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Treatment of intact thylakoid membranes with Triton X-100 at pH 6 produces a preparation of the PS I1 
complex capable of high rates of 02 evolution. The preparation contains four manganese, one cytochrome 
b-559, one Signal l lf  and one Signal II s per 250 chlorophylls. By selective manipulation of the preparation 
polypeptides of approximate molecular weights of 33, 23 and 17 kDa can be removed from the complex. 
Release of 23 and 17 kDa polypeptides does not release functional manganese. Under these conditions Z ~- is 
not readily and directly accessible to an added donor (benzidine) and it appears as if at least some of the 
S-state transitions occur. Evidence is presented which indicates that benzidine does have increased access to 
the oxygen-evolving complex in these polypeptide depleted preparations. Conditions which release the 33 
kDa species along with Mn and the 23 and 17 kDa polypeptides generate an alteration in the structure of the 
oxidizing side of PS II, which becomes freely accessible to benzidine. These findings are examined in 
relationship to alterations of normal S-state behavior (induced by polypeptide release) and a model is 
proposed for the organization of functional manganese and polypeptides involved in the oxygen-evolving 
reaction. 

Introduction 

The linear four-step oxidation of water by PS II 
requires the coordination of redox reactions driven 
by light, through an intermediate Z, with a set of 
redox reactions involving the so-called S-states 
where manganese is a cofactor. Efforts to char- 
acterize components of the oxygen-evolving reac- 
tion have led to the suggestion that the Z / Z *  

Abbreviations: PS, Photosystem; Chl, chlorophyll; BZ, ben- 
zidine; Z, primary donor to P-680+; HQ, hydroquinone; Mes, 
4-morpholineethanesulfonic acid; Hepes, 4-(2- hydroxyethyl)- 
1-piperazineethanesulfonic acid; ADRY, acceleration of the 
deactivation reactions of water-splitting enzyme system Y. 

redox couple may be identical with the plasto- 
hydroquinone/plastosemiquinone cation radical 
couple [1,2] and that the kinetic behavior of Z* 
may be modified by treatments such as exposure 
to Tris or addition of ammonia, which inhibit 
oxygen evolution [3,4]. The microwave power 
saturation properties of Z "~ are affected by the 
nature of amine inhibition (bulkier amines, such as 
methylamine, decrease the microwave power re- 
quired to saturate Z*); for amines which release 
manganese (Tris, NH2OH), we have shown that 
these reagents produce different patterns of 
manganese extraction [5]. A model for the organi- 
zation of functional manganese in the oxygen- 
evolving complex and its relationship to Z has 
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been proposed [5]. Recently, the well-established 
chloride requirement for O 2 evolution [6] has been 
characterized and interpreted in the context of this 
model [7]. 

Concurrent with the biophysical studies cited 
above, biochemical techniques have been devel- 
oped for the isolation of O2-evolving PS II pre- 
parations [8-10]. The reduced polypeptide content 
of such preparations has made it possible to show 
that Tris treatment not only inactivates 02 evolu- 
tion but also releases certain polypeptides with 
molecular weights of 33 000, 23 000 and 17 000 [9]. 
This result has been confirmed and extended by 
others [11,12], and it is now apparent that PS II 
preparations can be utilized for resolution and 
reconstitution experiments following procedures 
developed by Akerlund et al. [13] with the so-called 
'inside-out'  thylakoid vesicles. 

In this communication we report the properties 
of the PS II complex isolated by a modification of 
the procedure of Berthold et al. [8]. Polypeptides 
are released from this preparation by a variety of 
treatments and the effects of those treatments on 
the extent of manganese release and on the behav- 
ior of Z t are reported. These results are used to 
refine previous models [5] developed to describe 
the organization of PS II. Preliminary accounts of 
this research have appeared [14-16]. 

