
respective binding sites. 

For us to accept the model of Ono and Inoue 
[25], we must assume that the essential Ca2+-bind - 
ing site(s) is at least partially occupied in our 
NH2OH-TMF-2.  This is based on observations 
showing the photoligation of Mn 2+ into a signifi- 
cant fraction of the apo-S-state complexes without 
C a  2+ additions (Table IA). We speculate that at 
least one CaZ+-binding site essential for photo- 
activation in chloroplasts from intermittent flash- 
grown leaves reflects the Ca 2 + requirement for the 
coupling of PS II traps to the S-state complex 
[21,23] and Y in Fig. 8. This hypothesis is sup- 
ported by observations (Cheniae, G., unpublished 
results) showing that Mn z+ is a competitive in- 
hibitor of Ca 2 + at this site. 
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