Materials and Methods 

Thylakoid membranes were isolated according 
to the procedure given in Ref. 17. Isolation of the 
PS II complex was carried out as outlined in Refs. 
11 and 18 and is described in detail below. The 
final pellet was resuspended in 50 mM Mes (pH 6) 
containing 5 mM MgC12/15 mM NaC1/1 mM 
ascorbate; Triton X-100 (25% stock solution in 50 
mM Mes (pH 6), 5 mM MgC12, 15 mM NaC1 to 
which 100-200 /~g/100 ml of catalase had been 
added) was added dropwise with stirring until the 
suspension contained 25 mg Triton per mg Chl. 
We routinely adjust the conditions, so that the 
final Chl concentration is 2 mg/ml .  After 30 rain 
of stirring in the dark at 4°C,  the suspension was 
centrifuged (40 000 × g, 30 min) and the pellet was 
resuspended in the Mes/NaC1/MgC12 solution. 
The Chl concentration was determined and Triton 
X-100 was added to a final concentration of 5 
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m g / m g  Chl. After a 5 min dark incubation period 
at 4°C,  the suspension was again centrifuged 
(40 000 × g, 30 min). The pellets were resuspended 
in 400 mM sucrose containing 50 mM Mes /5  mM 
MGC12/15 mM NaCI; following centrifugation, 
the pellets were resuspended to a final concentra- 
tion of 3 mg /ml  and stored at - 8 0  oC. Inactiva- 
tion of thylakoid preparations by NH2OH was 
carried out as follows: chloroplasts were incubated 
for 20 min, in the dark, in the presence of 5 mM 
NH2OH at pH 7.5. Following centrifugation the 
pellets were washed twice with a pH 7.5 solution 
containing 0.4 M sucrose/50 mM Hepes /15  mM 
NaC1 and finally were resuspended in a small 
volume of this solution. Tris inactivation was car- 
ried out as described in Ref. 5. Salt treatment to 
release polypeptides from the PS II complex was 
carried out by diluting a suspension of the pre- 
paration (3 mg Chl /ml  in 400 mM sucrose/50 
mM Mes (pH 6.0)/5 mM MgCI2/15 mM NaC1) 
with an equal volume of 4 M NaC1 (in 50 mM 
Mes, pH 6.0). After mixing the suspension was 
allowed to stand on ice in the dark for 1 h. 
Centrifugation (40000 x g, 30 min) pelleted the 
membranes, which were washed once with the 
original suspending medium and stored at a final 
concentration of 3 mg Chl /ml  in 400 mM 
sucrose/50 mM Hepes /15  mM NaC1 at pH 7.5 or 
400 mM sucrose/50 mM Mes/15  mM NaC1 at 
pH 6.0. 

EPR spectroscopy was carried out on a Bruker 
ER-200D spectrometer operated at X-band and 
interfaced to a Nicolet 1180 computer. Instrument 
modifications as well as the xenon flash lamp 
circuitry and the protocol for signal averaged, 
flashing-light kinetic experiments are described in 
Ref. 5. 

Results 

Assay of 0 2 evolution activity 
The PS II complex requires a lipophilic media- 

tor to sustain high rates of oxygen evolution, and 
as we reported elsewhere [8], the optimum pH for 
activity is between 5.5 and 6. We have further 
examined optimal conditions for assay of the com- 
plex and have observed that sucrose stimulates 
activity, whereas MgC12 is slightly inhibitory (Ta- 
ble I). The assays in Table I were carried out at 
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TABLE I 

EFFECT OF ASSAY COMPONENTS ON 02 EVOLUTION 
BY THE PS II COMPLEX 

The basic reaction mixture contained 50 mM Mes (pH 6)/2.5 
mM Fe(CN)63-/250 /~M dichlorobenzoquinone. Other addi- 
tions are as shown in the table. 

Addition Activity 
(/~mol O2/h per mg Chl) 

- 325 
0.2 M sucrose 500 
0.4 M sucrose 620 
0.6 M sucrose 580 
0.4 M sucrose + 2.5 mM MgCI 2 560 
0.4 M sucrose + 5.0 mM MgCI 2 525 

high light intensity (8 .10  3 J .  m -2 .  s - l ) ,  since this 
is critical for optimal activity. We are limited to 
this intensity, so we cannot be certain that we have 
achieved light saturation. The data of Table I 
indicate that sucrose enhances activity, by a mech- 
anism that might involve partitioning of residual 
Triton from the membranes into the sucrose, and 
that MgC12 is inhibitory to activity. Others [19] 
have reported similar high rates of O z evolution 
using a modification of the isolation procedure we 
describe here. 

Redox components of the isolated PS  11 complex 
Fig. 1 presents the results of experiments to 

characterize the cytochrome b-559 content of the 
PS II complex. No light-induced changes from the 
cytochrome are seen (data not shown) but the 
oxidation/reduction experiments of Fig. 1 show 
that about 50% of the b-559 is in the high potential 
form (hydroquinone reducible), while another 50% 
is reduced by ascorbate. As the figure shows, after 
ascorbate addition, dithionite addition produces 
no further reduction. We have also repeated the 
quantitation of Mn 2÷ in these preparations by 
using the EPR technique described previously [5] 
(data not shown). A summary of these data along 
with other results is presented in Table II. We 
would conclude from these data that the PS II 
complex contains one O2-evolving unit per 240-250 
Chl. Because there are approx. 400 Chls per PS II 
unit in our starting spinach chloroplasts [5], the PS 
II preparations represent an enrichment of approx. 
2-fold. In contrast to the report of Lam et al. [21] 
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Fig. 1. Chemically induced oxidation and rereduction of cyto- 
chrome b-559 in the isolated PS II complex. The procedure 
described by Horton and Croze [20] for addition of oxidants 
and reductants was used. The sample compartment of the 
Aminco DW-2 was thermostatted at 20 o C; the sample (90/~g 
Chl/ml) was suspended in a medium containing 400 mM 
sucrose/50 mM MES (pH 6)/15 mM NaC1/5 mM MgCI 2. 

we find only one b-559 per reaction center in our 
preparation, in agreement with Ford and Evans 
[19]. Likewise, Yamamoto and Nishimura [22] re- 
port only two manganese per reaction center in 
another PS II preparation; this may be a reflection 
of the low rates of 0 2 evolution (and hence dena- 
tured material) in this preparation. 

Effect of various treatments on Z behavior and 
polypeptide and manganese content 

Exposure of isolated thylakoid membranes to 
N H z O H  is known to inactivate the oxygen-evolv- 
ing reaction system by a mechanism different from 
that of Tris-inactivation [23]. Sharp and Yocum 
[24], using N M R  relaxation techniques, showed 
that higher S-states are immune to attack by 
NH2OH and that NH2OH-induced Mn extraction 
occurs only from the lower S-states. Tris, on the 
other hand, is known to exert its inhibitory effects 
when the oxygen-evolving complex is in higher 
S-states, S 2 and S 3 [25,26]. A study of the inhibi- 
tory action of the various amines revealed that 
NH2OH inactivation of the oxygen-evolving sys- 
tem is unique [1], and we have characterized its 
behavior in more detail by examining the behavior 
of Z ~ and polypeptide content in NHzOH ex- 
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TABLE II 

REDOX COMPONENTS OF THE PS II COMPLEX 

Component Concentration Reference 

Cytochrome b559 1 per 235 Chl This work 
Mn 2 + 4 per 250 Chl 11; this work 
Signal II s (dark stable signal) 1 per 260 Chl 35 
Signal Ilf (Z +) 1 per 260 Chl 35 

t r ac t ed  ch lo rop l a s t s  a n d  PS II  m e m b r a n e s .  

S ince  in a d d i t i o n  to its w e l l - k n o w n  i n h i b i t o r y  

a c t i o n  on  the  o x y g e n - e v o l v i n g  c o m p l e x ,  h y d r o x y l -  

a m i n e  a lso  d i s rup t s  phys io log i ca l  e l ec t ron  f low 

f r o m  Z to  P-680 [18], we  a v o i d e d  the  s e c o n d  

i n h i b i t o r y  e f fec t  by  a w a s h i n g  p r o c e d u r e  wh ich  

r e m o v e s  res idua l  N H 2 O H  o n c e  i ts  i n h i b i t i o n  has  

g o n e  to c o m p l e t i o n .  W h e n  these  p r e c a u t i o n s  are  

t aken ,  the  b e h a v i o r  o f  Z *  is iden t i ca l  to tha t  

o b s e r v e d  in  T r i s - i n h i b i t e d  ch lo rop las t s .  K i n e t i c  

t r ans i en t s  of  Z -~ in N H 2 O H  ex t r ac t ed  ch lo rop l a s t s  

a re  s h o w n  in Fig.  2 and  the  m a j o r  fea tu res  can  be  

s u m m a r i z e d  as fo l lows:  (a) Z ~- f o r m a t i o n  in the  

m i l l i s e c o n d  r ange  is s t o i c h i o m e t r i c  w i th  P-680, (b) 

the  decay  is m o n o p h a s i c  a n d  (c) the  d e c a y  of  Z + is 

a cce l e r a t ed  b y  a d d i t i o n  o f  e x o g e n o u s  d o n o r s  (Fig.  

2b a n d  c) in a s t r a igh t fo rward ,  s e c o n d - o r d e r  p r o -  

cess. As  s h o w n  in Fig.  2A  neu t r a l  r e d u c t a n t s  (e.g., 

b e n z i d i n e )  a re  m u c h  m o r e  e f fec t ive  d o n o r s  t han  

a re  nega t i ve ly  cha rge  d o n o r s  (e.g., a scorba te ) ,  a 

b e h a v i o r  w h i c h  pa ra l l e l s  tha t  o b s e r v e d  in Tr i s - in -  

h i b i t e d  ch lo rop l a s t s  [27]. In  Fig.  2B we p r e sen t  

d a t a  f r o m  wlf ich the  s econd  o r d e r  ra te  c o n s t a n t s  

fo r  the  d o n o r  ac t iv i t ies  o f  b e n z i d i n e  and  h y d r o -  

q u i n o n e  c a n  be  d e t e r m i n e d .  A p lo t  o f  kob s vs. the  

c o r r e s p o n d i n g  d o n o r  c o n c e n t r a t i o n  p e r m i t s  ex t rac-  

t ion  o f  the  s e c o n d - o r d e r  ra te  c o n s t a n t  wh ich  de-  

q 2 0 0  m s  I 
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Fig. 2. (A) Kinetic transients of Z* at room temperature in 
NH2OH-extracted chloroplasts at pH 7.5; (a) no further addi- 
tion, (b) 4 mM ascorbate and (c) 50 #M benzidine and 4 mM 
ascorbate. Time constant 1 ms, 150 scans averaged at a rate of 
0.25 Hz. (B) Graphical determination of the second order rate 
constants for benzidine ( . . . . . .  ) and hydroquinone ( ) 
donation to Z t in NH2OH-extracted chloroplasts. 

scr ibes  the  d e c a y  of  Z t in the  p r e sence  o f  this 

d o n o r .  T h e  ra te  c o n s t a n t s  obse rved ,  k ( B Z ) =  1.1 • 
10 6 M -1 • s -1 a n d  k ( H Q ) =  3 . 2 . 1 0 5  M -1 • s -1, 

a r e  essen t ia l ly  the  s a m e  as those  o b s e r v e d  in Tr is -  

TABLE III 

RELEASE OF POLYPEPTIDES AND MANGANESE FROM THE PS II COMPLEX BY NH2OH 

PS II membranes (6 mg Chl/30-35 mg protein) were treated for 20 min in the dark at 4° C with the indicated concentrations of 
NHEOH; the 2 M NaC1 extraction was carried out at 4°C for 1 h. Manganese was quantitated by EPR. 

Treatment 0 2 rate Polypeptides released Mn 2 +/250 Chl 

(#mol/h per mg Chl 33 kDa 23 kDa 17 kDa 

- 600 - - - 4 
2 M NaCI 128 - + + + + 3.9 

5 mM NH2OH (pH 7.5) 0 + + + + + 1.6 
10 mM NH2OH (pH 6.0 0 + + + + + 2.0 
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inhibited chloroplasts [27]. We also used benzidine 
as a donor in Tris as well as NH2OH treated PS II 
preparations, with ferricyanide and ferrocyanide 
as an acceptor system, and we found that be- 
nzidine reduces Z+ directly with a second order 
rate constant similar to that observed for chloro- 
plasts (data not shown). 

We have previously shown that several condi- 
tions (exposure to high pH, to 0.8 M Tris, or to 2 
M NaCI) will release polypeptides from the PS II 
complex [11]. High salt exposure releases only the 
23 and 17 kDa species, whereas high pH or Tris 
releases the 33 kDa species as well as the 23 and 
17 kDa polypeptides. We have extended these 
investigations to NH2OH; Table III summarizes 
the effects of this inhibitor on the PS II complex 
with respect to polypeptide release as well as with 
respect to the release of functional manganese. 
Data from an experiment with 2 M NaC1 are also 
shown. As these data demonstrate, exposure to 
NH2OH at two pH values causes a release of the 
33 kDa polypeptide from the PS II complex. Fig. 3 
presents the gel electrophoresis patterns of control, 
NH2OH (pH 6) and 2 M NaC1 treated mem- 
branes. Lane 3 shows the polypeptide banding 
pattern of a concentrated supernatant from the 
NH2OH extraction experiment. In the NH2OH- 
treated sample, the staining intensity of the 33 
kDa polypeptide is decreased, and this poly- 

3 I 2 3 4 

i 

Fig. 3. Gel electrophoresis patterns of (1) the untreated PS II 
complex; (2) after exposure to 10 m M  N H 2 O H  (pH 6); (3) 
concentrated NH2OH extract; and (4) membranes  exposed to 
2 M NaCI (pH 6). Electrophoresis was carried out as described 
by Chua [28]. PS II samples: 30 /~g Chl per lane; extract 
volume in lane 3 equivalent to material derived from 90-100 
~g  Chl. 
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Fig. 4. Effect of microwave power (P) on the amplitude of the 
EPR signal of Z + (Amp) in T r i s / E D T A  (*)-  and high- 
s a l t / E D T A  (O)-extracted PS II particles. The chlorophyll con- 
centration was 2.8 m g / m l ,  the instrument time constant  was 
100 ms and the modulation amplitude was 4 Gpp. 

peptide appears in the concentrated extract shown 
in lane 3. In lane 3 of the gel (Fig. 3) several higher 
molecular weight proteins are seen, which arise 
from aggregation of the 23 and 17 kDa proteins in 
the low ionic strength NHEOH extract. This aggre- 
gation is not observed in concentrated extracts of 
the 17 and 23 kDa proteins released from PS II 
membranes by 2 M NaC1 (data not shown). These 
data along with those of Fig. 2 confirm the similar- 
ities of Tris and NH2OH action on the oxygen- 
evolving complex, namely manganese release, en- 
hanced access of exogenous donors to Z -~, and, in 
purified PS II preparations, the release of 
polypeptides required for oxygen-evolution activ- 
ity. This latter observation would suggest that in 
intact thylakoid membranes Tris and NH2OH may 
not only cause release of manganese, but may also 
cause a partial rearrangement in the membrane of 
the polypeptides required for oxygen evolution. 

Mn quantitation by EPR has shown that high- 
salt treatment of the PS II complex does not 
release functional manganese [11]. Carrying out 
the high salt treatment in the presence of EDTA 
gave the same result (data not shown). Since in 
oxygen-evolving chloroplasts manganese ap- 
parently acts as a paramagnetic relaxing species in 
its interaction with Z t [29], we have studied the 
microwave power saturation and kinetic behavior 
of Z t in high-salt extracted PS II preparations. As 
shown in Fig. 4 the EPR signal of Z ~ in the PS II 



preparation after salt extraction retains high mi- 
crowave power saturation properties as opposed to 
the lower microwave power required to saturate 
the signal after Tris or NH2OH inhibition. This 
observation suggests that after high-salt extraction, 
manganese continues to act as a relaxing species in 
a manner similar to that observed in untreated or 
ammonia inhibited preparations [1,29], and im- 
plies that manganese has not been disturbed 
drastically by the high salt treatment. 

A kinetic study of Z + after extraction of the 17 
and 23 kDa polypeptides was carried out under 
single turnover flash conditions. The results ob- 
tained by signal-averaging individual samples are 
shown in Fig. 5. The trace in Fig. 5a was obtained 
as the average of 200 flashes with 3.5 s between 
each flash. The signal amplitude is only 50-60% of 
that observed in Tris-washed chloroplasts under 
the same instrumental conditions and indicates 
that only approx. 0.6 Z + spins per P-680 are 
detected with 1 ms time resolution in salt-ex- 
tracted preparations. Increasing the time resolu- 
tion to 100/,s  did not result in an increase in the 
number of Z + spins detected. The decay of Z + in 
Fig. 5a is strongly biphasic, with kinetic compo- 

b 

I 
t 

I I 
500ms 

Fig. 5. Kinetic transients for Z + at room temperature in a 
high-salt-treated PS II preparation at pH 7.5. An equimolar 
mixture of ferricyanide and ferrocyanide was used as an accep- 
tor system. (a) No further addition, (b) 1 mM EDTA. Each 
kinetic trace is the average of 200 flashes. Time constant, 1 ms; 
dark time between flashes td, 3.5 s. 
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Fig. 6. The effect of benzidine on Signal II r in a high- 
salt/EDTA-treated PS II preparation. No benzidine was added 
(a); 15/,M (b), 30/tM (c), 60 #M (d) and 120 ptM benzidine (e) 
was added. A time constant of 1 ms was used in all five 
experimental traces which are each the average of 200 flashes 
given at a repetition rate of 0.25 Hz. An equimolar mixture of 
ferricyanide and ferrocyanide was used as an acceptor system. 

nents of t~))2 = 25 ms and t ( 2 )  - -  800 ms with both q / 2  -- 
phases sensitive to the presence of EDTA. As 
shown in Fig. 5b addition of EDTA slows down 
the decay dramatically (Fig. 5b). 

When the exogenous donor benzidine is added 
(Fig. 6), the signal amplitude declines markedly. 
We have explored this effect of benzidine, which is 
radically different from the direct, second-order 
kinetics it exhibits in its reaction with Z + in Tris or 
N H 2 O H -  extracted chloroplasts, in more detail. 
The benzidine concentration titration is shown in 
Fig. 6 and demonstrates that the Z t signal ampli- 
tude declines progressively as benzidine concentra- 
tion increases (titration of the signal in the absence 
of EDTA gave similar results). Fig. 7 shows that 
benzidine was more effective in decreasing the 
amplitude and the decay time when longer times 
between flashes were used. These results suggest 
that benzidine is able to reduce a component in 
the dark time between flashes which is then able to 
rereduce Z* following its generation in a time fast 
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Fig. 7. Kinetic transients of Z t in high-salt/EDTA-treated PS 
II preparation. (a) No further addition, t a = 9 s, (b) 30 #M BZ, 
t d = 9 s, (c) no further addition, t d = 3.5 s and (d) 30 #M BZ, 
t-3.5 s. Each kinetic trace is the average of 200 flashes. Time 
constant, 1 ms. An equimolar mixture of ferricyanide and 
ferrocyanide was used as an acceptor system. 

compared to the detection time of our instrument, 
i.e.: 

slow 
BZred +Dox --' BZox +Dr~ (1) 

fast 
Dre d + Z  # ~ Dox +Z (2) 

where D is the proposed intermediate reductant. 
Since manganese continues to interact closely with 
Z t in salt extracted PS II preparations, as shown 
above by the power saturation properties of the 
EPR signal of Z*, it could very well serve as the 
donor, Dred, to Z*. 

To test the hypothesis outlined above further, 
we perturbed the manganese by using NH 3 (see 
Ref. 1). As shown in Fig. 8c and d, even high 
concentrations of benzidine have no effect on the 
decay time of Z+ in the presence of 200 mM NH 3. 
The fact that amines only bind to the higher 
S-states [25] provides a further insight into the 
nature of the D-species in Eqs. 1 and 2 above. If 
Dox corresponds to the manganese complex in the 
higher oxidation states, then the role of benzidine 
would be to reduce these states to the lower ones. 
Ammonia binding would then inhibit this process 
by stabilizing the higher oxidation states and thus 
prevent the action of the reductant. The corollary 
to this hypothesis is that the lower oxidation states 
of the complex reduce the Z* species in salt-ex- 

tracted preparations in a time faster than the 
available instrument time resolution, analogous to 
the situation in O2-evolving chloroplasts [30]. This 
suggestion is consistent with the fact that we ob- 
serve only approx. 0.6 Z* spins per P-680 under 
steady-state conditions (see above) in these salt-ex- 
tracted membranes. To explore this possibility we 
studied t~e behavior of Z -~ in dark-adapted sam- 
ples subjected to a series of four saturating flashes. 
The results of such an experiment show that no 
signal, other than a small increase in Signal II s, is 
observed on the first flash but that Z + does de- 
velop on subsequent flashes (data not shown). 
From these results the following model can be 
constructed for the behavior of Z* and manganese 
involved in the water-splitting complex following 
the release of the 17 and 23 kDa polypeptides: 

(Mn)~W+z + ~ (Mn)hie'h+z t , / 2  <100/~S (3) 

(Mn) hi~ + BZre d ~ (Mn)~ w + BZo~ slow (4) 

The role of benzidine in this model is to convert 
the higher oxidation states of the manganese com- 
plex to the lower ones which leads to elimination 
of the ability to detect Z -~ on the subsequent flash. 
The NH 3 effect (presented in Fig. 8) is explained 
in this model as preventing the above conversion. 
It is possible that NH 3 binding blocks electron 
transfer from benzidine to manganese either by 
changing the redox properties of the manganese 
complex so that benzidine becomes an ineffective 
donor or by altering the electron transfer proper- 
ties of the manganese complex itself. The overall 
effect of polypeptide extraction then is manifested 
on the higher oxidation states of the oxygen-evolv- 
ing complex with minimal perturbation occurring 
to the lower ones. The interpretation is consistent 
with our earlier suggestions [15] as well as those 
made by Wensink and Van Gorkom [31] and by 
Akerlund [32]. An important alternative to reac- 
tion 3 above has been pointed out by Bouges- 
Bocquet [33] who suggested that the transitions 
S O --* S 1 and S 1 ~ S 2 proceed through an alterna- 
tive intermediate which reacts in a pathway paral- 
lel to the Z-pathway for the higher S-states. Within 
the context of the results presented here, such a 
model predicts identical results. 

The data of Fig. 6 can be used to estimate the 
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Fig. 8. Kinetic transients for Z t at room temperature in 
high-salt (2 M NaCI, pH 6.0)-treated PS II preparation at pH 
7.5. An equimolar mixture of ferricyanide and ferrocyanide (3 
mM each) was used as an acceptor system. (a) No further 
addition, (b) 50/~M benzidine, (c) 200 mM NH 3 and (d) 200 
mM NH 3 and 100 #M benzidine. Each kinetic trace is the 
average of 200 flashes, Time constant, 0.5 ms and the dark time 
between flashes td, 5 S. 

rate constant for the reaction between BZ and 
(Mn) high in Eqn. 4. If we assume that the reaction 
proceeds with pseudo-first-order conditions, which 
is reasonable given the benzidine and oxygen- 
evolving complex concentrations in these experi- 
ments, then the rate of disappearance of (Mn)hx igh 
is given by: 

d[(Mn)hi'h] = k[BZ][(Mn)~ '~] = k'[(Mn)x ~ ]  (5) 
dt 

Integration followed by equating the (Mn) high con- 
centration of time zero to the amplitude of Z* 
detected in the absence of benzidine and the 
(Mn) high concentration of time t d (in Fig. 6, t d = 4 
s) at the various benzidine concentrations to the 
Z* amplitude detected, yields the following expres- 
sion: 

1 lnAnZ = k ' =  k[BZ] (6) 
t d  A 0  

where ABZ is the initial Z* amplitude in the pres- 
ence of a given benzidine concentration, A 0 is the 
initial Z + amplitude detected in the absence of 
benzidine, t d is the dark time between flashes and 
k is the second order rate constant for Eqn. 4. In 
Fig. 9 we have plotted the data of Fig. 6 according 
to Eqn. 5. From the slope we estimate a value for 
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Fig. 9. Graphical determination of the rate constant of (Mn) high 
reduction by benzidine. The line is a fit of a least square 
analysis; see text for details. 

k of 2.9.103 M -~ • s -1. A similar analysis applied 
to the data of Fig. 7 yields estimates of k of 
(2.5-3.0).103 M -1- s - l ,  which is in good agree- 
ment. An important point in these experiments is 
that the rate constant is more than two orders of 
magnitude slower than we observe for the reaction 
of benzidine with Z* directly in Tris-washed or 
hydroxylamine treated preparations (see above). 
Thus, although it appears according to this analy- 
sis, that salt extraction 'opens' the oxidizing side 
of PS II to the action of exogenous reductants, the 
reactions are considerably more sluggish than when 
one also removes the 33 kDa polypeptide. 

Since ADRY reagents are known to accelerate 
the deactivation of the higher oxidation states of 
the oxygen-evolving complex [34], we also studied 
the behavior of high salt treated PS II preparations 
in the presence of CCCP, which is an effective 
ADRY reagent. Addition of low concentrations of 
CCCP (5-10 #M) results in a decrease in the 
amplitude of the EPR signal of Z t in the millisec- 
ond range (data not shown). This observation sup- 
ports further the model proposed above for the 
effect of benzidine in high-salt-treated PS II pre- 
parations. 
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Discussion 

Isolation of the PS II complex from thylakoid 
membranes provides a powerful means for ex- 
amining the catalytic and structural properties of 
the oxygen-evolving reaction in closer detail. When 
viewed as a straightforward biochemical proce- 
dure, the isolation protocol we have developed for 
the PS II complex yields a 2-fold purification of 
oxygen evolution activity on a chlorophyll basis. 
This doubling of specific activity also yields an 
enrichment of Mn 2 ÷ and Signal II although on the 
same basis, we find only one cytochrome b-559. 
The extent to which quantitation of these compo- 
nents by various techniques agree suggests to us 
that a functional oxygen-evolving complex re- 
quires four Mn atoms, and that one cytochrome 
b-559 and one Signal II s species are also closely 
associated with the complex. The Mn 2÷ stoichio- 
metry observed in the PS II complex is consistent 
with our earlier results (four Mn 2+ per 400 Chl) 
obtained with intact thylakoid membranes [5], and 
is at variance with the lower stoichiometries re- 
ported for other preparations possessing reduced 
oxygen-evolving activity [22]. 

Our examination of the requirements for opti- 
mal rates of 02 evolution by the isolated PS II 
complex have shown that this reaction requires a 
lowered pH in the assay medium as well as the 
presence of a class III acceptor (a p-benzoquinone). 
The latter observation indicates that the reducing 
side of PS II in the complex is not sufficiently 
accessible to ferricyanide to permit high steady- 
state rates of 02 evolution. The observation that 
maximum 02 evolution activity in the isolated 
complex occurs near pH 6 may reflect the true 
optimum for PS II electron transport. 

Our gel electrophoresis experiments combined 
with Mn quantitation by EPR indicate that poly- 
peptides with molecular weights of 17 000, 23 000 
and 33000 are important for 02 evolution and in 
agreement with other results [13], we have shown 
that extraction of the 17 and 23 kDa polypeptides 
from the PS II complex can be achieved without 
loss of Mn 2+. Treatments which remove func- 
tional manganese (Tris and NH2OH extractions) 
also result in partial extraction of the 33 kDa 
polypeptide. Since the isolated 33 kDa polypeptide 
contains no manganese (data not shown) we have 

tried to probe further the organization of 
manganese and the three polypeptides mentioned 
above by studying the kinetic behavior of Z +. The 
various treatments which have been used to in- 
activate 02 evolution capacity can be separated 
into three classes according to their effect on 
manganese content, Z* behavior and polypeptide 
compositions, as described below. 

Class A 

(1) Extraction with NH2OH in the dark, (2) 
extraction with a high concentration of Tris-buffer 
in the light and (3) high pH. These treatments 
perturb the pool of functional manganese and also 
extract the 17, 23 and 33 kDa polypeptides from 
the PS II complex. After these treatments we 
observe full Z + magnitude and the radical saturates 
at low (approx. 25 mW) microwave power levels. 
The lifetime of the radical, Z ~ is extended into a 
time-range of hundreds of milliseconds and is de- 
creased upon addition of exogenous reductants by 
a direct, second order reaction [34]. 

Class B 

Treatment with various amines. This treatment 
inhibits oxygen evolution but releases neither 
manganese nor the 17, 23 and 33 kDa polypeptides. 
Only partial development of Z + is observed by 
EPR. The radical shows high (approx. 100 mW) 
microwave power saturation properties and is in- 
accessible to exogenous donors [1]. 

Class C 

High-salt (2 M NaC1) incubation at pH 6. This 
treatment selectively removes the 17 and 23 kDa 
polypeptides but does not release functional 
manganese or the 33 kDa polypeptide. Only par- 
tial development of Z + is observed and the species 
exhibits high microwave power saturation (Fig. 4). 
The kinetic study of Z + under these conditions 
suggests that the manganese complex can still 
function as a donor system to Z +. The absence of 
the Z + signal on the first flash, in a four flash 
experiment, could be the result of a very fast 
reduction of Z + by the manganese complex (see 
Ref. 30), whereas the effect of benzidine could be 
attributed to the reduction of the manganese com- 
plex to lower oxidation states. Such a model would 
also explain the N H  3 results of Fig. 8 and the fact 



that the benzidine  effect depends  on  the time 

between flashes. 
The control led dis integrat ion of the oxygen- 

evolving complex with concur ren t  analyses of Z + 

rereduct ion kinetics which is described in this 
communica t i on  permits  us to identify more pre- 
cisely the interrelat ionships between manganese,  
water-soluble polypept ides and  Z that const i tute 
the structural-catalytic assembly responsible for 

oxygen evolut ion activity. The 17 and 23 kDa  
polypeptides appear  to have a structural  rather 

than  a catalytic role in 0 2 evolut ion activity. Re- 

moval  of these polypeptides results in a condi t ion  
whereby exogenous donors,  such as benzidine,  have 

ready access to componen t s  involved in the water- 

spli t t ing process (either the manganese  complex or 

Z itself). In  contrast ,  exposure to Tris or N H 2 O H  
liberates manganese  as well as water soluble poly- 
peptides ( including some of the 33 kDa  species), 
des t roys  the m a g n e t i c  i n t e r ac t i on  be tween  
manganese  and  Z +, and  accelerates Z + reduct ion 
by  added exogenous donors.  This result, added to 
the f indings of other investigators, would support  
the ass ignment  to the 33 kDa  polypept ide of a role 
in structural  organizat ion of the oxidizing side of 

PS II which promotes  the product ive b ind ing  of 
manganese  to sites in close proximity to Z, which 
in turn  makes possible the l inear  four-step oxida- 
t ion of water to molecular  oxygen. 
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